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Abstract 

 

 
Atlantic Meridional Overturning Circulation (AMOC) is a key regulator of global 
climate. Recent coupled climate model studies and palaeoceanographic proxy data hint 
that AMOC may have declined in strength in recent decades as a result of anthropogenic 
warming. However, a lack of annual to decadal resolution paleo-records from 
intermediate water depths currently clouds our understanding of baseline changes in the 
highly variable AMOC system over the last millennium.  

In this thesis, I use two types of deep-sea corals, bamboo corals and !"#$$%&'#(()#*
+%',+#,#, to reconstruct tropical North Atlantic intermediate water radiocarbon content 
over the last century and temperature variation over the last ~600 years. Band-counting 
within the organic node is used to produce a radiocarbon independent age model for 
bamboo corals. However, for the !-*+%',+#,#, radiocarbon dating is used for age model 
development. 

I find that the organic node of bamboo corals reflects the radiocarbon of the deep 
chlorophyll maximum depth rather than the surface mixed layer. In the locations where 
the chlorophyll production is mostly limited in the mixed layer, the organic nodes reflect 
the radiocarbon of the mixed layer. Bamboo corals calcitic radiocarbon records suggest 
tropical Atlantic intermediate water radiocarbon was enriched during the ~1960s and 
~1980s, potentially related to a shallower North Atlantic Deep Water and/or a retreat of 
Antarctic Intermediate Water (AAIW) due to weakened AMOC. Calcitic skeleton 
radiocarbon records and seawater radiocarbon suggest the transport of bomb 
radiocarbon to the ~1500 m central tropical Atlantic is ~50 years.  

Further back in time, my Li/Mg based temperature record from the*!-*+%',+#,# shows a 
marked warming at the end of the Little Ice Age, coinciding with the reduction of 
AMOC. This warming is likely related to a deepening and warming tropical Atlantic 
thermocline and/or a retreat AAIW related to AMOC slowdown.  

Collectively, these coral-based palaeoceanographic records provide new insights into 
changes in thermal structure and circulation of the Atlantic Ocean on human-relevant 
timescales, as well as setting the stage for use of these corals in future studies of the last 
millennium.  
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1.!Introduction 

 

@)@! I-$7J&$7-,(

The most recent assessment report (AR6, 2022) of the United Nations 

Intergovernmental Panel on Climate Change (IPCC) provides the summary that global 

mean surface temperature increased by 0.95 to 1.20 ℃ between 1850-1900 CE and 

2011-2020 CE (Gulev et al., 2021). This global warming since the Industrial Revolution 

is attributed primarily to the significant increase of atmospheric CO$ emitted by human 

activities which increased from 278 ppm in 1750 CE to 410 ppm in 2019 CE (Gulev et 

al., 2021). With global warming, widespread continental and sea ice losses have been 

observed (Vaughan et al., 2014), along with decreases in upper ocean salinity in the 

Arctic Ocean (Rhein et al., 2013). Although uncertainties remain large, recent coupled 

climate models predict that this surface water freshening will reduce downwelling and 

North Atlantic Deep Water (NADW) formation rate at these high latitudes, resulting in 

a decline in Atlantic Meridional Overturning Circulation (AMOC) in the coming 

century (Jahn and Holland, 2013; Meehl et al., 2013). The understanding of AMOC and 

ocean structure variability before the Industrial Era is critical to predicting future 

change. Palaeoceanographic records are therefore needed to investigate the past oceanic 

changes in this region. 

Over the last few decades, great effort has been made to research and develop proxy-

archive systems that record ocean circulation variability (Robinson and Siddall, 2012). 

Ocean sediments are the most widely used palaeoceanographic archive, especially for 

long timescale variations (centennial to millennial variations) (Mann et al., 2008; 

Zachos et al., 2001). However, due to the slow burial rate of sediment in the open ocean 

(Curry and Lohmann, 1990), the resolution of sediment records is mostly in centennial 

or even millennial years at best, thus short timescale (e.g., decadal variation) ocean 

variation in the recent past is largely unknown, especially for the low latitude ocean 

intermediate water. 
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Deep-sea corals, instead, grow continuously over decades to centuries in a wide range 

of depths and ocean basins (Roberts et al., 2009), making them an attractive high-

temporal resolution archive for intermediate water records. Accordingly, there has been 

much environmental proxy calibration work on deep-sea corals in the last 20 years 

(Robinson et al., 2014). Long-lived branching corals, like bamboo corals and 

!"#$$%&'#(()#*+%',+#,# (!-*+%',+#,#), have shown themselves to be especially suitable 

for reconstruction of continuously high-resolution records for the recent past (Lee et al., 

2017; Sherwood et al., 2008a). Therefore, in this thesis, I have explored these two deep-

sea coral taxa as archives to investigate the ocean structure variability in the transition 

between the Little Ice Age (LIA) and Industrial Era. In the following sections, the 

background knowledge is introduced, and the aims and outlines of this thesis are 

presented. 

@)A! :/73&$0('5&,20(&,1(-'0&,('7%'4/&$7-,(

The ocean covers about 71% of the Earth’s surface (Becker et al., 2009) and contains 

more than 95% of the water participating in Earth’s hydrological cycle. In addition, the 

ocean is a large reservoir of heat and elements which are redistributed by ocean 

circulation. Change in ocean circulation can, therefore, lead to considerable variation 

of the Earth’s climate (Siedler et al., 2013). For example, past atmospheric climate 

variations reconstructed by δ!%O recorded in ice cores have been linked to changes in 

ocean circulation (Andersen et al., 2004).  

Large-scale ocean circulation is mainly driven by the combination of wind forcing, heat 

and density gradients, and tides (the gravitational pull of the Moon and Sun) (Broecker, 

1997; Rahmstorf, 2002, 2006). One of the dominant circulations is the Thermohaline 

Circulation (THC; Figure 1.1) driven by the heat and density gradients. Broecker (1987) 

proposed the term “great ocean conveyor belt” to describe the idealised circulation as 

transporting heat and freshwater from the Indo-Pacific to the Atlantic (Broecker, 2010). 

While THC is the term used when discussing mechanisms of ocean circulation, 

Meridional Overturning Circulation (MOC) in each ocean basin is often used to 

describe a north-south zonal flow including a mix of both wind- and thermohaline-

driven flow (Döös et al., 2012; Rayner et al., 2011). The strength of Atlantic MOC 
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(AMOC) is one of the key measures of ocean circulation due to the close association of 

interocean exchange of heat and freshwater with the formation of North Atlantic Deep 

Water (NADW) (reviewed in Siedler et al., 2013). 

 

-./012!'"'3!45267.825!89:2;6<.9!=>!=926?!<:21;=:67.?2!9.19076<.=? (from Rahmstorf 
(2006). 

>/@/>! ;<B-2<'5+?$%'7')2-B+Q&$%<"%2'2D+A'%5"B-<')2+S;?QAT+

The AMOC is defined as the meridional zonally integrated flow in the Atlantic Ocean 

(Talley et al., 2003), which includes the northward flow of warm salty water in the 

upper Atlantic that become denser in the northern North Atlantic and the southward 

flow of the transformed cold fresh water in the deep Atlantic (Zhang et al., 2019 and 

references therein). It has been suggested that the AMOC plays a critical role in abrupt 

climate change events centred in the Atlantic (e.g., Broecker, 2000a; Clark et al., 2002; 

Rahmstorf, 2002) due to its substantial role in northward heat transport across the 

equator (e.g., Johns et al., 2011; Talley et al., 2003). 

One of the key components of AMOC is NADW formed in the northern North Atlantic 

(Figure 1.1). NADW is the deep cold limb of AMOC moving southward mainly through 
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the Deep Western Boundary Current (DWBC) (Figure 1.2). NADW is characterized by 

high salinity (Figure 1.2a), high oxygen, and low nutrients (Figure 1.2d) concentrations 

(Oudot et al., 1998) between about 1500 m and 3500 m water depth (Talley, 2011) with 

temperature ranges from 2 ℃ to 5 ℃ (Figure 1.2c) and density σ&'ranges from 27.7 to 

27.9 kg/m( (Figure 1.2b). The high salinity in the subtropical and tropical NADW is 

mostly associated with the injection of Mediterranean Water (MW) and the open ocean 

subtropical evaporation in the North Atlantic (Talley, 1996b). 

-./012!'")3 @A51=/16B:.9!B1=B21<.28!=>!C<76?<.9!;21.5.=?67!<16.?82<. (6) Salinity, 
(D) density anomaly from surface σ&, (9) temperature, and (5) phosphate concentration. 
The red and blue arrows show the flow directions with water masses indicated. AAIW: 
Antarctic Intermediate Water; NADW: North Atlantic Deep Water; AABW: Antarctic 
Bottom Water. Hydrographic data were taken from GEOSECS, and GLODAP_2021 
(Bainbridge and Geosecs, 1981; Lauvset et al., 2021). The circles overlaied represent 
the locations of the study sites of this thesis. 

The northward moving Antarctic Intermediate Water (AAIW) is another major water 

mass in the Atlantic Ocean (reviewed in Talley, 2011). AAIW is characterised by low 

salinity, and high nutrient concentrations layer between 500 m and 1500 m depth in the 

South Atlantic and tropical Atlantic (Figure 1.2). The northern boundary of AAIW 

mostly coincides with the southern boundary of MW, at about 20°N. The AAIW in the 

tropical Atlantic is eroded by mixing from above  and is subject to diapycnal diffusion, 

which increases its core density, potential temperature, and salinity to about σ& = 27.3 

kg/m(, 5 ℃ and 34.5 (Talley, 1996a). 

The relative depth and spatial occupation of NADW and AAIW is closely related to the 



Chapter 1: Introduction 

5 

 

strength of AMOC. The formation rate of NADW is directly related to the strength of 

AMOC (Rahmstorf, 1996) and therefore, many studies use the flow rate of DWBC (e.g., 

mean grain size of sortable silt size (e.g., Praetorius et al., 2008; Thornalley et al., 2018) 

or $(!Pa/$(&Th ratio (e.g., Ng et al., 2018)), to reconstruct AMOC since DWBC is 

thought to be the main pathway of NADW export. However, the behaviour of AAIW 

under reduced AMOC is controversial at different locations. Some studies have found 

that AAIW retreated during the Heinrich Stadial 1 when the AMOC was in a reduced 

state (Huang et al., 2014; Xie et al., 2012), in contrast others show enhanced AAIW 

under AMOC reduction during the last deglaciation (Pahnke et al., 2008). Although a 

later study reconciled the conflicting behaviour of AAIW during the last deglaciation 

(Gu et al., 2017), the ocean interior variability relating to AMOC is still unclear on the 

decadal to centennial timescale.  

Recent proxy reconstructions and model simulations suggest that AMOC has slowed 

down after the Little Ice Age (LIA), especially since the early 1900s and 1970s (Caesar 

et al., 2021; Rahmstorf et al., 2015; Thornalley et al., 2018), although the current status 

of AMOC is still under debate (Kilbourne et al., 2022). The transition between the LIA 

and the Industrial Era is a significant period for studying the ocean interior response to 

changes in the AMOC. 

@)B! 850(<7$$/0(*'0(!20(&,1(*,14#$%7&/(K%&(

The LIA is the coldest period mostly recorded in the region around the Northern Atlantic 

during the late Holocene (Broecker, 2000b). Further studies show that there was 

evidence of cooling in the Antarctica during the LIA, but occurred in a slightly different 

period (Abram et al., 2016; Simms et al., 2021). Therefore, the time definition of the 

LIA is unambiguous. For example, Mann et al. (2009) used 1400 CE to 1700 CE to 

represent the LIA, while Abram et al. (2016) used 1400 CE to 1800 CE, with more other 

different time periods (e.g., Cronin et al., 2010; Grove, 1988; Lapointe and Bradley, 

2021). In this thesis, the coldest period of the last 2000 years in the North Atlantic (1400 

CE – 1850 CE) is used for the term LIA (McGregor et al., 2015). Nevertheless, the LIA 

is widely accepted just before the Industrial Revolution when anthropogenic 

greenhouse gases emissions began. Therefore, the period between the LIA transition to 
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Industrial Era is an excellent time period to study the response and role of the ocean 

interior to climate change. 

Multiple proxy records show the atmosphere and sea-surface temperature (SST) cold 

anomaly during the LIA (e.g., Fischer et al., 1998; Haase-Schramm et al., 2003; 

Knudsen et al., 2014; Lapointe and Bradley, 2021). The high latitude average 

atmosphere temperature during the LIA was 1 – 2℃ cooler than the mid-20)* century 

(Marcott et al., 2013) while the low-latitude temperature is expected to be less sensitive 

suggested by the model simulation and 20)* century observations (Landrum et al., 2013) 

(Figure 1.3). For SST, however, there are large uncertainties based on the proxy 

reconstructions, ranging from about 1 ℃ to about 4 ℃ cooler than present (Black et al., 

2007; Haase-Schramm et al., 2003). In addition, previous reconstructions have mostly 

been based on foraminifera burial in the sediment. In the tropical Atlantic, however, the 

sediment burial rate is too low to reconstruct decadal to centennial variability (~1 – 2 

cm/kyr; (Curry and Lohmann, 1990)). Therefore, currently there is a knowledge gap on 

reconstructions of temperature for the ocean interior in the tropical Atlantic either 

during or post the LIA. Deep-sea corals provide a tool for us to solve the problem, 

especially the long-lived branching deep-sea corals.  

-./012!'"#3!E7=D67!;26?! 801>692! <2;B216<012!6?=;67.28F! .?! GHF!I.<:! 128B29<! <=!
',+(J'&((!>=1!<:2!HK4L+!6?5!HK4L%!B68<'(((!8.;076<.=?8!6?5!<:2.1!:.8<=1.967!
9=?<.?06<.=?!8.;076<.=?8" Figure is taken from (Eyring et al., 2021). 



Chapter 1: Introduction 

7 

 

@)E! L00CM#0&('-%&/#(

Deep-sea corals (DSCs; Phylum: Cnidaria), alternatively cold-water corals, have only 

become widely studied in recent decades, despite early records found in the late 

eighteenth century (Roberts et al., 2009). Corals, as defined by Cairns (2007), are 

“Animals in the cnidarian classes Anthozoa and Hydrozoa that produce either calcium 

carbonate (aragonitic or calcitic) secretions resulting in a continuous skeleton or as 

numerous microscopic, individualised sclerites, or that have a black, horn-like, 

proteinaceous axis.” DSCs, unlike their shallow-water counterparts, do not rely on 

symbiotic relationships with photosynthetic algae, and thus are not limited to living 

within the photic zone. In addition, DSCs mostly live in lower temperature waters than 

shallow-water corals, with occurrence temperature as low as –1.1 ℃ (Vaughan and 

Wells, 1943). Therefore, DSCs have an extensive geographic and bathymetric 

distribution in the world ocean (Robinson et al., 2014). 

DSCs include seven different groups as shown in Table 1.1 (Roberts et al., 2009). The 

two taxa of DSC used in this thesis, bamboo corals (Family: Isididae) and 

!"#$$%&'#(()#* +%',+#,# (!-* +%',+#,#), are from the subclass Octocorallia and order 

Scleractinia, respectively (Table 1.1). The calcium carbonate skeletons of these corals 

are often well preserved and offer continuous, high-resolution archive (reviewed in 

Roberts et al., 2009). DSCs are therefore emerging as a key archive of past ocean, 

especially for intermediate water masses (Roark et al., 2009; Robinson et al., 2014; 

Sherwood and Risk, 2007).!!

>/I/>! U-C1))+5)%-B(+

Bamboo corals (Figure 1.4) are the commonly used name for DSCs in the family 

Isididae, in the cnidarian anthozoan subclass Octocorallia (Figure 1.5). The family 

Isididae is further sub-divided into four subfamilies, although taxonomic classification 

of bamboo coral is an ongoing research topic (Saucier et al., 2021). The simplified 

identification for the two sub-families Mopseinae and Keratoisidinae is principally 

based on the style of their brown nodes (tiny, or long and visible (>1 cm), respectively). 

In the sub-family Keratoisidinae, branching features are used to distinguish the three 

main genera (Tracey et al., 2014): ./&)0)')'* '&&. (no branches), 1/+#,%)')'* '&&. 
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(branching from the white internodes) and 23#"/$$#*'&&. (branching from the brown 

node). Although France (2007) suggest 1/+#,%)')'*'&&. and ./&)0)')'*'&&- might be the 

same genus and that it may not be appropriate to distinguish by the presence/absence 

of branching, I still adopt this conventional method of identification, branching features, 

in this thesis.  

M6D72!'"'3!H7688.>.96<.=?!=>! <:2!82N2?!5.>>212?<!9=167!/1=0B8!I.<:!8=;2!9=;;=?!

?6;28!(modified after Roberts et al. (2009)). 

! !

Taxon Common names 

Phylum Cnidaria (= Coelenterata)  

  Class Anthozoa  

    Subclass Hexacorallia (= Zoantharia)  

       Order O972169<.?.6 (= 
Madreporaria) 

Hard corals, stony corals, true corals, cup 
corals, star corals, solitary corals, 
zooxanthellate corals, azooxanthellate corals 

       Order Zoanthidea (in part) Zoanthids, gold coral, black corals, whip 
corals, wire corals, thorny corals 

    Subclass P9<=9=1677.6 (= 
Alcyonaria) 

Soft corals, gorgonians, sea fans, sea whips, 
sea feathers, precious corals, pink coral, red 
coral, golden corals, bamboo corals, leather 
corals, horny corals, sea pens 

  Class Hydrozoa  

    Subclass Hydroidolina  

       Order Anthoathecata (= Athecata) Athecate hydroids 

        Suborder Filifera  

          Family Stylasteridae ‘hydrocorals’, lace corals, stylasterids 

          Family Hydractiniidae (in part) Longhorn hydrozoans (4#"#+)#, 
560+%3%+/$$#) 

        Suborder Capitata  

          Family Milleporidae ‘hydrocorals’, fire corals, millepores 
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-./012! '"$3! Q6;D==! 9=1678" (6) a live-collected bamboo coral with tissue. Image 
credit: JC094 ROV (Robinson, 2014). (D) The skeleton of a live-collected bamboo coral 
(23#"/$$#*'&&.) (Car_1409m) collected from tropical Atlantic at depth 1409m in 2013 
CE. 

-./012! '"+3! L61<! =>! <:2! <6R=?=;.9! <122! =>! SOH8" Class Anthozoa: Subclass 
Octocorallia (Roberts et al., 2009). The bold genera are bamboo corals used in this 
thesis. 
  

!"#$ !%#$
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'"$"'"'!S.8<1.D0<.=?!

Bamboo corals have been widely found in the ocean basins (Figure 1.6), mainly in >200 

m deep ocean, but they have also been found from as shallow as 3 m depth (Rowley et 

al., 2015) to over 4700 m deep ocean (Lapointe and Watling, 2015). The wide 

geographic and bathymetric distribution of bamboo corals is advantageous for 

providing a palaeo-archive of ocean environmental conditions.  

 

-./012!'"%3!M:2!5.8<1.D0<.=?!=>!D6;D==!9=1678"!The red dots with black edge represent 
locations where bamboo corals used in this thesis were collected (Robinson, 2014). 
World distribution database is from the U.S. National Oceanic and Atmospheric 
Administration (NOAA). https://deepseacoraldata.noaa.gov/. Figure was made by 
Ocean Data View (ODV; (Schlitzer, 2021)). 

'"$"'")!S6<.?/!<29:?.T028!6?5!/1=I<:!16<2!

In addition to the wide-spread distribution of bamboo corals, another fundamental 

requirement for reconstructing past ocean conditions using bamboo corals is the 

establishment of an age-scale by constraining their growth rates. There are limited 

studies so far on the dating and growth rate of bamboo corals. Previous studies are 

mainly divided by the following methods. The most common methods used for dating 

bamboo corals are (bomb) radiocarbon (!"C; Section 1.5) (Farmer et al., 2015b; Frenkel 

et al., 2017; Noé et al., 2007; Roark et al., 2005; Sherwood et al., 2008a) and $!&Pb-
$$+Ra dating techniques (Andrews et al., 2005; Andrews et al., 2009), with some studies 
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also combining skeletochronology to test for annual growth bands (Sánchez et al., 2004; 

Sherwood and Edinger, 2009; Tracey et al., 2007).  

With these dating methods, the radial growth rates of bamboo corals have been found 

to range from 0.01 mm/yr (Frenkel et al., 2017) to 0.4 mm/yr (Noé et al., 2007) and the 

vertical growth rates range from 0.19 cm/yr (Andrews et al., 2005) to 1.4 cm/yr 

(Andrews et al., 2009). Growth rates of bamboo corals are thought to be nonlinear, with 

a decreasing trend through their lifespan (Frenkel et al., 2017).  

Age and growth rate determination can be complicated by additional controls on the 

isotopic signal. For example, Farmer et al. (2015b) demonstrate that water mass 

variability and ontogenetic features (i.e., infilling or nonlinear growth) can influence 
!"C-determined radial growth rates. Therefore, further studies are needed about the age 

and growth rates of bamboo corals, e.g., Chapter 2. 

'"$"'"#!L6762=926?=/16B:.9!6BB7.96<.=?!

Bamboo corals are so called due to their bamboo-like skeletons, with alternating 

segments of high-Mg calcite internodes and proteinaceous nodes (Figure 1.4; (Noé and 

Dullo, 2006)). These layers potentially record deep ambient seawater chemistry as well 

as surface water properties, respectively, providing a tantalizing way in which to 

reconstruct coupled surface and deep records from a single coral skeleton (Roark et al., 

2005). In addition, the longevity of bamboo corals is 75 to 500 years (e.g., Roark et al., 

2005; Sherwood and Edinger, 2009; Sinclair et al., 2011; Tracey et al., 2003) which 

allows us to generate long continuous sub-decadally or even annually resolved record 

for the past ocean. 

There have been studies exploring the use of both the proteinaceous and calcitic 

skeleton of bamboo corals as environmental archives. For example, the compond-

specific δ!#N recorded in the coral proteinaceous skeleton is used as proxy of export 

production (Glynn et al., 2022; Sherwood et al., 2014). In addition, Δ!"C and δ!#N 

measurements of the proteinaceous organic nodes suggest that organic matter is 

reconstituted from recently produced and exported particulate organic matter (POM) 

descended from the surface ocean (Figure 1.7) (e.g., Roark et al., 2005; Sherwood et 

al., 2005a). This is a pre-condition of using organic nodes as archive of past surface 
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ocean reconstruction. However, some studies have suggested bamboo corals might 

partly feed on degraded POM or/and zooplankton (Hill et al., 2014; Sherwood et al., 

2009) indicated by higher δ!#N, which would complicate the interpretation of 

geochemical proxies. Chapter 2 further discussed the application of Δ!"C recorded in 

the organic node. 

 

-./012!'"*3!!" H!9=;B=8.<.=?!.?!
D=<:! =1/6?.9! ?=52! U8T0612V!
6?5! 9679.<.9! 8W272<=?! U5=<V"!
Figure is taken from Roark et al. 
(2005). 

 

 

!

!

-./012! '",3! X!" H! 129=1525! .?! <:2!
9679.<.9! 8W272<=?! =>! D6;D==! 9=1678!
12>729<8!826I6<21!X!" H"!Figure is taken 
from Farmer et al. (2015b). 
 

 

 

 

 

 

 

The calcitic skeleton of bamboo corals has also been studied for calibrations of 

environmental proxies. However, the calcification of bamboo corals is influenced by 

biological effects which are known as “vital effect” and impact the isotope and trace 

metal incorporation into the calcitic skeleton (reviewed in Williams, 2020). Due to vital 

effects, the calibrations of environmental proxies using bamboo corals are not 
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straightforward. For example, potential proxies of temperature have been tested, 

including the Mg/Ca ratio (Thresher et al., 2010), the intercept of δ!%O-δ!(C regression 

line (Hill et al., 2011b), and clumped isotopes (Δ",) (Kimball et al., 2016; Saenger et 

al., 2017). However, large uncertainties (±2 to ±5 °C) in these calibrations prohibit them 

being used to accurately reconstruct past ocean temperature (Williams, 2020) and 

additional effort is needed to better understand the biomineralization process of bamboo 

coral calcification (Flöter et al., 2019; Flöter et al., 2022).  

By contrast, !"C recorded in the calcitic skeleton of bamboo corals has been well 

calibrated for seawater dissolved inorganic carbon (DIC) !"C composition (Figure 1.8) 

(Farmer et al., 2015b; Sherwood et al., 2008a), and  therefore, can be used as Δ!"C 

proxy for ambient seawater as also discussed in Chapter 3. 

>/I/@! !"#$$%&'#(()#*+%',+#,#+S!-*+%',+#,#T+

!-*+%',+#,# (Figure 1.9; (Pourtalès, 1878)) is one of the most abundant structure-forming 

coral species in the Family Dendrophylliidae in the cnidarian anthozoan subclass 

Hexacorallia (Figure 1.10). !-*+%',+#,#*forms up to 1 m wide massive dendroid colonies 

(Freiwald et al., 2004).  

-./012!'"&3!C!7.N2Y9=7729<25!!"#$%&'$('(" Image credit: JC094 ROV (Robinson, 2014). 

&'
$()
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-./012! '"'(3! L61<! =>! <:2! <6R=?=;.9! <122! =>! SOH8" Class Anthozoa: Subclass 
Hexacorallia (Roberts et al., 2009).  

'"$")"'!S.8<1.D0<.=?!

!-*+%',+#,# has been found world-wide at depths between ~200 m and ~2000 m (NOAA, 

2022). The current !-* +%',+#,# occurrence records obtained from the U.S. NOAA 

database are dominated by observations from Pacific seamounts and the U.S. 

subtropical coast (Figure 1.11). However, !-* +%',+#,#* has also been found in the 

northern North Atlantic (Freiwald et al., 2021) and on tropical Atlantic seamounts 

(Robinson, 2014). Therefore, the current occurrence records of !-* +%',+#,#* require 

updating. 

-./012!'"''3!M:2!5.8<1.D0<.=?!=>!!)(**%+&(,,-( "!The light green dot with black edge 
represents location where !-*+%',+#,# used in this thesis was collected (Robinson, 2014). 
World distribution database is from the U.S. National Oceanic and Atmospheric 
Administration (NOAA). https://deepseacoraldata.noaa.gov/. Figure was made by 
Ocean Data View (ODV; (Schlitzer, 2021)). 
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'"$")")!S6<.?/!<29:?.T028!6?5!/1=I<:!16<2!

Like most Scleractinia, the skeleton of !-*+%',+#,#*is made of aragonite which contains 

enough uranium (2.6 to 4.9 μg/g) (Houlbrèque et al., 2010) that they can be dated by 

uranium-thorium methods (e.g., Chen et al., 2015b). U-series techniques are 

particularly useful for corals of 100s to thousands of years in age. For younger coral, 

Adkins et al. (2004) used a combination of $!&Pb and $$+Ra dating method for a live-

collected !-*+%',+#,#.*However, this method can only date back to ~100 years due to the 

short half-life of $!&Pb (22.3 year). With improving column chemistry and instrumental 

measurement, uranium-thorium dating has now been tested for modern !-* +%',+#,# 

(Houlbrèque et al., 2010), but the sample material needed is still relatively high (75 ± 

15 mg). Alternatively !"C dating has been used by Lee et al. (2017) to generate an 

average vertical growth rate and age model for a live-collected !-*+%',+#,#-* 

Despite its widespread occurrence, the age and growth rate of !-*+%',+#,#*has not been 

well studied. Current data suggest that the radial growth rate of !-*+%',+#,#*ranges from 

0.012 to 0.072 mm/yr (Houlbrèque et al., 2010). The vertical growth rate ranges from 

0.6 mm/yr (Houlbrèque et al., 2010) to 5 mm/yr (Adkins et al., 2004). Based on the 

growth rate, the longevity of !-*+%',+#,#*is up to 650 years documented by Lee et al. 

(2017), which could record past ocean geochemical conditions back to the start of the 

LIA. 

'"$")"#!L6762=926?=/16B:.9!6BB7.96<.=?!

!-* +%',+#,# has been well studied for various environmental proxies because it is a 

scleractinian coral with an aragonitic skeleton. Like bamboo corals, the isotopes and 

trace element incorporation of cold-water scleractinian corals is also influenced by vital 

effects (Adkins et al., 2003; McConnaughey, 1989). For example, stable isotopes (δ!%O 

and δ!(C) and Mg/Ca ratio are significantly influenced by vital effects, thus cannot be 

used directly as a proxy of temperature (e.g., Adkins et al., 2003; Chen et al., 2018; 

Gagnon et al., 2007; Robinson et al., 2014). The application of palaeoceanographic 

proxies is therefore challenging for scleractinian corals. However, several studies have 

investigated alternative proxies. For example, one of the successful proxies for 

temperature is Li/Mg ratio recorded in scleractinian corals including !-*+%',+#,# (e..g., 

Case et al., 2010; Cuny-Guirriec et al., 2019a; Montagna et al., 2014; Stewart et al., 
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2020). Both Li/Ca and Mg/Ca ratios are influenced by coral growth or calcification rate 

in addition to temperature, but so far the Li/Mg ratio does not seem to exhibit these 

effects (Raddatz et al., 2013). The similar impact of vital effect on the incorporation of 

Li and Mg into aragonite is cancelled by Li/Mg ratio, making Li/Mg a useful proxy for 

temperature. The latest Li/Mg – temperature calibration for aragonitic skeleton has a 

95% confidence uncertainty of ±0.1 ℃, and a 95% prediction uncertainty of ±1.7 ℃ 

(1σ) (Figure 1.12; (Stewart et al., 2020)). 

 

-./012! '"')3! Z.[K/! J! <2;B216<012! 967.D16<.=?! >=1! 616/=?.<.9! 8W272<=?" Figure is 
modified from Stewart et al. (2020). 

@)F! ?&17-'&%"-,(

>/H/>! U-('5+5)25$#<(+

Radiocarbon (!"C) is the radioactive isotope of C that is produced by the interaction of 

cosmic rays with the atmosphere and Earth’s surface (Equation 1.1) (Schuur et al., 2016; 

Stenström et al., 2011 and references therein).  

                               !!
"#  + neutron "

$%&'($ )*+,&
 #-
"#  + $"

"                                 Equation 1.1 
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The nucleus of !"C is unstable and will spontaneously emit a β particle (electron): 

                                    #-
"#  "  !!

"#  + %.  + γ (energy)                                     Equation 1.2 

The decay of !"C has a half-life of t!-$ = 5730 years (decay constant λ = 1/8267) (Godwin, 

1962) and has been used as a dating method for marine carbonate organisms like 

foraminifera and DSCs skeleton. Although the initial “Libby half-life” (t!-$!"##$'= 5568 

years) was later found to be inaccurate (Stuiver and Polach, 1977), for consistency the 

convention is to use the Libby half-life to report !"C data and this is denoted as the 

“conventional !"C age”. It is important to note that the true !"C age has to be corrected 

from the conventional !"C age. 

Several fractionation processes happen from carbonate formation to the measurement. 

Therefore, there are additional corrections that also have to be made when reporting !"C 

data. The correction to the mass fractionation is to make the measured !"C/!$C ratio 

normalised to a set value of δ!(C = -25‰, where δ!(C is the relative deviation of the 
!(C/!$C ratio of the sample compared to that of a standard material, Vienna Pee Dee 

Belemnite (VPDB), expressed in per mil: 

                    δ!(C & '
/ 0!"# 0!"$1 2

%&'()*
. )/ 0!"# 0!"$1 2

+,-.

3 0!"# 0!"$1 4+,-.
( ) *+++,                     Equation 1.3 

Because the !"C fractionation factor is approximately given by the square of the !(C 

fractionation factor (Stuiver and Robinson, 1974). Eventually, the normalised sample 

activity A./ is: 

                                 A./ = A. * - * . /
563578 9 0!"# 4

":::
01                                    Equation 1.4 

where A./ is the normalised sample activity, A. is sample activity, δ!(C is calculated 

through Equation 1.3. 

In addition to mass fractionation, the radioactive decay of !"C also causes error when 

comparing data from different sources. The absolute radiocarbon standard was 

established to normalise any reported !"C data (Mook and Van Der Plicht, 1999). In 

practice, NIST oxalic acid I (OxI) was used as !"C standard which was made from a 
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crop of 1955 sugar beet. While the OxI standard is no longer commercially available, 

we currently use other standards, like OxII, IAEA-C6, IAEA-C7, and IAEA-C8. If 

using OxII, the normalised standard activity A0/ is normalised as: 

                             2;< & +345672;= >>-
" .

$/
"000

" 8
1 234 55!"#

"000

1
5

                                    Equation 1.5 

Therefore, the blank-corrected fraction modern (Fm) is expressed as: 

                                           Fm = A.//A0/''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''         Equation 1.6 

Conventional !"C age is expressed as: 

                           Conventional !"C age = -8033LN(Fm)                               Equation 1.7 

“True” !"C age is expressed as: 

'''''''''''''''''''''''''''''''''''''''''''''''''''!"C age = -8267LN(Fm)                                               Equation 1.8 

The normalised deviation of !"C is calculated by: 

                                D!"C (‰) = (Fm – 1) * 1000‰                                      Equation 1.9 

The age-corrected normalised deviation of !"C is calculated by: 

                  Δ!"C (‰)  & 89' ) : ?3"@7:. A64 . * ; ) *+++,                          Equation 1.10 

Where Yc is the formation or dead year of the sample, < is the reciprocal of the true 

mean !"C life (8267 years).  

Δ!"C allows direct comparison of radiocarbon content in samples from different ages 

by accounting for radiocarbon decay that has occurred between the time of sample 

formation and radiocarbon analysis. 

