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Abstract 
 

Freshwater input plays a critical role in shaping marine environments and regional 

hydroclimate, yet reliable marine archives for reconstructing past freshwater 

variability remain limited. Traditional proxies often conflate temperature, salinity, 

upwelling, and/or biological effects, making it difficult to isolate freshwater 

contributions. This thesis explores the potential of uranium isotopes in corals, 

specifically δ234U, as a proxy for freshwater flux, with a focus on applications in the 

Caribbean region. 

The research assesses the precision and reliability of coral δ234U measurements, 

identifying methodological constraints and best practices for sampling tropical corals. 

A baseline value for the Caribbean basin is then established, confirming that the 

region shares the open-ocean δ234U signature. Building on this foundation, site-

specific studies reveal the sensitivity of coral δ234U to local hydrological influences. A 

Cuban coral record demonstrates a stable baseline with variability linked to local 

precipitation, while enhanced variability at the end of the Little Ice Age points to 

increased Mississippi River influence or change in Cuban land use. Along the Yucatán 

Peninsula, δ234U variability is dominated by submarine groundwater discharge, which 

in turn is modulated by relative sea-level changes. A comparative study in Tahiti 

further illustrates the proxy’s potential, showing distinct δ234U signatures in 

seawater, river water, and groundwater, as well as a sea-level dependence of 

groundwater discharge that may allow for the reconstruction of ENSO variability. 

A synthesis of all available Caribbean coral records indicates that no coherent basin-

wide freshwater signal emerges. Instead, local hydrological processes dominate coral 

δ234U, and the strong Atlantic throughflow effectively dilutes freshwater inputs, 

rendering the Caribbean basin similar to the open ocean on average. In contrast, 

marginal basins with restricted circulation, such as the Mediterranean or the East 

China Sea, exhibit clearer freshwater signals. 

Overall, this thesis demonstrates the potential of coral δ234U as a freshwater proxy. 

While it also captures valuable information about local hydrology and land-ocean 

interactions, its application in regions with high oceanic exchange requires careful 

interpretation. These findings expand the methodological toolkit of paleoclimate 

research and provide new insights into the hydroclimatic dynamics of the Caribbean 

and beyond. 
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Zusammenfassung 
 

Der Süßwassereintrag ist ein Schlüsselfaktor für die Gestaltung mariner Ökosysteme 

und die regionale Hydroklimatik. Dennoch stehen bislang nur wenige zuverlässige 

marine Archive zur Rekonstruktion vergangener Süßwasservariabilität zur 

Verfügung. Herkömmliche Proxies vermischen häufig Temperatur-, Salzgehalts-, 

Auftriebs- und/oder biologische Signale, wodurch sich Süßwassereinträge nur 

schwer eindeutig abgrenzen lassen. Diese Dissertation untersucht das Potenzial von 

Uranisotopen in Korallen, insbesondere δ234U, als Proxy für Süßwasserflüsse, mit 

besonderem Fokus auf Anwendungen in der Karibik. 

Zunächst werden die Präzision und Reproduzierbarkeit von δ234U-Messungen an 

Korallen geprüft. Dabei werden methodische Einschränkungen diskutiert und 

Vorgehensweisen für die Probenahme tropischer Korallen vorgestellt. Anschließend 

wird ein Referenzwert für das Karibische Becken etabliert, der bestätigt, dass die 

Region den δ234U-Signaturen des offenen Ozeans entspricht. Darauf aufbauend 

verdeutlichen standortspezifische Fallstudien die Sensitivität von Korallen-δ234U 

gegenüber lokalen hydrologischen Einflüssen. Ein kubanisches Korallenarchiv zeigt, 

dass die erhöhte Variabilität am Ende der Kleinen Eiszeit auf einen verstärkten 

Einfluss des Mississippi zurückzuführen ist. Entlang der Halbinsel Yucatán wird die 

δ234U-Variabilität maßgeblich durch submarinen Grundwasserabfluss gesteuert, 

wobei relative Meeresspiegelschwankungen eine entscheidende Rolle spielen. Eine 

Vergleichsstudie auf Tahiti erweitert den geographischen Rahmen: Analysen von 

Korallen, Meerwasser, Flusswasser und Grundwasser belegen deutliche δ234U-

Endglieder sowie eine Meeresspiegelabhängigkeit des submarinen 

Grundwasserabflusses, die Rückschlüsse auf ENSO-Variabilität ermöglicht. 

Eine Synthese aller karibischen Korallenarchive zeigt hingegen, dass kein kohärentes 

regionales Signal erkennbar ist. Vielmehr dominieren lokale hydrologische Prozesse 

die δ234U-Signaturen, während der starke Atlantik-Durchfluss Süßwassereinflüsse 

verdünnt und das Karibische Becken im Mittel den offenen Ozean widerspiegelt. Im 

Gegensatz dazu weisen marginale Meeresbecken mit eingeschränkter Zirkulation, 

wie das Mittelmeer oder das Ostchinesische Meer, deutlichere Süßwassersignale auf. 

Insgesamt demonstriert diese Arbeit das Potenzial von Korallen-δ234U als Proxy für 

Süßwassereinträge. Während wertvolle Informationen über lokale Hydrologie und 

Land-Ozean-Interaktionen gewonnen werden, erfordert die Anwendung in Regionen 

mit starkem ozeanischen Austausch eine besonders sorgfältige Interpretation. Die 

Ergebnisse erweitern die Methoden der Paläoklimaforschung und liefern neue 

Einblicke in die hydroklimatische Dynamik der Karibik und darüber hinaus. 
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1 Motivation 
Motivation 

Understanding past variations in freshwater input to marine systems is fundamental 

for reconstructing hydroclimate dynamics and their influence on ecosystems and 

societies. Freshwater discharge into the coastal ocean directly affects salinity, 

circulation, and biogeochemical processes, and thus plays a critical role in shaping 

both marine and terrestrial environments (Drinkwater, 1986). In tropical regions 

such as the Caribbean, where human communities and ecosystems are highly 

sensitive to freshwater variability, robust proxies of past river discharge are urgently 

needed. Yet, despite decades of paleoclimate research, reliable marine archives of past 

freshwater flux remain scarce. Traditional approaches, such as stable oxygen isotopes 

in foraminifera or trace-element ratios in corals, often conflate signals of temperature, 

salinity, upwelling and/or biological effects, making it difficult to disentangle the 

freshwater contribution (Leder et al., 1996; Watanabe et al., 2002; Ourbak et al., 2006; 

LaVigne et al., 2016; Stevenson et al., 2018; Yamazaki et al., 2021). This limitation 

hampers our ability to place modern hydroclimatic changes into the context of long-

term variability. 

Recent studies suggest that uranium-series isotopes, particularly δ234U, hold promise 

as a novel proxy for freshwater input (Li et al., 2018; Li et al., 2023; Greve et al., 2025). 

The rationale lies in the contrasting uranium isotopic signatures of riverine and 

marine waters: rivers often display higher variability in δ234U values compared to 

seawater (Andersen et al., 2007; Andersen et al., 2010; Kipp et al., 2022), such that 

variations in river discharge may be imprinted in the coralline aragonite of coastal 

settings. However, the use of coral δ234U as a freshwater proxy has not been 

systematically tested, and its application to tropical settings such as the Caribbean 

remains underexplored. Establishing and validating this approach is therefore of high 

scientific significance. 

The Caribbean region provides a compelling case study for developing and applying 

coral δ234U as a freshwater proxy. Positioned at the confluence of Atlantic climate 

dynamics, Caribbean hydroclimate is strongly influenced by the Intertropical 

Convergence Zone (ITCZ), Atlantic Multidecadal Variability (AMV), and El-Niño 

Southern Oscillation (ENSO) teleconnections (Alexander et al., 2002; Wang et al., 

2010; Alexander et al., 2014; Wang, 2019). Freshwater fluxes from both regional 

precipitation and riverine discharge exert profound impacts on coral reef ecosystems, 

fisheries, and coastal livelihoods. Furthermore, the region is projected to face 

intensified droughts and floods under future climate scenarios (Antuña-Marrero et 

al., 2016; Jones et al., 2016), yet the observational record remains too short to capture 



Motivation 
 

12 
 

 

the full range of natural variability. High-resolution reconstructions extending 

beyond the instrumental period are therefore essential to improve our understanding 

of long-term hydroclimatic dynamics and to constrain the sensitivity of the Caribbean 

hydrological cycle to external forcing. 

My doctoral research addresses this gap by systematically exploring the potential of 

coral δ234U as a proxy for freshwater input. By analysing modern coral specimens 

from sites across the Caribbean and comparing them with instrumental records of 

river discharge and precipitation, I assess the degree to which freshwater flux is 

recorded in coral uranium isotopic composition. In addition, I investigate the 

historical variability of freshwater input and its possible links to regional climate 

drivers. This dual approach, combining modern calibration with paleoclimate 

reconstruction, provides both methodological innovation and new insights into 

Caribbean hydroclimate. 

 

Figure 1.1 Location of coral sampling sites in the Caribbean the map is showing sea surface salinity 
distribution (psu) and sampling locations. 

By addressing these questions, this thesis develops a new application of uranium 

isotopes in corals and situates the findings within the broader context of tropical 

hydroclimate research. The structure of the thesis reflects a progression from 

methodological development to regional synthesis. 

Chapter 4 focuses on testing the precision of coral δ234U measurements and 

establishing methodological constraints. In doing so, it identifies potential sources of 

uncertainty and provides guidance on best practices for sampling tropical corals, 

laying the foundation for reliable application of this proxy.  
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Building on this, Chapter 5 establishes a baseline for the Caribbean by confirming 

that the open-ocean δ234U value is valid for the Caribbean basin. This result provides 

a crucial reference point against which site-specific coral records can be evaluated. 

The subsequent chapters present detailed case studies.  

Chapter 6 examines a Cuban coral archive, revealing a stable baseline with 

superimposed variability that reflects local precipitation patterns over Cuba. 

Importantly, the record shows that at the end of the Little Ice Age δ234U variability 

increases markedly, which suggests a stronger influence of Mississippi River 

discharge at that time.  

Chapter 7 then turns to the Yucatán Peninsula, where a coral record demonstrates 

that submarine groundwater discharge exerts a strong control on δ234U, with its 

variability linked to relative sea-level changes. This study underscores the sensitivity 

of δ234U to hydrological processes occurring at the land-ocean boundary. 

Chapter 8 extends the investigation beyond the Caribbean to Tahiti in the Pacific 

Ocean. Here, in addition to coral material, seawater, river water, and groundwater 

were analysed, revealing distinct δ234U endmembers for the island’s different 

reservoirs. The findings demonstrate a sea-level dependence of groundwater 

discharge, which in turn suggests that coral δ234U can provide a means of 

reconstructing ENSO-related variability.  

Finally, Chapter 9 synthesizes all available Caribbean coral records. The comparison 

shows that no coherent basin-wide signal emerges; instead, local hydrological 

influences dominate coral δ234U. When contrasted with marginal basins such as the 

Mediterranean or the East China Sea, the Caribbean appears distinct, as its high-

throughflow Atlantic exchange dilutes freshwater inputs and causes the basin to 

approximate open-ocean δ234U conditions on average. 

Together, these chapters advance understanding of coral δ234U as a freshwater proxy, 

clarifying its potential and limitations while highlighting the conditions under which 

it reflects local or regional hydroclimatic variability. 
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2 Fundamentals 
 

2.1 Freshwater 

Freshwater input into marine systems plays a pivotal role in shaping oceanic 

dynamics, including currents, water column stratification, nutrient availability, and 

pollution dispersal. The inflow of freshwater reduces seawater density, altering 

buoyancy-driven circulation patterns and creating vertical stratification, which can 

affect the vertical transport of nutrients and heat. Furthermore, freshwater input 

delivers substantial amounts of terrestrial nutrients and anthropogenic pollutants 

into marine ecosystems, which can significantly influence biogeochemical cycles and 

coastal water quality (Drinkwater, 1986).  

Since 2004, the Global Runoff Data Centre (GRDC) has provided the dataset 

Freshwater Fluxes into the World’s Oceans, which includes annual runoff values for 

1901–2016, resolved by 5° and 10° latitude bands and UNEP GIWA regions. These 

data estimate a total freshwater input of 40,181 km³ per year (1.277 Sv) to the global 

ocean between 90°N and 60°S. In addition to riverine runoff, submarine groundwater 

discharge (SGD) directly supplies groundwater to coastal seas, contributing an 

estimated 460 km³ per year, or about 10% of the total flux (Kuang et al., 2024). Global 

freshwater inputs vary interannually by roughly 10–20%, while large uncertainties 

remain regarding the magnitude and spatial distribution of SGD. 

Human activity and climate change have measurably altered these fluxes and their 

chemical composition, particularly through dam construction, groundwater 

extraction, and land-use change. Although modern monitoring provides increasingly 

detailed records, reconstructing natural variability in groundwater fluxes prior to the 

instrumental period remains a major challenge (Kuang et al., 2024). Semi-enclosed 

basins are especially sensitive to freshwater input, as restricted circulation enhances 

the influence of both river runoff and SGD. Examples include the Andaman Sea, Arctic 

Ocean, Mediterranean Sea, East China Sea, and, most relevant here, the Caribbean Sea 

and Gulf of Mexico. 

The Caribbean Sea and Gulf of Mexico receives about 3120 km3/a of freshwater from 

major rivers and shows an annual variance of 17% (Figure 2.1) (GRDC, 2025). The 

groundwater fluxes remain largely unquantified, but the Yucatan peninsula lacks 

major rivers and groundwater essentially moves via SGD towards the Caribbean Sea 

(Bauer-Gottwein et al., 2011). Therefore, this ocean basin is of particular interest 

when establishing novel tools to study the natural freshwater flux variance and its 

possible implication on the larger scale ocean circulation and nutrient supply. 

Consequently, in this work we focus on the Caribbean Sea and Gulf of Mexico to 
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investigate its variability of traceable freshwater contributions, using corals and 

geochemical proxies. 

In the western tropical Atlantic, freshwater primarily enters the system from three 

major rivers: the Mississippi, Orinoco, and Amazon. The Mississippi River, which 

drains the largest watershed (40%) in the United States, discharging an estimated 

0.0168 Sv of freshwater annually into the Gulf of Mexico (Dai & Trenberth, 2002). This 

input has profound effects on the Gulf’s stratification and salinity, which are 

particularly important when examining on the strength of the Gulf stream (Enfield et 

al., 2001). The Orinoco River, located at the eastern edge of the Caribbean, contributes 

freshwater at a higher rate, discharging approximately 0.0376 Sv (Dai & Trenberth, 

2002). Its proximity to the Caribbean Sea means that its freshwater directly influences 

the salinity, nutrient content, and water dynamics at the entrance to the basin 

(Chérubin & Richardson, 2007). The Amazon River is the largest freshwater 

contributor, with a discharge of approximately 0.17 Sv (Figure 2.1). Although the 

Amazon does not flow directly into the Caribbean, its waters are transported into the 

basin via the Guiana and Brazil Currents (Chérubin & Richardson, 2007). These 

currents carry vast amounts of low-salinity water, as well as nutrients and sediment 

from the Amazon Basin, into the western tropical Atlantic, significantly affecting 

salinity and nutrient distributions over a large area (Kilbourne et al., 2007; Paterne et 

al., 2023). Smaller rivers in the region also contribute freshwater, although their 

influence is largely localized to coastal areas and does not extend to the main 

throughflow currents (Beier et al., 2017). However, the geological evolution of these 

riverine freshwater fluxes, and their long-term impact on uranium and nutrient 

cycling within the Caribbean basin, remain poorly constrained. While modern studies 

document the influence of large rivers such as the Orinoco and Amazon on salinity, 

sediment supply, and nutrient delivery (Chérubin & Richardson, 2007; Wesselingh & 

Hoorn, 2011; Aguiar et al., 2022), it is less clear how these fluxes have varied over 

geological timescales or during periods of climatic reorganization. Changes in 

drainage patterns, sediment routing, and sea-level–controlled river mouths likely 

altered the magnitude and composition of freshwater inputs, yet their cumulative 

effect on basin-wide biogeochemistry is not well understood (Stallard, 1985; 

Wesselingh & Hoorn, 2011). As a result, the role of riverine fluxes in shaping both the 

chemical framework of the Caribbean and its connectivity with the open Atlantic 

remains an open question. 
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Figure 2.1 Freshwater flux into the Caribbean Sea, and Gulf of Mexico with and without the 
contribution of the Amazon. The Caribbean receives about 8% of the global freshwater. When adding 
the flux of freshwater from the Amazon river it receives 25% of the global freshwater. The annual 
variance is on the order of 15% and the flux of SGD is largely unknown but likely important. (Data from 
GRDC, 2025). 

In areas underlain by karstic geology, SGD becomes an important additional source of 

freshwater. SGD is particularly significant in karstic regions due to the high 

permeability of the underlying substrate, allowing large volumes of groundwater to 

flow directly into the ocean (Bauer-Gottwein et al., 2011). Moreover, SGD is a crucial 

yet often underestimated contributor to global freshwater budgets, nutrient cycling, 

ecological health, and coastal water chemistry. While rivers account for the majority 

(90–99%) of freshwater input into coastal regions (Church, 1996), the remaining 1–

10% comes from aquifers, which discharge fresh SGD directly into coastal wetlands, 

beaches, and continental shelves (Burnett et al., 2003). In addition to fresh SGD from 

terrestrial sources, saline groundwater also flows through the seabed at significant 

rates (Kwon et al., 2014). Estimates suggests that tropical coastlines, such as in the 

Caribbean Sea, account for over 56% of global fresh SGD, whereas arid regions in 

midlatitude areas contribute likely only 10% (Zhou et al., 2019). These contributions 

can locally affect salinity, nutrient levels, and pollution distribution in coastal zones 

as well as element and isotope concentrations of trace element such as uranium (Null 

et al., 2014). Because SGD enters the coastal ocean in close proximity to reef 

environments, its influence on corals is more immediate and pronounced than that of 

larger, more distal freshwater sources (Xu et al., 2024). 

Between the diverse riverine inflows originating from contrasting geological and 

weathering regimes and the widespread inputs of SGD, the Caribbean Sea experiences 

a mosaic of localized effects. Each source carries its own chemical fingerprint, shaped 

by the lithology, hydrology, and climate of its catchment, and these inputs can alter 

salinity, nutrient supply, and carbonate chemistry on regional to reef scales. As a 

result, the Caribbean Basin is characterized not by a single uniform freshwater signal, 
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but by a patchwork of local influences that interact with the broader circulation to 

produce high spatial variability in environmental conditions. 

Importantly, the flow of freshwater and groundwater into the Caribbean Sea and Gulf 

of Mexico and its mixing with seawater along the path strongly depends on the 

topography of the ocean basins and the hydroclimate stimulating changes in the water 

cycle. 

2.1.1 Caribbean Basin 

The Caribbean Sea and Gulf of Mexico are dynamic marine environments influenced 

by various natural processes, including the complex interactions between ocean 

currents, freshwater inputs, and geological features.  

The western tropical Atlantic comprises these two distinct basins semi-enclosed 

systems, bordered by the North, Central, and South American continents to the north, 

west, and south. To the east, the Caribbean Sea is partially enclosed by an arc of 

islands collectively known as the Lesser and Greater Antilles, which form a natural 

boundary between the Caribbean Sea and the Atlantic Ocean (Uchupi, 1975). The 

basins have evolved over tens of millions of years due to the complex movements and 

interactions of tectonic plates, including the North American, South American, and 

Caribbean plates. Geologically, the Caribbean region is dominated by marine 

limestone, which forms much of the underlying bedrock and has been deposited over 

geological timescales in shallow, warm marine environments. In addition to 

limestone, igneous rocks are also present, albeit in smaller quantities. These igneous 

formations are primarily associated with the tectonic activity of the region, such as 

subduction zones and volcanic arcs, which have played a critical role in shaping the 

region's unique geological features (Fox & Heezen, 1975).  

Due to the tectonically active status of the Caribbean island arc, frequent earthquakes 

and associated processes continuously reshape the seafloor. Submarine landslides, 

sediment resuspension, and shifts in seafloor morphology create a dynamic margin 

where depositional environments can evolve rapidly in both space and time (Dorel, 

1981; Feuillet et al., 2011). In addition, the interaction of multiple tectonic plates 

drives volcanism, active faulting, and cycles of uplift and subsidence, all of which 

contribute to a constantly evolving coastal and marine landscape. These processes 

also influence geochemical conditions: fracturing of the crust enhances fluid 

circulation, submarine volcanic activity releases magmatic gases and hydrothermal 

fluids, and disturbed sediments can alter oxygen availability and redox conditions 

(Martin et al., 1996). Together, these factors create a margin where both the physical 
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and chemical environment are in flux, shaping the framework within which biological, 

hydrological, and oceanographic processes operate. 

 

Figure 2.2 Surface ocean circulation and annual salinity distribution in the western tropical Atlantic, 
Caribbean Sea, and Gulf of Mexico. The map illustrates major ocean currents (blue arrows) and riverine 
freshwater inputs (black arrows) from the Amazon, Orinoco, and Mississippi Rivers. The background 
colour scale represents surface salinity levels (PSU), ranging from lower salinity (green/blue) in 
regions influenced by freshwater discharge to higher salinity (orange/red) in open ocean waters. Rock 
types are indicated in the upper legend, highlighting the geological diversity of the region. 
Abbreviation: LC – Loop Current, FC – Florida Current, YC – Yucatán Current, PCG – Panama-Colombia 
Gyre. 

2.1.2 Currents 

The semi-enclosed nature of the Caribbean and Gulf of Mexico basins governs the 

predominant direction of water flow through these regions. Oceanic water enters the 

Caribbean Sea from the South and Central Atlantic via two major currents: the Guiana 

Current and the North Equatorial Current. These currents flow westward and pass 

into the Caribbean primarily through the passages within the Lesser Antilles, forming 

the Caribbean Current. This current continues to flow west and northward, giving rise 

to the Yucatán Current as it enters the Gulf of Mexico. From there, the flow transitions 

into the Florida Current, which exits the Gulf through the Florida Strait and forms the 

Gulf Stream, a major component of the Atlantic Meridional Overturning Circulation 

(AMOC), traveling north-eastward in the open Atlantic Ocean (Centurioni & Niiler, 

2003). This circulation system is an integral part of the global thermohaline 
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circulation, drives northward advection of saline and warm waters from the tropics 

followed by deep water formation in the Nordic Seas of the North Atlantic. The 

circulation through the basins is part of the subtropical gyre circulation, which is 

stimulated by the average clockwise wind pattern of the tropical easterly trade winds 

and the mid-latitude westerlies. The total inflow into the Caribbean is approximately 

28 Sverdrups (Sv), which is partitioned between water entering through the Lesser 

Antilles (18 Sv) and the Greater Antilles (10 Sv). The combined outflow through the 

Florida Strait is estimated to balance the total inflow as evaporative water loss is 

compensated by river runoff (Johns et al., 2002). The water movement within the 

basins is further influenced by numerous eddies, gyres, and the Loop Current in the 

Gulf of Mexico, which serve to redistribute water away from the primary flow 

pathways and cause strong mixing (Centurioni & Niiler, 2003). These mesoscale 

features are generated by the interaction of the North Brazil Current, the Caribbean 

Current, and the inflow through the island passages with topography, leading to a 

circulation that is highly variable in both space and time. Anticyclonic and cyclonic 

eddies are common throughout the Caribbean Sea, where they trap and transport 

water masses, nutrients, and heat over large distances (Murphy et al., 1999; Beier et 

al., 2017). In the Gulf of Mexico, the Loop Current and its associated eddies play a key 

role in modulating the exchange between the Caribbean and the subtropical North 

Atlantic, while within the Caribbean Sea itself, gyres and recirculation zones 

contribute to a complex hydrographic structure that shapes salinity patterns, vertical 

mixing, and residence times of water masses (Androulidakis et al., 2020). 

On a finer scale, variations in flow rates are controlled by relative sea-level differences 

among the interconnected basins. Even small gradients in sea-surface height can 

generate pressure-driven currents through the narrow island passages, enhancing or 

restricting exchange between basins. These differences act as a key driver of regional 

circulation patterns, influencing how water masses are distributed within the 

Caribbean and how they ultimately connect to the Gulf of Mexico and the Atlantic 

Ocean (Ezer, 2022).  

2.1.3 Caribbean Climate 

The northern Caribbean is part of the Atlantic Warm Pool (AWP), which is defined by 

the sea surface temperature (SST) isotherm exceeding 28.5°C. This warm pool 

develops each year during early summer (June) and gradually expands into the Gulf 

of Mexico and the western tropical North Atlantic as summer progresses (July–

October) (Wang & Enfield, 2001; Wang et al., 2008). Its seasonal growth represents 

one of the most significant thermal features of the tropical Atlantic, as the AWP 

reaches its maximum extent during boreal autumn. In this region, strong evaporation 
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leads to increasing sea surface salinity (SSS), while tropical warming and high solar 

irradiance drive elevated SSTs, together forming the seasonal development of the 

AWP (Wang et al., 2008). The presence and extent of the AWP play a critical role in 

regulating regional climate, influencing the strength of atmospheric convection, 

moisture availability, and the potential for hurricane intensification. Most 

importantly the seasonal migration of the Intertropical Convergence Zone (ITCZ) 

further exerts a strong control on Caribbean climate, particularly in the south. As the 

ITCZ shifts northward during boreal spring and summer, it brings increased rainfall 

to the southern Caribbean, resulting in a distinct wet season that lasts from April to 

October (Martinez et al., 2019). The strong tropical surface ocean heating further 

supplies the energy to atmospheric storm, which can evolve into hurricanes often 

moving north westward in the late summer and fall (Terry & Kim, 2015). The 

combined influence of the AWP and ITCZ thus creates a pronounced seasonal rhythm, 

marked by warm, saline waters and heightened storm activity in the north, and 

abundant precipitation and freshwater input in the south. 

In addition to these seasonal drivers, the Caribbean climate is modulated by longer-

term oceanic and atmospheric variability. On interannual timescales, the El Niño–

Southern Oscillation (ENSO) exerts a strong influence, with El Niño events typically 

associated with warmer SSTs and suppressed rainfall across much of the basin, and 

La Niña phases enhancing precipitation and storm activity. The North Atlantic 

Oscillation (NAO) modulates the strength of the trade winds and evaporation rates, 

thereby influencing both regional salinity and the delivery of moisture into the 

Caribbean. On multi-decadal scales, the Atlantic Multidecadal Variability (AMV) has 

been linked to shifts in rainfall patterns, the frequency of droughts, and hurricane 

activity, while changes in monsoonal regimes alter moisture transport from South 

America (Wang & Enfield, 2001; Wang, 2002; Wanner et al., 2011; Cai et al., 2019). 

In the tropical Americas, future climate scenarios predict increased warming also in 

the lower latitudes (Taylor et al., 2018). Over the latter half of the last century to the 

present, there has been a mean warming the tropics in both air and SST of more than 

0.5°C (Glenn et al., 2015; Antuña-Marrero et al., 2016; Jones et al., 2016). With greater 

summer SSTs, higher tropical storm energies, and hence, the appearance of more 

frequent, and/or more intense Hurricanes is likely (Bender et al., 2010; Patricola & 

Wehner, 2018). 

Variance in river runoff and SGD into the Caribbean Sea and Gulf of Mexico is shaped 

by climate-driven shifts in the ITCZ, multi-annual to decadal ocean–atmosphere 

dynamics, and occasionally by volcanism. While many of these parameters are well 

monitored today, little is known about their development since the Little Ice Age (LIA) 

or in earlier centuries. Tracers are therefore required to capture changes in 
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hydroclimate and ocean dynamics across timescales from months to millennia. Recent 

work has shown that the isotopic composition of uranium in seawater can reflect 

global freshwater fluxes and circulation changes (Border, 2020; Shang et al., 2021; Li 

et al., 2023). In this thesis, we assess the potential of this proxy to reconstruct the past 

two centuries of climate and circulation variability in the Caribbean Sea and Gulf of 

Mexico. 

2.2 The Marine Uranium Cycle 

Uranium is a naturally occurring salt like element in seawater that provides an 

important geochronological toolbox for the precise dating of marine carbonates and 

more recently was used in paleoceanographic reconstructions due to its redox 

sensitivity. Its isotopic composition and concentration provide valuable insights into 

past ocean chemistry, weathering inputs, and carbonate. 

Uranium is found in varying concentrations across most rock types but is particularly 

enriched in acidic rocks, granites and gneiss with concentrations of up to 10 µg/g. In 

contrast sedimentary rocks may contain hundreds of µg/g uranium when those form 

in reducing environments. Particular high concentrations of up to 350 µg/g are found 

in Black Shales and phosphate sedimentary rocks. Those rocks from reducing 

environments point to the major sink of U in the marine cycle (Dunk et al., 2002) 

Due to the ionic similarity of ca, Sr, Ba, and U the latter is also incorporated in marine 

carbonates shells, with aragonite reflecting the mineral with the highest U 

concentrations of up to 10 µg/g. Through the process of weathering and leaching, 

uranium is mobilized from continental rocks and transferred into the hydrological 

systems, where it is carried by both groundwater and rivers to the oceans (Bourdon 

et al., 2003; Choppin et al., 2013). Groundwater contributes approximately 42.0 ± 14.5 

Mmol/yr of uranium, while rivers transport around 9.3 ± 8.7 Mmol/yr of uranium to 

the oceanic reservoir. Once in solution, uranium predominantly exists in the highly 

soluble hexavalent state (U(VI)) under oxic conditions, leading to a high complex 

potential and solubility. These inputs, derived from rivers and SGD, sustain the 

oceanic uranium reservoir in balance, which is estimated to contain 19,000,000 ± 

1,200,000 Mmol of uranium (Dunk et al., 2002). Due to its residence time in seawater 

of 200–400 thousand years, the uranium concentration in the ocean is considered 

stable over recent geological eras such as the glacial cycles, with minor fluctuations 

(Ku et al., 1977; Dunk et al., 2002). The removal of uranium from the ocean occurs 

primarily under suboxic to anoxic conditions, where uranium transitions to the less 

soluble tetravalent state (U(IV)), leading to its precipitation in sediments. This 

process results in a removal rate of approximately 11.6 ± 6.0 Mmol/yr in suboxic 

environments and 15.3 ± 10.6 Mmol/yr in anoxic settings (Dunk et al., 2002). Such 
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conditions strongly affect uranium concentrations in river estruaries, as illustrated by 

the Amazon system. In the Amazon delta, the development of anoxic and reducing 

porewaters drives the reduction of soluble U(VI) to insoluble U(IV), leading to 

uranium precipitation and burial in the sediments. This process effectively removes 

uranium from the dissolved load (Border, 2020). Weather this process in the Amazon 

delta is seasonally active or was active in the past is not known. 

Another important sink are biogenic carbonates, such as corals, which incorporate 

around 13.3 ± 5.6 Mmol/yr of uranium into their structures contributing to long-term 

sequestration in marine carbonates. Smaller quantities of uranium are also removed 

from the ocean through incorporation into altered basalt during hydrothermal 

processes, hydrogenous phases, and biogenic silica, although these pathways 

represent trace amounts compared to the primary mechanisms of removal (Dunk et 

al., 2002). The amout of Uranium being transported from the groundwater into the 

Oceanic reservoir is not well constrained, but studies indicate that this the amount is 

stubstation at least in the semi constrained setting of the Mediterrainean (Border, 

2020). 

 

Figure 2.3 Conceptual model of uranium cycling between terrestrial and marine reservoirs. Major 
uranium fluxes (Mmol/year) calculated by Dunk et al. (2002), are shown for key pathways, including 
riverine (42.0 ± 14.5 Mmol/yr) and groundwater (9.3 ± 8.7 Mmol/yr) inputs, as well as removals 
through anoxic (11.6 ± 6.0 Mmol/yr) and suboxic (15.3 ± 10.6 Mmol/yr) sedimentation, biogenic 
carbonate incorporation (13.3 ± 5.6 Mmol/yr), and altered basalt uptake (5.7 ± 3.3 Mmol/yr). The 
oceanic uranium reservoir is estimated at 19,000,000 ± 1,200,000 Mmol.  
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2.2.1 Uranium Isotope Composition (δ234U) 

Three isotopes of uranium are naturally occurring: 238U, 235U, and 234U, with relative 

abundances of approximately 99.275%, 0.720%, and 0.005%, respectively (Choppin 

et al., 2013). Among these, 238U and 234U are part of the same decay chain. 238U 

undergoes alpha decay to form 234Th, which subsequently decays to 234Pa and then to 

234U. The chain continues with 234U decaying to 230Th, eventually ending with the 

formation of stable 206Pb. The intermediate isotopes 234Th and 234Pa have very short 

half-lives and are therefore not considered in long-term geochemical processes. 

Nevertheless, those can have a great influence on the environmental distribution of 

234U via chemical fractionation of 234Th and 234U. 

238U and 234U have half-lives of 4.46 billion years and 245.6 thousand years, 

respectively (Jaffey et al., 1971; Ivanovich & Harmon, 1992; Cheng et al., 2013). This 

makes them relatively stable isotopes that persist over geological timescales and are 

central to uranium cycling in natural systems. During the alpha decay of 238U, an alpha 

particle is emitted, causing the daughter isotope (234Th) to experience a recoil effect 

that displaces it by up to 30 nanometres. When this decay occurs at the sediment-

water interface, the recoil can eject 234Th atoms from the solid phase into the liquid 

phase. As a result, 234U, which is generated from the rapid decay of 234Th accumulates 

in the water relative to 238U, creating a disequilibrium between the two isotopes 

(Kigoshi, 1971; Chabaux et al., 2008). Note, this preferential 234U emission process can 

also be reversed, when the solution contains higher 238U than the solids and the excess 

234U production is eliminated when the host rocks readily dissolve completely. The 

disequilibrium is quantified using the activity ratio of 234U/238U expressed typically as 

the permille deviation from equilibrium δ234U, which is calculated as follows, where 

(
𝑈234

𝑈238⁄ )𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is in secular equilibrium: 

 

δ234𝑈 (‰) =

(

 
 
(

𝑈234

𝑈238⁄ )𝑃𝑟𝑜𝑏𝑒

(
𝑈234

𝑈238⁄ )𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1

)

 
 
∗ 1000 
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Figure 2.4 The simplified decay chain of 238U to 206Pb, highlighting key intermediate radionuclides and 
their half-lives. 238U, with a half-life of 4.46 billion years, undergoes alpha decay to form 234Th, which 
further decays with a short half-life of 24.1 days. The chain continues through 234Pa with a very short 
half-life before forming 234U, which has a much longer half-life of 245.6 thousand years. Subsequent 
decay leads to 230Th, an important isotope for dating marine carbonates due to its 75.58-thousand-year 
half-life. The series continues with further alpha and beta decays, ultimately reaching stable 206Pb. 

 

Figure 2.5 Schematic representation of the alpha recoil effect during the radioactive decay of 238U and 
its influence on 234U mobility. In the initial state (top panel), 238U and 234U are distributed between a 
solid-phase mineral (yellow) and surrounding fluid (blue). Upon the decay of 238U to 234Th (middle 
panel), alpha recoil ejects the newly formed 234Th nucleus, potentially displacing it from the solid phase 
into the surrounding fluid. As 234Th decays to 234U (bottom panel), the uranium isotope distribution in 
the fluid is altered, leading to an excess of 234U relative to secular equilibrium. 
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The mean δ234U value of modern seawater is approximately 145.5‰, and due to the 

long residence time of uranium in the ocean (200–400 thousand years), it is nearly 

homogeneously distributed throughout the global oceans (Kipp et al., 2022). 

Knowledge of the initial δ234U is essential in U-series dating of carbonates, because 

the initial δ234U ratio is often used as a quality control parameter of U series open 

system behaviour. Deviations from the true initial value, and in particular correlated 

deviation measured the activity ratio of (230Th/238U) and δ234U are a clear indication 

of carbonate U series open system behaviour and U exchange with the environment 

(Thompson et al., 2003; Villemant & Feuillet, 2003; Scholz et al., 2004; Frank et al., 

2006). 

The δ234U values of river waters exhibit considerable variability, ranging from 70‰ 

to over 1000‰ (Dunk et al., 2002). This variation is primarily driven by differences 

in uranium concentrations in the host rocks, the residence time of water within the 

watershed, and the intensity of weathering processes (Palmer & Edmond, 1993). 

Rivers serve as a major source of uranium to the ocean, and their δ234U signatures 

contribute to the overall uranium isotope composition and 234U excess of seawater. 

Once introduced into the ocean, these riverine uranium inputs leave a distinct isotopic 

imprint on seawater (Ku et al., 1977; Chen et al., 1986; Delanghe et al., 2002; Robinson 

et al., 2004a; Andersen et al., 2010; Andersen et al., 2015; Kipp et al., 2022). Thus, in 

coastal environments, localized processes can lead to deviations from the average 

open ocean value. Inputs such as terrestrial runoff (Palmer & Edmond, 1993; Chabaux 

et al., 2008), SGD (Border, 2020), and glacial meltwater (Andersen et al., 2007; Chen 

et al., 2016; Li et al., 2023) can introduce uranium with different δ234U signatures, 

leading to spatial and temporal variations in local and regional seawater composition, 

particularly in nearshore regions. On glacial-interglacial timescales, seawater δ234U 

has undergone moderate but measurable changes in response to variations in global 

ice volume, the groundwater hydrology and weathering processes. During the Last 

Glacial Maximum (LGM), seawater δ234U was about 5–7‰ depleted compared to 

present-day values, likely due to a reduction in meltwater input from ice sheets and 

glaciers, in particular into the Arctic Ocean and North Atlantic (Chen et al., 2016). The 

decreased input of uranium, combined with potentially lower chemical weathering 

rates in a colder polar environments, sea-level changes, and drier tropical climate, and 

mangrove forest reorganisation, caused this global shift in the oceanic uranium 

isotope balance (Esat & Yokoyama, 2006, 2010; Chutcharavan et al., 2018). A 

sensitivity of oceanographic δ234U values to freshwater input would not only imply 

the possibility to investigate ocean circulation, but also reconstruct freshwater 

pathways. Because no significant sinks affect the isotopic composition of uranium in 

the ocean, any influx of excess 234U can only be balanced by its long-term radioactive 
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decay. Variability in the flux of uranium and its isotopes from continental sources 

therefore drives the observed global to regional changes. Owing to its long residence 

time, uranium is relatively enriched in seawater, with average concentrations of ~3.3 

µg/L. In contrast, rivers and groundwaters typically carry much lower concentrations 

(~1 µg/L), which reduces the relative sensitivity of the coastal ocean to changes in 

isotope and uranium fluxes (Dunk et al., 2002; Andersen et al., 2010). 

Because natural variations in δ234U are typically only on the order of a few tens of per 

mil, detecting meaningful environmental signals requires very high analytical 

precision. To distinguish genuine changes in sea water from analytical noise, 

reproducibility better than ±1‰ is required. Due to the high seawater uranium 

concentration only very small deviations are caused by freshwater inputs, changes in 

weathering regimes, and/or groundwater contributions. In practice, δ234U is 

determined by high-precision isotope ratio mass spectrometry and results are 

calibrated against internationally recognized uranium standards to ensure accuracy 

and comparability across laboratories. Recent laboratory assessments by Kipp et al. 

(2022) and Chutcharavan et al. (2018) have highlighted both the achievable 

reproducibility of <1‰ and the importance of rigorous calibration, underlining that 

the reliability of δ234U as a tracer rests directly on maintaining such analytical 

standards. 

To trace such minor changes in either the global ocean over millennial time scales or 

near freshwater inputs over decades to centuries, archives are needed that store the 

seawater U isotope composition without fractionation. Such an archive are tropical 

corals with aragonite skeletons. 
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Figure 2.6 Global and regional δ234U values compiled from modern marine, riverine, and groundwater 
sources. Marine values include open ocean (Kipp et al., 2022), LGM reconstructions (Esat & Yokoyama, 
2006; Chutcharavan et al., 2018), and specific basins (e.g., Indian Ocean, Mediterranean Sea) (Andersen 
et al., 2010; Wang et al., 2017; Border, 2020), showing δ234U generally between ~142‰ and 147‰. 
Riverine and groundwater sources display broader variability (Dunk et al., 2002; Grzymko et al., 2007; 
Swarzenski & Baskaran, 2007; Schorndorf et al., 2023). A close-up inset highlights the narrow range of 
marine δ234U values relevant for comparison with proxy records. 

