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Abstract 16 

The Atlantic Meridional Overturning Circulation (AMOC) is a critical modulating component 17 

of the Earth’s climate system, therefore, documenting the timing and amplitude of AMOC 18 

variability since the Industrial Era is essential for understanding future climate. However, there 19 

are very few continuous high-resolution records from this time period in the subsurface ocean 20 

which restricts us from exploring the nature of changes in the ocean interior. Here, we present 21 
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new seawater radiocarbon (14C) records of intermediate depth water (between 1400 m and 2000 22 

m) for the Industrial Era since 1830 CE obtained from the calcitic skeleton of four cold-water 23 

bamboo corals from the tropical Atlantic. These samples were collected in 2013 with lifespans 24 

ranging from 64 to 161 years. No bomb 14C was detected in the calcitic skeleton, indicating 25 

that the tropical intermediate North Atlantic had not yet been invaded by bomb 14C at the time 26 

of collection. The data show a relatively constant Δ14C before 1960 CE with a synchronous 27 

basin-wide increase in 14C content reached by 1980 CE. The stepwise shift in Δ14C may be 28 

explained by the North Atlantic Deep Water (NADW) becoming shallower in the tropical 29 

North Atlantic and/or a southward retreat of Antarctic Intermediate Water (AAIW), in either 30 

case potentially linked to a weakening of AMOC. Our study indicates synchronous large-scale 31 

oceanic reconfiguration occurred throughout the tropical and North Atlantic starting in the 32 

1960s and that there has been no subsequent return to the state of the pre-mid-20th century 33 

oceanic interior. 34 

Key words: Atlantic Meridional Overturning Circulation (AMOC), Cold-water corals 35 

(CWCs), Radiocarbon, Bomb radiocarbon, Tropical Atlantic, North Atlantic Deep Water 36 

(NADW), Antarctic Intermediate Water (AAIW) 37 

 38 

Highlights: 39 

● Tropical North Atlantic intermediate water Δ14C increased by ~9 ‰ between the 1960s 40 

and 1980s. 41 

● No bomb 14C recorded in coral calcitic skeletons when they were collected in 2013. 42 

● Tropical NADW may have become shallower and/or AAIW have retreated after the 1960s.  43 
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1. Introduction 44 

Atlantic Meridional Overturning Circulation (AMOC) is one of the major ocean circulation 45 

systems. It transports heat, carbon and nutrients across the Equator to the North, so any changes 46 

in the AMOC have the potential to disrupt regional and global climate and productivity patterns 47 

(Broecker, 1991; Hu et al., 2020; Liu et al., 2020; Lynch-Stieglitz et al., 2024; Schmittner, 48 

2005). Although the exact timing and extent of weakening continue to be debated (Kilbourne 49 

et al., 2022; Rahmstorf, 2024; van Westen et al., 2024), recent studies suggest that AMOC has 50 

weakened over the last century, with growing evidence for a marked change in the 1970s 51 

(Caesar et al., 2021; Rahmstorf et al., 2015; Thornalley et al., 2018). However, variations in 52 

the associated water masses, particularly in the tropical Atlantic, remain largely unknown, as 53 

most model and proxy records are concentrated in the polar regions. Consequently, the 54 

implications of a rapidly weakening AMOC on the transport of heat, carbon, and nutrients on 55 

decadal timescales are unclear, thus complicating predictions of future climate and productivity 56 

patterns. Therefore, understanding the variations in water masses is critical to forecasting future 57 

climate changes and their potential impacts.  58 

The shallow to deep circulation of the AMOC comprises North Atlantic deep water (NADW) 59 

and Antarctic intermediate water (AAIW) which are both influenced by AMOC strength, but 60 

the details of how they respond to changes in AMOC remain an active area of research (Gu et 61 

al., 2017; Huang et al., 2014; Pahnke et al., 2008). In addition, a slowdown of AMOC would 62 

lead to a deepening of the tropical Atlantic thermocline (Pedro et al., 2018; Stewart et al., 2023; 63 

Timmermann et al., 2005). The subtropical/tropical Atlantic thermocline is mainly filled with 64 

North Atlantic Central Water (NACW) above South Atlantic Central Water (SACW) and 65 

modified AAIW below (mAAIW; a mixture of AAIW and Upper Circumpolar Deep Water) 66 

(Bub and Brown, 1996; Huang et al., 2012; Jenkins et al., 2015; Poole and Tomczak, 1999). In 67 
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a weakened AMOC state, the NACW and SACW potentially move southward (Huang et al., 68 

2012) as well as AAIW. 69 

Given the importance of AMOC to global heat transportation, reconstruction of recent Atlantic 70 

water mass variations and their linkages to climate change is vital. In this study, we compare 71 

coral, seawater and modelling radiocarbon (14C) data to explore the potential reconfigurations 72 

of water masses in the tropical Atlantic interior over the last century. 73 

Natural 14C is produced in the atmosphere by cosmogenic rays and invades the surface ocean 74 

by air-sea exchange (Broecker et al., 1960). The atmospheric-sourced 14C in the ocean and its 75 

known decay rate make it a powerful tracer for ocean circulation and ventilation as well as 76 

water-mass mixing (Adkins et al., 1998; Burke and Robinson, 2012; Graven et al., 2012; 77 

Lower-Spies et al., 2020; Rafter et al., 2022; Skinner and Bard, 2022). NADW and AAIW have 78 

distinct Δ14C based on their sources and ventilation rates (for modern seawater, Δ14C = (Fm × 79 

exp(–t/8267) – 1) × 1000, where Fm is the fraction modern of the sample and t is years elapsed 80 

from 1950 CE until the year of the sample measurement). NADW is a relatively young deep 81 

water mass, sourced from northern North Atlantic surface water, and has a typical Δ14C of -86 82 

± 8‰ in the tropical Atlantic (Broecker et al., 1960; Kromer, 2014; Olsen et al., 2020, 2019). 83 