>/H/@! V-<"%-B+%-7')5-%1)2+

Natural !"C is produced in the atmosphere and invades into surface ocean through air-

sea exchange. The !"C content in the atmosphere and surface ocean has changed with 
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time due to variations in the !"C production rate and air-sea exchange rate. The 

conventional !"C age difference between surface seawater and contemporaneously 

atmosphere is called “reservoir age” (Stuiver et al., 1986), which largely depends on 

the air-sea exchange rate and the mixing intensity with the deep ocean. Thus, the !"C 

ages of surface ocean before present typically range from 300 !"C years in the 

subtropical gyres to 700 !"C years in the eastern tropical Pacific (Broecker et al., 1960; 

Stuiver, 1980). The reservoir ages of polar regions are even older due to intense mixing 

with deep water. 

Deep ocean !"C age depends on the ventilation of water mass which is the time since 

the water lost contact of the atmosphere. Therefore, !"C age has been used as a tracer 

for the ocean circulation (Broecker et al., 1960; Östlund and Rooth, 1990). Previous 

studies have suggested that the youngest deep water (highest Δ!"C) is in the northern 

North Atlantic and the oldest deep water (lowest Δ!"C) is in the North Pacific (Bien et 

al., 1963; Broecker et al., 1960).  

In the Atlantic, Δ!"C is highest in both subtropical North and South Atlantic surface 

ocean (Figure 1.14). Δ!"C in the North Atlantic is generally higher than the South 

Atlantic. Because of the distinct Δ!"C in different water masses, Δ!"C has also been 

used to trace the water mass variation. For example, in the intermediate water, the Δ!"C 

in the NADW and AAIW is significantly different with higher Δ!"C in the NADW 

(Figure 1.14). 

-./012!'"'#3!L12YD=;D!X!" H!.?!6?!C<76?<.9!;21.5.=?67!<16.?82<" Data from grided 
GLODAP_v1.1 (Key et al., 2004). 
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In addition to natural !"C, large amounts of !"C were generated in the atmosphere from 

the testing of nuclear weapons in the 1950s and 1960s (Figure 1.15; (Nydal, 1963)). 

From ~1955 CE, the atmosphere accumulated bomb !"C rapidly with a maximum bomb 
!"C peak at around 1965 CE in the North Hemisphere following the restriction of 

nuclear weapon testing (Hua et al., 2016). After ~1965 CE, !"C in the atmosphere 

decreased more rapidly than normal decay due to the dilution by the surface ocean. 

Through air-sea exchange, the surface ocean !"C increased starting from ~1955 CE to 

1959 CE, but reached maximum bomb !"C at different times depending on location 

(Figure 1.15; (Druffel, 2002; Fernandez et al., 2015)). Similar to the natural !"C surface 

distribution, the bomb !"C increasing amplitude and rate also largely depend on the air-

sea exchange rate and the interaction with the deep water. Therefore, bomb !"C provides 

an opportunity to use the bomb !"C to estimate the global mean gas exchange velocity 

(Broecker and Peng, 1982). In addition, using the bomb !"C evolution curve in the deep 

ocean, we can estimate the timescale of the transport of carbon (Graven et al., 2012; 

Lee et al., 2017). 

In addition, bomb !"C also provides chronology tie-points for age model construction 

in recent corals (Figure 1.7; Figure 1.15). The time when surface ocean bomb !"C 

evolution curve started to increase (1957 ± 2 CE) can be set as one chronology tie-point 

(Roark et al., 2005). Whereas the time when the bomb !"C reaches its maximum can be 

used as a second tie-point, although the date will vary depending on location due to 

different oceanographic conditions. For downwelling regions, like western subtropical 

North Atlantic, bomb !"C reached its maximum around 1974 CE (Druffel and Linick, 

1978), while for upwelling regions, like eastern tropical North Atlantic (Figure 1.15), 

the peak is around 1992 CE (Fernandez et al., 2015). Therefore, the regional 

oceanographic environment must be understood to use bomb !"C dating.!
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-./012! '"'$3! Q=;D! !" H! 2N=70<.=?! 901N2! .?! <:2! \=1<:21?! @2;.8B:212! U\@V!
6<;=8B:212!6?5!.?!<:2!801>692!=926?!=>!N61.=08!7=96<.=?8" Atmospheric Δ!"C data is 
extracted from Hua et al. (2016). Δ!"C records of surface ocean were recorded in 
annually banded shallow-water corals (Druffel, 2002; Fernandez et al., 2015).  
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The overall aims of this thesis are: 

(1)!Explore the utility of bamboo and !-*+%',+#,# deep-sea corals as archives for 

past ocean circulation. 

(2)!Develop our understanding of the variability of the ocean structure 

corresponding to the surface temperature and climate change since the LIA. 

The specific scientific objectives of this thesis are: 

¥! To explore the utility of bomb-!"C and band-counting methods to construct age 

models in deep-sea bamboo corals. 

¥! To explore the utility of bamboo corals as archives to reconstruct seawater !"C in 

the past. 

¥! To explore the geochemical properties of !-*+%',+#,# skeleton and its potential use 

as an archive of temperature of the past ocean. 

¥! To reconstruct seawater !"C variation since the Industrial Revolution to investigate 

the decadal variability of the key components of AMOC, e.g., NADW and AAIW, 

and the timescale of bomb !"C transport. 

¥! To reconstruct temperature variation since the LIA to investigate the ocean interior 

correspondence with the surface ocean and climate change. 
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This thesis includes the Introduction Chapter and the following four chapters:  

¥! H:6B<21! )3! ]2.?<21B12<.?/! 165.=961D=?! 129=158! .?! D6;D==! 9=1678! J! ?2I!

.?8./:<8!>1=;!<:2!<1=B.967!\=1<:!C<76?<.9!

The organic nodes of bamboo corals have been dated using both bomb-!"C and 

band-counting methods (e.g., Roark et al., 2005; Sherwood and Edinger, 2009). In 

Chapter 2, bomb-!"C and band-counting dating methods are assessed for the basal 

organic nodes of six bamboo corals collected from the 700 m to 2000 m water 

depths of tropical North Atlantic. The comparison between the two age models 

supports band-counting as an effective method for dating bamboo coral organic 

nodes.  Using the combined !"C and !#N compositions of the six bamboo corals 

organic nodes, and comparison to measured seawater data, regional shallow-water 

coral records and climate-model outputs, it is suggested that the organic node of 

bamboo corals in the central tropical Atlantic reflects Δ!"C below the mixed layer.  

This chapter concludes that the bomb-!"C dating method is only suitable in corals 

collected regions where the Δ!"C of the deep chlorophyll maximum is the same as 

the mixed layer. This chapter has been submitted to the peer-reviewed journal, 

Geochimica et Cosmochimica Acta, and is currently under review. 

 

¥! H:6B<21!#3!̂ ?1.9:;2?<!=>!165.=961D=?!=>!<1=B.967!\=1<:!C<76?<.9!.?<21;25.6<2!

I6<21!8.?92!<:2!'&%(8!

Recent studies suggest that AMOC has slowed down since the twentieth century 

(Caesar et al., 2021), but the response of the interior ocean water mass structure is 

unclear. !"C as a water mass tracer could be used to trace the variation of key 

components of AMOC. In Chapter 3, !"C records between 1830 CE and 2013 CE 

recorded in the calcitic skeleton of four bamboo corals collected from the tropical 

Atlantic between 1400 m and 2000 m water depth are presented. With independent 

age models constructed by band-counting of corresponding organic nodes (Chapter 



Chapter 1: Introduction 

24 

 

2), Δ!"C shows a basin-wide increase between 1960s and 1980s. After ruling out 

other options, we conclude that this observation is most likely related to the 

weakening of AMOC since the twentieth century.  

This chapter also includes a comparison of Δ!"C between coral records, ambient 

seawater, climate-model outputs, and records from previous studies. This 

comparison suggests a ~50-year transport timescale of bomb !"C from the 

northwest Atlantic to the tropical North Atlantic which is longer than the model 

suggested ~40 years transport time. 

 

¥! H:6B<21!$3!Z61/289672!<1=B.967!C<76?<.9!.?<21;25.6<2!I6<21!I61;.?/!8.?92!<:2!

2?5!=>!<:2!Z.<<72!492!C/2!

In Chapter 4, due to longer lifespan and better environmental proxy calibrations of 

!-*+%',+#,#, a live !-*+%',+#,# coral collected around 1500 m water depth in the 

tropical Atlantic is used as an archive to reconstruct intermediate water temperature 

for the last 600 years. Both the coral stem radial section and a sequence of calyces 

were analysed for !"C, trace elements to generate decadal resolution temperature 

record between the LIA and present. An offset in absolute temperature between the 

radial and longitudinal record raises questions about trace metal incorporation into 

scleractinian corals but the pattern and amplitude of warming is remarkably similar. 

Overall, Li/Mg records point to an average intermediate water temperature increase 

of ~1.7 ℃ following the LIA. The warmth after the LIA is potentially attributed to 

a deepening and warming of the tropical Atlantic thermocline in response to 

reduced AMOC and/or the southward retreat of AAIW. 

 

¥! H:6B<21!+3!H=?9708.=?8!6?5!>0<012!I=1W!

Finally in Chapter 5, the main findings of this thesis are summarised, and potential 

future work is outlined.
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2.!Reinterpreting radiocarbon records in 

bamboo corals – new insights from the 

tropical North Atlantic 

 

!"#$%&'$(

Deep-sea bamboo corals (family Isididae) have been used as archives for reconstructing 

changes in the past ocean. However, uncertainties remain regarding the interpretation 

of geochemical signals from their organic nodes, specifically the water depth of the 

signals recorded by the coral. Here we explore this question by measuring !"C and !#N 

compositions of six bamboo corals collected from the central and eastern tropical 

Atlantic between 700 m and 2000 m water depth. By comparing coral !"C to measured 

seawater data, regional shallow-water coral records and climate-model outputs, we find 

that bamboo coral organic skeletal carbon can be sourced below mixed layer, likely due 

to the presence of a deep chlorophyll maximum layer below the mixed layer, and 

therefore organic nodes record the Δ!"C of the deep chlorophyll maximum layer rather 

than the surface mixed layer. Combined with δ!#N data, this observation suggests that 

sinking and/or ambient zooplankton supported by phytoplankton from the deep 

chlorophyll maximum layer can contribute a significant proportion of the diet of 

bamboo corals. These results mean that bamboo coral age models should not be 

determined from mixed layer Δ!"C, unless the coral is from a region where the Δ!"C of 

the deep chlorophyll maximum layer is the same as mixed layer waters. 
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C0<:=1!H=?<1.D0<.=?83 ‘Reinterpreting radiocarbon records in bamboo corals – new 

insights from the tropical North Atlantic’ is a paper chapter. The paper has been 

submitted to Geochimica et Cosmochimica Acta, and is currently under review (Liu et 

al., Submitted). Co-authors on the paper were Laura F. Robinson (University of Bristol), 

Erica Hendy (University of Bristol), Maria G. Prokopenko (Pomona College), Joseph 

A. Stewart (University of Bristol), Timothy D.J. Knowles (University of Bristol), Tao 

Li (Nanjing University), Ana Samperiz (Cardiff University). The paper supplementary 

material is included in this thesis as Supplementary Material of Chapter 2. The data 

used in this paper are included in Appendix Table A2.1, Table A 2.2, and Table A2. 3. 

Q. Liu was responsible for all coral sample selection and preparation, photography, 

band counting as well as radiocarbon sample preparation including graphite target 

preparation. T. Knowles was responsible for the radiocarbon measurement. M. 

Prokopenko was responsible for the nitrogen data collection. All data compilation and 

model data extraction and calculation were carried out by Q. Liu. 

The manuscript was written by Q. Liu with comments from L. Robinson, E. Hendy, J. 

Stewart, M. Prokopenko, T. Li, and A. Samperiz.  
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With growing interest in ocean-climate interactions in response to recent anthropogenic 

warming (e.g., Brown et al., 2019; Bryden et al., 2005; Hobbs et al., 2021; Ummenhofer 

et al., 2021), high-resolution records (e.g. annual to decadal) of past ocean variability 

over the last century are becoming ever more valuable. Among these records, 

radiocarbon plays an important role in exploring the anthropogenic influence on ocean 

circulation. Deep-sea corals have the potential to provide archives of geochemical 

information for past ocean environment and circulation reconstructions (Geyman et al., 

2019; Sherwood et al., 2011; Thresher and Fallon, 2021). In particular, bamboo corals 

(family Isididae) create well-preserved archives to construct continuous high-resolution 

records of past ocean environments. They have a distinct bamboo-like morphology: a 

jointed skeleton with dark proteinaceous organic nodes separating high-Mg calcium 

carbonate internodes (Noé and Dullo, 2006; Roark et al., 2005). These two components 

of the coral skeleton grow concentrically and synchronously (Noé and Dullo, 2006), 

providing temporally-linked geochemical records from both organic and calcitic 

components.  

The organic nodes in the bamboo coral skeleton are thought to be derived from 

particulate organic matter (POM) produced in the surface ocean sinking down to the 

deep ocean and being captured by bamboo corals through filter feeding (Griffin and 

Druffel, 1989; Roark et al., 2005). Organic nodes therefore have the potential to record 

past ocean surface conditions at the time of coral growth. This has been shown using 

the δ!#N composition to reveal overlying ocean primary productivity (Hill et al., 2014; 

Sherwood et al., 2009). Conversely, the calcitic internodes reflect the chemistry of the 

deeper waters in which the coral grew (Farmer et al., 2015b; Hill et al., 2011a; Kimball 

et al., 2014; LaVigne et al., 2011; Roark et al., 2005). 

An important component of generating any paleoclimate record is the development of 

a robust chronology. One of the methods that has been used for developing time-

markers in the surface ocean environment is by comparison to the bomb radiocarbon 

signal (e.g., Campana, 1997; Campana et al., 2008; Frenkel et al., 2017; Roark et al., 
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2005). Radiocarbon is naturally produced in the atmosphere via cosmic ray interaction 

with !"N, however unusually large amounts of radiocarbon were produced by nuclear 

tests conducted in late 1950s. The uptake of this bomb radiocarbon by the surface ocean 

and its subsequent penetration into the deeper ocean not only provides a chronological 

framework (Scourse et al., 2016; Tisnérat-Laborde et al., 2016), but also enables 

reconstruction of recent ocean ventilation (Broecker et al., 1978; Druffel, 1989; Lee et 

al., 2017; Sherwood et al., 2008a). In terms of chronology, bomb radiocarbon is more 

effectively recorded by surface ocean archives (e.g. surface water corals) because of the 

rapid exchange between surface ocean and the atmosphere (Druffel, 2002; Druffel and 

Linick, 1978; Fernandez et al., 2015; Hirabayashi et al., 2019; Kilbourne et al., 2007). 

Two potential time-markers have been suggested – the initial input of radiocarbon 

around 1957 CE and the time that bomb radiocarbon content reached its maximum 

(Frenkel et al., 2017; Roark et al., 2005). However, these time-markers are not always 

straightforward to detect and dependent on both the resolution of the archive and the 

synchronicity of these events expressed across the surface ocean (Druffel, 2002; 

Fernandez et al., 2015; Graven et al., 2012). Ideally, the organic nodes in deep-sea 

proteinaceous corals would capture both of these radiocarbon time markers to provide 

an initial chronological framework (Frenkel et al., 2017; Hill et al., 2014; Roark et al., 

2006). However, there are problems with synchronicity, and the potential for signals 

from deeper in the water column to bias the record. Consequently, it is important to 

develop an alternative independent strategy for chronology development, and in doing 

so release the radiocarbon signal for interpretation as a tracer of surface ocean and 

ventilation processes.  

The most effective independent method for developing a chronology from bamboo 

corals is counting of growth bands in the organic nodes (visually distinguishable layers 

of gorgonin). Sherwood and Edinger (2009) reported organic node annual growth bands 

of bamboo corals. They showed that two species of bamboo corals (1/+#,%)')'*%+"#,# 

and 23#"/$$#*#+78'38$#9*collected off Newfoundland and Labrador are annually banded. 

Other deep-sea proteinaceous corals are also suggested to have annually forming bands, 

presumably relating to surface water productivity, e.g. :+)("%#* '&&. from the NE 

Pacific Ocean and NW Atlantic Ocean (Choy et al., 2020; Sherwood et al., 2005b) and 

black corals (order Antipatharia) from the Gulf of Mexico (Prouty et al., 2011). Annual 
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growth bands of deep-sea proteinaceous organic skeleton could therefore provide a 

simple and effective approach to develop a detailed chronology of recent live-collected 

proteinaceous corals (Sherwood et al., 2008a; Williams, 2020). Current evidence points 

to banding in proteinaceous corals being annual although further evidence of this in 

other genera of bamboo corals from other locations would be valuable. 

Here we present age model assessments of six bamboo corals collected from the central 

and eastern tropical Atlantic from 700 to 2000 m water depth in 2013. We combine 

band-counting methods, radiocarbon and δ!#N to construct detailed age models, 

reassesses the utility of organic node geochemistry for recording surface water 

processes, and provide new records of the radiocarbon in the near surface ocean and 

thermocline over the last ~150 years. 

 

M6D72!)"'3!H=167!8B29.;2?8!6?67A825!.?!<:.8!8<05A"!

  

"#$%&!!"#$ ! "#$%&!'(! )*+*$%! ,*%-#.+/ ! (*0/1!2-3 !4%/!2563!4#+!2573!
6#8*!$%89.:!

2--3 !

;#/%&!

<$#=/1!

>%+8:!

?@*$%<*!<$#=/1!

$%/*!2A-BC$3!

)$#=/1!/9-*!

$%+<*!

"%$DEFG-! JC094-B0143 !"#$%&'('() Carter 760 9.22 -21.31 1.70 26 ± 4 65 ± 10 1987.8 – 2013.8  

"%$DHIGJ-! JC094-B0132 *+$,"--$ ) Carter 1409 9.21 -21.30 6.63 64 ± 6 104 ± 10 1949.8 – 2013.8 

K+9DELG-! JC094-B0076 !"#$%&'('() Knipovich 720 5.63 -26.95 1.27 20 ± 1 63 ± 3 1993.8 – 2013.8  

K+9DHJMN-! JC094-B0086 ."/'0'('( ) Knipovich 1985 5.60 -26.97 4.26 71 ± 10 60 ± 8 1919.5 – 1988.0 

O*-DHIEI- ! JC094-B0150 ."/'0'('( )

Vema 

Fracture 

Zone 

1474 10.74 -44.58 8.51 161 ± 12 53 ± 4 1831.3 – 1992.3 

O%CDHINN-! JC094-B0092 ."/'0'('( ) Vayda 1455 14.86 -48.24 7.65 114 ± 13 67 ± 8 1898.5 – 2013.8 
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-./012! )"'3 Q6;D==! 9=1678! 7=96<.=?8! 6?5! X!" H! B1=B21<.28" (6) Bamboo corals 
locations in this study (filled symbols) with locations of previously published Δ!"C 
records discussed in the text derived from shallow-water corals (white circles with black 
edge). The background of this map represents surface Δ!"C of climate model outputs in 
1980 CE (see Section 2.2.4.3). Schematic general circulation patterns are also shown 
(after (Schott et al., 2004)). The tropical/subtropical downwelling and off-coast 
upwelling areas of the Atlantic subtropical cells are shown as grey and black boundary 
with !!! ! 78""" " ! !!!9and orange boundary with !!! ! 7:""" " ! !!! , respectively. The wide yellow line shows the 
section location of (d). GS = Gulf Stream; CC = Canary Current; NEC = North 
Equatorial Current; NECC = North Equatorial Countercurrent; NEUC = North 
Equatorial Undercurrent; GD = Guinea Dome; EUC = Equatorial Undercurrent; SEUC 
= South Equatorial Undercurrent; SEC = South Equatorial Current; NBC = North Brazil 
Current; BC = Brazil Current.  (D) Detailed coral locations of eastern Atlantic with 
seawater Δ!"C sampling locations (open-coloured diamonds). (9) Detailed coral 
locations of central Atlantic with seawater Δ!"C sampling locations (open-coloured 
diamonds). (5) Coral depths. Water masses indicated by climate model outputs Δ!"C 
(Danabasoglu, 2019; Orr et al., 2017). AAIW = Antarctic Intermediate Water; NADW 
= North Atlantic Deep Water. ML = Mixed Layer. Note that the depth scale is stretched 
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from top. (2) Seawater Δ!"C profiles of 1973 CE in the upper 300 m seawater of the two 
coral locations to demonstrate the seawater Δ!"C gradient (GEOSECS; (Stuiver and 
Östlund, 1980)). Symbols and their colour are correspondent with figures hereafter 
unless indicated. 
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Six deep-sea bamboo corals were collected by remotely operated vehicle during the 

RRS 4#(/'*;%%< expedition JC094 in October 2013 ((Robinson, 2014), Figure 2.1, 

Table 2.1) from Carter (Car) and Knipovich (Kni) Seamounts (Figure 2.1b) and Vema 

Fracture Zone (Vem) and Vayda (Vay) Seamount (Figure 2.1c) in the tropical Atlantic 

Ocean. We use a simplified sample identifier notation that includes the abbreviated 

location name and water depth information for each coral sample (e.g.; Car_760m for 

the sample from Cater Seamount at 760 m). All corals in this study were identified as 

“live” during collection due to the presence of polyp tissue on the skeleton. Polyp tissue 

was removed from the specimens and the skeletons were preserved dry. All six corals 

were identified as sub-family Keratoisidinae (Gray, 1870) based on their long and 

visible (>1 cm) organic nodes (Tracey et al., 2014). Furthermore, they were identified 

as three different genera according to their branching features: ./&)0)')'*(Verrill, 1883) 

(no branches), 1/+#,%)')'*(Wright, 1869) (branching from the calcitic internodes) and 

23#"/$$#* (Gray, 1870) (branching from the organic node). Although France (2007) 

suggest 1/+#,%)')'*'&&- and*./&)0)')'*'&&- might be the same genus and it may not be 

appropriate to distinguish by the presence of branching, we still adopt this conventional 

method of identification. 

@/@/@! Q5$-2)D%-#:'5+!$<<'2D+

The 700 to 2000 m depth range where the six bamboo corals were collected is filled by 

two main water masses: Antarctic Intermediate Water (AAIW) and North Atlantic Deep 

Water (NADW). Two samples grew in AAIW (Car_760m, Kni_720m), three grew at 
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the boundary of AAIW and NADW (Car_1409m, Vay_1455m and Vem_1474m) and 

one grew in NADW (Kni_1985m) (Figure 2.1d).  

The overlying surface/subsurface waters of the central and eastern coral sites are within 

or along the boundary of a downwelling region and an upwelling region (Figure 2.1a), 

respectively. These differences in oceanographic setting produce different mixed layer 

(ML) depths and thus different Δ!"C profiles between sites (Figure 2.1e). The ML depth 

in the central tropical Atlantic is ~60 m while in the eastern tropical Atlantic it is 

shallower at ~30 m (Boyer et al., 2018). Consistent with this vertical mixing pattern, 

the Δ!"C decreases from west to east as shown by the surface !"C distribution in 1980 

CE extracted from Earth System model outputs (Section 2.2.4.3) (Figure 2.1a). 

@/@/E! ;2-B8<'5-B+<$5:2'W"$(+
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An organic node was chosen from near the base of each specimen to capture the longest 

lifespan of the coral. Additionally, two organic nodes were cut from the middle (node 

15: the 15)* node from the bottom) and top (tip node) parts of the coral for specimen 

Vem_1474m and one middle organic node for specimen Kni_1985m. Each node was 

detached from the calcitic internode using a rotary cutting tool. They were then placed 

into 2N HCl for 24 hours to dissolve any calcite (following Sherwood et al., 2008a). 

After rinsing with Milli-Q water and drying, the isolated nodes were photographed 

under a light microscope (Figure 2.2). The nodes were subsampled radially at 0.1 to 0.5 

mm resolution by peeling away layers using a scalpel blade and tweezers. Only the 

outer part was sampled for the three additional upper nodes on Vem_1474m and 

Kni_1985m. Each separated subsample was photographed to count its growth bands, 

and the diameter was measured at the widest part. Subsamples were again placed into 

2N HCl for 24 hours to further dissolve away any residual calcite and dried at room 

temperature after rinsing with Milli-Q water. 
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-./012! )")3! ^R6;B72! 829<.=?! =>!_6A`'$++;#=1/6?.9! ?=52" Markings in (a) show 
layers subsampled in preparation. Markings in (b) show individual layers counted in 
one subsample. 

)")"#")! ]65.=961D=?!6?67A8.8!

Radiocarbon analyses were conducted at the Bristol Radiocarbon Accelerator Mass 

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

Knowles et al. (2019). About 2.5 mg of each organic node sample was weighed and 

burned in the Elemental Analyzer to generate CO$ to be graphitized in the IonPlus 

AGE3 graphitization system. IAEA-C7 and OX II oxalic acids were used as standards 

and phthalic anhydride was used as the blank to correct for instrumental background. 

The graphite targets were analysed by AMS. 

Radiocarbon data were originally provided as blank-corrected fraction modern (F1) 

which is the =!(C-normalized ratio between the measured sample !"C/!$C and the 
!"C/!$C of NBS Oxalic Acid Ⅱ at 1950 CE. >!"C (‰; age uncorrected) were calculated 

using Equation 2.1. Δ!"C (‰; age corrected) were calculated using Equation 2.2 

(Stuiver and Polach, 1977). 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !" "!#$%!" #$7 %&' ( &))) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2.1 

!!!!!!!!!&!" "!#$%!!" *$7 ( +89:;<= > ?! @%&, ( &))) !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Equation 2.2!

Where Yc is the coral skeleton formation year derived from the age model calculated 

in Section 2.2.3.4, < is the reciprocal of the true mean !"C life (8267 years, (Godwin, 

1962)). Δ!"C allows direct comparison of radiocarbon content in samples from different 

!"# !$#
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ages by accounting for radiocarbon decay occurring between the time of sample 

formation and radiocarbon analysis. 

)")"#"#! O<6D72!.8=<=B2!Ua!#\V!6?67A8.8!

Corals Car_1409m and Vay_1455m were selected for stable isotope δ!#N 

measurements because they captured the most complete bomb radiocarbon curve (see 

Results). The centre, middle and outermost subsamples were measured for both corals. 

Samples were gently ground to homogenise. The δ!#N analyses were carried out in 

duplicate at the University of California, Davis Stable Isotope Facility. The reported 

long-term precision of the analytical lab is 0.3 ‰ for δ!#N. The relative offsets between 

subsamples duplicates ranged from 0.2% to 3.8%, except for one pairs of duplicates 

with larger relative offset (10.3%) which was attributed to incomplete homogenization, 

and likely resulted from natural variability within the chosen bands. 

)")"#"$! C/2!;=527!52N27=B;2?<!

Our primary method for the development of the age model for each coral was band 

counting of the organic nodes. The growth band of organic node of bamboo corals are 

assumed annual based on previous studies on bamboo corals and other deep-sea 

proteinaceous corals (Sherwood et al. 2005b; Sherwood and Edinger 2009; Prouty et 

al. 2011). The formation of the growth bands is presumably relating to food supply and 

surface water productivity (Sherwood et al. 2005b). However, the exact mechanism to 

explain annual banding is still unclear. Growth bands within each separated subsample 

were counted at the widest part of the node, and the total growth bands for each colony 

were determined as the sum of each individual subsample (Table 2.1 and Table A2.1). 

Counting was independently repeated by one person during three non-consecutive 

sessions to assess confidence in the result., The average of these three counts was used 

as the number of growth bands for each subsample. The precision of growth band 

counting was assessed by using the standard deviation (SD) of three different counts of 

each subsample and averaged ±0.6 band (resulted in ±1 band due to counting results 

are natural numbers). The total counting uncertainty for each node ranges from ±1 to 

±13 bands which accounts for 5% to 15% of the total bands. The precision of band 

counts largely depended on the quality of the sections and their photography. For 
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instance, some growth bands were very narrow, or the focus of the photography was 

not clear enough would both make the counting difficult. Figure 2.2 shows an example 

of the band counting results displayed on the original organic node cross-section.   

The calendar year for each band was assigned assuming annual banding. The collection 

date (decimal year 2013.8) was assigned to the coral edge unless there was evidence to 

suggest that the coral had stopped growing earlier (Section 2.4.1.2). We then cross-

referenced these ages with the radiocarbon record from the sample coral, and from 

radiocarbon in nearby seawater and surface water corals from the region. This exercise 

allowed us to assess whether the coral was growing when it was collected, and to 

interpolate growth rates where needed (Section 2.6.1). 

@/@/I! A)C#-%-<'&$+X14A+7-<-+5)C#'B-<')2+

We compiled reported Δ!"C data from the region to provide a comparative basis for our 

new coral data. These include seawater dissolved inorganic carbon (DIC) data, records 

from surface-dwelling corals, and from a Earth System Model (CESM2-FV2-historical 

model conducted by NCAR) data (Danabasoglu, 2019).  

)")"$"'! O26I6<21!S4H!X!" H!56<6!

Thirty-four seawater Δ!"C data points collected from surface to 150 m depth seawater 

between 2°N and 11°N, 19°W and 28°W (Figure 2.1b) and measured between 1973 CE 

and 2013 CE were collated for the eastern tropical Atlantic (Table A2.2; (Chen et al., 

2015a; Roether and Kromer, 2014; Olsen et al., 2019; Olsen et al., 2020)). Δ!"C ranged 

from –43.7‰ in 98 m seawater of 1973 CE to 113.8‰ in 23 m seawater of 1983 CE. 

Data were separated into three groups by depth: 0 to 29 m, 30 to 89 m, 90 to 150 m.  

For the central tropical Atlantic, thirty-eight seawater Δ!"C measurements collected 

from surface to 350 m depth seawater between 7°N and 18°N, 40°W and 54°W (Figure 

2.1c) and measured between 1957 CE  and 2013 CE were included (Table A2.2; 

(Broecker et al., 1960; Chen et al., 2015a; Olsen et al., 2019; Olsen et al., 2020)). Δ!"C 

ranged from –73 ± 6‰ in the surface seawater of 1957 CE to 136.6‰ in the surface 

seawater of 1973 CE. These data were separated into four groups by depth: 0 to 59 m, 

60 to 149 m, 150 to 249 m, 250 to 350 m.  
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To allow a comparison to continuous surface-water reconstructions, Δ!"C records 

derived from shallow-water corals in Puerto Rico and Cape Verde were compiled. 

Puerto Rico (Kilbourne et al., 2007) is located about 2100 km northwest of the central 

tropical Atlantic coral sites. Two Δ!"C records derived from two shallow-water corals 

are from Cape Verde, 900 km north of Carter Seamount and 1300 km north of 

Knipovich Seamount (Druffel, 2002; Fernandez et al., 2015). 

)")"$"#! ^61<:YOA8<2;YK=527Y521.N25!X!" H!129=158!

NCAR Community Earth System Model Version 2 (CESM2-FV2) model outputs of 

abiotic DIC (‘dissicabio’) and DIC-14 (‘dissi14cabio’)  (Danabasoglu, 2019; Orr et al., 

2017) were used to calculate predicted seawater Δ!"C using the following equation (Orr 

et al., 2017): 

               Δ!"C = (dissi14cabio/dissicabio – 1) × 1000                           Equation 2.3 

for the period 1950 CE to 2014 CE at different depths (0 to 250 m) for each coral 

location. The model outputs have been normalized by δ!(C and the calculated Δ!"C can 

be compared directly with measured data (Orr et al., 2017).The predicted seawater Δ!"C 

of North Atlantic at 0 m in 1980 CE was also calculated (Figure 2.1a). 

A)B! ?0#4/$#(

@/E/>! Y%)=<:+1-27(+-27+-D$(+

The average number of growth bands for the basal organic node of six specimens range 

from 20 ± 1 to 161 ± 12 (1SD) (Table 2.1). The number of bands within each subsample 

layer averages 6 bands (Table A2.1).  

The lifespans of the six corals range from 20 ± 1 to 161 ± 12 years based on the age 

model developed by annual band counting of the basal node assuming the banding is 

annual (Section 2.2.3.4). Due to the accumulated error propagation, the older section of 

each coral is expected to have higher uncertainty. The relative SDs of the age 
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estimations range from 5% to 15% with the least precise relative age estimation on the 

coral Car_760m which is ± 4 years over a total lifespan of 26 years (15%). The lifespan 

time range is listed in Table 2.1 for each coral together with its average growth rate. 

The oldest coral Vem_1474m is dated back to 1831 CE with a cessation in growth in 

year 1992 CE (Table 2.1). The cessation date for the basal node was assessed by 

comparing the radiocarbon content of the coral with record derived from coral 

Vay_1455m (Section 2.4.1.1) 

@/E/@! 0-7')5-%1)2+5)2<$2<+

The radiocarbon content (D!"C, not age-corrected) versus distance from coral edge 

(youngest part) is shown in Figure 2.3 for each organic node subsample. D!"C recorded 

in the 9 organic nodes (from 6 corals) range from –71 ± 3‰ to 77 ± 3‰. The two 

smallest specimens (Car_760m and Kni_720m) exhibit enriched radiocarbon D!"C 

(higher than 50‰) throughout their lifespans (Figure 2.3a and c). D!"C values recorded 

in the other four basal nodes are depleted in the centre, becoming more enriched in their 

outer parts.  