2.3 Tropical Corals 

Surface dwelling corals are marine organisms that thrive in tropical to subtropical 

regions, primarily in the shallow surface ocean (Figure 2.7) where conditions such as 

temperature, light availability, and water chemistry support their growth in 

symbiosis with algae. They comprise a diverse range of species, yet only certain 

groups, especially massive reef-building scleractinian corals such as Porites, Diploria, 

Siderastrea and Orbicella, are suitable for geochemical studies for climate 

reconstruction, as their dense aragonitic skeletons can be preserved over centuries 

and millennia. In the Caribbean the Siderastrea and Orbicella (formally Montastrea) 

are most common for annual to seasonal climate reconstruction, due to their clear 

skeletal structures and massive coral colonies (Watanabe et al., 2003; Giry et al., 2010; 

DeLong et al., 2011; DeLong et al., 2016). Some coral species can live for up to 250 
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years, providing long-lived archives of past oceanographic and climatic conditions 

(Veron, 1995).  

 
Figure 2.7 Healthy coral reef in Tahiti (French Polynesia) illustrating the diversity of growth forms, 
including massive boulder corals, finger corals, and branching corals. 

 
The coral colony is comprised of a large number of coral polyps which together build 

a large sometimes several meter sized aragonite skeletons. The Ca2+ and bicarbonate 

(HCO3-) to build the skeleton is taken from the seawater, together with a large number 

of other ions. The organisms regulate the internal PH to generate supersaturation of 

CO32- which causes the formation of the solid carbonate fabric, often in various 

textures. 

𝐶𝑎(𝑎𝑞)
2+ + 𝐶𝑂3 (𝑎𝑞)

2− → 𝐶𝑎𝐶𝑂3 (𝑎𝑟𝑎𝑔𝑜𝑛𝑖𝑡𝑒) 

During their growth, aragonitic carbonate skeletons develop distinct density bands 

that often change seasonally. These density variations allow for precise dating of coral 

growth layers by layer counting, similar to tree rings, enabling sub-annual 

chronological reconstructions (Barnes & Devereux, 1988). Coral sclerochronology, 

based on counting annual density bands, provides a widely used approach for 

establishing age models. Small offsets of a few years (1–2yrs) are within the typical 

uncertainty of this method, arising from band-counting precision, surface 

preparation, and sampling resolution (Buddemeier et al., 1974). In addition to density 

band counting, 230Th/U dating can be applied due to the high uranium concentration 

in coral skeletons, providing absolute age constraints even for corals of solely a few 

ages (Shen et al., 2008; Frank & Hemsing, 2021). When coral skeletons remain well 

preserved and are not exposed to meteoric water, their geochemical composition can 

be used for paleoenvironmental studies. Depending on the species, corals incorporate 
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trace elements from seawater into their skeletons. Several trace element proxies are 

particularly important for climate reconstructions. For example, the Sr/Ca ratio is 

widely used to estimate past sea surface temperatures (SST) (Beck et al., 1992; 

McCulloch et al., 1994; Marshall & McCulloch, 2002), while δ18O provides insights into 

both temperature and hydrological changes (Epstein et al., 1953; Fairbanks & Dodge, 

1979). Additionally, the Ba/Ca ratio serves as an indicator of terrestrial runoff or 

variations in nutrient availability, offering further constraints on past environmental 

conditions (Lea et al., 1989; McCulloch et al., 2003). Depending on the species, growth 

rates, and the position within the reef some trace elements or isotope ratios can be 

influenced by these environments (de Villiers et al., 1995; Giry et al., 2010; Fowell et 

al., 2016). 

  

Figure 2.8 Schematic representation of coral biomineralization and elemental incorporation into the 
aragonite skeleton. Seawater-derived ions (a) enter the coral through passive diffusion (b) and active 
transport processes (c), facilitated by metabolic mechanisms such as Ca-ATPase, which regulates 
calcium uptake for skeleton formation. The calcifying fluid is enriched in Ca2+, Sr2+, pH, and dissolved 
inorganic carbon (DIC), promoting aragonite precipitation. Rayleigh fractionation (d) during 
calcification influences the incorporation of trace elements such as Sr, Mg, Ba, Li, and U into the coral 
skeleton, which serve as proxies for past environmental conditions. Modified after Thompson (2021). 
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2.3.1 Uranium in Corals 

The skeletons contain uranium as a substitute of Ca, which is incorporated from 

seawater without measurable isotopic fractionation (Robinson et al., 2004b; 

Robinson et al., 2006). The uranium-to-calcium (U/Ca) ratio in aragonite corals has 

been utilized to infer past variations in SST (Shen & Dunbar, 1995; Ourbak et al., 2006; 

Felis et al., 2009), salinity (Ourbak et al., 2006), seawater pH (Inoue et al., 2011), and 

carbonate chemistry (Shen & Dunbar, 1995; DeCarlo et al., 2016), providing insights 

into ocean acidification and climate change.  

Overall, the uranium concentration varies by 20 to 30% influenced by those physico-

chemical properties with a median of aragonitic skeletons of 2.75±0.55 µg/g 

(Chutcharavan et al., 2018). In most species is the incorporated uranium 

concentration unaffected by metabolic processes, as uranium uptake occurs passively 

from seawater rather than through biologically mediated pathways (Thompson, 

2021). However, during the precipitation of aragonite, uranium can undergo Rayleigh 

fractionation, reflecting progressive partitioning between the calcifying fluid and the 

growing skeleton. In this process, uranium is fractionated according to its partition 

coefficient between aragonite and seawater, leading to systematic variations in U/Ca 

ratios as calcification proceeds (DeCarlo et al., 2015). Although these effects do not 

alter the bulk availability of uranium, they can impart subtle but measurable 

signatures on coral geochemistry, which must be considered when interpreting 

uranium-based proxies. Thus, the Sr-U proxy serves as an alternative SST proxy, 

further reducing the biological mediated or "vital" effects that influence the 

traditional Sr/Ca thermometer (DeCarlo et al., 2016). Isotopic fractionation of 

uranium during coral calcification has not been demonstrated, and several studies 

have reported that δ234U values measured in both tropical and cold-water corals are 

indistinguishable from those of ambient seawater (Wang et al., 2017; Kipp et al., 2022; 

Li et al., 2023). Thus, beyond seawater chemistry reconstructions, uranium in corals 

has been widely used in paleoceanographic studies. Coral δ234U has been extensively 

applied to reconstruct past sea-level changes, using the 230Th/U dating and the corals 

position relative to the modern sea level. As fossil corals from different periods 

preserve the uranium isotopic composition of seawater at the time of their growth, 

such records have provided constraints on the timing and magnitude of glacial–

interglacial sea-level and global ice-volume fluctuations. Thus, capturing not only the 

major rise at the Last Deglaciation but also abrupt meltwater pulses and smaller-scale 

oscillations in sea level during the late Quaternary. Since variations in continental 

weathering regimes impact the seawater δ234U ratio, the delivery of glacial meltwater, 

and shifts in freshwater routing can modify the δ234U composition of seawater, 
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thereby leaving a measurable imprint of this process on fossil corals. (Esat & 

Yokoyama, 2006, 2010; Hibbert et al., 2016; Chutcharavan et al., 2018). More recently, 

novel applications of δ234U have expanded to include tracing large-scale coastal ocean 

or semi-closed ocean basin circulation patterns, since spatial differences in uranium 

isotopic composition can reflect variations in water-mass mixing (Border, 2020; 

Shang et al., 2021). In addition, distinct δ234U signatures from freshwater and glacial 

melt have been used to track the dispersal of meltwater plumes, providing insights 

into the role of ice-sheet dynamics in ocean–climate interactions (Li et al., 2023). 

When using corals to reconstruct past seawater δ234U skeleton diagenesis and U series 

system opening can massively alter the original uranium signature in corals 

(Henderson et al., 1993; Thompson et al., 2003; Villemant & Feuillet, 2003; Scholz et 

al., 2004), strongly impacting its usability as pale-circulation and freshwater proxies. 

Early diagenetic processes, such as marine cementation and aragonite dissolution-

reprecipitation, can modify U/Ca ratios and α-recoil of 234Th and 230Th can modulate 

the corals δ234U values in absence of chemical alteration, leading to post-depositional 

uranium exchange with seawater or sediment porewaters. Subaerial diagenesis, 

including meteoric alteration and secondary calcite formation, can further overprint 

primary uranium signals, necessitating careful screening of samples to ensure robust 

geochemical reconstructions (Thompson & Goldstein, 2005; Frank et al., 2006).  

While thousands of 230Th/U dated tropical corals have been compiled in a recent 

database systematic 234U variability has not been observed. In fact, for the past 200 

years large variabilities of ±10‰ were found surrounding the mean value of 145.5‰ 

in the Eastern Indian Ocean (Sumatra) (N=17), the South China Sea (Pacific) (N=64) 

and the Great Barrier Reef (Western South Pacific) (N=261) (Figure 2.9) (Hibbert et 

al., 2016; Chutcharavan et al., 2018).  

 
Figure 2.9 Three areas with >15 measurements over the past 200 years and analytical precision 
<2.5‰. Whether these observations include direct impacts of local freshwater fluxes or SGD is 
unknown. Data from Chutcharavan et al. (2018). 
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Thus, no systematic study to date has explored δ234U values in annual banded tropical 

corals with the aim of testing whether the variability is driven by regional freshwater 

fluxes and ocean circulation. Nor has the potential differences between coral species 

and skeletal structures been investigated. While previous studies and compilations 

confirmed that coral δ234U broadly reflects ambient seawater values, these were 

typically based on a limited number of bulk samples or single colonies, providing little 

insight into short-term variability (Wang et al., 2017; Kipp et al., 2022; Li et al., 2023). 

As a result, it remains unclear whether intra-annual changes in δ234U occur during 

calcification, whether different coral growth forms or taxa incorporate uranium 

isotopes in systematically different ways, and how such factors might affect the use of 

δ234U as a freshwater proxy. 
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3 Material and Methods 
3.1 Samples 

The corals analysed in this thesis originated from a range of sites across the 

Caribbean, encompassing different hydrographic and climatic settings. This spatial 

diversity provides an opportunity to evaluate both regional commonalities and site-

specific influences on coral geochemistry (Figure 3.1). Additionally, a separate study 

was concluded on ground- and river water as well as a coral from Tahiti (Figure 3.7).  

 
Figure 3.1 Location of coral sampling sites in the Caribbean. (a) Satellite view of Cayo Santa María, 
Cuba, with associated coral core photograph and X-ray image; (b) Rancho Luna lagoon, Cuba, where 15 
coral species were collected; (c) La Bocana reef, Mexico, with aerial image of the reef and a picture 
showing proximity of two sampled coral colonies and their respective X-ray images; (d) Caribbean map 
showing sea surface salinity distribution (psu) and sampling locations; (e) Sampling site in La Parguera 
Puerto Rico with X-ray images of the two collected corals; (f) Los Roques, Venezuela, located ~140 km 
offshore, with coral core photograph and X-ray image; (g) Sampling site in Martinique with a X-ray 
image as well as a photo of the living microatoll. 
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3.1.1 Cuba Timescale 

The oldest coral used in this thesis is a 97 cm-long coral core collected in March 2016 

from the Sabana Camaguey Archipelago, Cayo Santa María, Cuba (79.10 W, 22.66 N) 

approximately 20 km from the main island (Figure 3.2), at approximately 10 m depth 

(Alonso-Hernández et al., 2022). The core was obtained from a scleractinian coral 

colony of the genus Orbicella faveolata and dated via sclerochronology on the basis of 

radiographic density images, revealing a maximum age of 237 years, ranging from 

1778 to 2015 (Alonso-Hernández et al., 2022); which led to an average growth rate of 

4.08 ± 0.12 mm yr−1. Additionally, the coral exhibited green growth bands with high 

Mg contents, possibly due to the incorporation of relatively high levels of organic 

material into the coral skeleton (Alonso-Hernández et al., 2022). This coral was used 

to assess the influence of the Ca matrix on the measurement routine (Chapter 4), as 

well as establishing the longest timescale of coral uranium isotopes (δ234U) and 

examine its temporal change in the context of climate change and anthropogenic 

influence (Chapter 6). 

 
Figure 3.2 (a) Caribbean annual sea surface salinity with the location of the selected coral core the on 
the northern shore of Cuba, directly influenced by the Florida Current (FC) travelling eastwards from 
Yucatán Current (YC) and the Gulf of Mexico forming the Gulf Stream. The Loop Current (LC) carries 
the less saline Mississippi water towards the core location; (b) Annual sea surface salinity off the coast 
of Cuba, showing less saline waters (darker) at the core location due to terrestrial runoff; (c) X-ray 
image of the slab used in the optical densitometry analysis and photograph of the analysed core (CSM1) 
with visible green banding (Alonso-Hernández et al., 2022). 
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The climate of the region is influenced by the southwestern edge of the high-pressure 

system over the Atlantic (North American Subtropical High). The summer and fall 

seasons (June to October) correspond to the rainy season (250 mm per month) with 

occasional extreme events, such as hurricanes. Hurricanes from off the west coast of 

Africa typically follow a westward and poleward track, with landfall on the southeast 

coast of Cuba once every 20 years (Limia et al., 2003; Terry & Kim, 2015). During the 

winter season (November to May), the hydroclimate tends to be dry, with 

precipitation rates decreasing from 250 mm per month in summer to as low as 25 mm 

per month in winter (Vose et al., 1992).  

The location of the sample core lies within the Florida Strait (Figure 3.2), serving as 

the outflow path for water masses from the Gulf of Mexico, with an estimated flow 

rate of 28 Sv (Leaman et al., 1995). As a result, the coral is influenced primarily by 

waters originating from the Caribbean and Gulf of Mexico, as well as very local 

continental runoff from the northern part of Cuba and eutrophic waters from 

mangroves bordering the southern key. An additional major yet distant source of 

freshwater, the Mississippi River, is located approximately 2,500 km away, but its 

flood plumes can extend hundreds of kilometres into the Atlantic (Hitchcock et al., 

1997). This large North American river has an annual discharge rate of 0.015 Sv, 

which can increase fivefold during major flood events. In addition, the Mississippi 

carries large volumes of sediment particles, which have halved during the past 

century due to the creation of dams (Folwell, 1921; Carroll, 1990). The mean δ234U 

value of the Mississippi waters was assessed to be 335‰, including strong seasonal 

variability (± 110‰) (Grzymko et al., 2007). 

3.1.2 Cuba Species 

To assess species variability under similar environmental conditions (Chapter 4), 11 

coral colonies representing 10 species were collected from Rancho Luna, Cuba. These 

included: Siderastrea siderea, Mycetophyllia lamarckiana, Acropora palmata, Agaricia 

agaricites, Meandrina meandites, Acropora cervicornis, Colpophyllia natans (two 

specimens), Diploria labyrinthiformis, Montastrea cavernosa, and Orbicella faveolata. 

All of the colonies were sampled within an 800 m2 area at water depths of 3–8 m. The 

upper skeletal portions were sampled in 2015 and cleaned mechanically using a 

Dremel tool. 

3.1.3 Venezuela 

A Pseudodiploria strigosa colony from Los Roques, Venezuela (2 m water depth; 140 

km offshore), was sampled at biannual to seasonal resolution (Chapter 4). The age 

model was established by counting annual growth bands visible in X-ray images, 
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anchoring the chronology to the collection date (2005), and aligning the δ18O values 

with a previously dated nearby coral from Hetzinger et al. (2008). This 167 mm-long 

core represents approximately 10 years of growth (1995–2004), resulting in an 

average linear extension rate of ~14 mm yr⁻¹. Biannual resolution was achieved by 

taking one sample per density band, while seasonal resolution was achieved by 

subdividing each band and sampling the upper and lower halves. 

3.1.4 Puerto Rico 

Two Orbicella annularis coral cores (CPR1990-09-25 and TM2020-12-04) were 

collected by Amos Winter in September 1990 and December 2020, respectively, from 

reef systems located off the coast of La Parguera in southwest Puerto Rico (17.97°N, 

67.05°W). The CPR1990 core was extracted from Pinnacles Reef, which is situated 

within a sheltered lagoonal environment characterized by low hydrodynamic energy, 

reduced turbidity, and relatively stable salinity levels. In contrast, the TM2020 core 

was obtained from the adjacent Turromote Reef, which occupies a more exposed 

position within the La Parguera Lagoon and is subject to increased water column 

mixing, higher turbidity, and intermittent terrestrial inputs (Appeldoorn & Bejarano, 

2013). 

 

Figure 3.3 Site location: Coral reefs near La Parguera, Puerto Rico (Appeldoorn & Bejarano, 2013). 
Coral reef areas are shaded in dark gray, the markers indicate turbidity as measured by Appeldoorn 
and Bejarano (2013), with increasing turbidity from clear over half/half to filled squares. CPR1990-
09-25 originates from Pinnacles (TP) reef and TM2020-12-04 from Turrumote I or II (TU or TII), 
marked in blue. 
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Although the lagoon system does not receive direct freshwater discharge from local 

rivers, episodic runoff events from the surrounding karstic and forested landscapes 

can introduce pulses of organic matter, sediments, and nutrients, particularly during 

periods of intense rainfall. Moreover, the region is periodically influenced by the distal 

effects of the Amazon River plume, which has been shown to extend across the 

Caribbean basin under prevailing current conditions (Chérubin & Richardson, 2007). 

This plume can lower ambient salinity levels and deliver dissolved organic carbon and 

trace elements. 

The CPR1990 core is 60 cm in length with a diameter of 5 cm and consists of three 

sequential segments (1a, 1b, and 1c) (Figure 3.4). The TM2020 core is 90 cm long with 

a diameter of 8 cm and comprises four segments (1, 3B top, 3B bottom, and 4A) 

(Figure B.1). Notably, TM2020 segment 3B exhibits multiple post-depositional 

modification such as boreholes from microorganisms, along with ingrown mussels 

and sediment infiltration. Core drilling and bisection were performed along the 

primary growth axis for CPR1990 segments 1a and 1b, whereas other segments were 

cut obliquely.  

Chapter 4 presents analyses of intra-colony replication of δ234U signals across density 

bands. Further in Chapter 5 a study investigating several proxies for freshwater runoff 

was concluded and a Caribbean δ234U baseline was established. 

 

Figure 3.4 High-resolution CT scans of Orbicella annularis coral cores CPR1990-09-25 (left) and 
TM2020-12-04 (right). Annual density banding patterns are highlighted in red, delineating successive 
years of skeletal growth. The green lines indicate the micro-sampling transects used for trace element 
and stable isotope analysis along the primary growth axis for the analysed years of 1980s and 1940s. 
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3.1.5 Mexico 

The coral cores BOC1 (9 cm in diameter, 1.5 m long) and BOC2 (9 cm in diameter, 1.2 

m long) were collected in summer 2016 from two Orbicella faveolata colonies at 7 m 

water depth in La Bocana (20° 52.490´ N, 86° 51.044´ W) growing only 1 m apart from 

each other within the National Park Puerto Morelos Reef, Mexican Caribbean (Figure 

3.5). SCUBA divers extracted the cores along the coral’s main growth axis using a Tech 

2000© hydraulic drill with a 9-cm-diameter, 85-cm-long diamond-bit core barrel. A 

1 cm-thick slab was taken from the core's centre, and radiographs were captured 

using a General Electric Medical X-ray system at the Radiological Center of Cancun. 

The age model of the BOC1 inferred from these x-radiographs indicates the coral's 

maximum age is ~100 years, with an average extension rate of 0.89 ± 0.16 cm yr-1 and 

a density of 0.76 ± 0.12 g cm-3 (Rico-Esenaro et al., 2019). 

 

Figure 3.5 Study area near Puerto Morelos, Mexican Caribbean, showing the sampling location at La 
Bocana (red marker) and other freshwater discharge sites (blue stars). The inset at the bottom 
illustrates the coastal groundwater system, highlighting freshwater discharge through "ojos" 
(submarine springs) and seawater infiltration in the porous limestone aquifer. The coral core sampling 
site is located offshore near the reef, where groundwater influence is expected (modified after Null et 
al. (2014)). On the right, an X-ray image of the sampled coral core reveals its internal growth structures 
(Rico-Esenaro et al., 2022). 
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The Puerto Morelos Reef is part of the Mesoamerican Reef System, located in the 

northeastern Yucatán Peninsula. A ⁓4 km-long coral barrier lies ⁓1 km offshore, 

forming a reef lagoon rich in seagrass populations. The lagoon, with an average water 

depth of 3–4 m, connects to the open sea through two channels: La Bocana to the north 

(maximum water depth: 8 m), and the Navigation Channel to the south (maximum 

water depth: 10 m). Seawater primarily flows over the reef crest, with deeper water 

masses exiting through these channels (Coronado et al., 2007). Puerto Morelos has a 

rainy season from June to October, a dry season from March to May, and northern 

winds from November to February (Instituto Nacional de Ecología, 2006). The Puerto 

Morelos Reef does not receive terrestrial surface runoff due to high infiltration rates 

of the region’s karstic environment (Bauer-Gottwein et al., 2011). Instead, freshwater 

is transported to the reef through submarine groundwater discharge (SGD). The 

lagoon’s bed is dotted by ~10 to 15 point-source discharges, some of which form 

visible surface bulge during the low tides (Parra et al., 2016). Approximately 79% of 

SGD in Puerto Morelos originates from point-source springs, while 21% is discharge 

through the beach interface of brackish water (Figure 3.5) (Null et al., 2014). The 

discharge at point-source springs is driven by a hydraulic gradient (water level slope) 

between the aquifer and sea, ranging from 5 mm km-1 to 100 mm km-1 (Beddows, 

2004). At Puerto Morelos, a discharge rate of 0.29 m3 s-1 per kilometre of coastline has 

been recorded from the local aquifer. However, the offshore springs are likely fed by 

a larger regional aquifer extending across Quintana Roo (González-Herrera et al., 

2022).  

To analyse the isotopic composition of coastal waters along the Mexican coast, two 

water samples were collected in proximity to the La Bocana. One sample was taken 

while snorkelling inside the lagoon, in a location sheltered by the barrier reef 

(20°52'48.0"N 86°51'54.0"W), while the second sample was collected outside the reef 

during a SCUBA dive in open marine conditions (20°49'27.0''N 86°43'19.0''W). 

To assess the spatial variability of δ234U values within a single coral species across a 

reef, both cores were analysed. Further, both powdered and bulk samples were 

collected along the main growth axis at annual resolution using a handheld Dremel 

drilling device to compare δ234U values by sample preparation type (Chapter 4). In 

addition, a study investigated a timeseries of BOC1 showing SGD influencing the δ234U 

values (Chapter 7). 

 

3.1.6 Martinique 

Martinique is a volcanic island of ~1,000 km² in the Lesser Antilles, eastern Caribbean 

(Figure 3.1). Situated near the subduction zone of the Lesser Antilles trench, it forms 
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part of the active volcanic arc and hosts Mont Pelée. The island’s eastern Atlantic coast 

features a well-developed carbonate platform, underlain by the volcanic arc (Leclerc 

et al., 2015).  

 

Figure 3.6 (a) Tectonic setting of Martinique within the Lesser Antilles arc, located in a tectonically 
active zone where the North American Plate converges toward the Caribbean Plate at ~2 cm yr⁻¹, 
forming an accretionary prism east of the island (Leclerc et al., 2015). (b) X-ray image of the sampled 
Siderastrea siderea microatoll (specimen CHANCEL 1) from Chancel Islet, showing white lines 
indicating sampling paths (Paterne et al., 2023). (c) Topographic map of Martinique and surrounding 
bathymetry, with colourful shallow areas representing the carbonate platform and grey tones 
depicting volcanic structures; the coral sampling site is marked with a white star (Leclerc et al., 2015). 
(d) North–south cross-section of the lagoonal setting at Chancel Islet, showing a wide (~170 m) but 
shallow (~1 m deep) lagoon, bounded by a steep coastline and reef crest, with Holocene reef 
formations and the position of microatolls with cup-shaped morphologies at the modern highest living 
surface (HLS) (Weil-Accardo et al., 2016). 
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The coral studied here, “Chancel 1,” is a massive Siderastrea siderea colony sampled 

alive in January 2008. It formed part of a microatoll (Weil-Accardo et al., 2016) and 

grew at a depth of 1.5 m on the Atlantic coast near Îlet Chancel (14°70′ N, 60°90′ W; 

Figure 3.6). The location is characterised by a shallow lagoon with microatolls 

extending ~210 m from the steep coast (15-20 m elevation). The chronology of the 

coral is based on 230Th/238U dating and annual density band counting from X-

radiographs (Paterne et al., 2018). Growth interruptions occurred at (1884 ± 4), 

(1896 ± 4), (1931 ± 3), (1948 ± 2), and (1989 ± 1) (Figure B.12). These are interpreted 

as the result of abrupt relative sea-level changes, likely caused by episodes of tectonic 

subsidence, and are supported by independent evidence of widespread earthquakes 

and large landslides during some of these events (Aubaud et al., 2013; Weil-Accardo 

et al., 2016). 

Samples were taken along three growth axes (Paterne et al., 2023), but only the 

longest axis was analysed here. The powdered coral samples, prepared at annual 

resolution, were provided by Dr. Martine Paterne and Dr. Eric Douville. For this study, 

only material from selected intervals between 1887 and 1982 was analysed, and 

provided insights on the Caribbean δ234U baseline (Chapter 5). 

3.1.7 Pacific 

To assess the effect of sample mass on measurement precision (Chapter 4), 

subsamples were prepared from a beached Porites sp. colony collected at Moruroa 

Atoll in the Pacific Ocean. The sample was extracted using a Dremel hand held saw 

fitted with a diamond blade. A 1 g sample was ultrasonically cleaned and dissolved in 

7 N HNO3. This solution was subdivided into aliquots containing 20, 30, 35, 40, 40, 45, 

50, 55, 60, 70, 80, 100, 120, and 150 mg coral material. Each subsample was processed 

following the procedure described in Chapter 3.2. 

As part of a mobility scholarship from the SPP2299 a fieldtrip to Tahiti, French 

Polynesia was organised in 2024 to collect water from SGD. Tahiti, the largest island 

in French Polynesia, is located in the central South Pacific and consists of two volcanic 

massifs: Tahiti Nui in the northwest and the smaller Tahiti Iti in the southeast (Figure 

3.7). Formed by hotspot volcanism between approximately 1.5 and 0.45 million years 

ago, the island is composed predominantly of basaltic rocks formed during four 

distinct volcanic phases (Hildenbrand et al., 2004). The island experiences high 

annual precipitation, particularly on the windward (north-eastern) slopes, with 

rainfall exceeding 4,000 mm yr-1 in some catchments (Benoit & Sichoix, 2023). The 

steep topography, permeable volcanic substrate, and high annual rainfall, particularly 

on the windward (north-eastern) side, create favourable conditions for groundwater 

recharge and rapid subsurface flow (Hildenbrand et al., 2005). SGD sources occurs 
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along the island’s coastal margins, particularly where fractured basaltic aquifers 

intersect the coastline (Haßler et al., 2019). In some areas, carbonate platforms are 

present below the barrier reef, though these are often overlain by volcanic material 

and are typically characterized by anoxic conditions at depth (Rougerie et al., 2004). 

The island's dynamic hydrology and variable aquifer structures make Tahiti an ideal 

natural laboratory for studying SGD processes in a volcanic island setting. 

 

Figure 3.7 Map of Tahiti showing sampling locations of different water sources and coral cores. 
Submarine groundwater discharge (SGD) sites are marked in dark blue, seawater sampling sites in 
light blue, river water sites in green, and coral sampling sites in pink. The main study area in the 
southwest lagoon near Maraa is highlighted by the red box and shown in greater detail in the inset. 
Locations include modern coral core Maraa-7 and nearby SGD and seawater monitoring points used to 
assess freshwater influence on the reef environment. 

During the field campaign, seven SGD sites were sampled, six located on the 

southwestern coast of Tahiti Nui and one on the northern shore of Tahiti Iti (Figure 

3.7). An additional sample was collected at the mouth of the Papenoo River on the 

northern coast of Tahiti Nui. Furthermore, six seawater samples were collected in 

2018 and 2019 by Dr. Martin Kölling (MARUM, University of Bremen). 

The approximate locations of the SGD sites were known from previous studies 

(Haßler et al., 2019) and were further confirmed visually by the presence of 

transparent filaments or streaks in the coastal seawater, often associated with the 

discharge of cooler freshwater. Groundwater was sampled directly at the discharge 

source using a funnel placed over the spring to isolate the freshwater from 

surrounding seawater. A second sample was taken approximately 1 m downstream 

by collecting surface water (~0.5 m water depth) with a clean bottle. Most sites were 
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sampled under both high tide and low tide conditions to assess tidal influences 

(Chapter 8). 

A coral core, used for the analysis of temporal δ234U variability, was provided by Dr. 

Thomas Felis (MARUM, University of Bremen) (Chapter 8). The core was collected in 

2009 from a Porites sp. colony growing on the inshore side of the barrier reef near the 

settlement of Maraa, in southern Tahiti Nui. The age of this core was also determined 

by sclerochronology using x-radiographs and seasonal δ18O variability (Knebel et al., 

2024). 

3.2 Sample Treatment 

To minimize contamination, coral samples underwent a rigorous cleaning process to 

remove organic material, detritus, and residual sawing dust embedded in pore spaces. 

Coral slices were sonicated in Milli-Q water at full intensity using a SONOREX 

ultrasonic bath.  

Sampling for the measurement of uranium isotopes (δ234U) and radiocarbon (14C) 

mainly consisted of extracting coral pieces from a single annual growth band using a 

Dremel hand held saw fitted with a diamond blade. In most corals, the outermost band 

(typically representing the most recent months) was not sampled, as this layer is 

enriched in organic material and surface alteration products that can compromise 

geochemical analyses. The sampled coral pieces were cleaned ultrasonically again to 

remove contamination from saw dust. 

The separation of uranium from the sample carbonate matrix followed the protocol 

established by Wefing et al. (2017), with modifications outlined by Kerber et al. 

(2023). For each analysis, approximately 50–100 mg of skeletal aragonite was 

dissolved in 7 N HNO3. For water samples, a range of 40–100 mL was measured, 

depending on the uranium concentration of the water. To serve as a concentration 

reference, 100 µL of TriSpike, a mixture containing the synthetic isotopes 233U, 236U 

and 229Th, was added. Next, uranium was purified by ion-exchange chromatography 

using U/TEVA resin. To remove Ca and other matrix elements, 300 µL U/TEVA 

chromatographic ion exchange columns were rinsed three times with 7 N HNO3. 

Uranium was then eluted with 3 N and 1 N HCl (Horwitz et al., 1992). The sample was 

dried and redissolved, and the column purification was repeated until the Ca 

concentration of the final solution was <10 ppm. For MC-ICP-MS measurements, the 

final uranium fraction was evaporated and redissolved in 1.2 mL of 1% HNO3 and 

0.05% HF, and any particulates were removed by centrifugation. 

To assess potential matrix effects from residual calcium, an experiment was 

conducted using the certified reference material NBS-CRM-112A spiked with known 
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calcium concentrations (0, 6.25, 12.5, 25, 50, and 100 ppm). Calcium was added using 

certified element standards (Inorganic Ventures). 

The Puerto Rican coral was further sampled for trace element and stable isotope 

measurement. Therefore, six samples per annual growth band were micromilled with 

a handheld Dremel tool along individual corallite pathways wherever possible, 

ensuring continuity across the sampled decade. 

3.3 Sample Analyses 

3.3.1 Uranium Isotopes 

Uranium isotopes were measured at the Institute of Environmental Physics, 

Heidelberg, using a Thermo Fisher Neptune Plus multi-collector inductively coupled 

plasma mass spectrometer (MC-ICP-MS), coupled to an ARIDUS II desolvating system 

and an ESI SC-2DX autosampler. The cup configuration and corresponding resistors 

used are shown in Table 3.1. 

Table 3.1 Cup configuration with the corresponding resitor settings used in the MC-ICP-MS to 

meassure uranium isotopes. 

Cup L1 C H1 H2 H3 

Mass number 233 234 235 236 238 

Resistor Ω 1011 1013 1011 1011 1010 

 

Each sample was measured over 60 cycles, with an integration time of 4.097 seconds 

per cycle. A standard-sample bracketing technique was applied using the Harwell 

Uraninite 1 (HU-1) standard to correct for instrumental drift and ensure long-term 

stability. Between each measurement, the system was rinsed for several minutes with 

1% HNO₃ + 0.05% HF. Blank levels were confirmed through chemical blank runs 

conducted prior to each sample and standard data evaluation was performed using a 

custom Python script developed by the Institute of Environmental Physics for U-Th 

dating analysis (Kerber et al., 2025). This script encompasses instrumental 

background corrections, identification and correction of signal outliers, adjustment 

for mass bias, accounting for hydride formation, and addressing tailing of 238U (Kerber 

et al., 2023). All measurements were normalized to the HU-1 standard, assuming 

secular equilibrium. The δ234U value is reported in per mil (‰) and calculated from 

the activity ratio using the following formula: 

δ234U (‰) = (
A U234

A U238
− 1) ∗ 1000 
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with decay constants of λ238 = 1.55125∙10−10 (Jaffey et al., 1971) and λ234 = 

2.82206∙10−6 (Cheng et al., 2013). Internal errors were determined as 2σ from each 

measurement, whereas external errors were determined through repeated 

measurements of the NBS-CRM-112A (CRM112A) standard and an in-house seawater 

standard. Interlaboratory comparison of the δ234U values was achieved via 

continuous measurements of the CRM112A standard and HU-1 as a presumed secular 

equilibrium standard. Owing to the observed offset towards the certificate value of 

CRM-112A and its relative value to HU-1, renormalization was necessary, which 

involved applying the offset of CRM-112A from its certificate value of -1.20 ‰ (Cheng 

et al., 2013) to the δ234U (HU-1) normalized data (Figure 4.1). All the results are 

provided for consistency with other works normalized to HU1 ≠ 0, as suggested by 

Chutcharavan et al. (2018) and Kipp et al. (2022).  

3.3.2 Ca and U Concentrations 

Prior to uranium isotope analysis on the MC-ICP-MS, a pre-screening routine was 

conducted to determine calcium and uranium concentrations using a Thermo Fisher 

iCAP Q ICP-MS. For this purpose, 50 µL aliquots of each sample solution were diluted 

1:10 with 0.5 N HNO3 and measured in standard mode. Results were corrected for 

instrumental drift and blank levels. Samples with calcium concentrations below 10 

ppm were deemed sufficiently low to minimize matrix effects and were selected for 

further uranium isotope analysis on the MC-ICP-MS Uranium concentrations were 

also quantified to ensure compatibility with the bracketing standard (HU-1) used in 

MC-ICP-MS measurements. If necessary, samples were diluted to match the target 

uranium concentration of approximately 50 ppb. 

Ba/Ca ratios were measured on the Q ICP-MS as well. Samples were introduced as 10 

ppm Ca aliquots via an apex sample introduction system and analysed in kinetic 

energy discrimination (KED) mode with a collision gas flow rate of 5.02 mL min-1. The 

standard deviation across 10 main runs was <0.77%. Inter-laboratory comparability 

was ensured through measurement of NIST RM 8301 coral standard as well as Ishi-B 

SPP2299 (E. Hathorne, pers. Comm.). Drift corrections were applied using an in-house 

coral standard and assessed via Allan variance analysis. 

3.3.3 Radiocarbon  

Radiocarbon (14C) measurements were conducted by Marika Hiemisch’s Master 

thesis on coral carbonate samples to track temporal variability in surface ocean 

radiocarbon and to evaluate the influence of water mass dynamics on coral 

geochemistry. Carbon extraction and measurements were performed at the Institute 

of Environmental Physics, Heidelberg University and at the Curt-Engelhorn-Centre 
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for Achaeometry, Mannheim, respectively, following the protocol detailed by Beisel et 

al. (2025), with results expressed as Δ14C relative to the post-1950 standard. 

The coral Δ14C was used in the interpretation of site-specific influences, including 

localized variations in ocean circulation (Chapter 5).  

3.3.4 Computed Tomography (CT) 

To establish the age model and determine the optimal sampling path of both Puerto 

Rican coral cores, the samples were scanned using a Philips Spectral CT 7500 at 

Heidelberg University Hospital under the supervision of medical physicist Dr. sc. hum. 

Wolfram Stiller. The scanning parameters were set to 120 kVp and 300 mAs. 

Computed tomography (CT) imaging was employed to examine the three-

dimensional growth axis prior to slab preparation and to determine density growth 

bands. This approach facilitates the selection of optimal sampling transects by 

avoiding growth troughs and off-axis corallites (Reed et al., 2021). 

3.3.5 Trace Elements 

Sr/Ca and Mg/Ca ratios were measured at the MARUM (University of Bremen) from 

40 ppm Ca aliquots of samples dissolved in 2% HNO₃. Analyses were conducted using 

an Agilent 720 series simultaneous axial inductively coupled plasma optical emission 

spectrometer (ICP-OES) equipped with a Twister spray chamber and a concentric 

nebulizer. Each sample was measured in triplicate, and Sr, Mg, and Ca concentrations 

were averaged. The standard deviation for Sr/Ca and Mg/Ca ratios across replicates 

was typically <0.3%. Instrumental drift was corrected by measuring an in-house coral 

standard before and after every sample run, assuming stable Sr/Ca and Mg/Ca ratios. 

Inter-laboratory comparability was ensured through regular measurement of the JCp-

1 standard (at least every 50 samples). The Ishi-B SPP2299 and RM 8301 standards 

were included as informational standards, although community consensus on 

reference values for Ishi-B SPP2299 remains unresolved. 

3.3.6 Stable Oxygen and Carbon Isotopes 

Approximately 30–90 μg of powdered coral was weighed with high precision using a 

Sartorius balances. Stable oxygen (δ18O) and carbon (δ13C) isotope compositions were 

analysed using a ThermoFinnigan MAT253 Plus gas source mass spectrometer 

equipped with a Thermo Fisher Scientific Kiel IV carbonate device at the Institute of 

Earth Sciences, Heidelberg University. Since δ18O and δ13C values are reported 

relative to Vienna Pee Dee Belemnite (VPDB), an in-house standard (powdered 

Solnhofen limestone) was analysed alongside the samples for normalization. The in-

house standard was calibrated against the IAEA-603 reference material (calcite) and 
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repeat measurements yielded an external precision of better than 0.03‰ for δ13C and 

0.06‰ for δ18O (Schorndorf et al., 2023). Stable isotope values were normalized to 

VPDB using single-point normalization following Paul et al. (2007): 

 

δVPDB𝑠𝑎𝑚𝑝𝑙𝑒 = [
(δM𝑠𝑎𝑚𝑝𝑙𝑒 + 1000)(δM𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 + 1000)

(δM𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 + 1000)
] − 1000 

 

The method of Ren et al. (2003) was used to establish the δ18O of the seawater 

(δ18Osw) by separating the influence of sea surface Temperature (SST) on δ18O of the 

coral (δ18Oc) using Sr/Ca-reconstructed SST (SSTSr/Ca) and a previously described SST 

dependence of δ18O. For Porites, this value lies between -0.18 and -0.24‰/°C (Epstein 

et al., 1953; Fairbanks & Dodge, 1979; Shen et al., 1992), and an average of -0.21‰/°C 

is used here.  

