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The tropical Indian Ocean (TIO) thermocline is a dynamic oceanographic system, 

the mechanics of which are intrinsically related to various climatic phenomena. 

Unfortunately, variability within the TIO at depth—in truth, the Indian Ocean as a 

whole—is not well-characterized relative to the other ocean basins, primarily because of 
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a notoriously sparse observational record. Data reanalysis studies that attempt to recreate 

the natural state of thermocline variability are inconsistent and fraught with uncertainty. 

In order to fill in and extend the modern record of the TIO at depth, the use of reliable, 

continuous paleoarchives is necessary. In 2007, the SIO-led KNOX10RR expedition 

aboard the R/V Roger Revelle collected water samples, sclerosponge specimens, and a 

well-resolved sediment core, all off of the eastern Seychelles Bank. This dissertation is 

principally focused on the analysis of these geochemical archives as a means of assessing 

thermocline dynamics on modern and glacial scales. 

 The modern theme of Chapters 1 and 2 centers on the oxygen isotope (δ18O) and 

radiocarbon (∆14C) characterization of the sclerosponge archive in conjunction with water 

cast samples and a previously collected surface coral record. This examination allows us 

to determine a chronology for the non-annually banded sclerosponges to within a 1-year 

window. Further, a comparison of sclerosponge and surface coral ∆14C creates a unique 

opportunity to evaluate the vertical transport skill of CCSM and ECCO—two modern 

ocean circulation models—showing that ECCO is fairly realistic. We then utilize 

sclerosponge δ18O as a proxy for thermocline variability from 1930-2005; though its 

resolution precludes us from observing an annual cycle, we see strong interannual 

variability within the archive and no multidecadal trends throughout its timespan. Chapter 

3 assesses thermocline variability at the millennial resolution by analyzing time-

constrained population statistics of individual foraminiferal δ18O. This analysis shows 

reduced seasonal and increased interannual variability during the Last Glacial Maximum, 

overall enhanced variability 8.0-10.2ka ago, and a moderate state of variability 

throughout the late Holocene. We draw a connection between monsoon-induced wind 
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stress variability and the TIO thermocline seasonal cycle, and suggest that assessments of 

seasonality are related to monsoon activity.  

 



 
 

1 
 

Preface 

Since the realization of anthropogenically-forced climate change, there has been a 

steady push to predict future long-term warming and its effect on climate variability. A 

thorough understanding of Earth’s climate system is vital in order to accurately document 

and forecast general warming and related variability. While there exists a fairly 

comprehensive set of sea surface temperature (SST) observations throughout the world 

ocean to aid in this forecasting, observations at depth are considerably less extensive. The 

oceanic thermocline is an integral component of the Earth’s climate system, especially in 

the tropical Pacific Ocean (TPO) and tropical Indian Ocean (TIO). In the Pacific it is 

closely tied to the El Niño-Southern Oscillation (ENSO), though its role in the TIO is not 

as well defined. It has been shown to have close ties to the ENSO system (Xie et al. 

2002), as well as regional modulations of climate such as variability within the Indian 

monsoon (Izumo et al. 2008). Thermocline variability also likes plays a major role in sea 

level variations in the TIO, as the amplitude of variability of SST is minimal compared to 

the variability of temperature at depth (i.e. Han et al. 2010).  

Variability within this region is difficult to observe for two major reasons. The 

first being that the majority of historical oceanic instrumental observations are not only 

sparse but often confined to the surface—most of the data concerning thermocline 

dynamics comes from the ARGO float program, which began in 2000. The Indian Ocean 

is especially susceptible to this, as it is vastly under-sampled compared to the Pacific and 

Atlantic oceans. The second issue is that the thermocline is typically off-limits to 

paleoceanographic proxies used to estimate common oceanographic properties such as 
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temperature and salinity. This problem is twofold: corals, which can effectively record 

sub-annual oceanic variations, are generally constrained to the upper 10m of the ocean, 

while foraminifera, many species of which are known to reside in the thermocline, are 

primarily effective at resolutions greater than century-scale. Together these issues lead to 

a reduced understanding of the modern oceanic thermocline and its associated variability, 

and leave no immediately convenient method to fill this gap in our knowledge of oceanic 

processes.  

In 2007, SIO expedition KNOX10RR conducted a series of dredges off of the 

eastern Seychelles Bank (5°S, 57°E) which brought up a variety of carbonate material 

from 60-150m.  A large portion of this material is composed of sclerosponges—

biologically simple organisms that precipitate skeletal material in apparent isotopic 

equilibrium with seawater on account of their lack of biological symbionts and “vital” 

effects (Druffel and Benavides 1986; Swart et al. 2002). Their appearance, skeletal 

chemistry, and physical skeletal framework all suggest that they are of genus 

Acanthochaetetes (Reitner and Engeser 1987; Wood 1990; Reitner and Gautret 1996). 

Radiocarbon dating shows that the sclerosponges are all of modern age (19th and 20th 

century). Their age, regional location, restricted depth range, slow growth rate, and high-

Mg calcitic skeleton all combine to present an ideal opportunity to assess TIO 

thermocline variability throughout the 20th century. These ideas are explored in Chapters 

1 and 2. Furthermore, a sediment core with a diverse faunal assemblage was also 

recovered during the KNOX10RR expedition. It extends back in time roughly 18,200 

years with an average sedimentation rate of 4cm/kyr. A consistently high number of 

thermocline dwelling foraminifera—Neogloboquadrina dutertrei—is present throughout 
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the depth of the core, and poses an opportunity to assess TIO thermocline variability on a 

much different timescale. This is explored in Chapter 3. 

Within this dissertation, we investigate the dynamic western TIO thermocline 

system through modern and glacial timescales, and through a variety of geochemical 

tracers within paleoceanographic archives. Chapter 1 has two major focal points. The first 

is to determine the chronology of the sclerosponge archive, utilizing the radiocarbon 

(∆14C) and stable oxygen isotopic (δ18O) concentration of skeletal material. This is 

conducted through a multi-step process, explained in more detail below. Once accurately 

dated, we address the second focal point: comparing the radiocarbon content of the 

sclerosponges to existing global radiocarbon transport models to assess the models’ skill 

at recreating vertical transport. We accomplish this by combining the sclerosponge data 

with ∆14C data from a proximal, surface-dwelling coral archive, and comparing their 

associated ∆14C signatures with two model radiocarbon distributions, that of the 

Community Climate System Model (CCSM) and the Estimating the Circulation and 

Climate of the Ocean Model (ECCO). These modeling exercises were conducted in detail 

by Gravel et al. (2012). Our comparison indicates that both models bracket the real 

vertical transport within the western TIO, with CCSM greatly underestimating transport 

and ECCO, the more realistic of the two, slightly overestimating. 