-./012!)"#3!S!" H!U?=!6/2Y9=1129<.=?V!N21808!5.8<6?92! >1=;!9=167! 25/2! UA=0?/28<!
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B61<V"! X error bar represents the thickness of subsample. Subsamples measured in 
Vay_1455m are not continuous. Y error bar represents analytical error of D!"C and is 
smaller than symbols. 
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For specimen Kni_1985m, the D!"C of the outermost layer of node 2 shows a value  
(70 ± 3‰) equivalent to the outermost layer of the basal node (70 < 3‰) (Figure 
2.3d).  However, the maximum D!"C (77 ± 3‰) recorded in the basal node is not 
captured in node 2, likely due to the lower sampling resolution within this node. By 
contrast, for specimen Vem_1474m, the D!"C in the outermost layers of the three 
analysed nodes were markedly different (Figure 2.3f), with lower D!"C in upper 
nodes, i.e., 68 ± 3‰ in the basal node, 62 ± 3‰ in node 15, and 26 ± 3‰ in the tip 
node.  

@/E/E! 0-7')5-%1)2+&-%'-<')2+)&$%+<'C$+

The Δ!"C (age-corrected with Equation 2.2) content versus calendar year determined 

by band counting recorded in the six corals are shown in Figure 2.4. The pre-bomb Δ!"C 

content was constant both in the eastern (-56 ± 3‰) and central (-58 ± 3‰) sites ( 

Figure 2.4a and c). In the early 1960s the Δ!"C content increased rapidly (although at 

different rates) until it reached broad peak values in ~1994 CE (62‰) and ~1980 CE 

(73‰) for corals Car_1409m and Kni_1985m collected from the eastern Atlantic 

(Figure 2.4a). For the two young corals collected from eastern Atlantic, with Δ!"C 

greater than 50‰ throughout their lifespans, Δ!"C generally decreased through time 

from the beginning of their lifespans, which is 1988 CE for coral Car_760m and 1994 

CE for coral Kni_720m ( Figure 2.4a).  

For the central Atlantic, coral Vay_1455m reaches a broad peak Δ!"C at ~1995 CE 

(69‰) ( Figure 2.4c).  Coral Vem_1474m only has one outermost subsample which 

captured bomb radiocarbon and has been used to estimate its age by interpolation to the 

radiocarbon curve of coral Vay_1455m (Section 2.6.1). 
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-./012!)"$3!X!" H!U6/2Y9=1129<25V!129=1525!.?!=1/6?.9!?=528!=>!8.R!D6;D==!9=1678!
.?! 268<21?! U6! 6?5! DV! 6?5! 92?<167! U9! 6?5! 5V! <1=B.967! C<76?<.9! 9=;B61.?/! I.<:!
B0D7.8:25!56<6" Coloured circles with black edge refer to bamboo corals. Diamonds 
refer to observed seawater dissolved inorganic carbon (DIC) average Δ!"C at different 
depth intervals as indicated by filled colour. The colours of diamond edge refer to the 
location of seawater shown in Figure 2.1(b) and (c). The Y-error bar represents the 
variation range of seawater Δ!"C in the locations indicated by the same colour shown 
in Figure 2.1(b) and (c). Seawater data are from GLODAPv2.2020) (Olsen et al., 2019; 
Olsen et al., 2020). The lines refer to model outputs Δ!"C at depths indicated by colour 
(historical experiment of CESM2-FV2 model conducted by NCAR (Danabasoglu, 
2019)). Model outputs are extracted from Carter Seamount and Vayda Seamount 
overlying upper layers, respectively. White circles with black edge refer to shallow-
water coral records in Cape Verde Island (Druffel, 2002; Fernandez et al., 2015) for the 
eastern site (b) and in Puerto Rico (Kilbourne et al., 2007) for the central site (d). X-
error bar represents year range of each subsample. 
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The total range of δ!#N is from 8.75‰ to 12.34‰, with a higher average organic node 

δ!#N recorded in the east Atlantic coral Car_1409m (11.48 ± 1.02 ‰) than the central 

Atlantic coral Vay_1455m (9.13 ± 0.28 ‰) (Table A2.1; Figure 2.5a).  

!

-./012!)"+3!\.<1=/2?!.8=<=B.9!16<.=8" (6) δ!#N of organic node of bamboo corals in this 
study and previous studies and nearby sinking POM. (D) δ!#N offset (Δδ!#N) between 
bamboo corals and sinking POM of corresponding locations. The text alongside data 
points in POM δ!#N are the depths of each sediment trap. POM δ!#N of Carter seamount 
is calculated by stoichiometric method by Marconi et al. (2019). 
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We begin with the assumption that the coral genera 1/+#,%)')'= 23#"/$$# and ./&)0)')' 

form annual growth bands in the organic nodes. Only 1/+#,%)')' and 23#"/$$# have 

been examined previously, and both of these genera were reported to have annual 

banding (Sherwood and Edinger, 2009). We use the associated age models to calculate 

growth rates for comparison with prior studies.  

)"$"'"'! 4?<21Y!6?5!.?<16Y9=167!/1=I<:!16<2!5.>>212?928!

The average radial growth rate of each bamboo coral ranges from 53 ± 4 μm/yr 

(Vem_1474m) to 104 ± 10 μm/yr (Car_1409m) (Table 2.1) which is within the range 

of growth rate for bamboo corals estimated in previous studies (Table A2.3; (Andrews 

et al., 2009; Farmer et al., 2015b; Frenkel et al., 2017; Hill et al., 2011a; Roark et al., 

2005; Sherwood and Edinger, 2009; Thresher, 2009; Tracey et al., 2007)).  

Band-counting age models can also provide more detailed insights into growth rate 

throughout the coral lifespan UFigure S2.2; Table S2.1). In general, linear growth rates 

appear to be twice as fast in early central growth before slowing over time towards the 

outer edge of the coral (Figure S2.2). This is consistent with the higher growth rates in 

the centre of the radial section indicated by the trace metal and stable isotope (δ!(C and 

δ!%O) distributions in the calcitic internodes of bamboo corals (Flöter et al., 2019; 

Sinclair et al., 2011).  

The growth rates of bamboo corals have previously been compared with the ambient 

environment to identify any potential external controls on growth (Farmer et al., 2015b; 

Thresher, 2009; Thresher et al., 2016). Obviously, this approach is not straightforward 

for corals which exhibit a non-linear growth rate that is negatively correlated with coral 

size (Frenkel et al. (2017). Nonetheless, Thresher et al (2009, 2016) concluded that 

growth rate has a positive correlation with ambient temperature within the most 

sampled subfamily Keratoisididae (Thresher, 2009; Thresher et al., 2016). By contrast, 

Farmer et al. (2015b) found no significant correlation.  Our compiled average growth 
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rate data (Table A2.3) are in general agreement with Thresher et al. (2016) and show a 

positive linear correlation (p < 0.01; IBM SPSS) between growth rate and ambient 

temperature (Figure S2.3) (we note that only growth rate data derived from organic 

node have been compiled to minimize the uncertainty stemming from different methods 

used for growth rate determination). However, when we focus on individual genera 

among Isididae, the correlation is less clear. ./&)0)')'*and*1/+#,%)')'*are two genera 

that have been relatively well studied and show significant (p < 0.05; IBM SPSS) and 

weak positive correlation (p < 0.1; IBM SPSS), respectively, with temperature (Figure 

S2.3). By contrast, >')0/$$# shows no significant correlation and higher growth rates 

than the other two genera. The genus 23#"/$$# has been less studied, such that a genus 

specific correction could not be generated. Thus, the factors that influence the growth 

of bamboo corals remain unknown despite the increasing amount of data availability. 

Phylogeny, ambient temperature, and food supply are likely to work together to 

influence the growth of bamboo corals. 

A further challenge to the interpretation of growth rate is the asymmetric growth (e.g., 

off axis centring of earliest growth bands shown in Figure 2.2). The maximum radius 

of the basal organic node of coral Vay_1455m is 7.65 mm while the minimum is 4.95 

mm (~35% different). In this chapter we used the largest radius for consistency between 

corals. However, if different parts of the radius were measured in previous studies, the 

correlation between compiled growth rates and ambient temperature would introduce 

scattering, e.g., 35% distorting the results.  

)"$"'")! M28<.?/!<:2!D6?5Y9=0?<.?/!6/2!;=527!

Our study adds further evidence that growth bands in organic nodes are formed annually. 

An alternative way to assess growth rate would have been to use the radiocarbon profile 

of the nodes as compared to the expected ML water value to develop an age model (e.g., 

Frenkel et al., 2017; Roark et al., 2005), which relies on assumptions about the source 

of the organic matter within the nodes (i.e., that it reflects the ML). We make a detailed 

assessment of the age models that would have been acquired by using bomb 

radiocarbon time-markers (Section 2.6.2; Figure S2.2). We find the radiocarbon-

derived age model and associated growth rate estimates to be broadly in agreement with 

band counting except for Vay_1455m (Figure S2.2). This comparison provides 
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additional confidence for the results of both techniques, however, henceforth we use 

the more precise band-counting age models that permit further investigation of the 

radiocarbon signal independent of age model development. 

We also compare the radiocarbon content of the outermost part of the nodes to modern 

seawater to test whether each coral was still growing when it was collected. Based on 

this comparison, all corals except Kni_1985m and Vem_1474m were found to be still 

growing on collection. By contrast, coral Kni_1985m showed about 20‰ offset 

between the coral edge and both the overlying ML and upper thermocline seawater (0 

to 55 m) Δ!"C in 2013 (Figure 2.4a). The organic node Δ!"C of coral Vem_1474m never 

reached the bomb radiocarbon peak, potentially implying a long (more than a decade) 

cessation in growth preceding collection (Figure 2.4c). To check if the growth cessation 

occurred only in the basal node or the entire coral, the outer part of an additional node 

(node 2: the second node from the bottom) of Kni_1985m and two further nodes (node 

15: the 15)* node from bottom; and the tip node) were also measured for !"C. D!"C was 

indistinguishable between the outermost nodes of subsamples of Kni_1985m, which 

suggests growth of Kni_1985m ceased along the entire coral (Figure 2.3d). For 

Vem_1474m, the D!"C of the outermost subsample of the basal node and node 15 show 

no difference, while D!"C of the outermost subsample of tip node is significantly lower, 

indicating that the cessation in growth likely occurred from the top of the coral (Figure 

2.3f). The presence of the -32‰ D!"C data point in node 15 of Vem_1474m suggests 

the outermost bomb-influenced subsample grew continuously instead of regrowing 

after a cessation in growth (Figure 2.3f). Previous studies have also reported that the 

outer part of organic nodes of some bamboo corals did not capture the whole bomb 

radiocarbon record up to the collection date, even with tissue present on the specimen 

when collected (Farmer et al., 2015b; Frenkel et al., 2017; Hill et al., 2014). Caution 

must therefore be exercised when using the collection date as a time-marker to construct 

age models of bamboo corals. 
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Bomb radiocarbon was found in the organic nodes of all six bamboo corals (Figure 2.4). 

This result provides robust evidence that the carbon source of organic nodes is derived 

from export of recent organic material (Roark et al., 2005). Importantly however, we 

note that coral Δ!"C does not always follow the surface ML waters (Figure 2.4). The 

magnitude of the deviation from the ML seawater Δ!"C is smaller in the eastern tropical 

Atlantic upwelling zone than the central tropical Atlantic subtropical downwelling 

regime. We therefore separate the discussion in the following sections to consider the 

two different oceanographic settings and comparative Δ!"C records. By 2013 (the date 

of sampling) the seawater Δ!"C values within the ML and the upper thermocline were 

converging after the initial invasion of bomb radiocarbon (Figure 2.4a and c). Given 

this convergence it becomes more difficult to separate signals derived from the ML or 

upper thermocline in more recent times.   

)"$")"'! ^68<21?!<1=B.967!C<76?<.9!

The Δ!"C of the organic node of corals from the eastern sites typically reflect the Δ!"C 

of seawater from between 0 and 50 m water depth, or slightly deeper at Knipovich 

(Figure 2.4a). This observation is supported by the outputs from the climate model 

which again suggest that the organic node Δ!"C originate from between 0 and 50 m, 

although with a lagged peak (Figure 2.4a).   

With the lack of continuous seawater observations and no available seawater Δ!"C 

observations from this region before 1970, the initial response to bomb !"C and peak 

times cannot be assessed directly, however shallow-water coral records offer an 

alternative continuous record for comparison. The closest records are from two shallow-

water scleractinian corals from Cape Verde  (Druffel, 1996; Fernandez et al., 2015). 

Interestingly, the Cape Verde records are also slightly offset from ML water Δ!"C, 

however, this is likely due to the more south-westerly and offshore positions of seawater 

sampling locations compared to Cape Verde, with a lower impact of upwelled !"C-

depleted water (Grodsky et al., 2008; Schott et al., 2004) and thus higher Δ!"C in the 

offshore ML waters compared to Cape Verde (Figure 2.1a).  



Chapter 2: Reinterpreting radiocarbon records in bamboo corals – new insights from the North tropical Atlantic!

46 

 

The Δ!"C curves recorded in the bamboo corals are very similar to the Cape Verde 

shallow-water corals, including timings of the initial rise, and the general amplitude of 

Δ!"C (Figure 2.4b) although there are some subtle differences observed in Kni_1985m. 

The overall agreement between the corals from Cape Verde and the bamboo corals 

suggests a similar source of carbon across the region and for all corals. 

)"$")")! H2?<167!<1=B.967!C<76?<.9!

In contrast to the eastern sites, in the central tropical Atlantic, we observe a large 

difference between Δ!"C in ML seawater and bamboo coral organic nodes. For example, 

the !"C content between 1970 CE and 2000 CE in coral Vay_1455m is depleted by up 

to 110‰ relative to ML seawater Δ!"C from nearby locations (0 m to ~60 m; (Boyer et 

al., 2018)) (Figure 2.4c). In fact, the organic node Δ!"C curve falls closer to seawater 

DIC values and model outputs from 150m to 249 m (Figure 2.4c).  After 2000 CE, the 

Δ!"C of ML seawater and upper thermocline started to converge, thus we observe 

organic node Δ!"C values similar to ML seawater Δ!"C. 

The comparison of Δ!"C records between organic node and shallow-water coral is 

different from the eastern sites, with significantly lower Δ!"C in bamboo coral organic 

nodes than the shallow-water coral from Puerto Rico during the bomb period (Figure 

2.4d, (Kilbourne et al., 2007)). In terms of timing, coral Vay_1455m reaches a broad 

peak Δ!"C between 1983 CE and 1995 CE, lagging the Puerto Rico shallow-water coral 

record by 10 to 20 years (Figure 2.4d) and with a peak value ~80‰ lower in amplitude. 

The consistent depleted and lagged Δ!"C in organic nodes compared to both ML 

seawater and shallow-water coral suggests a different carbon source for the bamboo 

corals. We consider three possible scenarios: (1) different oceanographic settings 

between bamboo corals and shallow-water coral in Puerto Rico; (2) degraded / aged 

POM being incorporated in organic nodes; (3) organic nodes recording thermocline 

seawater Δ!"C instead of ML Δ!"C. The evidence below suggests that the third scenario 

is the most likely cause. 

The oceanographic settings between bamboo corals’ locations and Puerto Rico are of 

course different. Puerto Rico is located to the northwest, within the Caribbean Sea 

(Figure 2.1a). The surface water masses influencing the Puerto Rico site are a 
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combination of the southern-sourced, !"C-enriched North Brazil Current and the 

northern-sourced North Equatorial Current (NEC) (Hernández‐Guerra et al., 2005). 

However, surface waters around Vayda Seamount are mainly derived from the NEC. 

The source water difference between Puerto Rico and Vayda Seamount could lead to 

different bomb !"C evolution. Although we do not have a time-resolved Δ!"C record for 

the NEC, a difference in source waters between Puerto Rico and Vayda Seamount is 

indicated by the model outputs shown in Figure 1a displaying the general surface !"C 

distribution in 1980 CE suggests higher Δ!"C in the ML water of Puerto Rico than in 

the Vayda Seamount. However, the difference is only 20‰ for the bomb Δ!"C peak in 

the two locations, which accounts for only a part of the ~80‰ depletion in the organic 

node Δ!"C peak. Therefore, although the difference in the oceanographic settings 

between locations is likely a part of the reason, it cannot fully explain the Δ!"C depletion 

observed in the Vayda Seamount bamboo coral organic nodes. 

Degraded/aged POM contains depleted Δ!"C and would therefore lead to lower Δ!"C if 

incorporated in organic nodes. Sherwood et al. (2009) hypothesized degraded/aged 

POM as food source of bamboo corals to explain the high δ!#N observed in the coral 

organic nodes. Although our δ!#N cannot entirely exclude this possibility (Section 

2.4.3), the radiocarbon evidence suggests this scenario is unlikely. Although depleted 

and lagged peak Δ!"C recorded in organic node, there is no significant delay observed 

in the Δ!"C of corals from either eastern and central site, for the initial response to bomb 
!"C relative to shallow-water corals and modelled Δ!"C records (Figure 2.4), which 

would be expected if degraded, and thus older, suspended POM were the primary 

dietary source. In addition, the Δ!"C recorded in organic node is indistinguishable from 

ML seawater since 2000s (Figure 2.4c), suggesting that incorporation of degraded POM 

is unlikely. Further evidence against the incorporation of aged/degraded POM into 

organic nodes of these bamboo corals is found in the close fit between pre-bomb organic 

node Δ!"C and modelled Δ!"C (Figure 2.4c). 

After excluding the first two scenarios, we hypothesize the most plausible scenario is 

that the organic node of bamboo coral in the central tropical Atlantic is recording upper 

thermocline seawater Δ!"C instead of ML carbon. The comparison between organic 

node and seawater Δ!"C indeed shows that the organic node Δ!"C is more similar to 150 
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to 250 m (upper thermocline) seawater Δ!"C (Figure 2.4c). In addition, the convergence 

of ML and upper thermocline Δ!"C since 2000s is well recorded in the organic node 

(Figure 2.4c, d). Therefore, we consider this scenario to be the most likely explanation. 

Below we explore the potential mechanism for organic node incorporation of upper 

thermocline seawater Δ!"C. 

@/I/E! 6)=+7)+<:$+)%D-2'5+2)7$(+)[+1-C1))+5)%-B+%$5)%7+"##$%+<:$%C)5B'2$+

%-7')5-%1)2\+

The presence of bomb !"C in the outer layers of organic nodes of bamboo corals 

prompted previous studies to assume that this carbon was derived from surface POM 

(Roark et al., 2005). However, we interpret the low absolute Δ!"C values and the 

delayed timing of the maximum in the central tropical Atlantic (Figure 2.4c, d) as the 

influence of carbon from below the ML ocean being captured within the organic nodes.  

To further investigate the mechanisms behind this carbon acquisition and the trophic 

transformations, we measured the δ!#N of the organic nodes of bamboo corals from the 

eastern and central tropical Atlantic. The average δ!#N for the eastern tropical Atlantic 

is 11.5 ± 1.0 ‰. Thus, the offset (Δδ!#N) between the organic node and the likely δ!#N 

of POM (~5.5 ‰ as estimated by Marconi et al. (2019) using a stoichiometric method) 

averages 6.0 ± 1.0‰ for corals collected from the eastern tropical Atlantic Ocean 

(Figure 2.5b). For the central site, the organic node δ!#N is 9.1 ± 0.3 ‰. The closest 

location of previously characterized δ!#N of sinking POM is near Bermuda, where the 

δ!#N of sediment trap POM at ~1500 m is about 2.5 ± 1.3‰ (Altabet et al., 1991). Thus, 

for the central tropical Atlantic corals at the Vayda Seamount, we find a similar Δδ!#N 

to the eastern site of ~6.6 ± 1.3 ‰. The 2.5‰ difference in  ! !#N of POM between the 

eastern and central Atlantic sites is consistent with differing nitrogen sources supporting 

primary production. The source of nitrogen for the phytoplankton in the eastern Atlantic 

is deep thermocline nitrate with  a ! !#N of ~5.5 ‰ (Marconi et al., 2015). In the central 

Atlantic, the  ! !#N of the thermocline nitrate is 2-3‰, reflecting a mixing signal 

between deep nitrate of ~ 5‰ and a contribution from biological N$ fixation of ~ 0‰ 

(Marconi et al., 2015). The difference in the  ! !#N of the nitrogen supporting primary 

production appears to be transferred to the  ! !#N of the organic nodes, with no apparent 
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difference in trophic transformations across the food web from phytoplankton to coral 

feeding, in other words, with a relatively constant Δδ!#N.  

The magnitude of Δδ!#N reported here broadly agrees with those found in bamboo 

corals collected from other locations at intermediate depths (792 to 1647 m) of the 

California margin (Hill et al., 2014), Labrador continental margin (Sherwood et al., 

2008b) and Tasmanian margin (Sherwood et al., 2009) (Figure 2.5b).  However, larger 

Δδ!#N values were observed from deeper (1954 to 2136 m) corals on the Californian 

margin (Hill et al., 2014) and ./&)0)')' '&&. collected from 1000 to 1366 m depths on 

the Tasmanian margin (Sherwood et al., 2009), which were interpreted as degraded 

POM being consumed by deeper corals. By comparison, an ~8 to 9 ‰ Δδ!#N between 

primary production and coral organic matter has been reported for deep-sea 

scleractinian corals (e.g., ?/'(%&@6$$8(* 0)#",@8'), which has been interpreted as a 

contribution of degraded POM (Wang et al., 2014). 

Assuming that the average δ!#N isotope effect per trophic level is about 3‰ (e.g., food 

web studies (Deniro and Epstein, 1981; Macko et al., 1982)), then 2 trophic transfers 

would account for the ~6 ‰ δ!#N offset. To explain this offset, we can invoke two 

possible dietary sources: (1) degraded suspended POM; (2) zooplankton which have 

consumed fresh POM.  

Degraded suspended POM δ!#N is typically ~3 to 4 ‰ higher than fresh sinking POM 

(Altabet, 1988; Saino and Hattori, 1987). Although degraded POM would fit well with 

our δ!#N data with the additional ~3 to 4‰, we can exclude this possibility based on 

our discussion in Session 2.4.2.2. In addition, Δ!"C data recorded in bamboo corals 

from different depths show no significant difference (Car_760m and Car_1409m; 

Figure 2.4a, b). The comparable Δδ!#N between eastern and central bamboo corals 

provides additional evidence that degraded POM is unlikely to be the primary food 

source of bamboo corals, otherwise Δ!"C in organic nodes would be more depleted than 

ML seawater and Cape Verde shallow-water coral, which is not observed in the eastern 

bamboo corals organic nodes (Figure 2.4a, b). 

An alternative dietary source is zooplankton, as suggested by both Sherwood et al. 

(2009) and Hill et al. (2014). Zooplankton are 1 to 1.5 trophic levels above 
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phytoplankton, thus with a δ!#N of 3‰ to 5‰ higher than fresh sinking POM 

(Koppelmann et al., 2009). Combined with the additional trophic level of corals, a diet 

of zooplankton for bamboo corals would result in Δδ!#N from 6‰ to 8‰, providing a 

good fit for the data from both the eastern and central tropical Atlantic bamboo corals. 

The size of zooplankton has been found to positively correlate with their δ!#N (Kozak 

et al., 2020; Montoya et al., 2002; Romero‐Romero et al., 2020). The average diameter 

of polyps of bamboo corals is 3 to 5 mm (Sherwood et al., 2008b), large enough for 

them to capture sinking (dead) or living migrating or ambient (micro)zooplankton. 

Indeed, sinking zooplankton has been reported to contribute to the diet of other deep-

sea octocorals in Antarctica by feeding experiments (Orejas et al., 2003). Therefore, the 

combined diet of sinking phytoplankton and zooplankton is likely the best explanation 

for the ! !#N and Δ!"C values of bamboo corals collected from both eastern and central 

sites.  

The upper thermocline habitat (i.e., below the ML) of the phytoplankton that serve as 

the base trophic level in the diet of bamboo corals would explain how the organic nodes 

of bamboo corals incorporate upper thermocline Δ!"C. In oligotrophic regions (e.g., 

central Atlantic; Figure 2.1a), the highest abundance of phytoplankton is found within 

the deep chlorophyll maximum (DCM) (Latasa et al., 2017), typically located near the 

base of the euphotic zone (Claustre and Marty, 1995). The position of DCM could occur 

below the ML (Ellwood et al., 2018), especially in the super-oligotrophic subtropical 

regions. Thus, a significant portion of phytoplankton could live and support 

zooplankton well below the surface ML. For instance, a study in the South Pacific 

subtropical gyre found up to 90% of net community exported production, likely 

available to zooplankton, is generated below the ML, at 80 to 100 m depth (Haskell et 

al., 2016). The DCM depth of the central tropical Atlantic is around 150 m with 

chlorophyll extending to ~200 m (Estrada et al., 2016), more than 100 m below the 

average ML of that area (~60 m; (Boyer et al., 2018)). Exported (net) primary 

production in the central Atlantic therefore incorporate DIC (and thus !"C) from less 

ventilated waters below ML (upper thermocline) rather than the ML DIC (Figure 2.6a). 

Therefore, the Δ!"C recorded in organic nodes of bamboo corals (from phytoplankton 

and zooplankton) will be lower than ML seawater Δ!"C (Figure 2.6).  
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-./012!)"%3 O9:2;6<.9!=>!<:122!892?61.=8!=>!<:2!1276<.=?!D2<I22?!KZ!52B<:!U8=7.5!
7.?28V! 6?5! SHK! 52B<:! U568:25! 7.?28V! U6F! DF! 6?5! 9V! 6?5! .<8! .?>702?92! =?! X!" H!
129=1525! .?! <:2!=1/6?.9! 8W272<=?!=>!522BY826!B1=<2.?692=08!9=1678! U5b! simplified 
schematic Δ!"C time-series profilesV" Light blue curves and red curves in (a, b, and c) 
represent the sea surface and schematic seawater DIC Δ!"C profiles, respectively. The 
dots in (a, b, and c) represent the Δ!"C recorded in organic nodes under different 
scenarios. The double-headed arrow in (b) represents the potential fluctuation between 
DCM and ML depths. 

By contrast, the eastern sites are in the upwelling region with high nutrients, providing 

relatively high productivity within ML and extending to a depth of ~60 m (Agustí and 

Duarte, 1999; Bode et al., 2015), which is slightly deeper than the ML depth of ~30 m 

(Boyer et al., 2018). The overall high productivity in ML makes the thermocline carbon 

contribution less significant than the central sites, leading to similar organic node Δ!"C 

to ML seawater and shallow-water coral in the eastern sites (Figure 2.4a, b; Figure 

2.6b).  

@/I/I! GC#B'5-<')2(+ [)%+ "('2D+ 7$$#K($-+ #%)<$'2-5$)"(+ 5)%-B(+ -(+ #-B-$)K

-%5:'&$(+

The organic node of bamboo corals records information delivered with POM (e.g., !"C 

transfer through trophic levels) from different water depths and is dependent on the 

oceanographic setting. Previous studies on other deep-sea proteinaceous corals (e.g.,*

:+)("%#* '&&-) showed that the carbon source of organic skeleton is derived from 

recently exported POM (Sherwood et al., 2005a; Williams, 2020). Unlike our coral 

records from the central tropical Atlantic, previous deep-sea proteinaceous-coral 

studies reported that surface ML seawater Δ!"C was recorded in the organic skeleton 

(Hill et al., 2014; Sherwood et al., 2008a; Sherwood et al., 2009). The differences 

between the sites may well be due to the relative depths of the DCM and the ML. 



Chapter 2: Reinterpreting radiocarbon records in bamboo corals – new insights from the North tropical Atlantic!

52 

 

The different scenarios of the relationships between DCM and ML depths, and the 

resulting influence on the organic skeleton recorded Δ!"C time-series are demonstrated 

in Figure 2.6. 

When there is a DCM  below the ML (i.e., large portion of net community production 

produced below ML), for example at our central coral sites, the Δ!"C recorded in the 

organic nodes will be more depleted relative to ML seawater Δ!"C (Figure 2.4c, d;  

Figure 2.6a and d). Depending on the !"C depth profile, larger vertical offsets between 

ML and DCM depths, as expected for more oligotrophic central tropical Atlantic, will 

lead to more depleted Δ!"C recorded in organic node at these sites because of the steep 

decrease of Δ!"C below ML (Figure 2.6a). This is likely the reason that the organic node 

Δ!"C records from central sites are more attenuated and delayed compared to surface 

seawater than those at eastern sites (Figure 2.4).  

When there is not a pronounced DCM below the ML or the majority of net community 

production is produced within the ML, such as Monterey Canyon in the California 

margin where bamboo corals collected from (Hill et al., 2014), the organic skeleton 

Δ!"C shows no offset from surface ML seawater. Monterey Canyon is a upwelling-

dominated, nutrient-replete region where the majority of the net community production 

is only limited within the ML (~10 m in a closer offshore; (Ryan et al., 2005)). With 

the majority of phytoplankton growing within ML therefore supporting zooplankton, 

the Δ!"C recorded in the organic node through trophic transfer shows no significant 

offset from ML Δ!"C (Figure 2.6b, d). A bamboo coral collected from 714 m from the 

southwest Grand Banks could also be explained by a similarly shallow growing depth 

of phytoplankton (Sherwood et al., 2008a). The ML depth is similar to our eastern coral 

sites (~30 m; (Boyer et al., 2018)) and the net community production is also only limited 

within ~30 m (Glover et al., 1986). There could be fluctuations in the depths of DCM 

and ML when the two depths are close and therefore the organic node Δ!"C could be 

different from surface ML seawater (Figure 2.6b). However, the growth rate of the 

proteinaceous corals is too slow to resolve the difference in Δ!"C between ML and 

DCM depth seawater.  

Another scenario is that the ML is much deeper than phytoplankton growth depth 

(Figure 2.6c). For example, in the case of the :+)("%#*+/'/0#/A%+()' collected from 
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Hudson Strait, there is a thick ML which is relatively homogenous with respect to Δ!"C 

through deep winter mixing (e.g., Figure 2.6c), thus removing attenuation or delay of 

bomb !"C influence compared to surface ML seawater (e.g., Sherwood et al., 2008a). 

The ML depth of Hudson Strait deepens to ~1500 m during the winter and can still be 

as deep as 100 m in summer (Azetsu-Scott et al., 2005). Therefore, the !"C composition 

recorded in the organic node will have the same value regardless of the depth that the 

dietary source of coral originated from. The Δ!"C recorded in calcite from the same 

coral is identical to the organic skeleton Δ!"C during the pre-bomb period and is not 

significantly attenuated during the peak bomb time. Given that the calcite portion of the 

skeleton is thought to document the Δ!"C of ~400 m seawater where the coral grew, 

this provides further evidence that the ML is sufficiently thick that the subsurface Δ!"C 

is the same as surface. Another example is from bamboo corals collected from the 

southeast Tasmanian margin, which is a fairly nutrient-rich regime (Sherwood et al., 

2009). Here, the average ML depth is also relatively deep, ranging from 150 to 300 m 

(Boyer et al., 2018) while the high abundance of net community production is limited 

to within ~50 m (Ellwood et al., 2018) which is much shallower than the ML depth, 

leading to the organic node recording Δ!"C that is the same as surface ML water Δ!"C. 

Depending on the relationships between DCM and ML depths, the Δ!"C time-series 

recorded in organic skeleton will behave differently as demonstrated in Figure 6d. 

Therefore, the age model developed by bomb-radiocarbon maximum time-marker 

could be inappropriate in locations where there is a DCM much below the ML (Figure 

2.6a), with overestimated average growth rate, thus, could underestimate the age of the 

coral (e.g., Figure S2.2c, g). 
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We show that layers of the organic node of three genera of bamboo corals (./&)0)')'=*

1/+#,%)')' and 23#"/$$#) are formed annually. Six deep-sea bamboo corals have been 

dated using band-counting and assessed by radiocarbon. Through comparison with 

existing Δ!"C data, including measured seawater DIC and nearby shallow-water coral 

records as well as Earth System Model outputs, we interpret organic node Δ!"C to 

reflect DCM depth Δ!"C rather than surface ML water. Complementary δ!#N data 

suggest bamboo corals feed mostly on zooplankton, with a combination of 

phytoplankton. Through the comparison between ML and DCM depths, we show that 

the depth interval of Δ!"C recorded in the organic skeleton of deep-sea proteinaceous 

depends on the overlying DCM and ML depths. With a DCM much below the ML, as 

observed in the oligotrophic subtropical regions, the coral will record upper thermocline 

seawater !"C records and thus Δ!"C reconstructed by organic nodes will underestimate 

surface ML values. The use of bomb radiocarbon age models for deep-sea 

proteinaceous should only be used in sites where the DCM depth is shallower than the 

ML or the majority of net community export production is limited to within the ML. 

Application of techniques used in this study will provide accurate age models for deep-

sea proteinaceous corals, opening them up as valuable palaeoceanographic archives. ((

( (
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Bomb radiocarbon was also used to develop age model to verify the band counting age 

model. Specific time-markers were used to calculate growth rate as shown in Table S2.1. 

The nearest bomb radiocarbon records, Cape Verde (Fernandez et al., 2015) and Puerto 

Rico (Kilbourne et al., 2007) shallow-water coral records, were used as references for 

corals collected from eastern sites (Car_1409m and Kni_1985m) and central sites 

(Vay_1455m), respectively.  

)"%"'"'! H61`'$(&;!

Two time-markers: The first time-marker was the collection date (2013.8 CE) since no 

evidence showed this coral had stopped growth (Figure 2.3b). The interpolation date 

(1960 CE) from Cape Verde shallow-water coral record was assigned to the central 

subsample of coral Car_1409m as the second time-marker due to lack of pre-bomb 

radiocarbon signal (Figure 2.3b). 

Three time-markers: The first and second time-markers are the same as above. The 

additional third time-marker was the time when bomb radiocarbon curve reached the 

maximum, 1992 CE, which was assigned to the radiocarbon maximum data. 