 

δ18𝑂𝑆𝑊 = 0.21 ∗ 𝑆𝑆𝑇𝑆𝑟
𝐶𝑎⁄
+ δ18𝑂𝑐 
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4 Precision Measurement of δ234U in 

Annually Banded Tropical Corals 
 

The fine-scale chronological control provided by tropical coral annual density 

banding in corals offers a unique opportunity to resolve past seawater δ234U 

variability at sub-annual to annual resolution (Greve et al., 2025). This capability 

enables the construction of detailed δ234U time series, capturing short-term 

fluctuations that are critical for interpreting rapid environmental changes and 

transient hydrological events. Similarly large statistical relevant data sets allow to 

identify rapid fresh water release events, even in the open ocean as has been 

demonstrated in the Southern Ocean using deep sea corals (Li et al., 2023). Tropical 

coral reefs host remarkable biodiversity, and multiple coral genera like massive 

Porites sp., Acropora sp., Siderastrea sp., Montastrea sp., and Orbicella sp. are commonly 

used in geochemical proxy records. Each genus exhibits distinctive skeletal 

architectures and growth morphologies, which pose varying analytically challenges 

due to differences in skeletal densities, porosities, and growth rates (de Villiers et al., 

1995; Sadler et al., 2014; Ross et al., 2019). Moreover, the skeletal architecture can 

vary not only between genera but also within individual colonies, both at micro- and 

macroscales, affecting both primary geochemical signals and potential diagenetic 

alteration pathways (Perrin, 2003; DeLong et al., 2016; Reed et al., 2021). 

To ensure that δ234U values measured in coral skeletons accurately reflect the δ234U 

composition of ambient seawater, this chapter presents a series of methodological 

tests on various coral genera and conduct a quality assessment of isotopic 

measurements and δ234U reconstructions. These include evaluation of potential 

calcium matrix effects on measurement precision and accuracy, assessments of 

analytical reproducibility via repeated measurements, procedural replicates of 

chemical preparation steps, and skeletal structure replicates sampled from different 

regions within the same coral colony. In addition, comparative analyses were 

conducted across different coral genera and among individuals of the same species 

collected from the same reef. Together, these tests form a robust validation 

framework, providing critical confidence that coral-based δ234U records can be 

reliably used to reconstruct the local and past seawater uranium isotope 

compositions at high temporal resolution. 
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4.1 δ234U Measurements 

External analytical uncertainty was assessed through repeated measurements of the 

NBS-CRM-112A standard within each measurement batch. Across 66 analyses, the 

mean value for NBS-CRM-112A was -38.12‰ with a standard deviation of ±0.38‰ 

(Figure 4.1). These results are consistent with previously reported values for NBS-

CRM-112A relative to the secular equilibrium standard HU-1 (Robinson et al., 2002; 

Shen et al., 2002; Deschamps et al., 2003; Andersen et al., 2004a; Fietzke et al., 2005; 

Andersen et al., 2010). Based on the known offset of +1.2‰ between NBS-CRM-112A 

and HU-1 (Cheng et al., 2013) and the fact that some laboratories report data 

normalized to the certified NBS-CRM-112A value, the data were renormalized here to 

δ234U (HU-1) = -1.2‰ to ensure inter-comparability with other studies. To further 

test reproducibility in the range typical for coral δ234U values, an in-house seawater 

standard was measured 12 times. It yielded a mean values δ234U values of 145.75‰ 

with a standard deviation of ±0.33‰, thus comparable to the NBS-CRM-112A results 

(Figure 4.2).  

 

Figure 4.1 66 measurements of the external CRM 112A standard in this study yield a mean δ234U of –
38.12‰ ± 0.38‰ (2σ, n = 66), with a 2σM of ± 0.06‰, indicating high analytical precision. Results are 
shown relative to literature values corrected for different HU-1 normalization (HU-1 ≠ 0 and HU-1 = 
0), highlighting a ~1.2‰ offset.  

The accuracy of δ234U measurements in this study is supported by these 66 analyses 

of the reference material NBS-CRM-112A. These results fall well within the range 

reported by previous studies, which have documented δ234U values for NBS-CRM-

112A between -38.3‰ ± 1‰ to -37.6‰ ± 0.8‰ (Cheng et al., 2000; Delanghe et al., 
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2002; Robinson et al., 2002; Shen et al., 2002; Deschamps et al., 2003; Andersen et al., 

2004b; Cheng et al., 2013; Pourmand et al., 2014; Wang et al., 2017) (Figure 4.1). The 

higher analytical precision reported in this study reflects recent improvements in 

data processing, including refined outlier detection, hydride correction, and mass bias 

adjustments (Kerber et al., 2023; Kerber et al., 2025). 

 

  

Figure 4.2 Measurements of the internal seawater U standard yield a mean δ234U of 145.75‰ ± 0.33‰ 
(2σ, n = 18), consistent with expected marine values. 

A total of 21 replicate δ234U measurements were performed, yielding values that 

ranged from 144.4‰ to 146.1‰. The overall standard deviation across all samples 

was 0.3‰, indicating high internal consistency. However, the maximum deviation 

between individual replicates reached up to 1‰, leading to an estimated uncertainty 

of ±0.5‰ for measurements, which is moderately higher than the statistical 

uncertainty (Figure 4.3). Figure 5 exhibits nine replicate δ234U measurements 

performed on the TM2020 Orbicella annularis coral from Puerto Rico. Two 

subsamples were taken from the same growth band but from different spatial 

positions within the skeletal structure. These measurements ranged from 144.5‰ to 

147.1‰, with a resulting standard deviation of ±0.65‰ (n=9) (±0.33‰; n=6) 

(Figure 4.4), which is used here as the upper bound of procedural uncertainty, this 

represents excellent reproducibility for carbonate-based uranium isotope analysis. 

Procedural blank measurements were conducted between each sample and standard 

measurement. These blanks revealed an average 234U background of 6 counts per 
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second, consistent with Kerber et al. (2025). All measured chemical blanks remained 

below this threshold (n = 20). 

  

Figure 4.3 21 replicate measurements of δ234U, with values ranging from 144.4‰ to 146.1‰, the 
standard deviation across all samples is 0.3‰. highest deviation between replicas reach up to 1‰, 
resulting in error an of these individual points of 0.5‰. 

 

  

Figure 4.4 nine chemical replica samples, collected from the same growth band of the coral from 
Puerto Rico, exhibiting δ234U values ranging from 144.5‰ to 147.1‰, with a standard deviation 
between these replicates of 0.65‰. 

The high level of precision achieved in this study allows for the resolution of subtle 

variations in seawater δ234Usw. For example, recent work has reported modern 

variability in δ234Usw on the order of 1.3‰ (Kipp et al., 2022). Even small differences 

of this magnitude can be resolved with confidence in annually banded corals using the 

methodology presented here. For example, during past climatic shifts such as the Last 

Glacial Maximum, characterized by low sea level and extensive global ice volume, with 

enhanced weathering rates, the δ234Usw values decreased by approximately 6‰ ± 

2‰ (Henderson, 2002; Esat & Yokoyama, 2006; Chutcharavan et al., 2018). These 

shifts highlight the sensitivity of the δ234U signal to changes in global continental 
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weathering and hydrological balance, reinforcing its value as a paleoenvironmental 

tracer. An additional experiment assessed the impact of uranium concentration on 

measurement precision. Fourteen samples of varying uranium concentration were 

analysed, revealing an exponential decrease in analytical error with increasing U 

concentration (Figure 4.5). At concentrations >20 ppb, the analytical error decreased 

from 1.7‰ to 0.6‰, and plateaued at 0.3‰ for U concentrations >40 ppb, up to the 

maximum measured concentration of 174.4 ppb. 

 

Figure 4.5 individual errors of 14 δ234U measurement against their 238U concentrations. The error 
drops from 1.7‰ to 0.6‰ with >20 ppb Uranium in solution, at >40 ppb Uranium the error plateaus 
at 0.3‰ until the maximum Uranium concentration of 174.40 ppb. 
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4.2 Matrix Effect  

  

Figure 4.6 δ234U values of Ca-spiked CRM-112A samples, above a Calcium concentration of 10 ppm the 
δ234U significantly deviates 

Matrix effects are a well-documented challenge in MC-ICP-MS analysis and are known 

to enhance instrumental mass bias (Douville et al., 2010). In this study calcium-spiked 

NBS-CRM-112A samples (Figure 4.6) reveal a clear matrix effect, with δ234U values 

showing significant deviations from established reference values when calcium 

concentrations exceed 10 ppm (Robinson et al., 2002; Shen et al., 2002; Deschamps et 

al., 2003; Andersen et al., 2004a; Fietzke et al., 2005; Andersen et al., 2010). A positive 

linear correlation was observed between δ234U values and increasing calcium 

concentrations above 10 ppm, indicating that excess calcium interferes with accurate 

isotope ratio determination. To mitigate these matrix effects, all treated carbonate 

samples were screened for calcium concentration using a Thermo iCAP Q ICP-MS. If 

calcium concentrations exceeded 10 ppm, the column chemistry procedure was 

repeated a third time to ensure sufficient removal of matrix elements prior to final 

δ234U measurement. While Douville et al. (2010) reported reduced δ234U signal 

intensity at similar calcium levels, they observed no significant isotopic bias when 

using ICPQMS reflecting the order of magnitude lower measurement precision of 3–

4‰, archived with such instruments. In contrast, the higher reproducibility achieved 

in this study (±0.65‰) makes such bias detectable, which must originate from 

scattering calcium ions reaching mass 234 given the perfectly linear dependence to 
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the calcium concentration. The recent discovery of a Ghost signal related to the 

scattering of 238U on masses of 229 and 230 shows that such scattering ions effects 

cause significant impacts on isotope ratios of isotope systems with low abundance 

ratios such as 234U/238U (Kerber et al., 2023). This trend confirms that calcium matrix 

effects may introduce systematic positive biases in δ234U values when not adequately 

testing and removing calcium during chemical sample preparation. If analytical 

precision further increases, this test has to be repeated and the scattering effect of 

calcium ions need to be better quantified. 

Thus, under controlled conditions, a linear correction may be applied if the sample Ca 

concentration is precisely known. However, for maximum accuracy, matrix removal 

through repeated column chemistry remains the preferred approach when Ca 

concentrations exceed 10 ppm. Also note, here only calcium was tested, but other 

elements may cause matrix effects when studying U isotopes in different minerals. 

4.3 Sampling Strategy 

Numerous studies have explored the spatial variability of trace element 

concentrations and isotopic compositions within coral skeletons, often identifying 

differences among microstructural components such as the theca, septa, and 

dissepiments (Perrin, 2003; DeLong et al., 2016; Reed et al., 2021). Additionally, 

variations in coral growth rates under different environmental conditions have been 

shown to influence geochemical signatures (Felis et al., 2003). In the present study, 

the relatively large material demand for uranium isotope analysis of 50 mg 

necessitated the integration of multiple skeletal components into single “bulk” 

samples.  

Despite this approach, replicate δ234U measurements taken along the same growth 

band, each incorporating different proportions of skeletal microstructures, revealed 

no statistically significant differences in δ234U values (Figure 4.4). This suggests that, 

at the resolution applied here, intra-band heterogeneity in δ234U is minimal or 

remains within analytical uncertainty. While some degree of microstructural 

variability likely exists, its influence on bulk δ234U signal appears negligible regarding 

the precision, reproducibility and accuracy obtained here. The results support the 

validity of using integrated skeletal material for high-resolution isotope analysis 

when sample quantity is limited. 

Additional tests comparing sampling methods (bulk vs. milled powder) on two 

neighbouring Orbicella faveolata colonies from the Mesoamerican Reef system off 

Puerto Morelos, Mexico revealed further insights. For bulk sampling, solid sections 

were cut from annual density bands using a handheld Dremel tool fitted with a 

diamond saw blade. And for powdered sampling, material was milled along the 
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growth axis to collect finely powdered samples from the same bands. Correlation 

coefficients between these sampling approaches are summarized in Table 4.1.  

 

Table 4.1 Pearson correlation coefficients (r) between δ234U records obtained from bulk and 
pulverised samples of two coral colonies (BOC1 and BOC2) at La Bocana, Mexico. All correlations are 
based on overlapping time intervals. Bold values indicate statistically significant correlations (p < 
0.05). 

 

 

 

 

 

In the first coral (BOC1), δ234U values from bulk and powdered samples were 

identical, suggesting homogeneity in internal skeletal composition or minimal 

structural influence on uranium incorporation. This consistency implies that either 

sampling approach is reliable when structural heterogeneity is low. In contrast, the 

second coral (BOC2), located only one meter away, exhibited measurable difference 

between the adjacent first sample (Table 4.1). In addition, significant but punctuated 

deviations are visible between bulk and pulverised samples. These discrepancies 

illustrate a variable degree of microscale heterogeneity between coral colonies. It is 

interesting to note that both corals reveal a 0.8 to 1‰ difference over almost two 

decades, when suddenly the variability of δ234U increases, but absolute values merge. 

In absence of further mineralogical and geochemical studies of both corals, the origin 

of small but systematic deviations and intra-skeletal heterogeneity in U isotopes 

remains unknown. These findings highlight the importance of skeletal structure and 

sampling scale in δ234U analysis and underscore the need for consistency in sampling 

methods when comparing records across colonies. Note that the temporal pattern is 

preserved even if small systematic biases exist between individual corals or over 

several decades of growth. Since such differences do not exceed the analytical 

reproducibility by more than a factor of two, we can safely interpret isotope 

variability larger than 1‰ as originating in seawater. 

The temporal resolution achievable in δ234U analyses is largely constrained by the 

amount of available coral material. Therefore, δ234U values from the Venezuelan 

Pseudodiploria strigosa coral core were measured at both biannual and seasonal 

resolution are presented in Figure 4.7. Biannual δ234U values ranged from 

approximately 143‰ to 148‰ over the period 1996–2002. Seasonal measurements 

 
BOC1 bulk BOC1 pulv BOC2 pulv BOC2 bulk 

BOC1 bulk 
    

BOC1 pulv 0.705 
   

BOC2 pulv 0.285 0.475 
  

BOC2 bulk 0.695 0.536 0.411 
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exhibit a similar range, from ~142‰ to 148‰, but capture finer intra-annual 

variability that is not evident in the lower-resolution dataset. 

To assess the effect of sampling resolution, a relative deviation was calculated 

between each annual biannual sample and the mean of its corresponding seasonal 

samples. These deviations are also plotted in Figure 4.7 and generally fall within ±2‰ 

with the largest excursion occurring around the year 2000. Nonetheless, for most of 

the record, deviations remain minimal and centred near zero, indicating strong 

consistency between the two resolution approaches. 

 

Figure 4.7 Comparison of seasonal (brown) and biannual (orange) δ234U values measured in coral 
samples from Los Roques, Venezuela, between 1996 and 2002. Error bars represent analytical 
uncertainty (2σ). The blue line shows the relative deviation (%) between the two records. While overall 
trends are similar, notable divergence occurs around 2000–2001. 

As shown in Figure 4.7, seasonal sampling does not consistently resolve well-defined 

biannual averages. Moreover, the biannual records are not merely smoothed versions 

of the seasonal signals, suggesting that averaging does not fully preserve intra-annual 

variability, likely due to variability of the uranium concentration in individual growth 

bands. This discrepancy may also result from the sampling process itself. During 

sawing or subsampling an uneven loss of material may disproportionately affect the 

averaging of seasonal values, which are better defined when using biannual bulk 

samples extracted by sawing. 

A notable divergence occurs around 2000–2001, when the biannual records exhibits 

a pronounced minimum of 142.8‰, a feature not apparent in the corresponding 

seasonal dataset. This absence may be attributed to material loss or uneven sample 

retention during preparation, leading to incomplete capture of short-term isotopic 

excursions. Importantly, this anomalously low δ234U value coincides with an extreme 

hydrological event: the catastrophic rainfall in late 1999 that triggered widespread 

landslides in Venezuela (Lyon, 2003). Such intense precipitation likely generated 

rapid surface runoff with minimal water-rock interaction, potentially transporting 

low δ234U riverine water over a distance of ~140 km to the coral core site (Li et al., 
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2018). Due to its brief duration, this signal may have been inadvertently excluded 

during material processing.  

Achieving high-resolution δ234U records requires careful sampling techniques, such 

as micro-drilling or fine-blade sawing; however, micro-drilling may introduce bias if 

the sampled material does not integrate multiple skeletal components. 

4.4 δ234U Variability Across Coral Genus and Colonies 

Species-specific differences in the incorporation of trace elements and isotopes into 

the coral skeleton are well documented and often attributed to variations in 

biomineralization strategies, growth rate, morphologies, and ecological preferences 

(de Villiers et al., 1995; Sadler et al., 2014; Ross et al., 2019). The species analysed in 

this study are all common throughout the Caribbean (Veron, 1995), yet they represent 

a broader range of morphotypes, including massive, branching, encrusting and plate 

corals, than typically used in paleoclimate reconstructions. Among these, genera such 

as Siderea, Orbicella and Diploria are frequently used in climate proxy studies and are 

known to show species-dependent variations in elements such as Sr, Mg, and Li (Giry 

et al., 2010; DeLong et al., 2011). U/Ca ratios have also been reported to vary by 

species (de Villiers et al., 1995; Sadler et al., 2014; Ross et al., 2019). In contrast, our 

results Eleven coral samples representing ten different species from Rancho Luna 

Bay, Cuba, exhibited δ234U values ranging from 145.20‰ ± 0.53‰ (Meandrina 

meandrites) to 145.11‰ ± 0.52‰ (Colpophyllia natans), indicating no significant 

species-specific fractionation in δ234U (Figure 4.8). The mean value across all 11 

samples was 145.55‰ with a standard deviation of ±0.33‰, consistent with open 

ocean baselines (Kipp et al., 2022). To test whether species dependent isotope 

fractionation occurs, mass fractionation needs to be measured on the MC-ICP-MS 

independent of the 235U/238U ratio (Kipp et al., 2022). Since we assume this ratio 

constant any fractionation would be corrected as mass bias (Kerber et al., 2023). 

However, the consistency of seawater and coral isotope composition implies no 

measurable fractionation takes place at the given analytical precision. This 

consistency supports the robustness of δ234U as a geochemical proxy, largely 

unaffected by biological or ecological variability during uranium incorporation. 
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Figure 4.8 δ234U values measured in 10 different coral species collected from the Rancho Luna reef in 
Cuba in 2015. The species include massive, branching and encrusting growth forms. Despite biological 
and morphological differences, all specimens exhibit consistent δ234U values within analytical 
uncertainty (mean = 145.55‰ ± 0.33‰, shaded band) 

To investigate spatial variability in δ234U over time within the same reef environment, 

two colonies of Orbicella faveolata (BOC1 and BOC2) growing approximately 1 meter 

apart were analysed over a 10-year period (Figure 4.9). BOC1 exhibited slightly lower 

δ234U values, with a mean of 144.3‰ ± 0.6‰ (2σM), compared to BOC2 with a mean 

of 145.1‰ ± 0.4‰. Statistically both values are identical within two sigma 

uncertainty, but the offset in absolute values of 0.8‰ is just moderately larger than 

expected from the reproducibility of the analytical method applied here (0.65‰). 

Nevertheless, both records display similar temporal trends, with a strong positive 

correlation (r = 0.70, p < 0.001) across the decade-long time series. 

 

Figure 4.9 Temporal δ234U records from two neighbouring coral colonies (BOC1 and BOC2) collected 
at La Bocana, Mexico. Both bulk (solid symbols) and pulverized (open symbols) samples are shown. 
Despite spatial heterogeneity in absolute δ234U values, particularly between colonies, the temporal 
trends are strongly correlated (r = 0.7, p < 0.001). 
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This notable spatial heterogeneity in δ234U values has previously been observed in a 

similar manner for Sr/Ca ratios and δ18O within single reef systems (Alpert et al., 

2016; Sayani et al., 2019). In this region, submarine groundwater discharge (SGD) is 

a prominent feature, with numerous point sources contributing freshwater inputs 

across the reef (Null et al., 2014). Groundwater on the Yucatán peninsula exhibits 

δ234U values lower than those of open-ocean seawater (Schorndorf et al., 2023), 

aligning with the lower δ234U values recorded in the BOC1 coral. This suggests that 

BOC1 compared to BOC2 may experience greater exposure to SGD, between 1992 and 

1998, while beyond both corals reveal an identical pattern within uncertainty. 

Previous hydrodynamic studies indicate that seawater inflow occurs primarily above 

the reef crest, while groundwater and deeper water outflow is restricted to two main 

channels, one at the southern reef edge and one near La Bocana, the core site 

(Coronado et al., 2007) (Figure 3.5). Although detailed microcurrent mapping at this 

reef is lacking, research from comparable systems indicates that water flow is 

strongly modulated by reef topography and benthic structure (Monismith, 2007; 

Pomeroy et al., 2023). Such localized dynamics likely contribute to the observed 

differences in δ234U values between the two colonies. Indeed, Hernández-Terrones et 

al. (2021) demonstrated differing degrees of mixing across SGD point sources in this 

reef, further supporting the role of spatial hydrological variability in shaping the 

observed coral δ234U signals. Despite this offset, the temporal δ234U trends in both 

corals remain highly correlated (r = 0.7, p < 0.001), indicating a common response to 

external drivers over decadal time periods.  

4.5 Conclusion 

This study demonstrates that high-precision δ234U measurements in tropical coral 

skeletons are achievable through methodological advances in mass spectrometry, 

data processing and calibration, particular using the reference materials such as NBS-

CRM 112A. Our analytical procedure demonstrates a full sample replicate precision 

(2σM, N=66) of ±0.65‰ when considering all aspects contributing uncertainty, such 

as mass spectrometric matrix effects, total procedural blanks, sample weight 

constraints, sample micro-heterogeneity on seasonal scale, local reef microcurrents, 

potential species differences, and frequent sample replication. The pure mass 

spectrometric analytical uncertainty can be reduced to ±0.3‰ when opting to 

measure > 50 ppb pure calcium free (<1 ppm) Uranium solutions.  

These improvements allow for the detection of subtle δ234U variations <1‰ 

associated with changes in seawater composition, including those linked to climatic 

events. Matrix effects, notably the residual calcium concentration of a sample was 

shown to introduce measurable linear dependence with δ234U values at a rate of 
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±0.04‰ per ppm Ca. Thus, when measuring samples of <10 ppm calcium the impact 

is within the analytical precision achieved here. While these effects can be better 

quantified and potentially corrected, complete matrix removal of any contaminating 

element remains the preferred strategy for ensuring data integrity. 

Sampling strategy and intra-skeletal heterogeneity were found to introduce small 

systematic differences and decreases reproducibility of seawater δ234U 

reconstructions. Although the integration of multiple skeletal structures helped 

minimize variability, certain colonies exhibited microstructural heterogeneity that 

affected results at finer spatial scales (<1‰).  

The temporal resolution was limited by sample availability, with discrepancies 

between seasonal and biannual values highlighting the sensitivity of δ234U records to 

preparation techniques and the risk of missing transient environmental events. 

Absence of species-dependent isotopic fractionation is determined from excellent 

agreement to the surrounding seawater and underscores the robustness of δ234U as a 

geochemical proxy, supporting its application across diverse coral taxa. However, 

spatial differences in δ234U between neighbouring colonies reflect the influence of 

local hydrodynamics, particularly submarine groundwater discharge. Despite this, 

strong inter-colony correlations affirm the reliability of δ234U time series in recording 

regional-scale environmental variability when local reef conditions are well 

understood. 
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5 Coral and Seawater δ234U without Direct 

Freshwater Influences in the Caribbean 
 

Freshwater fluxes play a critical role in shaping regional oceanographic conditions, 

ecosystem dynamics, and biogeochemical cycling (Drinkwater, 1986). In the 

Caribbean, freshwater variability is of particular importance due to the ecological 

sensitivity of coral reef systems, the socio-economic reliance on coastal environments, 

and the region’s exposure to climate extremes such as droughts, hurricanes, and 

riverine flooding (Maul, 1993). Moreover, freshwater input contributes to salinity 

variability that influences the Atlantic thermohaline circulation (Schmidt et al., 2004), 

linking Caribbean hydroclimate processes to the wider climate system. Freshwater 

delivery occurs through river discharge, precipitation, and groundwater flow, 

regulating salinity, nutrient input, sediment transport, and organic carbon fluxes (Null 

et al., 2014; Haßler et al., 2019; Starke et al., 2020; Mayfield et al., 2021). These 

processes are further modulated by large-scale modes such as El-Niño Southern 

Oscillation (ENSO), Atlantic Multidecadal Variability (AMV), and Atlantic hurricane 

activity (Liu et al., 2022), underscoring the need for robust reconstructions of 

freshwater variability in this region. 

To address the limited coverage of instrumental records, coral archives have been 

widely employed to reconstruct freshwater input. Proxies such as Ba/Ca, δ13C, and 

δ18Osw have proven useful in capturing aspects of runoff and precipitation, yet each is 

subject to confounding influences including sediment resuspension, upwelling, 

photosynthetic variability, and dual sensitivity to both temperature and salinity 

(Fairbanks & Dodge, 1979; Leder et al., 1996; Watanabe et al., 2002; McCulloch et al., 

2003; Ren et al., 2003; Swart & Grottoli, 2003; Benway & Mix, 2004; Ourbak et al., 

2006; Moyer, 2008; Felis et al., 2009; Prouty et al., 2010; Moyer & Grottoli, 2011; 

Sadler et al., 2014; V. Schoepf et al., 2014; LaVigne et al., 2016; Wu et al., 2017; 

Yamazaki et al., 2021; Shaw et al., 2024). These complexities highlight the need for 

complementary tracers that can more directly capture freshwater forcing. 

In this context, δ234U represents a novel and promising approach. Because the isotopic 

composition of uranium in the open ocean is relatively stable (Andersen et al., 2010; 

Kipp et al., 2022), detectable shifts in coral δ234U likely reflect terrestrial inputs from 

river discharge, groundwater flux, or weathering (Dunk et al., 2002; Andersen et al., 

2007; Li et al., 2018; Li et al., 2023). Unlike existing proxies, δ234U provides a 

geochemically distinct measure of land-ocean connectivity, integrating freshwater 

input over time. This makes δ234U especially valuable for semi-enclosed basins like 
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the Caribbean, which are strongly influenced by large riverine discharges, while the 

input from the well-constrained and relatively uniform Atlantic (Kipp et al., 2022) is 

limited by restricted inflow through the Lesser Antilles (Johns et al., 2002). 

However, to use δ234U effectively, it is first necessary to establish the natural baseline 

for the entire basin. Establishing the regional reference state is essential to 

confidently attribute small but meaningful deviations in coral δ234U to freshwater 

forcing. 

Accordingly, this chapter focuses on establishing the δ234U baseline for the Caribbean 

basin.  

5.1 Location and Corals 

The environmental settings and geographic context of the coral cores are described 

in detail in Chapter 3. Age models for the Puerto Rican corals were developed by 

Emma Gerlach as part of her bachelor’s thesis, combining annual density band 

counting from high-resolution computed tomography (CT) scans with U-Th dating of 

non-continuous segments. Two massive Orbicella faveolata cores were analysed: 

CPR1990-09-25 and TM2020-12-04, collectively covering the period 1736–2020, 

albeit with notable hiatuses. CPR1990 includes two main intervals: 1885–1909 and 

1934–1990, separated by a 23 ± 6-year hiatus, marked by a distinct change in growth 

direction. U-Th dates from three depths were internally consistent. Age accuracy for 

segments 1a and 1b is ±1 year, based on precise annual band counts, while the older 

segment 1c has an estimated error of ±6 years due to discontinuity (Figure B.1). The 

TM2020 core spans three distinct growth periods: 1736–1776, 1832–1881, and 

1940–1980. Two major growth gaps of 59 ± 9 years and 54 ± 11 years, interrupt the 

record with age models constrained by annual band counting and U-Th dating (Figure 

B.1).  

Annual extension rates were measured along individual corallites, following the 

primary growth axis to reduce sectioning bias. Measurement uncertainty is estimated 

at approximately 1 mm, limited by the CT scan resolution and minor alignment 

discrepancies. The mean extension rates were 6.7 ± 1.6 mm yr-1 for CPR1990 (Figure 

B.2) and 5.9 ± 1.7 mm yr-1 for TM2020 (Figure B.3). Notably, growth in CPR1990 

segment 1c was significantly slower (5.1 ± 1.3 mm yr-1) than in the other segments, 

consistent with the identified growth hiatus. 

The age model for a Siderastrea Siderea microatoll of the Martinique coral was 

developed by Paterne et al. (2018) based on sclerochronology, U-Th dating and 

seasonal δ18O alignment (Figure B.10 and Figure B.11). 
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5.2 Methods 

All analytical procedures, including U-Th dating, isotope ratios (δ13C, δ18O, δ234U) and 

trace element (Sr/Ca, Ba/Ca) analysis are detailed in Chapter 3. Radiocarbon (14C) 

measurements were conducted by Marika Hiemisch during her master’s thesis, using 

samples from the CPR1990 core. In that study, a harmonic oscillator model was 

developed to simulate the corals expected Δ14C response to atmospheric nuclear 

weapon testing, commonly known as the bomb Δ14C peak. This model accounted for 

atmospheric input and ocean uptake, providing a theoretical curve for interpreting 

radiocarbon incorporation. 

In the present work, the attention is focused on the residuals, or deviations from the 

modelled bomb Δ14C curve. These residuals are interpreted to reflect non-

atmospheric influences on radiocarbon variability, such as ocean circulation 

anomalies, upwelling of 14C-depleted subsurface waters, or advection of older water 

masses with distinct radiocarbon signatures. Comparing measured Δ14C values 

against the expected bomb-peak trajectory, enables a broader environmental 

interpretation of the coral Δ14C record during the atmospheric nuclear bomb testing, 

beyond its conventional use as a chronological marker. 

5.3 Puerto Rican Coral 

5.3.1 Seasonal Variability 

The seasonal records from the CPR1990 and TM2020 coral cores reveal distinct 

patterns in proxy behaviour, shaped by differences in local hydrology and reef setting 

(Figure 5.1). While both cores record clear seasonal cycles in δ13C values and Ba/Ca 

ratios, δ18Osw values are only available for CPR1990. In that core, δ18Osw values show 

coherent seasonal variability, consistent with short-term salinity changes and 

freshwater influence. The range exceeds that observed in direct seawater 

measurements from the region (Watanabe et al., 2002), although the mean values 

agree. This suggests influences from episodic freshwater events or evaporation, 

which may not be captured by limited seawater sampling campaigns. Additional 

complexity arises from the contribution of multiple water sources to coral δ18O 

values, as highlighted by Smith et al. (2006). At La Parguera, the coral core shows the 

highest δ18O values, indicative of strong evaporative enrichment (Stevenson et al., 

2018), a plausible result given its shallow, lagoonal environment (Figure B.7). 

Although skeletal extension rates can influence incorporation of stable oxygen 

isotopes, the similar δ18O ranges in both cores, despite differing growth rates, suggest 

that growth rate alone does not explain the observed patterns (Leder et al., 1996; 

Smith et al., 2006). 
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Figure 5.1 Seasonal and annual variability of freshwater-sensitive proxies in coral cores TM2020 (dark 
green) and CPR1990 (light green). Due to the age uncertainty in the TM coral only relative ages are 
plotted, but refer to the 1940s. The panels show proxy records for Δ14C deviation, δ18Osw, δ234U, Ba/Ca, 
and δ13C. Thin lines represent seasonal-resolution measurements; thick lines represent smoothed 
annual trends derived from moving averages. Δ14C and δ18Osw are only available for CPR1990. δ234U 
and Δ14C are plotted as annual means with error bars. Notably, 1984–1985 shows anomalies in 
multiple proxies, coinciding with a major precipitation event. 

In contrast, δ13C values (shown in Figure 5.1) display a seasonal variability of ~2.6‰, 

comparable to values reported by Moyer and Grottoli (2011). At their study site, 

seasonal δ13C variability was linked to riverine input of isotopically lighter DIC. 

Watanabe et al. (2002) also observed δ13C variability in Orbicella corals from La 

Parguera, but attributed the changes primarily to photosynthetic fractionation under 

variable cloud cover, rather than to freshwater input. 

Ba/Ca records show pronounced seasonal structure in both cores, with strong cycles 

in TM2020, but generally higher Ba/Ca ratios in CPR, supporting a local difference 

within the lagoon. The CPR coral was collected at a reef further inside the protected 

lagoon, where reduced oceanic flushing likely increases the delivery of terrestrial 

particulates. However, Ba/Ca can also be influenced by nutrient rich upwelled water 

(Ourbak et al., 2006; LaVigne et al., 2016), though upwelling is not typically reported 

near the study sites (Rueda-Roa & Muller-Karger, 2013). Additionally, recent work 
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suggests that Ba incorporation into the coral skeleton may also be dependent on light 

availability (Yamazaki et al., 2021), offering a possible explanation for the observed 

seasonal variability due to cloud coverage (Watanabe et al., 2002), especially in the 

absence of direct fluvial runoff at the core sites. 

The TM2020 core, dated to the 1940s, provides a high-quality seasonal record for this 

period. While it cannot be directly compared to the 1980s CPR1990 record, their 

contrasting settings and time periods offer valuable insight into the stability of 

seasonal proxy signals across decades. The upper section of the TM2020 coral was 

excluded due to signs of diagenetic alteration, particularly elevated Mg/Ca values 

(Figure B.4) (Allison et al., 2007; Hendy et al., 2007; Nothdurft & Webb, 2008). 

At annual scales, the bold lines in Figure 5.1 highlight broader hydroclimatic trends. 

Notably, Δ14C deviations exhibit a rising trend through the early to mid-1980s, 

peaking around 1985–1987 before declining, reflecting the uptake of atmospheric 

bomb-14C. Atmospheric 14C levels rapidly decrease and since the downward mixing 

propagates the bomb-peak to depth the values decrease moderately in the late 1990s. 

In addition, to these external drivers, the radiocarbon decrease in 1990 may reflect 

changes in cross thermocline exchange, similar to other records, that have been 

interpreted as shifts in water masses driven by trade wind-modulated Ekman 

transport (Kilbourne et al., 2007; Paterne et al., 2018; Toggweiler et al., 2019; Paterne 

et al., 2023). In contrast, Ba/Ca ratios and δ13C values show no coherent long-term 

trend across either core, supporting their interpretation as being more sensitive to 

short-term (seasonal) variability or localized events. 

δ234U values remain stable within analytical uncertainty over the observed period, 

except for a marked decrease in the third year of the TM coral record. Since this 

lowered value in the TM coral cannot be dated precisely at present, a comparison to a 

local or regional event is not feasible. In contrast, a moderately elevated δ234U value 

in 1984 in the CPR coral may coincide with Hurricane Klaus, during which intense 

mountain runoff was reported (Lawrence & Clark, 1985), suggesting a pulse of 

terrestrial freshwater input that may have temporarily altered the island’s 

weathering regime.  

The overall stability of δ234U, together with consistently stable annual mean values of 

further freshwater proxies Ba/Ca, δ13C, and δ18Osw, indicates that these corals are 

minimally influenced by episodic freshwater input. This supports the interpretation 

that the Puerto Rico cores reflect well-mixed open-ocean conditions, allowing their 

δ234U signatures to serve as a reliable baseline reference for the Caribbean seawater 

uranium isotopic composition. Additionally, Puerto Rico’s historically dry climate 

over the past 70 years (Kilbourne et al., 2008; Vieten et al., 2024) supports the general 

absence of strong freshwater signals in the annual proxy records. Further, the La 
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Parguera lagoon lacks direct riverine input; the nearest major river, Río Loco, 

discharges approximately 15 km up current and delivers an estimated 26 ft3 sec-1 

(~0.7 m3 sec-1) (Survey, 2012), limiting the direct influence of river discharge on the 

coral sites. 

In summary, when neglecting the one lowered δ234U value in the TM coral the 13 

remaining measurements yield a mean δ234U value for the Caribbean Sea of 145.87‰ 

± 0.20‰ (2σM), which matches the global ocean mean within uncertainty (Kipp et al., 

2022). 

5.4 Martinique Coral Record 

The analysed coral core from Martinique spans the period of one century from 1887 

to 1982 and provides a δ234U time series based on 30 individual samples, which 

resolve the long-term mean as well as annual variance (Figure 5.2). The mean δ234U 

value across the record is 145.13 ± 0.21‰ (1σ, n = 30), matching the modern open 

ocean signature (Kipp et al., 2022). This suggests that, on average, the uranium 

isotope composition at this site reflects well-mixed Equatorial Atlantic seawater with 

limited freshwater influences. 

 

Figure 5.2 Time series of coral δ234U (‰, purple circles) from Martinique compared with annual 
precipitation (blue line, right axis; (Huyghues-Belrose, 2006)) and relative sea level (RSL; blue line in 
upper panels; (Weil-Accardo et al., 2016)) between 1887 and 1982. Hurricane events are indicated by 
black cyclone symbols. Periods of anomalously high δ²³⁴U values coincide with increased precipitation, 
suggesting enhanced continental weathering and terrestrial uranium input. The significant positive 
correlation between δ234U and precipitation (r = 0.7; p = 0.05) underscores the climatic sensitivity of 
uranium isotope signatures in nearshore coral archives. Notably, sharp negative δ234U excursions align 
with major hurricanes and associated geomorphological disturbances (e.g., landslides), including those 
near 1894 and 1930. These coincide with coral “die-down” phases and abrupt RSL drops (~5 cm), likely 
related to tectonic uplift (Weil-Accardo et al., 2016).  
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As seen in Figure 5.2, the record reveals two several year long periods, with increased 

variability from the stable mean value, which correspond closely to periods of known 

climatic and hydrological variability. Notably, elevated δ234U values in the coral 

appear to correlate with intervals of increased precipitation, as inferred from 

historical meteorological records (r = 0.7; p = 0.05) (Huyghues-Belrose, 2006). This 

positive correlation suggests that enhanced rainfall amplifies continental weathering 

processes, leading to increased uranium fluxes from terrestrial sources (Kigoshi, 

1971; Li et al., 2018). Martinique, as a volcanic island with steep topography and 

highly reactive basaltic bedrock, is particularly sensitive to changes in precipitation 

(Rad et al., 2013; Taïlamé, 2020). As water percolates through these weathered 

profiles, it results in terrestrial freshwater with most likely elevated δ234U values. 

Unfortunately, we have not been able to analyse freshwater from Martinique and thus 

no further conclusion or mass balance can be established. However, due to the island’s 

small size and limited buffering capacity, this isotopically distinct freshwater is 

rapidly transported into the surrounding coastal zone during extended wet seasons 

(Taïlamé, 2020). The coral grew in these nearshore waters, and possibly incorporated 

this transient freshwater signal into its skeleton, thereby preserving a minor annual 

average trace of weathering and runoff intensity. Nevertheless, excursions are within 

the limits of 1‰, which we here consider a significant change compared to the 

seawater isotope composition. Thus, with the exception of the years 1894 and 1928 

the record can be considered a stable reference baseline (145.38‰ ± 0.26‰ (2σM)), 

driven by Equatorial Atlantic water entering the Caribbean Sea. 

The Martinique coral δ234U record was further compared to the corals Δ14C data to 

evaluate the potential influence of upwelled, radiocarbon-depleted water masses 

and/or Amazon-derived freshwater pulses (Paterne et al., 2018; Paterne et al., 2023). 

However, no consistent relationship between δ234U and Δ14C was observed (Figure 

B.10). This lack of correlation suggests that the uranium isotope signal in the 

Martinique coral was not significantly affected by the incursion of older, deeper 

waters, which would be expected to have lower radiocarbon activity (Andersen et al., 

2007). Furthermore, previous work by Paterne et al. (2023) identified distinct pulses 

of Amazon River water reaching the Lesser Antilles based on Δ14C anomalies during 

major discharge events. If these pulses had introduced uranium with a distinct 

isotopic signature into the Caribbean, a corresponding shift in δ234U values would be 

expected even across the Caribbean Sea. However, the absence of such excursions in 

the Martinique coral supports the conclusion that uranium associated with Amazon 

discharge was largely diluted or even removed before entering the open Caribbean. 

This interpretation aligns with the findings of Border (2020) who demonstrated that 

anoxic conditions in the Amazon delta promote efficient precipitation and retention 
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of uranium within the estuarine system, thus the Amazon can act both as source and 

sink of oceanic uranium, however, the net flux of uranium remains unknown. The 

stability of the δ234U baseline throughout periods of high discharge, including those 

discussed by Paterne et al. (2023) indicates that these anoxic processes remained 

effective in limiting the export of isotopically distinct uranium to downstream coral 

sites, even under extreme hydrological conditions. 