14C is used throughout this dissertation as a water mass tracer and as a method to 

define sample age. It is the naturally occurring radioactive isotope of carbon, produced in 

the atmosphere by the reaction of 14N with neutrons from cosmic radiation. 14C is 

relatively rare; its ratio of total abundance (14C/C) is of the order of 10-12. Once produced 

in the atmosphere, 14C reacts with oxygen to ultimately form 14CO2. Then, via exchange 
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with the ocean, the majority of 14C becomes concentrated in the marine reservoir as 

dissolved inorganic carbon (DIC) (Mook and De Vries 2000). Extensive atmospheric 

testing of nuclear weapons in the 1950s and 1960s and the subsequent global ban of this 

testing resulted in a significant spike in radiocarbon around 1965 (e.g. Broecker et al. 

1985).  We present radiocarbon measurements as ∆14C throughout this study, which 

represents the corrected deviation of a sample’s 14C/12C ratio from that of the standard. 

∆14C corrections are twofold: one for mass dependent fractionation based on an 

individual sample’s stable carbon isotope ratio, δ13C, and the other for estimated decay 

that has occurred based on the sample’s real age and date of analysis. 

Building an accurate chronology is integral to maximize the sclerosponge 

archive’s usefulness as a proxy for ocean processes—although, even a loosely tied 

chronology would provide significant insight into interannual and decadal variability. In 

Chapter 1, we assess sclerosponge age in large part via ∆14C analysis. This particular 

genus of sclerosponges (Acanthochaetetes) does not exhibit any concentric density 

banding along its growth axis, and the skeletal composition of high-Mg calcite precludes 

the ability to apply the U-Th dating technique. Thus, we develop an age model based on 

the known timeline of bomb-14C penetration and its subsequent incorporation into the 

sclerosponge skeleton. The sclerosponges calcify using the DIC of ambient seawater, and 

thus precipitate their skeleton with an equivalent fraction of 14C.  That is, radiocarbon is 

incorporated into the sclerosponge’s skeleton in essentially the same proportion that is 

present in seawater. The actual ∆14C content at depth is not well documented, so we 

apply ∆14C data from five proximal water casts (stations in 1978, 1986, 1995, and 2007, 

along with a calculated pre-bomb station) as an initial determination of sclerosponge age. 
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This creates a preliminary chronology for the sclerosponge record, combined with two 

further rough constraints: sclerosponge ∆14C cannot rise above background levels prior to 

1957 on account of the bomb 14C onset timeline, and the collection must pre-date 2007 

because no specimen was living at the time of collection. 

To finalize the chronology, we compare variations in the sclerosponge stable 

oxygen isotope (δ18O) record to that of an annually-banded, rigorously-dated proximal 

surface coral. We minimally nudge the sclerosponge chronology so that the phase of its 

δ18O variability matches that of the surface coral, always keeping the prior ∆14C 

constraints in check. Two reasonable assumptions are employed to do this. The first is 

that changes in δ18O are forced primarily by changes in temperature (explained below), 

and the second is that temperature variations within the thermocline are in phase with 

SST variation (especially likely on interannual timescales).  

Oxygen isotopes play a role primarily as a seawater density proxy on sub-

millennial timescales. At the time of calcification, the δ18O of the sclerosponge skeleton 

(referred to as δ18Ocalcite) is determined by a function relating seawater temperature (T) 

and the oxygen isotopic content of seawater (δ18Oseawater). δ18Oseawater is directly related to 

salinity (S), so it stands that δ18Ocalcite is defined by the ambient seawater temperature and 

salinity during calcification. The δ18Ocalcite signal is dominated by ambient seawater 

temperature because of the comparatively low variance of salinity in the western TIO. 

The expression relating δ18O to T and S varies regionally (LeGrande and Schmidt 2006). 

Because of the dearth of actual observations within the Indian Ocean, we have derived 

our own δ18Oseawater expression relating δ18O and S of seawater samples taken along the 



6 
 

 

90 East Ridge. This is combined with the well-known paleotemperature equation (i.e. 

Bemis et al. 1998) to yield:  

δ18Ocalcite = 0.24S – 0.21T – 5.5 

This relationship shows that in the western TIO thermocline—where T can vary by more 

than 10°C and S varies by less than 0.5psu (World Ocean Database (WOD) XBT data, 

and World Ocean Atlas 2013 (WOA) data)—the T signal greatly outweighs the S signal. 

Average seasonal range of temperature is 7.5°C (corresponding to 1.6‰), and of salinity 

is 0.4psu (corresponding to 0.1‰). 

In Chapter 2, we use the geochemical data presented in Chapter 1 along with trace 

element analyses to assess thermocline variability in the western TIO, its connection to 

the climate of the Indian Ocean, and related mechanisms. This is possible because of the 

tight chronological constraints developed in Chapter 1. We use the Mg/Li ratio as an 

independent temperature proxy from δ18O, primarily to assess the skill of δ18O. We then 

focus on δ18O as the archive’s primary temperature proxy because the δ18O transects were 

conducted at much higher resolution than Mg/Li, and because no known trace element 

temperature calibrations exists for high-Mg calcite. Still, it is important to note that the 

δ18O sample size along with a sub-millimeter sampling regime only provides 

approximately one analysis per year, with each analysis averaging about 8-16 months of 

growth.  

Our analysis of δ18O trends within the sclerosponge archive shows that the 

western TIO is characterized by strong interannual variability along with an apparent 

bidecadal modulation, though the bidecadal mode is difficult to quantify with certainty on 

account of the sclerosponge’s 75-year lifetime. The typical magnitude of interannual 
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oscillations is around 0.4‰ (2°C), with a few major excursions upwards of 0.8‰ (4°C). 

Considering these are essentially annually-averaged values, temperature swings of this 

magnitude are fairly significant. The major excursions occur in 1983 and 1998, likely in 

relation to the strong El Niño events during those years. Interestingly, the western TIO 

thermocline does not appear to be affected by other major El Niño event in the past, 

although major periods of positive δ18O (negative temperature) swings appear to 

correspond with La Niña events. 

Utilizing multiple geochemical tracers also allows us to attempt to determine the 

forcing mechanism of western TIO variability. Alternatively, it is possible that the 

western TIO thermocline variability is modulated largely by vertical shoaling and 

deepening forced by wind-driven Ekman dynamics. This has been shown to be the case 

within the seasonal cycle of the Seychelles (Yokoi et al. 2008), but it is possible that 

interannual variations of this seasonal forcing exist. If so, the manifestation of this 

mechanism within our archive would be signified by periods of positively correlated 

Mg/Li and ∆14C (and negatively correlated δ18O and ∆14C). We observe wind-driven 

Ekman signatures within our archive, persistent after the mid-1970s. 

Perhaps of greatest interest is that our record is situated at an ideal location to 

assess controversial trends within the subsurface western TIO. Many studies suggest a 

general cooling trend in the TIO thermocline that is associated with a decrease in both 

SSH and OHC, even in lieu of an observed, concurrent increase in SST over recent 

decades (Alory et al. 2007; Trenary and Han 2008; Timmermann et al. 2010; 

Schwarzkopf and Böning 2011). This trend does not manifest within our sclerosponge 

archive. Our data show that the western TIO thermocline does not exhibit any long-term 
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cooling or warming trends between 1930 and 2005, consistent with findings from 

Tokinaga et al. (2012). Combining this with a generally observed SST increase in the 

TIO (Alory et al. 2007), a long-term positive trend in western TIO SSH and OHC is 

likely. 