)"%"'")! c?.`'&,+;!

For coral Kni_1985m, only two time-markers method was applied since radiocarbon 

data suggests that coral Kni_1985m had stopped growth when collected due to the 20‰ 

offset of outermost D!"C and seawater DIC D!"C in collection date. Therefore, the date 

when bomb radiocarbon curve reached the first peak of radiocarbon content (1981 CE) 

was used as the first time-marker. The initial response date of bomb radiocarbon (1957 

± 2 CE) was assigned to the last subsample that before radiocarbon content significantly 

increase (Figure 2.3d) for corals Kni_1985m as the second time-marker. 



Chapter 2: Reinterpreting radiocarbon records in bamboo corals – new insights from the North tropical Atlantic!

56 

 

)"%"'"#! _6A`'$++;!

Two time-markers: Same as coral Car_1409m, the first time-marker was the collection 

date (2013.8 CE) since no evidence showed this coral had stopped growth (Figure 2.3e). 

The initial response date of bomb radiocarbon (1957 ± 2 CE) was assigned to the last 

subsample that before radiocarbon content significantly increase (Figure 2.3e) for 

corals Vay_1455m as the second time-marker.  

Three time-markers: The first and second time-markers are the same as above. The 

additional third time-marker was the time when bomb radiocarbon curve reached the 

maximum, 1976 CE, which was assigned to the radiocarbon maximum data. 

)"%"'"$! _2;`'$*$;!

The linear regression slope between radiocarbon age and distance from coral edge 

(Figure S2.1) was used as growth rate for coral Vem_1474m because only one time 

marker could be identified. The interpolation date (1983 CE) was assigned to the edge 

of coral Vem_1474m based on coral Vay_1455m radiocarbon curve.  

@/M/@! ;D$+C)7$B+-(($((C$2<+='<:+%$(#$5<+<)+%-7')5-%1)2+%$("B<(+

Each derived age model approach (Section 2.2.3.4 and Section 2.6.1) was assessed 

based on implied growth rate behaviour and implications for the Δ!"C records compared 

to bomb radiocarbon (Figure S2.2). Band counting age model was compared with bomb 

radiocarbon age model which has been widely used to construct chronological records 

for bamboo corals. The bomb radiocarbon curves recorded in four older corals 

(Car_1409m, Kni_1985m, Vem_1474m and Vay_1455m) generated by different age 

model approaches and their corresponding growth rates were shown in Figure S2.2.  

)"%")"'! H61`'$(&;!

The three Δ!"C curves of Car_1409m were relatively consistent (Figure S2.2a) with 

band counting curve slightly older than the other two curves. The growth rate generated 

by two or three time-markers was the same result (117 μm/yr) because same end time-

markers were used in both approaches (Figure S2.2e). Band counting growth rate 
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showed more variant that ranged from 77 μm/yr to 136 μm/yr as expected since growth 

rate of each subsample was calculated. The agreement of bomb radiocarbon curves 

constructed by the three approaches added the evidence of annual banding of bamboo 

corals organic node. 

)"%")")! c?.`'&,+;!

The two Δ!"C time series curves were well agreed, although bomb radiocarbon age 

model resulted older than band counting (Figure S2.2b). Bomb radiocarbon age model 

generated a growth rate of 56 μm/yr while band counting growth rates ranged from 37.5 

μm/yr to 106 μm/yr (Figure S2.2f). The centre part showed larger growth rate, which is 

agree with previous finding that bamboo corals grow faster in the centre (Frenkel et al., 

2017). The agreement of the two age models suggests that coral Kni_1985m should be 

annual banded. In addition, the band counting age model showed the variation of 

growth rate which could generate a more precise age model. 

)"%")"#! _6A`'$++;!

Similar to coral Car_1409m, the initial response to bomb radiocarbon in band counting 

age model was consistent with most records as well as bomb radiocarbon age model 

(Figure S2.2c), which could be evidence of annual banding. The three time-markers age 

model showed distinct bomb radiocarbon curve from the other two age models. The 

bomb radiocarbon peak time-marker made the two parts of growth rate with faster 

growth (96 μm/yr) during most of its lifespan (Figure S2.2g), which disagrees with the 

observation that the high growth rate is only at the beginning of their life (centre part) 

as indicated by trace metal data recorded in the calcite skeleton, e.g., Mg/Ca (Flöter et 

al., 2019; Thresher et al., 2016) as well as growth rate pattern of band counting age 

model. The overall bomb radiocarbon curves constructed by band counting and two 

time-markers age models were consistent. The growth rate calculated by the two age 

models were roughly agree except the centre part. The using of the same low growth 

rate calculated by the younger part could lead the overestimate of the coral age.  

)"%")"$! _2;`'$*$;!

The two age models of coral Vem_1474m were comparable within uncertainties in 



Chapter 2: Reinterpreting radiocarbon records in bamboo corals – new insights from the North tropical Atlantic!

58 

 

terms of total age by tying to the same bomb reference, coral Vay_1455m since it was 

considered dead before collection and no other time-marker could be identified. The 

slightly difference between the two age models is mainly due to generated growth rate 

difference (Figure S2.2h). The radiocarbon age – distance from coral edge regression 

generated two parts of growth rate for coral Vem_1474m with faster growth in the 

centre part (Figure S2.2h). Similarly, band counting also generated faster growth rate 

in the centre and provided a more detailed growth rate variation through the lifespan of 

the coral. The consistency of the two age models demonstrates the annual banding of 

coral Vem_1474m. To reduce the uncertainty due to applying average growth rate as 

well as to keep independent age model construction, band counting age model was used 

and for later discussion in this study.  

Considering the strong evidence of annual banding organic node observed in the four 

older corals, the organic nodes of the two smaller corals (Car_760m and Kni_720m) 

were also assumed annual banded since they belong to the same family. In addition, 

Sherwood and Edinger (2009) have previously reported the annual banding evidence of 

this species. Growth band counting approach was finally applied for the age model 

development of the six corals.  
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-./012! O)"#3! H=;B.725! /1=I<:! 16<2! 9=11276<.=?! I.<:! 6;D.2?<! <2;B216<012" The 
lines show the correlation between temperature and growth rate of all corals (black), 
1/+#,%)')' (red) and ./&)0)')' (blue).  
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3.!Enrichment of radiocarbon in tropical 

North Atlantic intermediate water 

since the 1960s 

 

!"#$%&'$(

Ocean circulation, especially Atlantic Meridional Overturning Circulation (AMOC), is 

important for modulating climate, therefore any changes in this system since the 

Industrial Era are relevant to understanding the future. The paucity of continuous high-

resolution records in the deep ocean restricts us from exploring such changes in the 

ocean interior. Here, we present seawater !"C records of intermediate water since 1830 

CE obtained through radiocarbon analysis of the calcitic skeleton of four bamboo corals 

from the central and eastern tropical Atlantic between 1400 m and 2000 m water depths. 

These samples were collected in 2013 and we have independently determined growth 

rates by band counting technique (Chapter 2). We show a relatively constant Δ!"C 

before 1960 CE with a basin-wide increase in !"C content between 1960 CE and 1980 

CE, which may be related to a weakening of AMOC since the early 1900s. We 

compared our coral Δ!"C to ambient seawater, climate-model outputs, and records from 

previous studies. This comparison suggests a ~50 years transport timescale of bomb !"C 

from the North Atlantic surface ocean to the intermediate depth tropical Atlantic. 
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C0<:=1! H=?<1.D0<.=?83 ‘Enrichment of radiocarbon in tropical North Atlantic 

intermediate water since the 1960s’ is a manuscript chapter prepared for a journal paper. 

Co-authors on the paper were Laura F. Robinson (University of Bristol), Erica Hendy 

(University of Bristol), Joseph A. Stewart (University of Bristol), Timothy D.J. 

Knowles (University of Bristol). The data used in this chapter are included in Appendix 

Table A3. 1, Table A3.2. 

Q. Liu was responsible for all coral sample selection and preparation, as well as 

radiocarbon sample preparation including graphite target preparation. T. Knowles was 

responsible for the radiocarbon measurement. All other analysis and data compilation, 

model data extraction and calculation were carried out by Q. Liu. 

The manuscript was written by Q. Liu with comments from L. Robinson, E. Hendy, J. 

Stewart.   
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The Atlantic Meridional Overturning Circulation (AMOC) is one of the major ocean 

circulation systems that redistribute heat around the world and therefore has a great 

impact on climate change. Recent studies suggest the AMOC has weakened since the 

1900s, especially in the 1970s (Caesar et al., 2021; Rahmstorf et al., 2015; Thornalley 

et al., 2018), although this result is debated (Kilbourne et al., 2022). The two main 

components of the AMOC are North Atlantic deep water (NADW) and Antarctic 

intermediate water (AAIW) which are both influenced by AMOC strength (Figure 3.1), 

but how they response to changes in AMOC is still under debate (Gu et al., 2017; Huang 

et al., 2014). Apart from deep circulation, the slowdown of AMOC could also lead to a 

deepening of the tropical Atlantic thermocline (Timmermann et al., 2005). The 

subtropical/tropical Atlantic thermocline is mainly filled with North Atlantic Central 

Water (NACW) on top of the South Atlantic Central Water (SACW) and the modified 

AAIW below (mAAIW; mixed AAIW and Upper Circumpolar Deep Water (Jenkins et 

al., 2015)) (Bub and Brown, 1996; Huang et al., 2012; Poole and Tomczak, 1999). In a 

weakened AMOC state, the NACW and SACW potentially move southward (Huang et 

al., 2012). Given the importance of AMOC to global heat transportation, reconstruction 

of recent water masses variation is crucial to the understanding of the impact of AMOC 

changes. 

Natural !"C is produced in the atmosphere by cosmogenic rays and invades into surface 

ocean by air-sea exchange (Broecker et al., 1960). The atmospheric-sourced !"C in the 

ocean and its known decay rate make it a powerful tracer for ocean circulation and 

ventilation (Adkins et al., 1998; Burke and Robinson, 2010; Skinner and Bard, 2022). 

NADW and AAIW have distinct Δ!"C based on their source and ventilation rate (for 

modern seawater, Δ!"C = (Fm × exp(–t/8267) – 1) × 1000, where Fm is the fraction 

modern of the sample and t is years elapsed from 1950 CE until the year of the sample 

measurement). NADW is a relatively young deep water sourced from northern North 

Atlantic surface water and has a typical Δ!"C of -72 ± 16‰ (Broecker et al., 1960). By 

contrast, AAIW is more depleted in radiocarbon given lower rates of air-sea gas 
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exchange in the Antarctic, as well as a longer transit time to the tropical Atlantic (Fu et 

al., 2018) and has a typical Δ!"C of -99 ± 11‰ (Broecker et al., 1960) in the temperate 

and low latitude North Atlantic. Above AAIW, the Δ!"C of NACW and SACW is also 

relatively high, with typical values of -75‰ (Broecker et al., 1960). The depth profile 

of Δ!"C in the Atlantic therefore varies depending on water masses present at any 

specific location (Figure 3.2). 

In addition to natural variations in !"C, large amounts of !"C were generated in the 

atmosphere from the testing of nuclear weapons in the 1950s and 1960s. The 

atmospheric bomb !"C evolution curve reflects the start of bomb !"C increase at around 

1955 CE, and rapidly arrives a maximum bomb !"C at around 1965 CE in the Northern 

Hemisphere (Hua et al., 2016). This bomb !"C provides a complementary tracer of 

ocean surface-to-deep transportation over the last century (Broecker et al., 1978; 

Grammer et al., 2015; Graven et al., 2012). Bomb !"C in the North Atlantic surface 

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

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

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

surface ocean, the maximum bomb !"C occurred around 1983 CE as recorded in organic 

skeleton of soft corals collected in Hudson Strait (Sherwood et al., 2008a), which is ~10 

years later and more than 100‰ depleted than the western subtropical Atlantic surface 

ocean due to deep mixing (Azetsu-Scott et al., 2005; Druffel, 1980). The evolution of 

the bomb !"C therefore provides a way to determine the timescales of deep circulation 

(Jenkins et al., 2015). 

A valuable archive of !"C is deep-sea corals, in particular bamboo corals (family 

Isididae) that create robust organic and calcitic skeletons that can be used to construct 

continuous high-resolution records of past ocean environments (Farmer et al., 2015a; 

Geyman et al., 2019; Sherwood et al., 2008a). Bamboo corals are so named because of 

their distinct bamboo-like morphology that includes a jointed skeleton with dark 

proteinaceous organic nodes separating high-Mg calcitic internodes (Noé and Dullo, 

2006; Roark et al., 2005). The two components of the coral skeleton grow 

concentrically and synchronously (Noé and Dullo, 2006), providing temporally-linked 

geochemical records from both organic and calcitic components. 
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The calcitic skeleton of bamboo corals is formed from ambient seawater, and thus 

potentially has the ability to record seawater conditions at the time of coral growth. For 

example, Ba/Ca ratio in bamboo coral calcitic skeleton has been explored as a proxy of 

seawater Ba concentration (Geyman et al., 2019; LaVigne et al., 2011; Serrato Marks 

et al., 2017). In addition, Δ!"C recorded in the calcitic part of bamboo corals has been 

used to reconstruct the Δ!"C variation of deep seawater (Farmer et al., 2015b; Sherwood 

et al., 2008a).  

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

counting methods can be used to develop age models for bamboo corals (Liu et al., 

Submitted; Sherwood and Edinger, 2009; Chapter 2). Correspondingly, the age model 

of the calcitic section can be determined by comparison to the growth rate derived from 

organic node band-counting (Noé and Dullo, 2006). This !"C independent age model 

makes bamboo corals a valuable archive of ocean interior !"C variation in the past. 

Here we present !"C records recorded in the calcitic skeleton of four bamboo corals 

collected from the central and eastern tropical Atlantic around 1400 m and 2000 m water 

depths in 2013 CE. With growth rates generated by organic node band counting, this 

study uses age models for calcitic coral sections which do not depend on radiocarbon. 

The coral ages date back to the 1800s, therefore this study allows us to reconstruct water 

masses exchange variation of tropical Atlantic since the Industrial Revolution. In 

addition, through comparison to Δ!"C of ambient seawater, climate-model outputs and 

records from previous studies, this study constructs the evolution timescale of bomb 
!"C from the northwest Atlantic to the tropical Atlantic.  
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The four deep-sea bamboo corals used in this study were collected by remotely operated 

vehicle (ROV) during the RRS James Cook expedition JC094 in October 2013 

(Robinson, 2014) and are from the eastern and central North tropical Atlantic Ocean at 

1400 m to 2000 m water depth (Figure 3.1,Table 3.1). Specifically, two corals were 

collected from the Carter and Knipovich Seamounts in the east and two corals from the 

Vema Fracture Zone (Vema) and Vayda Seamount in the central North tropical Atlantic 

Ocean. Each coral was named by a simplified identifier notation that includes the 

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

collected from Carter Seamount at 1409 m). 
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-./012!#"'3!K6B"!(6) Bamboo coral locations in this study (filled circles) with locations 
of previously published seawater Δ!"C records discussed in the text derived from 
different coral taxa (white circles with colour edges). The background of the map 
represents Δ!"C at 1500 m derived from climate-model outputs in 2013 CE (see Section 
2.5.2). The grey line represents map section in (d). NACW: North Atlantic Central 
Water; mAAIW: modified Antarctic Intermediate Water; NADW: North Atlantic Deep 
Water. (D & 9) Detailed coral locations of central and eastern Atlantic with seawater 
Δ!"C sampling locations (diamonds; numbers represent GLODAP Accession Number). 
(5) Modelled Δ!"C in 2005 CE along the North Atlantic (colour shading) overlain with 
observed CFC-11 concentration contours around 2005 CE. Coral and seawater symbols 
and their colours are consistent with figures hereafter unless indicated.  

E/@/@! Q5$-2)D%-#:'5+!$<<'2D+

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

filled by northward mAAIW and a deeper southward NADW (Figure 3.1; (Emery and 

Meincke, 1986; Talley, 2011)). The mAAIW is distributed between 500 m and 1500 m 

depth across most of the Atlantic Ocean up to ~20°N with a decreasing trend of water 

mass fraction and depth towards the north (Kirchner et al., 2009; Talley, 1996a). Above 

mAAIW is the thermocline water which includes NACW and SACW (Poole and 

Tomczak, 1999). The SACW is distributed up to 800 m water depth and deviates as far 
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northwards as 20°N (Poole and Tomczak, 1999; Stramma and Schott, 1999). Below 

mAAIW is the NADW which is distributed between 1500 m and 4000 m (Jenkins et al., 

2015). Of the four bamboo corals, three grew in NADW near the boundary between 

mAAIW and NADW (Car_1409m, Vay_1455m and Vem_1474m) and one grew in 

NADW (Kni_1985m) (Figure 3.1d). 

E/@/E! ;2-B8<'5-B+<$5:2'W"$(+
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Each calcitic radial section was cut below the basal organic node of each coral for 

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

was polished gradually with P1200 silicon carbide paper and 1 μm diamond paste using 

an EcoMet® polisher. After ultrasonication and rinsing with Milli-Q water, each slice 

was dried at room temperature and photographed under reflected light microscope 

camera and its radius measured. The calcite slice was then milled radially with 0.2 to 

0.5 mm resolution using a micro-mill (New Wave Research) with ø1 mm flat end mill 

bit (Komet). The powder samples were collected in a drop of Milli-Q water using a 

pipette and stored in acid cleaned vials. The slice was rinsed and ultrasonicated in Milli-

Q water between each drilling and photographed. The longest radius was measured after 

each subsample was drilled to determine the interval of each subsample.  

#")"#")!H726?.?/!B1=925012!

Powdered subsamples were oxidatively cleaned with 1:1 30% H$O$ and 1N NaOH to 

remove any organic matter following the procedure of Adkins et al. (2002). First, the 

sample powders were immersed in the 1:1 30% H$O$ and 1N NaOH fresh-mixed 

solution and ultrasonicated for 20 mins. Second, the powders were immersed in 1:1 1% 

perchloric acid and 30% H$O$'fresh-mixed solution and ultrasonicated for 1 min. The 

oxidative solution and perchloric acid wash were repeated, including a 20 min 

ultrasonication in high purity methanol both before and after the perchloric acid wash. 

The powder was suspended three times and rinsed twice by Milli-Q water after each 

wash and centrifuged to remove solution/water. The cleaned powder was transferred 

into new acid cleaned vials and dried on a 60 ℃ hotplate. 
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About 15 mg of each powdered subsample was weighed into acid cleaned glass vials 

and 5 mg was leached away by 0.05N HCl immediately before radiocarbon analysis 

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

weighed before being graphitized. 

#")"#"#!]65.=961D=?!;268012;2?<!

The powdered subsamples were measured at the Bristol Radiocarbon Accelerator Mass 

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

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

automatic graphitization equipment (AGE3) system. First, the air in the glass vials 

where samples were put in was removed by flushing helium before adding 1 mL 

phosphoric acid to dissolve the powder samples. The generated CO$ was transferred to 

the AGE3 system in a stream of helium carrier gas and trapped on a zeolite trap. The 

CO$ was then thermally desorbed in one of the seven graphitization reaction tubes 

containing conditioned (oxidized and subsequently reduced) iron catalysts. Hydrogen 

gas was introduced, and graphitization was performed by heating the tubes to 580 ℃ 

for 2 hrs. During the process, water was removed from the reaction volume by 

cryogenic trapping using a Peltier cooler. Pressures and temperatures were recorded for 

each reactor during the conditioning, loading, and graphitization processes. After the 

graphitization, graphite samples were pressed into cathodes (targets) using an IonPlus 

PSP. Finally, the targets were measured for radiocarbon on the BrisMICADAS which 

is a compact 200kV MICADAS AMS developed and built by the Laboratory of Ion 

Beam Physics, ETH, Zurich. 

#")"#"$!]65.=961D=?!9679076<.=?!

Radiocarbon data were originally provided as blank-corrected fraction modern (F1) 

which is the =!(C-normalized ratio between the measured sample !"C/!$C and the 
!"C/!$C of NBS Oxalic Acid Ⅱ at 1950 CE. D!"C (‰; age uncorrected) were calculated 

using Equation 3.1. Δ!"C (‰; age corrected) were calculated using Equation 3.2 

(Stuiver and Polach, 1977). 

!                                     D!"C (‰) = (F1*– 1)*1000                                  Equation 3.1 
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!!!!!!!!!!!!                  Δ!"C (‰) & 8F! ) : ?3"@7:. BA4 . * ; ) *+++                      Equation 3.2 

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

Section 3.2.4, < is the reciprocal of the true mean !"C life (8267 years, (Godwin, 1962)). 

Δ!"C allows direct comparison of radiocarbon content in samples from different ages 

by accounting for radiocarbon decay occurring between the time of sample formation 

and radiocarbon analysis. 

E/@/I! ;D$+C)7$B+7$&$B)#C$2<+

The ages of the four corals have been discussed in Chapter 2 for the organic nodes (Liu 

et al., Submitted). Given synchronous growth in the radial direction (Noé and Dullo, 

2006), calcitic radial sections share the same relative age as their organic node. The 

oldest coral is Vem_1474m that was dated back to 1831 CE and the youngest, 

Car_1409m, dated back to 1950 CE. The time range when each calcitic subsample was 

formed is listed in Table A3.1.  

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

organic node subsamples cannot be applied to calcitic section directly (Table 3.1). The 

linear growth rate of each subsample of organic node was calculated using the distance 

of the subsample interval and the average counted layers (Chapter 2). After matching 

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

(calcitic section distance × ratio between radius of organic node and calcitic section), 

the growth rates (organic node subsamples growth rates / radius ratio) were applied to 

the matched calcitic section subsamples (Table A3.1). The collection date (decimal year 

2013.8) was assigned to the edge of each calcitic section for Car_1409m and 

Vay_1455m. However, the other two corals stopped growing before collection 

(Kni_1985m and Vem_1474m), therefore, the calculated year of each coral edge based 

on its organic node was applied, 1987 CE and 1992 CE for Kni_1985m and 

Vem_1474m, respectively (Chapter 2; Table 3.1).  
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Observed seawater Δ!"C profiles were collated for comparison (Table A3.2; Figure 3.1; 

Figure 3.2). For the central tropical Atlantic, eight profiles were collated from 1973 CE 

to 2013 CE in which four profiles were sourced from GLODAPv2021 (Kromer, 2014; 

Olsen et al., 2019; Olsen et al., 2020) and four profiles were sourced from JC094 cruise 

data (Chen et al., 2015b). The cruise data are divided by CTD and ROV, in which CTD 

collected water samples away from the seamounts to reach the seafloor while ROV 

collected water samples on the seamounts slope where the corals were collected 

(Robinson, 2014). Therefore, the ROV data should be more representative of seawater 

Δ!"C at our coral sites. Seawater data were divided by location near Vema or Vayda 

seamounts as indicated by colour code (Figure 3.1b). 

The Δ!"C of intermediate water of the tropical Atlantic is mainly influenced by the 

relatively !"C enriched NADW and the !"C depleted mAAIW ((Bashmachnikov et al., 

2015; Broecker et al., 1960; Jenkins et al., 2015); Figure 3.1; Figure 3.2). Therefore, 

there is a minimum Δ!"C (-110‰ to -105‰) around 1000 m depth related to the core 

of mAAIW and a maximum Δ!"C (–95‰ to -85‰) around 1800 m which is around the 

core of NADW based on the compiled observed seawater Δ!"C profiles (Figure 3.2). 
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The observed seawater Δ!"C of mAAIW near Vayda increased with time from -110.7‰ 

in 1973 CE to -94.3‰ in 2013 CE (Figure 3.2a). The Δ!"C of NADW near Vayda, 

however, first decreased from -78.3‰ in 1973 CE to -84.1‰ in 1983 CE and increased 

to -72.0‰ in 2013 CE (Figure 3.2a). The enrichment of !"C in mAAIW since the 1970s 

suggests that bomb !"C has influenced mAAIW in the central tropical Atlantic. By 

contrast, the earlier changes (e.g., depleted !"C in 1983 CE in NADW) suggests that 

water mass variation also plays a role. In support of the invasion of bomb radiocarbon 

into the ocean, there is a significant increase of Δ!"C (-50‰) by 2013 CE in NADW in 

a 3° western location than Vayda (GRM as shown in Figure 3.1b) (Figure 3.2a). The 

comparison between significant enrichment of !"C in GRM and slight enrichment of 
!"C in Vayda suggests that bomb !"C has just started influencing Vayda NADW by 2013 

CE. The observed seawater Δ!"C profiles near Vema are similar to Vayda, although with 

enriched !"C in 2013 CE NADW near Vema (Figure 3.2b). The significantly increased 

Δ!"C (-40.5‰) in 2013 CE NADW suggests the influence of bomb !"C. 

For the eastern tropical Atlantic, nine profiles were collated from 1973 CE to 2013 CE 

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

2019; Olsen et al., 2020) and four profiles were sourced from JC094 cruise data (Chen 

et al., 2015b). Seawater data in the east were also divided by locations that near Carter 

or Knipovich as indicated by colour code (Figure 3.1c).  

There is no significant increase of Δ!"C of mAAIW around Carter from 1973 CE to 

2013 CE (Figure 3.2c). The Δ!"C of NADW is equivalent within error in 1983 CE and 

2013 CE and both are higher than 1973 CE. For Knipovich seamount, the Δ!"C profiles 

in 1983 CE and 1993 CE are similar and lower than 2013 CE for both mAAIW and 

NADW (Figure 3.2d). Despite a smaller change of Δ!"C over time, the Δ!"C of eastern 

sites tends to be more variable. The Δ!"C of water samples collected by ROV was not 

always the same as the Δ!"C of similar depth as water samples collected by CTD, 

especially in NADW (Figure 3.2c, d), suggesting local fluctuations of Δ!"C. 
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NCAR Community Earth System Model Version 2 (CESM2-FV2) model outputs of 

abiotic dissolved inorganic total carbon (‘dissicabio’) and abiotic dissolved inorganic 

carbon-14 (‘dissi14cabio’) concentration (Danabasoglu, 2019; Orr et al., 2017) were 

used to calculate modelled seawater Δ!"C using the following equation (Orr et al., 2017): 

Δ!"C = (dissi14cabio/dissicabio – 1) × 1000                     Equation 3.3  

for the period 1950 CE to 2014 CE at different depths near where the coral was collected 

for each coral location. The model outputs have been normalized by δ!(C and the 

calculated Δ!"C can be compared directly with measured data (Orr et al., 2017). The 

modelled seawater Δ!"C of North Atlantic at 1500 m in 2013 CE was also calculated 

(Figure 3.1a). 

B)B! ?0#4/$#(
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The radiocarbon content (D!"C, not age-corrected) versus distance from coral edge 

(youngest part) is shown in Figure 3.3 for each calcitic radial section. The D!"C is 

lowest in the centre of Vem_1474m (-102.5 ± 2.8‰; Figure 3.3d) and highest at the 

edge of Vay_1455m (-73.8 ± 3.7‰; Figure 3.3c). The D!"C general trend along the 

coral lifespan increases toward to the edge (young) due to the natural decay of 

radiocarbon. However, there are some changes in the increasing rate of D!"C during the 

coral lifespan for all the four corals. 
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-./012!#"#3!M:2!165.=961D=?!9=?<2?<!67=?/!<:2!165.67!829<.=?!=>!269:!9=167" The ? 
error bar represents the thickness of the subsample. The @ error bar represents the 1 SD 
analytical error of D!"C. 
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The Δ!"C (age-corrected) variation recorded in calcitic radial section of each bamboo 

coral is shown in Figure 3.4. There are generally two stages of Δ!"C recorded in all four 

corals from both the central and eastern tropical Atlantic. The Δ!"C before 1960 CE is 

lower and constant, averaging -89 ± 2‰ (n = 13, 1SD). However, the Δ!"C increases to 

-81 ± 4‰ between 1960 CE and 1980 CE in both central and eastern sites with a slight 

decrease after 1980 CE, but remains a higher value than pre-1960 as shown in both 

Vay_1455m and Car_1409m (Figure 3.4). The one exception is that the Δ!"C recorded 

in Kni_1985m in 1950s is significantly enriched compared to the other three records. 

The enrichment in 1950s is not observed in other coral records, thus is not included in 

the following discussions. 
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-./012! #"$3!X!" H! <.;2Y821.28! 129=1525! .?! 269:! 9679.<.9! 165.67! 829<.=?! =>! D6;D==!
9=1678" Note that the scale of ? axis is different before and after 1900 CE. The ? error 
bar represents the time range of each subsample. The @ error bar represents the 1 SD 
analytical error of Δ!"C (same as D!"C). 
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Overall, the Δ!"C recorded in the calcite sections of the four bamboo corals is consistent 

with the relevant seawater Δ!"C profiles (Figure 3.2), confirming that bamboo coral 

calcite records ambient seawater Δ!"C (Farmer et al., 2015b; Sherwood et al., 2008a). 

#"$"'"'!H2?<167!C<76?<.9!O.<28!

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

transition layer between mAAIW and NADW (Figure 3.1). At this critical depth we 

observed Δ!"C fluctuations relating to subtle changes in water mass depth recorded in 

bamboo corals. Overall, the Δ!"C recorded in Vay_1455m is similar to modern seawater 

Δ!"C, with a variation of 9‰ similar to the range observed in seawater Δ!"C between 
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1973 CE to 2013 CE (Figure 3.2a; Figure 3.5a). The Δ!"C in coral Vem_1474m before 

the increase around 1960s is similar to the seawater values before bomb !"C invasion, 

but does not reach the significantly increased seawater Δ!"C observed in 2013 CE 

(Figure 3.2b). This result is not surprising given that this coral is thought to have 

stopped growing in the 1990s (Liu et al., Submitted; Chapter 2). The Δ!"C in both corals 

Vay_1455m and Vem_1474m shows an increasing trend between the 1960s and 1980s 

(Figure 3.4). The seawater Δ!"C data from near to Vayda suggest a similar trend to both 

corals (Figure 3.5a). However, the Vem_1474m Δ!"C in ~1980 CE is 11‰ higher than 

its nearby seawater Δ!"C (Figure 3.5a). The most likely reason for this mismatch is that 

the seawater samples were collected from a location that is further to the north-east 

where the Δ!"C is lower than coral location (Figure 3.1b). Supporting this hypothesis, 

the modelled distribution of Δ!"C at 1500m depth in 2010 CE suggests lower Δ!"C in 

the north-eastern location (Figure 3.1a).  

-./012!#"+3!X!" H!129=158!.?!D6;D==!9=1678!9=;B6125!I.<:!?261DA!826I6<21!S4H!
X!" H!6?5!97.;6<2!;=527!=0<B0<8" The ? and @ error bars represent the same as Figure 
3.4. 

The Δ!"C recorded in both central Atlantic corals calcitic skeleton is consistently 10‰ 

lower than modelled Δ!"C at 1450 m (interpolated data between model outputs of 1400 

m and 1500 m) before 1980s in Vayda and Vema (Figure 3.5a). However, when 

considered the uncertainties of the measured and modelled Δ!"C, the 10‰ difference 

between measured and modelled Δ!"C is not significant. Nevertheless, we noticed that 
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the overall NADW Δ!"C is higher in the modelled meridional Δ!"C section (Figure 3.6a) 

than in the observed section data (Figure 3.6b). This comparison suggests an overall 

enriched NADW'!"C in the climate model, which explains the lower Δ!"C recorded in 

the calcitic skeleton than model outputs. 

-./012!#"%3!X!" H!;21.5.=?67!829<.=?!.?!'&*)!H^" (6) Modelled Δ!"C extracted from 
climate model NACR-CESM2-FV2; (D) Observed seawater Δ!"C obtained from 
GEOSECS. Black lines are Δ!"C contours. The purple and green circles represent coral 
locations of Vay_1455m and Vem_1474m, respectively.  

#"$"'")!^68<21?!C<76?<.9!O.<28!

For the eastern sites, coral Δ!"C is generally higher than nearby seawater Δ!"C (Figure 

5b) and exhibits more variability than the central Atlantic. The higher coral Δ!"C 

recorded in Car_1406m and Kni_1985m compared to nearby seawater might be due to 

local seawater fluctuations. Seawater Δ!"C profiles show that the ROV Δ!"C in the 

eastern sites is higher than CTD Δ!"C for NADW. This might explain the relatively 

enriched calcitic Δ!"C observed both in Car_1406m and Kni_1985m (Figure 3.5b). 
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Δ!"C has been used as a proxy of water-mass mixing due to its passive transport (Graven 

et al., 2012; Lower‐Spies et al., 2020). The three corals collected around 1500 m in the 

tropical Atlantic have the sensitivity to track the relative contribution of NADW and 

mAAIW due to the distinct Δ!"C values of the two water-masses. The relatively 

constant Δ!"C recorded in the coral calcitic skeletons between ~1830 CE and ~1960 CE 

suggests a constant relative contribution rate of NADW and AAIW. However, there is 

an increase in coral Δ!"C between ~1960 CE and ~1980 CE across the central and 

eastern tropical Atlantic (Figure 3.4; Figure 3.5). There are a few possibilities that may 

have caused an increase in seawater Δ!"C: (1) uncertainty in the age models causing 

calculated Δ!"C to be incorrect; (2) the influence of metabolic carbon derived from the 

surface ocean; (3) bomb !"C penetration; (4) a change in water-mass mixing. Below, we 

argue that the fourth scenario is most plausible. 

Because it is age-corrected, the Δ!"C of each subsample is influenced by the time when 

the skeleton was formed (Equation 3.2). An incorrect age model would lead to errors in 

the calculated Δ!"C. In this study, the age model of each coral is independent from each 

other and independent of !"C (Section 2.2.3.4; Section 3.2.4) so that it is unlikely that 

the age of the three corals would cause the same Δ!"C increase during the same time 

period.  