By contrast, AAIW is more depleted in radiocarbon given lower rates of air-sea gas exchange 84 

in the Antarctic, as well as a longer transit time to the tropical Atlantic (Fu et al., 2018) and has 85 

a typical Δ14C of -99 ± 11‰ (Broecker et al., 1960; Kromer, 2014; Olsen et al., 2020, 2019) in 86 

the tropical North Atlantic. The depth profile of Δ14C in the Atlantic therefore varies depending 87 

on water masses present at any specific location (Figure 1). 88 

In addition to natural variations in 14C, large amounts of 14C were generated in the atmosphere 89 

from the testing of nuclear weapons in the 1950s and 1960s. The atmospheric bomb 14C 90 

evolution curve clearly shows the start of bomb 14C increase at around 1955 CE, rapidly 91 
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reaching a maximum at around 1965 CE in the Northern Hemisphere (Hua et al., 2013) before 92 

abruptly decreasing again, in part, due to the influence of 14C-free fossil fuel burning (i.e., the 93 

Suess Effect) and air-sea exchange (Graven, 2015; Graven et al., 2012). This bomb 14C 94 

provides a useful tracer of ocean surface-to-deep transportation over the last century (Broecker 95 

et al., 1978; Grammer et al., 2015; Graven et al., 2012). Bomb 14C in the North Atlantic surface 96 

ocean started to accumulate in ~1957 CE (Druffel, 2002; Druffel, 1989) and reached a 97 

maximum between the 1970s and 1990s depending on location, depth, and oceanographic 98 

setting (Druffel, 2002; Fernandez et al., 2015; Liu et al., 2023). For example, in the northwest 99 

Atlantic surface ocean, the maximum bomb 14C occurred around 1983 CE as recorded in the 100 

organic skeleton of a gorgonian coral Primnoa resedaeformis collected in the Hudson Strait 101 

(Sherwood et al., 2008), which is ~10 years later and more than 100‰ depleted than the 102 

western subtropical Atlantic surface ocean due to deep mixing (Azetsu-Scott et al., 2005; 103 

Druffel, 1980). The temporal evolution of the bomb 14C curve therefore provides a way to 104 

determine the timescales of deep ocean circulation (Jenkins et al., 2015). 105 

A valuable archive of 14C is cold-water corals (CWCs), in particular bamboo corals that create 106 

robust organic and calcitic skeletons, which can be used to construct continuous high-resolution 107 

records of past ocean environments as mentioned above (Farmer et al., 2015a; Geyman et al., 108 

2019; Sherwood et al., 2008). Bamboo corals are so named because of their distinct bamboo-109 

like morphology that includes a jointed skeleton with dark proteinaceous organic nodes 110 

separating high-Mg calcitic internodes (Noé and Dullo, 2006; Roark et al., 2005). The two 111 

components of the coral skeleton grow concentrically and synchronously (Noé and Dullo, 112 

2006), providing temporally-linked geochemical records from both organic and calcitic 113 

components. 114 

The organic node of bamboo corals is annually banded so that organic node band-counting 115 



 

6 

 

methods can be used to develop age models for bamboo corals (Sherwood and Edinger, 2009). 116 

Correspondingly, the age model of the calcitic section can be determined by comparison to the 117 

growth rate derived from organic node band-counting (Liu et al., 2023; Noé and Dullo, 2006). 118 

This 14C independent age model makes bamboo corals a valuable archive of ocean interior 14C 119 

variation in the past. Moreover, the calcitic skeleton of bamboo corals is formed from ambient 120 

seawater, and thus records seawater conditions at the time of coral growth. For example, the 121 

Ba/Ca ratio of the bamboo coral calcitic skeleton has been explored as a proxy of seawater Ba 122 

concentration (Geyman et al., 2019; LaVigne et al., 2011; Serrato Marks et al., 2017). In 123 

addition, Δ14C recorded in the calcitic part of bamboo corals has been used to reconstruct the 124 

Δ14C variation of deep seawater (Farmer et al., 2015b; Sherwood et al., 2008).  125 

Here we present 14C records recorded in the calcitic skeleton of four bamboo corals collected 126 

from the central and eastern tropical Atlantic around 1400 m and 2000 m water depths in 2013 127 

CE. With growth rates generated by band counting of the organic nodes (Liu et al., 2023), this 128 

study uses age models for calcitic coral sections which do not rely on radiocarbon dating, 129 

permitting the use of 14C measurements as a tracer for circulation change. The coral ages date 130 

back to the 1800s, therefore allowing us to reconstruct water masses exchange variation of 131 

tropical Atlantic since the Industrial Era.  132 

  133 
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2. Methodology 134 

2.1. Coral samples 135 

The four bamboo corals used in this study were collected by remotely operated vehicle (ROV) 136 

during the RRS James Cook expedition JC094 in October 2013 (Robinson, 2014) and are from 137 

the eastern and central tropical North Atlantic Ocean at 1400 m to 2000 m water depth (Figure 138 

1; Table 1). Specifically, two corals were collected from the Carter and Knipovich Seamounts 139 

in the east and two corals from the Vema Fracture Zone and Vayda Seamount in the central 140 

tropical North Atlantic Ocean. Each coral was named by a simplified identifier notation that 141 

includes the abbreviated location name and water depth information (e.g., Car_1409m for the 142 

coral collected from Carter Seamount at 1409 m). 143 

2.2. Oceanographic Setting 144 

The 1400 m to 2000 m depth range where the four bamboo corals were collected is filled by 145 

northward mAAIW and a deeper southward NADW (Figure 1; (Emery and Meincke, 1986; 146 

Talley et al., 2011)). The mAAIW is distributed between 500 m and 1500 m depth across most 147 

of the Atlantic Ocean up to ~20°N with a decreasing trend of water mass fraction and depth 148 

towards the north (Kirchner et al., 2009; Talley, 1996). Above mAAIW is the thermocline 149 

water which includes NACW and SACW (Poole and Tomczak, 1999). SACW is distributed 150 

up to 800 m water depth and deviates as far northwards as 20°N (Poole and Tomczak, 1999; 151 

Stramma and Schott, 1999). Below mAAIW is NADW which is distributed between 1500 m 152 

and 4000 m (Jenkins et al., 2015).  153 



 