We switch gears in Chapter 3 to examine similar processes on a much deeper 

timescale. Here we investigate the magnitude of western TIO thermocline variability 

throughout the past 18,200 years, since the close of the Last Glacial Maximum (LGM). 

The SIO KNOX10RR expedition—on which the sclerosponge archive was collected—

also recovered a well-resolved sediment core characterized by a diverse faunal 

assemblage. Within this core there is an abundance of the foraminifera species 

Neogloboquadrina dutertrei, which is a known thermocline dweller (Fairbanks et al. 

1982). Its preferential thermocline habitat is linked to the subsurface chlorophyll 

maximum. In order to investigate thermocline variability throughout this 18.2ka period, 

we have conducted individual foraminiferal analyses (IFA) to assess the variance within a 

single population (e.g. Koutavas et al. 2006; Leduc et al. 2009; Khider et al. 2011; 

Thirumalai et al. 2013; Naidu et al. 2014). To do this, we take a 1cm wide sample from 

the sediment core—which corresponds to approximately 500 years (considering an 

average 4cm/kyr sedimentation rate and bioturbation effects)—and analyze ~40 

individual N. dutertrei tests for δ18O. 

The previous IFA studies mentioned above have shown a close relationship 

between the standard deviation of a single population’s δ18O and the primary mode of 

variability controlling that population. Most of those studies were conducted in the 

tropical Pacific Ocean where interannual variability dominates, but we show that there is 
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a very strong semi-annual signal present in the modern western TIO thermocline. This 

seasonal variability is likely tied to the Indian monsoon system (Yokoi et al. 2008). A 

Monte Carlo random sampling of modeled TIO thermocline variability shows that 1) a 

lower standard deviation is representative of decreased seasonality and increased 

interannual variability, and 2) a higher standard deviation is representative of increased 

decadal variability which modulates the seasonal signal. In general, we observe a strongly 

reduced standard deviation during the LGM, a maximum between 8.0-10.2ka, and a 

moderate standard deviation during the late Holocene.  

In summary, Chapters 1 and 2 focus on the quantification and qualitative analysis 

of modern trends within the western TIO thermocline, through the window of a 

sclerosponge archive. Rigorously dating the sclerosponge archive using the known 

evolution of bomb-14C creates a unique opportunity to assess model skill of upper ocean 

vertical transport, showing that ECCO is fairly realistic in the western TIO. The 

sclerosponge analysis is constrained to interannual and greater timescales on account of 

the low growth rate and sampling resolution of the sclerosponges. Still, the well-dated 

chronology of the sclerosponge archive has allowed us to identify: 1) strong interannual 

variability within the western TIO thermocline, 2) an Ekman forcing mechanism, and 3) a 

lack of any major temperature trends from 1930-2005. Chapter 3 rounds off the 

dissertation with an investigation of similar processes on a much deeper timescale. By 

analyzing populations of single foraminifera at discrete time slices, we are able to assess 

thermocline variance across 500-year periods, and extrapolate this to a reflection in the 

monsoon system. The standard deviation in δ18O of each time slice’s population suggests 

that the variability is strongly reduced during the LGM, increases to a maximum between 
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10.2-8ka, and subsequently decreases to a moderate state between 5.7-1.1ka. The 1.1ka 

time slice shows the strongest reduction in seasonality of the entire Holocene record. 
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Chapter 1. Bomb radiocarbon penetration into the tropical Indian Ocean 

thermocline deduced from sclerosponges 

Abstract 

The penetration of the bomb radiocarbon transient into the upper ocean offers one 

of the most useful tracers of upper-ocean mixing, yet the documentation of this 

radiocarbon transient in the ocean has essentially been limited to surface water coral 

records or scattered sampling of seawater dissolved inorganic carbon. Here we show that 

the calcitic skeletons of the thermocline-dwelling fossil sclerosponges, dredged from 

thermocline depths off the SE Seychelles Bank, capture the full evolution of the bomb 

radiocarbon transient in the Indian Ocean tropical thermocline. Unlike corals, 

sclerosponges lack annual bands, and, therefore, a chronology for the radiocarbon 

measurements must be assumed; we develop this chronology by correlation to a 

neighboring surface water coral record. The resulting radiocarbon time series from 

sclerosponges provides a detailed record of thermocline radiocarbon variability spanning 

the 20th century.  We then compare these observations to simulations of the bomb 

radiocarbon transient in two commonly used Earth System models (ECCO and CCSM).  

We find that, though there are mismatches between both models and observations, the 

ECCO model much more closely reproduces the trends measured in the sclerosponges. 

The data-model comparisons have important implications for thermocline mixing, 

circulation and carbon uptake.  Thus the sclerosponges represent a fairly novel model 

validation tool. 
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1.1 Introduction 

The oceanic thermocline is an integral component of the Earth’s climate system, 

especially in the tropical Pacific Ocean (TPO) and tropical Indian Ocean (TIO). 

Interannual to decadal climatic phenomena such as the El Niño Southern Oscillation 

(ENSO), the monsoonal cycle, and the Indian Ocean Dipole (IOD) all depend to some 

extent on the dynamics of the thermocline. Yet the influence of thermocline processes on 

the surface ocean are not well understood, primarily because of the dearth of data at 

proper depths and timescales within the Indian Ocean basin. This region of the ocean is 

very difficult to observe for two major reasons. One is that the majority of historical 

oceanic instrumental observations are not only sparse but often confined to the surface—

most of the data concerning thermocline dynamics comes from the ARGO float program, 

which began in 2000.  Secondly, the tropical thermocline is also difficult to access 

directly in paleoceanographic archives (e.g. through corals or foraminifera). Together 

these issues lead to a reduced understanding of the oceanic thermocline and its associated 

variability, and leave few convenient methods to fill in this prominent gap in our 

knowledge of oceanic processes. 

In principle radiocarbon would serve as an especially diagnostic tracer of upper-

ocean mixing, highlighting the regional-scale interactions between surface waters and 

deeper waters. Modern models have considerable difficulty in resolving vertical mixing 

properly, which then influences the projections of carbon uptake and biogeochemical 

cycling.  Graven et al. (2012) use the dynamics of radiocarbon in two widely used global 

climate models (GCMs) to show that one tends toward a globally stronger vertical 

transport mechanism, while the other is dominated by lateral advection. With existing 



16 
 

 

observations of radiocarbon, it is difficult to know whether one model is superior to the 

other for any given region. Consequently, for model validation, there is a clear need for 

reconstructions of radiocarbon dynamics throughout the upper ocean. 