In addition, the increase of Δ!"C would exist, although it would be smaller and at a 

different time, even if a different age model were applied. For example, using the slopes 

of the regression lines between !"C age and the distance of the subsample from coral 

edge (Figure 3.7a). Using the two growth rates generated by the slopes of the regression 

lines, an alternative age model was constructed for coral Vay_1455m that lived from 

1847 CE to 2013 CE. The calcitic age-corrected Δ!"C based on the calcitic age model 

still shows increased Δ!"C for the same subsamples, although it is smaller (Figure 3.7b). 

However, we do not believe this age model to be correct because it cannot be reconciled 

with the bomb !"C curve determined from the organic nodes (Chapter 2; Figure 3.7c). 
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-./012!#"*3!H679.<.9!!" HY6/2!D6825!6/2!;=527!6?5!9=1128B=?5.?/!X!" H!129=1525!.?!
9679.<.9!8W272<=?!6?5!=1/6?.9!?=52!>=1!9=167!_6A`'$++;" (6) Cross plot between !"C 
age and the distance from coral edge of each subsample of calcitic skeleton radial 
section of coral Vay_1455m. The slopes of the two regression lines could be used as the 
two parts of growth rates of the coral. Both slopes of the regression lines are significant 
from zero at the 95% level. (D & 9) Respectively calcitic and organic node Δ!"C 
recorded in coral Vay_1455m based on the age calculated by the growth rates generated 
in (a).  

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

coral Δ!"C. Indeed, a previous study suggests that up to 8% carbon could be derived 

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

intermediate Pacific (Adkins et al., 2003). We have already shown that the Δ!"C of the 

organic node of bamboo corals (reflecting near surface water) increased from the ~1960 

CE due to the incorporation of bomb !"C (Liu et al., Submitted; Roark et al., 2005). 

Based on the Δ!"C of the corresponding organic node (Liu et al., Submitted), an increase 

of 5 to 9% metabolic carbon would be needed to cause the shift in the calcite Δ!"C 

enrichment observed. This value of 5 to 9% metabolic carbon incorporated into calcitic 

skeleton does seem reasonable compared to the 8% metabolic carbon in scleractinian 

coral skeletons (Adkins et al., 2003). However, there are two factors which suggest that 

this mechanism is not likely to be the cause of the shift.  

Firstly, in the scenario that the incorporation of metabolic carbon into calcitic skeleton 

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

the bamboo corals, a further increase in the calcitic Δ!"C after 1980s would be expected 

because the peak Δ!"C in the organic nodes occurred in 1990s (Figure 3.8). This late 

increase is, however, not observed in the calcitic skeleton of this study (Figure 3.5). In 

addition, there is no such enrichment observed in the calcitic skeleton of a northwest 

Atlantic (Grand Banks) bamboo coral (Figure 3.9c) where the food source was also 
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influenced by bomb !"C indicated by the increased Δ!"C in organic node (Sherwood et 

al., 2008a), suggesting the metabolic carbon is not a significant source of bamboo coral 

calcitic skeleton.  

 

-./012!#",3!H679.<.9!X!" H!67=?/!I.<:!<:2.1!=1/6?.9!?=52!X!" H!>=1!<:2!>=01!D6;D==!
9=1678!.?!<:.8!8<05A"!!

Secondly, even if metabolic carbon influences were significant, it is extremely unlikely 

that all the four corals were influenced by metabolic carbon at the same time across the 

central and eastern Atlantic (Figure 3.4). Therefore, metabolic carbon is unlikely to be 

the main contributor to the enrichment of Δ!"C in the calcitic skeleton. 

After excluding age model and metabolic carbon influences, the shift in Δ!"C is likely 

reflect an increased seawater Δ!"C between ~1960 CE and ~1980 CE. The additional 
!"C source could either be bomb !"C since 1960s or natural water mass mixing. First, 

we consider bomb !"C. The Δ!"C of north hemisphere atmosphere increased rapidly 

since late 1950s due to nuclear testing (Figure 3.9a; (Hua et al., 2016)). However, the 

ocean-atmosphere equilibration timescale is about 10 years depending on locations 

(Graven et al., 2012). Together with the transport time through the northern North 

Atlantic to the tropical Atlantic, the coral sites are unlikely to be influenced by the bomb 
!"C as early as 1970s. For instance, it takes ~25 years to transport bomb !"C from 

northern North Atlantic surface to subtropical Atlantic intermediate water (Figure 3.9e; 

(Lee et al., 2017)). Therefore, bomb !"C from northern North Atlantic is unlikely the 
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source of additional !"C. 

Apart from North Atlantic, the additional !"C could potentially be bomb !"C from the 

South Atlantic since the observed seawater profiles show Δ!"C in mAAIW around 

Vayda in 1983 CE increased compared to 1973 CE, suggesting potential bomb !"C in 

mAAIW (Figure 3.2a; Section 3.2.5.1). However, the !"C of South Atlantic intermediate 

water is more depleted than North Atlantic (Figure 3.6). The increased Δ!"C in mAAIW 

around Vayda is more likely due to the diffusion of shallower water. Therefore, it is 

unlikely that bomb !"C from South Atlantic is an additional !"C source. In fact, the bomb 
!"C arrived Vayda seamount just before the corals were collected as indicated by the 

seawater Δ!"C profile in 2013 CE (Figure 3.2; Section 3.2.5.1). The bomb !"C 

transportation is discussed in detail in Section 3.4.3. 

Instead of bomb radiocarbon, an alternative and more plausible explanation for this shift 

in coral ∆!"C is a change of local water-mass mixing. The relative contribution of !"C 

enriched NADW and !"C depleted mAAIW is one of the key factors that influences 

seawater Δ!"C of the coral locations. The enriched !"C in the coral locations would be 

the result of more (less) influence of NADW (mAAIW) if the water mass mixing has 

changed.  

The possible mechanisms to increase the contribution of NADW could be: (1) the depth 

range of NADW is shallower or thicker during this period; (2) the NACW and SACW 

are southward and deepened with mAAIW retreating in response to the slowdown of 

AMOC (Figure 3.10). Here we examine some of the wider oceanographic changes that 

may have influenced the coral sites. 

During the early 1900s and especially the 1970s, the formation of Labrador Slope Water 

(LSW) was likely weakened (Caesar et al., 2021; Thibodeau et al., 2018; Thornalley et 

al., 2018) which would result a lower density LSW and a shallower NADW in the 

tropical Atlantic. The shallower NADW would further immerse the coral locations with 

higher !"C content. In this scenario, the calcitic Δ!"C recorded in the four corals across 

the tropical Atlantic would increase between the 1960s and 1980s. The shallower 

NADW did not influence the Δ!"C recorded in the corals collected from Grand Banks 

(700 m; Figure 3.9c), Georges Banks (1300 m; Figure 3.9d) and Bermuda (1400 m; 
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Figure 3.9e), however, this is probably due to the depths of these locations which are 

barely influenced by the mAAIW (Figure 3.1a) (Talley, 1996a).  

Additional changes to water-mass configuration might be the southward shift of NACW 

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

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

reconstructions of Atlantic waters during the last deglaciation suggest a potential 

southward shift of NACW and SACW and a deepen thermocline during intervals of 

AMOC slowdown (Huang et al. (2012). With a southward and deepened NACW and 

SACW, mAAIW might also retreat and southward (Morley et al., 2011). Indeed, 

previous studies have suggested the production and northward extent of AAIW 

weakened over the last 50 years (Curry et al., 2003; Goes et al., 2008). If this water-

mass were shifted southward, the coral locations would be more influenced by the !"C-

enriched water mass (Figure 3.6), thus explaining the enrichment of !"C between 1960s 

and 1980s. 

The two potential mechanisms are difficult to verify based on current data. Further 

investigation is needed, for example, !"C or nutrient records from the mAAIW northern 

front for the last century would be valuable. 
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-./012!#"&3!]65.=961D=?!129=158 of (6) North Hemisphere atmosphere (Hua et al., 
2016), (D) Hudson Strait soft coral organic node skeleton (Sherwood et al., 2008a), (9) 
Grand Banks bamboo coral calcitic skeleton (Sherwood et al., 2008a), (5) Georges 
Banks bamboo calcitic skeleton (Farmer et al., 2015b), (2) Bermuda E. rostrata coral 
skeleton (Lee et al., 2017), (f) bamboo corals calcitic skeleton from this study. 
Diamonds represent seawater Δ14C shown in Figure 3.5. Line in each plot represents 
Δ14C record derived from climate-model outputs of corresponding location 
(Danabasoglu, 2019; Orr et al., 2017). The arrows on ? point to the times when the 
atmosphere and each location responded to bomb !"C indicated by climate model and 
coral records. The solid arrows represent atmosphere and model, while the dash arrows 
represent coral records. The colour of each arrow matchs with the coral location. 

 !
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-./012!#"'(3!C!89:2;6<.9!B7=<!8:=I.?/!<:2!B=<2?<.67!9:6?/28!=>!I6<21!;688!6><21!
d'&,(!H^!I:2?!<:2!X!" H!.?9126825"!The schematic plot shows !"C enriched water 
masses North Atlantic Central Water (NACW) deepened and sourthward while !"C 
depleted modified Antarctic Intermediate Water (mAAIW) retreated after 1980 CE, 
making the coral sites more influenced by !"C enriched North Atlantic Deep Water 
(NADW). 

E/I/E! U)C1+14A+<%-2(#)%<+

Seawater Δ!"C profiles around Vayda and Vema suggest an influence of bomb !"C by 

2013 CE (Figure 3.2a, b). However, none of the corals in this study show bomb !"C 

recorded in the calcitic skeleton (Figure 3.5). Indeed, we argue above that the Δ!"C 

increase between 1960s and 1980s is not the influence of bomb !"C (Section 3.4.2). The 

discrepancy between coral records and seawater profiles suggests the bomb !"C has 

only just arrived at 1500 m Vayda Seamount by the time coral Vay_1455m was 

collected (Figure 3.5), which is ~50 years later than the surface (Figure 3.9, Table 3.2), 

thus the temporal resolution of the coral subsampling is not high enough to distinguish 

the incorporation of enriched bomb !"C. The climate model, however, does imply that 

bomb !"C penetration to 1500 m Vayda Seamount occurred at around ~2000 CE (Figure 

3.5), some 10 years earlier than seawater and coral Δ!"C suggested (Table 3.2).  
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Deep-sea corals Δ!"C records have previously been used to investigate the transport 

timescales of bomb !"C to the northwest Atlantic (Figure 3.9) (Farmer et al., 2015b; Lee 

et al., 2017; Sherwood et al., 2008a). For example, the marked increase of Δ!"C in 1983 

CE at 700 m on the Grand Banks (44°N; Figure 3.1a; Sherwood et al., 2008a) occurred 

some 20 years after the surface ocean (Figure 3.9b, c, Table 3.2). The response times of 

Δ!"C records at 40°N (Figure 3.1a; Farmer et al., 2015b) and 32°N*(Figure 3.1a; Lee et 

al., 2017) are both around 1990 CE, again later than the surface ocean (Figure 3.9d and 

e). The Δ!"C records of climate-model outputs suggest that the bomb !"C signal at 32°N 

should be delayed by ~5 years compared to 40°N (Figure 3.9), which is too close to be 

resolved under the coral records resolution. The comparison between model and coral 

records suggests 7 to 15 years earlier arrival times are indicated by modelling than coral 

records from North Atlantic (Figure 3.9, Table 3.2). Regardless of the exact transport 

times, the fact that there is no Δ!"C peak in any of the coral inorganic skeleton Δ!"C 

records suggests that bomb !"C has not fully reached these locations by the early 2000s 

when the corals were collected (Figure 3.9). 

!"#$%&' () *&!+%&,-.%/&0+%1&",.2/3+%4%&"15&624,+&7,$"1,-8&%"8+&$28",-21&4%/3215%5&,2&
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The transport timescales of bomb !"C indicated by the coral records are different from 

the climate model, suggesting different !"C transport rates in the climate model. 

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

fastest pathway for NADW transport from North Atlantic to South Atlantic (Rhein et 
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al., 2015), although other ocean interior pathways exist, especially in the subpolar 

Atlantic and the transition between subpolar and subtropical gyre. For instance, the 

bomb !"C transport timescale has been used to estimate the advection and mixing 

contribution ratio to !"C transport, suggesting a comparable contribution of mixing and 

advection (Lee et al. (2017)). For the tropical Atlantic, the DWBC has been suggested 

to be the main pathway for NADW. The transport of bomb !"C to the coral location is 

mainly through the DWBC (Groeskamp et al., 2016), therefore, the bomb !"C transport 

timescale could provide a hint of the DWBC transport rate. The late arrival of bomb 
!"C to the deep ocean recorded by tropical Atlantic corals suggests a less efficient 

DWBC transport than the climate model suggested, by a decade (Figure 9f; (Graven et 

al., 2012)). Reconstructing the transport timescale of bomb !"C using deep sea corals 

has the potential to provide additional constraints on model simulations of deep ocean 

circulation. 

B)F! :-,'/4#7-,#(

The Δ!"C of tropical Atlantic intermediate seawater since the Industrial Revolution is 

reconstructed from the calcitic skeleton of four deep-sea bamboo corals. The records 

were dated independently from band-counting derived growth rates in the 

corresponding organic nodes. Δ!"C in tropical Atlantic intermediate water was 

relatively constant between 1830 CE to 1960 CE and then increased between the 1960s 

and 1980s at central and eastern sites. The increase of Δ!"C is potentially related to the 

weakened AMOC leading to a shallower NADW and/or to the weakened AMOC 

leading to a southward retreat of AAIW. Bomb !"C evolution suggests the transit time 

of !"C is ~50 years to the tropical Atlantic intermediate water, which is slower than that 

suggested by the NACR-CESM2-FV2 climate model, suggesting less efficient transport 

than model indicated. 
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4.!Largescale tropical Atlantic 

intermediate water warming at the end 

of the Little Ice Age 

 

!"#$%&'$(

The Little Ice Age (LIA) to Industry Era transition is the most recent cold to warm 

transition in the Holocene, therefore it is a potential analogue for future climate change. 

There is a possibility that Atlantic Meridional Overturning Circulation (AMOC) played 

a role in the pattern of warming, therefore characterisation of the natural baseline in 

multidecadal to centennial timescale ocean temperature variability is required. Here, 

the Li/Mg ratio recorded along the main branch of a scleractinian coral !"#$$%&'#(()#*

+%',+#,#*is used to explore the temperature change in the tropical Atlantic over the last 

600 years. The coral was live-collected at ~1500 m water depth of tropical North 

Atlantic in 2013, with the oldest parts dating back to ~1430 CE using radiocarbon. The 

Li/Mg derived temperature record shows a ~1.7 ℃ warming of intermediate waters at 

the end of the LIA. This intermediate water warming is larger than that predicted by 

models and coincided with a reduction of AMOC. The potential mechanisms of 

intermediate water warming are (i) a deepening and warming of the tropical Atlantic 

thermocline in response to reduced AMOC and/or (ii) the southward retreat of Antarctic 

Intermediate Water (AAIW).  

  



Chapter 4: Largescale tropical Atlantic intermediate water warming at the end of the Little Ice Age!

90 

 

C0<:=1!H=?<1.D0<.=?83 ‘Largescale tropical Atlantic intermediate water warming at 

the end of the Little Ice Age’ is a manuscript chapter prepared for a journal paper. Co-

authors on the paper were Laura F. Robinson (University of Bristol), Erica Hendy 

(University of Bristol), Joseph A. Stewart (University of Bristol), Sean (Siyuan) Chen 

(University of Bristol), Timothy D.J. Knowles (University of Bristol). The data used in 

this chapter are included in Appendix Table A4.1, Table A4.2. 

Q. Liu was responsible for all coral calyx sample selection and preparation, as well as 

all the radiocarbon sample preparation. Q. Liu was responsible for the calyx samples 

trace metals data collection after taught by J. Stewart. Q. Liu and S. Chen were 

responsible for the coral main stem radial section selection and cutting. S. Chen was 

responsible for the radial section micro-milling after taught by Q. Liu. S. Chen was 

responsible for radial section trace metals data collection after taught by J. Stewart. T. 

Knowles was responsible for the radiocarbon measurement. All other analysis and data 

compilation, model data extraction and calculation were carried out by Q. Liu. 

The manuscript was written by Q. Liu with comments from L. Robinson, E. Hendy, J. 

Stewart.   
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The Little Ice Age (LIA) is the latest cold event in the Holocene without unambiguous 

time definition (e.g., Abram et al., 2016; Fang et al., 2019; Oliva et al., 2018). For 

example, Mann et al. (2009) used 1400 CE to 1700 CE to represent the LIA, while 

Abram et al. (2016) used 1400 CE to 1800 CE, with more other different time periods 

(e.g., Cronin et al., 2010; Grove, 1988; Lapointe and Bradley, 2021). Here we use the 

coldest period of the last 2000 years to represent the LIA (~1400 CE to ~1850 CE) 

(McGregor et al., 2015). Multiple climate records reveal various amplitude atmospheric 

and sea-surface temperature (SST) cooling associate with this event (e.g., Fischer et al., 

1998; Haase-Schramm et al., 2003; Knudsen et al., 2014; Lapointe and Bradley, 2021; 

Owens et al., 2017). After the LIA, temperature recovered and has since continued to 

warm due to anthropogenic influences (Eyring et al., 2021; Mann et al., 2008; Mann et 

al., 2009). Understanding the transition from the cold LIA to the warmer Industrial Era 

is critical to our understanding of decadal to centennial timescale variability of the 

ocean circulation and its influence on the climate (Abram et al., 2016). 

The Atlantic Meridional Overturning Circulation (AMOC) is an important component 

of the ocean circulation system. Variations in AMOC strength influence latitudinal heat 

distribution and by extension global climate (e.g., Zhang et al., 2019). AMOC strength 

was reported reduced or even collapsed during the Heinrich Stadial 1 (17,500 – 14,700 

years before present (BP)) and Younger Dryas (12,700 years BP) (Huang et al., 2014; 

McManus et al., 2004). In response to the declined AMOC, the ocean structure showed 

controversial behaviour at different locations, e.g., the Antarctic Intermediate Water 

(AAIW) showed retreat or advance suggested by different records (Gu et al., 2017; 

Huang et al., 2014; Pahnke et al., 2008; Xie et al., 2012). Due to different ice coverage 

from the last deglaciation for recent centuries (Church et al., 2008; Lambeck and 

Chappell, 2001), and the different change amplitude and timescale, the interaction 

between the AMOC and ocean structure is still largely unknown in the decadal to 

centennial timescale. Recent in-situ observations of AMOC transport reveal 

unexpectedly large interannual variability and a potential decreasing decadal trend of 

AMOC transport in the North Atlantic (Bryden et al., 2005; Srokosz and Bryden, 2015). 
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In addition, model simulation and palaeoceanographic proxy reconstructions have 

reported a reduction of AMOC since the end of the LIA (e.g., Caesar et al., 2021; 

Rahmstorf et al., 2015; Thornalley et al., 2018), although the timing and significance 

of this change is debated (Kilbourne et al., 2022). The surface and subsurface northwest 

Atlantic warmed after the LIA (e.g., Keigwin et al., 2003; Moffa-Sánchez et al., 2014). 

However, at the moment palaeoceanographic records used in previous studies are 

mainly located in the high-latitude North Atlantic (e.g., Caesar et al., 2021; Moffa‐

Sánchez et al., 2014; Rahmstorf et al., 2015; Thornalley et al., 2018), thus the wider 

extent of these changes remains less clear. For instance, foraminiferal Mg/Ca 

reconstructed SSTs in the Caribbean increased by about 1 ℃ after the LIA (Black et al., 

2007), whereas similarly located sclerosponge Sr/Ca reconstructions imply a much 

larger (~4 ℃) SST increase (Haase-Schramm et al., 2003). With low latitude SST 

records lacking consistency, the impact of natural and anthropogenic forcings remain 

uncertain. Circulation and temperature variation of the ocean interior since the LIA is 

even more poorly characterised. One steady-state model suggests that Atlantic 

temperature at 1500 m depth increased by just 0.2 ℃ after the LIA (Gebbie and Huybers, 

2019). However, to date there is no proxy record for the temperature change in the 

intermediate water of tropical Atlantic to confirm this model finding. Therefore, the 

ocean interior interaction with the changing AMOC strength is largely unknown for the 

recent reduction due to lack of data. 

The chemistry of foraminiferal tests preserved in sediment cores provides most of the 

basis for most palaeoceanographic records. However, when reconstructing geologically 

recent events like the LIA, sediment bioturbation, age model uncertainty, and the 

overall low accumulation rates in the sediments of the tropical Atlantic (~1-2 cm/kyr; 

(Curry and Lohmann, 1990)) currently reduce the use of this archive to generate decadal 

resolution records, especially for the intermediate water. Deep-sea corals on the other 

hand, in particular, branching deep-sea coral* !"#$$%&'#(()#* +%',+#,# (!-* +%',+#,#*

(Pourtalès, 1878)), provide an attractive alternative to this problem (Lee et al., 2017; 

Robinson et al., 2014). !-*+%',+#,#*has an aragonite skeleton and is one of the major 

frame-building species of scleractinian coral that lives in 200 to 2000 m depth seawater 

(Freiwald, 2002). This coral can live for many centuries, in some cases growing more 

than 1 m tall and wide (Houlbrèque et al., 2010; Lee et al., 2017). The !-* +%',+#,# 
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carbonate skeleton therefore has the potential to archive decadal variation of its living 

environment.  

The Li/Mg ratio of the aragonite skeleton of scleractinian corals (including !-*+%',+#,#) 

has been shown to be strongly related to seawater temperature at the time of 

calcification (e.g., Cuny-Guirriec et al., 2019b; Montagna et al., 2014; Stewart et al., 

2020). The incorporation mechanism of Li and Mg into the aragonite skeleton is most 

likely similar and influenced by comparable biological and physicochemical factors, 

but with a contrasting temperature influence (Case et al., 2010). Therefore, although 

Li/Ca and Mg/Ca ratios both show large variations at the micro-scale because of coral 

growth effects, the Li to Mg ratio largely cancels out these biological effects, leaving a 

strong inorganic temperature dependency (Montagna et al., 2014; Stewart et al., 2020).  

Here we present Li/Mg ratios in a deep-sea !-* +%',+#,# coral to reconstruct high-

resolution central tropical Atlantic intermediate waters temperature over the last 600 

years. We use radiocarbon dating to show that the oldest parts of this live-collected coral 

extend our records back to the LIA. Both the radial section of the coral stem and the 

successive calyces along a growing branch have been analysed to explore their use as 

an archive for seawater temperature. These records reveal the tropical Atlantic 

intermediate water temperature response to AMOC variation during the transition 

between the LIA and Industrial Era. 
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The deep-sea !-*+%',+#,# coral used in this study was collected from 1467 m water depth 

in the Vema Fracture Zone (Figure 4.1; 10.74°N, 44.58°W) in October 2013 (Robinson, 

2014). This depth marks the transition zone between modified Antarctic Intermediate 

Water (mAAIW) and the deeper southward North Atlantic Deep Water (NADW), as 

described in Chapter 3. 

 

-./012!$"'3!!"#$%&'$('(#9=167!9=7729<.=?!8.<2!UB.?W!9.1972V!6?5!826I6<21!B1=B21<.28" 

(6) Temperature at 1500 m water depth. Other markers represent the locations of surface 

seawater temperature (SST; squares), bottom water temperature (BWT; diamonds), and 

multi-proxy records (triangles) discussed in the text. Marker colour is matched with 

Figure 4.8 Figure 4.9, and Figure 4.10. The red line represents the meridional salinity 

(D) and temperature (9) sections. The major water masses in the Atlantic are labelled 

NADW: North Atlantic Deep Water, mAAIW: modified Antarctic Intermediate Water. 

MOW: Mediterranean Outflow Water, NACW: North Atlantic Central Water. Data 

source : GLODAP_2021 (Lauvset et al., 2021; Olsen et al., 2019; Olsen et al., 2020). 
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Thirty-two calyx (polyp) samples were taken along the longest branch (384 mm length; 

Figure 4.2) using a rotary cutting tool. The apical calyx of another branch was also cut 

for age comparison (Figure 4.2a). The whole calyx was cut and physically cleaned by 

hand drill to remove any organic matter and/or detrital material. After ultrasonication, 

rinsed with Milli-Q water, and dried at room temperature, the calyxes were powdered 

with a pestle and mortar before being stored in acid cleaned vials. About 1.5 mg of 

homogenised powder was taken from each calyx sample to measure trace element 

content. A further 15 mg of selected powders (indicated in Figure 4.2a) were taken for 

radiocarbon measurement. 

$")"'")! ]65.67!829<.=?!

A basal radial section (Figure 4.2) was cut into an approximately 1 cm thick section 

using an IsoMet® low speed saw (Buehler) before being polished and photographed 

under reflect light to measure its radius. After ultrasonication, rinsed with Milli-Q water, 

and dried at room temperature, the radial section was milled radially at 0.2 to 0.5 mm 

resolution using a micromill (New Wave Research) with ø1 mm flat end mill bit 

(Komet). The powder sample of each drilling was collected with Milli-Q water using 

pipette and stored in acid cleaned vials where they were again dried at room temperature. 

The slice was rinsed and ultrasonicated with Milli-Q water after each drilling and 

photographed. The longest radius was measured before and after each drilling due to its 

asymmetric growth to calculate each drilling interval.  
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-./012! $")3! M:2! 8W272<=?! =>! !" #
$%&'$('(!8B29.;2?!_2;`'$%*;!6?5!
86;B7.?/! 8<16<2/.28"! (6)! Calyces 
sampling. Both red and green circles 
represent calyces sampled for trace 
metal analysis. The red circles also 
represent calyces sampled for 
radiocarbon analysis. The number 
aside the red circles represent the 
index number of the calyx from top. 
The red line represents the radial 
section shown in (b) also sampled for 
analysis. (D) Radial section sampling. 
The red line represents the maximum 
distance from the centre to the edge, 
which is 16.21 mm. The short black 
lines perpendicular to this represent 
the interval of each subsample from 
the centre to the edge. The red dots 
represent the subsamples measured 
for radiocarbon. 
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The powdered subsamples were weighed into acid cleaned vials to be cleaned by 

oxidative solution freshly made by 1% H$O$ buffered by 0.1 M NH"OH following the 

procedure of Stewart et al. (2016). 250 μL of oxidative mixture was added to each 

sample vial before being placed an 80 ℃ water bath for 15 mins. The powder was then 

rinsed in Milli-Q water before being transferred into another acid cleaned vial. Here, a 

weak acid leach (250 μL of 0.0005 M HNO() was added for 1 minute to remove any 

resorbed ions. The powder was again rinsed three times with Milli-Q water and 

centrifuged to remove solution/water. Finally, the cleaned powder was fully dissolved 

in 200 μL 0.5 M HNO(. 

$")")")! ]65.=961D=?!

Powdered subsamples were oxidative cleaned with 1:1 30% H$O$ and 1M NaOH to 

remove any organic matter following the procedure of Adkins et al. (2002). First, 

sample powder was immersed in the 1:1 30% H$O$ and 1M NaOH fresh-mixed solution 

and ultrasonicated for 20 mins. Second, the powder was ultrasonicated and washed with 

1:1 1% perchloric acid and 30% H$O$'fresh-mixed solution for 1 min. The oxidative 

solution and perchloric acid wash were repeated once except that this time a 20 mins 

high purity methanol wash was conducted both before and after the perchloric acid 

wash. The powder was resuspended and rinsed twice by Mill-Q water after each wash 

and centrifuged to remove solution/water. The cleaned powder was transferred into new 

acid cleaned vials and dried on 60 ℃ hotplate.  

About 15 mg of each powdered subsample was weighed to acid cleaned glass vials in 

which 5 mg was leached by 0.05 M HCl right before radiocarbon analysis (Adkins et 

al. 2002). The powdered subsample was dried on 60 ℃ hotplate and weighed before 

being graphitized. 
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The dissolved solution in Section 4.2.2.1 was measured for minor/trace metals to 

calcium ratio (Me/Ca ratio) using the Thermo Scientific Element 2 ICP-MS at 

University of Bristol following previously published protocol (Marchitto, 2006; 

Stewart et al., 2020). A 10 μL aliquot was diluted to 600 μL to measure the Ca 

concentration for each sample. Using this information, each solution sample was then 

diluted to the same Ca concentration (4 mM) to minimise matrix effects in the main run. 

0.5 M HNO( was used as blank which was monitored both before and after each sample 

and standard measurement. Dissolved samples were analysed using well-characterised, 

matrix-matched, synthetic standard solutions to yield target element/Ca (Li/Ca, Mg/Ca) 

ratios. Auxiliary Al/Ca, Mn/Ca, Zn/Ca, Fe/Ca ratios were also monitored to detect 

potential non-carbonate detrital clay and/or oxide coating contamination. The 

gravimetric bracketing standard (BME1) was monitored every three samples. The 

average counts per second of the two adjacent measurement was used to calculate the 

relative Me/Ca ratio of samples in between. Three carbonate reference materials, NIST 

RM 8301 (Coral), NIST RM 8301 (Foram) (Stewart et al., 2020) and JCp-1 (uncleaned) 

(Hathorne et al., 2013), were measured before and after samples measurements in each 

sequence to ascertain data quality. The limit of detection of each element was calculated 

using the average of the blank measurements plus five times their standard deviation. 

Duplicate powder aliquots were measured for the calyces, the relative deviations are 

less than 3% for the target Me/Ca of all the calyces. For the radial section, only single 

sample was measured for each subsample due to less material. The relative standard 

deviation (RSD) of the multiple measurements (n = 5) of the NIST RM 8301 (Coral) 

was used as error of Me/Ca ratio, which resulted in ±1% for Li/Ca, ±1% for Mg/Ca, 

±4% for Al/Ca, ±4% for Mn/Ca, ±1% for Zn/Ca and ±9% for Fe/Ca. 

The Mn/Ca ratio is lower than limit of detection for all calyces. Most of calyx samples 

contain limited Al, Zn and Fe, except a few outliers (Figure 4.3). The Li/Ca and Mg/Ca 

ratios in the corresponding calyces show no abnormal value from the surrounding data 

and there was no change of results if they were removed (Figure 4.3). The cross-
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correlation matrix suggests no correlation between the monitored elements (Al/Ca, 

Zn/Ca, and Fe/Ca) and target elements (Li/Ca, Mg/Ca). The comparison between 

monitored and target elements suggests the confidence of the elemental data. 

Similar to calyces, Mn/Ca ratio is lower than limit of detection for all the subsamples 

of radial section. The Al/Ca, Zn/Ca and Fe/Ca ratios are below 10 μmol/mol for all the 

subsamples (Figure 4.4). In addition, the cross-correlation matrix shows no correlation 

between Li/Ca, Mg/Ca ratios and Al/Ca, Zn/Ca, or Fe/Ca ratios after removing the 

unusually high value of the centre subsample, suggesting no detrital contamination of 

the radial section. 

-./012!$"#3!Z.[H6F!K/[H6F!Z.[K/F!C7[H6F!e?[H6F!-2[H6!16<.=8!=D821N25!.?!967A928!
67=?/!<:2!82729<25!D16?9:" The error bar represents 1SD external reproducibility. 

-./012! $"$3! Z.[H6F! K/[H6F! Z.[K/F! C7[H6F! e?[H6F! -2[H6! 16<.=8! ;2680125! .?! <:2!
165.67!829<.=?" The error bar represents 1SD external reproducibility. 
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The powdered subsamples were measured at the Bristol Radiocarbon Accelerator Mass 

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

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

automatic graphitization equipment (AGE3) system. First, the air in the glass sample 

vials was removed by flushing with helium before adding 1 mL phosphoric acid to 

dissolve the samples. The generated CO$ was trapped in the glass vials before being 

transferred to the AGE3 system in a stream of helium carrier gas and trapped on a zeolite 

trap. The CO$ was then thermally desorbed in one of the seven graphitization reaction 

tubes containing conditioned (oxidized and subsequently reduced) iron catalysts. 

Hydrogen gas was introduced, and graphitization was performed by heating the tubes 

to 580 ℃ for 2 hrs. During the process, water was removed from the reaction volume 

by cryogenic trapping using a Peltier cooler. Pressures and temperatures were recorded 

for each reactor during the conditioning, loading, and graphitization processes. After 

the graphitization, graphite samples were pressed into cathodes (targets) using an 

IonPlus PSP. Finally, the targets were measured for radiocarbon on the BrisMICADAS 

which is a compact 200kV MICADAS AMS developed and built by the Laboratory of 

Ion Beam Physics, ETH, Zurich. 

I/@/I! ;D$+C)7$B+7$&$B)#C$2<+
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Selected calyx samples (Figure 4.2a) were measured for radiocarbon content which was 

originally provided as blank-corrected fraction modern (F1). F1 is the =!(C-normalized 

ratio between the measured sample !"C/!$C and the !"C/!$C of NBS Oxalic Acid Ⅱ at 

1950 CE. Conventional radiocarbon age was provided and listed in Table A4.1. The 

true radiocarbon age was calculated by equation (Age = -8267*ln (F1)). As there is not 

a reservoir age record for the deep ocean available, we assumed a constant radiocarbon 

variation to make the growth rates calculated from the radiocarbon age equal to them 

calculated from the calendar age. The vertical growth rate was generated by the 

regression line between the true radiocarbon age and the distance from the top tip 

(Figure 4.5a). The growth rate was divided into two parts based on the regression, in 
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which the growth rate of the younger part is 0.70 ± 0.06 mm/yr and the older part is 

0.54 ± 0.06 mm/yr. The top tip (distance is 0) was assigned as the collection year 2013.8. 