8 

 

2.3. Analytical techniques 154 

2.3.1 Sample preparation 155 

Each calcitic radial section was cut below the basal organic node of each coral for 156 

approximately 1 cm slice using an IsoMet® low speed saw (Buehler). The polished coral slice 157 

was photographed under a reflected light microscope camera with its radius measured. Powder 158 

subsamples were then milled out radially with 0.2 to 0.5 mm resolution using a micro-mill 159 

(New Wave Research) with ø1 mm flat end mill bit (Komet). The slice was rinsed and 160 

ultrasonicated in Milli-Q water between each drilling and photographed to measure the longest 161 

radius so that the interval of each subsample could be determined.  162 

2.3.2 Cleaning procedure 163 

Powdered subsamples were oxidatively cleaned with 1:1 30% H2O2 and 1N NaOH to remove 164 

any organic matter following the procedure of Adkins et al. (2002). About 15 mg of each 165 

powdered subsample was weighed into acid cleaned glass vials and 5 mg was leached away by 166 

0.05N HCl immediately before the remainder of the sample was analysed for radiocarbon 167 

content (Adkins et al., 2002). The powdered subsample was dried on a 60 ℃ hotplate and 168 

weighed before being graphitized. 169 

2.3.3 Radiocarbon measurement 170 

The powdered subsamples were measured at the Bristol Radiocarbon Accelerator Mass 171 

Spectrometry (BRAMS) Facility at the University of Bristol following the procedure of 172 

Knowles et al. (2019). The calcitic powder samples were graphitized using an IonPlus 173 

automatic graphitization equipment (AGE3) system. The graphite targets pressed by an IonPlus 174 

PSP were measured for radiocarbon on the BrisMICADAS which is a compact 200kV 175 
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MICADAS AMS. 176 

2.3.4 Radiocarbon calculation 177 

Radiocarbon data were originally provided as blank-corrected fraction modern (Fm) which is 178 

the 𝛿𝛿13C-normalized ratio between the measured sample 14C/12C and the 14C/12C of NBS Oxalic 179 

Acid Ⅱ at 1950 CE. D14C (‰; age uncorrected) were calculated using Equation 1. Δ14C (‰; 180 

age corrected) were calculated using Equation 2 (Stuiver and Polach, 1977). 181 

                                   D14C (‰) = (Fm – 1)*1000                                 Equation 1 182 

                              Δ14C (‰) = �Fm ∗ 𝑒𝑒𝜆𝜆(1950−𝑌𝑌𝑐𝑐) − 1� ∗ 1000                       Equation 2 183 

Where Yc is the coral skeleton formation year derived from age models calculated in Section 184 

2.4, 𝜆𝜆 is the reciprocal of the true mean 14C life (8267 years, (Godwin, 1962)). Δ14C allows 185 

direct comparison of radiocarbon content in samples from different ages by accounting for 186 

radiocarbon decay occurring between the time of sample formation and radiocarbon analysis. 187 

2.4. Age model development 188 

The age models of the four corals were developed in Liu et al. (2023) for the organic nodes. 189 

Given synchronous growth in the radial direction (Noé and Dullo, 2006), calcitic radial sections 190 

share the same relative age as their organic node. The longest-lived coral is Vem_1474m which 191 

was dated back to 1831 CE and the youngest, Car_1409m, dated back to 1950 CE (Table 1). 192 

The time range over each calcitic subsample was formed is listed in Table S1.  193 

The radii of the organic node and calcitic section are different, so that the growth rates of the 194 

organic node subsamples cannot be applied to calcitic sections directly (Table 1). Instead, a 195 

linear growth rate for each subsample of organic node was calculated using the distance of the 196 
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subsample interval and the average counted layers (Liu et al., 2023). After matching the calcitic 197 

section and organic node subsamples based on their distances from the outer edge (calcitic 198 

section distance × ratio between radius of organic node and calcitic section), the growth rates 199 

were applied to the matched calcitic section subsamples (Table S1). The collection date 200 

(decimal year 2013.8) was assigned to the outermost edge of each calcitic section for 201 

Car_1409m and Vay_1455m. However, it has already been shown that the other two corals 202 

stopped growing before collection (Kni_1985m and Vem_1474m), therefore, the calculated 203 

year of each coral edge based on its organic node was applied, 1987 CE and 1992 CE for 204 

Kni_1985m and Vem_1474m, respectively (Table 1;(Liu et al., 2023)).  205 

2.5. Comparative Δ14C data compilation 206 

2.5.1 Seawater dissolved inorganic carbon (DIC) Δ14C data 207 

To put our coral 14C data into context, observed seawater Δ14C profiles were collated for 208 

comparison (Table S2; Figure 2). Seventeen profiles were collated from 1973 CE to 2013 CE 209 

in which nine profiles were sourced from GLODAPv2021 (Kromer, 2014; Olsen et al., 2020, 210 

2019) and eight profiles were sourced from JC094 cruise data (Chen et al., 2015). The cruise 211 

data are divided by CTD and ROV, in which CTD collected water samples away from the 212 

seamounts to reach the seafloor while ROV collected water samples on the seamounts slope 213 

where the corals were collected (Robinson, 2014). Therefore, the ROV data should be the 214 

closest possible match to the seawater Δ14C at our coral sites. Seawater data were divided by 215 

location near Vem_1474m, Vay_1455m, Car_1409m, and Kni_1985mas indicated by colour 216 

code (Figure 1b, c). 217 

2.5.2 Earth-System-Model-derived Δ14C outputs 218 

In addition to observed seawater data, climate model outputs were compiled to compare with 219 
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our coral 14C data. The historical simulation of all three models (CESM2, CESM2-FV2, MRI-220 

ESM2-0) incorporated 14C within Coupled Model Intercomparison Project Phase 6 (CMIP6) 221 

were compiled. All 15 ensembles outputs were extracted and compiled, including 11 ensembles 222 

in CESM2, 3 in CESM2-FV2 and 1 in MRI-ESM2-0. Model outputs of abiotic dissolved 223 

inorganic total carbon (‘dissicabio’) and abiotic dissolved inorganic carbon-14 (‘dissi14cabio’) 224 

concentration (Danabasoglu, 2019; Orr et al., 2017) were used to calculate modelled seawater 225 