In 2007, the SIO KNOX10RR expedition collected a large number of (high-Mg) 

calcitic, skeleton-building sclerosponges, ostensibly of genus Acanthochaetetes, from 

thermocline depths in the western TIO. This fortuitous collection presents an ideal 

opportunity to assess radiocarbon variability in the TIO thermocline variability 

throughout the past two centuries. Here we show that the evolution of the weapons-

induced bomb radiocarbon spike of the 1950s and 60s is manifested in several specimens 

spanning thermocline depths. We combine these observations of radiocarbon in 

sclerosponges with an analogous timeseries of radiocarbon in a surface-dwelling coral 

from St. Joseph Island (Southern Seychelles Bank). The comparison of surface ocean and 

thermocline archives allows us to refine the chronology of the sclerosponge specimens 

(which lack annual bands). The complete collection of radiocarbon observations has 

strong implications for constraining models that investigate vertical ocean dynamics and 

the fate of CO2 transport. 

1.2 Site characteristics and archive overview 

A series of dredges were conducted off of the Seychelles Bank (roughly 5.5°S, 

57°E; see Figure 1.1) in 2007, which brought up a variety of carbonate material from 

depths ranging from 60-150m.  The Seychelles Bank (Figure 1.1), is characterized by 

stepped terrace and drowned coral reef morphology, associated with sea level changes 

from the last deglaciation. The majority of samples collected were concentrated within 3 

individual dredges covering water depths of 73-92m, 95-119m, and 102-165m. Although 
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no living sclerosponge specimens were collected, the roughly 20m, 20m, and 60m depth 

ranges (respectively) provide good vertical control on the sclerosponge’s actual living 

habitat, as any specimen that may have fallen downslope could not have been transported 

more than 15m according to the local bathymetry.  

The dredging was originally intended to acquire massive coral samples as a means 

of investigating sea level variations associated with the last deglaciation. Accordingly, 

some dredges kept to a uniform depth along a single terrace surface, while other dredges 

were conducted on the terraces along-slope to cover more area. These dredges 

occasionally hit the steeper face between two terraces and so it is possible that material 

discussed herein is of a marginally shallower water depth. The best-guess for the 

shallower water depth is reflected in the depth ranges of each dredge as mentioned in the 

previous paragraph. 

A significant portion of the material dredged was comprised of fossil 

sclerosponges. Though the exact taxonomy of the specimens collected is uncertain, the 

size, chemistry (high-Mg calcite), and appearance bear affinity to the genus 

Acanthochaetetes. Sclerosponges are found throughout the tropics at depths of 0-500 

meters and are generally slow growing at rates up to 2mm/year (Swart et al. 1998).  

Sclerosponges grow within pre-established reef framework, preferentially seeking out 

reef caves, ledges, and overhangs (Lang et al. 1975).  Sclerosponges have been the 

subject of considerable interest, because they precipitate their skeleton in apparent 

isotopic equilibrium with seawater, without the typical “vital” effects that plague other 

archives (Druffel and Benavides 1986, Swart et al. 2002). The simplicity of their skeletal 

chemistry yields a high-fidelity archive for reconstruction of past seawater chemistry. 
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The best sclerosponge specimens from our collection range in size from about 3-7 

cm which, paired with an estimated average growth rate of 1 mm/year, corresponds to 

sclerosponges spanning up to 70 years. There was no evidence of living tissue on any 

specimen, but preliminary radiocarbon (14C) data place many of the sclerosponges within 

the 20th century and potentially as old as the early 1800s. Two sclerosponges span the 14C 

bomb spike of the early 1960s, one is clearly post-bomb, and the rest that have been 

analyzed are pre-bomb.  The combination of the terrain’s stepped morphology, the 

uniform condition of all sclerosponge samples, and 14C of a handful of other 

sclerosponges implies that the entire collection likely spans the 20th century and into the 

19th century.  

The sclerosponges do not exhibit the concentric density banding that many corals 

do as a means to provide an easily recognizable growth axis. The sclerosponges have a 

distinct basal stem which represents the oldest material, and grow upwards and radially 

away from the stem. This radial growth form allows for a reasonable estimate of growth 

orientation.  Although the lack of growth banding presents some difficulty in determining 

the ideal transect for analysis, the general direction of sclerosponge growth is not difficult 

to define.  

In this study we focus on the analysis of benchmark sclerosponge specimens that 

span the radiocarbon bomb spike of the 1960s. One specimen in particular is both longer-

lived and better-resolved than the rest of the archive. This sclerosponge builds the 

foundation for our archive’s chronology, which is then applied to other specimens that 

are readily correlated with the corresponding KNOX12-1 data based on radiocarbon 

content, stable isotope content, and depth of habitat.  
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1.3 Analytical methods 

1.3.1 Radiocarbon 

Sponge specimens were slabbed and samples were taken along the best estimate 

of the sclerosponge’s growth axis, using a variable speed drill with a 2-mm bit. 3-5mg 

carbonate powder samples were evacuated, heated, and acidified in individual chambers 

with orthophosphoric acid at 90°C (Guilderson et al. 1998) to begin 14C analysis. The 

resultant CO2 was purified, trapped, and converted to graphite using an iron catalyst 

following a method similar to that described by Vogel et al. (1987). The graphite samples 

were analyzed at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence 

Livermore National Laboratory (LLNL). 14C results include a δ13C correction for isotope 

fractionation and a blank subtraction based on 14C-free calcite; resultant data are reported 

as Δ14C (Stuiver and Polach 1977). Radiocarbon accuracy and precision is ±3.5‰ (1σ) 

based on replicate analyses of homogenous inhouse coral and calcite standards. 

Water samples from the Seychelles KNOX10RR expedition were similarly 

analyzed for radiocarbon. Preparation of seawater for 14C analysis began with extracting 

the DIC from the liquid seawater. Under vacuum, an aliquot of each seawater sample was 

acidified with dilute phosphoric acid, effectively converting all inorganic carbon in the 

sample to CO2 gas. The resultant gases were then processed through a series of cryogenic 

traps to purify the CO2 sample by removing the other gases (water vapor, nitrogen, 

oxygen). Once purified, the CO2 was transferred to a glass ampule of roughly 1cc 

volume, which was then sealed under vacuum. The storage ampules were subsequently 

graphitized in the same manner as the carbonates samples, and then analyzed for 14C 

content. 



20 
 

 

14C results are expressed in both D14C and ∆14C throughout this paper. D14C is 

corrected only for δ13C. ∆14C is corrected for both δ13C and a sample’s age of growth. We 

utilize D14C when age is unknown (i.e. raw data) or when cross-archive comparisons are 

necessitated (i.e. building the chronology) and utilize ∆14C for known-age data. 

1.3.2 Stable isotopes 

Approximately 0.1mg carbonate powder samples were taken along the 

sclerosponge’s growth axis for stable isotopic analysis. These samples were run on a 

Finnegan MAT253 gas source mass spectrometer with a Kiel IV carbonate device 

interface. Stable isotope analytical preparation within the Kiel IV consists of samples 

being acidified with 102% H3PO4 at 70°C, and the resultant CO2 is analyzed on the 

MAT-253. δ18O and d13C are reported in ‰ relative to the Vienna Peedee belemnite 

standard (VPDB), where δ18O = ([18O/16Osample/18O/16Ostandard] – 1) × 1000‰ and δ13C = 

([13C/12Csample/13C/12Cstandard] – 1) × 1000‰. Long-term reproducibility deduced from 100 

determinations of an in-house carbonate standard analyzed alongside sclerosponge and 

coral samples is better than ±0.1‰ (1σ) for both δ18O and δ13C. All analyses are 

determined relative to the Pee Dee belemnite (PDB) standard. 