Conversely, sharp negative excursions in δ234U, falling below the expected seawater 

baseline, coincide with documented hurricane events in 1891, 1894, 1928, and 

possibly 1930 (Figure 5.2) (Landsea & Franklin, 2013). Notably, these anomalies also 

align with observed die-down phases in the upper part of the coral skeleton, dated to 

approximately 1896 ± 4 and 1931 ± 3 (Weil-Accardo et al., 2016). These die-downs 

are interpreted as periods of physiological stress caused by abrupt exposure of the 

coral to subaerial conditions, likely triggered by rapid relative sea-level fall. Weil-

Accardo et al. (2016) suggest that such sea-level changes may result from tectonic 

uplift associated with regional seismic activity. Aubaud et al. (2013) identified 

widespread landslide deposits on Martinique linked to these same time periods. 

These extreme events, combining heavy rainfall, coastal erosion, and sediment 

remobilization, likely introduced large volumes of particulate-bound uranium with 

low δ234U into the nearshore environment (Swarzenski et al., 2004). The resulting 

influx of isotopically distinct material would have temporarily overwhelmed the 

background seawater signature recorded by the coral. Taken together, this evidence 

suggests that short-lived but intense climatic and tectonic disturbances can leave 

identifiable, though transient, geochemical fingerprints in coral δ234U records. 

Overall, the Martinique coral record provides a robust baseline for open-ocean 

seawater δ234U over the past 100 years, with its long-term average closely matching 

open-ocean conditions. Significant excursions are limited to periods of extreme 

disturbance, such as hurricanes, landslides, or tectonic events, which cause annual 

deviations of <1.5‰ to up to 4‰, after which values rapidly return to baseline due 

to efficient coastal mixing. 

5.5 Conclusion 

This chapter examined seasonal to annual-scale coral geochemical records from 

Puerto Rico and Martinique which are today and in the past century not largely 

exposed to local freshwater sources. However, large distant freshwater sources such 

as the Amazon river seem to have no influence on the local water isotope composition. 

The Puerto Rican coral cores (CPR1990, TM2020) show distinct seasonal cycles in 

δ13C and Ba/Ca, with δ18Osw variability captured at CPR1990. While these proxies 

reflect local hydrological influences, including evaporation and lagoonal restriction, 
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their long-term mean values remain stable. Annual averages of Ba/Ca, δ13C, δ18Osw, 

and δ234U display minimal variability, supporting the interpretation that the Puerto 

Rican corals primarily archive well-mixed open-ocean conditions. The stability of 

δ234U in particular allows these records to serve as a robust seawater baseline at 

145.45‰ ± 1.0‰, with only short-lived anomalies during extreme hydrological 

events, such as Hurricane Klaus in 1984. 

 

Figure 5.3 Histogram of δ234U values (‰) from three Caribbean corals (TM2020 (Puerto Rico), 
CPR1990 (Puerto Rico), and Chancel 1 (Martinique)). The majority of measurements fall within a 
narrow range around 145–146‰, reflecting a stable regional δ234U baseline in line with the open ocean 
value of 145.5‰ (Kipp et al., 2022). Outliers, such as the 3rd year in TM2020 and a value coinciding 
with Hurricane Klaus in 1984, illustrate occasional short-term deviations but do not affect the overall 
long-term stability of the baseline. 

In contrast, the Martinique coral record (1887–1982) provides a century-long δ234U 

baseline that closely matches modern open-ocean values, while capturing distinct 

excursions during major disturbances including hurricanes, landslides, and possible 

tectonic uplift events. These transient deviations reflect the island’s volcanic terrain 

and sensitivity to extreme rainfall and geomorphological change, but values 

consistently return to baseline following such events. 

Taken together, the Puerto Rico and Martinique corals demonstrate that δ234U values 

in coral skeletons can serve as a reliable tracer of open-ocean seawater composition 

on decadal to centennial timescales Figure 5.3. Their stability highlights their utility 

as baselines, while event-driven anomalies provide additional insights into the 

hydrological and geological processes shaping Caribbean reef environments. 
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6 Cuban Coral traces Annual 

Hydrologically driven Variability in 

δ234U Values since the End of the Little 

Ice Age 
Cuban coral traces annual hydrologically driven variability in δ234U values since the end of the Little Ice Age 

The content of the following chapter is under review in the journal Paleoceanography 

and Paleoclimatology ((Greve et al., 2025), https://doi.org/10.22541/au.173990739. 

96182414 /v1) and has been slightly modified. 

 

Tropical surface-dwelling corals are always situated in shelf environments, with 

potential influences of U contributions from local river discharge, submarine 

groundwater releases, or even the distant transport of freshwater from larger river 

systems. 

Consequently, by examining postmodern, well-preserved and annually-resolved 

corals, the oceanic U isotopic composition can be investigated to identify any potential 

systematic local or regional disturbances from freshwater fluxes through rivers and 

submarine groundwater.  

To assess the potential impact of shelf water processes on the U isotopic composition 

of tropical corals and to reveal the potential of U isotopes as freshwater tracers, we 

selected a long-lived Orbicella faveolata coral colony in the western tropical North 

Atlantic, for which both regional freshwater releases and distant freshwater 

influences, such as advective transport from the Mississippi River seemed plausible. 

The tropical Atlantic Ocean is an ideal location for testing potential links between 

δ234U and hydrological and oceanographic conditions at the subcentennial scale. The 

northern Caribbean is part of the Atlantic Warm Pool (AWP), which is defined by the 

sea surface temperature (SST) isotherm exceeding 28.5°C, which forms each year 

during early summer (June) and extends into the Gulf of Mexico and the western 

tropical North Atlantic as summer progresses (July-October) (Wang & Enfield, 2001; 

Wang et al., 2008). In relation to the AWP and the Intertropical Convergence Zone 

(ITCZ), the Caribbean hydroclimate is characterized by a wet season from April to 

October (Martinez et al., 2019), during which hurricanes are also commonly observed 

(Terry & Kim, 2015). Especially for the Little Ice Age (LIA), which spanned from 

approximately 1400–1850 (Hodell et al., 2005), substantial changes in the Caribbean 

SST hydroclimate and potential oceanic circulation have been reconstructed (Haug et 

al., 2001; Hodell et al., 2005; Richey et al., 2009; Johnson, 2011; Kennett et al., 2012; 

Fensterer et al., 2013; DeLong et al., 2014; Burn et al., 2016). Consequently, through 

the study of annual excess 234U variability along a coral core drilled in a colony located 
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at the north of Cuba, we aimed to qualitatively resolve freshwater fluxes into the Gulf 

of Mexico since the LIA. 

 

6.1 Seawater δ234U from Coral Aragonite 

Corals incorporate the uranium isotopic ratio of seawater (δ234USW) into their 

skeleton without measurable fractionation (Robinson et al., 2004b; Wang et al., 2017; 

Kipp et al., 2022). However, one known factor that can cause fractionation is the post 

depositional diagenetic alteration of the coral skeletal material (Delanghe et al., 2002; 

Robinson et al., 2004b; Wang et al., 2017).  

Uranium isotope variations in the Cuban coral are independent of growth parameters 

(e.g., density) or green banding with high of Mg (Figure 3.1)(Alonso-Hernández et al., 

2022). As Mg/Ca is the proxy most sensitive to skeleton diagenesis, such as calcite or 

secondary aragonite formation (Allison et al., 2007; Hathorne et al., 2011), the 

absence of correlation between δ234U and Mg/Ca suggests that diagenesis has not 

influenced the δ234U values along the core. Studies have shown that secondary 

aragonite also has a higher U content than primary skeletal aragonite does (Eggins et 

al., 2005; Allison et al., 2007; Hathorne et al., 2011), which implies a possible 

correlation between uranium content and isotopic composition. This correlation was 

not detected in our results (Figure 6.1). Furthermore, a diagenetic overprint could 

result in extraordinarily high δ234U values exceeding 10‰ above those of seawater. 

According to Chutcharavan et al. (2018), a benchmark of 156‰ is used to indicate 

diagenetic alteration of fossil coral material. However, in the coral analysed here, no 

such elevated values were observed.  
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Figure 6.1 no correlation between the coral density, coral Mg/Ca, Li/Ca derived SST (Alonso-
Hernández et al., 2022) or U concentration and δ234U values is visible, implying no δ234U signal 
variations due to vital effects or diagenesis. Colour scale denotes sample year. 

Figure 6.2 shows a total of 104 samples that were collected from the 237-year record 

of the coral, with each sample representing an integration of one year. The mean value 

of all samples comes to a δ234U value of 145.58‰, with a standard deviation of 

1.22‰. The large data ensemble and small variance contribute to an uncertainty in 

the mean value of ± 0.24‰ (2σM, N = 104). The measured mean δ234U value of 

145.58‰ is identical to that of modern seawater (Kipp et al., 2022). Consequently, 

the excellent agreement of the mean isotopic compositions of corals with those of with 

modern seawater, allow for us to conclude that the CSM-1 coral can be used to 

monitor the U isotopic compositions of local seawater over the past 237 years. 

Studies conducted in restricted ocean basins have demonstrated a δ234U offset 

towards higher values, a shift attributed to the substantial influence of meltwater or 

river discharge (Andersen et al., 2007; Zhou et al., 2015; Wang et al., 2017; Arendt et 

al., 2018). Despite the Caribbean being a semi-enclosed basin, it receives a high inflow 

rate of Atlantic waters, estimated at 28 Sv, which exit the Caribbean and Gulf of Mexico 
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near the sample location (Johns et al., 2002). These substantial throughflow rates 

support the strong control of seawater on the coral mean δ234U values. 

6.2 Coral δ234U Values as a Proxy for Hydrological Variation 

Analysis of the small-scale variability within the last 165 years from 1850–2014 

reveals a range of 3.68‰, from 143.82‰ to 147.50‰ (Figure 6.2). This variance is 

2.5 times greater than that observed in modern seawater (Kipp et al., 2022). Notably, 

an even higher variability is observed in earlier years, specifically from 1778–1847, 

during which the δ234U values exhibit a total variance of 8.10‰, fluctuating from 

143.40‰ to 151.50‰. 

With excellent reproducibility and overall high precision, even subtle variability can 

be resolved. The variability in seawater δ234Usw was recently reported to be 1.3‰ 

(Kipp et al., 2022). Under different climate and global weathering conditions, such as 

during the last sea level low stand and maximum global ice volume, i.e., the Last Glacial 

Maximum, seawater δ234Usw decreased systematically worldwide by 6±2‰ 

(Henderson, 2002; Esat & Yokoyama, 2006; Chutcharavan et al., 2018). The major 

sources of isotopic variability in the surface ocean are continental runoff and 

submerged groundwater. Continental freshwater has a very large range of δ234U 

values from as low as 70‰ to 1030‰, depending on the continental U cycle driven 

by erosion and the type of regional weathering (Dunk et al., 2002; Li et al., 2018). In 

the tropics, chemical weathering prevails, reducing the excess leaching of 234U from 

the host rock. Moreover, the residence times of freshwater in karstic environments, 

such as in the Cuban core location, are within days or months to years, resulting in 

δ234U values that are at the lower end of the freshwater scale (Dunk et al., 2002; Paces 

et al., 2002; Gonzalez-De Zayas et al., 2013; Iturralde-Vinent et al., 2016). Thus, 

changes in the local freshwater contribution to the ocean could cause the δ234Usw 

values to shift slightly lower than those of seawater. The annual precipitation from 

1960–2008 near the coral location has a mean of 482.9 mm yr−1 and varies by 

approximately 124.5 mm yr−1 (Centella-Artola et al., 2023). Thus, the interannual 

precipitation variability indicates substantial variations of at least ±25% in the local 

freshwater supply. 
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Figure 6.2 Annual δ234U measurements (n = 104) of a 237-year-old coral. The mean of 145.58 ‰ is 
identical to the open ocean value of 145.55 ‰ (±0.28 ‰) (Kipp et al., 2022). The largest deviations 
from 143.40 ‰ to 151.50 ‰ were observed from 1778–1847 at the end of the Little Ice Age (LIA), 
with the peak value occurring in 1792. The variability in the coral δ234U over the last 165 years is 
approximately 2.5 times greater than the variance expected from observations in the open ocean (Kipp 
et al., 2022). 

Over the past 120 years, the coral record has shown considerable variability on 

decadal timescales, which is approximately 2–3 times greater than that expected in 

open ocean seawater (Figure 6.2) (Andersen et al., 2010; Kipp et al., 2022). 

Interestingly, the δ234U variations have exhibited a negative correlation with the 

regional precipitation record since 1960 (r = −0.6 p < 0.05, N = 21) (Figure 6.3 and 

Figure B.13) (Centella-Artola et al., 2023). These subtle variations in δ234U values are 

close to the reproducibility limit of the U isotope measurements but are still 

statistically noteworthy. The local δ234USW value is dependent on the input of 

terrestrial sourced freshwater, such as river runoff and submarine groundwater 

discharge (SGD). In Cuba, the residence time of precipitated water is relatively short 

and in the range of days to months due to the karstic terrain (Gonzalez-De Zayas et 

al., 2013; Iturralde-Vinent et al., 2016). Uranium isotopic compositions in 

groundwater are influenced by both redox conditions and uranium concentrations. 

Typically, an inverse relationship exists between groundwater uranium 

concentration and δ234U; deep, reducing groundwaters with low uranium 

concentrations tend to show higher δ234U values than oxic, near-surface waters with 

higher concentrations (Osmond & Cowart, 1976; Asikainen, 1981). Redox conditions 

also influence uranium mobility and isotope fractionation, with well-oxidizing 

groundwaters yielding lower activity ratios (Suksi et al., 2006). Catchment-scale 

denudation further affects these ratios: a U-shaped relationship has been observed, 

where both low and high denudation rates correspond to elevated δ234U values, while 

intermediate rates yield lower values (Li et al., 2018). Studies from the Yucatán 

Peninsula and Tampa Bay, Florida, have reported low δ234U values in groundwater 

and estuarine waters, which also showed relatively high uranium concentrations 
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(Osmond & Cowart, 2000; Swarzenski & Baskaran, 2007; Schorndorf et al., 2023). The 

low δ234U values in the coral may therefore reflect shallow groundwater runoff 

influenced by oxidizing conditions and/or moderate denudation rates in riverine 

waters in the region. Hence, the freshwater runoff coming from the Carbonate 

Hinterland (Iturralde-Vinent et al., 2008) and related to precipitation may lead to a 

moderate decrease of δ234U values in coastal seawater. This process likely explains 

the anticorrelation of coral δ234U values, where lower δ234U values coincided with 

high annual precipitation over the last 50 years (Figure 6.3). A study of a sediment 

core situated approximately 100 km east of the analysed coral core revealed a 

freshwater influence on organic matter by approximately 15% from 1900–1970 

(Alonso-Hernández et al., 2022). During this time, the coral exhibited a mean δ234U 

value of 145.25‰, at the lower limit of open ocean seawater, possibly reflecting a 

persistent but minor local freshwater influence. The influence on δ234U is likely far 

lower than that observed for organic matter by Alonso-Hernández et al. (2020) 

because of the lack of high-discharge rivers nearby.  

A commonly used proxy for sea surface salinity (SSS) is stable oxygen isotopes in 

seawater (δ18Osw), as they depend on both freshwater influx and evaporation (Gagan 

et al., 1998; Gagan et al., 2000; Ren et al., 2003). A comparison with reconstructed 

δ18Osw values from tropical corals in proximity to the sample location also revealed 

similarities at annual time scales (Figure 6.3 and Figure B.13) (Smith et al., 2006; 

Harbott et al., 2023). The δ18Osw is calculated from the measured coral δ18O values 

(Smith et al., 2006), which are influenced by seawater δ18Osw and temperature. By 

subtracting the temperature component derived from the Sr/Ca record of the same 

coral, the δ18Osw at the time of coral growth can be calculated (Supplementary Table 

B.1) (Ren et al., 2003). Note that the SST, estimated via the Li/Ca ratio (Alonso-

Hernández et al., 2022), is not significant correlated with the coral δ234U values 

(Figure 6.1).  

For the 19th century, the coral δ234U values aligned with the δ18O record of a 

stalagmite from western Cuba, interpreted as a proxy for rainfall amount (Fensterer 

et al., 2012). This alignment falls within the uncertainty of the stalagmite age model 

(Figure 6.3 and Figure B.13). Before 1860, the stalagmite and coral records diverged 

from one another, suggesting a potential additional source of δ234U and its variability. 

Here, we propose that this source is linked to distant freshwater discharge from the 

North American continent and/or a synchronous reduction in the strength of the Gulf 

of Mexico current, which is not traced by the hydroclimate record of the stalagmite. 
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Figure 6.3 The δ234U values from the analysed coral in central northern Cuba (blue) are negatively 
correlated (r = -0.60, p<0.05) with a precipitation record from the same region, starting in 1960, with 
an inverted y-axis (purple) (Centella-Artola et al., 2023). Similar patterns are observed with δ18OSw 
values calculated from corals from southern Florida (green) (Smith et al., 2006) and northern Cuba 
(orange) (Harbott et al., 2023), with high δ234U values corresponding to high δ18Osw values. 
Additionally, since 1860, there has been a similar trend in the δ18O values from a stalagmite in 
northwestern Cuba, which are interpreted as a precipitation indicator (red) (Fensterer et al., 2012).  

6.3 Variability during the LIA 

The highest variability in the coral δ234U values occurred between 1778 and 1847, 

with δ234U values ranging from 143.40‰ to 151.50‰. This time interval of high 

δ234U variability coincides with the end of a period of colder SSTs in the Caribbean 

during the LIA (Winter et al., 2000; Haase-Schramm et al., 2003; Kilbourne et al., 

2008).  

6.3.1 Fast and High Local Runoff 

Some studies infer reduced precipitation during the LIA, including Haug et al. (2001) 

for the southern Caribbean, Hodell et al. (2005) for the Yucatán Peninsula and Richey 

et al. (2009) for the Gulf of Mexico. However, other studies have reported highly 

variable amounts of rainfall in the northern part of the Caribbean and the Gulf of 

Mexico (Kennett et al., 2012; Fensterer et al., 2013; DeLong et al., 2014; Burn et al., 

2016). Historical records in Cuba also documented periods of drought interspersed 

with several severe hurricanes in the late 1700s (Johnson, 2011) (Figure 6.4). A high 
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amount of local precipitation with fast discharge rates can explain the low δ234U 

values recorded in the coral, as discussed above. The punctuated low values recorded 

by the coral suggest multiple local extreme precipitation events, particularly from 

1778–1847. Wang and Enfield (2001) reported that an extended AWP fuels 

precipitation and the frequency of more intense tropical storms. Additionally, DeLong 

et al. (2014) linked fluctuating SSTs in Dry Tortugas and Puerto Rico (Kilbourne et al., 

2008) to a variability in the size of the western hemispheric warm pool. The 

reconstructed SST from the Li/Ca in the analysed coral also exhibited high variability 

during that time (Alonso-Hernández et al., 2022). Therefore, fluctuating δ234U values 

further support times of fast and high local runoff.  

 

Figure 6.4 δ234U values (blue) from 1778–1830 plotted together with the timing of hydrological events 
documented in historical records (Johnson, 2011), indicating times of high hydrological fluctuation 
with droughts (red), hurricanes (dark blue), and catastrophic hurricanes (light blue). During these 
times, the δ234U values exhibited high variability, ranging from 143.40‰ to 151.50‰ in 1792. Florida 
Current strength is inferred from Δδ18Osw differences between the Gulf of Mexico and the Bahamas 
Channel (purple;(Lund & Curry, 2006)), where more negative values reflect a weaker current during 
the LIA. Superimposed precipitation anomalies over eastern North America (dark green; (Ladd et al., 
2018)) and the boreal east (light green; (Viau et al., 2006)) show enhanced precipitation during this 
same interval, consistent with a weakened Florida Current and elevated variability in δ234U values. 

Another possible influence on the δ234U values is land use change on the Cuban island. 

Beginning around 1820, widespread deforestation was undertaken to expand 

sugarcane cultivation (Monzote, 2024). This deforestation likely increased soil 
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erosion and enhanced continuous runoff into coastal waters (Monzote, 2024), 

potentially stabilizing δ234U ratios by maintaining a consistent input of uranium from 

weathered material. 

6.3.2 Possible Mississippi Influence 

With a smaller AWP, precipitation over the eastern North American continent has 

increased due to changes in atmospheric circulation (Wang et al., 2008; Ladd et al., 

2018). This enhancement also extended to parts of the Mississippi recharge basin 

(Ladd et al., 2018), potentially leading to increased runoff. The Mississippi River was 

found to have elevated δ234U values averaging approximately 335‰, with strong 

seasonal variations and values reaching up to 450‰ (Grzymko et al., 2007). During 

the end of the LIA, the coral δ234U values are frequently elevated by >3‰ compared 

with those in the mean ocean and are even more significant than those in locally 

depleted runoff. Thus, we hypothesize that these elevated δ234U values resulted from 

234U-enriched waters from Mississippi that reached the Gulf of Mexico and induced 

excess 234U to the coral site. Indeed, analysis of satellite salinity measurements 

indicates, that Mississippi-sourced waters can extend as far as the Florida Straight 

(Cummings & Smedstad, 2013). Density cascading in the Straits of Florida may then 

transport uranium-rich particles from the Florida Current into deeper waters 

(Robinson et al., 2004b), potentially delivering uranium to the core location and 

facilitating exchange between surface and intermediate water masses. 

Finally, the total U mass fluxes through the Gulf of Mexico depended not only on U 

runoff but also on the relative amount of water in which this runoff is diluted. A strong 

Caribbean current would more efficiently dilute any freshwater signal than a reduced 

Gulf of Mexico throughflow. During the LIA, Lund et al. (2006) as well as a recent study 

by Forman et al. (2025), reported a decrease in the throughflow rate at the Florida 

Strait by approximately 10%, predominantly in the wind-driven part of the Florida 

Current. This reduction, coupled with an increase in precipitation over the eastern 

part of the North American continent (Lund et al., 2006; Ladd et al., 2018), could 

reasonably account for a higher total U discharge from the Mississippi River. This 

scenario likely contributed to the observed punctuated increase in δ234U values of 2–

3‰ during the LIA. Lund and Curry (2006) and Richey et al. (2009) further suggested 

saltier conditions in the Gulf of Mexico during the LIA, bringing the Caribbean Basin 

closer to today’s conditions of semi-enclosed basins such as the Mediterranean Sea. 

These basins present elevated δ234U values due to restricted access from open ocean 

seawater, high evaporation rates and the input of much freshwater and submerged 

groundwater from terrestrial sources (Border, 2020). However, changes in 
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throughflow of up to 10% are small overall compared with possible major changes in 

U runoff and its isotopic composition.  

The discussion above assumes that the δ234U values in the coral are influenced solely 

by Mississippi freshwater and seawater, neglecting the potential impact of other 

sources with different δ234U ratios. The reduced wind-driven portion of the Florida 

Current, which originates from the North Atlantic Subtropical Gyre (Lund et al., 2006), 

results in a greater contribution of South Atlantic sourced water, potentially affecting 

the coral δ234U ratios. South Atlantic waters are further influenced by the significant 

discharge of the Amazon and Orinoco rivers near the entrance of the Caribbean 

(Vorosmarty et al., 1998; Paterne et al., 2023). The Amazon River has elevated δ234U 

values of 204‰ (±4‰) (Swarzenski et al., 2004; Border, 2020). However, a study of 

uranium concentrations and δ234U values in the Amazon delta identified a uranium 

sink due to anaerobic conditions (Border, 2020), suggesting that Amazon-derived 

uranium does not have a significant large-scale influence on Cuban corals. 

6.3.3 Mississippi Mass Calculation 

Considering the present-day strong seasonal variability in the U concentration and 

isotopic composition of the Mississippi River (Grzymko et al., 2007), it cannot be 

assumed that the uranium concentration and 234U/238U activity ratio have behaved 

conservatively in the Mississippi River over the last 240 years. Binary isotope mixing 

according to Equation (1) (Roy-Barman et al., 2016) was applied to estimate the 

potential fraction of the Mississippi River-derived U isotopes in the Gulf of Mexico 

throughflow. 

𝑓𝑟 =
𝛿𝑐 ∗ 𝐶𝑐 − 𝛿𝑠𝑤 ∗ 𝐶𝑠𝑤
𝛿𝑟 ∗ 𝐶𝑟 − 𝛿𝑠𝑤 ∗ 𝐶𝑠𝑤

 
(1) 

 

Here, δC is the coral δ234U ratio and CC is the coral U concentration converted into the 

corresponding seawater concentration (assuming 3.5 µg g-1 = 3.3 µg L-1 at 35.9 PSU). 

And any other influences on the U concentration, such as temperature and the coral 

growth rate, on the U concentration are neglected. Similarly, δSW is the open ocean 

seawater δ234U ratio, and CSW is its U concentration (presumed to be constant, [U]Sw 

>> [U]river). Finally, δr is the Mississippi δ234U ratio range, and Cr is the U concentration 

range. For this two end-member isotope system, the past seawater U concentration 

remains unknown but is likely to vary within small ranges of a few percent from 

modern values. To overcome this difficulty, we here used the mean coral U 

concentration (2.27 µg L-1) as a representative of seawater. Taking these limitations 

into account, the proportion of Mississippi River freshwater (fr) reaching the coral site 
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during the LIA, where the highest δ234U ratios are recorded, is estimated to vary 

between 0% and 3.0%. 

The seawater U concentration may vary independently of open ocean and freshwater 

mixing, due to evaporation, for example (Ivanovich & Harmon, 1992). Additionally, U 

incorporation during coral calcification may vary depending on the growth rate 

(Inoue et al., 2011), seawater pH (Inoue et al., 2011), carbonate ion concentration, 

dissolved organic carbon (DeCarlo et al., 2016; Patterson et al., 2021), and 

temperature (Ourbak et al., 2006; Patterson et al., 2021), causing subtle changes in 

the coral U concentration independent of the balance between seawater and 

freshwater. Consequently, any quantitative estimate will remain speculative without 

monitoring all the above aspects. Nonetheless, the Mississippi freshwater volume 

contribution to the Gulf of Mexico throughflow is currently less than 0.5‰ in mass 

balance (Leaman et al., 1995; Grzymko et al., 2007), leading to subtle salt changes and 

minor changes in oxygen isotopes overprinted by net evaporation. Hence, we must 

assume that changes in the U concentration of seawater caused by the contribution of 

the Mississippi are minimal. Consequently, any observed variations in isotopic 

composition must reflect a major shift in the supply of U and/or an increase in the 

δ234U value of river discharge. 

In summary, we suggest that the deviation of the Cuban coral δ234U values from a 

constant open ocean δ234U value is most likely driven by two independent excess U 

sources. First, the local runoff coupled with the variance in precipitation on the island 

of Cuba likely resulted in minor reductions in the U isotope values compared with the 

open ocean mean values. The observed correlation between a decrease in isotopic 

composition and an increase in precipitation accounts for approximately 50% of the 

variability in the δ234U time series from 1850–present. At the end of the LIA period 

(1778–1847), when the climate cooled in the Northern Hemisphere and the tropical 

climate was unstable, a second process influenced the time variance of the coral δ234U 

values. Most likely, the distant influence of the excess 234U contribution from the 

Mississippi River into a weaker throughflow of the Caribbean current caused a 

moderate and punctuated strong increase in seawater and thus coral δ234U. Both local 

precipitation and distant freshwater runoff must influence on the δ234U time variance 

and mean of the coral record. Here, these two distinct contributions did not modify 

the long-term average coral δ234U value, which is identical to the mean global ocean 

value. In addition, the variance in δ234U is less than ±3‰ when the single elevated 

value in 1792 is excluded. This finding strongly constrains the expected variance in 

the initial δ234U values of fossil corals within the Caribbean. 
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6.4 Conclusion 

This study presents a 237-year-long record of seawater δ234U from the northern part 

of Cuba, which was obtained via analysis of the uranium isotopic composition of a 

coral core of Orbicella faveolata. Our results confirm that coral δ234U reliably records 

the seawater composition (δ234USW) without significant diagenetic alteration, as 

evidenced by the lack of correlation between δ234U, density and Mg/Ca ratios. The 

coral has a mean δ234U value of 145.53‰ (±0.1‰), which is identical to the open 

ocean value of 145.55‰ (±0.28‰). Decadal δ234U variations are approximately 2–3 

times greater than those in open ocean seawater and correlate inversely with regional 

precipitation since 1960 (r = -0.6, p < 0.05), suggesting an influence of local terrestrial 

freshwater input, likely from surface runoff and submerged groundwaters. From 

1778–1847, coinciding with the end of the Little Ice Age, the δ234U record exhibited 

high variability, with values ranging from 143.40‰ to 151.50‰, which suggests 

substantial hydrological changes characterized by severe droughts and increased 

hurricane activity. Changes in atmospheric circulation during that time also led to 

increased precipitation over the eastern North American continent, including the 

Mississippi drainage basin. Thus, elevated δ234U values are potentially related to 

increased freshwater input from the Mississippi River and reduced throughflow in the 

Florida Strait. Estimates from a binary isotope mixing model indicate that freshwater 

from the Mississippi may have contributed up to 3% of the total water mass at the 

coral site during this time. Reduced flow through the Gulf of Mexico, coupled with 

increased precipitation, likely amplified the uranium isotope signal, causing a 2–3‰ 

increase in coral δ234U. However, the influence of other far more distant freshwater 

sources, such as the Amazon River, was likely minimal due to localized uranium sinks. 
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7 Tracking Coastal Groundwater Flow in 

the Mexican Caribbean Through a Coral 

δ234U Record  

 

Glacial and interglacial sea-level fluctuations have been extensively documented 

using δ18O measurements, particularly from benthic foraminifera. These fluctuations 

are driven by changes in ice sheet volume, reducing or increasing the mass of water 

in the ocean (Shackleton, 1987; Siddall et al., 2003). Over glacial-interglacial and 

geological timescales, tectonic activity and isostatic rebound play significant roles in 

modulating sea level, influencing vertical land movement and basin morphology and 

altering the sea level on the order of tens to hundreds of meters. Additionally, variable 

groundwater storage in aquifer and permafrost and the thermal expansion or 

contraction of ocean water, both driven by climatic changes, contribute to less than 

1m of sea-level variability over millennial timescales. On much shorter timescales, 

such as months to centuries, factors such as storm surges, currents, and groundwater 

storage induce small (a few cm) and localized sea-level changes (Figure B.14) (Milne 

et al., 2009; Stammer et al., 2013; Woodworth et al., 2019). Those changes impact 

coastal dynamics and ecosystems, by changing oceanographic flow paths or 

weathering dynamics and nutrient input (Passeri et al., 2015).  

In particular, regional sea-level variations are further shaped by dynamic oceanic 

processes. In the Caribbean, the Yucatán Current plays a crucial role in generating and 

redistributing sea-level anomalies, particularly in relation to eddy activity and Gulf 

Stream dynamics (Molinari et al., 1978). As one of the strongest currents in the region, 

the Yucatán Current, is influenced by flow through the passages over the Jamaica 

Ridge, where two jets occur. Furthermore, the Yucatán Current and its eddy 

production near Cozumel are linked to eddy vorticity of the Gulf of Mexico (Centurioni 

& Niiler, 2003), which ultimately influences the strength of the Gulf Stream (Blaha, 

1984). 

For coastal environments with submarine groundwater discharge (SGD), such as the 

Yucatán Peninsula, sea-level pressure (SLP) exerts a direct control on freshwater 

outflow (Null et al., 2014; Parra et al., 2015; Parra et al., 2016; Mayfield et al., 2021). 

Elevated SLP restricts the groundwater outflow, while reduced SLP enhances the 

geostrophic gradient, promoting increased freshwater discharge into the ocean 

(Coronado et al., 2007; Parra et al., 2016). The Yucatán Peninsula is particularly 
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noteworthy for its high SGD rates and minimal surface runoff, a consequence of its 

karstic geology, which features both high infiltration and evaporation rates (Bauer-

Gottwein et al., 2011). 

Here, the relationship between short-term sea-level fluctuations and δ234U variations 

in a groundwater-fed system is now examined using a long-lived coral in the influence 

zone of the submerged groundwater off Mexico. The concept is to provide annual 

resolution of groundwater driven impacts on the corals 234U ratio, which is in first 

place influenced by the mixing of SDG and seawater, while SDG flux is modulated by 

sea level and groundwater levels. The unique hydrogeology of the Yucatán Peninsula 

offers an exceptional opportunity to investigate these dynamics, and their 

implications for the interconnectedness of sea level changes, SGD, and marine 

geochemistry. This is because the groundwater system shows a link between 234U 

and sea level on climate time scales (Schorndorf et al., 2023), and because the 

geochemical interface between seawater underlying the groundwater is well studied 

(Ritter et al., 2019). Additionally, the sea level influence on the strength of SDG has 

been demonstrated (Álvera-Azcárate et al., 2009; Yu & Kim, 2011; Torres & Tsimplis, 

2013).  

Therefore, the detailed analysis of annual 234U variability over the past century, 

allows testing the sea level influence on SDG and 234U and diagnose changes prior to 

instrumental sea level observations. Here we, thus analyse a 100-year-old Orbicella 

faveolata coral that has grown close to an SGD point source recording the ambient sea 

water δ234U values of surrounding waters throughout its development (Figure 3.5). In 

this very first study of SDG, we observe a small but measurable impact of the 

groundwater 234U leading to a reduction of the average local seawater 234U of about 

-0.9‰, but stronger secular depletions, which attest increased fluxes of SDG during 

periods of reduced local sea level. 

 

7.1 δ234U over the Past Century 

The measured δ234U values from the BOC1 are shown in Figure 7.1 and exhibit 

variability around a mean of 144.6‰ ± 0.6‰ (SD, 2M = 0.1), with individual 

measurements ranging over 3.25‰ from 143‰ to 146.25‰. Thus, on average the 

234U the ensemble is 0.85‰ lower than the Caribbean Sea δ234U average of 145.45‰ 

and solely 12 out of the studied 74 samples have an isotopic composition, which is 

identical within analytical precision with the seawater composition. No sample shows 

a value larger than seawater, but >20 values are more than 1.2‰ lower than the 

expected seawater value. While the mean difference is within the critical range of 

<1.2‰ for individual sample variability, we consider the data ensemble to be large 
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enough, and the number of depleted values to be significant (N>20) to demonstrate a 

measurable difference from the open ocean expectation value. This, very small mean 

isotope depletion and the frequently lowered values by up to 2.5‰ suggests a 

regional influence on the uranium isotope composition originating from a 234U 

depleted source. This observation is attested through the study of an offshore water 

sample, which revealed a δ234U value of 145.7‰ ± 0.7‰ (2M), aligning well with 

open ocean δ234U values for the Caribbean. Water circulation in the Puerto Morelos 

reef system is primarily driven by seawater inflow over the reef crest and outflow of 

deeper waters through two main channels (Coronado et al., 2007). Since these 

channels are not in close proximity to the offshore seawater sampling site, the 

consistency of its δ234U value with open ocean seawater suggests rapid mixing of 

uranium from terrestrial and oceanic sources over the reef crest. 

Schorndorf et al. (2023) reported low δ234U values (~16‰) in the Yucatán Peninsula 

freshwater lens and high U concentrations (~3µg L-1), consistent with other karstic 

regions (Bonotto & Andrews, 1993). The origin of this Karstic low 234U value and 

high groundwater U concentration lies in the rapid transfer of water from infiltration 

into the large groundwater system and the effective dissolution of the limestone host 

rock (Osmond & Cowart, 1976; Asikainen, 1981).  

The study by Schorndorf et al. (2023) further demonstrated that the groundwater 

234U value evolved over the past five millennia from 234U values of 25‰ to the 

present 16‰ synchronous to the terminal rise of sea-level. Hence, the moderately 

reduced coral δ234U values imply a regional influence of such 234U depleted and U 

rich groundwater on the uranium isotope composition within the lagoon. Several 

studies highlight the contribution of freshwater point sources along the Yucatán 

Peninsula coast to the region's hydrogeochemistry (Bauer-Gottwein et al., 2011; Null 

et al., 2014; Parra et al., 2016; Mayfield et al., 2021; González-Herrera et al., 2022). 

Since the coral core was retrieved near SGD sources, it likely records a minor trace of 

localized δ234U variability. Since the groundwater has an almost identical U 

concentration as the seawater isotope mixing can be used to estimate the local 

groundwater contribution, which amounts to 0.7% on average and up to 2% for the 

lowest 234U values of 143‰. Hence, the selected coral sensitively depicts small but 

quantifiable groundwater fluxes.  
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Figure 7.1 Time series of δ234U measurements from the Mexican BOC-1 coral (red data points) 
spanning 1900–2020. Error bars represent measurement uncertainty, while the red shaded region 
indicates the mean δ234U value for the coral (144.6 ± 0.6‰, 2σM: 0.1‰). The mean open ocean δ234U 
value (145.5 ± 0.28‰) from (Kipp et al., 2022) is shown as a blue line with a shaded uncertainty band. 
Large circled data points highlight large fluctuations in δ234U. 

 

7.2 Multidecadal δ234U Variability and Groundwater Discharge 

Out of 71 observations, 22 (~31.4%) depleted values exceed the combined analytical 

error margin, making them statistically significant (Figure 7.1). The remaining 

variations mostly fall within the uncertainty range, indicating that the dataset 

primarily exhibits gradual trends rather than abrupt shifts. The coral δ234U record 

shows decadal-scale fluctuations, with notable lower δ234U excursions occurring 

around 1920, 1965–1980, and 1990–2010, while δ234U trends close to open ocean 

seawater are observed during 1926–1929, 1950–1965, 1983–1989, a recent increase 

of δ234U towards open ocean values is in 2012–2013. We here presume that such 

fluctuations in coral δ234U values reflect changes in freshwater discharge from these 

SGD point sources. In Puerto Morelos, two primary sources of SGD have been 

identified, (1) the beach face, where recycled seawater mixed with shallow freshwater 

is discharged and (2) the Ojo (submarine spring), where freshwater from a deeper 

aquifer is released (Figure 3.5). Approximately 21% of SGD occurs at the beach face, 

while the remaining 79% originates from the Ojo (deep aquifer) (Null et al., 2014). 

Discharge rates are largely controlled by the pressure gradient between groundwater 

and the ocean, which is influenced by wind-driven sea-level changes, wave pressure, 

and the geostrophically balanced Yucatán Current (Coronado et al., 2007; Parra et al., 

2016). Lower sea levels reduce oceanic pressure, allowing greater freshwater 

discharge into the ocean. Conversely, higher sea levels increase oceanic pressure, 

restricting freshwater flow and promoting seawater intrusion into the coastal aquifer 

(Beddows, 2004; Bauer-Gottwein et al., 2011; Parra et al., 2016; Canul-Macario et al., 

2020). Figure 7.2 (Figure B.15) shows a comparison of short-term coral δ234U 

variations with tide gauge data from Puerto Morelos (Caldwell et al., 2015) and Cabo 

de San Antonio, Cuba (Holgate et al., 2013). These limited in situ sea-level 
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observations are supplemented by satellite data from the GRACE-FO program, which 

measures global mass changes and infers groundwater storage and sea level 

(Landerer et al., 2020). An analysis of data from the grid encompassing Puerto 

Morelos is in good agreement with the variability of the coral δ234U record. The large 

excursion in 2011 is absent in the satellite data, possibly due to the grid resolution 

(0.25°), as the dip is clearly observed in the local tide gauge data. Over longer 

timescales, coral δ234U values exhibit a strong variability with a detrended sea-level 

reconstruction and thus Yucatán Current speed variations (Figure 7.2 and Figure 

B.15) (Ezer, 2022). Periods of higher δ234U values, approaching open ocean values, 

correspond to positive sea-level anomalies in the Caribbean basin, whereas lower 

δ234U values qualitatively coincide with SLP lows. A detrended sea-level 

reconstruction was used to account for the linear rise in sea level due to thermal 

expansion. However, this long-term increase also affects groundwater levels on the 

Yucatán Peninsula, ensuring that the hydrostatic gradient remains unchanged (Canul-

Macario et al., 2020). This suggests that coral δ234U is primarily sensitive to relative 

sea-level fluctuations rather than long-term, systematic ocean warming trends. 
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Figure 7.2 Time series comparing coral δ234U (red data points) with regional oceanographic and 
hydrological variables from 1900 to 2020. Coral δ234U values (bottom panel) are shown alongside 
severe hurricane occurrences (>Cat. 3; red hurricane symbols; (Landsea & Franklin, 2013)). The 
Caribbean sea-level anomaly (blue) illustrates ocean circulation patterns (Ezer, 2022). The inset (top 
right) highlights the recent δ234U variability (red) from 1984–2013 in relation to sea level from tide 
gauges in Puerto Morelos (brown) (Caldwell et al., 2015) and Cabo de San Antonio (purple) (Holgate 
et al., 2013), as well as groundwater-ocean height differences from GRACE-FO (dark blue) (Landerer 
et al., 2020). 