Δ14C using the following equation (Orr et al., 2017): 226 

Δ14C = (dissi14cabio/dissicabio – 1) × 1000                                   Equation 3  227 

for the period 1900 CE to 2014 CE at depths proximal to each coral collection site. The model 228 

outputs have been normalized by δ13C and the calculated Δ14C can be compared directly with 229 

measured data (Orr et al., 2017). The modelled seawater Δ14C of North Atlantic at 1500 m and 230 

section profile in 2010 CE were also calculated (Figure 1a, d).  231 

The comparisons between each ensemble outputs and coral 14C are shown in Figure A1. 232 

Despite absolute value offsets existing between model runs (less than 5‰ in our coral 233 

locations), the general trends and timings agree with each other in model CESM2 and CESM2-234 

FV2 (Figure A1). There are limited differences between each ensemble within each model. 235 

However, 14C variations in model MRI-ESM2-0 show distinct differences from the other two 236 

models and different from observations. Therefore, we did not include MRI-ESM2-0 outputs 237 

in our coral-model comparison. In light of the better agreement between Northwest Atlantic 238 

surface coral and model simulations (Figure A1b), we chose the average result of all 11 239 

ensembles in historical simulations of CESM2 in our discussion. 240 
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3. Results and Discussion 241 

3.1 Seawater DIC Δ14C reconstructed from bamboo coral calcitic Δ14C 242 

Overall, the Δ14C recorded in the calcite sections of the four bamboo corals is consistent with 243 

the relevant seawater Δ14C profiles (Figure 2; Figure 3), confirming that bamboo coral calcite 244 

records ambient seawater Δ14C. 245 

There are generally two stages of Δ14C recorded in all four corals. The Δ14C before 1960 CE is 246 

lower and constant, averaging -89 ± 2‰ (n = 13, 1SD). After 1960s, the Δ14C increases to -81 247 

± 4‰ in 1980s in both central and eastern sites and remains this way in both Vay_1455m and 248 

Car_1409m (Figure 3). The detailed comparations of coral Δ14C with seawater observations 249 

and model results in central and eastern Atlantic are discussed below. 250 

3.1.1 Central Atlantic Sites 251 

The two central Atlantic corals were collected from around 1500 m depth, within the transition 252 

layer between mAAIW and NADW (Figure 1d). Given the large difference in Δ14C between 253 

these water masses (-99 ± 11‰ and -86 ± 8‰, respectively) (Broecker et al., 1960; Kromer, 254 

2014; Olsen et al., 2020, 2019), small changes in circulation may have a relatively large impact 255 

on seawater (or coral) Δ14C.   256 

The most obvious difference between the coral and seawater data is in the most modern samples 257 

(2013 CE). Seawater data show Δ14C values up to -59‰ which is 21‰ higher than the coral 258 

data (Figure 3a). We interpret this seawater data as invasion of bomb radiocarbon, which is not 259 

yet seen in the accumulated coral carbonate. In support of the invasion of bomb radiocarbon 260 

into the ocean, there is a significant increase of Δ14C (by ~40 ‰) between 1983 CE and 2013 261 

CE in NADW at a location 3 degrees to the west of Vay_1455m (GRM as shown in Figure 1b; 262 
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Figure 2a). The comparison between significant enrichment of 14C in GRM and slight 263 

enrichment of 14C in the central Atlantic suggests that bomb 14C had not started influencing the 264 

coral collection sites until 2013 CE. That explains the discrepancy between seawater and coral 265 

data in 2013 CE as the bomb signal cannot yet be resolved by our coral sampling technique. 266 

Prior to the most recent seawater data in 2013 CE, Δ14C in the corals are very similar to 267 

seawater. At Vay_1455m the coral Δ14C is constant at -90‰, then jumps up by 9‰ to -81‰ at 268 

1979 CE (Figure 3a). Local seawater data are closely aligned with these data, supporting the 269 

coral-based step change. The Δ14C in coral Vem_1474m shows a remarkably similar step 270 

change in the 1960s from consistent values of -91‰ towards higher values of -83‰. There are 271 

only 3 seawater profiles very close to Vem_1474m, two from the 1980s and one in 2013 CE. 272 

The 1980s seawater Δ14C data are ~11‰ lower than the corals (Figure 3a). However, this 273 

mismatch is not surprising, as the seawater samples were collected from the northeast where 274 

the Δ14C is lower than the coral location in the modern day (Figure 1a, b). 275 

3.1.2 Eastern Atlantic Sites 276 

In the east, there is more variability in both the coral and seawater data (Figure 3b). Car_1409m 277 

sits towards the top of NADW, whilst Kni_1985m is located below it, within modern NADW. 278 

This variability is expected, given the difference in oceanographic setting and the locations of 279 

both corals in water mass transition zones (Figure 2b).  280 

Seawater Δ14C in 2013 CE ranges from -100‰ to -70‰ within the NADW in the east (Figure 281 

2b; Figure 3b), however, this large variability might also be due to a critical time when there is 282 

slight bomb 14C incursion nearby as seen in the central Atlantic (see section 3.2). Again, this is 283 

not seen in the corals, as they integrate sub-decadal 14C signals (Table S1). 284 

The Δ14C trend recorded in coral calcitic skeleton is similar to the central sites, both showing 285 
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low values prior to the 1960s and high values after the 1960s, except a single data point from 286 

Kni_1985m which shows early 14C enrichment in the 1950s (Figure 3b). This may indicate an 287 

early signal to this deepest site, however, given the singular nature of this datapoint we will not 288 

over interpret this as an early onset at this particular site, but we cannot rule it out. 289 