1.3.2 Model details 

In this paper we focus on investigating the skill of two commonly-used ocean 

General Circulation Models (GCM): the Community Climate System Model (CCSM) and 

the Estimating the Circulation and Climate of the Ocean Model (ECCO). For an 

extensive discussion of model setup and mechanics, refer to Graven et al. (2012) and 

references therin. Both models use the “Abiotic” formulation from the Ocean Carbon-

Cycle Model Intercomparison Project 2 (OCMIP-2) to simulate dissolved inorganic 
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carbon (DIC) and 14C in DIC (Orr et al. 1999). 14C results within this framework are 

reported as ∆14C. 

CCSM was run with a telescoping resolution of 0.9–1.9° latitude by 3.6° 

longitude with 25 vertical levels. At our latitude of interest, the resolution is 0.9° by 3.6°. 

In CCSM, monthly climatological forcing was provided by the Common Ocean-ice 

Reference Experiments - Corrected Normal Year Forcing (CORE-CNYF) (Large and 

Yeager 2004) and used to determine both the gas exchange velocity and the model 

circulation.  

ECCO was run with a resolution of 1° latitude by 1° longitude and 23 vertical 

levels. ECCO is a data assimilation model which The ECCO data assimilation strategy, 

described in detail by Wunsch and Heimbach (2007). ECCO is a data assimilation model 

which incorporates oceanic state estimations from air-sea flux observations spanning 

1992-2004 to constrain model output (Stammer et al. 2004; Wunsch and Heimbach 

2007). This oceanic state estimation helps build a reasonable vertical density structure 

within the ECCO model which aids in moderating surface to deep transport in a realistic 

manner. Climatological forcing is determined by this data assimilation routine. The 

CORE-CNYF was also used in ECCO, but only to determine gas exchange velocity.  

Compared to CCSM, ECCO possesses stronger air-sea fluxes, stronger interior 

mixing, weaker advective mixing, and a data assimilation regimen. The first three of 

these aspects manifest in ECCO as stronger vertical mixing and, thus, weaker vertical 

Δ14C gradients throughout the ocean.  
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1.4 Results  

1.4.1 Coral overview and age model 

In order to add vertical context for this study, tighten the sclerosponge 

chronology, and asses modern surface radiocarbon trends within the Seychelles region, 

we have also analyzed a hermatypic coral specimen for its radiocarbon and stable isotope 

contents. The coral core was collected in 1997 from a colony of Porites off of St Joseph 

Island, located on the western side of the Seychelles archipelago (Figure 1.1). Though 

corresponding to slightly different locations, the similar latitude of both the coral and the 

KNOX10RR archives (eastern Seychelles) readily allows for inter-archive comparisons. 

To define the coral age model, we used the strong annual cycle in δ18O as a proxy 

for the annual temperature cycle. Although annual density bands also exist within the 

coral, they manifest sporadically through time. We focus on the more consistent δ18O 

cyclicity and use the density banding as an added check to make sure the chronology is 

accurate. Working backwards from the coral’s late-1997 collection date, we tied each 

δ18O maxima to August 1 of every year—corresponding to the Seychelles cold season—

and linearly interpolated between these points for the remaining data. Though this is the 

most unbiased method, it may induce a minor, 1- to 2-month time-scale error within each 

annual period. For the sake of the sclerosponge’s age model, this effect is negligible. 

All coral data are plotted in Figure 1.2 (stable isotope data are reported in Table 

A10; radiocarbon data are reported in Table B8). Annual average curves which are used 

for constraining the sclerosponge chronology are also included, and are calculated as the 

calendar year (January through December) average for each stable isotope. The record 

spans 66 years, extending back to 1931.  
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1.4.2 Sclerosponge radiocarbon and chronology 

Exploratory 14C analyses were conducted on nine sclerosponges within our 

collection, and are reported in Appendix B, Table B1. Samples were taken from the 

oldest and youngest sections of each specimen to determine whether a sclerosponge 

contained material from the pre-bomb era, post-bomb era, or both. Values ranged from -

101‰ to -60‰ for the pre-bomb sclerosponges, and reached as high as 50‰ in the post-

bomb era. Only 3 specimens contain material recent enough to exhibit post-bomb values, 

and were confined to the two shallower dredges—specimen KNOX12-1 from 95-119m 

and specimens KNOX13-1 and 13-2 from 73-92m. These specimens were chosen for full 

14C transects along their growth axes; raw data is plotted in Figure 1.3. We focus on 

KNOX12-1 to build the archive’s chronology, as it is the best-resolved bomb-straddling 

profile that covers the largest span of time. All 14C data for KNOX12-1 are reported in 

Appendix B, Table B2, and other relevant 14C are tabulated throughout Appendix B. 

In order for this archive to provide useful insight into oceanographic processes, a 

reasonable age model must first be applied. Unlike most surface corals, the sclerosponge 

collection does not exhibit annual density banding. We do not have the convenience of 

working backwards from a known collection date as no specimen exhibited any signs of 

life at the time of collection. Though radiocarbon has proven very useful in defining the 

chronology, the ~100m depth habitat of these sclerosponges prohibits a simple matching 

of the sclerosponge’s 14C content to that of proximal surface corals. We attempted to use 

the known timeline of atmospheric lead (Pb) input from the combustion of fossil fuels, 

though it has only proven minimally enlightening without an extended surface Pb record. 

Other trace element data have also not proven helpful in constraining the chronology. 
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Trace element-matrix ratios are reported in Appendix C, Tables C3 and C4; methodology 

is discussed in Chapter 2, Section 3.  

Regardless of the trace element constraints, we have a suite of other solidly 

constraining temporal data points. These come from the penetration of bomb-14C 

throughout the global ocean, a number of 14C analyses from proximal seawater casts at 

depth, and the SJI surface coral record (Figure 1.2). Thus, the chronology was first 

constrained by applying two primary timestamps to KNOX12-1’s D14C, and then further 

tightened by comparing the sclerosponge’s radiocarbon and stable isotope contents with 

those of proximal seawater and coral records, explained in detail below. 

The first, coarsest constraint creates a midpoint and an endpoint for the interval 

spanned by the longest-lived sclerosponge, KNOX12-1. The sclerosponges were 

collected in late 2007, creating the upper bound on the archive’s age. The observation 

that none of the specimens had any living tissue on them at the time of collection, along 

with the further observation that most specimens had clearly undergone extensive 

bleaching and minor encrustation by small marine organisms suggests that the entirety of 

the archive was likely dead for at least one year prior to collection. Regardless of the 

actual end date for the archive’s lifetime, no sclerosponge can possibly be older than 

October 2007. 