The calendar year of each calyx was calculated using the distance from the apical 

branch tip, the growth rates, and the collection year. The younger growth rate was 

applied to the younger half skeleton between the calyx 13 and 18 and the older growth 

rate was applied to the older half skeleton.  

-./012!$"+3!_21<.967!U6V!6?5!165.67!UDV!9=167!/1=I<:!16<2" (6) Regression between the 
true radiocarbon age and the distance from the top tip of each calyx. The number 
alongside each data point represents the calyx number from the top of the specimen (i.e. 
Figure 4.2). Note that the y axis is inverted. (D) Regression of the true radiocarbon age 
and the distance from section centre of each subsample of radial section. The youngest 
datapoint is marked red, and is not included in the regression. 

$")"$")! ]65.67!829<.=?!

Selected subsamples (Figure 4.2b) were also measured for radiocarbon content. 

Conventional radiocarbon age was also provided and listed in Table A4.2. The 

regression line of the true radiocarbon age and the distance of each subsample from the 

section centre was plot in Figure 4.5b. The outermost subsample was potentially 

influenced by bomb radiocarbon so that was excluded from the regression. The absolute 

value of the slope of the regression line was used as the radial growth rate assuming a 

constant radiocarbon reservoir age. The edge of the section (distance from centre 16.21 

mm) was assigned as the collection date Oct. 2013 (decimal year 2013.8) because the 

coral was live-collected. The calendar year of each subsample was calculated by the 

distance from section centre, growth rate, and collection year. 
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The Li/Mg ratio measurements were used to calculate the temperature ambient seawater 

based on the calibration curve (Stewart et al., 2020):  

Li/Mg = 5.42 × exp (−0.050 × T (2C))                           Equation 4.1 

Rearranging for temperature gives:  T (2C) = 20 × ln ( 7C#5

DEFGH
)                  Equation 4.2 
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The vertical growth rate is divided into two parts (Figure 4.5a). The younger regression 

generated a growth rate of 0.70 ± 0.06 mm/yr (R$=0.97, p<0.05) and the older 

regression generated a growth rate of 0.54 ± 0.06 mm/yr (R$=0.98, p<0.05). The age of 

the selected coral branch was calculated based on the length of the branch and the two 

generated growth rates. Considering the uncertainties of the two growth rates, the age 

is 663 ± 73 years. The individual age (formed year) of each calyx is listed in Table A4.1. 

The relative age uncertainties of calyces are around 10%, which means the age 

uncertainty is higher when getting older, with a range of 3 to 66 years for the measured 

calyces.  

The radial section growth rate is 31 ± 2 μm/yr generated by the absolute value of the 

slope of the regression line between the distance from coral section edge and the true 

radiocarbon age (Figure 4.5b; R$=0.98, p<0.05). Based on the section radius and the 

generated growth rate, the age of the cut radial section is 523 ± 34 years. The individual 

age of each subsample is listed in Table A4.2.  

I/E/@! 4B$C$2<]A-+%-<')(+
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The Li/Ca and Mg/Ca ratios show similar increasing trend along the branch from 

bottom older part to top younger part (Figure 4.3). The Li/Ca ratio ranges from 9.5 to 

12.0 μmol/mol. The Mg/Ca ratio ranges from 2.0 to 2.9 mmol/mol. By contrast, the 
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Li/Mg ratio shows generally decreasing trend, although with fluctuation, along the 

branch from bottom to top, ranging from 4.1 to 4.9 mmol/mol.  

$"#")")! ]65.67!829<.=?!

The Li/Ca ratio in the radial section ranges from 5.7 to 9.3 μmol/mol with significantly 

higher ratio observed in the centre of the radial section (Figure 4.4a). The general trend 

of the Li/Ca ratio is decreasing from the centre (oldest part) to the edge (youngest part) 

of the radial section. The Mg/Ca ratio, instead, shows relatively constant trend in the 

older part of the section (Figure 4.4b). As a result, the Li/Mg ratio shows generally 

decreasing trend with fluctuations (Figure 4.4c). 

I/E/E! ,']?D+7$%'&$7+<$C#$%-<"%$+

The temperature reconstructed from coral calyx Li/Mg shows a general increasing trend 

towards the modern (from 2.1 °C to 5.7 °C) (Figure 4.6). The temperature record mainly 

shows two phases, with the average temperature after the LIA ~1.7 ℃ higher than 

during the LIA.  

Similar to coral calyces, the reconstructed temperature based on coral radial section 

Li/Mg also shows a general increasing trend, but with a larger variation (4 °C to 10 °C), 

from the LIA to present (Figure 4.6). The temperature change is mainly in three stages 

with a >3 °C increase in temperature in middle LIA, a relatively constant temperature 

in the late LIA, before temperature increased again after the LIA by ~3 °C. 
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-./012! $"%3! ]29=?8<109<25! <2;B216<012! =>! <1=B.967!C<76?<.9! .?<21;25.6<2! I6<21!
D6825!=?!Z.[K/!16<.=8!=>!9=167!967A928!U9.1972V!6?5!165.67!829<.=?!U8T0612V" The red 
diamonds represent measured seawater temperature near/at the coral site (Gebbie and 
Huybers, 2018; Robinson, 2014). The error bar represents 1 SD prediction interval of 
the calibration curve (Stewart et al, 2020). The blue and orange dash lines represent the 
average temperature during the LIA and post-LIA, respectively. 
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The two age models based on the radial section and calyces differ in that the calyx age 

is 140 ± 107 years older than the radial section age. This may be due to the radial section 

being sampled not quite at the bottom of the coral (Figure 4.2). The calyx sampled 

nearest to the radial section is 582 ± 66 yrs BP while the age of the centre of the radial 

section is 523 ± 34 yrs BP which is within uncertainty of the calyx value. The agreement 

between the ages of the radial centre and its adjoining calyx also suggests that the 

successive calyces along the stem were formed in chronological order, thus it is 

reasonable to use the distance versus radiocarbon age regression to obtain its vertical 

growth rate (Figure 4.5).  

The radial growth rate in this study (31 ± 2 μm/yr) is in agreement with a previous study 

using U-Th dating methods for five !-*+%',+#,#*that found growth rates between 12 and 

72 μm/yr (Houlbrèque et al., 2010). Another study that used radiocarbon age and 

distance regression methods found radial growth rates of 20 to 30 μm/yr in !-*+%',+#,#*

(Lee et al., 2017). The linear growth rate we find in our study (0.5 to 0.7 mm/yr) is 

similar to that of Lee et al. (2017) (0.87 to 0.98 mm/yr) giving confidence in our age 

model. In the broader context of scleractinian corals however, these estimates of growth 

rate in !-*+%',+#,#*are considered lower than other branching scleractinian corals. For 

example, dating of scleractinian corals .%&@/$)#* &/+,8'#* and B#0+/&%+#* %38$#,# 

collected*off Norway by $!&Pb – $$+Ra gives growth rates an order of magnitude greater 

(~8 mm/yr and 14.4 ± 1.1 mm/yr, respectively) (Sabatier et al., 2012).  

Houlbrèque et al. (2010) found that the outermost part of the basal section of !-*+%',+#,#*

is older than the apical growing tip of the coral suggesting that the base can stop 

calcifying remotely from the polyps (i.e., active area). In this study, the conventional 

radiocarbon age of the outermost cut section is 600 ± 26 yrs BP and the two tips are 636 

± 32 yrs BP and 621 ± 32 yrs BP for A1 and B1 (Figure 4.2), respectively. The three 

ages are all in agreement within uncertainty, which suggests that this specimen did not 

stop calcifying when collected, thus the collection date is assigned to the outermost 
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layer of the cut section. The agreement of the ages of A1 and B1 suggests the two tips 

are both the youngest part of the coral, thus the selected branch covers most of the coral 

timeline.  

I/I/@! F:$+-##B'5-<')2+)[+,']?D+<$C#$%-<"%$+#%)^8+
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The Li/Ca and Mg/Ca ratios show different distribution patterns in the calyces and 

radial section (Figure 4.3; Figure 4.4). From the older part to the younger part, both 

Li/Ca and Mg/Ca ratios show increasing trends within the calyces (Figure 4.3a, b). For 

the radial section, however, Mg/Ca ratios are relatively constant while Li/Ca ratio even 

shows decreasing trend (Figure 4.4a, b). Despite differing Li/Ca and Mg/Ca patterns in 

the radial section and calyces, their Li/Mg ratio trends are similar (Figure 4.3c; Figure 

4.4c). While there is no other research on the elemental distribution of the stem radial 

section or calyces along branch of !-* +%',+#,#, previous study of the solitary 

scleractinian coral, ?/'(%&@6$$8(*0)#",@8', shows decreasing Mg/Ca ratios away from 

centres of calcification (COC) (Gagnon et al., 2007; Stewart et al., 2016). The different 

distribution patterns through time therefore potentially suggest different microstructural 

controls on Li and Mg in stem radial section and calyces.  

The Li/Ca ratio versus Mg/Ca ratio cross plot shows significant positive correlation 

between the two elements in the radial section (R$' = 0.56, p < 0.01; Figure 4.7). 

However, the correlation is not significant after removing the centre data which is 

unusually higher in Li/Ca ratio than the rest part of the radial section. Both the Li/Ca 

(5.7 to 7.4 μmol/mol) and Mg/Ca (1.65 to 1.95 mmol/mol) ratios of radial section are 

lower than previously reported ratios of scleractinian corals (Case et al., 2010; 

Montagna et al., 2014; Stewart et al., 2020) as well as ratios in calyces of this study 

(Figure 4.7). The higher ratio in previous studies is probably because a different 

sampling strategy of the coral skeleton. Indeed, previous studies sampled bulk calyx for 

the element/Ca ratio measurement. This again implies different Li and Mg distribution 

pattern between the main stem radial section and the calyx. 
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(filled squares and circles; this study). The red marked square represent the centre of 
the radial section. Open circles represent aragonitic corals from previous studies 
(Stewart et al., 2020 and references therein), in which the bold open circles represent 
previous !-*+%',+#,#.  

The Li/Ca and Mg/Ca calyx data lie within the range of previous scleractinian corals 

and is similar to previous !-* +%',+#,# calyx measurements (Figure 4.7). In addition, 

Li/Ca and Mg/Ca ratios in calyces demonstrate significantly positive correlation (R$ = 

0.92, p < 0.01; Figure 4.7). The slope of the regression line between Li/Ca and Mg/Ca 

in calyces is higher than it is in the radial section. Because the Li/Mg temperature proxy 

was calibrated based on the calyces of !-*+%',+#,# (and many other scleractinian corals) , 

this anomalous slope and low absolute Li/Ca and Mg/Ca values in the coral radial 

section suggests that the current Li/Mg temperature calibration of (Stewart et al., 2020) 

is likely not applicable to this material and further calibration work is required. 
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The temperature reconstructed from the youngest calyx Li/Mg (year 2013.8) matches 

well with the modern observed seawater temperature (Robinson, 2014) (Figure 4.6). In 

addition, our coral calyx temperature record matches well with the seawater 

temperature data compiled from the HMS Challenger observation in 1873 CE near the 

coral site (Gebbie and Huybers, 2018) (Figure 4.6). The temperatures in this record 

range from 2 to 6 ℃, which is comparable to the modern seawater observations at 

depths of 1000 to 2000 m in the tropical Atlantic (3.5 to 5.5 ℃) (Olsen et al., 2019; 

Olsen et al., 2020). The relatively lower temperatures that occurred during the LIA 

documented in our calyx samples likely represent true variation during the LIA (Figure 

4.6). Therefore, we believe that the coral calyx temperature record is most likely to 

reflect the past water temperature variation.  

The temperature reconstructions from the radial section shows similar trends to calyx 

Li/Mg ratios coming out of the LIA but with different absolute values (Figure 4.6). The 

modern temperature reconstructed by the radial section Li/Mg ratio peaks at 10 ℃ 

which is more than 5 ℃ higher than modern seawater temperature measurements at this 

site. Therefore the reconstructed temperature range of 4 to 10 ℃ is considerably higher 

than the modern observed seawater temperature range of 3.5 to 5.5 ℃ between 1000 

and 2000 m depth for the tropical North Atlantic (Figure 4.1c; (Olsen et al., 2019; Olsen 

et al., 2020)). The overall higher temperature reconstructed by the radial section than 

the modern observed seawater temperature suggests a factor other than temperature 

may be driving Li/Mg ratios in the radial section, as discussed in Section 4.4.2.1. 

Despite inappropriate temperature level reconstructed by radial section, the temperature 

variation trends are similar between radial section and calyx, suggesting Li/Mg ratio in 

radial section potentially has the ability to be used as temperature proxy, however 

further calibration work is required. Therefore, the discussion hereafter is based on 

temperature record reconstructed by coral calyces. 
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-./012!$",3!M1=B.967!C<76?<.9!.?<21;25.6<2!I6<21!<2;B216<012!129=15!9=;B6125!<=!
N=796?.9! 6?5! 8=761! >=19.?/! 6?5! <1=B.967! C<76?<.9! OOM! 129=158. (6) Annual 
stratospheric volcanic sulphate aerosol injection (Gao et al., 2008); (D) Total solar 
irradiance (Steinhilber et al., 2009); (9) Tropical Atlantic intermediate water 
temperature reconstructed from coral calyx Li/Mg ratios (this study); (5) Tropical 
Atlantic SST reconstructed from planktonic foraminiferal Mg/Ca ratio (Black et al., 
2007); (2) Tropical Atlantic SST anomaly reconstructed from sclerosponge Sr/Ca ratios 
(Haase-Schramm et al., 2003); (>) Tropical Atlantic SST reconstructed from shallow-
water coral Sr/Ca ratio (Goodkin et al., 2008). The grey shading represents large scale 
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solar minima Spörer (1388 – 1558 CE), Maunder (1621 – 1718 CE) and Dalton (1797 
– 1823 CE) (Brehm et al., 2021). Light blue shade represents the Little Ice Age. 

-./012! $"&3!M1=B.967!C<76?<.9! .?<21;25.6<2!I6<21! <2;B216<012! 129=15! 9=;B6125!
I.<:! ?=1<:YI28<21?! \=1<:! C<76?<.9! 80D801>692! I6<21! <2;B216<012! 129=158" (6) 
Tropical Atlantic intermediate water temperature reconstructed from coral Li/Mg ratio 
(this study). Black line represents the prediction of temperature variation at our coral 
site based on OPT-0015 model, wherein surface heat was transported to the deep ocean 
through a steady-state ocean circulation (Gebbie and Huybers, 2019); (D) Bottom water 
temperature anomaly (BWTA) derived from δ!%O recorded in benthic foraminifera 
buried in sediment core collected in 320 m water depth of the Gulf of St. Lawrence 
(Thibodeau et al., 2010); (9) Bottom water temperature (BWT) derived from Mg/Ca 
ratio recorded in benthic foraminifera buried in sediment core collected in 250 m water 
depth of Emerald Basin (Keigwin et al., 2003); (5) BWT derived from δ!%O recorded 
in benthic foraminifera collected in 100 m water depth of Tagus Prodelta (Bartels-
Jónsdóttir et al., 2006). 
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Our calyx-based tropical Atlantic intermediate water temperature reconstruction shows 

abruptly increasing at the end of LIA (Figure 4.6). At this time, the average temperature 

after the LIA (~1850 to 2013 CE) is ~ 1.7 ℃ warmer than the average temperature 

during the LIA (~1430 to ~1850 CE), from 3.1 ℃ to 4.8 ℃ (Figure 4.6).  

The SST of the tropical Atlantic reconstructed by the Cariaco Basin planktic 

foraminiferal Mg/Ca ratio shows low SST during 1400s and during the 1600s to 1700s 

(Figure 4.8d), which coincides with the low solar forcing and volcanic events (Figure 

4.8a, b). The SST started rising after the LIA in the early 1900s (Black et al., 2007). 

However, both the Jamaica sclerosponge and the Bermuda shallow-water coral Sr/Ca 

ratios reconstructed SST suggest a significant SST increase occurred since the early 

1800s (Figure 4.8e, f; (Goodkin et al., 2008; Haase-Schramm et al., 2003)).  

Interestingly, the commencement of intermediate water warming is coincident with that 

of surface waters records from Jamaica and Bermuda, but earlier than records from 

Cariaco Basin (Figure 4.8). The amplitude of our reconstructed intermediate water 

temperature is high and is therefore comparable to the Jamaica surface water record.  

We also compare our data to previous bottom water temperature (BWT) records 

reconstructed by the benthic foraminifera preserved in North Atlantic sediments (Figure 

4.9; (Bartels-Jónsdóttir et al., 2006; Keigwin et al., 2003; Thibodeau et al., 2010)). 

These were collected from relatively shallow basin depths (100 – 300 m), thus 

temperatures reconstructed using benthic foraminifera represent still relatively shallow 

waters. Nevertheless, two of the three subsurface temperature records in the North 

Atlantic share similar timings for the beginning of warming in the early 1900s, although 

with differing amplitudes (Figure 4.9a, b, c). The subsurface temperature record from 

Tagus Prodelta (west Portugal) shows increasing temperature since the early 1700s 

(Figure 4.9d). However, if uncertainties in the age models are considered for each 

sediment cores, the timings of warming in the four records could indeed be synchronous 

(Bartels-Jónsdóttir et al., 2006). The magnitude of temperature increase varies from +2 ℃ 

to +7 ℃ for these three previous subsurface temperature records. Our +1.7 ℃ 

temperature variation is  comparable to the lower end of the  North Atlantic subsurface 
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temperature records, which is expected since our record is far deeper than these records 

(Figure 4.12a). All of these records contrast with steady-state modelled tropical Atlantic 

intermediate water temperature that suggest just 0.2 °C of warming after the LIA 

(Figure 4.9a) (Gebbie and Huybers, 2019). 

I/I/I! `)<$2<'-B+C$5:-2'(C(+)[+<:$+=-%C$%+'2<$%C$7'-<$+=-<$%+

One way to explore the changes in the last millennium is to look back further in time, 

when changes were even more dramatic. For example, benthic foraminifera Li/Mg ratio 

derived temperatures from the Brazil margin suggest that largescale warming (+4 ℃) 

of AAIW and upper NADW depths occurred during a significant AMOC reduction that 

happened during the Heinrich Stadial 1 event (~17,000 years BP) (Umling et al., 2019). 

While Heinrich events operated on millennial / centennial timescales, and the ~1.7 ℃ 

increase documented in our coral record is only on centennial timescale, this does 

suggest that circulation driven process could drive significant temperature change at 

depth. Therefore, despite differing magnitudes of temperature increase between sites 

and depths, the intermediate water record in this thesis together with previous SST and 

subsurface temperature records all show a coherent pattern of warming since the end of 

the LIA which likely point to water mass reorganization at the end of the LIA. The 

addition of heat to intermediate waters of the tropical North Atlantic since the end of 

the LIA could therefore be the result of various mechanisms: (i) a warming of source 

waters reaching the coral site (e.g., NADW or mAAIW), (ii) the upper ocean heat 

exchange, and/or (iii) a shift towards more northern sourced (warmer; Figure 4.1a, c) 

water masses. We discuss these mechanisms further below. 
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-./012!$"'(3!M1=B.967!C<76?<.9!.?<21;25.6<2!I6<21!<2;B216<012!129=15!9=;B6125!
I.<:!B12N.=08!CKPH!B1=R.28" (6) Tropical Atlantic intermediate water temperature 
reconstructed from coral Li/Mg ratio (this study); (D) AMOC index derived from the 
difference between subpolar gyre and Northern Hemisphere temperature anomalies (red) 
(Rahmstorf et al., 2015) and subsurface temperature AMOC proxy derived from 
Northeast subpolar gyre subsurface temperature minus Northwest shelf subsurface 
temperature (orange) (Thornalley et al., 2018); (9) Northwest Atlantic subsurface 
temperature (blue) and salinity (purple), inverted y-axis (Moffa‐Sánchez et al., 2014); 
(5) Florida Straits cadmium (Cd) concentration in the seawater derived from Cd/Ca 
ratio of benthic foraminifera (grey), green line is 10% Lowess smoothed (Valley et al., 
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2022); (2) Sortable silt mean grain size of two sediment cores in the Northwest Atlantic 
(Thornalley et al., 2018). 

 

The temperature above the thermocline is significantly higher than the deeper ocean in 

the tropical Atlantic (Figure 4.1c). A change of connectivity with this surface warmth 

could therefore also influence the temperature of our coral location. For example, a 

deepening of the thermocline would transport more heat from the upper layer to the 

deeper ocean (Galbraith et al., 2016; Umling et al., 2019). Model and paleorecords 

studies suggested that the reduction of the NADW formation results in a deepening 

thermocline in the tropical Atlantic (dos Santos et al., 2010; Hain et al., 2014; Huang et 

al., 2000; Zhang et al., 2017). Further back in time, the higher intermediate water 

temperature during Heinrich Stadial 1 reconstructed by benthic foraminiferal Mg/Ca 

from the Atlantic also supports this argument (Huang et al., 2012). Therefore, a 

deepening and warming of the tropical thermocline during a reduction of AMOC could 

form an additional heat source to our coral site.  

Independent AMOC-sensitive proxy records suggest that the significant warming we 

document at the end of the LIA is coincident with a reduction in this overturning 

circulation (Figure 4.10b: (Rahmstorf et al., 2015; Thornalley et al., 2018)). In addition, 

the speed of Deep Western Boundary Current (DWBC) reconstructed by sortable silt 

mean grain size of two northwest Atlantic sediment cores also suggests slowdown, and 

thus the reduction of NADW formation, at the end of the LIA (Figure 4.10e: (Thornalley 

et al., 2018)). The warm and salty subsurface temperature in the northern North Atlantic 

and the lower concentration of Cd in the Florida Straits also suggest the reduction of 

AMOC since the end of the LIA (Figure 4.10c, d: (Moffa‐Sánchez et al., 2014; Valley 

et al., 2022)). The coincidence of the warmer intermediate water with the reduction of 

AMOC suggested by multi-proxies adds the confidence of the connection between 

intermediate water temperature and AMOC variation.  

The retreat of mAAIW and replacement by warmer norther sourced waters is another 

possible explanation for warmer intermediate water in the tropical Atlantic following 

the LIA. Upper NADW in the subtropical Atlantic is influenced by the warm and salty 

Mediterranean Outflow Water (MOW), thus is the warm end member of our coral site 
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compared to the cold and fresh mAAIW (Figure 4.1). In addition, the northern boundary 

of mAAIW is a mixture of warm North and South Atlantic Central Water and MOW 

(Poole and Tomczak, 1999), with less influence of mAAIW, the water at the coral site 

is expected to be warmer. The Cd concentration record of the past centuries shows less 

Cd since the end of the LIA, suggesting a southward retreat mAAIW influence in the 

Florida Straits (Figure 4.10e: (Valley et al., 2022)).  

In summary, the additional heat source for the tropical Atlantic intermediate water is 

most likely in relation with AMOC variation. The intermediate water warming 

mechanism is related to the deeper and warmer thermocline due to AMOC reduction, 

and/or the mAAIW southward retreat during the AMOC reduction. As this thesis is the 

first attempt to reconstruct the tropical Atlantic intermediate water temperature for the 

recent past centuries, the precise role of advected and/or downward accumulating heat 

in warming remains elusive. Future effort on the tropical Atlantic thermocline 

temperature reconstruction since the LIA is needed. In addition, climate model 

simulation for the recent past centuries multidecadal to centennial variability of the deep 

ocean is needed to verify the potential mechanisms. 

E)F! :-,'/4#7-,#(

The tropical Atlantic intermediate water temperature since the start of the LIA is 

reconstructed using the Li/Mg ratio recorded in the scleractinian coral !-*+%',+#,#. Both 

the main stem radial section and the calyces along the branch are explored for the 

temperature reconstruction. This result suggests the two reconstructions show similar 

trends but with different absolute temperatures. The contrasting Li and Mg behaviour 

between the stem radial section and calyces suggest differing controls on Li and Mg 

incorporation into these parts of the coral skeleton. The most recent temperature value 

reconstructed by the calyces is well matched with the observational data, in keeping 

with Li/Mg temperature proxy calibrations that are based on the calyces.  

This calyx-based reconstructed temperature record suggests the tropical Atlantic 

intermediate water warmed since the end of the LIA, coincided with an AMOC 

reduction. The potential mechanisms of subsurface warming since the end of the LIA 

are deepening and warming of the tropical Atlantic thermocline due to AMOC reduction 



Chapter 4: Largescale tropical Atlantic intermediate water warming at the end of the Little Ice Age!

116 

 

and/or a southward retreat mAAIW during AMOC reduction. Future work developing 

records of temperature, nutrients, and the carbonate system at various depths in the 

tropical Atlantic are needed to better understand the ocean reorganization in the recent 

past. 

1 
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5.!Conclusions and outlook 

!

F)@!:-,'/4#7-,#(

In this thesis, I set out to deepen our understanding of the variability of the ocean 

structure under global warming and the potential ocean reorganization during the Little 

Ice Age (LIA) to Industrial Era transition. 

To this end, two taxa of deep-sea corals, bamboo corals and !"#$$%&'#(()#*+%',+#,# 

(!-* +%',+#,#), have been investigated to reconstruct the variability in tropical North 

Atlantic intermediate waters since the beginning of the LIA. In addition to these 

valuable intermediate water reconstructions provided by the carbonate skeletons, 

additional analyses of the organic node of bamboo corals have also allowed near-

surface ocean conditions to be reconstructed at these corals collection sites. With 

independent age models based on organic node band counting, both organic node and 

calcitic skeleton were explored for their ability to record upper ocean and intermediate 

water !"C. In addition, a long-lived deep-sea coral, !-*+%',+#,# was used to reconstruct 

intermediate water temperature using Li/Mg ratio measurements. The following 

sections present a summary of the findings. 

H/>/>! 0$'2<$%#%$<'2D+%-7')5-%1)2+%$5)%7(+'2+1-C1))+5)%-B(+a+2$=+'2('D:<(+

[%)C+<:$+<%)#'5-B+V)%<:+;<B-2<'5+

Deep-sea bamboo corals have been investigated in the past as archives for multiple 

environmental proxies (e.g., Hill et al., 2012; Serrato Marks et al., 2017). However, 

uncertainties remain regarding the age determination and the interpretation of 

geochemical signals from their organic nodes. In Chapter 2, I provided new 

perspectives on the source of carbon incorporated in the organic nodes of the deep-sea 

bamboo corals using radiocarbon and nitrogen isotope data. Radiocarbon profiles of the 

organic nodes from the centre to the edge were measured in live-collected bamboo 

corals from intermediate water depths in the tropical North Atlantic. I show that layers 
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of the organic node of three genera of bamboo corals are formed annually. The ages of 

the bamboo corals were between 20 and 161 years based on band-counting and assessed 

by radiocarbon. The average radial growth rate of each bamboo coral ranged from 53 

μm/yr to 104 μm/yr. With previous growth rates compiled, I also show that there is a 

significant positive correlation between growth rate and ambient temperature (Thresher 

et al., 2016), although genera specific correlations show different behaviours. The 

different dating methods, asymmetric growth of bamboo corals, and lack of genera 

specific data make the key factors influencing bamboo coral growth rate unclear. 

A comparison between organic node Δ!"C, seawater measured Δ!"C, shallow-water 

coral Δ!"C and modelled Δ!"C suggested the organic node Δ!"C does not always follow 

the surface mixed layer (ML). I therefore interpret organic node Δ!"C to reflect Δ!"C in 

the deep chlorophyll maximum (DCM) rather than surface ML water. Complementary 

δ!#N data suggest bamboo corals feed mostly on zooplankton, with a combination of 

phytoplankton. The deviation of organic node Δ!"C from the surface ML Δ!"C mostly 

depends on the overlying DCM and ML depths. Where the DCM is much deeper than 

the ML, as observed in the oligotrophic subtropical regions, the coral will record upper 

thermocline seawater !"C records and thus Δ!"C reconstructed by organic nodes will 

underestimate surface ML values. The use of bomb radiocarbon age models for deep-

sea proteinaceous should only be used in sites where the DCM depth is shallower than 

the ML or the majority of net community export production is limited to within the ML.  

H/>/@! 42%'5:C$2<+)[+ %-7')5-%1)2+ '2+ <%)#'5-B+V)%<:+;<B-2<'5+ '2<$%C$7'-<$+
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The Δ!"C recorded in the calcitic skeleton of bamboo corals from the intermediate 

depths of the tropical North Atlantic showed a basin-wide increase between the 1960s 

and 1980s. The enrichment of radiocarbon in the intermediate water is potentially 

related to a shallower North Atlantic Deep Water (NADW) and/or to a southward retreat 

Antarctic Intermediate Water (AAIW) related to weakened Atlantic Meridional 

Overturning Circulation (AMOC). Bomb radiocarbon evolution in the deep ocean 

suggests the transit time of radiocarbon is ~50 years to tropical North Atlantic 

intermediate waters. This result is slower than that suggested by the NACR-CESM2-

FV2 climate model, suggesting less efficient transport of radiocarbon than model 
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predictions. This finding therefore has important implications for modelling the 

response of AMOC to anthropogenic forcing. 

H/>/E! ,-%D$(5-B$+<%)#'5-B+;<B-2<'5+'2<$%C$7'-<$+=-<$%+=-%C'2D+-<+<:$+$27+
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The age models based on both the calyces and main stem radial section using 

radiocarbon suggest that the !"#$$%&'#(()#*+%',+#,# (!-*+%',+#,#) used in this chapter 

is ~600 years old. Both the radial and vertical growth rates are within previous growth 

rate ranges of !-*+%',+#,#. 

The Li/Ca and Mg/Ca ratios in the calyces and radial section show different distribution 

patterns. The comparison of Li/Ca and Mg/Ca ratios distribution pattern in the radial 

section with that of previous Li/Mg temperature proxy calibration studies suggests 

radial Li/Mg ratio is offset from current calyx-based calibration curves (Stewart et al., 

2020). The temperatures reconstructed based on calyces match well with the measured 

seawater temperatures. The calyx-based coral reconstructed temperature record shows 

~1.7 ℃ increase following the LIA in tropical Atlantic intermediate water, coincident 

with an AMOC reduction (Thornalley et al., 2018). The largescale warming of tropical 

Atlantic intermediate water since the end of the LIA is potentially linked to a deepening 

and warming of the tropical Atlantic thermocline due to AMOC reduction and/or a 

southward retreat AAIW during AMOC reduction. This provides further evidence for 

the important role that changes in AMOC played at the end of the LIA and its ability to 

dictate widescale climate change.   

F)A!P4$/--+(
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I have shown that annual to decadal resolution environmental records stretching back 

many hundreds of years can be reconstructed from deep-sea branching corals (Chapter 

3; Chapter 4). However, the age and growth rate of most branching corals remain poorly 

studied. For example, only 3 :#+#C%+C)# specimens have been dated (Bennecke et al., 

2016; Sherwood and Edinger, 2009) despite nearly 20 thousand occurrences being 
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documented (NOAA, 2022). In addition, the factors controlling growth rates in these 

corals are poorly understood. Previous studies and Chapter 2 suggest temperature could 

be one of the controlling factors for the growth of bamboo corals (Thresher, 2009; 

Thresher et al., 2016), but this is likely to differ between coral genera (Chapter 2).  

Additional work on dating methods is needed to provide the best age-scale on which to 

base these valuable environmental records. Here, I used radiocarbon dating for !-*

+%',+#,# in Chapter 4. While this method provides a robust age model, it precludes the 

use of radiocarbon data as a seawater radiocarbon proxy to obtain additional evidence 

of ocean reorganization. If a radiocarbon-independent dating method could be used (e.g., 

uranium-series dating, $!&Pb-dating), the age model could be further refined, and the 

radiocarbon measurements here would become a valuable ocean circulation tracer. 

In addition to their geochemical applications, deep-sea branching corals also provide 

essential habitat framework and nursery grounds for marine biodiversity, including for 

commercially valuable fish and crustaceans. However, corals are facing multiple threats 

including oil and gas extraction, deep-sea mining, bottom trawling, and deep-sea 

fisheries. Knowing the lifespan and growth rate of these branching corals is essential to 

conservationist and policymakers who seek to preserve these habitats. To this end, the 

age and growth rate compilation of deep-sea branching corals here is included in a 

research-based policy project. Additional research on dating methods and growth 

controls on each branching coral will be invaluable for recent palaeoceanographic 

records and coral conservation efforts. 

H/@/@! Q5$-2+782-C'5(+)[+<:$+B-(<+C'BB$22'"C+

Previous studies have shown that the ocean has been unexpectedly dynamic during the 

last millennium, especially at the end of the LIA and after ~1960s where there was a 

marked reduction in AMOC (Caesar et al., 2021; Fraser and Cunningham, 2021; 

Rahmstorf et al., 2015; Thornalley et al., 2018). I have demonstrated the application of 

bamboo corals as archives for intermediate water radiocarbon content (Chapter 3) and 

!-* +%',+#,# as an archive for intermediate water temperature stretching back many 

hundreds of years (Chapter 4). In each case however, these corals represent a single 

proxy record observation and their interpretation to basin-wide ocean reorganization 
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must, therefore, be treated with caution. Future work must focus on generating 

additional multi-proxy records from across the Atlantic Ocean. A key location would 

be the northern boundary of AAIW, to verify the proposed interpretations in Chapter 3 

and Chapter 4. Annual to sub-decadal temperature records of the last century could 

prove or disprove the shallower NADW resulted radiocarbon enrichment proposed in 

Chapter 3.  