The comparison to seawater data in the east is more complex than in the central location given 290 

the wider range of data. Prior to 2013 CE, we generally observe coral Δ14C similar to or higher 291 

than nearby seawater Δ14C (Figure 3b). Modern oceanographic observations indicate 292 

interannual or even seasonal variability in the properties of AAIW (Fu et al., 2019; Roque et 293 

al., 2019), giving rise to the potential for relatively rapid changes in seawater Δ14C.  Given that 294 

coral Δ14C represents an averaged integrated signal over several years (Table S1), we would 295 

not expect to see all seawater fluctuations recorded in the coral.  296 

3.2 Timescales of bomb 14C transport 297 

Seawater Δ14C profiles around Vay_1455m, Vem_1474m, and Kni_1985m show the influence 298 

of bomb 14C by 2013 CE (Figure 2a). However, as noted above, none of the corals in this study 299 

show bomb 14C recorded in the calcitic skeleton (Figure 3). Although there are ∆14C increases 300 

between 1960s and 1980s recorded in all four corals, we argue that the increases do not reflect 301 

the influence of bomb 14C. The Δ14C of the northern hemisphere atmosphere increased rapidly 302 

since the 1950s due to nuclear testing (Figure 4a; (Hua et al., 2013)). The ocean-atmosphere 303 

equilibration timescale is about 10 years depending on locations (Graven et al., 2012). Together 304 

with the transport time through the northern North Atlantic to the tropical Atlantic, the coral 305 

sites are unlikely to be influenced by the bomb 14C as early as 1970s or 1980s. For instance, it 306 

took ~35 years for subtropical Atlantic intermediate water to respond to the atmosphere bomb 307 

14C pulse (Figure 4e; (Lee et al., 2017)). Therefore, it is unlikely for these more southern and 308 

deeper tropical intermediate waters to be influenced by bomb 14C before 1990 CE. 309 



 

15 

 

Apart from the North Atlantic, the additional 14C could potentially be bomb 14C moving north 310 

from the South Atlantic since the observed seawater profiles show Δ14C in mAAIW around 311 

Vay_1455m in 1983 CE increased compared to 1973 CE, suggesting potential bomb 14C in 312 

mAAIW (Figure 2a). However, the 14C of South Atlantic intermediate water is more depleted 313 

than North Atlantic, it is unlikely that bomb 14C from South Atlantic leads the 14C enrichment.  314 

The discrepancy between coral records and seawater profiles suggests the bomb 14C had only 315 

just arrived atVay_1455m site by the time coral Vay_1455m was collected, which is ~60 years 316 

later than the atmosphere (Figure 4), thus the temporal resolution of the coral subsampling is 317 

not high enough to distinguish the incorporation of this enriched bomb 14C. The climate model, 318 

however, does imply that bomb 14C penetration to Vay_1455m site occurred at around ~2000 319 

CE (Figure 3a), some 10 years earlier than seawater and coral Δ14C suggested. For the eastern 320 

Atlantic, there is no bomb signal observed in seawater nor coral Δ14C around the Car_1409m 321 

site (Figure 3b), suggesting even later bomb penetration for the eastern Atlantic. 322 

Coral Δ14C records have previously been used to investigate the transport timescales of bomb 323 

14C to the northwest Atlantic (Figure 4) (Farmer et al., 2015b; Lee et al., 2017; Sherwood et al., 324 

2008). For example, the marked increase of Δ14C in 1983 CE at 700 m on the Grand Banks 325 

(44°N; Figure 1a, d; Sherwood et al., 2008) occurred ~27 years after the atmosphere, which is 326 

~15 years later than model outputs (Figure 4c). The response times of coral Δ14C records at 327 

40°N (Figure 1a, d; Farmer et al., 2015b) and 32°N (Figure 1a, d; Lee et al., 2017) are both 328 

around 1990 CE, suggesting a decade later than model outputs (Figure 4d, e). The comparison 329 

between model outputs and coral records from our coral records and previous studies suggests 330 

a decade later arrival of bomb 14C as indicated by coral records from North Atlantic than model 331 

outputs (Figure 4).  332 

The decade-long delay of bomb 14C transportation indicated by our combined coral and 333 
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seawater records compared to model outputs suggest modelled 14C transport rates are too rapid. 334 

Previous studies have shown that the Deep Western Boundary Current (DWBC) is the fastest 335 

pathway for NADW transport from North Atlantic to South Atlantic (Rhein et al., 2015), 336 

although other ocean interior pathways exist, especially in the subpolar Atlantic and the 337 

transition between subpolar and subtropical gyre (Liu et al., 2024). For instance, the bomb 14C 338 

transport timescale has been used to estimate the advection and mixing contribution ratio to 339 

14C transport, suggesting a comparable contribution of mixing and advection (Lee et al., 2017). 340 

For the tropical Atlantic, the DWBC has been suggested to be the main pathway for NADW. 341 

The transport of bomb 14C to the coral location is mainly through the DWBC (Groeskamp et 342 

al., 2016), therefore, the bomb 14C transport timescale could provide constraints on the DWBC 343 

transport rate. The late arrival of bomb 14C to the deep ocean recorded by tropical Atlantic 344 

corals suggests a less efficient DWBC transport than climate models suggest, by around a 345 

decade (Figure 4f; Graven et al., 2012). Reconstructing the transport timescale of bomb 14C 346 

using CWCs has the potential to provide additional constraints on the timescale of deep ocean 347 

circulation. 348 

3.3 Bamboo coral calcitic Δ14C reveals changes in water mass configuration over 349 

the last century 350 

The three corals collected around 1500 m in the tropical Atlantic have the sensitivity to track 351 

the relative contribution of NADW and mAAIW due to the distinct Δ14C values of the two 352 

water masses. Coral calcitic skeletons record constant ∆14C between ~1830 CE and ~1960 CE 353 

(Figure 3), suggesting a relatively constant contribution of NADW and AAIW. However, there 354 

is an increase in coral Δ14C between ~1960 CE and ~1980 CE across the central and eastern 355 

tropical Atlantic (Figure 3). Several possibilities may have caused this increase in seawater 356 