The archive is further constrained by a significant anthropogenic input of 14C to 

the atmosphere and oceans. Extensive atmospheric testing of nuclear weapons in the 

1950s and 1960s produced a large 14C signal throughout the world. The testing of 

weapons increased considerably in 1957 and was later outlawed in 1963 by international 

treaty, creating a significant, yet relatively quick, addition to the atmospheric 14C 
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inventory (e.g. Broecker et al. 1985). The atmospheric 14C pulse was subsequently 

dispersed throughout the global biosphere and hydrosphere. In the ocean, the 14C input 

primarily takes the form of dissolved inorganic carbon (DIC). Though the dynamics of 

14C transport into the subsurface ocean are not well documented in the tropical Indian 

Ocean, any rise in D14C above the sclerosponge’s maximum pre-bomb level (-66‰) 

cannot have occurred prior to 1957. Further, this likely has an associated temporal lag on 

account of the 100m depth of habitat for the sclerosponges. A recent conservative 

estimate for the lag of 14C penetration into the western TIO thermocline is likely about 2-

3 years, based on two end-member model scenarios (adapted from Graven et al. 2012). 

The sclerosponge D14C profile exhibits a pronounced swing of nearly +15‰ at the onset 

of bomb-induced D14C rise, allowing for a good mid-profile data point to help initially 

define the chronology. 

Once these coarse anchor points are in place, we further constrain the chronology 

of the sclerosponge record by forcing it to match the most proximal water cast D14C data 

collected at discrete times throughout the late 20th century. The water cast data derive 

from 5 primary cruises: Dodo (1964), Geochemical Ocean Section Study (GEOSECS, 

1978), Indien Gaz Ocean (INDIGO, 1986), World Ocean Circulation Experiment 

(WOCE, 1996), and our Seychelles cruise (KNOX10RR, 2007). We also apply the 

estimate of natural (pre-bomb) D14C to our archive (from Key et al. 2004), which clearly 

shows that measured pre-bomb sclerosponge D14C matches that of expectations for 

ambient seawater. Given that sclerosponge 14C cannot increase above background prior to 

1957 and that the chronology must end prior to 2007, we tied the sclerosponge D14C data 

to match the seawater D14C cast data from appropriate depths. It is worth noting that the 
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1964 Dodo samples have an error of ±18‰ 1σ; thus these data comprise the loosest 

constraint. We include it here because it fills out a portion of the chronology that would 

otherwise be empty.  

The onset of bomb-14C, the seawater cast data, and the 2007 collection year all 

reasonably constrain the upper 36mm of KNOX12-1 to between 1957 and 2007 with a 

few caveats. Based on the sclerosponge’s slow growth rate, lack of annual banding, ∆14C 

sample size corresponding to ~2.5 years, and potential error in chronology, we allow for 

sclerosponge Δ14C to be temporally offset from seawater Δ14C by up to 3 years. 

Furthermore, each seawater Δ14C value is essentially a “snapshot” of ∆14C at the time of 

collection. Depending on seasonality and annual variability, the seawater ∆14C values 

have the potential to be of significantly higher or lower ∆14C compared to the averaged 

sclerosponge signal. For instance, the April 1986 INDIGO point lies outside of the range 

of our entire sclerosponge record. This could be a spatial issue, as the INDIGO water 

station is more than 6° west of the sclerosponge dredge location. It appears that this water 

cast occurred during an extended low temperature anomaly at depth (recorded by 

increased KNOX12-1 δ18O) and increased upwelling at the surface (recorded by positive 

coral δ13C anomaly). So although there may have been a transient ∆14C maximum at 

depth in 1986, the 2-3-year average suggests an overall period of increased stratification 

when this INDIGO cast was conducted. The timing is consistent though, as the ∆14C peak 

in KNOX12-1 corresponds well with the INDIGO cast. 

We use potential density (σθ) for inter-archive comparisons in order to minimize 

the effects of time-varying vertical water mass displacement between seawater records 

and across our sclerosponge archive. Calcitic δ18O (termed δ18Oc) varies proportionally as 
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a function of both temperature and salinity, and is essentially a recorder of water density 

(i.e. LeGrande et al. 2004).  

To calculate potential density from δ18O, we first utilize the relationship between 

salinity and δ18O of seawater (termed δ18Osw) from 3 water casts taken along the 90 East 

Ridge (90ER) in the eastern Indian Ocean, at latitudes of approximately 1°S, 4°S, and 

10°S. These water samples were collected in 2013, on Scripps expedition RR1319 aboard 

R/V Roger Revelle (see Table A11 for tabulated data). We use these eastern Indian Ocean 

data as representative of the Seychelles because of their similar latitude, and because the 

only other vertical δ18Osw profile within the Indian Ocean is from a 1978 leg of the 

GEOSECS program (Ostlund et al. 1987; Legrande and Schmidt 2006). By only utilizing 

the data from the upper 300m of each cast, we obtain an empirical relationship between 

upper ocean salinity (S) and δ18Osw, where  

δ18Osw = 0.24S – 9.0 

This expression can be substituted into the paleotemperature equation given by Bemis et 

al. (1998) which relates temperature at time of calcification (T) to δ18Oc and δ18Osw by 

T = 16.5 – 4.81 × (δ18Oc – δ18Osw) 

to show that, within our 90ER water stations, 

δ18Oc = 0.24S – 0.21T – 5.5 

Applying this expression to the 90ER water stations’ T and S yields an expected value for 

δ18Oc. An empirical relationship can then be defined between potential density and δ18Oc, 

as a 2-order polynomial function. The relationship is then defined as 

 σθ = –0.14 × δ18Oc
2 + 0.89 × δ18Oc + 26.2 
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Based on its δ18Oc, KNOX12-1 then has an average σθ = 25.8 kg m-3, with a range 

from 25.1 kg m-3 to 26.2 kg m-3. Though we do not possess δ18Osw data from the 

Seychelles region, using the 90ER water stations to approximate our δ18Oc to σθ 

conversion appears to be highly effective. The nearest water station (KNOX10RR, 2007) 

has σθ = 25.823 kg m-3 at 103 m depth, which falls within KNOX12-1’s depth range of 

95-119m and is, within error, equal to the average σθ of KNOX12-1. All of the water 

stations within the Seychelles area have 14C samples in the sclerosponge’s potential 

density range, so there is no need to extrapolate any data points. Radiocarbon samples 

collected at Dodo, GEOSECS, INDIGO, WOCE, and KNOX10RR were, respectively, -

28‰ at 25.823 kg m-3 (100m), 3‰ at 26.189 kg m-3 (99m), 64‰ at 25.626 kg m-3 

(106m), 44‰ at 25.789 kg m-3 (120m), and 19‰ at 25.823 kg m-3 (103m).  