Nutrient content is another distinct tracer for separating NADW and AAIW water 

masses. Additional nutrient records from the northern boundary of AAIW could verify 

the proposed interpretation that retreat of AAIW leads to the radiocarbon increase 

observed during ~1960s and ~1980s in Chapter 3. Nutrient records of the last 

millennium could also help to verify the potential mechanisms proposed in Chapter 4 

to explain the warming at the end of the LIA. As this is the first attempt to reconstruct 

decadal temperature variation in the intermediate water of the tropical Atlantic, there is 

no other record to support the largescale change at the end of the LIA. Future work 

could also include generating more temperature records from intermediate water at 

other locations, e.g., the northern boundary of AAIW. 

H/@/E! Y$)5:$C'(<%8+)[+7$$#K($-+5)%-B(+

I have demonstrated the powerful palaeoceanographic potential of deep-sea corals. For 

bamboo corals, apart from their application in radiocarbon reconstruction, previous 

studies have shown that they can be used as a valuable archive for other environmental 

proxies (reviewed in Williams, 2020). Future work with bamboo corals could include 

refining these environmental proxy calibrations. For example, previous studies have 

tested various proxies for temperature within the calcitic skeleton in bamboo corals 

including: Mg/Ca (Thresher et al., 2010), the intercept of δ!%O-δ!(C regression line (Hill 

et al., 2011b), and clumped isotopes (Δ",) (Kimball et al., 2016; Saenger et al., 2017). 

However, large proxy calibration uncertainties (±2 to ±5 °C) currently limit their use as 

a paleothermometer. Another promising temperature proxy, Li/Mg, calibrated for 

scleractinian corals could be further studied with bamboo corals so that multi-proxy 

records could be generated in the single coral to add the work in Chapter 3. 

Dissolved barium (Ba) has a nutrient-like profile in seawater (Wolgemuth and Broecker, 
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1970). Therefore, Ba proxy calibration in these corals could be particularly useful for 

reconstructing past ocean dynamics and nutrient cycling. Although bamboo coral 

calcitic skeletons have been tested for Ba proxy calibration (Geyman et al., 2019; 

LaVigne et al., 2011; Thresher et al., 2016), the calibration uncertainty is unclear due 

to limited data availability. To generate additional nutrient records, future work could 

focus on the refinement of a bamboo coral Ba proxy so that annual to decadal resolution 

Ba records can be generated. 

The environmental proxy calibrations using !-*+%',+#,# are based on the calyx, thus we 

only used the calyx to generate environmental records. However, the radial section of 

!-* +%',+#,# is potentially more accessible for a continuous record. We found that 

incorporation mechanisms of Li and Mg are different between the calyx and radial 

section of these corals (Chapter 4), but their reconstructed temperatures show generally 

similar trend with different absolute values. Future work should explore the 

incorporation of Li and Mg into the radial section so that radial section Li/Mg 

temperature calibrations can be developed. 
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NOD! B456! ! ! --* ! -. ! ! ! ! ! ! ! ! ! ! ! ! ! 5B! 8! ! ! ! !

R>23S!Q!2A3!NOTN0D=M3!-4-!<N!0;!>O2D>N2!=012!>U!NOTN0D=M3!-V!2A313U>13!<2N!2A<@W;3NN!0;F!T0;FN!013!;>2!<;@MOF3F!0X0<;!<;!2A3!NOD4!
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N$O%)&?&PQPR&+*!& YEF!&:'&.)$A$0)#&9"(1:%);&:'&!2$10)#&PQ&

RK4! ">D=013F!
Y>@02<>;! P301! Y02!#ZR%! Y>;!#Z[%! \3=2A!

#D%! &!" "!#$%! H11! "1O<N3! ]202<>;! ]>O1@3!

- ! "01231! -)B.4/ ! -(4)8. ! /(46-B! . ! 8-4.! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] !

/ ! "01231! -)B.4/ ! -(4)8. ! /(46-B! 6( ! +//4* ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] !
. ! "01231! -)B.4/ ! -(4)8. ! /(46-B! )8! +*-4B! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] !

* ! "01231! -)8.4- ! )4/8B! -)48(8! *B! 684)! ! .-5R-)8/-/(- ! ))#,%! ^HK]H"] !
6! "01231! -)8.4- ! )4/8B! -)48(8! -(. ! /846! ! .-5R-)8/-/(- ! ))#,%! ^HK]H"] !
5! "01231! /(-.48 ! )4.! /-45! -- ! 6/48B! /4(! '"()* ! H,I ! "A3;!32!0M4!/(-6!

B! "01231! /(-.48 ! )4.! /-45! 66! *54*.! /4/- ! '"()* ! H,I ! "A3;!32!0M4!/(-6!

8! :;<=>?<@A! -)8-4. ! )46! /5 ! 6! -(( ! / ! (5L_-)8-(./8 ! 6(6#,%! J>32A314![4!0;F!!,4:1>D31!
/(-* !

) ! :;<=>?<@A! -)8-4. ! )46! /5 ! 55! ./ ! / ! (5L_-)8-(./8 ! 6(6#,%! J>32A314![4!0;F!!,4:1>D31!
/(-* !

-( ! :;<=>?<@A! -)8-4. ! )46! /5 ! --6 ! -( ! / ! (5L_-)8-(./8 ! 6(6#,%! J>32A314![4!0;F!!,4:1>D31!
/(-* !

-- ! :;<=>?<@A! -)8.4- ! 64)*! /84(-8 ! /. ! --.4B8! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] !
-/ ! :;<=>?<@A! -)8.4- ! 64)*! /84(-8 ! 86! B/46-! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] !

-. ! :;<=>?<@A! -)8.4- ! 64)*! /84(-8 ! -.. ! -54**! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] !
-* ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! /6 ! 8548B! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] !

-6! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! -() ! /54(B! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] !
-5! :;<=>?<@A! -)).46 ! *4(-B! /648-! - ! )*4. ! /4)! ..L[-)).(B(* ! /(#,%! [K"H !
-B! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -8! )(4/ ! /48! ..L[-)).(B(* ! //#,%! [K"H !

-8! :;<=>?<@A! -)).46 ! 64((6! /54-*8! *8! 8)4B.! 645! ..L[-)).(B(* ! //#,%! [K"H !
-) ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! 5*! 8.4.5! .45! ..L[-)).(B(* ! //#,%! [K"H !

/( ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -(/ ! 5*4B/! .4/ ! ..L[-)).(B(* ! //#,%! [K"H !
/- ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -*8 ! /)4-8 ! .4*! ..L[-)).(B(* ! //#,%! [K"H !
// ! :;<=>?<@A! -)).46 ! 54(() ! /54*B.! - ! )B46*! .4/ ! ..L[-)).(B(* ! /.#,%! [K"H !
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/. ! :;<=>?<@A! -)).46 ! 8! /B4-5)! / ! -(*4* ! .4B! ..L[-)).(B(* ! /6#,%! [K"H !

/* ! :;<=>?<@A! -)).46 ! /4((/ ! /64/(/ ! ( ! 8/48! .45! ..L[-)).(B(* ! -5#,%! [K"H !
/6 ! :;<=>?<@A! -)).46 ! /4((/ ! /64/(/ ! -8! 884-! .4/ ! ..L[-)).(B(* ! -5#,%! [K"H !
/5 ! :;<=>?<@A! -)).46 ! /4((/ ! /64/(/ ! *. ! 8-46! /48! ..L[-)).(B(* ! -5#,%! [K"H !

/B! :;<=>?<@A! -)).46 ! /4((/ ! /64/(/ ! 5) ! 854/! .4)! ..L[-)).(B(* ! -5#,%! [K"H !
/8 ! :;<=>?<@A! -)).46 ! /4((/ ! /64/(/ ! )) ! 5.4B! *4*! ..L[-)).(B(* ! -5#,%! [K"H !

/) ! :;<=>?<@A! -)).46 ! /4((/ ! /64/(/ ! -** ! .84/! .4-! ..L[-)).(B(* ! -5#,%! [K"H !
.( ! :;<=>?<@A! /((.45 ! 6! /5 ! . ! 554**! .45! ..JK/((.(5(* ! -//#,% ! [K"H !
.- ! :;<=>?<@A! /((.45 ! .4((B! /*4))5 ! . ! B.48! .45! ..JK/((.(5(* ! -/5#,%! [K"H !

./ ! :;<=>?<@A! /(-.48 ! 648! /54B! . ! 6/4/5! -486! '"()* ! H,, ! "A3;!32!0M4!/(-6!

.. ! :;<=>?<@A! /(-.48 ! 648! /54B! -) ! 6-46/! -48B! '"()* ! H,, ! "A3;!32!0M4!/(-6!

.* ! :;<=>?<@A! /(-.48 ! 648! /54B! 66! *845)! /4-* ! '"()* ! H,, ! "A3;!32!0M4!/(-6!

.6 ! C0EF0! -)6B! -6! *B! //) ! +B.4((! 54((! ! ! ,1>3@W31!32!0M4!-)5(!

.5 ! C0EF0! -)6B4)! -64(6! .)48! ( ! +*B4((! 84((! ! ! ,1>3@W31!32!0M4!-)5(!

.B! C0EF0! -)B/48! -/4(/8 ! 6(4))6! 6! -./4.( ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] !

.8 ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! B6! -.545( ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] !

.) ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -(- ! )-4B! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] !
*( ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -5/ ! .64/! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] !

*- ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! .(5 ! +6) ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] !
*/ ! C0EF0! -)B.48! -.46! 6(4)! ( ! -(* ! -( ! I_YIR_`]! a+B8! -.)#,% ! ^YK\IbG/(/( !

*. ! C0EF0! -)B.48! -.46! 6(4)! -(( ! -.- ! -( ! I_YIR_`]! a+B8! -.)#,% ! ^YK\IbG/(/( !
** ! C0EF0! -)B.48! -.46! 6(4)! -*( ! -/. ! -( ! I_YIR_`]! a+B8! -.)#,% ! ^YK\IbG/(/( !
*6! C0EF0! -)B.48! -.46! 6(4)! /(( ! *5! -( ! I_YIR_`]! a+B8! -.)#,% ! ^YK\IbG/(/( !

*5! C0EF0! -)B.48! -.46! 6(4)! .(( ! +// ! -( ! I_YIR_`]! a+B8! -.)#,% ! ^YK\IbG/(/( !
*B! C0EF0! -)8-4. ! -64(*B! 6.4)6! -. ! --.4/ ! ! .-5R-)8-(*(- ! ./#,%! ^HK]H"] !

*8! C0EF0! -)8-4. ! -64(*B! 6.4)6! -(- ! -/(4/ ! ! .-5R-)8-(*(- ! ./#,%! ^HK]H"] !
*) ! C0EF0! -)8-4. ! -64(*B! 6.4)6! -6- ! -(B45! ! .-5R-)8-(*(- ! ./#,%! ^HK]H"] !
6( ! C0EF0! -)8-4. ! -64(*B! 6.4)6! /6/ ! .645! ! .-5R-)8-(*(- ! ./#,%! ^HK]H"] !
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6-! C0EF0! -)8. ! -/455/ ! *)45*/ ! -/ ! --*4-B ! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] !

6/ ! C0EF0! -)8. ! -/455/ ! *)45*/ ! )5! -(-4.8 ! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] !
6. ! C0EF0! -)8. ! -/455/ ! *)45*/ ! /(B ! -B4*8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] !
6*! C0EF0! -)8. ! -/455/ ! *)45*/ ! .(8 ! +.*4B8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] !

66! C0EF0! -)8/4) ! -54**8! *)48.B! -/ ! -/(45 ! ! .-5R-)8/-/(- ! -B#,%! ^HK]H"] !
65! C0EF0! -)8/4) ! -54**8! *)48.B! -/* ! -/64B! ! .-5R-)8/-/(- ! -B#,%! ^HK]H"] !

6B! C0EF0! -)8/4) ! -54**8! *)48.B! //6 ! --8 ! ! .-5R-)8/-/(- ! -B#,%! ^HK]H"] !
68! C0EF0! -))B45! -64((- ! 6/4.. ! -- ! )(4B! .46! .-5R-))B(B-B ! 5-#,%! ^HK]H"] !
6) ! C0EF0! -))B45! -64((- ! 6/4.. ! -/6 ! -(64- ! *4*! .-5R-))B(B-B ! 5-#,%! ^HK]H"] !

5( ! C0EF0! -))B45! -64((- ! 6/4.. ! //- ! -(* ! . ! .-5R-))B(B-B ! 5-#,%! ^HK]H"] !
5- ! C0EF0! -))B45! -64((- ! 6/4.. ! .-6 ! 8*! *4*! .-5R-))B(B-B ! 5-#,%! ^HK]H"] !

5/ ! C0EF0! /((.48 ! -*4)6) ! 6/4..- ! . ! B/4/! .4*! .-5R/((.()// ! 6*#,%! ^HK]H"] !
5. ! C0EF0! /((.48 ! -*4)6) ! 6/4..- ! 6( ! 5.4-! .4/ ! .-5R/((.()// ! 6*#,%! ^HK]H"] !

5*! C0EF0! /(-.48 ! -64.! *84.! -5! *B48B! /4. ! '"()* ! CIP ! "A3;!32!0M4!/(-6!
56! C0EF0! /(-.48 ! -64.! *84.! )5! 654/*! /4*! '"()* ! CIP ! "A3;!32!0M4!/(-6!
55! C0EF0! /(-.48 ! -64.! *84.! /(5 ! 6-4B(! /4*! '"()* ! CIP ! "A3;!32!0M4!/(-6!

5B! C3D0! -)B.4B-6! ) ! +*( ! ( ! -.8 ! -( ! I_YIR_`]! a+B8! -.5#,%! ^YK\IbG/(/( !
58! C3D0! -)B.4B-6! ) ! +*( ! -(( ! +8! -( ! I_YIR_`]! a+B8! -.5#,%! ^YK\IbG/(/( !

5) ! C3D0! -)B.4B-6! ) ! +*( ! /(( ! +/5 ! -( ! I_YIR_`]! a+B8! -.5#,%! ^YK\IbG/(/( !
B(! C3D0! -)B.4B-6! ) ! +*( ! .(( ! +.B! -( ! I_YIR_`]! a+B8! -.5#,%! ^YK\IbG/(/( !

B-! C3D0! -)8.4(-* ! --4/5/ ! +.)4../ ! -- ! -(-4. ! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] !
B/! C3D0! -)8.4(-* ! --4/5/ ! +.)4../ ! -/* ! *64.! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] !
B.! C3D0! -)8.4(-* ! --4/5/ ! +.)4../ ! //) ! +/546! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] !

B*! C3D0! /(-.48 ! -(4B*! **468! B546B! 6-4)! /4*! '"()* ! CHL ! "A3;!32!0M4!/(-6!
B6! C3D0! /(-.48 ! -(4B*! **468! --4B.! 6/4(! /4*! '"()* ! CHL ! "A3;!32!0M4!/(-6!
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M6D72!C)"!#3!H=;B.725!/1=I<:!16<2!521.N25!>1=;!=1/6?.9!?=528!=>!D6;D==!9=1678!0825!.?!H:6B<21!)" 

RK4! ]0D=M3!`\! ^3;310! ">MM3@2<>;!
\023! Y>@02<>;!

Y02<2OF3!
#"R%!

Y>;X<2OF3!
#"H%!

\3=2A!
#D%!

_3D=3102O13!
## %! \02<;X!D32A>F!

J0F<0M!
X1>c2A!1023!

#$DdE1%!
311>1! ]>O1@3!

- ! "01GB5(D! -%.#/0*,*,' /(-. ! "01231!! )4// ! +/-4.- ! B5(! 54/-! T0;F!@>O;2<;X! 56! -( ! _A<N!N2OFE!
/ ! "01G-*()D ! !"#$%&&#' /(-. ! "01231!! )4/- ! +/-4. ! -*() ! *4.- ! T0;F!@>O;2<;X! -(* ! -( ! _A<N!N2OFE!
. ! :;<GB/(D ! -%.#/0*,*,' /(-. ! :;<=>?<@A!! 645.! +/54)6! B/( ! 64))! T0;F!@>O;2<;X! 5. ! . ! _A<N!N2OFE!
* ! :;<G-)86D ! (%)*+*,*,' /(-. ! :;<=>?<@A!! 645! +/54)B! -)86 ! .4.) ! T0;F!@>O;2<;X! 5( ! 8! _A<N!N2OFE!
6! C3DG-*B*; ! (%)*+*,*,' /(-. ! C3D0!! -(4B*! +**468! -*B* ! *4B.! T0;F!@>O;2<;X! 6. ! * ! _A<N!N2OFE!
5! C0EG-*66D! (%)*+*,*,' /(-. ! C0EF0!! -*485! +*84/*! -*66 ! *46! T0;F!@>O;2<;X! 5B! 8! _A<N!N2OFE!

B! IYC.8(8e. ! 1,*+*+' /((/ ! [01c<@W!
]30D>O;2! *84(6! +-./4B. ! B/( ! .4*! T>DT!!" " ! -/( ! -( ! J>01W!32!0M4!

/((6 !

8! IYC.8(8e* ! 1,*+*+' /((/ ! [01c<@W!
]30D>O;2! *84(6! +-./4B. ! B(* ! .4*! T>DT!!" " ! )( ! -( ! J>01W!32!0M4!

/((6 !

) ! IYC.8(8e6 +
M>;X! 1,*+*+' /((/ ! [01c<@W!

]30D>O;2! *84(6! +-./4B. ! 5.* ! .4*! T>DT!!" " ! -5( ! -( ! J>01W!32!0M4!
/((6 !

-( ! IYC.8(8e6 +
NA>12! 1,*+*+' /((/ ! [01c<@W!

]30D>O;2! *84(6! +-./4B. ! 5.* ! .4*! T>DT!!" " ! 6( ! -( ! J>01W!32!0M4!
/((6 !

-- ! _4f-B**/ ! (%)*+*,*,' -))( ! "0N@0F3!
bM0230O! +*.468! -6(4// ! -((( ! 64B! T>DT!!" " ! .6 ! -. ! ]A31c>>F!32!

0M4!/(()!

-/ ! _4f-B*.B ! (%)*+*,*,' -))( ! "0N@0F3!
bM0230O! +*.468! -6(4// ! -/6( ! *4*. ! T>DT!!" " ! .. ! ! ]A31c>>F!32!

0M4!/(()!

-. ! _4f-B**- ! -%.#/0*,*,' -))( ! "0N@0F3!
bM0230O! +*.468! -6(4// ! )/6 ! B465! T>DT!!" " ! -(( ! ! ]A31c>>F!32!

0M4!/(()!

-* ! :- ! -%.#/0*,*,' -))( ! "0N@0F3!
bM0230O! +*.468! -6(4// ! -((( ! 64B! T>DT!!" " ! -.. ! ! _A13NA31!32!

0M4!/((B!

-6! `- ! 1,*+%&&#' /((B ! \>1E!f<MM! **4.. ! -*B4-*! --6( ! /45.! T>DT!!" " ! --. ! ! ]A31c>>F!32!
0M4!/(()!

-5! :-.6( ! (%)*+*,*,' -))B ! \>1E!f<MM! **4.. ! -*B4-*! -.55 ! /4*/ ! T>DT!!" " ! .- ! * ! ]A31c>>F!32!
0M4!/(()!

-B! `* ! 1,*+%&&#' /((B ! ][!gKRH ! **4-) ! -*54/ ! --*( ! .4B6! T>DT!!" " ! --. ! -B! ]A31c>>F!32!
0M4!/(()!
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-8! Y*! (%)*+*,*,' /((B ! ][!gKRH ! **4-) ! -*54/ ! --*( ! .4B6! T>DT!!" " ! .B! B! ]A31c>>F!32!
0M4!/(()!

-) ! _--(-!IB ! 1,*+%&&#' /((B ! b<>;331!
]30D>O;2! .B4.B! +-/.4* ! -((6 ! * ! T>DT!!" " ! -/- ! 6! h13;W3M!32!0M4!

/(-B !

/( ! _--(/!I-/ ! -%.#/0*,*,' /((B ! \0?<FN>;!
]30D>O;2! .64B.! +-//4B/ ! -6(( ! /4B5! T>DT!!" " ! B*! . ! h13;W3M!32!0M4!

/(-B !

/- ! _--(-!I-( ! 1,*+%&&#' /((B ! b<>;331!
]30D>O;2! .B4.B! +-/.4*- ! -()/4/ ! * ! T>DT!!" " ! 8*! . ! h13;W3M!32!0M4!

/(-B !

// ! _--(-!I-B ! 1,*+%&&#' /((B ! b<>;331!
]30D>O;2! .B4.B! +-/.4*/ ! 8.) ! *46! T>DT!!" " ! ./ ! - ! h13;W3M!32!0M4!

/(-B !

/. ! _--(-!I6 ! -%.#/0*,*,' /((B ! b<>;331!
]30D>O;2! .B4.B! +-/.4* ! -((* ! * ! T>DT!!" " ! *6! -. ! h13;W3M!32!0M4!

/(-B !

/* ! _--(-!I-* ! 1,*+%&&#' /((B ! b<>;331!
]30D>O;2! .B4.B! +-/.4*- ! -(()4B ! * ! T>DT!!" " ! 68! /) ! h13;W3M!32!0M4!

/(-B !

/6 ! `* ! 1,*+%&&#' /((B ! _0ND0;<0;!
]30D>O;2! +**4.. ! -*B4-. ! --*( ! *4(- ! T>DT!!" " ! --5 ! 6! h13;W3M!32!0M4!

/(-B !

/5 ! Y*! (%)*+*,*,' /((B ! _0ND0;<0;!
]30D>O;2! +** ! -*B4/! --*( ! .488! T>DT!!" " ! *6! / ! h13;W3M!32!0M4!

/(-B !

/B! _4f-B**/ ! (%)*+*,*,' -))( ! "0N@0F3!
bM0230O! +**4-) ! -6(46! -((( ! *4*/ ! T>DT!!" " ! ./ ! . ! h13;W3M!32!0M4!

/(-B !

/8 ! (6)(/.!^I!
_0;!(B-. !

! /((6 ! YfJ ! /B4*-! -5-4B! -6)( ! /4)6! T>DT!!" " ! .. ! ! _A13NA31!32!
0M4!/(-5!

/) ! (5\J(*!^I!
_0;!\1(* !

! /((6 ! YfJ ! +/84/B! -5-4)6! -6./ ! .4-! T>DT!!" " ! /5 ! ! _A13NA31!32!
0M4!/(-5!

.( ! Rg---(- ! ! /((/ ! [A0;X0;3MM0!
,0;W! +.*4/ ! -584*/! )6( ! 64)! T0;F!@>O;2<;X! -6* ! ! _A13NA31!32!

0M4!/(-5!

.- ! Y-/ ! ! /((8 ! ]2!f3M3;N!
f<MM! +*- ! -*8 ! -.6( ! .4*. ! T>DT!!" " ! /8 ! ! _A13NA31!32!

0M4!/(-5!

./ ! Rg-()() ! ! /((- ! "A02A0D!
J<N3! +*/4*) ! +-B)4-/ ! B*( ! B4-6! T0;F!@>O;2<;X! -58! ! _A13NA31!32!

0M4!/(-5!

.. ! :/6 ! 2%.#/0*,*,' /((8 ! ]!f<MMN! +**4-- ! -*54/8! --/. ! .4)! T>DT!-*" ! *645! ! _A13NA31!32!
0M4!/(-5!

.* ! :/* ! -%.#/0*,*,' /(() ! ]!f<MMN! +**4/6! -*B4-- ! )68! *46! T>DT!-*" ! 5645! ! _A13NA31!32!
0M4!/(-5!
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.6 ! '0N>;!]H!
/)(( !

! /((8 ! ]!f<MMN! +*64-8! -*54(5! /8)8 ! -4B6! T>DT!-*" ! .( ! ! _A13NA31!32!
0M4!/(-5!

.5 ! '0N>;!][!
.((( !

! /((8 ! _hg! +*64// ! -**46) ! .(65 ! -4B! T>DT!-*" ! .. ! ! _A13NA31!32!
0M4!/(-5!

.B! '0N>;!.)/ 9
(* !

! /(() ! ]!f<MMN! +*64/B! -*54-. ! /5-. ! -486! ! -*45! ! _A13NA31!32!
0M4!/(-5!

.8 ! '0N>;!.)/ 9
(5! -%.#/0*,*,' /(() ! ]!f<MMN! +*64/8! -*54-. ! /*/. ! -4)6! T>DT!-*" ! 5B! ! _A13NA31!32!

0M4!/(-5!

.) ! :/. ! 2%.#/0*,*,' /((8 ! ]!f<MMN! +*64.! -*54-/ ! //-8 ! /4-. ! T>DT!-*" ! /- ! ! _A13NA31!32!
0M4!/(-5!

*( ! Y-) ! 302*+*,*,' /(() ! _hg! +*64.B! -**46) ! ./65 ! -4.6! T>DT!-*" ! /84/! ! _A13NA31!32!
0M4!/(-5!

*- ! -6)- ! !"#$%&&#' /((5 ! ;02M! 56! +68! 6/5! /4** ! T0;F!@>O;2<;X! B(! !
]A31c>>F!

0;F!HF<;X31!
/(() !

*/ ! /*6/ ! -%.#/0*,*,' /((5 ! ;02M! **48.! +6*4*B! 5(- ! *4.5! T>DT!-*" ! B*! 5!
]A31c>>F!

0;F!HF<;X31!
/(() !

*. ! ,]G)5.D ! -%.#/0*,*,' /((* ! ,301!
]30D>O;2! *(4/5 ! +5BB45)! )5. ! *4// ! T>DT!-*" ! -/ ! . ! h01D31!32!0M4!

/(-6 !

** ! Y) ! (%)*+*,*,' ' ][bI" ! +*/ ! -*B! --5( ! .4-* ! T>DT!-*" ! /*46! 6! ]21i3=3W!32!
0M4!/(-*!
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N$O%)&?\Q&ER&S$( O""&9"#$%.&9$%9:0:9&.U)%)0"'&=#"A02&#$0)T&$=)T&$';&#$;:"9$#O"'&;$0$&:'&!2$10)#&\Q&

!"#$%&'$() &
!"#$%&
%"'=&
'$() &

/$(1%)&
7<Q&

N2:9U')..&
3((4 &

+:.0$'9)&
V#"(&
);=)&
3((4 &

]$092&0"&
"#=$':9&'";)&
3+:.0$'9)&^&

"#=$':9>9$%9:0:9&
#$;:-.&#$0:"4&

3((4 &

,#"A02&
#$0)&:'&
"#=$':9&

'";)&
3B(>C#4&

)##&

,#"A02&#$0)&
:'&9$%9:0:9&

.)90:"'&
3B(>C#4&

)##& X)$#& _$'=) & W!" ! & E/+ & Y!" !&3Z4& E/+ &

"01G-*()D !

'"()* +B+
H,I +

JKC//* +
IJL6- +
,(-./ +
,0DMM+

((- !

- ! (4/. ! (4-/ ! (4-/ ! ). ! ( ! )/ ! ( ! /(-/46 ! -4.! (4)//6 ! (4((/) ! +8*4*5! /488!

/ ! (4// ! (4.* ! (4.* ! ). ! ( ! )/ ! ( ! /(-(4- ! -4/! (4)/.6 ! (4((/) ! +8.4-B! /4)- !
. ! (4-- ! (46(! (46-! -(6 ! */ ! -(* ! */ ! /((84* ! (46! (4)/-) ! (4((/) ! +8*46)! /48)!
* ! (4-) ! (456! (455! -(6 ! */ ! -(* ! */ ! /((54) ! (4)! (4)/.( ! (4((/) ! +8.4.6! /48)!
6! (4-5! (48.! (48*! )) ! /* ! )8! /* ! /((64/ ! (48! (4)/-/ ! (4((/) ! +8*48)! /48B!
5! (4-) ! -4(- ! -4(- ! )) ! /* ! )8! /* ! /((.4* ! -4(! ! ! ! !

B! (4-6! -4-8! -4-8! )) ! /* ! )8! /* ! /((-4B ! (48! ! ! ! !

8! (4-5! -4.. ! -4.* ! --- ! -. ! --( ! -. ! /(((4/ ! (4B! ! ! ! !

) ! (4-. ! -4*8! -4*8! --- ! -. ! --( ! -. ! -))84) ! (45! (4)/-5 ! (4((/) ! +8.48*! /4)/ !
-( ! (4-B! -45.! -45.! --- ! -. ! --( ! -. ! -))B46! (48! ! ! ! !

-- ! (4// ! -48/! -48.! -(( ! ( ! )) ! ( ! -))645! -4-! ! ! ! !

-/ ! (4-B! /4(/ ! /4(. ! -(( ! ( ! )) ! ( ! -)).4B ! (4)! ! ! ! !

-. ! (4// ! /4/- ! /4// ! -(( ! ( ! )) ! ( ! -))-4B ! -4-! (4)-88! (4((/) ! +8648(! /488!
-* ! (4// ! /4*. ! /4** ! 88! ) ! 88! ) ! -)8)4* ! -4.! ! ! ! !

-6 ! (4./ ! /4B(! /4B/! 88! ) ! 88! ) ! -)854. ! -48! ! ! ! !

-5 ! (4.- ! .4(/ ! .4(. ! B6! ) ! B6! ) ! -)8/4* ! /4-! ! ! ! !

-B! (46-! .4*. ! .4*6! )B! ( ! )5! ( ! -)BB4B! /4B! (4)/(- ! (4((/) ! +8.4(- ! /488!
-8! (4*- ! .48)! .4)- ! -(6 ! 6! -(* ! 6! -)B.4( ! /4(! ! ! ! !

-) ! (4*B! *4.. ! *4.6! --. ! ) ! --. ! ) ! -)5)4( ! /4-! ! ! ! !

/( ! (4*B! *48(! *48/! --/ ! -( ! --/ ! -( ! -)5*48! /4-! ! ! ! !

/- ! (466! 64.-! 64.*! --) ! -( ! --8 ! -( ! -)5(4* ! /4. ! ! ! ! !
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// ! (4*5! 648-! 6486! -/5 ! 8! -/6 ! 8! -)654/ ! -48! (4)-(* ! (4((/) ! +)(4/) ! /485!
/. ! (466! 54./! 54.6! -/5 ! 8! -/6 ! 8! -)6/4/ ! /4/ ! ! ! ! !

NOD! 546)! ! ! ! ! ! ! ! ! ! ! ! !

:;<G-)86D !

'"()* +
/- +H,, +
JKC//8 +
IJL) +
,((85 +
,0DMM+

((- !

- ! (4/* ! (4-/ ! (4-6! ** ! ) ! .5 ! B! -)8*4( ! .4. ! (4)-)6 ! (4((/) ! +8*4/B! /48B!

/ ! (4/6! (4.B! (4*6! *5! 5! .B! 6! -)BB4.! .4*! (4)/6- ! (4((.B ! +BB4))! .45B!

. ! (4-B! (468! (4B-! 6- ! 5! */ ! 6! -)B-4) ! /4(! (4)-B6! (4((/) ! +8*4)-! /485!

* ! (4/- ! (4BB! (4)* ! 65! B! *6! 5! -)5B46! /4. ! ! ! ! !

6! (4.( ! -4(/ ! -4/5! 6B! ) ! *B! B! -)5/4( ! .4/ ! ! ! ! !

5! (4./ ! -4.. ! -45*! B5! -. ! 5- ! -- ! -)654/ ! /45! (4)/// ! (4((.B ! +B84*6! .458!

B! (4-) ! -46)! -4)6! 68! ( ! *B! ( ! -)6-46! /4(! ! ! ! !

8! (4/8! -48/! /4/* ! 6/ ! -( ! */ ! 8! -)*54/ ! .4. ! ! ! ! !

) ! (4/8! /4-( ! /46)! 6B! B! *5! 5! -).)48 ! .4(! (4)-() ! (4((/) ! +8B4)8! /485!

-( ! (4/) ! /4.) ! /4)* ! 5) ! 8! 65! 5! -).*4- ! /45! (4)(B- ! (4((/) ! +)-4-6 ! /488!

-- ! (4). ! .4(( ! .45)! B/! B! 68! 5! -)/.46 ! 84(! ! ! ! !

NOD! .4*5! ! ! ! ! ! ! ! ! ! ! ! !

C3DG-*B*D!

'"()* +
.. +CHL +
JKC/.- +
IJL-* +
,(-6( +
,0DMM+

((- !

- ! (4/6! (4-. ! (4-B! /6 ! - ! -8! - ! -)864/ ! 54)! (4)/(5 ! (4((/) ! +8.4.! /48B!
/ ! (4-6! (4.. ! (4*6! /6 ! - ! -8! - ! -)B*4- ! *4-! (4)-6) ! (4((/) ! +8548! /486!
. ! (4-5! (4*8! (455! .B! - ! /B! - ! -)584*! /4)! (4)--. ! (4((/) ! +)(48! /486!
* ! (4/( ! (455! (4)( ! .B! - ! /B! - ! -)5-4) ! .45! ! ! ! !

6! (4/( ! (485! -4-B! 6( ! . ! .B! / ! -)6546! /48! ! ! ! !

5! (4-) ! -4(5! -4*. ! 5. ! 6! *5! * ! -)6/4/ ! /4(! (4)-(8 ! (4((/8 ! +8)46! /48*!
B! (4/5! -4/8! -4B*! 6. ! 6! .) ! * ! -)*546! .4. ! ! ! ! !

8! (4/- ! -46-! /4(6! */ ! * ! .- ! . ! -).)4( ! .4*! ! ! ! !

) ! (4/6! -4B*! /4.5! *( ! / ! /) ! - ! -).-4- ! *4.! ! ! ! !