Δ14C: (1) uncertainty in the age models causing calculated Δ14C to be incorrect; (2) the 357 
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influence of metabolic carbon derived from the surface ocean; (3) enhanced seawater 358 

ventilation; (4) the source natural 14C from atmosphere enriched; (5) bomb 14C penetration; (6) 359 

a change in water-mass configuration. Below, we argue that the sixth scenario is most plausible. 360 

Because it is age-corrected, the Δ14C of each subsample is influenced by the time when the 361 

skeleton was formed (Equation 2). An incorrect age model would lead to errors in the calculated 362 

Δ14C. In this study, the age model of each coral is independent from each other and independent 363 

from 14C (section 2.4) so that it is unlikely that the age of all three corals would cause the 364 

systematic shifts in Δ14C during the same time period.  365 

Inclusion of metabolic carbon from surface waters also has the potential to influence bamboo 366 

coral calcitic Δ14C. Indeed, a previous study suggests that up to 8% carbon could be derived 367 

from metabolic carbon in the skeleton of scleractinian corals collected from the tropical 368 

intermediate Pacific (Adkins et al., 2003). We have already shown that the Δ14C of the organic 369 

node of bamboo corals (reflecting near surface water) increased from the ~1960 CE due to the 370 

incorporation of bomb 14C (Figure 4f; (Liu et al., 2023; Roark et al., 2005)). Based on the Δ14C 371 

of the corresponding organic node (Liu et al., 2023), an increase of 5 to 9% metabolic carbon 372 

would be needed to cause the shift in the calcite Δ14C enrichment observed. Such levels of 373 

metabolic carbon incorporation into calcitic skeletons are perhaps not unreasonable when 374 

compared to the 8% metabolic carbon in scleractinian coral skeletons (Adkins et al., 2003), 375 

however, there are two factors which suggest that this mechanism is not likely to be the cause 376 

of the shift. Firstly, in the scenario that the incorporation of metabolic carbon into calcitic 377 

skeleton of bamboo corals occurs continuously during the coral lifespan and in all the bamboo 378 

corals, a further increase in the calcitic Δ14C after 1980s would be expected because the peak 379 

Δ14C in the organic nodes occurred in 1990s (Figure 4f). This late increase is, however, not 380 

observed in the calcitic skeleton of this study (Figure 4g). In addition, there is no such 381 
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enrichment observed in the calcitic skeleton of a northwest Atlantic (Grand Banks) bamboo 382 

coral (Figure 4c) where the food source was also influenced by bomb 14C indicated by the 383 

increased Δ14C in organic node (Sherwood et al., 2008), suggesting the metabolic carbon is not 384 

a significant source to the bamboo coral calcitic skeleton. Secondly, even if metabolic carbon 385 

influences were significant, it is extremely unlikely that all four corals were influenced by a 386 

shift in the amount of incorporated metabolic carbon at the same time across the central and 387 

eastern Atlantic. Therefore, metabolic carbon is unlikely to be the main contributor to the 388 

enrichment of Δ14C in the calcitic skeleton between 1960s and 1980s. 389 

After excluding age model and metabolic carbon influences, the shift in Δ14C is most likely to 390 

reflect an increase in seawater Δ14C between 1960s and 1980s. This could be the results of 391 

enhanced ventilation or the introduction of an additional 14C source. Enhanced ventilation 392 

would lead to less 14C decayed after leaving surface ocean. However, ventilation related 14C 393 

changes would operate on a longer timescale (e.g., centennial variation) than the two decades 394 

in question here. This is due to the ~ 60 years transportation time required for changes in water 395 

masses to reach the coral sites, as discussed in Section 3.2. Moreover, even a doubling of 396 

AMOC strength would only reduce transport time by ~30 years, resulting in a lead to a Δ14C 397 

increase of approximately 3 ‰ – far less than the observed 9‰ increase. Therefore, we do not 398 

consider enhanced ventilation is responsible to the Δ14C increase.  399 

Additional 14C sources could potentially be either an enrichment of natural 14C in atmosphere, 400 

bomb 14C, or natural water mass mixing. We rule out bomb 14C in the first place as discussed 401 

in Section 3.2 that bomb 14C is unlikely to invade the coral locations before 1990 CE. In 402 

addition, we can rule out enrichment of natural 14C as no 14C enrichment before bomb 14C in 403 

the atmosphere was observed (Figure 4a). Therefore, both natural 14C from atmosphere and 404 

bomb 14C can be excluded as an additional 14C source. 405 
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Instead of an atmospheric 14C source, a more plausible explanation for this shift in coral ∆14C 406 

is a change in water-mass configuration. The relative contribution of 14C enriched NADW and 407 

14C depleted mAAIW is one of the key factors that influences seawater Δ14C at these sites. The 408 

enriched 14C in the coral locations is therefore the result of more (less) influence of NADW 409 

(mAAIW) from the 1960s to 1980s. Two mechanisms potentially explain the increase in 410 

NADW contribution at the expense of mAAIW at our coral sites (Figure 5): (1) the depth range 411 

of NADW became shallower or thicker during this period; and/or (2) the NACW and SACW 412 

shifted southward and deepened with mAAIW retreating in response to slowdown of AMOC. 413 

Here we examine some of the wider oceanographic changes that may have influenced the coral 414 

sites. 415 

Multiple proxies have suggested a weakened AMOC during the 1970s (Figure 6), including 416 

northern North Atlantic surface temperature anomaly as constrained by both model simulations 417 

and direct observations (Caesar et al., 2018; Pontes and Menviel, 2024; Rahmstorf et al., 2015). 418 

Western North Atlantic benthic foraminifera δ18O records show subsurface warming between 419 

the 1960s and 1980s, which is interpreted as an accumulation of heat in the subsurface due to 420 

weakened AMOC (Thibodeau et al., 2018). Similarly, western North Atlantic δ15N recorded in 421 

deep-sea gorgonian coral Primnoa resedaeformis over the Canadian shelf decreased between 422 

the 1960s and 1980s (Figure 6d), suggesting an increase in the proportion of Atlantic warm 423 

slope water linked to weakened AMOC (Sherwood et al., 2011). During the same period, Arctic 424 

sea ice extent decreased rapidly (Figure 6e), indicating increased fluxes of fresh water to the 425 