A primary source of uncertainty with our chronology is in the sclerosponge’s 

growth mechanism itself; this particular sclerosponge species has not been extensively 

studied, and it is unknown if the genus precipitates skeletal material at a uniform growth 

rate. Estimates of growth rates vary from 50µm/yr to 1mm/yr (Reitner and Gautret 1996; 

Swart et al. 1998) across multiple sclerosponge species, and likely depend on depth and 

oceanographic setting amongst other variables. Further, it is possible that the 

sclerosponge’s growth rate varies in time with temperature or some other parameter. This 

could play a large role in our archive as the samples come from thermocline depths where 

large variations in temperature are possible, so assuming a uniform growth rate may not 

be the best solution.  

For this reason, we have matched the sclerosponge’s stable isotope data to that of 

the proximal SJI coral record. The stable isotope tying is conducted within the bounds of 
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the prior, more rigorous ∆14C chronological controls. In transferring the coral chronology 

to the sclerosponges, we focus on correlating the δ18O of the sclerosponge to the coral 

record, primarily because the scale of the interannual (and longer) fluctuations in δ18O is 

likely to be comparable in both archives. δ18O is a long-standing proxy for temperature 

and salinity variations across various archives. While horizontal advection could 

potentially affect the vertical relationship of surface-thermocline properties, this would 

primarily influence salinity, the variability of which has a weaker effect on δ18O than that 

of temperature.  

All stable isotope tying has been conducted via Analyseries (Paillard et al. 1996) 

and confined to the limits set by the better-constrained radiocarbon dataset. We allow for 

roughly ±2-year age flexibility around the water cast 14C data in order to compensate for 

the sclerosponge’s uncertain growth mechanism (i.e. signals may be time-averaged) and 

potential error in the water cast Δ14C samples. We compare sclerosponge δ18O to the 

annual average of coral δ18O in order to minimize noise and maximize a realistic 

correlative scenario (Figure 1.5). The tying consisted of minor adjustments of the 

sclerosponge record to better match the proximal coral δ18O record. All points between 

ties are linearly interpolate. As can be seen in Figure 1.5, the resulting chronology 

provides a good match for both δ18O and δ13C, and remains within the bounds of the 

oceanic ∆14C record. Combining the coarser 14C bounds with the δ18O comparison, this 

age model is accurate at any given point to ±1-year. Further, we show that the stable 

isotope signal within KNOX12-1 is robust by comparing δ18O and δ13C from multiple 

transects within a single specimen (Figure 1.4). 
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We are left with a sclerosponge specimen that actively precipitated skeletal 

material from roughly 1932-2005. At 56mm in length, that yields an average growth rate 

of 0.75mm/yr. Combining this growth rate, a sample drilling regimen of roughly 1 

sample/0.8mm, and a drill size of 0.5mm, we essentially end up with one near-annually 

averaged sample per year. 

1.5 Discussion 

With a properly tied chronology, this archive provides a novel look into upper-

ocean radiocarbon cycling dynamics and creates a unique opportunity to test the skill of 

ocean global climate models via the radiocarbon system. Graven et al. (2012) have 

investigated what are essentially two end-member model scenarios of radiocarbon 

transport between the upper and deep ocean, using the Community Climate System 

Model (CCSM) and the Estimating the Circulation and Climate of the Ocean Model 

(ECCO). Although their study was largely focused on the timing and mechanisms of 

radiocarbon transport between surface and deep ocean reservoirs, a region-specific 

interpretation of model output provides an opportune look at thermocline processes. 

Comparing both the surface coral and thermocline sclerosponge archives to the 

corresponding depth output from their model runs creates a solid opportunity for 

evaluating each model.  

Graven et al.’s (2012) comparison of model output to ∆14C surface observations 

and the CLIVAR central Pacific ∆14C transect shows that ECCO does a better job of 

estimating deep ocean Δ14C content (likely due to its increased vertical transport), but 

also transports too much 14C out of the surface ocean. It is worth noting that neither ∆14C 

surface observations nor CLIVAR ∆14C cover the western Indian Ocean, so their study 
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cannot provide direct insight into the effectiveness of either model’s ability to reproduce 

western Indian Ocean dynamics. Instead, what their study provides is a spatially-

independent look at the ability of each model to reproduce regional processes. In order to 

understand and project Indian Ocean climatic phenomena—such as the Asian monsoon 

system, east African rainfall variability, regional sea-level fluctuations, manifestations of 

ENSO, and even the Indonesian Throughflow—it is imperative to understand how the 

TIO has operated through time. 

In Figure 1.6, we have combined all local Seychelles ∆14C data into two 

vertically-resolved time panels—one corresponding to depth (A), the other to potential 

density (B). We did not include the Dodo water cast ∆14C in these panels as the error in 

the data is too large to properly be resolved. The data is interpolated in Ocean Data View 

using the DIVA optimal interpolation gridding routine (Schlitzer 2009; Troupin et al., 

2012). Natural ∆14C data (Key et al. 2004) is included prior to 1955 as an estimate of pre-

bomb conditions to complete the panels; any major variability prior to 1955 is an artifact 

of the interpolation routine. Figures 1.6 C, D, and E are presented as a comparison view 

of our data interpolation (as in [1.6A]), ECCO model output, and CCSM model output. 

Both models have a surface layer defined as 0-50m. The ECCO output location over the 

Seychelles bank (Figure 1.1) causes the data to cut off at 117.5m. 

These panels provide a unique glimpse into the evolution of bomb-14C throughout 

the upper ocean in a dynamic location, with a few notable observations. First, there is a 

decadal modulation of vertical 14C transport present in the interpolated data that does not 

appear in the model output. The tendencies of ECCO to export ∆14C to the deep ocean 

and of CCSM to concentrate ∆14C in the surface are both well defined. The data 
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interpolation suggests that ECCO has a more realistic representation of vertical transport, 

although appears to be over-efficient. According to our data, there is considerably more 

14C present in the surface ocean from 1970 to the late 1990s, and surface ∆14C peaks 

about 6 year later than ECCO. ECCO’s deeper representation of ∆14C transport is in very 

good agreement with our data. CCSM, in general, overestimates upper ocean ∆14C in all 

respects. 

Figure 1.7 depicts timeseries data for each depth associated with surface (coral) 

and thermocline (sclerosponge) regions. Within the model output, the surface is defined 

as 4m and 5m, and the thermocline is defined as 116.5m and 117.5m in CCSM and 

ECCO, respectively. We also show the 1st derivative of all data to highlight the onset and 

rate of change of ∆14C. From Figures 1.6 and 1.7, it is clear that CCSM and ECCO create 

upper and lower bounds respectively for our surface archive. Graven et al. (2012) explain 

that, throughout the Pacific and Atlantic, CCSM tends to replicate surface Δ14C fairly 

well, while ECCO falls short of observed Δ14C values. In our study area, CCSM 

overestimates surface Δ14C as a whole while ECCO underestimates post-bomb Δ14C but 

is good at replicating pre-bomb Δ14C. This is further corroborated by comparing ECCO 

and CCSM to a nearby Kenyan surface coral Δ14C (Grumet et al. 2002).  The two models 

bracket the period of 14C increase in the surface ocean after the late 1950s. 