-( ! (4/B! /4(( ! /4B/! 56! 5! *8! * ! -)/64B! /48! (4)(5. ! (4((/8 ! +)-4( ! /48*!
-- ! (4/. ! /4/6! .4(5! 56! 5! *8! * ! -)/(4* ! /4*! ! ! ! !

-/ ! (4/( ! /4*B! .4.6! 66! ) ! *( ! B! -)-64- ! /46! ! ! ! !

-. ! (4/- ! /45B! .45.! B)! 8! 68! 5! -)--45 ! -48! ! ! ! !
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-* ! (4/- ! /48B! .4)- ! B)! 8! 68! 5! -)(84( ! -48! ! ! ! !

-6 ! (4/B! .4-- ! *4/. ! B)! 8! 68! 5! -)(.4) ! /4. ! (4)(.) ! (4((/8 ! +)-4- ! /48/!
-5! (4-) ! .4.6! *466! 8- ! ( ! 5( ! ( ! -)((4( ! -45! ! ! ! !

-B! (4/- ! .466! *48/! 8- ! ( ! 5( ! ( ! -8)54B! -48! ! ! ! !

-8 ! (4/* ! .4B8! 64-.! 6- ! * ! .B! . ! -8)(45! .4/ ! ! ! ! !

-) ! (4/- ! *4(( ! 64**! *8! ( ! .6 ! ( ! -88*4-! .4(! ! ! ! !

/( ! (4/( ! *4/- ! 64B/! *5! / ! .* ! - ! -8B84(! /4)! (48))5! (4((/8 ! +)/45! /48-!
/- ! (4-8! *4*(! 64)8! 6*! 6! .) ! * ! -8B.4.! /4. ! ! ! ! !

// ! (4*B! *4B/! 54*/! 6/ ! 8! .8 ! 5! -85*48! 54/! ! ! ! !

/. ! (4/( ! 64(6! 548B! ** ! * ! ./ ! . ! -86*46! .4(! ! ! ! !

/* ! (4/( ! 64/6! B4-*! *6! 6! .. ! * ! -8*846! .4(! ! ! ! !

/6 ! (4*5! 6468! B46)! B)! 5! 68! * ! -8*/48! .4)! ! ! ! !

/5 ! (4*6! 54(.! 84/-! -(8 ! 5! B)! * ! -8.B4-! /48! (48)B6! (4((/8 ! +)(4- ! /48-!

NOD! 54/5! ! ! ! ! ! ! ! ! ! ! ! !

C0EG-*66D!

'"()* +
*6+CIP +
JKC/.6 +
IJL-( +
,(()/ +
,0DMM+

((- !

- ! (4-B! (4(8! (4-6! 5*! 5! .6 ! . ! /(--46 ! /4. ! (4)/5/ ! (4((.B ! +8(4B(! .45B!
/ ! (4/. ! (4/8! (46-! 6B! ) ! ./ ! 6! /((645 ! .45! (4)/.- ! (4((.B ! +8.4-- ! .458!
. ! (4-) ! (4*) ! (48)! *) ! ) ! /B! 6! -))84B! .46! (4)/.. ! (4((.B ! +8/4-6! .45B!
* ! (4.( ! (4B*! -4.. ! *5! 5! /6 ! . ! -)8)46! 64)! (4)/(- ! (4((.B ! +8*4.( ! .455!
6! (4/) ! -4(. ! -485! 6- ! . ! /8 ! / ! -)B84B! 64-! (4)/-B ! (4((.B ! +8-4*8! .455!
5! (4/( ! -4/8! /4.( ! 6- ! ) ! /8 ! 6! -)B(4/ ! .45! (4)-6) ! (4((.5 ! +854.8! .45*!
B! (4/) ! -46/! /4B6! 65! ) ! .- ! 6! -)5/4/ ! *4B! (4)--B ! (4((.5 ! +8)45/! .45*!
8! (46*! -4)* ! .46(! B-! ) ! .) ! 6! -)6-4( ! 54)! (4)--/ ! (4((.5 ! +8848B! .45.!
) ! (4B.! /46B! *45*! 6( ! 6! /8 ! . ! -).-4* ! -.4/ ! (4)--- ! (4((.5 ! +85488! .45.!
-( ! (465! .4// ! 648-! ). ! 6! 6- ! . ! -)-.4/ ! 646! (4)()6 ! (4((.5 ! +854*.! .45.!
-- ! (4B*! .48B! 54)8! -66! ( ! 85! ( ! -)(.4B ! *4.! (4)(85! (4((.5 ! +854..! .45.!

NOD! *4/* ! ! ! ! ! ! ! ! ! ! ! ! !
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N$O%)&?\QPR&+*!& Y!" !&:'&.)$A$0)#&9"(1:%);&:'&!2$10)#&\Q&

RK4! ">D=013F!
Y>@02<>;! P301! Y02!#ZR%! Y>;!#Z[%! \3=2A!

#D%! &!" "!#$%! -]\ ! "1O<N3! ]202<>;! ]>O1@3!
^YK\Ib!
I@@3NN<>;!
RODT31!

- ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! 6! -./4. ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

/ ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! B6! -.545! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

. ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -(- ! )-4B! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

* ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -5/ ! .64/! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

6! C0EF0! -)B/48! -/4(/8 ! 6(4))6! .(5 ! +6) ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

5! C0EF0! -)B/48! -/4(/8 ! 6(4))6! *(8 ! +B-4/! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

B! C0EF0! -)B/48! -/4(/8 ! 6(4))6! 6-( ! +)(4/ ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

8! C0EF0! -)B/48! -/4(/8 ! 6(4))6! B-/ ! +--(4B! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

) ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! 8)* ! +--(4. ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-( ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! )). ! +-()4* ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-- ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -()* ! +)*4B! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-/ ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -.)/ ! +)(45! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-. ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -5)( ! +B84.! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-* ! C0EF0! -)B/48! -/4(/8 ! 6(4))6! -)8. ! +8(4*! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-6! C0EF0! -)B/48! -/4(/8 ! 6(4))6! /**- ! +)-45! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-5! C0EF0! -)B/48! -/4(/8 ! 6(4))6! /)6) ! +-(-45 ! ! .-5R-)B/(B-8 ! .B#,%! ^HK]H"] ! -6*68!

-B! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! -/ ! --*4-B ! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

-8! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! )5! -(-4.8 ! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

-) ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! /(B ! -B4*8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/( ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! .(8 ! +.*4B8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/- ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! *(8 ! +6B4(8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

// ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! 6(B! +8-48-! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !
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/. ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! 566! +)64/8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/* ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! 8(B! +))465! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/6 ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! ---( ! +-((46B! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/5 ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! -*-8 ! +8*4(8! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/B! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! -B-) ! +8*468! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/8 ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! /(-B ! +88466! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

/) ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! /6-6 ! +).4/) ! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

.( ! C0EF0! -)8/4) ! -/455/ ! *)45*/ ! .(-6 ! +-(64/6 ! ! .-5R-)8/-/(- ! /(#,%! ^HK]H"] ! -68(/ !

.- ! C0EF0! /(-.48 ! -64/B-! +*84/5(! -5! *B4)! /4. ! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

./ ! C0EF0! /(-.48 ! -64/B-! +*84/5(! )5! 654/! /4*! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.. ! C0EF0! /(-.48 ! -64/B-! +*84/5(! /(5 ! 6-4B! /4*! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.* ! C0EF0! /(-.48 ! -64/B-! +*84/5(! 6(6! +./4( ! /4. ! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.6 ! C0EF0! /(-.48 ! -64/B-! +*84/5(! 8(* ! +8B48! /4/ ! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.5 ! C0EF0! /(-.48 ! -64/B-! +*84/5(! -((* ! +)*4. ! /4(! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.B! C0EF0! /(-.48 ! -64/B-! +*84/5(! -/(. ! +884B! /4-! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.8 ! C0EF0! /(-.48 ! -64/B-! +*84/5(! -6(. ! +B.4B! -48! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

.) ! C0EF0! /(-.48 ! -64/B-! +*84/5(! /((/ ! +BB4.! /4/ ! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

*( ! C0EF0! /(-.48 ! -64/B-! +*84/5(! .B)8 ! +-(/4* ! /4/ ! '"()* ! CIPG"_\ ! "A3;!32!0M4!
/(-6 ! R0R!

*- ! C0EF0! /(-.48 ! -*48BB! +*84-*6! 85B! +)-4/ ! /4-! '"()* ! CIPGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

*/ ! C0EF0! /(-.48 ! -*4858! +*84/-5! ---B ! +864-! /4*! '"()* ! CIPGJKC ! "A3;!32!0M4!
/(-6 ! R0R!
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*. ! C0EF0! /(-.48 ! -*48)/ ! +*84-// ! --6. ! +8846! /4-! '"()* ! CIPGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

** ! C0EF0! /(-.48 ! -*485-! +*84/.5 ! -*/* ! +B/4.! /4-! '"()* ! CIPGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

*6! C0EF0! /(-.48 ! -*4868! +*84/68! -8.) ! +B/4(! /4-! '"()* ! CIPGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

*5! C0EF0! /(-.48 ! -*486-! +*84/5B! /-B/ ! +864.! /4-! '"()* ! CIPGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

*B! C0EF0! /(-.48 ! -64*-)8 ! +6-4(88! -.B6 ! +*)45! /4. ! '"()* ! ^JLGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

*8! C0EF0! /(-.48 ! -64*/-6 ! +6-4(8B! -*86 ! +6(46! /4-! '"()* ! ^JLGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

*) ! C0EF0! /(-.48 ! -64**// ! +6-4-(/ ! -5/. ! +6/4)! /4-! '"()* ! ^JLGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

6( ! C0EF0! /(-.48 ! -64**86! +6-4()- ! /-). ! +B545! /4-! '"()* ! ^JLGJKC ! "A3;!32!0M4!
/(-6 ! R0R!

6- ! C3D0! -)8.4( ! --4/5/ ! .)4../ ! //) ! +/546! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

6/ ! C3D0! -)8.4( ! --4/5/ ! .)4../ ! -/* ! *64.! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

6. ! C3D0! -)8.4( ! --4/5/ ! .)4../ ! 665! +8645! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

6*! C3D0! -)8.4( ! --4/5/ ! .)4../ ! .66! +6848! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

66! C3D0! -)8.4( ! --4/5/ ! .)4../ ! -- ! -(-4. ! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

65! C3D0! -)8.4( ! --4/5/ ! .)4../ ! 866! +-(846! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

6B! C3D0! -)8.4( ! --4/5/ ! .)4../ ! -/65 ! +)64.! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

68! C3D0! -)8.4( ! --4/5/ ! .)4../ ! -6(5 ! +)*4) ! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

6) ! C3D0! -)8.4( ! --4/5/ ! .)4../ ! -B6*! +8/45! ! .-5R-)8/-/(- ! 55#,%! ^HK]H"] ! -68/5 !

5( ! C3D0! -)8.4( ! -/4(-6 ! .)4/)6 ! 88. ! +)54B! ! .-5R-)8/-/(- ! 5B#,%! ^HK]H"] ! -68/B!

5- ! C3D0! -)8.4( ! -/4(-6 ! .)4/)6 ! -*.5 ! +)(4/ ! ! .-5R-)8/-/(- ! 5B#,%! ^HK]H"] ! -68/B!

5/ ! C3D0! -)8.4( ! -/4(-6 ! .)4/)6 ! -).B ! +8*45! ! .-5R-)8/-/(- ! 5B#,%! ^HK]H"] ! -68/B!

5. ! C3D0! /(-.48 ! -(4666! +**46-6! -5! 6-4B! /4-! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !
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5*! C3D0! /(-.48 ! -(4666! +**46-6! 85! 684*! /46! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

56! C3D0! /(-.48 ! -(4666! +**46-6! *5( ! +./4( ! /4/ ! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

55! C3D0! /(-.48 ! -(4666! +**46-6! 5-( ! +564-! -45! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

5B! C3D0! /(-.48 ! -(4666! +**46-6! 8-( ! +)64)! -4B! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

58! C3D0! /(-.48 ! -(4666! +**46-6! -(() ! +)84(! -45! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

5) ! C3D0! /(-.48 ! -(4666! +**46-6! -6(B! +6)4-! -4)! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B(! C3D0! /(-.48 ! -(4666! +**46-6! /((5 ! +B54(! -48! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B-! C3D0! /(-.48 ! -(4666! +**46-6! /8(* ! +)84B! -45! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B/! C3D0! /(-.48 ! -(4666! +**46-6! .8(/ ! +)848! -45! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B.! C3D0! /(-.48 ! -(485. ! +**4*)- ! -/ ! 6/4(! /4*! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B*! C3D0! /(-.48 ! -(485. ! +**4*)- ! BB! 6-4)! /4*! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B6! C3D0! /(-.48 ! -(485. ! +**4*)- ! *(5 ! +-84)! /46! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B5! C3D0! /(-.48 ! -(485. ! +**4*)- ! 5(5! +5-4/! /4/ ! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

BB! C3D0! /(-.48 ! -(485. ! +**4*)- ! 8(5! +8648! /4-! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B8! C3D0! /(-.48 ! -(485. ! +**4*)- ! -/(* ! +8)4(! /4-! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

B)! C3D0! /(-.48 ! -(485. ! +**4*)- ! /((/ ! +B.4)! /4-! '"()* ! CHLG"_\ ! "A3;!32!0M4!
/(-6 ! !

8( ! C3D0! /(-.48 ! -(485. ! +**4*)- ! .B)) ! +))4/ ! /4(! '"()* ! CHLG"_\ ! "A3;! 32!0M4!
/(-6 ! !
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8-! C3D0! /(-.48 ! -(4B() ! +**4*-8 ! 658! +6(46! /4/ ! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

8/ ! C3D0! /(-.48 ! -(4B-6! +**4*// ! B.B! +B64-! /4-! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

8. ! C3D0! /(-.48 ! -(4B/) ! +**4*/6 ! -/8. ! +5)4)! /4-! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

8*! C3D0! /(-.48 ! -(4B*/ ! +**46B-! -.5* ! +564.! /4(! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

86! C3D0! /(-.48 ! -(4B*. ! +**46B8! -*8/ ! +5548! /4(! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

85! C3D0! /(-.48 ! -(4B6/! +**45(. ! -68/ ! +*(46! /4/ ! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

8B! C3D0! /(-.48 ! -(4B8(! +**46)) ! /)*- ! +)54-! /4. ! '"()* ! CHLGJKC ! "A3;!32!0M4!
/(-6 ! !

88! "01231! -)B.4/ ! -(4)8. ! /(46-B! - ! 8-4.! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

8) ! "01231! -)B.4/ ! -(4)8. ! /(46-B! 6( ! +//4* ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)( ! "01231! -)B.4/ ! -(4)8. ! /(46-B! -(( ! +*-4B! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)- ! "01231! -)B.4/ ! -(4)8. ! /(46-B! -6( ! +6)4.! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)/ ! "01231! -)B.4/ ! -(4)8. ! /(46-B! /(8 ! +5B4.! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

). ! "01231! -)B.4/ ! -(4)8. ! /(46-B! .-( ! +B84/! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)* ! "01231! -)B.4/ ! -(4)8. ! /(46-B! *-. ! +864-! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)6! "01231! -)B.4/ ! -(4)8. ! /(46-B! 6-5! +8.4)! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)5! "01231! -)B.4/ ! -(4)8. ! /(46-B! B// ! +-((4. ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)B! "01231! -)B.4/ ! -(4)8. ! /(46-B! )/8 ! +-(64. ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)8! "01231! -)B.4/ ! -(4)8. ! /(46-B! --.. ! +-(64- ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

)) ! "01231! -)B.4/ ! -(4)8. ! /(46-B! -**/ ! +-(-4) ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

-(( ! "01231! -)B.4/ ! -(4)8. ! /(46-B! -B6- ! +)B4*! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

-(- ! "01231! -)B.4/ ! -(4)8. ! /(46-B! /-)8 ! +)845! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

-(/ ! "01231! -)B.4/ ! -(4)8. ! /(46-B! /56( ! +--.4) ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!

-(. ! "01231! -)B.4/ ! -(4)8. ! /(46-B! .-68 ! +--.45 ! ! .-5R-)B/(B-8 ! --.#,% ! ^HK]H"] ! -66/B!
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-(* ! "01231! -)8.4- ! )4/8B! -)48(8! *B! 684)! ! .-5R-)8/-/(- ! ))#,%! ^HK]H"] ! -686) !

-(6 ! "01231! -)8.4- ! )4/8B! -)48(8! -(. ! /846! ! .-5R-)8/-/(/ ! ))#,%! ^HK]H"] ! -686) !

-(5 ! "01231! -)8.4- ! )4/8B! -)48(8! /-. ! +-/4B! ! .-5R-)8/-/(. ! ))#,%! ^HK]H"] ! -686) !

-(B ! "01231! -)8.4- ! )4/8B! -)48(8! ./. ! +6*46! ! .-5R-)8/-/(* ! ))#,%! ^HK]H"] ! -686) !

-(8 ! "01231! -)8.4- ! )4/8B! -)48(8! *5* ! +8(4B! ! .-5R-)8/-/(6 ! ))#,%! ^HK]H"] ! -686) !

-() ! "01231! -)8.4- ! )4/8B! -)48(8! 8*8! +-(846! ! .-5R-)8/-/(5 ! ))#,%! ^HK]H"] ! -686) !

--( ! "01231! -)8.4- ! )4/8B! -)48(8! -*58 ! +)*4B! ! .-5R-)8/-/(B ! ))#,%! ^HK]H"] ! -686) !

--- ! "01231! -)8.4- ! )4/8B! -)48(8! -8(B! +)*4/ ! ! .-5R-)8/-/(8 ! ))#,%! ^HK]H"] ! -686) !

--/ ! "01231! -)8.4- ! )4/8B! -)48(8! -)68 ! +8B4-! ! .-5R-)8/-/() ! ))#,%! ^HK]H"] ! -686) !

--. ! "01231! /(-.48 ! )4/8* ! +/-45.. ! -- ! 6/4)! /4(! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(/* ! !

--* ! "01231! /(-.48 ! )4/8* ! +/-45.. ! 66! *54*! /4/ ! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(/. ! !

--6 ! "01231! /(-.48 ! )4/8* ! +/-45.. ! *(5 ! +/64*! -4B! '"()* ! H,IG"_\ ! "A3;! 32!0M4!
/(// ! !

--5 ! "01231! /(-.48 ! )4/8* ! +/-45.. ! B(6! +)(4) ! -48! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(/- ! !

--B ! "01231! /(-.48 ! )4/8* ! +/-45.. ! -((* ! +-(.4. ! -48! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(/( ! !

--8 ! "01231! /(-.48 ! )4/8* ! +/-45.. ! -6(. ! +)-4* ! -45! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(-) ! !

--) ! "01231! /(-.48 ! )4/8* ! +/-45.. ! /((/ ! +-(-4- ! -45! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(-8 ! !

-/( ! "01231! /(-.48 ! )4/8* ! +/-45.. ! /8(( ! +-(.4) ! -45! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(-B ! !

-/- ! "01231! /(-.48 ! )4/8* ! +/-45.. ! .6)) ! +-(84/ ! -48! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(-5 ! !

-// ! "01231! /(-.48 ! )4/8* ! +/-45.. ! *6-/ ! +-()4/ ! -48! '"()* ! H,IG"_\ ! "A3;!32!0M4!
/(-6 ! !

-/. ! "01231! /(-.48 ! )4/.B ! +/-4.// ! ... ! +648! -4)! '"()* ! H,IGJKC ! "A3;!32!0M4!
/(-6 ! !
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-/* ! "01231! /(-.48 ! )4//- ! +/-4.-5 ! B5B! +864*! -48! '"()* ! H,IGJKC ! "A3;!32!0M4!
/(-6 ! !

-/6 ! "01231! /(-.48 ! )4/-5 ! +/-4.-5 ! -(8/ ! +))4- ! -4B! '"()* ! H,IGJKC ! "A3;!32!0M4!
/(-6 ! !

-/5 ! "01231! /(-.48 ! )4/(B! +/-4.(( ! -.5) ! +)64*! -45! '"()* ! H,IGJKC ! "A3;!32!0M4!
/(-6 ! !

-/B ! "01231! /(-.48 ! )4-)5 ! +/-4/8* ! /-/B ! +884*! -48! '"()* ! H,IGJKC ! "A3;!32!0M4!
/(-6 ! !

-/8 ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! /. ! --.4B8! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-/) ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! 86! B/46-! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.( ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! -.. ! -54**! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.- ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! /-6 ! +-(48- ! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-./ ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! ..5 ! +*-48-! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.. ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! */B ! +B/4-*! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.* ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! 6(B! +864(B! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.6 ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! B66! +-(84-6! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.5 ! :;<=>?<@A! -)8.4- ! 64)*(! /84(-8 ! -((- ! +-(B4-! ! .-5R-)8/-/(- ! -(B#,%! ^HK]H"] ! -685B!

-.B ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! /6 ! 8548B! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-.8 ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! -() ! /54(B! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-.) ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! /)* ! +-(45! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-*( ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! *(. ! +5*46-! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-*- ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! B(B! +)848! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-*/ ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! -((B ! +--.4** ! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-*. ! :;<=>?<@A! -)8.4- ! *4-5B! /84(-. ! -565! +8.45! ! .-5R-)8/-/(- ! -()#,%! ^HK]H"] ! -685) !

-** ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -8! )(4/ ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-*6 ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! *8! 8)4B.! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-*5 ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! 5*! 8.4.5! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-*B! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -(/ ! 5*4B/! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !
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-*8 ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -*8 ! /)4-8 ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-*) ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -8. ! /84.B! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6( ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! .58! +*6486! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6- ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! 6*- ! +B.465! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6/ ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! 5** ! +-(/465 ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6. ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! 8*/ ! +--*46- ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6* ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! ))- ! +--*4(6 ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-66! :;<=>?<@A! -)).46 ! 64((6! /54-*8! --88 ! +-(548B! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-65! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -.85 ! +)B4)*! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6B! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -*)B ! +884-)! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-68! :;<=>?<@A! -)).46 ! 64((6! /54-*8! -B8. ! +8845! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-6) ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! /-B6 ! +)84*B! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-5( ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! /555! +--(4B- ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-5- ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! /)5- ! +-(54*8! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-5/ ! :;<=>?<@A! -)).46 ! 64((6! /54-*8! .*6( ! +--64// ! ! ..L[-)).(B(* ! //#,%! [K"H ! -8.(5 !

-5. ! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! . ! 6/4.! -4)! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-5* ! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! -) ! 6-46! -4)! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-56! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! 66! *84B! /4-! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-55! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! /6* ! ..4) ! -48! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-5B! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! *(. ! +/-46! -48! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-58! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! 8(. ! +).48! -45! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-5) ! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! -((/ ! +-(/46 ! -4B! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !
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-B( ! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! -6(- ! +BB4/! /4/ ! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-B- ! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! -))) ! +).4/ ! -4)! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-B/ ! :;<=>?<@A! /(-.48 ! 64B)/! +/5458.! .B)5 ! +-(/4. ! -4)! '"()* ! H,,G"_\ ! "A3;!32!0M4!
/(-6 ! !

-B. ! :;<=>?<@A! /(-.48 ! 645/B! +/54)*( ! 656! +5)46! -4)! '"()* ! H,,GJKC ! "A3;!32!0M4!
/(-6 ! !

-B*! :;<=>?<@A! /(-.48 ! 645/6! +/54)55! -/B* ! +8.45! -4B! '"()* ! H,,GJKC ! "A3;!32!0M4!
/(-6 ! !

-B6! :;<=>?<@A! /(-.48 ! 645--! +/54)68! -*8B! +B-48! -48! '"()* ! H,,GJKC ! "A3;!32!0M4!
/(-6 ! !

-B5! :;<=>?<@A! /(-.48 ! 645(-! +/54)5B! -))6 ! +8/4)! -45! '"()* ! H,,GJKC ! "A3;!32!0M4!
/(-6 ! !

-BB! :;<=>?<@A! /(-.48 ! 646)5! +/54)B*! //// ! +).4( ! -45! '"()* ! H,,GJKC ! "A3;!32!0M4!
/(-6 ! !

-B8! :;<=>?<@A! /(-.48 ! 6468)! +/54))6 ! /8/8 ! +))4. ! -45! '"()* ! H,,GJKC ! "A3;!32!0M4!
/(-6 ! !
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5:>]=&
3(("%>
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P/+ &

5:>]=&
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0)(1)#$0-#)&
3a4&

P/+ &

"- ! ( ! (46! 5.5! ./ ! (4)/.) ! (4((.B ! /(-* ! (4B! -/4( ! (4/* ! /48-! (4(5! *4/B! (4(5! *4B6! (4/B!
"/ ! -)46! (46! ! ! ! ! -)85 ! (4B! --4* ! (4/. ! /45(! (4(6! *4.8! (4(5! *4/( ! (4/5!

". ! .-4( ! (46! ! ! ! ! -)5) ! (4B! --48! (4/* ! /4B6! (4(5! *4.- ! (4(5! *465! (4/5!
"* ! *548! (46! ! ! ! ! -)*B ! (4B! --45! (4/. ! /48-! (4(5! *4-. ! (4(5! 64*/! (4/B!
"6 ! 6-4/! (46! B/5! /6 ! (4)-.5 ! (4((/8 ! -)*( ! (4B! -/4( ! (4/* ! /486! (4(5! *4// ! (4(5! *4)6! (4/B!

"5 ! 5*4/! (46! ! ! ! ! -)// ! (4B! --4) ! (4/* ! /48(! (4(5! *4/6! (4(5! *48.! (4/B!
"B ! 8/48! (46! ! ! ! ! -8)6 ! (4B! --48! (4/* ! /4)- ! (4(5! *4(B! (4(5! 64B-! (4/8!

"8 ! ).4B! (46! ! ! ! ! -8B)! (4B! --4/ ! (4// ! /46B! (4(6! *4.* ! (4(5! *4*-! (4/5!
") ! -(54B! (46! BB*! /6 ! (4)(8/ ! (4((/8 ! -85- ! (4B! --4- ! (4// ! /46*! (4(6! *4.* ! (4(5! *4.) ! (4/5!
"-( ! -/-4- ! (46! ! ! ! ! -8*( ! (4B! --4/ ! (4/. ! /45.! (4(6! *4/8! (4(5! *4B(! (4/5!

"-- ! -.84/ ! (46! ! ! ! ! -8-5 ! (4B! -(45! (4/- ! /4/. ! (4(6! *4B.! (4(5! /458! (4/* !

"-/ ! -*.45 ! (46! ! ! ! ! -8(8 ! (4B! --4. ! (4/. ! /4.6! (4(6! *48/! (4(5! /4./ ! (4/. !

"-. ! -684-! (46! 85/ ! /6 ! (48)8. ! (4((/8 ! -B8B! (4B! --4( ! (4// ! /4*. ! (4(6! *46/! (4(5! .45(! (4/6!
"-* ! -B(4B! (46! ! ! ! ! -B5) ! (4B! -(48! (4// ! /4.8! (4(6! *46/! (4(5! .46B! (4/6!

"-6 ! -B64-! (46! ! ! ! ! -B5. ! (4B! --4/ ! (4// ! /4*/ ! (4(6! *45.! (4(5! .4-- ! (4/* !
"-5 ! -8/4* ! (46! ! ! ! ! -B6/ ! (4B! -(45! (4/- ! /4.- ! (4(6! *46)! (4(5! .4/) ! (4/6!

"-B ! -)84) ! (46! ! ! ! ! -B// ! (4)! -(48! (4// ! /4*/ ! (4(6! *4*5! (4(5! .48B! (4/6!
"-8 ! /--4* ! (46! B5.! /6 ! (4)()* ! (4((/8 ! -5)8 ! (4)! -(4/ ! (4/- ! /4/B! (4(6! *46-! (4(5! .45.! (4/6!
"-) ! ///4. ! (46! ! ! ! ! -5B8! (4)! -(4/ ! (4/- ! /4/( ! (4(* ! *45*! (4(5! .4() ! (4/* !

"/( ! //B4*! (46! ! ! ! ! -55) ! (4)! -(4) ! (4// ! /4*6! (4(6! *4*5! (4(5! .485! (4/6!
"/- ! /.)46 ! (46! ! ! ! ! -5*5 ! (4)! -(4* ! (4/- ! /4./ ! (4(6! *4*8! (4(5! .4B8! (4/6!
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"// ! /*)48 ! (46! ! ! ! ! -5/B ! (4)! -(4- ! (4/( ! /4-* ! (4(* ! *4B.! (4(5! /458! (4/* !

"/. ! /5(4. ! (46! ! ! ! ! -5(B! (4)! -(4. ! (4/- ! /4// ! (4(6! *45B! (4(5! /4)5! (4/* !
"/* ! /B(46! (46! 8B6! /6 ! (48)58! (4((/8 ! -688! (4)! -(4* ! (4/- ! /4-) ! (4(* ! *4B.! (4(5! /458! (4/* !
"/6 ! /8-4( ! (46! ! ! ! ! -65) ! (4)! -(48! (4// ! /4/B! (4(6! *4B6! (4(5! /45/! (4/* !

"/5 ! /)(46 ! (46! ! ! ! ! -66- ! (4)! -(45! (4/- ! /4.. ! (4(6! *466! (4(5! .4*8! (4/6!
"/B ! .(/4/ ! (46! ! ! ! ! -6/) ! (4)! -(4- ! (4/( ! /4-. ! (4(* ! *4B/! (4(5! /4B.! (4/* !

"/8 ! .-84- ! (46! ! ! ! ! -6(( ! (4)! -(4( ! (4/( ! /4-- ! (4(* ! *4B5! (4(5! /466! (4/* !
"/) ! ..(4( ! (46! -(-/ ! /6 ! (488-5! (4((/B ! -*B8! (4)! )48! (4/( ! /4(6! (4(* ! *48(! (4(5! /4.B! (4/* !
".( ! ...45 ! (46! ! ! ! ! -*B- ! (4)! -(4* ! (4/- ! /4.- ! (4(6! *4*8! (4(5! .4BB! (4/6!

".- ! .*-4B! (46! ! ! ! ! -*65 ! (4)! )46! (4-) ! -4)5! (4(* ! *48B! (4(5! /4() ! (4/. !

"./ ! .6*4B! (46! -((8 ! /5 ! (488/( ! (4((/) ! -*./ ! (4)! -(4* ! (4/- ! /4/) ! (4(6! *46/! (4(5! .468! (4/6!
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3!84& _$'=) &
5:>!$&
3B("%>
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P/+ &
]=>!$&
3(("%>
("%4&

P/+ &
5:>]=&
3(("%>
("%4&

P/+ &

5:>]=&
;)#:@);&

0)(1)#$0-#)&
3a4&

P/+ &

J- ! -54(! (4.! 5(( ! /5 ! (4)/8- ! (4((.( ! /((5 ! 84/! 54.! (4-. ! -4)6! (4(* ! .4/- ! (4(5! -(4*6! (4.6!

J/ ! -646! (4.! B-* ! ./ ! (4)-6( ! (4((.B ! -)8) ! 84(! 54-! (4-/ ! -486! (4(* ! .4.- ! (4(5! )48*! (4.* !

J. ! -64(! (4/! 588! /5 ! (4)-B) ! (4((.( ! -)B. ! B4)! 54)! (4-* ! -48B! (4(* ! .45B! (4(5! B4BB! (4.- !
J* ! -*46! (4.! ! ! ! ! -)68 ! 84(! 54.! (4-. ! -4BB! (4(* ! .46B! (4(5! 84./! (4./ !
J6! -.48! (4*! ! ! ! ! -).B ! -/4B! 546! (4-. ! -4B.! (4(. ! .4BB! (4(5! B4/.! (4.( !

J5! -.4- ! (4.! B)B! /5 ! (4)(66! (4((/) ! -)-. ! -(45! 54/! (4-/ ! -456! (4(. ! .4B*! (4(5! B4*(! (4.( !
JB! -/4* ! (4*! ! ! ! ! -8)- ! -/4- ! 64B! (4-- ! -4BB! (4(* ! .4/6! (4(5! -(4// ! (4.6!

J8! --45! (4*! 8-6! /5 ! (4)(.5 ! (4((/) ! -85B! -/4- ! 546! (4-. ! -48B! (4(* ! .4*5! (4(5! 84)-! (4.. !
J) ! -(4) ! (4*! ! ! ! ! -8*/ ! -/4/ ! B4(! (4-* ! -48(! (4(* ! .48B! (4(5! 54B-! (4/) !

J-( ! -(4( ! (46! ! ! ! ! -8-* ! -54/! 548! (4-* ! -4B)! (4(* ! .48(! (4(5! B4(*! (4.( !
J-- ! 84)! (45! ! ! ! ! -BB)! -846! B4/! (4-* ! -488! (4(* ! .486! (4(5! 54B)! (4/) !
J-/ ! B45! (4B! )6( ! /5 ! (48886! (4((/) ! -B.8 ! //4B! B4-! (4-* ! -485! (4(* ! .48(! (4(5! B4(*! (4.( !

J-. ! 54*! (46! ! ! ! ! -5)8 ! -B4/! B4*! (4-6! -4)( ! (4(* ! .488! (4(5! 5455! (4/) !
J-* ! 64(! (48! ! ! ! ! -56* ! /B4(! 54)! (4-* ! -4)/ ! (4(* ! .45.! (4(5! B4))! (4.- !

J-6 ! .4(! -4/! -(8( ! /5 ! (48B*.! (4((/) ! -6)( ! .B46! B4.! (4-6! -488! (4(* ! .48)! (4(5! 545/! (4/) !

J-5 ! (4)! (4)! ! ! ! ! -6// ! /)4B! )4.! (4-) ! /4-- ! (4(* ! *4*-! (4(5! *4() ! (4/5!

 