 

At certain intervals (e.g., 1968, 1976, 1980, 2006, and 2011), coral δ234U values drop 

more pronounced, suggesting maximal local SGD discharge. Those years coincide with 

the known occurrence of heavy precipitation events. This pattern aligns with previous 

studies demonstrating storm-induced SGD intensification (Parra et al., 2016; Coutino 

et al., 2017). Coutino et al. (2017) documented a hurricane-induced breakdown of 

stratification in a cenote, where heavy rainfall pushed the freshwater lens downward, 

forcing greater mixing between fresh and saline groundwater. Reconstructed 

precipitation amounts during storm events (Lases-Hernández, 2013) often coincide 
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with periods of low coral δ234U values, although the correlation is not consistent 

across all events ( Figure 7.3).  

In addition to rainfall, atmospheric pressure anomalies of these storm events 

(Landsea & Franklin, 2013) also offer an explanation: low-pressure systems elevate 

local sea level via the inverse barometer effect, approximately 1 cm per 1 mbar 

pressure drop (Pugh & Woodworth, 2014), reducing the hydraulic gradient from land 

to sea and thus tending to suppress fresh SGD. Consequently, δ234U reductions during 

low-pressure events are more likely driven by rainfall-induced aquifer recharge and 

storm-driven mixing than by the pressure effect itself. Storm surges and wave action 

during cyclones may also mobilize older, U-depleted groundwater (Coutino et al., 

2017), likely lowering lagoon water δ234U values for a sufficient long time that the 

corals was able to pick up the post-storm signal. However, not all cyclones produce 

detectable δ234U shifts (Figure 7.2 and  Figure 7.3), indicating that storm intensity, 

track, rainfall distribution, and the degree of groundwater-reef connectivity modulate 

the SGD response.  

 

 
Figure 7.3 Time series of coral δ234U from BOC1 (red circles) and annual mean air pressure (blue line; 
inverted axis; (Saha et al., 2006)), air pressure during cyclone events (blue dots; (Landsea & Franklin, 
2013); inverted axis), and reconstructed precipitation during cyclone events (green line; (Lases-
Hernández, 2013); inverted axis). Several intervals (e.g., 1968, 1976, 1980, 2006, 2011) show notable 
δ234U reductions, consistent with storm-induced submarine groundwater discharge (SGD) 
intensification.  
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7.3 Periodicities and Climate Modes 

Analysis of coral δ234U values over the past 100 years now provides for the first time 

a possibility to study changes in the frequency domain to resolve periodicities (Figure 

7.4). Two frequencies stand out, most pronounced is the periodicity of 3-years, which 

is significant above the noise (95%). The second most relevant periodicity is a ~28-

year cycle, given that only 71 samples were analysed, the 28-year periodicity must be 

interpreted cautiously and requires further independent confirmation using other 

corals ideally spanning longer time windows. These patterns suggest potential links 

between δ234U variability and tropical climate modes influencing Caribbean sea level, 

such as the El Niño-Southern Oscillation (ENSO) (Enfield & Mayer, 1997; Alexander et 

al., 2002; Álvera-Azcárate et al., 2009; Yu & Kim, 2011; Torres & Tsimplis, 2013). 

During El Niño events, regional sea level drops, reducing oceanic pressure and 

enhancing SGD discharge, which introduces δ234U depleted groundwater into the 

lagoon system. Conversely, during La Niña phases, sea level rises, suppressing SGD 

(Álvera-Azcárate et al., 2009; Yu & Kim, 2011; Torres & Tsimplis, 2013) and therefore 

increasing the coral δ234U signature towards the maximum of open ocean isotopy. 

This correlation may result from reduced trade wind speeds and weakened surface 

wind pressure (Enfield & Mayer, 1997) or wind curl variations over the Caribbean 

during El-Niño (Álvera-Azcárate et al., 2009; Torres & Tsimplis, 2013). 

The longer period may reflect Atlantic multidecadal variability associated to the 

Atlantic meridional overturning circulation (AMOC) (Kwon & Frankignoul, 2014; Liu 

et al., 2022). This large scale ocean transport mechanism is related to regional surface 

ocean variability such as changes in the strength of the Florida Current transport and 

the Yucatán Current (Gu et al., 2020; Ezer, 2022). At decadal to multi-decadal scales, 

AMOC variations correlate with changes in sea level and current strength in the 

Caribbean. During stronger AMOC phases, Florida and Yucatán Current speeds 

increase, leading to sea-level suppression (Coronado et al., 2007; Ezer, 2022) and 

therefore possibly enhanced SGD discharge. Conversely, AMOC weakening has been 

linked to a decrease in Florida Current strength and accelerated sea-level pressure 

(Park & Sweet, 2015). The possible 28-year cycle is consistent with AMOC’s ~20-year 

periodicity, driven by interactions between deep equatorward flow and upper ocean 

gyre circulation (Kwon & Frankignoul, 2014). Variability in surface freshwater fluxes 

can further enhance density anomalies in the Labrador Sea, lengthening the AMOC 

oscillation period to 28-years (Liu et al., 2022). 
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Figure 7.4 Power spectral analysis of coral δ234U record from BOC_1. 

 

7.4 Other Influences on δ234U 

Previous studies suggest that δ234U values in corals may be influenced by coastal 

precipitation patterns (Greve et al., 2025). In the Yucatán Peninsula, where the karstic 

substrate allows rapid infiltration, rainfall directly recharges the extensive aquifer 

system (Bauer-Gottwein et al., 2011). Here, approximately 14–17% of annual 

precipitation contributes to groundwater recharge (Lesser, 1976; Back, 1985; 

Gondwe et al., 2010). However, due to the large size of the groundwater reservoir, 

seasonal precipitation variations have minimal impact on overall aquifer levels 

(Gondwe et al., 2010). Beddows (2004) reported only a 5% reduction in SGD between 

the wet and dry seasons, indicating that seasonal rainfall does not significantly alter 

the SGD pressure gradient. Furthermore, the absence of major riverine inputs in the 

region rules out external fluvial influences on coral δ234U variability. While SGD 

volume fluctuations seem to primarily drive coral δ234U variability, temporal changes 

in groundwater uranium composition are unlikely to contribute. The δ234U values in 

groundwater are influenced on longer time scales of centuries to millennia by factors 

such as surrounding rock uranium content and erosion rates (Schorndorf et al., 2023). 

Moreover, water residence time within the aquifer plays a role (Li et al., 2018). In 

coastal lagoons, flow velocities increase and residence times lengthen during the 

rainy season, nevertheless, on the Yucatán Peninsula, residence times remain short, 
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typically only a few days (Romero-Sierra et al., 2018). Such a short residence time is 

insufficient to induce significant changes in weathering and erosion-driven changes 

in groundwater δ234U values. 

Another potential influence on δ234U values in the lagoon could be the removal of 

uranium from infiltrating groundwater and in the sediments under anoxic conditions. 

Dunk et al. (2002) reported that uranium removal occurs when oxygen penetrates <1 

cm into sediments, facilitating U(IV) precipitation. Such processes could alter the 

concentration of uranium in seawater and groundwater and could thus modulate the 

relative sensitivity of the isotope mixing. 

On the Yucatán Peninsula, lagoon oxygen levels remain above hypoxic thresholds 

year-round, despite seasonal variations (Romero-Sierra et al., 2018). While short-

term seawater intrusion into SGD springs during high sea levels can temporarily 

lower dissolved oxygen levels, current evidence suggests that it does not reach anoxic 

conditions sufficient to alter uranium removal rates (Young et al., 2018). 

Interestingly, the seawater underlying the groundwater in the Karst system is oxygen 

and uranium depleted to very low concentration levels, due to the strong density 

stratification and lack of ventilation of the seawater layer (Perry et al., 2002). 

Consequently, mixing of ground- and seawater within the aquifer prior to discharge 

could possibly modulate the mixing balance and thus sensitivity. Nevertheless, so far, 

we have no evidence of such a modulated uranium concentration, which would be 

needed to study in the SGD water. 

Lastly, early diagenesis of the coral skeletons could alter coral δ234U values, through 

removal or uptake of secondary aragonite and thus uranium, which is well attested 

for fossil tropical corals older than thousands of years. Such a diagenetic overprint 

does typically result in unusually high δ234U values and excess 230Th from coincident 

uptake of -recoil derived 234U and 230Th (Delanghe et al., 2002; Robinson et al., 

2004b; Frank et al., 2006; Wang et al., 2017). In our study, no visible diagenetic 

features were observed in the analysed coral samples, and the very young age does 

not provide a strong δ234U gradient with the environment nor sufficient time needed 

to promote isotope exchange processes. 

7.5  Conclusion 

The δ234U values from BOC_1 coral of the Puerto Morelos reef δ234U values averaging 

144.6‰, which are slightly below the open ocean mean (145.5‰ ± 0.3‰). The small 

and punctuated up to 3 permille deviation from open ocean δ234U most likely reflect 

a persistent influence of δ234U depleted groundwater source influencing the lagoon 

water at the coral site.  
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These δ234U decreases are interpreted as SGD contribution of uranium to the lagoon 

water of some less than 2%. The variability of δ234U and thus the flow of SGD 

correlates with the local sea-level pressure over the past century. 

The periodicity of δ234U values and thus likely sea-level pressure influences on the 

SDG reveal a 3- and 28-year duration, which coincides with periods of known tropical 

climate variability such as ENSO and AMO. 

These results indicate that changes in SGD can be detected via the δ234U ratio of annual 

growth bands of long-lived coral species. The flux of SGD during the last century 

seems modulated by local groundwater-seawater interactions modulated by external 

oceanographic processes that modulate sea-level pressure gradients. Periods of 

higher sea levels coincide with reduced SGD influence, while lower sea levels enhance 

the transport of terrestrially derived low- δ234U groundwater into the reef system. 

The coral record also suggests that hurricanes may temporarily intensify SGD, 

contributing to short-term decreases in δ234U due to enhanced groundwater mixing. 

These findings demonstrate that along the coast of Yucatán, a region with a high 

uranium concentration in groundwater and a depleted δ234U of groundwater, coral 

δ234U values can potentially serve as quantitative long-term proxy for past 

groundwater discharge dynamics. Understanding these variations is particularly 

relevant as climate-driven sea-level changes, shifts in regional water mass transport, 

and increasing coastal development continue to affect groundwater availability and 

thus reef ecosystems. 
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8 From Aquifer to Reef: Uranium Isotopes 

as Tracers of Submarine Groundwater 

Discharge in Tahiti 
From Aquifer to Reef: Uranium Isotopes as Tracers of Submarine Groundwater Discharge in 

Tahiti 

Submarine groundwater discharge (SGD) is increasingly recognized as a vital 

component of coastal hydrology, with important implications for elemental fluxes, 

biogeochemical cycling, and marine ecosystem dynamics. While rivers contribute the 

majority (90–99%) of freshwater entering the coastal ocean, SGD, comprising both 

fresh and saline groundwater, accounts for an estimated 1–10% of this input (Burnett 

et al., 2003; Zhou et al., 2019). Despite its relatively small volumetric contribution, 

SGD can exert a disproportionate influence by transporting nutrients, trace metals, 

and radionuclides such as uranium (U), radium (Ra), and radon (Rn), and by 

modulating pCO2 levels in nearshore waters (Ma & Zhang, 2020; Böttcher et al., 2024; 

Tomer et al., 2025). 

In tropical and tectonically active settings, SGD tends to be especially dynamic due to 

the combined effects of high rainfall, steep hydraulic gradients, and the permeable 

nature of volcanic aquifers (Zhou et al., 2019). Volcanic island margins, in particular, 

are characterized by episodic recharge, complex lithological structures, and 

significant spatial and temporal variability in SGD (Dişa et al., 2022). Tahiti, a high-

relief volcanic island in the South Pacific (Figure 8.1), exemplifies such a setting. 

Characterized by steep topography, high precipitation rates, and permeable basalt 

flows (Hildenbrand et al., 2005; Hildenbrand et al., 2008), Tahiti provides an ideal 

natural laboratory for investigating the hydrogeochemical dynamics of SGD. 

Uranium isotopes, in particular δ234U values, offer a powerful tool for tracing 

groundwater-seawater interactions (Border, 2020). Due to uranium’s conservative 

behaviour in seawater and sensitivity to water-rock interaction processes within 

aquifers, this isotope ratio serves as a valuable geochemical tracer (Osmond & Cowart, 

2000; Dunk et al., 2002; Henderson, 2002). Recent studies have applied coral δ234U 

measurements to a range of settings, including tracing a meltwater plume in the 

Southern Ocean (Li et al., 2023) and investigating riverine systems to explore the 

effects of weathering on δ234U signatures (Li et al., 2018). However, to date, only study 

by Border (2020) has systematically examined the spatial variability of δ234U in a SGD 

setting. Further no study has yet systematically explored its potential as a tracer for 

SGD. Understanding such variability is crucial as δ234U values are influenced by 
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multiple factors, such as flow path length, lithology, residence time, redox conditions, 

and seawater mixing (Osmond & Cowart, 2000; Dunk et al., 2002; Chabaux et al., 

2008), all of which can vary considerably, even over short stretches of coastline and 

short time periods. 

This chapter addresses that knowledge gap presenting a spatially resolved δ234U 

dataset from SGD sites around Tahiti, in combination with seawater and coral core 

analyses (Figure 8.1). It explores how local hydrological, geological, and tidal 

conditions shape uranium isotope composition of SGD and how these spatial patterns 

compare to the temporal variability recorded in a coral δ234U time series from 2000–

2008. Additionally, this study attempts to explore the role of regional climate 

variability as traced by indices such as the Southern Oscillation Index (SOI) and Niño 

3.4 on SGD. Assuming a correlation of such indices with SDG, this would infer that 

large-scale ocean-atmosphere variability, modulates SGD and their geochemical 

signals. 

 

Figure 8.1 Satellite imagery of Tahiti Nui and Tahiti Iti showing sample locations for submarine 
groundwater discharge (SGD), seawater, river water, and coral. The inset provides a zoomed view of 
the southwestern coast, highlighting dense SGD sampling around Maraa. The north-south A–B transect 
corresponds to the geological cross-section below, illustrating the island’s volcanic structure with main 
shield and post-erosional units, collapses, and dykes (Hildenbrand et al., 2004). Groundwater flow 
paths are inferred along structural discontinuities associated with past collapse events. 
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8.1 Seawater δ234U: A Homogeneous Baseline 

To evaluate the impact of SGD on the uranium isotopic composition (δ234U) of the 

waters around Tahiti, seawater samples were first collected from multiple coastal 

locations (N = 7), both within and outside the barrier reef Figure 8.1. All seawater 

samples, marked by a salinity >34 PSU, exhibited remarkably consistent δ234U values, 

with a mean of 145.6‰ ±0.5‰ (Figure 8.2), closely aligning with the global open-

ocean average of 145.5‰ ±0.3‰ (Kipp et al., 2022). This isotopic uniformity 

underscores the conservative behaviour of uranium in well-mixed seawater and 

supports its use as a stable reference endmember in this system.  

Notably, sample 705, obtained from within the back reef, displayed slightly elevated 

δ234U values of 146.7‰ ±0.4‰ compared to sample 706, which was collected just 

beyond the reef crest (145.2‰ ±0.4‰). According to the analytical precision and 

reproducibility (Greve et al., 2025) this difference of 1.5‰ is, however, statistically 

relevant. 

The absence of substantial local deviations (>1.5‰), and only slightly elevated values 

within the reef, suggests that, at the spatial scale of this study, coastal mixing 

processes exert minimal influence on the uranium isotopic composition. Thus, once 

terrestrially sourced waters cross the reef crest, they equilibrate rapidly with the 

surrounding open-ocean water, adopting δ234U values that are indistinguishable from 

the open-ocean baseline. In contrast, the sample from Paea exhibits salinity levels 

(34.1 PSU) close to seawater, indicating minimal groundwater input. This 

interpretation is supported by field observations at Paea, where visible discharge was 

limited and sampling proved challenging. 

These rapid mixing observations are consistent with regional circulation dynamics in 

the central South Pacific. In reef systems such as those on nearby Moorea, water 

exchange is primarily driven not by tidal forcing, but by episodic wave-driven and 

wind-driven circulation (Hench et al., 2008). Leichter et al. (2013) further 

documented rapid nutrient and dissolved organic matter (DOC) fluxes in Moorea’s 

back reef, associated with a thin boundary layer. Offshore swell and local wind forcing 

thus promote efficient flushing of reef waters, resulting in rapid dilution of any 

terrestrial inputs and homogenization of isotopic signatures with open-ocean values. 

Hence, for the subsequent results and discussion of SGD and coral samples, we 

consider the seawater observations as open ocean reference. 
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Figure 8.2 Left panel: δ234U values across different sampling locations on Tahiti, distinguishing 
between high tide (HT) (full cycles) and low tide (LT) (open cycles) measurements at the source (blue) 
and approximately 1 m from the discharge point (red). Right panel: δ234U values plotted against 
salinity, highlighting mixing trends between freshwater (river and SGD) and seawater endmembers. 
Elevated δ234U values occur at low salinity and decrease toward marine values, with distinct clustering 
based on sampling position and tidal stage. 

8.2 Spatial Variability in SGD δ234U: Endmembers and Mixing 

Samples collected directly from SGD sites around Tahiti reveal clear spatial 

heterogeneity in both uranium concentrations and δ234U values, reflecting variable 

hydrological and geochemical conditions across the island’s coastal aquifers. When 

site-specific patterns are examined (Figure 8.2), significant spatial variability 

becomes evident. Figure 8.2 also presents δ234U values from various SGD sites, 

differentiating high-tide (HT) and low-tide (LT) conditions, as well as sample position, 

directly at the discharge point or 1 meter downstream. Notably, the sites PK18, 

Mitirapa, and Maraa show elevated δ234U values (>200‰) compared to locations 

such as Vainiana, where values cluster more closely to the open-ocean baseline of 

148–160‰.  

A complementary panel in Figure 8.2 plots δ234U against salinity. At Mitirapa and 

Maraa, higher δ234U values correspond to low-salinity waters, consistent with a 

terrestrial freshwaters source. A single sample collected from the Tehoro site 

exhibited a δ234U value of approximately 151‰ and a salinity of ~4 PSU, indicative of 

a predominantly freshwater source (Figure 8.2). This value is notably lower than the 

high-δ234U endmembers observed at Mitirapa and Maraa, despite the similarly low 

salinity and sampling directly at the source. Field observations at Tehoro revealed the 

presence of fine, dark sediments with a strong sulphuric odour, suggestive of reducing 

conditions in the discharge environment (Böttcher et al., 2024). Under anoxic 

conditions, uranium can be removed from solution via reduction and precipitation, 
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leading to lower δ234U values and overall uranium depletion in the groundwater 

(Osmond & Cowart, 2000). This is consistent with the relatively low uranium 

concentration measured at Tehoro (~0.4 ppb), which supports the interpretation of 

U removal under reducing conditions. This may explain the muted isotopic signal 

observed at Tehoro, which contrasts with the more oxidizing and reactive flow paths 

inferred at other sites. These findings highlight the importance of local redox 

conditions in shaping the geochemical character of SGD, even within similarly low-

salinity discharge zones. 

Tahiti’s complex geology contributes to this spatially variability. The island formed 

over four volcanic phases between 1.5 and 0.45 million years ago, resulting in diverse 

basaltic units (Hildenbrand et al., 2004). Carbonate platforms also underlie parts of 

the barrier reef (Figure 8.1) (Rougerie et al., 2004). The island’s high relief 

topography, combined with high annual rainfall (2000 mm yr-1 at the sea level; 11000 

mm yr-1 at high altitudes), drives rapid, structurally controlled erosion and efficient 

groundwater recharge (Ferry, 1988; Hildenbrand et al., 2008). These processes 

enhance uranium isotope signatures, as demonstrated in this study, despite relatively 

short groundwater residence times (Hildenbrand et al., 2005). While the carbonate 

units are characterized by reducing conditions below 30 m depth (Rougerie et al., 

2004), which promote uranium precipitation and limit its mobility through the 

carbonate (Osmond & Cowart, 2000), the uranium isotope signal measured in coastal 

waters thus likely originates from interactions with the basaltic aquifer. Previous 

studies have shown that groundwater flowing through Tahiti’s basaltic basement 

exhibits prolonged water-rock interaction, leading to elevated phosphate 

concentrations in the groundwater (Haßler et al., 2019), a finding consistent with the 

elevated δ234U values observed in the present study. Such high δ234U signals are 

typical of volcanic settings (Vigier et al., 2006), where uranium concentrations in the 

bedrock are low (~0.01ppm in Tahitian basalts (Gayer et al., 2014)), but isotopic 

fractionation is enhanced by the recoil effects and high erosion rates (Osmond & 

Cowart, 2000; Li et al., 2018). 

Particularly striking is the comparison between samples taken directly at the source 

(blue points) and those collected approximately 1 meter downstream (red points), 

which show a substantial decrease in δ234U values, up to -65‰, alongside a significant 

increase in salinity (Figure 8.2). Similar patterns have been documented on nearby 

Moorea, where water exchange is not driven by tidal processes but primarily by 

episodic offshore swell and local wind forcing (Hench et al., 2008). These wave-driven 

processes promote rapid circulation and short residence times of discharged 

groundwater. Leichter et al. (2013) further documented thin boundary layers and fast 

fluxes of nutrient and DOC in Moorea’s back reef, supporting the potential for efficient 
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nearshore mixing in similar settings. This dynamic exchange likely explains the sharp 

decrease in δ234U values observed within just 1 meter of the SGD source, as terrestrial 

inputs are quickly diluted and mixed with ambient seawater. 

The spatial variability is best illustrated at two key locations, Maraa and Mitirapa, 

where coherent δ234U-[U] mixing trends allow for the identification of isotopically 

distinct terrestrial endmembers (Figure 8.3). 

 

Figure 8.3 Inverse uranium concentration (1/238U) plotted against δ234U values for samples from 
Mitirapa (Tahiti Iti), Maraa (Tahiti Nui), and Papenoo River. Linear regressions reveal distinct mixing 
trends, supporting conservative mixing and the identification of isotopic endmembers for submarine 
groundwater discharge and freshwater inputs. 

At Mitirapa, a linear relationship between δ234U and 1/[U] suggests conservative 

mixing between a high-δ234U freshwater endmember and seawater (Figure 8.3). The 

inferred terrestrial component from the SGD sample is characterised by a δ234U value 

of approximately 215‰ and uranium concentrations around 0.25 ppb. This elevated 

δ234U signature is consistent with extensive water-rock interaction, likely driven by 

234U recoil enrichment from basaltic aquifer minerals. Such signatures are commonly 

associated with long groundwater residence times, low water/rock ratios, and 

oxidizing conditions that promote preferential 234U mobilization (Osmond & Cowart, 

2000; Li et al., 2018). In contrast, the Maraa site displays a distinct mixing trend, 

characterized by a terrestrial endmember (SGD sample) with a lower δ234U (~205‰) 

and higher uranium concentrations (~1 ppb). This suggests a more dynamic 

groundwater system, likely younger recharge with shorter residence times and 

reduced isotopic fractionation, consistent with shallower flow paths and less evolved 

hydrogeochemical conditions (Osmond & Cowart, 2000; Li et al., 2018). 
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The contrasting mixing slopes at Maraa and Mitirapa indicate fundamentally distinct 

hydrologic regimes, despite both sites being underlain by broadly similar volcanic 

lithologies. This may reflect spatial differences in aquifer structures on Tahiti Nui and 

Tahiti Iti. Surface and soil erosion rates are not significantly different between the two 

sites (Ye et al., 2009), and therefore cannot explain the divergent uranium isotope 

signatures. However, weathering and erosion intensity on Tahiti Nui is highly variable 

and depends on the catchment characteristic (Hildenbrand et al., 2008). For example, 

enhanced weathering has been linked to catchment with greater surface area and 

higher elevations, rather than precipitation amount alone (Hildenbrand et al., 2008; 

Godard & Barriot, 2022). If these relationships also apply for Tahiti Iti, a smaller and 

less elevated island, then one would expect lower erosion rates at Mitirapa compared 

to Maraa. Nevertheless, the enhanced δ234U endmember at Mitirapa suggest that 

groundwater there undergoes longer residence times, which may enhance 234U 

enrichment through sustained interaction with basaltic aquifers. This interpretation 

is consistent with geomorphological contrasts: Tahiti Nui exhibits steeper slopes and 

more rapid groundwater transport in areas where impermeable shield basalts 

contact overlying fractured flows (Hildenbrand et al., 2005; Aureau, 2014), whereas 

Tahiti Iti, with its lower elevation and gentler slopes likely promotes slower 

subsurface flow and longer residence times. 

A third endmember is presented by brackish waters from the Papenoo River (Figure 

8.3), which show considerably lower δ234U values and uranium concentrations 

compared to SGD sources. As Tahiti’s largest river, the Papenoo dominates surface 

runoff on the island. Due to the island’s high rainfall, much of the river water is derived 

from rapid surface flow with limited bedrock interaction, resulting in a less radiogenic 

isotope signature and a flatter slope on the δ234U vs. 1/[U] Keeling plot in Figure 8.3 

relative to the SGD endmembers at Mitirapa and Maraa. This pattern is consistent 

with previous findings on the island, where river water exhibits lower nutrient 

concentrations and less isotopic enrichment than SGD-derived waters (Hildenbrand 

et al., 2005; Haßler et al., 2019). 

Collectively, these results provide compelling evidence that multiple isotopically 

distinct groundwater and surface water sources contribute to the uranium isotope 

composition of coastal waters around Tahiti. The identification of site-specific δ234U 

endmembers improves our ability to constrain terrestrial uranium input and 

underscores the complexity of uranium isotope transport in basalt-hosted aquifer 

systems. From a geochemical perspective, these findings highlight that the δ234U 

variability in SGD is governed not solely by bedrock lithology, but also by hydrological 

parameters such as flow path length, aquifer geometry, and residence time.  
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8.3 Tidal Modulation of SGD δ234U: Short-Term Variability 

Tidal fluctuations exert a strong influence on SGD in coastal systems, modulating both 

the volume and geochemical composition of discharging fluids (Moore, 1996; Moore, 

2010; Hagedorn et al., 2020). Around Tahiti, δ234U measurements collected at 

multiple SGD sites under both HT and LT conditions, and at varying distances from 

the discharge point (Figure 8.2), reveal short-term variability in isotopic signatures 

linked to the tidal cycle. These tidal effects are particularly evident at Mitirapa and 

Maraa, two sites with well-characterized endmembers. At both locations, δ234U values 

are systematically higher during LT, by approximately 1.3‰ at Mitirapa and 6‰ at 

Maraa, relative to HT. 

Because δ234U variability is largely driven by SGD dynamics, understanding the 

controls of SGD magnitude is critical. Key drivers include the hydraulic gradient, 

which is influenced by recharge from precipitation, and tidal forcing, which modulates 

the pressure gradient at the land-sea interface. On short timescales, tidal cycles 

govern SGD flux through hydrostatic pressure changes. During low tide, reduced sea 

level lowers offshore pressure, enhancing groundwater outflow. In contrast, high tide 

increases hydrostatic pressure, suppressing SGD and potentially inducing seawater 

intrusion into the aquifer (Moore, 2010; Passeri et al., 2015; Hagedorn et al., 2020). 

This mechanism was also observed by Hagedorn et al. (2020) on the neighbouring 

island of Moorea, where radon concentrations in reef water fluctuated with the tidal 

cycle, confirming tidal forcing as the dominant control on SGD over daily timescales. 

In the present study, this pattern is reflected in the geochemical signatures of water 

samples: at HT, greater seawater intrusion leads to lower δ234U values and elevated 

salinity, consistent with conservative mixing behaviour. Although enhanced 

discharge as a result of precipitation was not directly assessed in this study, it likely 

plays a role over longer, seasonal timescales. Given the short residence time of the 

groundwater inferred for Tahiti (Hildenbrand et al., 2005), a steep hydraulic gradient 

is likely, which would increase SGD rates during the rainy season compared to the dry 

season. This effect is expected to be particularly pronounced along the northern 

shore, where the geological profile (Figure 8.1) shows a significantly steeper slope in 

the impermeable basaltic basement compared to the southern part of the island. The 

greater hydraulic head in this region would enhance groundwater flow and discharge 

potential, especially following periods of intense precipitation. 

In summary, the uranium isotopic composition (δ234U) in Tahiti’s SGD is not a static 

signal but one that is dynamically modulated by tidal forcing and likely influenced by 

seasonal precipitation variability. These controls affect both the amount of freshwater 

reaching the coastal zone and the degree to which it mixes with ambient seawater, 
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ultimately shaping the uranium isotopic composition observed in nearshore 

environments. 

8.4 Coral δ234U Time Series: A Long-Term Record of SGD Influence 

A coral core spanning the period from 2000 to 2008 was sampled annually for the 

analysis of δ234U values. The core was retrieved from the barrier reef near Maraa, 

approximately 1.3 km from the nearest identified SGD point source (Figure 8.1). 

Although situated at some distance from direct terrestrial inputs, the δ234U record 

preserved in the coral provides a unique long-term perspective on uranium isotope 

variability in response to regional hydroclimatic processes. As shown in Figure 8.4, 

δ234U values in the coral increase slightly between 1999 and 2005, a period broadly 

associated with relatively dry conditions and negative Southern Oscillation Index 

(SOI) values. Around 2005, a more pronounced shift occurs: δ234U values continue to 

rise, coinciding with a transition to wetter conditions, positive SOI values, and 

negative Niño 3.4 anomalies, characteristic of a transition toward La Niña-like states. 

As discussed earlier, uranium mixing in nearshore waters around Tahiti is rapid. 

Given the coral’s offshore location relative to both surface runoff and SGD sources, 

substantial shifts in terrestrial inputs are required to measurably affect the δ234U 

signal in coral aragonite. Supporting this, data from the Papenoo River, Tahiti’s largest 

river system, show δ234U values only slightly different from open-ocean baselines 

(Figure 8.2), indicating that surface runoff alone, particularly from smaller 

catchments, is unlikely to significantly alter the coral δ234U record, even during 

intense rainfall events like those in 2007. Previous studies have shown that surface 

runoff interacts minimally with the bedrock in Tahiti (Hildenbrand et al., 2005; 

Haßler et al., 2019), and Godard and Barriot (2022) further demonstrated that 

weathering intensity is governed more by catchment size than by precipitation alone. 

Thus, changes in surface runoff are not the primary drivers of δ234U variability in the 

coral. Rather, increased precipitation may enhance aquifer recharge and 

subsequently intensify SGD, delivering higher δ234U values to the reef environment. 

A comparison of tide gauge sea level data with ENSO indices reveals a strong 

correspondence between sea-level variability and large-scale climate oscillations 

(Figure 8.4). During El Niño phases, negative SOI values reflect low atmospheric 

pressure over Tahiti, leading to elevated sea level through oceanic response to 

atmospheric relaxation. Conversely, La Niña events are associated with positive SOI 

values and higher atmospheric pressure over Tahiti, resulting in lower local sea levels 

(Trenberth & Caron, 2000). This relationship is mirrored in the coral uranium isotope 

data. Notably, δ234U values increase during the 2007/2008 La Niña event, in tandem 

with both the SOI and Niño 3.4 indices. This pattern is interpreted as reflecting 
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enhanced SGD under reduced sea-level conditions, as lower hydrostatic pressure 

facilitates increased groundwater discharge into the reef system. As discussed earlier, 

δ234U values are also sensitive to short-term tidal fluctuations, which influence the 

hydraulic gradients and SGD intensity. The observed alignment between δ234U values 

and ENSO-driven sea-level pressure variations suggests that both daily (tidal) and 

interannual (ENSO) forcings modulate SGD dynamics and, by extension, the 

geochemical signals preserved in coral archives. 

  

Figure 8.4 Coral δ234U values (pink, inverted y-axis) compared with sea level data from the Vairao tide 
gauge (brown), Southern Oscillation Index (SOI, red), Niño 3.4 index (light blue), and monthly 
precipitation (top panel, blue, inverted y-axis) from 1999–2020. Sea level variations follow the SOI and 
Nino3.4 closely. Declining coral δ234U values correspond to periods of reduced precipitation, with 
potential influence from ENSO-related variability indicated by SOI and Niño 3.4 indices. 

These observations support the interpretation that coral δ234U values can serve as a 

proxy for SGD intensity and source characteristics over interannual to decadal time 

scales. In the case of Tahiti, SGD appears to be modulated by both precipitation-driven 

aquifer recharge and sea-level-derived hydrostatic pressure gradients. As shown in 

this study, even relatively modest changes in sea level during ENSO cycles can leave a 

recognisable imprint on the uranium isotope system, which gets preserved in corals. 

Where SGD systems are closely coupled to climatic and oceanographic conditions, as 

in volcanic island settings like Tahiti, δ234U values provide a valuable proxy for 

reconstructing groundwater-ocean interactions and associated hydroclimatic 

variability.  
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8.5 Conclusion 

This study provides the first spatially resolved assessment of uranium isotopic 

variability in SGD within a volcanic island setting, highlighting the value of uranium 

isotopes for identifying local groundwater contributions. It demonstrates how δ234U 

values can effectively trace SGD and its variability around Tahiti. Coastal seawater 

samples showed consistent δ234U values near the open-ocean baseline, confirming 

rapid mixing and the conservative behaviour of uranium in reef environments. 

In contrast, SGD samples revealed pronounced spatial variability in both δ234U and 

uranium concentrations, shaped by differences in aquifer flow paths, residence times, 

and redox conditions. Tidal fluctuations further modulated δ234U values on short 

timescales, with higher values at low tide reflecting enhanced groundwater discharge. 

The coral δ234U record from Maraa adds a long-term perspective, capturing 

interannual changes linked to ENSO-driven sea-level variability. This supports the 

interpretation that δ234U values reflect both hydrogeological and climatic controls on 

SGD. 
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Hydrodynamics 

The Caribbean Sea plays a crucial role in global ocean circulation, acting as a major 

conduit for the westward transport of Atlantic surface waters into the Gulf of Mexico 

and ultimately toward the North Atlantic via the Gulf Stream (Centurioni & Niiler, 

2003; Alexander et al., 2014). Its hydrographic characteristics are shaped not only by 

large-scale inflow from equatorial currents but also by evaporation and interactions 

with freshwater sources surrounding the basin, seasonal upwelling, and regional 

climate variability (Centurioni & Niiler, 2003). The water transiting the Caribbean 

gains salinity from evaporation and loses salinity through freshwater fluxes. 

Therefore, two processes compete in adjusting salinity, which is a precursor of the 

salinity export into the Nordic Seas. Understanding the complex nature of these 

processes and the influence of freshwater discharge on Caribbean surface waters is 

essential, particularly in light of inputs from major rivers such as the Amazon, 

Orinoco, Mississippi, Magdalena river, and many other, which have the potential to 

alter salinity, stratification, and biogeochemical cycles (Enfield et al., 2001; Chérubin 

& Richardson, 2007). The potential of tracing freshwater discharge by using the 

natural δ234U ratio has been well demonstrated (Andersen et al., 2007; Wang et al., 

2017; Shang et al., 2021; Li et al., 2023; Greve et al., 2025). It has also been stated that 

semi-closed oceanic basins are most sensitive to δ234U variability (Wang et al., 2017; 

Border, 2020; Shang et al., 2021). Thus, the question arises to which degree the 

freshwater added to the Caribbean Sea alters the δ234U ratio overall. This is of 

particular importance when using corals as archive of past sea level or as climate 

archive. The quality of U/Th dating is often adjusted by using criteria on the δ234U, 

which is generally presumed to be equal to sea water and within narrow isotopic 

ranges (Chutcharavan et al., 2018). Consequently, the degree to which these 

freshwater sources imprint the basin’s uranium isotope composition and variability 

will be investigated based on the compilation of all available coral records. Moreover, 

it will be explored, whether the isotope signals can be traced through the Caribbean’s 

dynamic flow path, i.e. whether a transport signal can be extracted from multiple 

records. 
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These questions are approached by evaluating the spatial and temporal variance of 

all coral δ234U records presented in the preceding sections across the Caribbean and 

the past roughly hundred years. These include coral cores from Venezuela, Puerto 

Rico, the Yucatán Channel, and the Florida Straits, representing key points along the 

Caribbean Current and its outflow. A coral from Martinique, situated near the eastern 

boundary of the basin, completes this north-south transect and provides a crucial 

perspective on the region's inflow zone. Together, these records enable a basin-wide 

synthesis that tests whether freshwater δ234U signals are preserved and advected 

across multiple sites, or whether isotopic variability is instead governed by localized 

hydrological and geomorphological conditions. 

In addition to evaluating internal Caribbean dynamics, this chapter also places the 

findings in a broader oceanographic context through comparison with other semi-

enclosed or restricted systems, including the Mediterranean and East China Seas 

(ECS). These settings offer contrasting examples of how basin geometry, freshwater 

flux, and circulation strength influence the retention and propagation of isotopically 

distinct freshwater inputs. By examining both the spatial coherence and the 

magnitude of δ234U anomalies across systems, this synthesis highlights the processes 

that determine the relationship of uranium isotopes and freshwater transport and/or 

local hydroclimate variability. 

9.1 Methods 

Here published and new measurements of δ234U from the Caribbean Sea and other 

semi-enclosed ocean basins covering the past ~200 to 31,000 years are compiled. For 

the Caribbean, 248 individual δ234U measurements were obtained from long-lived 

corals collected at multiple sites (N = 5) in this study (see chapters above).  

Data from other ocean basins were compiled from Border (2020), Wang et al. (2017) 

and Shang et al. (2021), while the open ocean values are taken from Kipp et al. (2022) 

and the δ234U values for French Polynesia are described in chapter 9. 

Additional coral δ234U data from the Caribbean and adjacent Atlantic Ocean were 

taken from the global compilation of Chutcharavan et al. (2018). Data selection from 

that dataset followed a preliminary screening to ensure isotope precision better than 

2‰ and acceptable Th/U age uncertainties. The resulting dataset includes 17 post-

modern coral measurements from Bonaire, the Bahamas, Bermuda, and Tortuga 

(North Florida), as well as 59 Holocene coral values (11,000–1,000 years BP) from the 

same locations and Grand Cayman. From the work of Chutcharavan et al. (2018) a 

further 243 coral δ234U values (11,000–31,000 years BP) were incorporated, all 

recalculated on the CRM 112A scale. This subset includes 56 corals from the Last 
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Glacial Maximum (LGM) (19,000–25,000 years BP), predominantly from Barbados, 

with one additional sample from Grand Cayman (Bard et al., 1990; Chen et al., 1991; 

Gallup et al., 1994; Ludwig et al., 1996; Toscano & Lundberg, 1998; Blanchon et al., 

2002; Delanghe et al., 2002; Multer et al., 2002; Fairbanks et al., 2005; Coyne et al., 

2007; Muhs et al., 2011; Giry et al., 2012; DeLong et al., 2014; Abdul et al., 2016). These 

values represent water masses entering the Caribbean. 

The δ234U and Th/U ages were originally determined using thermal ionization mass 

spectrometry (TIMS) or multi-collector ICP-MS (MC-ICPMS). Although different 

laboratories used different standards, Chutcharavan et al. (2018) recalculated all 

published values to the CRM-112A reference scale. In total, more than 500 δ234U 

measurements are now available for the Caribbean and western Atlantic inflows, 

spanning from modern to 31,000 years BP. 

9.2 Last Centuries Caribbean U-isotope and Local Influences 

Comparing all new records from the Caribbean presented in this thesis, it is evident 

that the average δ234U values remained relatively constant over the past ~200 years, 

consistently aligning with open ocean signatures (Figure 9.1). The only exception was 

observed in the Mexican coral (red in Figure 9.1), which exhibited a notable offset 

towards lower values (Chapter 7). This anomaly was attributed to the proximity of 

the sampling site to submarine groundwater discharge (SGD). However, even this 

signal was rapidly diluted, as an adjacent coral did not exhibit the same offset, 

underscoring the very local nature of such observations and efficiency of local mixing 

with ambient seawater. 