North Atlantic (Kinnard et al., 2011). The historical simulations in CMIP6 models also indicate 426 

an abrupt decline of AMOC in the 1980s (Weijer et al., 2020) or since the 1950s when 427 

freshwater forcing is incorporated (Pontes and Menviel, 2024).  428 

One of the pronounced features of this declining AMOC is the weakened formation of Labrador 429 



 

20 

 

Slope Water (LSW) due to increased input of fresh water (Caesar et al., 2018; Pontes and 430 

Menviel, 2024; Thibodeau et al., 2018; Thornalley et al., 2018), which would result in a lower 431 

density LSW and potentially a shallower NADW. The shallower NADW further immerses the 432 

coral locations with higher 14C content. In this scenario, the calcitic Δ14C recorded in the four 433 

corals across the tropical Atlantic would increase along with the weakened AMOC. The 434 

timings of the 14C-enrichment recorded in the calcitic skeleton agree with the AMOC proxies 435 

despite subtle leads and lags that can be attributed to either the different resolution and/or time 436 

integration of the respective proxies.  437 

The Δ14C recorded in the corals collected from Grand Banks (44°N; Figure 4c), Georges Banks 438 

(40°N; Figure 4d) and Bermuda (32°N; Figure 4e) do not show the same shift observed in our 439 

study sites. This is not unexpected, as these locations are too far north to be directly influenced 440 

by mAAIW and their respective water column profiles do not have strong Δ14C gradients 441 

(Figure 1a; Figure 5) (Talley, 1996).  442 

Additional changes to water masses configuration might also involve the southward shift of 443 

NACW and SACW in the subtropical/tropical North Atlantic, leading to the retreat of mAAIW 444 

in response to the slowdown of AMOC. Benthic foraminiferal Mg/Ca temperature 445 

reconstructions of Atlantic waters during the last deglaciation suggest a potential southward 446 

shift of NACW and SACW and a deepened thermocline during intervals of AMOC slowdown 447 

(Huang et al., 2012; Stewart et al., 2023). With a southward and deepened NACW and SACW, 448 

mAAIW might retreat southward (Gu et al., 2017; Morley et al., 2011). Indeed, model 449 

simulation results suggested a deepened thermocline in the tropical Atlantic after the 1980s 450 

(Lozier et al., 2010). In addition, previous studies have indicated that the production and 451 

northward extent of AAIW weakened over the last 50 years (Curry et al., 2003; Goes et al., 452 

2008). If this water mass shifted southward, the coral locations would be more influenced by 453 
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the 14C-enriched water mass (Figure 3), thus explaining the Δ14C enrichment between the 1960s 454 

and 1980s. Our findings suggest that the seawater Δ14C recorded in tropical CWCs exhibits a 455 

clear link to AMOC strength. In this regard, 14C or nutrient records from the northern front of 456 

mAAIW covering the last century would also be of value. 457 

The synchronization between the rise in Δ14C from the 1960s to the 1980s, observed in our 458 

coral records, and the high latitude North Atlantic AMOC indices suggests that the oceanic 459 

reconfiguration was a synchronous process rather than a signal transported from the high 460 

latitude North Atlantic. This reconfiguration occurred not only in the subpolar regions but also 461 

in the tropical regions, affecting both surface and intermediate waters. Additionally, the Δ14C 462 

increase during this period corresponds to tropical North Atlantic surface variations. Decline 463 

in tropical North Atlantic upwelling since the 1970s, revealed through box model calculations 464 

using sea surface Δ14C records (Figure 6f; (Paterne et al., 2023)), align with reduced advection 465 

of Sub-Antarctic Mode Water (Toggweiler et al., 2019a, 2019b). Concurrently, decreased sea 466 

surface salinity in the western tropical South Atlantic, indicated by shallow water coral δ18O 467 

records (Figure 6h; (Pereira et al., 2022)), corresponds with a diminished interhemispheric 468 

Atlantic sea-surface temperature gradient (Figure 6g; (Kennedy et al., 2019)), leading to a 469 

southward migration of the intertropical convergence zone (Thompson et al., 2010).  470 

The coherence between high latitude AMOC indices, tropical Atlantic surface variations, and 471 

intermediate water mass changes highlights a significant large-scale reconfiguration of oceanic 472 

circulation during the 1960s and 1980s.  473 

  474 



 

22 

 

4. Conclusions 475 

The Δ14C of tropical Atlantic intermediate seawater since the Industrial Revolution is 476 

reconstructed from the calcitic skeleton of four cold-water bamboo corals. The records were 477 

dated independently using band-counting derived growth rates in the corresponding organic 478 

nodes. No bomb 14C was recorded in the coral calcitic skeleton, suggesting that the tropical 479 

Atlantic had not been invaded by bomb radiocarbon at the time of coral collection or had only 480 

just arrived (as indicated by seawater ∆14C profiles), suggesting a ~60 years transportation 481 

timescale. This study thus provides valuable sub-decadal records for ocean transport models to 482 

further constrain deep ocean circulation on decadal timescales. Seawater Δ14C in tropical 483 

Atlantic intermediate water was relatively constant between 1830 CE to 1960 CE and then 484 

increased between the 1960s and 1980s at both central and eastern sites. The increase of 485 

seawater Δ14C is potentially related to weakened AMOC, which may lead to a shallower 486 

NADW and/or a southward retreat of AAIW, both likely accounting for the enriched 14C signal 487 

between the 1960s and 1980s. Our study thus provides the first coral 14C dataset from tropical 488 

Atlantic intermediate waters for the last century that addresses the potential changes in water 489 

mass configuration in response to a weakening of AMOC. Our records suggest that the water 490 

mass reconfiguration in tropical Atlantic intermediate water is not a local phenomenon, but a 491 

large-scale reconfiguration of oceanic circulation. Such reconfiguration will make significant 492 

impact on the heat and carbon uptake and redistribution of the ocean, which will further 493 

influence the climate. 494 
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Table 1: Bamboo coral location, growth metrics and reconstructed age in this study. 739 

 740 

  741 

Coral name Coral 
ID Genus Seamount Depth 

(m) 
Lat 
(°N) 

Lon 
(°E) 

Calcitic 
section 
radius 
(mm) 

Organic/
Calcitic 
radius 
ratio 

Average 
growth rate 

(μm/yr) 

Growth time 
range Age 

Car_1409m JC094-
B0132 Acanella Carter 1409 9.21 -21.30 6.59 1.01 103 ± 10 1949.8 – 

2013.8 64 ± 8 

Kni_1985m JC094-
B0086 Lepidisis Knipovich 1985 5.60 -26.97 3.46 1.23 49 ± 6 1919 – 1988 71 ± 13 

Vem_1474m JC094-
B0150 Lepidisis Vema  1474 10.74 -44.58 6.26 1.36 39 ± 3 1831 – 1992 161 ± 18 

Vay_1455m JC094-
B0092 Lepidisis Vayda 1455 14.86 -48.24 4.24 1.81 37 ± 4 1898 – 

2013.8 114 ± 15 
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742 
Figure 1: Map. (a) Bamboo coral locations in this study (filled circles) with locations of 743 

previously published Δ14C records discussed in the text derived from different coral taxa (white 744 

circles with colour edges). The background of the map represents Δ14C at 1500 m derived from 745 

climate-model CESM2 outputs in 2010 CE (see Section 2.5.2). The grey line represents the 746 

map section in (d). (b & c) Detailed coral locations of central and eastern Atlantic with seawater 747 

Δ14C sampling locations (diamonds). Coral and seawater symbols and their colours are 748 

consistent with figures hereafter unless indicated. (d) Climate model CESM2 outputs of Δ14C 749 

in 2010 CE along the North Atlantic (colour shading) overlain with neutral density contours 750 

obtained from GLODAPv2021. Coral symbols are consistent with (a). Cross symbols represent 751 

locations of surface Δ14C records derived from organic nodes of bamboo corals in this study 752 

with their colour matched. NACW: North Atlantic Central Water; mAAIW: modified Antarctic 753 

Intermediate Water; NADW: North Atlantic Deep Water. 754 

 755 
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 756 

Figure 2: Seawater dissolved inorganic carbon Δ14C profiles since the 1970s along with 757 

calcitic Δ14C recorded in bamboo corals in this study. (a) Central Atlantic; (b) Eastern 758 

Atlantic. The symbols of calcitic Δ14C are the same as in Figure 1. 759 
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 760 

 Figure 3: Δ14C records in bamboo corals calcitic skeletons compared with nearby 761 

seawater DIC Δ14C and climate model CESM2 outputs. (a) Central Atlantic; (b) Eastern 762 

Atlantic. Diamonds represent seawater DIC Δ14C with edge colour matched with locations 763 

shown in Figure 1b and c. Diamonds light grey and grey fill-in in (b) represent near depth to 764 

coral Car_1409m and Kni_1985m, respectively. The 𝒙𝒙 error bar represents the time range of 765 

each subsample. The 𝒚𝒚 error bar represents the 1 SD analytical error of Δ14C. The red and blue 766 

triangles represent the range of Δ14C of NADW and mAAIW in the tropical Atlantic, 767 

respectively. The overlap indicates shared range of the two water masses.   768 
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 769 
Figure 4: Radiocarbon records of (a) North Hemisphere atmosphere (Hua et al., 2016), (b) 770 

Hudson Strait cold-water gorgonian coral Primnoa resedaeformis organic skeleton (60°N, 771 

surface) (Sherwood et al., 2008), (c) Grand Banks bamboo coral calcitic skeleton (44°N, 714 772 

m) (Sherwood et al., 2008), (d) Georges Banks bamboo calcitic skeleton (40°N, 1299 m) 773 
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(Farmer et al., 2015a), (e) Bermuda E. rostrata coral skeleton (32°N, 1410 m) (Lee et al., 2017), 774 

(f) tropical bamboo coral organic skeleton (Liu et al. 2023), (g) tropical bamboo corals calcitic 775 

skeleton from this study. Bamboo corals with the same colour coding from (f) and (g) are the 776 

same corals. Colour coding refers to Figure 1. Line in each plot represents Δ14C record derived 777 

from climate-model outputs of corresponding location (Danabasoglu, 2019; Orr et al., 2017). 778 

The dash line denotes the response time of the atmosphere on bomb radiocarbon. 779 

 780 

Figure 5: Schematic of potential changes in water mass after ~1960 CE. The schematic 781 

plot shows two scenarios of potential changes: (1) the expansion or shoaling of 14C-enriched 782 

water mass North Atlantic Deep Water (NADW) after ~1960 CE; (2) 14C depleted modified 783 

Antarctic Intermediate Water (mAAIW) retreated after ~1960 CE. These shifts could explain 784 

why coral sites became more influenced by 14C enriched NADW after ~1960 CE. Coral 785 

symbols are the same as in Figure 1. 786 

 787 
  788 
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Figure 6: AMOC proxies comparison. (a) AMOC index obtained by the difference between 790 

subpolar gyre and Northern Hemisphere temperature anomalies (Rahmstorf et al., 2015); (b) 791 

the Laurentian Channel benthic foraminifera δ18O record (Thibodeau et al., 2018); (c) AMOC 792 

proxy obtained by sea surface temperature anomaly in subpolar gyre region in HadISST data 793 

(Caesar et al., 2018); (d) bulk δ15N recorded in cold-water gorgonian coral Primnoa 794 

resedaeformis over the Canadian shelf (Sherwood et al., 2011); (e) reconstructed Arctic sea ice 795 

extent (Kinnard et al., 2011); (f) tropical North Atlantic vertical mixing rate (Paterne et al. 796 

2023); (g) Atlantic interhemispheric sea surface temperature difference from the HadISST 797 

product (Kennedy et al. 2019); (h) δ18O record revealed from shallow water coral collected 798 

from west tropical South Atlantic (Pereira et al. 2022); (i) ∆14C recorded in tropical North 799 

Atlantic CWC (this study; coral symbols are the same as previous figures).  800 