 

Figure 9.1 Temporal evolution of coral δ234U values from multiple sites across the Caribbean. Coloured 
symbols represent individual coral records from Cuba (blue), Mexico (red), Venezuela (orange), Puerto 
Rico TM coral (green), Puerto Rico CPR coral (olive), and Martinique (purple). The grey horizontal line 
and shaded band denote the open ocean δ234U value and associated uncertainty as reported by Kipp et 
al. (2022). Error bars reflect analytical uncertainty. Despite minor local excursions, most coral records 
remain close to the open ocean baseline, indicating rapid mixing and limited long-term influence from 
freshwater inputs across the basin. 
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Overall, the uranium isotope ratio in the Caribbean does not reflect a coherent signal 

that follows the flow path of the Caribbean Current through the basin and into the Gulf 

of Mexico. No single δ234U excursion could be traced from one coral to the next (Figure 

9.1), even with the added delay of about 11 months, the time needed for water to 

travel through the Caribbean (Murphy et al., 1999). This strongly suggests that, at 

each of the studied locations for the last ~150 years, δ234U variability is governed by 

small-scale local processes rather than basin-wide hydrodynamics. The rapid return 

to open ocean values further implies efficient mixing and short residence times of 

isotopically distinct water masses. This interpretation is supported by the high flow-

through rate of the Caribbean of 28 Sv, which is predominantly supplied by two major 

currents: the North Brazil Current and the North Equatorial Current (Johns et al., 

2002).  

Two of the world’s largest rivers, the Amazon and the Orinoco, discharge into the 

western tropical Atlantic, near the entrance of the Caribbean. The Amazon River, with 

an average δ234U value of approximately 247‰ and an annual discharge of ~209,000 

m³ s-1, presents a significant freshwater and isotopic source (Vorosmarty et al., 1998; 

Border, 2020). However, this signal is largely retained within the delta region. 

Previous work by Border (2020) has shown that anoxic conditions in the Amazon 

delta promote uranium removal via precipitation, effectively acting as a sink. The 

Martinique coral record, which lies downstream of the Amazon’s influence, shows no 

persistent δ234U anomalies, suggesting that this process has been consistently active 

over at least the last 150 years. The δ234U composition of the Orinoco River is not well 

constrained, though it is likely similar to the Amazon due to shared geological regimes 

(Wesselingh & Hoorn, 2011). However, due to different weathering regimes with 

steep slopes and thick soils in the Amazon compared to the flatter terrain of the 

Orinoco (Stallard, 1985), it is plausible that the Orinoco might possess a lower δ234U 

signature, potentially contributing to some of the more negative excursions observed 

in specific coral records. As shown in Chapter 6, the Cuban coral further excludes any 

significant influence of the Mississippi River on Caribbean δ234U over the last two 

centuries. Only during the terminal phase of the Little Ice Age, when regional 

discharge and current dynamics may have differed from modern conditions, does 

there appear to be any influence of distant freshwater sources. Unfortunately, no 

corals spanning that early period were available for this study to confirm the spatial 

extent of such changes. And additionally, no corals have been available within the 

direct influence of the discharge waters of any of the larger rivers to directly test the 

runoff hypothesis. 

Another potential factor influencing δ234U is upwelling, particularly if deeper waters 

have distinct isotope ratios (Andersen et al., 2007; Chen et al., 2016). A prominent 
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seasonal upwelling system exists in the southern Caribbean near Venezuela (Muller-

Karger et al., 2019). However, the coral from this region does not show isotopic 

variability corresponding to the seasonal upwelling cycle. Instead, it reflects 

variations more consistent with changes in local runoff (Chapter 4). Due to its short 

duration, this record cannot resolve long-term upwelling trends and warrants further 

investigation. 

Among all sites, only the Mexican coral showed indirect evidence of a broader 

Caribbean hydroclimate signal. In chapter 7, δ234U variations linked to local SGD were 

found to be modulated by sea-level fluctuations, which in turn influence the strength 

of the Yucatán Current (Ezer, 2022). This suggests a coupling between local 

groundwater discharge and regional oceanographic dynamics, although this 

relationship remains indirect. 

After 1950, the records from Mexico and Cuba, together with the rest of the Caribbean 

corals, begin to diverge slightly but consistently, showing a difference of 

approximately 1‰, with the Cuban and Caribbean values raising. Prior to 1950, the 

records are indistinguishable (Figure B.16). Because this deviation is close to the 

detection limit for systematic seawater δ234U variations (~1‰), no firm conclusions 

can be drawn. However, the pattern may suggest a moderate along-flow δ234U 

gradient, potentially linked to changes in regional hydroclimate and ocean 

throughflow, where the Mexican coral is not influenced due to the high amount of 

local, low δ234U-SGD. 

In conclusion, the coral δ234U records across the Caribbean do not reveal strong, 

systematic and coherent regional-scale freshwater transport or mixing patterns from 

1825 to present (Figure 9.1). Instead, each record acts as an archive of localized 

hydroclimate dynamics. On average, the δ234U baseline across the basin has remained 

remarkably stable over the past two centuries, consistently reflecting open ocean 

values (Kipp et al., 2022). 

9.3 Comparison to Other Semi-Enclosed Basins 

In contrast to the Caribbean, water samples from the Mediterranean Sea exhibit 

consistently elevated δ234U values, approximately +1‰ above the open ocean 

baseline (Figure 9.2) (Border, 2020). A similar increase is also evident in modern 

cold-water corals from the Alboran sea (Wienberg et al., 2022; Beisel et al., 2023). 

This enrichment has been attributed to intensified uranium cycling within a semi-

enclosed marginal basin that experiences restricted exchange with the Atlantic Ocean. 

Importantly, the δ234U signal in the Mediterranean can be traced coherently along the 

main flow path, indicating basin-wide integration of terrestrial inputs (Border, 2020). 
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Hydrologically, the Mediterranean is characterized by a single narrow connection to 

the Atlantic via the Strait of Gibraltar, with an estimated inflow of 0.86 ± 0.10 Sv (and 

0.80 ± 0.08 Sv outflow) (Jordà et al., 2017). A key source of the elevated δ234U is 

submarine SGD, particularly from the southern coast of France. Border (2020) 

identified this SGD as isotopically enriched and entering the basin near its western 

boundary, enabling its signal to be advected along the Mediterranean circulation 

pathway.  

In total around 0.0095–0.1523 Sv of SGD (Rodellas et al., 2015) is added to the 

Mediterranean along with 0.0098 Sv of riverine water (Ludwig et al., 2009), resulting 

in a substantially higher freshwater-to-ocean inflow ratio (2.24–18.8%) compared to 

the Caribbean. In the Caribbean, despite significant river discharge from sources such 

as the Amazon and Orinoco, the inflow from open ocean currents (e.g., the North 

Brazil and North Equatorial Currents) dominates, yielding a freshwater contribution 

of only ~1% relative to total inflow volume. Furthermore, the residence time of 

surface waters in the Caribbean is significantly shorter than in the Mediterranean, due 

to the much faster and predominant surface throughflow. The Caribbean Current, fed 

by large-scale equatorial inflow, can reach average speeds of up to 0.8–1.2 m s-1, 

whereas the inflow through the Strait of Gibraltar and subsequent internal circulation 

in the Mediterranean are markedly slower, often <0.1–0.2 m s-1 (Murphy et al., 1999; 

Menna & Poulain, 2010). This difference in advection velocity leads to more rapid 

mixing and shorter exposure of Caribbean surface waters to terrestrial freshwater 

sources, further diminishing their impact on the regional δ234U signature. 

The difference in water mass budget is clearly reflected in the uranium isotope 

composition, shown in Figure 9.2. While the Caribbean coral records remain close to 

the global open ocean δ234U average, the Mediterranean exhibits a long-term offset 

that captures the cumulative influence of isotopically enriched terrestrial inputs 

(Border, 2020). The contrast between these two basins highlights the importance of 

both circulation geometry and freshwater flux in modulating regional uranium 

isotope budgets and their preservation in coral archives. 

A similarly elevated δ234U signal is observed in the ECS (Figure 9.2), making it another 

instructive analogue to the Caribbean. In this marginal basin, slightly elevated δ234U 

values, up to ~+1‰ above open ocean baselines, have been documented in both 

seawater and coral records (Wang et al., 2017; Shang et al., 2021). This enrichment is 

attributed to sustained input from the Yangtze and Yellow Rivers, two of the largest 

fluvial systems in Asia (Shang et al., 2021). These rivers drain extensive continental 

areas dominated by felsic bedrock and intense chemical weathering, resulting in 

terrestrial freshwater enriched in δ234U due to recoil mobilization and preferential 

234U leaching. 
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The broad, shallow continental shelf of the ECS plays a key role in the retention and 

expression of these isotopic signals. Unlike more dynamic open systems, the ECS 

exhibits partially restricted circulation, and the shelf geometry facilitates seasonal 

stratification and reduced vertical mixing (Lie & Cho, 2002). As a result, riverine 

inputs can persist and accumulate locally before being diluted by the inflow of 

Kuroshio Current waters along the shelf edge (Lie & Cho, 2002; Lin et al., 2020). This 

setting contrasts with the Caribbean, where faster current systems and greater 

throughflow quickly homogenize freshwater anomalies. In the ECS, longer residence 

times and lower flushing efficiency allow for more durable δ234U imprints in 

nearshore environments (Nozaki et al., 1989). 

The ECS example underscores the role of basin geometry, shelf hydrodynamics, and 

river discharge magnitude in modifying the uranium isotope composition of coastal 

and marginal seas. It highlights how δ234U can serve not only as a proxy for short-term 

hydroclimate variability but also as a tracer of long-term terrestrial influence under 

specific circulation and mixing regimes. 

 

Figure 9.2 Boxplot comparison of δ234U values (‰) from corals and seawater in different oceanic and 
marginal basin settings: Open Ocean (Kipp et al., 2022), French Polynesia (Chapter 8), Mediterranean 
(Border, 2020; Beisel et al., 2023), East China Sea (Yu et al., 2006; Wang et al., 2017), and Caribbean. 
Numbers within boxes indicate the number of samples per region. Not shown are additional positive 
outliers from the Mediterranean and Caribbean datasets. In the Caribbean case, these outliers 
correspond to elevated values from the Cuban coral spanning the terminal Little Ice Age (LIA).  
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In contrast to semi-enclosed basins where freshwater input can elevate regional δ234U 

values, island settings like Tahiti and other locations in French Polynesia demonstrate 

how rapid mixing with ocean water can suppress isotopic signals, even in 

environments with potentially high terrestrial input, as discussed in Chapter 8 (Figure 

9.2). Volcanic high islands such as Tahiti receive intense rainfall and have steep, 

reactive catchments composed of basaltic bedrock (Hildenbrand et al., 2004; 

Hildenbrand et al., 2008). These conditions favour the production of isotopically 

enriched freshwater, as prolonged water–rock interaction enhances the mobilization 

of 234U through recoil and preferential leaching mechanisms, a process similarly 

observed in Martinique and other volcanic terrains. However, despite this strong 

theoretical potential for elevated δ234U input from land, both coral and seawater 

measurements around Tahiti consistently reflect values near the open ocean baseline 

(~145‰) (Kipp et al., 2022). This isotopic homogeneity is attributed to the high 

flushing efficiency and open ocean exposure of the reef systems surrounding the 

island. The narrow shelf and direct contact with the South Pacific circulation result in 

very short residence times for coastal freshwater plumes. As a result, any isotopically 

distinct freshwater is rapidly mixed and diluted before it can significantly alter the 

uranium isotope composition of ambient seawater or become recorded in coral 

aragonite. 

This behaviour highlights an important endmember in the δ234U sensitivity spectrum: 

in high-energy, open-ocean island settings, the combination of small catchment size, 

steep gradients, and fast hydrodynamic exchange effectively limits the preservation 

of freshwater uranium signatures in coral archives. It underscores that not only the 

magnitude of freshwater input, but also the retention time and basin configuration, 

ultimately control whether a distinct δ234U signal is detectable in coral records. 

Consequently, the comparison of different ocean basins and freshwater-influenced 

regions highlights a distinct characteristic of the Caribbean: a stable, open-ocean 

δ234U mean value combined with high variability caused by numerous localized 

influences on the waters bathing the corals. By contrast, other regions either show a 

measurable deviation from the global mean (e.g., the Mediterranean Sea and East 

China Sea) or a suppressed freshwater influence (e.g., French Polynesia). The variance 

observed in the Caribbean Sea, however, clearly stands out and indicates a complex 

interplay of multiple localized processes. 

9.4 Temporal Variability 

On timescales longer than two centuries, δ234U reconstructions cannot be resolved on 

an annual basis, and age uncertainties, coral diagenesis, and open-system behaviour 

may significantly alter the isotope composition on the order of the variance observed 



Tracing Freshwater Influence in the Caribbean Basin: A Synthesis of Coral δ234U 
Records and the Role of Basin Hydrodynamics 
 

112 
 

 

during the past 250 years (~±2‰) (Thompson et al., 2003; Scholz et al., 2004; Frank 

et al., 2006; Chutcharavan et al., 2018). Fossil coral initial δ234U values generally show 

larger uncertainties due to additional age imprecision, which does not affect the post-

modern corals examined here (Hibbert et al., 2016; Chutcharavan et al., 2018). 

Nevertheless, a sufficient number of observations exists for comparison, and long-

term global climate trends, including the ice-volume effect on global ocean δ234U, are 

well resolved. These data allow to test the sensitivity of δ234U as a proxy under 

conditions of major environmental change, including disruptions of the Atlantic 

Meridional Overturning Circulation (AMOC). 

 

Figure 9.3 Compilation of coral δ²³⁴U values from the Caribbean and western Atlantic spanning the 
last 30 ka. Black symbols show published fossil coral data from the Bahamas, Barbados, Bermuda, 
Bonaire, and Florida (Chutcharavan et al., 2018). Blue circles represent data from this study (Caribbean 
corals, 18th–21st century). The upper panel highlights the long-term δ²³⁴U evolution, with a ~3–4‰ 
depletion during the Last Glacial Maximum relative to the Holocene. The lower panel zooms into the 
last 9 ka. 

For the past two centuries (1825–2025), the mean δ234U value is 145.06‰ ±0.85‰, 

and its variance, even when accounting for localized groundwater inputs and distant 

freshwater sources, does rarely exceed 1.5‰ (Figure 9.3 and Figure B.17). Thus, 

natural variability above this threshold is likely to reflect either substantial 

freshwater perturbations or diagenetic alteration in fossil corals. This reduces the 
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variance reported in the compilation of Chutcharavan et al. (2018) (mean = 145.7‰ 

± 3.7‰, 2σ) by about a factor of two for the same interval. Over the long term, the 

δ234U ratio has increased by ~6‰ since the Last Glacial Maximum (LGM), with 

temporal variability ranging from 1.5‰ to more than 5‰. 

During the LGM, the variance of initial δ234U in Barbados corals remained low and 

comparable to that observed during the past 250 years (<2–3‰, within analytical 

uncertainty) (Figure 9.3 and Figure B.17). Both the LGM and modern warm-climate 

states therefore reflect similarly small variability, consistent with rapid throughflow 

and only moderate continental runoff impacts. These two periods together indicate 

that global seawater δ234U differed by ~6‰ ± 2‰ between the LGM and the present, 

consistent with the global mean oceanic shift. This pattern may reflect the combined 

effects of maximum Northern Hemisphere ice volume and minimum ice extent 

(Hibbert et al., 2016; Chutcharavan et al., 2018). 

In contrast, the first major AMOC disruption (18–15 ka) (Clark et al., 2020) is marked 

by an increase in mean Atlantic δ234U values and more than a doubling of variance, 

suggesting stronger local influences on seawater composition even at Barbados, 

outside the Caribbean (Figure 9.3 and Figure B.17). This variability likely reflects the 

southward advection of δ234U-enriched meltwater and/or variable mixing between 

northern and southern Atlantic water masses (Clark et al., 2020). Elevated variance 

remains a characteristic feature of the deglaciation and persists into the early 

Holocene, even after modern δ234U mean values had been established. 

For the Holocene, only a few measurements are available from both the Caribbean 

exit (Florida Keys) and within the basin (Bonaire) (Figure 9.3 and Figure B.17). These 

sites diverge significantly, with offsets of up to 4‰ and large short-term variations 

far exceeding those observed in other intervals. Given the consistent analytical 

precision and excellent coral preservation, these deviations are best explained by 

localized freshwater runoff at Bonaire and δ234U-enriched inputs to the Florida Keys, 

likely carried by high δ234U-Mississippi discharge (Grzymko et al., 2007) via the 

Florida Current, as local Floridian Groundwater is characterised by low δ234U values 

(Swarzenski & Baskaran, 2007). 

Taken together, these observations suggest that the small-scale processes modulating 

δ234U in the Caribbean during the past 250 years were amplified during periods of 

major climate change. Both the mean δ234U and its variance respond to the relative 

contributions of advection and freshwater input, with the mean value reflecting global 

oceanic freshwater balance and the variance reflecting local hydrological modulation. 

Finally, the Barbados record, with no high δ234U outliers, implies that the reducing 

conditions in the Amazon delta discharge influenced the regional uranium cycle as far 

back as 31 ka BP. 
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9.5 Conclusion: Reassessment of Regional Proxy Potential 

This chapter synthesizes coral-derived δ234U records across the Caribbean and 

compares them to other ocean margin environments to assess the impact of 

freshwater inputs on regional uranium isotope compositions. The analysed Caribbean 

corals, from across the basin, reveals a remarkably stable δ234U baseline (~145.5‰), 

consistent with open ocean values (Figure 9.1) (Kipp et al., 2022). No coherent δ234U 

patterns could be traced along the Caribbean flow path, underscoring the dominance 

of local hydrological conditions over basin-scale freshwater transport. One exception 

is the Mexican coral, which captured δ234U variability associated with SGD that was 

modulated by sea-level changes, indirectly reflecting fluctuations in regional current 

strength (Ezer, 2022). However, such coupling between δ234U signals and 

oceanographic dynamics appears limited to specific conditions. 

In contrast, semi-enclosed basins such as the Mediterranean and ECS exhibit elevated 

δ234U values (Figure 9.2) that can be traced coherently along their respective flow 

paths (Border, 2020; Shang et al., 2021). In these systems, sustained terrestrial input, 

restricted circulation, and longer water residence times allow freshwater-derived 

uranium signals to persist and integrate regionally. Meanwhile, high-energy island 

settings like Tahiti demonstrate that even strong freshwater fluxes may not affect 

seawater isotopic composition if mixing is sufficiently rapid. 

Over geological timescales δ234U reconstructions show low variance during both the 

LGM and the past two centuries, but strongly elevated variability during deglaciation, 

likely from meltwater and shifting Atlantic circulation. Sparse Holocene data reveal 

local deviations, emphasizing that while long-term δ234U changes reflect global ice 

volume, variance is driven by regional hydroclimate. 

Importantly, coral δ234U records remain a powerful tool for reconstructing local 

hydrological variability and terrestrial influence, even in dynamic, open-ocean 

environments where regional signals are quickly lost. Their sensitivity to short-term 

runoff events, precipitation patterns, and weathering intensity makes them valuable 

archives of past environmental change at the site scale. 
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Outlook 
Outlook 

The findings of this dissertation highlight the potential of δ234U in tropical corals to 

reconstruct freshwater influence and local hydroclimatic variability, while also 

revealing the complexities and limitations of the proxy. After establishing analytical 

precision and sampling strategies, this work demonstrated that δ234U can capture 

signals of submarine groundwater discharge (SGD) and riverine input, but also 

emphasized the challenges of quantifying SGD fluxes across diverse hydrogeological 

settings and the limitations of short-lived tracers for extending reconstructions 

beyond the modern period. 

Looking ahead, an important but as yet unexplored avenue lies in establishing 

terrestrial δ234U endmembers for regions where coral archives are available. 

Groundwater, riverine input, and weathering regimes each impart distinct δ234U 

signatures to coastal waters, yet systematic datasets of these terrestrial endmembers 

are lacking. Developing such baselines would allow for more robust attribution of 

coral δ234U variability to specific hydrological processes, strengthening the 

quantitative analytical power of coral records. Similarly, investigations in other 

enclosed or semi-enclosed basins, for example, the Red Sea, or the South China Sea, 

could provide natural laboratories where terrestrial fluxes dominate over open-ocean 

mixing. Such settings may amplify δ234U signals of runoff and groundwater discharge, 

offering opportunities to refine proxy-process relationships under controlled 

boundary conditions.  

On the analytical side, advances such as δ234U analyses using laser ablation or 

improvements in multi-collector ICP-MS precision could enable higher-resolution 

coral records, mitigate challenges in the sampling process and allow sub-seasonal 

reconstructions of freshwater variability 

Future research could further advance along two complementary directions. The first 

involves improved quantification of contemporary SGD fluxes and their δ234U 

signatures, particularly in tropical and storm-prone regions where hydrological 

forcing produces highly variable discharge. Integrating direct flux measurements 

with hydrological modelling and storm-event monitoring will help reduce 

uncertainties in SGD estimates and clarify their sensitivity to climate variability. The 

second direction is the development of a broader geochemical toolkit to capture long-

term SGD variability. Combining coral δ234U with complementary proxies such as 

Ba/Ca ratios and rare earth element (REE) fractionation offers a promising strategy. 

Unlike short-lived isotopes, these tracers are archived in coral skeletons and can 

extend reconstructions from seasonal to millennial scales. Such integration would 
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allow for a more robust distinction between SGD and riverine contributions, while 

also enabling identification of climatic and sea-level drivers of groundwater-seawater 

interactions. 

In parallel, this thesis opens a second trajectory focusing on drowned coral reefs along 

rapidly subsiding margins, such as Hawai’i, as investigated by the IODP Expedition 

389. These reefs, largely formed during glacial low stands, provide a unique yet 

underutilized archive of past sea-level and hydroclimatic variability. Applying the 

δ234U framework to fossil corals from such settings could constrain precipitation, 

runoff, and groundwater variability under boundary conditions absent from stable 

margins, thereby providing new insights into ENSO, the Pacific Decadal Oscillation 

(PDO), and the Pacific North American (PNA) pattern during glacial states and rapid 

deglaciations. 

By bridging modern SGD dynamics with paleo-archives, these research directions 

establish a framework for integrating hydrological, geochemical, and climatic 

perspectives. Together, they have the potential to transform our understanding of 

tropical water cycling and its response to sea-level fluctuations, ENSO variability, and 

ice-sheet instabilities over the past half-million years. In particular, the further 

development of δ234U as a proxy holds exceptional promise. Beyond its established 

role in U-series dating and sea-level reconstructions, δ234U emerges here as a sensitive 

recorder of freshwater fluxes, capable of tracking inputs from rivers, groundwater, 

and even glacial meltwater pulses. Continued refinement of this proxy, through 

modern calibration, site-specific variability assessments, and integration with 

complementary tracers, will enhance its reliability and resolution. Such advances 

could extend its use from coastal SGD reconstructions to regional hydroclimate 

variability across glacial-interglacial timescales, positioning δ234U as a cornerstone of 

future research on ocean-land interactions. 
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U-Isotope Probenaufbereitung für Neptune: Probenmenge < 100 mg (Kleine Säulen) 
--- Schritte ins Laborbuch eintragen --- 

1. Proben in Probenbuch (Rene) eintragen und Becher beschriften 

2. Säubern (1./2. Stock IUP) 

a. Probe mit dem Dremel in ca. 60-100 mg schwere Stücke schneiden und in 

beschriftete Becher geben 

b. Im 2. Stock die Probenbecher mit Milli-Q füllen, bis die Probe bedeckt ist und 

10 min ins Ultraschallbad bei 100% stellen 

c. Milli-Q vorsichtig dekantieren und b. 2 Mal wiederholen 

d. Die Proben im Probenbecher für einige Stunden auf der Heizplatte trocknen 

3. Wiegen (1. Stock IUP) 

a. Probe mit Wägepapier wiegen → Wägetabelle 

b. Probe in die beschrifteten Becher geben und mit Milli-Q bedecken  

4. Lösen (1. Stock IUP) 

a. 7 N HNO3 zur Probe in Milli-Q hinzugeben, bis fast keine Bläschen mehr nach 

oben steigen (BLANK auch „lösen“) 

b. Probe am besten einige Stunden stehen lassen 

5. Spiken (1. Stock IUP) 

a. TriSpike aus dem Kühlschank nehmen, ca. eine Stunde warten, schütteln 

b. Gelöste Probe wiegen (Elektrostatik beachten) → Wägetabelle 

c. 0,1 mL Spike hinzugeben („TriSpike“ Pipette!) und direkt wieder 1x wiegen 

→ Wägetabelle 

6. Lösen (6. Stock Geos) 

a. Auf der Heizplatte bei 60°C über Nacht eindampfen 

b. 500 µL 7 N HNO3 hinzugeben und über Nacht lösen lassen (schräg stellen) 

7. 1. Säule (6. Stock Geos) 

a. Säulen beschriften und Füllstrich zeichnen, 1x mit MilliQ H2O füllen 

(Abfallbecher unterstellen) 

b. Ca. 500 μL (bis zum Füllstrich) UTEVA Harz hineingeben 

c. 1x mit MilliQ H2O füllen 

d. Laden der Säulen: 1x mit 7 N HNO3 füllen 

e. Probe langsam auf Säule geben (Pipetten Spitzen in Becher lassen) 

f. Ca. 1,5 mL 7 N HNO3 (mit Standzylinder) in Probenbecher geben, 

schrittweise auf die Säule geben: 

i. 500 μL  

ii. 500 μL 

iii. 500 μL 

--- Probenbecher unter die Säule stellen --- 

g. Eluierung mit 1 N HCl: 

i. 500 μL 

ii. 500 μL 
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iii. 500 μL 

h. 1x mit MilliQ H2O füllen und im Probenbecher auffangen 

i. Probenbecher auf die Heizplatte stellen 

j. Säulen verschließen und mit MilliQ H2O füllen 

k. Probe eindampfen (bei 60°C über Nacht/Wochenende) 

8. 2. Säule (6. Stock Geos) 

a. Probe schräg stellen, lösen in 300 μL 7 N HNO3 

b. Säulen öffnen, H2O in Abfallbecher laufen lassen 

c. Laden der Säulen: 1x mit 7 N HNO3 füllen 

d. Probe langsam auf Säule geben 

e. Ca. 750 μL 7N HNO3 (mit dem Standzylinder) in Probenbecher geben, 

schrittweise auf die Säule geben: 

i. 250 μL 

ii. 500 μL 

--- Probenbecher unter die Säule stellen --- 

f. Eluierung mit 1N HCl: 

i. 500 μL 

ii. 500 μL 

iii. 500 μL 

i. Probenbecher auf die Heizplatte stellen und bei 60°C über 

Nacht/Wochenende eindampfen 

9. Lösen (1. Stock IUP) 

a. Nach Eindampfen: Lösen in 1,2 mL 1% HNO3+0,05% HF  

b. Probenbecher min. 3 Stunden schräg stehen lassen 

c. Proben zentrifugieren 

d. Für iCap Messungen 1:10 mit 0,5 N HNO3 in Zentrifugentubes verdünnen 

(450 µL 0,5 N HNO3 + 50 µL Probe) 

e. Restliche Probe in Messtubes umfüllen  
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Figure B.1 left: Age model for coral core CPR1990-09-25, drilled in 1990. Right: Age model for coral 
core TM2020-12-04, drilled in 1985 ± 5.  
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Figure B.2 Annual extension rate in CPR1990-09-25. 

 

Figure B.3 Annual extension rate in TM2020-12-04. 
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Figure B.4 Mg/Ca ratios (mmol/mol) measured in two coral cores, TM2020 and CPR1990. The 
TM2020 core covers an interval estimated between the 1940s and 1980s, although uncertainties in 
the age model preclude direct placement on an absolute timescale. The CPR1990 core is precisely 
dated and spans the years 1980–1990. The horizontal red line marks the diagenetic threshold (8 
mmol/mol), above which secondary alteration of the coral skeleton is considered more likely. Values 
below this threshold indicate intervals where diagenesis is less likely to have affected the 
geochemical record. 

SST proxies 

Despite the relatively low temporal resolution of approximately six samples per year, 

both Sr/Ca and δ18O time series display clear seasonal patterns (Figure B.5), 

suggesting that these proxies reliably reflect SST variability. However, such resolution 

may introduce sampling bias, particularly underestimating temperature extremes or 

rapid fluctuations, as noted in previous studies (Swart et al., 2002; Watanabe et al., 

2002). Due to the higher error in the age uncertainty in the TM coral no correlation 

with seasonal resolved SST data was possible. 

As seen in Figure B.5, Sr/Ca values range from 9.55 to 9.20 mmol/mol, while δ18O 

varies between -4.5‰ and -3.4‰. These ranges are consistent with values reported 

from other tropical Atlantic corals (Winter et al., 2000; Marshall & McCulloch, 2002; 

Swart et al., 2002), confirming their regional application for SST proxies. The CPR 

coral consistently exhibited lower Sr/Ca ratios than the TM coral, which, given the 

established inverse relationship between Sr/Ca and SST (Smith et al., 1979), imply 

higher ambient temperatures at the CPR site. Interestingly, δ18O values were similar 

across both sites, suggesting that δ18O may be modulated by additional factors such 

as sea surface salinity (SSS) particularly in the more evaporative and enclosed 

lagoonal environment (Figure 3.3) (Fairbanks & Dodge, 1979; Leder et al., 1996).  
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Figure B.5 Seasonal variability in sea surface temperature (SST) proxies, Sr/Ca and δ18O, from 
CPR1990 (light green) Orbicella faveolata coral core, compared with instrumental SST records. The top 
panel shows in situ SST data from La Parguera, Puerto Rico (Winter et al., 1998). Middle and lower 
panels show coral δ18O and Sr/Ca records, respectively, which reflect SST variability with inverse 
relationships (higher SST corresponds to lower Sr/Ca and more negative δ18O).  

Correlations analysis with in situ SST (Winter et al., 1998) for the 1980s are shown in 

Figure B.6 and further supports the interpretation of proxy performance. The CPR 

coral yields significant relationships of Sr/Ca and δ18O with r-values of -0.39 and -

0.37, respectively.  

Linear regression of Sr/Ca against SST produced slopes of -0.01 mmol/mol/°C and y-

intercepts between 9.66, consistent with calibration values reported for Orbicella 

(Swart et al., 2002; Smith et al., 2006; DeLong et al., 2011). The significant δ18O-SST 

correlation at CPR has a slope of -0.05‰/°C, which is shallower than commonly 

reported for tropical corals (typically –0.18‰/°C in Porites), and lower than expected 

even for Orbicella (Swart et al., 2002; DeLong et al., 2011; Sadler et al., 2014). Thus, a 

solely temperature driven δ18O signal is unlikely in the coral core. A subset of TM coral 

samples from the 1980s exhibited elevated Mg/Ca ratios, potentially indicative of 

diagenetic alteration (Allison et al., 2007; Hendy et al., 2007; Nothdurft & Webb, 

2008).  

Taken together, these findings suggest that Sr/Ca is the more robust SST proxy under 

the studied conditions, while δ18O incorporates additional environmental signals, 

particularly related to SSS. This highlights the need to apply δ18O with caution in 

lagoonal or semi-enclosed reef environments, where evaporative processes may 

obscure its temperature sensitivity (Stevenson et al., 2018). 
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Figure B.6 Linear regression plots showing the relationships between coral Sr/Ca (left) and δ18O 
(right) and instrumental sea surface temperature (SST) across the 1980s in the CPR coral (Winter et 
al., 1998). Regression lines (solid blue) with 95% confidence intervals (shaded) highlight the inverse 
relationship between proxies and SST. Each data point is coloured by Mg/Ca value, with darker shades 
indicating higher ratios, however no indications of diagenesis can be inferred. Strongest correlations 
are observed for Sr/Ca, affirming its robustness as an SST proxy. δ18O–SST correlations are generally 
weaker and more variable. 

δ18Osw calculation 

The δ18Osw was calculated by isolating the temperature-independent component of 

the coral δ18O signal, following established dual-proxy approaches (Watanabe et al., 

2002; Ren et al., 2003; Benway & Mix, 2004; Felis et al., 2009; Wu et al., 2017). This 

involved deriving SST from the Sr/Ca record using species-specific Sr/Ca–SST slopes 

calibrated for Orbicella faveolata. As discussed above, the applied slopes fall within 

reported ranges for this species and region (Swart et al., 2002; Smith et al., 2006; 

DeLong et al., 2011).  

To isolate the salinity-related component, the theoretical temperature dependent 

portion of the δ18O signal was removed. This was achieved by applying a linear δ18O-

SST relationship with a slope of –0.17‰/°C, consistent with values reported in dual-

proxy studies using Porites and corrected Orbicella data. Although some calibrations 

of Orbicella faveolata report shallower slopes (e.g., –0.085 to –0.10 ‰/°C; (Smith et 

al., 2006)), recent studies have demonstrated that the slope can vary substantially 

depending on local environmental conditions, skeletal growth parameters, and 

analytical treatment (Sadler et al., 2014). Reconstructions using annual or seasonal 

means, particularly when controlling for salinity, often yield steeper slopes 

approaching –0.17‰/°C (Watanabe et al., 2002; Ren et al., 2003; Benway & Mix, 

2004; Felis et al., 2009; Wu et al., 2017).  

In this study, the –0.17 ‰/°C slope was selected based on two considerations: (1) 

strong internal consistency between SST estimates derived from Sr/Ca and those 
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inferred from δ18O using this slope, and (2) calculated δ18Osw values and seasonal 

seawater δ18O measurements at La Parguera lagoon, reported by Watanabe et al. 

(2002).  

The resulting δ18Osw values in this study ranged from –0.13‰ to 2.06‰, notably 

broader than the seasonal variation reported by Watanabe et al. (2002) , which 

ranged from 0.25‰ in November to 1.0‰ in May–July. The broader range in coral-

derived δ18Osw in this study may reflect higher salinity variability, potentially driven 

by episodic freshwater input, evaporation events, or limited water exchange in the 

lagoonal setting. Nevertheless, the mean δ18Osw of 0.74‰ aligns well with in situ 

observations, lending support to the validity of the calculation approach and its use 

as a qualitative indicator of freshwater variability and salinity change in this region. 

 

Figure B.7 δ18Osw values from different hydrological and environmental sources in and around Puerto 
Rico. Bars represent the range of δ18O values compiled from the literature for open ocean water 
(Epstein et al., 1953), coral-derived seawater (this study), La Parguera lagoon surface water (Watanabe 
et al., 2002), precipitation over western Puerto Rico (Vieten et al., 2018), northeastern Puerto Rican 
rivers (Scholl, 2014), local groundwater (Vieten et al., 2018), and the Orinoco River water (Mook & 
Rozanski, 2000). 

Multi-Proxy Comparison and Cross-Correlation 

The seasonal-scale relationship among the freshwater-sensitive proxies Ba/Ca, δ13C, 

and δ18Osw was evaluated using both pairwise correlation and PCA, revealing 

consistent yet nuanced patterns.  

At seasonal resolution, Ba/Ca and δ13C showed the strongest coherence, particularly 

in the CPR1990 core. Their correlation (R = 0.405, p = 0.002) suggests a shared 
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environmental response, likely associated with terrestrial freshwater input. Ba/Ca 

has traditionally long been used as an indicator of riverine particulate delivery, 

particularly during high-discharge events (McCulloch et al., 2003; Prouty et al., 2010; 

Shaw et al., 2024), while δ13C reflects changes in the δ13C of DIC, modulated by 

terrestrial organic matter inputs or reduced vertical mixing (Moyer, 2008; Moyer & 

Grottoli, 2011). However, neither proxy is exclusively driven by freshwater. Ba/Ca 

can also response to upwelling of barium enriched water masses or by sediment 

resuspension, especially in high-energy or shallow reef environments (Ourbak et al., 

2006; LaVigne et al., 2016). Similarly, δ13C is influenced by coral photosynthetic rates, 

which are in turn controlled by light availability, cloud cover, turbidity, and shading 

(Fairbanks & Dodge, 1979; Verena Schoepf et al., 2014). Importantly, Ba/Ca may also 

be indirectly influenced by light, as light-driven photosynthesis affects calcification 

rates and trace element uptake via symbiont activity (Yamazaki et al., 2021). Reduced 

light conditions, such as those during storms or turbid runoff, can thus simultaneously 

influence Ba/Ca and δ13C, albeit through different mechanisms. These overlapping 

environmental controls mean that while Ba/Ca and δ13C often reflect freshwater 

input, their signals also integrate biological and physical variability that should be 

carefully considered, especially during transitional or anomalous periods. 

In contrast, δ18Osw showed consistently weakly correlations with Ba/Ca and δ13C in 

the CPR core and loaded onto separate PCA components. This reinforces its 

interpretation as a salinity-sensitive proxy, more strongly governed by evaporation–

precipitation balance and SST variability. In lagoonal environments like La Parguera, 

where water turnover is limited, such influences may be enhanced (Stevenson et al., 

2018). The CPR core, located in a shallow and semi-enclosed setting, exemplifies how 

δ18Osw can be decoupled from direct runoff signals, instead tracking broader 

hydrological balance. Nonetheless, δ18Osw remains a valuable proxy when salinity 

trends are independently constrained. 

In the TM coral core, Ba/Ca and δ13C show a moderate but significant correlation (r = 

0.3, p = 0.03), supporting a shared sensitivity to freshwater variability. However, PCA 

results reveal stronger partitioning, with δ13C loading primarily on PC1 (which 

explains 85% of the variance), while Ba/Ca dominates PC2. This suggests that 

although both proxies respond to environmental variability, they may track different 

aspects of freshwater input or be influenced by distinct environmental controls. For 

instance, δ¹³C may be more directly affected by light availability or primary 

production, while Ba/Ca may reflect particulate delivery or trace metal availability 

modulated by hydrodynamic conditions. This may reflect TM’s slower extension rate 

(6 mm/year vs. 8 mm/year at CPR), or differing exposure to upwelling or wave action. 

The greater photic stress or water mass variability at TM could also explain the more 
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variable δ13C signal, and may account for the negative loading of Ba/Ca in PC1 despite 

its freshwater sensitivity. These site-specific patterns underscore the importance of 

local hydrography, reef setting, and coral physiology in shaping proxy responses. 

 

 
Figure B.8 Pairwise correlations between annually averaged geochemical proxies from the CPR1990 
coral core. Green dots represent annual means; shaded areas show 95% confidence intervals around 
the linear regressions. Correlation coefficients (R), coefficients of determination (R²), and p-values are 
indicated for each panel. The strongest statistically significant relationship was observed between 
Ba/Ca and δ13C (R = 0.708, p = 0.023). 
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Figure B.9 Pairwise correlations between annually averaged geochemical proxies from the TM2020 
coral core. Green dots represent annual means; shaded areas show 95% confidence intervals around 
the linear regressions. Correlation coefficients (R), coefficients of determination (R²), and p-values are 
indicated for each panel. 

 

The analysis of annual-resolution data (Figure B.8 and Figure B.9) introduced two 

additional tracers, δ234U and Δ14C, providing insights into water mass sourcing, 

residence time and potential subsurface processes. In the CPR core (Figure B.8), Δ14C 

dominated the variance structure, accounting for 97.8% of the total variance and 

showing no significant correlation with any other proxy. This strongly suggests that 

the radiocarbon signal reflects oceanic processes, such as subsurface upwelling or 

changes in surface water reservoir age, rather than terrestrial freshwater input. While 

δ13C and δ234U co-loaded on PC2, their lack of significant statistical correlation 

indicates that any shared environmental signal is weak or inconsistent. As in the 

seasonal analysis, δ18Osw loaded separately, reinforcing its sensitivity to salinity-

related variability and confirming its largely independent behaviour in the coral 

geochemical system. 

In the TM annual dataset (Figure B.9), PCA revealed clear partitioning among proxies, 

with δ234U explaining 88% of the total variance on PC1, indicating a highly consistent 

and dominant signal. Importantly, δ234U showed a statistically significant correlation 

with δ13C (r = 0.7, p = 0.03), suggesting a shared environmental influence, possibly 

related to subsurface freshwater inputs, groundwater discharge, or weathering-

derived uranium. In contrast, Ba/Ca loaded predominantly on PC2 and PC3, with no 
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strong correlation to either δ13C or δ234U, implying it responds to different, likely more 

surface-oriented or particulate-associated processes. The strong internal consistency 

of δ234U, combined with its distinct loading structure, supports its interpretation as a 

complementary tracer of time-integrated freshwater input, particularly valuable in 

settings where short-term runoff signals are weak or obscured by hydrodynamic 

complexity.  

Across both sites and timescales, a consistent pattern emerges: no single proxy 

uniquely captures freshwater variability, while no single proxy uniquely captures 

freshwater variability, Ba/Ca and δ13C together provide the most consistent surface 

signal. However, their partial sensitivity to biological and photic factors highlights the 

importance of interpreting them within an environmental context. δ18Osw provides 

useful information on salinity and hydrological balance, but its dual sensitivity to 

temperature and evaporation complicates its interpretation, especially in lagoonal 

settings. 

By contrast, δ234U stands out as a promising proxy for detecting geochemically 

distinct or time-integrated freshwater contributions, likely tied to subsurface flow 

paths or weathering regimes. Finally, Δ14C emerges as a clear tracer of ocean 

circulation and water mass origin, independent of terrestrial inputs, offering 

complementary insights into offshore and vertical oceanographic dynamics. 

 

Figure B.10 Relationship between δ²³⁴U (‰) and Δ¹⁴C (‰) (Paterne et al., 2023) in the Martinique 
coral. No correlation is observed between δ²³⁴U values and radiocarbon content, indicating that 
uranium isotopic composition in this coral is not influenced by the same processes controlling ¹⁴C 
variability. 
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Figure B.11 X-radiograph of the Martinique microatoll (Chancel 1) of Siderastrea siderea, showing 
growth bands across the west–east transect. White lines indicate the sampled transects used for 
geochemical analyses. The clear annual density banding visible in the coral skeleton provides the 
chronological framework for age model development (Weil-Accardo et al., 2016). 

 

Figure B.12 Schematic representation of the Martinique microatoll (Chancel 1, Siderastrea siderea), 
illustrating annual growth bands and age assignments. Growth interruptions at the upper surface(red 
ages) indicate periods when the coral was episodically exposed above sea level and not submerged, 
preventing continuous vertical accretion (figure from (Weil-Accardo et al., 2016)). 
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Figure B.13 Correlations between Cuban coral δ234U and regional hydroclimate proxies over the past 
two centuries. Top panels show δ18O from stalagmites (Fensterer et al., 2012) plotted against δ234U for 
the full (1778–2003) and post-1820 intervals. Bottom panels compare δ234U with annual precipitation 
from the Cuban coast (Centella-Artola et al., 2023), and coral δ18Ow from Florida (Smith et al., 2006) 
and Cuba (Harbott et al., 2023) coral records. Shaded regions indicate 95% confidence intervals around 
linear regressions. Colour scale denotes sample year. 

Supplementary Table B.1. δ18Ow of a coral from the Florida Keys (Smith et al., 2006) was calculated 

with the SST calculated from Sr/Ca ratios by using the equation 𝑆𝑟 𝐶𝑎⁄ =  −0.0282 ∗ 𝑆𝑆𝑇 + 9.962 

(Smith et al., 2006) with this SSTSr/Ca, the δ18Ow is calculated from the measured δ18OC by 𝛿18𝑂𝑊 =
((𝑆𝑆𝑇𝑆𝑟

𝐶𝑎⁄
− 5.33) 4.519) +⁄ 𝛿18𝑂𝑐  (Leder et al., 1996; Ren et al., 2003). 

year SSTSr/Ca (°C) δ18Ow (‰ SMOW) 

2002 29.54 1.16 

2001 28.17 1.13 

2000 27.76 1.04 

1999 27.38 0.95 

1998 24.81 0.49 

1997 26.81 0.84 

1996 25.89 0.71 

1995 27.70 0.98 

1994 27.57 0.99 

1993 25.87 0.66 

1992 26.33 0.83 

1991 27.44 0.97 
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1990 28.94 1.11 

1989 28.44 1.06 

1988 26.64 0.81 

1987 24.24 0.35 

1986 26.51 0.64 

1985 27.78 0.94 

1984 28.28 1.06 

1983 26.61 0.75 

1982 26.21 0.74 

1981 28.36 1.14 

1980 26.02 0.68 

1979 26.88 0.92 

1978 25.70 0.71 

1977 26.13 0.93 

1976 24.54 0.57 

1975 26.26 0.84 

1974 25.22 0.57 

1973 26.81 0.68 

1972 27.02 0.92 

1971 27.43 1.01 

1970 27.22 0.99 

1969 27.86 1.16 

1968 28.03 1.21 

1967 31.57 1.87 

1966 29.80 1.49 

1965 29.68 1.37 

1964 28.91 1.48 

1963 28.42 1.43 

1962 28.79 1.47 

1961 28.62 1.23 

1960 29.20 1.40 

1959 27.79 1.14 

1958 26.76 0.87 

1957 27.73 1.07 

1956 29.22 1.42 

1955 30.07 1.56 

1954 30.32 1.52 

1953 29.50 1.22 

1952 28.52 1.21 

1951 27.94 1.10 

1950 27.89 1.05 

1949 27.22 0.69 

1948 29.25 1.10 

1947 27.67 0.92 
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Figure B.14 Processes affecting sea level, shown as a function of their characteristic time scale (x-axis) 
and spatial impact (y-axis, length scale in km). Figure from (Woodworth et al., 2019). 

 

Figure B.15 Correlations between δ234U (‰) in the Mexican coral and (a) tide gauge sea-level data 
(Holgate et al., 2013), (b) sea-level anomalies (Ezer, 2022), and (c) cyclone precipitation (Lases-
Hernández, 2013).  
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Figure B.16 KDE of coral δ²³⁴U values before and after 1950 from Cuba (blue), Mexico (red) and the 
broader Caribbean (yellow) including Venezuela, Puerto Rico and Martinique. A slight elevation in 
values is seen in the Mexican and Caribbean values after 1950. 

 

Figure B.17 Boxplot of coral δ²³⁴U values grouped into four temporal intervals: modern (0–250 years), 
Holocene (0.25–11.7 ka), deglaciation (12–19 ka), and Last Glacial Maximum (19–26.5 ka). Each box 
shows the interquartile range (IQR), the horizontal line marks the median, and whiskers indicate the 
5th–95th percentiles and sample count (n) written in the box. 
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C. Supplementary data 
Table C.1 Cuban Species δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to HU-1 
= 0 and HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

12477 RL_Siderastrea siderea 2015 147.21 146.01 0.59 147.20 0.31 2.37466 0.00016 

12478 RL_Mycetophyllia lamarckiana 2015 146.85 145.65 0.44 139.05 0.25 2.24837 0.00010 

12480 RL_Agaricia agaricites 2015 146.64 145.44 0.64 170.26 0.48 2.73821 0.00035 

12481 RL_Meandrina meandites 2015 147.40 146.20 0.54 194.88 0.57 3.11970 0.00016 

12482 RL_Acropora cervicornis 2015 146.82 145.62 0.50 174.16 0.53 2.79614 0.00016 

12484 RL_Colpophyllia natans 2015 146.85 145.65 0.53 114.33 0.13 1.84539 0.00011 

12485 RL_Diploria labyrinthifarmis 2015 146.41 145.21 0.62 142.79 0.17 2.30343 0.00017 

12486 RL_Colpophyllia natans 2 2015 146.31 145.11 0.52 116.07 0.14 1.87722 0.00011 

12487 RL_Montastraea cavernosa 2015 146.43 145.23 0.51 157.84 0.21 2.55018 0.00015 

12490 RL_Orbicella faveolata 2015 146.67 145.47 0.58 160.94 0.44 2.58431 0.00017 

12479 RL_Acropora palmata 2015 146.68 145.48 0.47 164.04 0.67 2.61844 0.00018 

 
Table C.2 Volume test δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to HU-1 = 0 
and HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U (µg/g) Error 238U 
(µg/g) 

12312 Mururoa 20mg 145.89 144.69 0.62 139.58 0.14 2.24378 0.00006 

12313 Mururoa 40mg 147.52 146.32 1.16 140.36 0.61 2.22908 0.00013 

12314 Mururoa 60mg 146.31 145.11 0.36 135.24 0.18 2.16803 0.00006 

12315 Mururoa 70mg 147.03 145.83 0.33 137.25 0.20 2.20175 0.00006 

12316 Mururoa 80mg 147.71 146.51 0.98 135.85 0.90 2.15256 0.00019 

12318 Mururoa 100mg 145.12 143.92 0.38 135.85 0.44 2.17141 0.00011 

12319 Mururoa 120mg 147.19 145.99 0.34 137.41 0.48 2.18193 0.00016 

12320 Mururoa 150mg 147.73 146.53 0.42 136.10 0.23 2.16909 0.00007 
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Table C.3 ROQV δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to HU-1 = 0 and 
HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

12311 ROQV_1994.2 1993.5 146.11 144.91 0.33 155.65 0.31 2.50757 0.00011 

12310 ROQV_1994.1 1994 146.00 144.80 0.35 155.54 0.30 2.50137 0.00011 

12309 ROQV_1995.2 1994.5 145.60 144.40 0.39 160.49 0.35 2.59284 0.00010 

12308 ROQV_1995.1 1995 145.85 144.65 0.33 161.45 0.33 2.60346 0.00011 

12307 ROQV_1996.2 1995.5 147.08 145.88 0.54 160.79 0.48 2.58527 0.00014 

12306 ROQV_1996.1 1996 146.12 144.92 0.36 156.80 0.36 2.53474 0.00009 

12305 ROQV_1997.2 1996.5 146.23 145.03 0.33 158.56 0.37 2.56492 0.00011 

12304 ROQV_1997.1 1997 145.90 144.70 0.33 154.98 0.34 2.50879 0.00011 

12265 ROQV_1998.2 1997.5 145.19 143.99 0.55 298.41 1.15 4.87591 0.00025 

12264 ROQV_1998.1 1998 147.97 146.77 0.57 154.54 0.32 2.49571 0.00015 

12263 ROQV_1999.2 1998.5 145.65 144.45 0.47 96.14 0.16 1.55584 0.00009 

12262 ROQV_1999.1 1999 147.53 146.33 0.55 149.29 0.36 2.40941 0.00013 

12261 ROQV_2000.2 1999.5 147.86 146.66 0.57 147.11 0.41 2.36788 0.00015 

12260 ROQV_2000.1 2000 146.02 144.82 0.47 128.50 0.44 2.08210 0.00011 

12259 ROQV_2001.2 2000.5 144.02 142.82 1.29 147.49 1.14 2.39933 0.00152 

12258 ROQV_2001.1 2001 145.43 144.23 0.48 146.22 0.53 2.36402 0.00015 

12257 ROQV_2002.2 2001.5 147.38 146.18 0.58 146.95 0.61 2.37813 0.00030 

12256 ROQV_2002.1 2002 147.02 145.82 0.56 138.28 0.31 2.23030 0.00044 

12255 ROQV_2003.2 2002.5 146.67 145.47 0.44 146.68 0.56 2.35922 0.00054 

12254 ROQV_2003.1 2003 146.42 145.22 0.58 147.75 0.40 2.38306 0.00012 

12253 ROQV_2004.2 2003.5 146.02 144.82 0.60 144.22 0.50 2.32327 0.00017 

12252 ROQV_2004.1 2004 146.45 145.25 0.48 146.90 0.33 2.36592 0.00014 

12251 ROQV_2005.2 2004.5 146.39 145.19 0.42 147.42 0.45 2.36740 0.00016 

13279 ROQV_seas_1996.75 1996.8 145.83 144.63 0.63 147.02 1.35 2.38661 0.00722 

13281 ROQV_seas_1997.25 1997.3 147.22 146.02 0.79 156.56 1.62 2.49205 0.00145 

13282 ROQV_seas_1997.5 1997.5 144.90 143.70 1.10 152.84 1.05 2.40777 0.00052 
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13283 ROQV_seas_1997.75 1997.8 145.89 144.69 0.82 153.31 0.15 2.46696 0.00018 

13284 ROQV_seas_1998 1998 148.78 147.58 0.92 151.62 0.20 2.43739 0.00049 

13286 ROQV_seas_1998.5 1998.5 146.52 145.32 0.47 152.61 0.22 2.44098 0.00011 

13287 ROQV_seas_1998.75 1998.8 146.33 145.13 0.54 145.75 0.53 2.29657 0.00030 

13288 ROQV_seas_1999 1999 144.89 143.69 0.74 148.44 1.07 2.36133 0.00169 

13289 ROQV_seas_1999.25 1999.3 146.69 145.49 0.68 148.99 0.74 2.44441 0.00037 

13290 ROQV_seas_1999.5 1999.5 145.47 144.27 0.66 148.19 0.88 2.41089 0.00045 

13292 ROQV_seas_2000 2000 148.05 146.85 0.92 154.09 0.62 2.52346 0.00153 

13293 ROQV_seas_2000.25 2000.3 146.49 145.29 0.62 153.35 1.81 2.43387 0.00109 

13294 ROQV_seas_2000.5 2000.5 146.86 145.66 0.46 142.33 0.15 2.28296 0.00011 

13295 ROQV_seas_2000.75 2000.8 147.01 145.81 0.43 157.09 0.43 2.43321 0.00021 

13296 ROQV_seas_2001 2001 147.43 146.23 0.54 142.33 0.15 2.28296 0.00011 

 
Table C.4 Puerto Rican δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to HU-1 = 
0 and HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

13360 CPR1990_1a_1981 1981 147.07 145.87 0.18 183.74 0.34 2.94200 0.00019 

13359 CPR1990_1a_1982 1982 146.78 145.58 0.66 141.63 1.18 2.83176 0.02263 

13358 CPR1990_1a_1983 1983 146.95 145.75 0.74 124.08 0.56 2.90931 0.01706 

13357 CPR1990_1a_1984 1984 148.03 146.83 0.96 169.46 0.50 2.71700 0.00024 

13356 CPR1990_1a_1985 1985 147.11 145.91 0.62 169.30 0.04 0.27197 0.00002 

13355 CPR1990_1a_1986 1986 147.13 145.93 0.62 128.36 0.58 3.01138 0.03506 

13354 CPR1990_1a_1987 1987 146.88 145.68 0.78 175.84 0.80 2.85215 0.00049 

13353 CPR1990_1a_1988 1988 144.26 143.06 0.62 183.95 0.79 2.88517 0.02332 

13352 CPR1990_1a_1989 1989 147.34 146.14 0.67 149.92 0.61 2.70851 0.02761 

13349 TM2020_1_1982 1934 ± 5 146.09 144.89 0.74 141.46 0.42 2.72213 0.03483 

13348 TM2020_1_1983 1935 ± 5 146.45 145.25 0.74 173.47 0.81 2.69964 0.04600 

13347 TM2020_1_1984 1936 ± 5 145.41 144.21 0.43 120.90 1.47 2.68715 0.01542 

13346 TM2020_1_1985 1937 ± 5 146.79 145.59 0.70 165.56 0.41 2.64644 0.00021 
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13345 TM2020_1_1986 1938 ± 5 147.00 145.80 0.22 164.81 0.42 2.62963 0.00019 

13344 TM2020_1_1987 1939 ± 5 147.41 146.21 0.37 149.57 1.60 2.53683 0.00828 

13343 TM2020_1_1988 1940 ± 5 146.81 145.61 0.06 161.44 0.48 2.56460 0.00026 

13342 TM2020_1_1989 1941 ± 5 147.70 146.50 0.82 148.90 0.83 2.76074 0.02477 

13341 TM2020_1_1990 1942 ± 5 148.49 147.29 0.69 148.47 0.63 2.79512 0.08090 

13338 TM2020_1_2013 1977.5 ± 3.5 146.76 145.56 0.11 153.00 0.41 2.64169 0.04124 

13337 TM2020_1_2014 1978.5 ± 3.5 146.26 145.06 0.38 165.24 0.54 2.62953 0.00028 

13336 TM2020_1_2015 1979.5 ± 3.5 147.70 146.50 0.42 156.33 4.58 2.53171 0.07792 

13334 TM2020_1_2017 1980.5 ± 3.5 147.95 146.75 0.80 186.49 1.38 2.69745 0.02599 

13333 TM2020_1_2018 1981.5 ± 3.5 147.18 145.98 0.16 153.80 5.15 2.67785 0.00247 

13332 TM2020_1_2019 1982.5 ± 3.5 147.06 145.86 0.82 164.27 3.22 2.84013 0.08805 

13331 TM2020_1_2020 1983.5 ± 3.5 146.88 145.68 0.60 164.48 0.86 2.68518 0.00040 

 
Table C.5 Chancel_1 δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to HU-1 = 0 
and HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

12781 Chancel_1_1887 1887 145.68 144.48 0.75 149.40 0.63 2.41084 0.00015 

12782 Chancel_1_1888 1888 146.46 145.26 0.71 169.55 1.08 2.73752 0.00032 

12783 Chancel_1_1890 1890 146.90 145.70 0.61 152.91 0.92 2.49200 0.00330 

12784 Chancel_1_1891 1891 145.20 144.00 0.70 180.31 2.55 3.01859 0.00300 

12785 Chancel_1_1893 1893 146.00 144.80 0.50 192.71 2.29 3.09978 0.00043 

12786 Chancel_1_1894 1894 141.83 140.63 0.18 166.91 1.24 2.71868 0.00494 

12787 Chancel_1_1895 1895 146.32 145.12 0.32 159.55 0.79 2.58196 0.00022 

12788 Chancel_1_1900 1900 145.57 144.37 0.75 211.68 3.06 3.33359 0.00067 

12791 Chancel_1_1925 1925 146.91 145.71 0.15 157.85 1.47 2.59821 0.00041 

12793 Chancel_1_1927 1927 145.87 144.67 0.64 159.73 1.26 2.60614 0.00041 

12794 Chancel_1_1928 1928 144.72 143.52 0.49 165.16 1.61 2.71916 0.00133 

12795 Chancel_1_1929 1929 147.43 146.23 0.00 161.59 1.28 2.66918 0.00094 

12796 Chancel_1_1930 1930 145.21 144.01 0.70 163.97 1.82 2.70942 0.00203 



 
 

 
 

S
u

p
p

lem
en

tary d
ata 

1
4

2
 

12797 Chancel_1_1931 1931 146.27 145.07 0.35 160.38 0.88 2.59537 0.00025 

12798 Chancel_1_1934 1934 146.09 144.89 0.01 156.82 1.18 2.55899 0.00042 

12799 Chancel_1_1935 1935 146.48 145.28 0.31 163.87 0.71 2.64864 0.00026 

12800 Chancel_1_1940 1940 145.78 144.58 0.53 168.69 1.58 2.74518 0.00070 

12801 Chancel_1_1945 1945 147.22 146.02 0.08 157.24 2.15 2.58842 0.00082 

12802 Chancel_1_1950 1950 146.96 145.76 0.14 154.67 2.23 2.58264 0.00054 

12804 Chancel_1_1957 1957 146.88 145.68 0.08 154.07 1.51 2.50038 0.00073 

12805 Chancel_1_1958 1958 147.80 146.60 0.70 165.05 1.32 2.67027 0.00042 

12806 Chancel_1_1961 1961 146.40 145.20 0.29 160.57 1.03 2.60172 0.00026 

12807 Chancel_1_1964 1964 147.21 146.01 0.60 160.85 0.74 2.60662 0.00020 

12810 Chancel_1_1968 1968 147.70 146.50 0.60 192.96 2.57 3.10219 0.00047 

12812 Chancel_1_1972 1972 146.80 145.60 0.70 155.75 1.34 2.50156 0.00056 

12813 Chancel_1_1973 1973 147.00 145.80 0.70 175.86 1.26 2.65972 0.00048 

12815 Chancel_1_1976 1976 147.30 146.10 0.50 167.42 1.17 2.57861 0.00059 

12816 Chancel_1_1978 1978 147.60 146.40 0.50 167.62 2.67 2.67842 0.00034 

12817 Chancel_1_1981 1981 146.30 145.10 0.40 158.54 1.15 2.59454 0.00028 

12818 Chancel_1_1982 1982 146.10 144.90 0.70 163.49 1.57 2.78924 0.00045 

 
Table C.6 CSM_1 δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to HU-1 = 0 and 
HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

12021 CSM_1_1777 1777 147.00 145.80 0.39 152.59 0.44 2.42213 0.00010 

12037 CSM_1_1778 1778 146.57 145.37 0.51 144.06 0.70 2.27359 0.00035 

12022 CSM_1_1780 1780 148.07 146.87 0.57 143.30 0.61 2.26880 0.00012 

12023 CSM_1_1783 1783 146.12 144.92 0.45 151.19 0.35 2.37845 0.00012 

12039 CSM_1_1784 1784 145.15 143.95 0.43 153.88 0.56 2.44541 0.00014 

12039 CSM_1_1784 1784 145.93 144.73 0.48 151.61 0.55 2.44541 0.00014 

12024 CSM_1_1786 1786 149.65 148.45 0.36 151.17 0.40 2.38237 0.00009 

12025 CSM_1_1789 1789 149.51 148.31 0.37 145.86 0.35 2.28090 0.00008 
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12026 CSM_1_1792 1792 152.70 151.50 0.62 152.70 0.53 2.40982 0.00014 

12042 CSM_1_1793 1793 148.06 146.86 0.74 147.37 1.37 2.32583 0.00053 

12027 CSM_1_1795 1795 149.73 148.53 0.34 154.70 0.40 2.44896 0.00011 

12043 CSM_1_1796 1796 146.05 144.85 0.50 155.12 0.75 2.44817 0.00032 

12028 CSM_1_1798 1798 149.44 148.24 0.33 162.69 0.48 2.57655 0.00011 

12029 CSM_1_1801 1801 148.10 146.90 0.46 158.76 0.74 2.47612 0.00014 

12030 CSM_1_1804 1804 149.20 148.00 0.44 154.93 0.47 2.46215 0.00012 

12032 CSM_1_1810 1810 148.16 146.96 0.33 159.03 0.37 2.54664 0.00010 

12033 CSM_1_1813 1813 148.19 146.99 0.33 161.74 0.56 2.60148 0.00012 

12034 CSM_1_1816 1816 149.05 147.85 0.78 109.21 0.58 1.75896 0.00011 

12035 CSM_1_1819 1819 148.38 147.18 0.34 156.45 0.46 2.49199 0.00010 

12085 CSM_1_1826 1826 146.43 145.23 0.57 162.14 0.39 2.61460 0.00011 

12742 CSM_1_1830 1830 145.55 144.35 0.50 162.89 0.74 2.65195 0.00019 

12086 CSM_1_1831 1831 144.91 143.71 0.64 154.86 0.83 2.46227 0.00019 

12237 CSM_1_1833 1833 147.00 145.80 0.71 174.42 0.21 2.76123 0.00007 

12743 CSM_1_1835 1835 146.97 145.77 0.49 172.83 0.69 2.80582 0.00017 

12087 CSM_1_1836 1836 144.60 143.40 0.52 160.43 0.66 2.59963 0.00018 

12088 CSM_1_1841 1841 146.84 145.64 0.56 152.50 0.88 2.43149 0.00017 

12089 CSM_1_1846 1846 146.45 145.25 0.71 153.65 1.00 2.48071 0.00022 

12090 CSM_1_1851 1851 146.29 145.09 0.36 156.02 0.36 2.51152 0.00010 

12091 CSM_1_1856 1856 146.48 145.28 0.47 156.50 0.59 2.49942 0.00014 

12092 CSM_1_1861 1861 146.05 144.85 0.51 157.41 0.63 2.54989 0.00015 

12243 CSM_1_1863 1863 146.91 145.71 0.60 178.40 0.34 2.80513 0.00011 

12093 CSM_1_1866 1866 145.93 144.73 0.50 155.21 0.50 2.51000 0.00012 

12094 CSM_1_1871 1871 145.82 144.62 0.50 158.06 0.68 2.55106 0.00015 

12245 CSM_1_1873 1873 145.29 144.09 0.56 172.51 1.01 2.71382 0.00024 

12095 CSM_1_1876 1876 147.81 146.61 0.49 164.82 0.62 2.65627 0.00014 

12246 CSM_1_1878 1878 146.52 145.32 0.62 180.49 0.80 2.90753 0.00019 

12246 CSM_1_1878 1878 145.74 144.54 0.40 180.28 0.60 2.90794 0.00016 

12096 CSM_1_1881 1881 147.26 146.06 0.67 161.91 0.71 2.63037 0.00020 
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12247 CSM_1_1883 1883 145.86 144.66 0.70 180.41 0.55 2.91539 0.00015 

12247 CSM_1_1883 1883 146.23 145.03 0.43 180.81 0.42 2.91486 0.00012 

12248 CSM_1_1888 1888 146.26 145.06 0.41 180.79 0.55 2.91405 0.00015 

12248 CSM_1_1888 1888 146.27 145.07 0.45 181.79 0.73 2.91448 0.00017 

12098 CSM_1_1891 1891 146.31 145.11 0.58 165.23 0.37 2.66403 0.00012 

12250 CSM_1_1898 1898 146.40 145.20 0.47 108.60 0.22 1.75415 0.00021 

12250 CSM_1_1898 1898 146.15 144.95 0.52 108.21 0.27 1.30571 0.00009 

12009 CSM_1_1901 1901 146.43 145.23 0.55 156.06 0.64 2.49575 0.00014 

12008 CSM_1_1903 1903 146.54 145.34 0.49 154.28 0.59 2.48686 0.00012 

12007 CSM_1_1905 1905 146.75 145.55 0.58 154.00 0.52 2.48983 0.00013 

12006 CSM_1_1907 1907 147.45 146.25 0.45 151.55 0.53 2.43363 0.00011 

12005 CSM_1_1908 1908 147.36 146.16 0.49 142.45 0.54 2.31126 0.00013 

12004 CSM_1_1909 1909 146.61 145.41 0.44 153.61 0.63 2.45685 0.00015 

12003 CSM_1_1910 1910 146.22 145.02 0.58 159.71 0.89 2.49557 0.00019 

12002 CSM_1_1911 1911 146.77 145.57 0.53 147.50 0.61 2.32692 0.00014 

11850 CSM_1_1912 1912 147.14 145.94 0.43 148.99 0.60 2.36703 0.00012 

12001 CSM_1_1913 1913 146.49 145.29 0.67 148.97 1.10 2.34173 0.00020 

12000 CSM_1_1915 1915 145.55 144.35 0.57 150.67 0.58 2.38999 0.00014 

11999 CSM_1_1916 1916 146.22 145.02 0.51 147.05 0.56 2.32909 0.00012 

11851 CSM_1_1917 1917 147.55 146.35 0.48 148.37 0.50 2.35604 0.00013 

11998 CSM_1_1918 1918 147.05 145.85 0.52 143.79 0.58 2.26205 0.00013 

11997 CSM_1_1919 1919 145.92 144.72 0.41 140.69 0.64 2.22103 0.00013 

11996 CSM_1_1920 1920 147.11 145.91 0.41 134.46 0.47 2.13877 0.00011 

11993 CSM_1_1921 1921 145.97 144.77 0.30 154.46 0.15 2.50315 0.00005 

11852 CSM_1_1922 1922 147.07 145.87 0.51 151.02 0.59 2.43088 0.00019 

11852 CSM_1_1922 1922 146.61 145.41 0.44 146.90 0.33 2.36592 0.00014 

11992 CSM_1_1923 1923 145.94 144.74 0.29 160.20 0.27 2.57318 0.00008 

11991 CSM_1_1924 1924 145.98 144.78 0.22 155.20 0.15 2.51104 0.00005 

11990 CSM_1_1925 1925 146.26 145.06 0.43 151.19 0.28 2.44404 0.00008 

11853 CSM_1_1927 1927 145.94 144.74 0.21 149.59 0.11 2.41882 0.00004 
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11988 CSM_1_1928 1928 145.60 144.40 0.24 147.59 0.18 2.38818 0.00005 

11987 CSM_1_1929 1929 146.57 145.37 0.48 157.73 0.64 2.55735 0.00015 

11986 CSM_1_1930 1930 145.38 144.18 0.68 138.11 0.75 2.20027 0.00018 

11985 CSM_1_1931 1931 146.32 145.12 0.36 137.84 0.40 2.24588 0.00010 

11854 CSM_1_1932 1932 146.11 144.91 0.45 152.45 0.55 2.46002 0.00012 

11983 CSM_1_1935 1935 146.27 145.07 0.32 153.59 0.36 2.49154 0.00009 

11982 CSM_1_1936 1936 146.32 145.12 0.69 148.15 1.05 2.42380 0.00026 

11855 CSM_1_1937 1937 145.73 144.53 0.75 154.36 1.27 2.46899 0.00024 

11981 CSM_1_1938 1938 145.76 144.56 0.40 154.39 0.53 2.51621 0.00012 

11980 CSM_1_1939 1939 145.62 144.42 0.29 145.61 0.26 2.36179 0.00007 

11979 CSM_1_1941 1941 146.60 145.40 0.44 154.11 0.57 2.48011 0.00013 

11856 CSM_1_1942 1942 146.34 145.14 0.41 147.62 0.45 2.40337 0.00011 

11978 CSM_1_1944 1944 145.71 144.51 0.67 134.27 0.53 2.17744 0.00012 

11977 CSM_1_1945 1945 145.29 144.09 0.62 150.82 0.80 2.38667 0.00015 

11976 CSM_1_1946 1946 145.02 143.82 0.52 135.07 0.60 2.15260 0.00013 

11857 CSM_1_1947 1947 146.01 144.81 0.52 145.84 0.71 2.33466 0.00013 

11970 CSM_1_1954 1954 146.66 145.46 0.52 146.68 0.50 2.35754 0.00011 

11969 CSM_1_1955 1955 145.93 144.73 0.40 155.47 0.43 2.50060 0.00011 

11859 CSM_1_1957 1957 146.69 145.49 0.42 147.23 0.29 2.37460 0.00009 

11933 CSM_1_1959 1959 148.23 147.03 0.30 152.74 0.31 2.39127 0.00008 

11932 CSM_1_1960 1960 148.10 146.90 0.39 143.46 0.32 2.23839 0.00008 

11931 CSM_1_1963 1963 148.70 147.50 0.30 168.75 0.36 2.43135 0.00008 

11930 CSM_1_1964 1964 147.70 146.50 0.38 158.54 0.53 2.48707 0.00013 

11929 CSM_1_1965 1965 147.20 146.00 0.28 151.70 0.25 2.40619 0.00007 

11861 CSM_1_1967 1967 146.00 144.80 0.36 150.38 0.23 2.43263 0.00007 

11928 CSM_1_1968 1968 147.15 145.95 0.32 133.64 0.23 2.10927 0.00007 

11926 CSM_1_1970 1970 145.71 144.51 0.24 152.46 0.20 2.41220 0.00006 

11925 CSM_1_1971 1971 145.93 144.73 0.28 159.25 0.22 2.50958 0.00007 

11924 CSM_1_1973 1973 146.84 145.64 0.22 153.26 0.15 2.42868 0.00005 

11923 CSM_1_1978 1978 146.73 145.53 0.25 150.17 0.22 2.41358 0.00006 
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11862 CSM_1_1981 1981 146.79 145.59 0.02 147.22 0.63 2.39343 0.00014 

11864 CSM_1_1982 1982 145.85 144.65 0.52 140.01 0.57 2.24503 0.00014 

11894 CSM_1_1985 1985 146.08 144.88 0.41 146.10 0.35 2.36433 0.00010 

11866 CSM_1_1992 1992 145.73 144.53 0.24 142.36 0.18 2.29424 0.00006 

11892 CSM_1_1994 1994 147.88 146.68 0.28 145.25 0.38 2.32208 0.00011 

11876 CSM_1_1998 1998 147.28 146.08 0.37 79.18 0.12 1.27193 0.00004 

11875 CSM_1_1999 1999 147.68 146.48 0.25 130.65 0.19 2.09186 0.00006 

11874 CSM_1_2003 2003 147.50 146.30 0.29 143.38 0.41 2.29588 0.00011 

11870 CSM_1_2012 2012 146.16 144.96 0.78 129.87 0.77 2.05394 0.00017 

11872 CSM_1_2013 2013 146.82 145.62 0.44 138.60 0.47 2.21898 0.00010 

11871 CSM_1_2014 2014 146.77 145.57 0.52 130.13 0.52 2.07838 0.00011 

 

Table C.7 BOC_1 and BOC_2 δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to 
HU-1 = 0 and HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

12662 BOC_2_piece_1994 1994 146.56 145.36 0.41 176.39 0.57 2.84157 0.00016 

12663 BOC_2_piece_1995 1995 146.90 145.70 0.46 173.85 0.40 2.79826 0.00012 

12664 BOC_2_piece_1996 1996 146.40 145.20 0.46 170.72 0.45 2.76238 0.00013 

12665 BOC_2_piece_1997 1997 146.55 145.35 0.40 176.94 0.58 2.85947 0.00020 

12666 BOC_2_piece_1998 1998 146.58 145.38 0.43 179.63 0.67 2.91201 0.00017 

12667 BOC_2_piece_1999 1999 146.18 144.98 0.45 180.57 0.48 2.91889 0.00018 

12668 BOC_2_piece_2001 2001 145.34 144.14 0.40 171.35 0.51 2.78035 0.00014 

12669 BOC_2_piece_2002 2002 146.24 145.04 0.42 173.65 0.54 2.82173 0.00016 

12670 BOC_2_piece_2003 2003 146.23 145.03 0.20 181.23 0.23 2.92659 0.00007 

12671 BOC_2_piece_2004 2004 146.15 144.95 0.52 174.24 0.43 2.82595 0.00014 

12672 BOC_2_piece_2005 2005 145.90 144.70 0.49 176.21 0.70 2.86372 0.00013 

12673 BOC_2_piece_2006 2006 146.38 145.18 0.54 180.24 0.70 2.94112 0.00022 

12674 BOC_2_piece_2007 2007 146.39 145.19 0.49 173.31 0.51 2.81876 0.00015 

12675 BOC_2_piece_2008 2008 146.20 145.00 0.42 168.10 0.50 2.73091 0.00015 
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12676 BOC_2_piece_2009 2009 145.85 144.65 0.49 174.77 0.53 2.83265 0.00017 

12677 BOC_2_piece_2010 2010 145.54 144.34 0.47 170.15 0.55 2.75220 0.00016 

12678 BOC_2_piece_2011 2011 147.11 145.91 0.44 165.29 0.52 2.68210 0.00011 

12679 BOC_2_piece_2012 2012 147.02 145.82 0.44 163.26 0.44 2.64808 0.00019 

12680 BOC_2_piece_2013 2013 146.46 145.26 0.45 164.58 0.44 2.66412 0.00016 

12682 BOC_2_piece_2015 2015 145.82 144.62 0.46 159.45 0.47 2.58012 0.00019 

12581 BOC_2_pulver_2005 2005 146.88 145.68 0.55 175.27 0.41 2.82260 0.00013 

12582 BOC_2_pulver_2006 2006 146.37 145.17 0.60 182.29 0.79 2.93549 0.00025 

12583 BOC_2_pulver_2007 2007 147.05 145.85 0.56 175.27 0.41 2.82260 0.00013 

12584 BOC_2_pulver_2008 2008 146.54 145.34 0.56 167.96 0.60 2.71213 0.00019 

12585 BOC_2_pulver_2009 2009 145.78 144.58 0.56 173.59 0.60 2.82018 0.00017 

12586 BOC_2_pulver_2010 2010 145.25 144.05 0.54 160.24 0.58 2.57853 0.00017 

12587 BOC_2_pulver_2011 2011 145.22 144.02 0.59 162.26 0.68 2.60320 0.00019 

12588 BOC_2_pulver_2012 2012 146.73 145.53 0.60 159.20 0.67 2.56244 0.00018 

12589 BOC_2_pulver_2013 2013 145.47 144.27 0.64 167.09 0.83 2.67359 0.00024 

12590 BOC_2_pulver_2014 2014 145.98 144.78 0.46 167.60 0.52 2.68783 0.00015 

12558 BOC_1_pulver_2007 2007 145.81 144.61 0.69 168.35 0.89 2.70404 0.00097 

12559 BOC_1_pulver_2008 2008 146.10 144.90 0.53 181.16 0.68 2.91181 0.00020 

12560 BOC_1_pulver_2009 2009 146.33 145.13 0.46 168.46 0.51 2.71257 0.00013 

12561 BOC_1_pulver_2010 2010 145.92 144.72 0.51 175.53 0.68 2.81771 0.00018 

12562 BOC_1_pulver_2011 2011 145.38 144.18 0.58 186.13 0.68 2.98531 0.00020 

12563 BOC_1_pulver_2012 2012 147.32 146.12 0.61 169.52 0.46 2.72677 0.00013 

12564 BOC_1_pulver_2013 2013 145.94 144.74 0.46 164.82 0.60 2.66585 0.00012 

12565 BOC_1_pulver_2014 2014 146.20 145.00 0.57 158.26 0.70 2.53675 0.00016 

12566 BOC_1_pulver_2015 2015 145.95 144.75 0.53 164.21 0.63 2.64247 0.00023 

12567 BOC_1_pulver_2016 2016 146.58 145.38 0.49 159.24 0.50 2.55828 0.00012 

12896 BOC_1_piece_1905 1905 146.32 145.12 0.56 175.57 0.86 2.82859 0.00022 

12895 BOC_1_piece_1908 1908 145.83 144.63 0.48 172.38 0.27 2.77651 0.00017 

12894 BOC_1_piece_1911 1911 146.25 145.05 0.56 166.43 0.67 2.69292 0.00017 

12893 BOC_1_piece_1914 1914 146.06 144.86 0.48 172.54 0.81 2.79386 0.00014 
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12892 BOC_1_piece_1917 1917 145.70 144.50 0.54 167.16 0.66 2.71631 0.00021 

12891 BOC_1_piece_1920 1920 145.10 143.90 0.42 168.93 0.74 2.72796 0.00018 

12890 BOC_1_piece_1923 1923 146.15 144.95 0.56 170.35 0.71 2.75870 0.00021 

12889 BOC_1_piece_1926 1926 146.66 145.46 0.53 166.71 0.49 2.70935 0.00016 

12888 BOC_1_piece_1929 1929 146.72 145.52 0.65 159.82 0.76 2.59817 0.00021 

12887 BOC_1_piece_1932 1932 146.06 144.86 0.49 162.99 0.55 2.64675 0.00015 

12886 BOC_1_piece_1935 1935 145.97 144.77 0.62 166.48 0.57 2.68536 0.00017 

12885 BOC_1_piece_1938 1938 146.66 145.46 0.66 160.93 0.51 2.60452 0.00016 

13128 BOC_1_piece_1939 1939 145.51 144.31 0.82 164.26 0.21 2.66651 0.00018 

13127 BOC_1_piece_1940 1940 145.43 144.23 0.59 166.42 0.23 2.68896 0.00014 

12884 BOC_1_piece_1941 1941 146.74 145.54 0.50 165.62 0.50 2.70337 0.00014 

12844 BOC_1_piece_1944 1944 147.13 145.93 0.75 157.45 1.10 2.56024 0.00062 

13124 BOC_1_piece_1945 1945 146.27 145.07 0.61 165.26 0.23 2.66908 0.00017 

12843 BOC_1_piece_1947 1947 147.24 146.04 0.71 166.30 1.13 2.71917 0.00043 

13122 BOC_1_piece_1948 1948 145.22 144.02 0.43 166.98 0.16 2.69903 0.00013 

13121 BOC_1_piece_1949 1949 145.81 144.61 0.86 167.06 0.33 2.70532 0.00021 

12842 BOC_1_piece_1950 1950 146.98 145.78 0.47 171.15 0.42 2.78390 0.00016 

13120 BOC_1_piece_1951 1951 145.81 144.61 0.74 170.87 0.29 2.75804 0.00027 

13119 BOC_1_piece_1952 1952 145.04 143.84 0.54 168.53 0.18 2.72402 0.00015 

12841 BOC_1_piece_1953 1953 146.17 144.97 0.49 164.83 0.68 2.68489 0.00016 

13117 BOC_1_piece_1955 1955 146.14 144.94 0.51 163.94 0.14 2.65255 0.00013 

12840 BOC_1_piece_1956 1956 146.39 145.19 0.44 172.83 0.52 2.80083 0.00018 

13089 BOC_1_piece_1957 1957 146.03 144.83 0.47 177.41 0.25 2.86773 0.00019 

13088 BOC_1_piece_1958 1958 146.07 144.87 0.66 175.90 0.33 2.84130 0.00021 

12839 BOC_1_piece_1959 1959 146.71 145.51 0.55 173.20 0.53 2.81679 0.00014 

13086 BOC_1_piece_1961 1961 146.42 145.22 0.50 173.26 0.16 2.79881 0.00013 

12838 BOC_1_piece_1962 1962 146.62 145.42 0.39 169.15 0.40 2.74160 0.00015 

13085 BOC_1_piece_1963 1963 146.08 144.88 0.53 174.79 0.25 2.82115 0.00019 

13084 BOC_1_piece_1964 1964 145.32 144.12 0.48 180.37 0.19 2.91179 0.00014 

12837 BOC_1_piece_1965 1965 147.37 146.17 0.60 177.60 0.58 2.88761 0.00018 
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13083 BOC_1_piece_1966 1966 146.23 145.03 0.51 173.19 0.18 2.79637 0.00016 

13082 BOC_1_piece_1967 1967 146.20 145.00 0.57 171.06 0.27 2.76565 0.00018 

12836 BOC_1_piece_1968 1968 144.74 143.54 0.75 176.03 0.74 2.85864 0.00040 

13081 BOC_1_piece_1969 1969 145.63 144.43 0.45 171.91 0.21 2.77662 0.00016 

13080 BOC_1_piece_1970 1970 145.07 143.87 0.45 174.35 0.17 2.82028 0.00014 

12835 BOC_1_piece_1971 1971 145.96 144.76 0.51 176.68 0.17 2.85150 0.00014 

13079 BOC_1_piece_1972 1972 145.28 144.08 0.70 174.75 0.27 2.82104 0.00016 

13078 BOC_1_piece_1973 1973 145.28 144.08 0.56 166.34 0.16 2.68831 0.00015 

12834 BOC_1_piece_1974 1974 145.83 144.63 0.49 162.46 0.50 2.63802 0.00015 

13077 BOC_1_piece_1975 1975 145.77 144.57 0.73 172.77 0.23 2.79232 0.00021 

13076 BOC_1_piece_1976 1976 144.34 143.14 0.53 175.61 0.16 2.83984 0.00014 

12833 BOC_1_piece_1977 1977 145.79 144.59 0.49 167.42 0.69 2.72553 0.00018 

13075 BOC_1_piece_1978 1978 145.32 144.12 0.48 270.55 0.28 4.38209 0.00026 

12832 BOC_1_piece_1980 1980 144.76 143.56 0.42 157.69 0.19 2.54379 0.00011 

12831 BOC_1_piece_1983 1983 146.39 145.19 0.52 170.53 0.78 2.77040 0.00017 

12753 BOC_1_piece_1986 1986 146.37 145.17 0.62 168.00 0.56 2.72671 0.00015 

12752 BOC_1_piece_1989 1989 146.42 145.22 0.51 163.87 0.47 2.66847 0.00012 

12751 BOC_1_piece_1992 1992 145.89 144.69 0.69 175.97 0.57 2.85574 0.00017 

12370 BOC_1_piece_1993 1993 145.47 144.27 0.66 164.35 0.38 2.65053 0.00012 

12371 BOC_1_piece_1994 1994 145.18 143.98 0.62 159.80 0.40 2.57821 0.00011 

12372 BOC_1_piece_1995 1995 145.81 144.61 0.50 169.01 0.54 2.72030 0.00013 

12373 BOC_1_piece_1996 1996 144.93 143.73 0.40 148.60 0.38 2.40412 0.00010 

12374 BOC_1_piece_1997 1997 145.96 144.76 0.41 168.31 0.32 2.69140 0.00011 

12375 BOC_1_piece_1998 1998 146.09 144.89 0.43 168.37 0.49 2.72195 0.00013 

12376 BOC_1_piece_1999 1999 145.14 143.94 0.38 146.78 2.67 2.58595 0.00077 

12377 BOC_1_piece_2000 2000 145.48 144.28 0.70 158.83 0.72 2.57350 0.00020 

12378 BOC_1_piece_2001 2001 145.25 144.05 0.52 168.47 0.33 2.72502 0.00013 

12379 BOC_1_piece_2002 2002 145.39 144.19 0.53 174.09 0.36 2.81713 0.00013 

12380 BOC_1_piece_2003 2003 145.80 144.60 0.38 171.94 1.39 2.75097 0.00028 

12381 BOC_1_piece_2004 2004 144.76 143.56 0.48 164.71 0.59 2.65459 0.00015 
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12382 BOC_1_piece_2005 2005 145.37 144.17 0.57 166.32 0.33 2.68830 0.00011 

12383 BOC_1_piece_2006 2006 144.86 143.66 0.62 120.66 0.25 1.94520 0.00008 

12267 BOC_1_piece_2008 2008 145.99 144.79 0.44 165.45 0.21 2.65794 0.00006 

12268 BOC_1_piece_2009 2009 146.14 144.94 0.37 165.95 0.18 2.65956 0.00006 

12269 BOC_1_piece_2010 2010 144.80 143.60 0.31 171.61 0.21 2.75950 0.00006 

12270 BOC_1_piece_2011 2011 144.29 143.09 0.28 173.96 0.17 2.79949 0.00006 

12271 BOC_1_piece_2012 2012 146.97 145.77 0.45 173.31 0.31 2.77193 0.00022 

12272 BOC_1_piece_2013 2013 146.98 145.78 0.38 174.60 0.44 2.79230 0.00013 

 

Table C.8 Tahitian Maraa#7 δ234U measurements together with concentrations of 238U and 234U of annually integrated samples. δ234U values are given normalised to 
HU-1 = 0 and HU-1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample ID sample lable Year δ234U (‰) 
(HU-1 = 0) 

δ234U (‰) 
(HU-1 ≠ 0) 

Error 
δ234U (‰) 

234U (pg/g) Error 234U 
(pg/g) 

238U 
(µg/g) 

Error 238U 
(µg/g) 

13474 Maraa#7_2000 2000 147.39 146.19 0.48 146.84 0.16 2.39317 0.00013 

13473 Maraa#7_2001 2001 146.39 145.19 0.89 167.47 0.21 2.69144 0.00015 

13472 Maraa#7_2002 2002 146.79 145.59 0.62 166.60 0.23 2.66885 0.00014 

13471 Maraa#7_2003 2003 147.12 145.92 0.49 151.62 0.16 2.43926 0.00009 

13470 Maraa#7_2004 2004 147.17 145.97 0.75 162.93 1.46 2.66469 0.00081 

13469 Maraa#7_2005 2005 146.83 145.63 0.59 149.32 0.16 2.39661 0.00011 

13468 Maraa#7_2006 2006 148.67 147.47 0.40 144.79 0.22 2.36252 0.00015 

13467 Maraa#7_2007 2007 148.90 147.70 1.00 144.54 1.39 2.35371 0.00070 

13466 Maraa#7_2008 2008 148.10 146.90 0.50 138.43 0.16 2.25461 0.00012 

 

Table C.9 Tahitian δ234U measurements of water samples together with concentrations of 238U, 234U and Salinity. δ234U values are given normalised to HU-1 = 0 and HU-
1 ≠ O after (Cheng et al., 2013). Measurement uncertainties are 2σ analytical errors 

sample 
ID 

sample lable latitude longitude δ234U (‰) 
(HU-1 = 
0) 

δ234U (‰) 
(HU-1 ≠ 
0) 

Error 
δ234U 
(‰) 

234U 
(pg/g) 

Error 
234U 
(pg/g) 

238U 
(µg/g) 

Error 
238U 
(µg/g) 

Salinity 
(psu) 

12354 501 -17.5240 -149.5220 146.90 145.70 0.60 164.85 0.26 3.29000 0.13000 34.40 

12356 506 -17.5130 -149.4190 154.40 153.20 1.30 51.78 0.17 0.46000 0.02000 6.10 
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12360 577 -17.5171 -149.7472 146.20 145.00 0.60 149.56 0.05 3.35000 0.13000 35.40 

12361 578 -17.6266 -149.5610 146.90 145.70 0.60 158.34 0.09 3.36000 0.10000 35.40 

12367 705 -17.7472 -149.5764 147.60 146.40 0.40 163.86 0.12 3.28000 0.10000 35.70 

12368 706 -17.7533 -149.5817 146.40 145.20 0.40 148.37 0.24 3.33000 0.10000 35.80 

13218 PF_TAH24_TDL_11m -17.7670 -149.3230 144.73 143.53 0.77 182.72 0.22 2.95440 0.00039 32.45 

13219 PF_TAH24_Baie#1 -17.7430 -149.3340 145.50 144.30 0.39 182.18 0.09 2.94085 0.00009 32.38 

13220 PF_TAH24_Paea_LT_source -17.7050 -149.5850 146.01 144.81 0.50 194.51 0.22 3.14199 0.00018 34.08 

13221 PF_TAH24_PK18_LT_source -17.6546 -149.6002 206.03 204.83 0.42 71.03 0.04 1.09107 0.00004 9.95 

13222 PF_TAH24_Mitirapa_LT_source -17.7327 -149.2807 213.99 212.79 1.19 16.21 0.01 0.24785 0.00001 1.85 

13223 PF_TAH24_Mitirapa_LT_dis -17.7327 -149.2807 148.67 147.47 0.31 192.16 0.12 3.09623 0.00024 24.44 

13224 PF_TAH24_Mitirapa_HT_dis -17.7327 -149.2807 149.89 148.69 0.44 97.76 0.06 1.57483 0.00019 21.28 

13225 PF_TAH24_Baie#3 -17.7301 -149.3226 146.77 145.57 0.34 128.16 0.06 2.06348 0.00005 35.50 

13226 PF_TAH24_Maraa_LT_source -17.7417 -149.5725 206.90 205.70 0.44 54.69 0.03 0.84014 0.00007 7.71 

13227 PF_TAH24_Maraa_LT_dis -17.7417 -149.5725 154.20 153.00 0.48 94.76 0.06 1.51939 0.00021 24.71 

13228 PF_TAH24_Vainiana_HT_dis -17.7514 -149.5469 148.26 147.06 0.36 158.62 0.12 2.55252 0.00010 30.98 

13229 PF_TAH24_Maraa_HT_dis -17.7417 -149.5725 153.41 152.21 0.43 96.71 0.06 1.55109 0.00007 25.39 

13230 PF_TAH24_Tehoro_HT_source -17.7711 -149.4368 150.52 149.32 0.94 24.99 0.02 0.40280 0.00003 3.45 

 
Table C.10 Puerto Rican trace element and stable isotope measurements of coral samples. Trace element values are given normalised to JCP (Hathorne et al., 2013). 
Stable isotope values are normalised to the VPDB. Measurement uncertainties are 2σ analytical errors 

Sample ID Sample lable year Ba/Ca 
(µmol/
mol) 

Error 
Ba/Ca 
(µmol/
mol) 

Sr/Ca 
(mmol/
mol) 

Error 
Sr/Ca 
(mmol/
mol) 

Mg/Ca 
(mmol/
mol) 

Error 
Mg/Ca 
(mmol/
mol) 

δ13CVPDB 
(‰) 

Error 
δ13CVP

DB (‰) 

δ18OVP

DB (‰) 
Error 
δ18OVP

DB (‰) 

1981_6 CPR1990_1a_1981_6 1980.5 5.70 0.06 9.230 0.013 5.511 0.008 -1.30 0.22 -4.00 0.36 

1981_5 CPR1990_1a_1981_5 1980.7 5.50 0.03 9.282 0.010 5.245 0.005 -0.26 0.23 -4.09 0.36 

1981_4 CPR1990_1a_1981_4 1980.8 5.83 0.04 9.227 0.008 5.262 0.007 -0.24 0.22 -4.05 0.36 

1981_3 CPR1990_1a_1981_3 1981 6.79 0.05 9.211 0.014 4.992 0.003 0.46 0.22 -3.96 0.37 

1981_2 CPR1990_1a_1981_2 1981.1 6.24 0.06 9.221 0.008 5.151 0.003 -0.32 0.23 -4.20 0.36 

1981_1 CPR1990_1a_1981_1 1981.3 6.32 0.06 9.189 0.002 5.372 0.005 -1.41 0.22 -4.37 0.35 

1982_6 CPR1990_1a_1982_6 1981.5 6.13 0.04 9.238 0.008 5.342 0.004 -1.89 0.23 -4.16 0.36 
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1982_5 CPR1990_1a_1982_5 1981.8 5.92 0.03 9.277 0.016 5.295 0.004 -1.16 0.23 -4.03 0.36 

1982_4 CPR1990_1a_1982_4 1982 5.74 0.04 9.291 0.010 5.542 0.001 -0.42 0.22 -4.07 0.36 

1982_3 CPR1990_1a_1982_3 1982.3 5.91 0.04 9.280 0.005 5.294 0.005 -0.96 0.24 -4.29 0.36 

1982_2 CPR1990_1a_1982_2 1982.4 6.36 0.03 9.293 0.004 4.993 0.011 0.06 0.23 -4.08 0.37 

1982_1 CPR1990_1a_1982_1 1982.5 6.54 0.06 9.319 0.005 5.371 0.004 -0.65 0.23 -4.09 0.36 

1983_6 CPR1990_1a_1983_6 1982.6 6.16 0.04 9.344 0.017 5.569 0.003 -1.30 0.23 -3.95 0.36 

1983_5 CPR1990_1a_1983_5 1982.7 6.00 0.05 9.336 0.004 5.059 0.001 -0.87 0.22 -3.92 0.36 

1983_4 CPR1990_1a_1983_4 1982.8 5.85 0.02 9.305 0.009 5.280 0.005 -1.42 0.22 -4.25 0.36 

1983_3 CPR1990_1a_1983_3 1982.9 5.91 0.07 9.215 0.008 5.115 0.005 0.00 0.25 -4.02 0.36 

1983_2 CPR1990_1a_1983_2 1983 5.78 0.06 9.344 0.009 5.001 0.011 -0.18 0.23 -4.08 0.36 

1983_1 CPR1990_1a_1983_1 1983.3 6.10 0.02 9.237 0.009 5.612 0.005 -0.85 0.22 -4.12 0.36 

1984_6 CPR1990_1a_1984_6 1983.5 5.99 0.06 9.300 0.009 5.276 0.003 -1.52 0.22 -4.06 0.33 

1984_5 CPR1990_1a_1984_5 1983.7 6.03 0.06 9.345 0.015 5.420 0.006 -1.60 0.22 -3.83 0.33 

1984_4 CPR1990_1a_1984_4 1984.1 5.82 0.03 9.345 0.011 5.123 0.001 -0.77 0.22 -3.76 0.36 

1984_3 CPR1990_1a_1984_3 1984.5 5.41 0.01 9.286 0.022 4.984 0.006 0.38 0.23 -3.72 0.36 

1984_2 CPR1990_1a_1984_2 1984.7 5.66 0.03 9.343 0.016 4.599 0.007 -0.39 0.22 -4.11 0.37 

1984_1 CPR1990_1a_1984_1 1985 6.45 0.07 9.316 0.007 4.618 0.008 -1.17 0.23 -4.10 0.36 

1985l_6 CPR1990_1a_1985l_6 1985.2 6.37 0.09 9.350 0.003 4.977 0.006 -0.88 0.24 -4.03 0.35 

1985l_5 CPR1990_1a_1985l_5 1985.5 5.87 0.09 9.222 0.015 5.137 0.010 -1.94 0.23 -4.10 0.33 

1985l_4 CPR1990_1a_1985l_4 1985.8 5.70 0.09 9.276 0.015 4.666 0.002 -0.20 0.22 -3.75 0.33 

1985l_3 CPR1990_1a_1985l_3 1986.1 5.70 0.05 9.290 0.009 4.787 0.011 -0.45 0.22 -4.04 0.33 

1985l_2 CPR1990_1a_1985l_2 1986.3 5.94 0.08 9.270 0.020 4.798 0.001 0.46 0.22 -3.87 0.33 

1985l_1 CPR1990_1a_1985l_1 1986.4 7.62 0.13 9.216 0.017 4.935 0.006 -1.56 0.22 -4.27 0.33 

1986r_6 CPR1990_1a_1986r_6 1986.6 7.38 0.07 9.170 0.009 5.036 0.002 -1.98 0.23 -4.14 0.33 

1986r_5 CPR1990_1a_1986r_5 1986.7 6.52 0.05 9.320 0.004 4.847 0.007 -1.55 0.22 -3.94 0.32 

1986r_4 CPR1990_1a_1986r_4 1987 6.17 0.04 9.315 0.015 4.474 0.011 -0.28 0.23 -3.80 0.33 

1986r_3 CPR1990_1a_1986r_3 1987.2 5.96 0.06 9.272 0.016 4.841 0.003 -0.49 0.22 -4.10 0.33 

1986r_2 CPR1990_1a_1986r_2 1987.3 6.17 0.04 9.303 0.022 4.649 0.003 0.06 0.23 -3.96 0.33 

1986r_1 CPR1990_1a_1986r_1 1987.4 6.56 0.05 9.309 0.007 5.042 0.008 -1.86 0.23 -4.24 0.33 

1987r_6 CPR1990_1a_1987r_6 1987.5 6.66 0.03 9.288 0.008 5.842 0.009 -1.49 0.25 -4.16 0.36 
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1987r_5 CPR1990_1a_1987r_5 1987.6 6.85 0.04 9.328 0.004 5.328 0.009 -1.43 0.23 -4.06 0.33 

1987r_4 CPR1990_1a_1987r_4 1987.7 6.33 0.04 9.291 0.013 6.155 0.009 -1.20 0.22 -4.07 0.33 

1987r_3 CPR1990_1a_1987r_3 1987.8 6.11 0.06 9.288 0.016 6.487 0.004 -0.31 0.26 -4.12 0.37 

1987r_2 CPR1990_1a_1987r_2 1987.9 6.19 0.04 9.362 0.017 6.277 0.010 -0.49 0.22 -3.90 0.33 

1987r_1 CPR1990_1a_1987r_1 1988.2 6.93 0.06 9.250 0.023 7.146 0.011 -1.33 0.22 -4.20 0.33 

1988_4 CPR1990_1a_1988_4 1988.4 5.22 0.10 9.279 0.011 5.625 0.007 0.02 0.22 -3.89 0.33 

1988_3 CPR1990_1a_1988_3 1988.5 5.44 0.08 9.233 0.011 6.392 0.005 -1.72 0.24 -4.44 0.36 

1988_2 CPR1990_1a_1988_2 1988.6 5.76 0.09 9.271 0.005 6.676 0.010 -0.83 0.22 -4.17 0.33 

1988_1 CPR1990_1a_1988_1 1988.8 5.69 0.07 9.265 0.008 6.457 0.011 -1.82 0.23 -4.18 0.34 

1989_6 CPR1990_1a_1989_6 1988.9 5.49 0.08 9.324 0.009 6.000 0.001 -0.98 0.25 -3.95 0.36 

1989_5 CPR1990_1a_1989_5 1989 5.32 0.07 9.380 0.004 5.197 0.006 0.04 0.22 -3.62 0.33 

1989_4 CPR1990_1a_1989_4 1989.2 5.54 0.13 9.286 0.011 5.378 0.004 0.27 0.22 -3.97 0.33 

1989_3 CPR1990_1a_1989_3 1989.4 5.73 0.04 9.309 0.017 4.955 0.008 0.32 0.22 -4.30 0.32 

1989_2 CPR1990_1a_1989_2 1989.6 6.09 0.12 9.276 0.014 5.174 0.007 -0.66 0.25 -4.28 0.37 

1989_1 CPR1990_1a_1989_1 1989.7 6.09 0.04 9.240 0.001 5.136 0.005 -0.27 0.24 -4.04 0.36 

1990_5 CPR1990_1a_1990_5 1989.9 5.75 0.12 9.299 0.007 5.180 0.004 -0.91 0.21 -4.19 0.32 

1990_4 CPR1990_1a_1990_4 1990.1 5.73 0.10 9.268 0.006 5.190 0.005 -1.59 0.22 -3.89 0.32 

1990_3 CPR1990_1a_1990_3 1990.4 5.59 0.08 9.298 0.017 5.525 0.006 -0.22 0.22 -3.80 0.33 

1990_2 CPR1990_1a_1990_2 1990.5 5.76 0.10 9.271 0.008 5.541 0.005 0.91 0.25 -3.74 0.37 

1990_1 CPR1990_1a_1990_1 1990.6 5.48 0.09 9.254 0.013 5.086 0.002 1.29 0.24 -3.78 0.36 

1988_6 CPR1990_1a_1988_6 1988.2 6.13 0.09 9.311 0.011 8.424 0.009 -0.68 0.22 -3.77 0.32 

1988_5 CPR1990_1a_1988_5 1988.3 5.25 0.09 9.278 0.014 8.460 0.011 -0.34 0.26 -4.14 0.36 

TM1981_6 TM2020_1_TM1981_6 
 

4.98 0.06 9.353 0.014 6.221 0.009 -1.18 0.21 -3.96 0.33 

TM1981_5 TM2020_1_TM1981_5 
 

4.92 0.10 9.386 0.008 5.303 0.003 -0.17 0.21 -3.84 0.32 

TM1981_4 TM2020_1_TM1981_4 
 

4.79 0.07 9.318 0.006 6.287 0.009 -0.65 0.21 -4.19 0.32 

TM1981_3 TM2020_1_TM1981_3 
 

4.98 0.06 9.282 0.017 5.535 0.013 -0.35 0.21 -3.98 0.33 

TM1981_2 TM2020_1_TM1981_2 
 

5.22 0.07 9.321 0.012 5.548 0.001 -0.48 0.21 -4.23 0.32 

TM1981_1 TM2020_1_TM1981_1 
 

5.21 0.09 9.271 0.016 6.037 0.001 -0.56 0.21 -3.88 0.32 

TM1982_6 TM2020_1_TM1982_6 
 

5.25 0.13 9.306 0.012 5.355 0.006 -1.55 0.21 -4.31 0.32 

TM1982_5 TM2020_1_TM1982_5 
 

5.27 0.16 9.283 0.018 5.626 0.003 -1.43 0.21 -4.15 0.33 
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TM1982_4 TM2020_1_TM1982_4 
 

5.15 0.07 9.390 0.016 5.197 0.007 -0.61 0.21 -4.16 0.32 

TM1982_3 TM2020_1_TM1982_3 
 

5.01 0.15 9.452 0.008 5.140 0.009 -0.22 0.22 -3.71 0.32 

TM1982_2 TM2020_1_TM1982_2 
 

4.97 0.10 9.330 0.007 5.666 0.003 -0.24 0.22 -3.83 0.32 

TM1982_1 TM2020_1_TM1982_1 
 

4.98 0.15 9.357 0.006 4.789 0.004 -0.51 0.21 -4.01 0.32 

TM1983_6 TM2020_1_TM1983_6 
 

4.96 0.08 9.329 0.022 5.813 0.007 -0.90 0.21 -4.17 0.32 

TM1983_5 TM2020_1_TM1983_5 
 

5.35 0.09 9.329 0.007 5.385 0.004 -0.71 0.22 -3.90 0.34 

TM1983_4 TM2020_1_TM1983_4 
 

5.27 0.14 9.433 0.014 5.504 0.003 0.16 0.21 -3.56 0.33 

TM1983_3 TM2020_1_TM1983_3 
 

4.94 0.11 9.401 0.005 5.695 0.000 -0.77 0.22 -3.82 0.33 

TM1983_2 TM2020_1_TM1983_2 
 

5.16 0.14 9.320 0.015 5.362 0.004 -0.16 0.21 -3.64 0.33 

TM1983_1 TM2020_1_TM1983_1 
 

5.33 0.16 9.311 0.021 5.094 0.005 -1.07 0.21 -4.16 0.33 

TM1984_6 TM2020_1_TM1984_6 
 

5.60 0.11 9.338 0.006 4.779 0.004 -0.54 0.22 -4.20 0.32 

TM1984_5 TM2020_1_TM1984_5 
 

5.85 0.13 9.326 0.015 5.629 0.015 -0.95 0.22 -4.05 0.32 

TM1984_4 TM2020_1_TM1984_4 
 

5.59 0.09 9.291 0.019 5.866 0.002 -1.66 0.21 -4.12 0.32 

TM1984_3 TM2020_1_TM1984_3 
 

5.28 0.09 9.341 0.010 5.548 0.006 0.02 0.21 -3.70 0.33 

TM1984_2 TM2020_1_TM1984_2 
 

5.11 0.04 9.346 0.011 5.308 0.008 0.10 0.22 -3.59 0.33 

TM1984_1 TM2020_1_TM1984_1 
 

5.16 0.07 9.269 0.002 5.090 0.005 -0.29 0.21 -3.94 0.32 

TM1985_6 TM2020_1_TM1985_6 
 

5.64 0.08 9.369 0.009 5.248 0.005 0.19 0.21 -3.90 0.33 

TM1985_5 TM2020_1_TM1985_5 
 

5.64 0.03 9.260 0.014 5.760 0.010 -0.89 0.21 -4.18 0.32 

TM1985_4 TM2020_1_TM1985_4 
 

5.34 0.08 9.307 0.015 5.657 0.010 -0.25 0.21 -3.75 0.33 

TM1985_3 TM2020_1_TM1985_3 
 

5.07 0.08 9.323 0.016 5.790 0.007 -0.21 0.22 -3.75 0.32 

TM1985_2 TM2020_1_TM1985_2 
 

5.28 0.04 9.359 0.011 5.378 0.004 -0.09 0.22 -4.02 0.33 

TM1985_1 TM2020_1_TM1985_1 
 

5.22 0.08 9.386 0.017 5.176 0.002 0.18 0.21 -4.00 0.32 

TM1986_6 TM2020_1_TM1986_6 
 

5.33 0.06 9.382 0.019 5.675 0.003 0.15 0.21 -3.94 0.32 

TM1986_5 TM2020_1_TM1986_5 
 

5.20 0.08 9.334 0.013 5.943 0.003 -0.53 0.22 -3.91 0.33 

TM1986_4 TM2020_1_TM1986_4 
 

4.86 0.06 9.380 0.011 5.583 0.008 -0.02 0.21 -3.67 0.32 

TM1986_3 TM2020_1_TM1986_3 
 

4.84 0.11 9.341 0.007 6.242 0.002 -0.10 0.21 -3.89 0.32 

TM1986_2 TM2020_1_TM1986_2 
 

5.12 0.12 9.309 0.015 5.593 0.001 0.01 0.21 -4.05 0.32 

TM1986_1 TM2020_1_TM1986_1 
 

5.29 0.12 9.347 0.010 6.715 0.011 -0.51 0.22 -4.16 0.33 

TM1987_6 TM2020_1_TM1987_6 
 

5.26 0.08 9.392 0.006 5.672 0.009 -0.12 0.21 -3.91 0.33 

TM1987_5 TM2020_1_TM1987_5 
 

5.23 0.05 9.366 0.009 6.776 0.006 -0.79 0.24 -4.00 0.36 
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TM1987_4 TM2020_1_TM1987_4 
 

5.12 0.06 9.398 0.004 6.694 0.004 -0.57 0.25 -3.91 0.35 

TM1987_3 TM2020_1_TM1987_3 
 

5.32 0.07 9.321 0.006 7.527 0.014 -0.19 0.24 -3.86 0.36 

TM1987_2 TM2020_1_TM1987_2 
 

4.86 0.09 9.323 0.013 6.484 0.001 -0.09 0.25 -3.87 0.36 

TM1987_1 TM2020_1_TM1987_1 
 

4.90 0.05 9.313 0.025 7.401 0.010 0.45 0.24 -3.73 0.35 

TM1988_6 TM2020_1_TM1988_6 
 

5.37 0.08 9.205 0.011 7.678 0.012 -1.00 0.25 -4.17 0.36 

TM2020_2 TM2020_1_TM2020_2 
 

5.41 0.09 9.372 0.007 7.096 0.008 -1.05 0.20 -4.06 0.38 

TM1988_4 TM2020_1_TM1988_4 
 

5.37 0.07 9.286 0.006 7.575 0.011 -1.24 0.26 -4.12 0.36 

TM1988_3 TM2020_1_TM1988_3 
 

5.25 0.06 9.311 0.006 7.734 0.007 -1.37 0.24 -4.13 0.36 

TM1988_2 TM2020_1_TM1988_2 
 

5.21 0.06 9.274 0.013 7.925 0.021 -1.32 0.25 -4.07 0.37 

TM1988_5 TM2020_1_TM1988_5 
 

5.64 0.10 9.224 0.014 8.987 0.015 -1.77 0.24 -4.14 0.36 

TM1989_6 TM2020_1_TM1989_6 
 

5.30 0.07 9.275 0.023 7.602 0.016 -0.82 0.25 -4.14 0.36 

TM1989_5 TM2020_1_TM1989_5 
 

5.32 0.08 9.323 0.016 6.635 0.006 -0.67 0.25 -4.15 0.36 

TM1989_4 TM2020_1_TM1989_4 
 

5.14 0.11 9.284 0.015 7.919 0.009 -1.10 0.25 -4.11 0.36 

TM1989_3 TM2020_1_TM1989_3 
 

5.04 0.10 9.330 0.005 7.157 0.005 -0.33 0.24 -4.04 0.36 

TM1989_2 TM2020_1_TM1989_2 
 

5.02 0.05 9.345 0.007 7.250 0.007 -0.37 0.25 -3.92 0.36 

TM1989_1 TM2020_1_TM1989_1 
 

4.94 0.06 9.369 0.007 6.760 0.008 0.02 0.24 -3.89 0.35 

TM1990_6 TM2020_1_TM1990_6 
 

4.99 0.05 9.305 0.008 7.027 0.003 -0.59 0.25 -4.22 0.36 

TM1988_1 TM2020_1_TM1988_1 
 

5.45 0.06 9.310 0.014 8.269 0.009 -0.53 0.25 -4.23 0.35 

TM1990_5 TM2020_1_TM1990_5 
 

5.09 0.04 9.371 0.013 8.336 0.010 -0.67 0.25 -4.28 0.35 

TM1990_4 TM2020_1_TM1990_4 
 

5.44 0.05 9.288 0.020 11.093 0.024 -1.33 0.25 -4.18 0.35 

TM1990_3 TM2020_1_TM1990_3 
 

5.41 0.12 9.342 0.003 10.637 0.006 -1.41 0.26 -4.04 0.36 

TM1990_2 TM2020_1_TM1990_2 
 

5.27 0.11 9.383 0.024 9.685 0.006 -0.53 0.24 -3.83 0.35 

TM1990_1 TM2020_1_TM1990_1 
 

5.08 0.09 9.258 0.006 12.627 0.014 -0.49 0.24 -4.01 0.36 

TM2011_6 TM2020_1_TM2011_6 
 

5.12 0.02 9.273 0.010 11.224 0.011 -0.84 0.24 -4.05 0.36 

TM2011_5 TM2020_1_TM2011_5 
 

5.70 0.03 9.255 0.012 10.434 0.002 -1.44 0.23 -4.32 0.37 

TM2011_4 TM2020_1_TM2011_4 
 

5.66 0.02 9.284 0.017 10.446 0.009 -1.06 0.23 -4.16 0.36 

TM2011_3 TM2020_1_TM2011_3 
 

5.13 0.06 9.319 0.005 11.247 0.016 -1.57 0.23 -4.01 0.36 

TM2011_2 TM2020_1_TM2011_2 
 

5.05 0.02 9.354 0.023 21.706 0.018 -0.30 0.25 -3.71 0.36 

TM2012_6 TM2020_1_TM2012_6 
 

5.14 0.04 9.547 0.009 5.610 0.002 -0.69 0.23 -4.12 0.36 

TM2011_1 TM2020_1_TM2011_1 
 

4.86 0.03 9.423 0.007 9.432 0.019 0.12 0.23 -3.59 0.36 
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TM2012_5 TM2020_1_TM2012_5 
 

5.38 0.03 9.317 0.012 8.439 0.003 -0.67 0.22 -4.00 0.36 

TM2012_4 TM2020_1_TM2012_4 
 

5.50 0.04 9.273 0.018 12.160 0.013 -0.29 0.23 -3.92 0.36 

TM2012_3 TM2020_1_TM2012_3 
 

5.37 0.03 9.306 0.014 10.905 0.006 -1.66 0.23 -3.96 0.36 

TM2012_2 TM2020_1_TM2012_2 
 

5.12 0.03 9.368 0.016 10.059 0.008 -1.23 0.23 -3.83 0.36 

TM2013_6 TM2020_1_TM2013_6 
 

5.09 0.02 9.405 0.024 5.882 0.002 -0.32 0.23 -4.16 0.37 

TM2013_5 TM2020_1_TM2013_5 
 

5.35 0.05 9.430 0.012 5.615 0.005 -0.50 0.23 -4.01 0.36 

TM2013_4 TM2020_1_TM2013_4 
 

5.35 0.03 9.377 0.007 6.071 0.003 -1.08 0.23 -3.90 0.36 

TM2013_3 TM2020_1_TM2013_3 
 

5.20 0.02 9.327 0.002 7.473 0.013 -1.79 0.22 -3.89 0.36 

TM2012_1 TM2020_1_TM2012_1 
 

5.60 0.02 9.396 0.017 10.020 0.012 -0.84 0.23 -3.93 0.36 

TM2013_1 TM2020_1_TM2013_1 
 

5.04 0.03 9.335 0.010 6.253 0.004 0.05 0.22 -3.76 0.36 

TM2014_6 TM2020_1_TM2014_6 
 

5.09 0.02 9.278 0.013 6.512 0.004 -0.69 0.20 -3.81 0.38 

TM2014_5 TM2020_1_TM2014_5 
 

6.03 0.02 9.311 0.016 7.793 0.006 -0.24 0.20 -3.87 0.39 

TM2014_4 TM2020_1_TM2014_4 
 

5.52 0.02 9.392 0.006 6.771 0.005 -0.84 0.20 -3.60 0.38 

TM2013_2 TM2020_1_TM2013_2 
 

5.23 0.01 9.321 0.008 9.279 0.012 -0.67 0.23 -3.90 0.36 

TM2014_3 TM2020_1_TM2014_3 
 

5.49 0.03 9.366 0.003 10.587 0.005 -1.42 0.21 -3.77 0.39 

TM2014_2 TM2020_1_TM2014_2 
 

5.55 0.04 9.352 0.015 11.553 0.016 0.29 0.21 -3.33 0.38 

TM2015_6 TM2020_1_TM2015_6 
 

5.14 0.02 9.477 0.021 7.676 0.003 -0.07 0.20 -3.75 0.39 

TM2015_5 TM2020_1_TM2015_5 
 

5.37 0.01 9.368 0.019 7.446 0.003 0.40 0.21 -3.61 0.38 

TM2015_4 TM2020_1_TM2015_4 
 

6.46 0.03 9.408 0.011 7.639 0.006 -1.39 0.21 -4.07 0.39 

TM2015_3 TM2020_1_TM2015_3 
 

5.71 0.03 9.403 0.007 6.740 0.011 0.46 0.20 -3.44 0.38 

TM2015_2 TM2020_1_TM2015_2 
 

6.09 0.03 9.406 0.003 7.220 0.004 -0.78 0.20 -3.69 0.38 

TM2015_1 TM2020_1_TM2015_1 
 

5.51 0.04 9.417 0.001 7.909 0.002 0.60 0.20 -3.43 0.38 

TM2014_1 TM2020_1_TM2014_1 
 

5.54 0.02 9.320 0.021 10.556 0.003 -0.72 0.20 -3.59 0.38 

TM2016_5 TM2020_1_TM2016_5 
 

5.41 0.03 9.390 0.016 6.078 0.008 -0.21 0.24 -3.77 0.36 

TM2016_4 TM2020_1_TM2016_4 
 

6.35 0.03 9.359 0.006 6.061 0.003 -0.55 0.20 -3.82 0.39 

TM2016_3 TM2020_1_TM2016_3 
 

6.74 0.02 9.395 0.003 6.208 0.015 -1.91 0.20 -3.89 0.38 

TM2016_2 TM2020_1_TM2016_2 
 

5.72 0.02 9.420 0.021 7.327 0.007 -0.89 0.20 -3.52 0.39 

TM2016_1 TM2020_1_TM2016_1 
 

5.48 0.02 9.419 0.020 6.425 0.007 -0.46 0.21 -3.62 0.38 

TM2017_6 TM2020_1_TM2017_6 
 

5.46 0.02 9.369 0.017 5.485 0.011 0.05 0.22 -3.90 0.38 

TM2016_6 TM2020_1_TM2016_6 
 

5.39 0.02 9.392 0.001 9.193 0.013 0.11 0.21 -3.71 0.39 
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TM2017_4 TM2020_1_TM2017_4 
 

5.53 0.02 9.450 0.006 5.873 0.006 0.55 0.21 -3.57 0.38 

TM2017_3 TM2020_1_TM2017_3 
 

5.46 0.02 9.428 0.012 6.308 0.011 -0.73 0.21 -3.86 0.38 

TM2017_2 TM2020_1_TM2017_2 
 

5.96 0.02 9.395 0.008 6.502 0.004 -0.58 0.21 -3.65 0.38 

TM2017_1 TM2020_1_TM2017_1 
 

4.97 0.03 9.403 0.017 6.886 0.009 -0.32 0.21 -3.62 0.38 

TM2018_6 TM2020_1_TM2018_6 
 

5.05 0.03 9.390 0.006 6.013 0.003 0.47 0.20 -3.71 0.39 

TM2018_5 TM2020_1_TM2018_5 
 

5.22 0.02 9.348 0.004 6.025 0.006 0.64 0.20 -3.65 0.40 

TM2017_5 TM2020_1_TM2017_5 
 

5.58 0.02 9.322 0.013 9.499 0.007 0.72 0.20 -3.58 0.38 

TM2018_4 TM2020_1_TM2018_4 
 

5.76 0.02 9.285 0.017 8.225 0.002 -1.40 0.21 -4.12 0.39 

TM2018_3 TM2020_1_TM2018_3 
 

5.74 0.03 9.396 0.011 5.332 0.004 -1.20 0.21 -4.02 0.38 

TM2018_1 TM2020_1_TM2018_1 
 

5.41 0.03 9.407 0.013 7.568 0.008 -0.01 0.21 -3.88 0.38 

TM2019_6 TM2020_1_TM2019_6 
 

4.36 0.15 9.381 0.020 6.139 0.001 -0.40 0.20 -3.96 0.38 

TM2019_5 TM2020_1_TM2019_5 
 

4.04 0.17 9.361 0.012 5.922 0.007 -0.05 0.21 -4.06 0.39 

TM2018_2 TM2020_1_TM2018_2 
 

5.55 0.02 9.370 0.007 9.166 0.006 -0.61 0.21 -3.96 0.38 

TM2019_4 TM2020_1_TM2019_4 
 

4.00 0.12 9.350 0.018 6.485 0.006 -0.09 0.21 -3.90 0.39 

TM2019_2 TM2020_1_TM2019_2 
 

5.69 0.02 9.355 0.022 6.520 0.003 -0.94 0.20 -3.85 0.39 

TM2019_3 TM2020_1_TM2019_3 
 

5.57 0.07 9.359 0.020 8.181 0.004 -1.73 0.20 -4.08 0.38 

TM2020_4 TM2020_1_TM2020_4 
 

4.96 0.09 9.436 0.011 8.403 0.005 0.04 0.20 -3.69 0.38 

TM2019_1 TM2020_1_TM2019_1 
 

5.39 0.02 9.467 0.013 7.492 0.008 -0.10 0.20 -3.51 0.38 

TM2020_3 TM2020_1_TM2020_3 
 

5.70 0.16 9.239 0.011 12.765 0.012 -0.64 0.20 -3.83 0.38 

TM2020_1 TM2020_1_TM2020_1 
 

4.85 0.13 9.268 0.003 8.248 0.006 -0.31 0.21 -3.85 0.38 
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