When comparing model output to our sclerosponge archive, CCSM considerably 

overestimates throughout the lifetime of our archive, and no tweaking of our chronology 

could physically explain this offset. The offset is on average 20‰ more positive prior to 

1960, and hits a maximum offset of 50‰ around 1990. This is likely because of CCSM’s 

tendency to concentrate Δ14C in the upper ocean, defined by Graven et al. (2012) as 
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σϴ<26.5. Though ECCO on average overshoots the Δ14C of the sclerosponge archive, it 

comes close to a faithful representation with a few caveats. ECCO clearly over-estimates 

pre-bomb thermocline Δ14C by about 10-15‰, but matches the sclerosponge record after 

the late 1950s onset of bomb 14C. ECCO is further unable to replicate the decadal 

variability present throughout our archive. Lastly, though the timing of thermocline 14C 

rise is consistent between ECCO and KNOX12-1, it appears that ECCO Δ14C leads our 

archive by approximately 3 years throughout the bomb-14C rise between 1965-1985.  

From these comparisons, it is clear that ECCO comes closest to simulating the 

evolution of western TIO thermocline Δ14C throughout the post-bomb 14C rise (minus the 

3-year lag) and following plateau, but is inaccurate in its estimation of pre-bomb 14C. 

CCSM is not nearly as effective at reproducing the progression of Δ14C into the 

thermocline. This ultimately leads to the question of why neither model is able to 

faithfully reproduce western Indian Ocean dynamics. 

One potential issue is that of spatial scale. CCSM was run with a resolution of 

0.9° latitude by 3.6° longitude (in our locale); ECCO was run at 1°x1°; both models 

provided mean annual output. The entirety of the Seychelles region is roughly 3° latitude 

by 2° longitude. Furthermore, our data and model runs are not from identical locations. 

Though close, this is an important observation because it is clear that this is a dynamic 

region—even pre-bomb Δ14C contours elicit a fairly strong gradient across isopycnals 

(Figure 1.1B). The spatial offset between the model and data as well as the model grid 

averaging are likely causes of some of these discrepancies.  

Beyond model nuances, it is also possible that these models are not reliably 

reproducing the vertical structure of the western tropical Indian Ocean. This could be the 
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case if the models are not properly reproducing the surface, wind-driven circulation. This 

mode of circulation especially needs to be faithfully reproduced in the western Indian 

Ocean where monsoon variability may dominate. Furthermore, models may not be 

properly representing downstream ITF effects. Figure 1.1 shows the extent of the 

westward propagating ITF signal through both salinity and δ18Oc variations along the 

25.8 isopycnal; if models are unable to reproduce this influence, they are likely not 

recreating proper subsurface advective processes. 

As models are increasingly being used to investigate and project finer-scale 

spatial and temporal processes, but if their forecasts are to be credible, they must 

reproduce key processes in the modern conditions. The fact that CCSM and—to a lesser 

degree—ECCO are not able to fully resolve 14C cycling in the upper ocean suggests that 

these models still need work. Our model-data comparison supports the conclusion of 

Graven et al. (2012) in that CCSM and ECCO represent upper and lower bounds of ∆14C 

distribution and vertical transport. 

The chronological groundwork of this novel archive sets the stage for addressing 

a number of pressing—albeit unresolved—climatic questions. Having an accurately 

dated, modern paleo-archive from the western TIO thermocline creates the potential for a 

stronger understanding of the interaction between the Indian Ocean and regional to global 

climatic phenomena. Furthermore, it will extend by proxy the Indian Ocean observational 

record deeper into time and at a higher resolution than the present, sparse instrumental 

archive.  
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Figure 1.1 (A) Indian Ocean basin with calculated δ18Ocalcite values from LeGrande and 
Schmidt (2006) along the 25.8 kg m-3 isopycnal. Blue diamond is location of Seychelles 
region. (B) Yellow box is CCSM area, red box is ECCO. Dredges are in purple, water 
casts in green, coral records in white. Black lines are pre-bomb ∆14C contours adapted 
from Key et al. 2004, at 100m depth. (C) Shows expected δ18Ocalcite at dredge 13 depth 
(same coloration as A), along with schematicized location of dredging.  

A 

 

B C 
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Figure 1.2 (A) Stable isotope and radiocarbon data from the St. Joseph Island (SJI) coral. 
The heavy line in the stable isotope time series is the January to December annual mean. 
(B) ∆14C data of SJI coral along with Cocos Island (eastern Indian Ocean; green) and 
Watamu (Kenya; western Indian Ocean; red) to show zonal variations in ∆14C across the 
Indian Ocean. 
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Figure 1.3 Sclerosponge D14C measurements for 4 separate specimens along the general 
axis of growth. Plotted along distance from base, all data is presented here on the same 
D14C scale. Water depth of collection (z) is also included and represents the entire span of 
each dredge. Note that scales are all the same, but ranges vary. KNOX17-3 (bottom) is 
entirely pre-bomb, and thus has a considerably different range. 
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Figure 1.4 Comparison of transects from separate halves of the same sclerosponge 
specimen. Black and red lines are stable isotope values from transect along KNOX12-1 
growth axis to illustrate the general reproducibility of the depth series. The green line is 
the average of the two transects. 
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Figure 1.5 St Joseph Island coral in red; KNOX12-1 in black; KNOX13-1 in green; 
KNOX13-2 in blue. Proximal water cast data with reported error bar indicated as grey 
diamonds. All sclerosponge specimens were tied using similar criteria, but on account of 
KNOX13-1 and 13-2’s lower resolution and reduced age range they were not used to 
develop the primary chronology. Though from a dredge with generally shallower bounds, 
KNOX13-1 and KNOX13-2 seem to be from approximately the same depth as KNOX12-
1, and are tied to the chronology via that assumption. To display all data on the same 
frame and same range, coral δ13C is offset by +2.5‰ and δ18O is offset by +4‰. 
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Figure 1.6 All local Seychelles Δ14C data (coral, sclerosponge, water cast, pre-bomb 
estimates) integrated into a depth vs time panel (A) and a potential density vs time panel 
(B). Data are plotted versus potential density to minimize variability from water mass 
movement. This combines Δ14C data from St Joseph Island coral, KNOX12-1, four water 
casts (labeled vertically), and pre-bomb estimates from Key et al. (2004). This provides a 
useful snapshot into Δ14C distribution dynamics through time in the western TIO. C, D, 
and E on the following page present a comparative view of the interpolated data and 
model output. Panel shading is accomplished by interpolation between data points in 
Ocean Data View, using the DIVA optimal interpolation gridding routine. See Figure 1.1 
for spatial model coverage.
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Figure 1.6 Continued: Depth-evolution of radiocarbon through time. 
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Figure 1.7 Data-model comparison of CCSM and ECCO model runs and CaCO3 archive 
data. For the surface side (A and C, left panels), archive data is from St Joseph Island 
coral, and the smoothing was calculated using a 2-year FFT filter. For the thermocline 
side (B and D, right panels), archive data is from KNOX12-1, which has a depth range of 
95-119m; its smoothing was calculated using a 3-year FFT filter. C and D show the first 
derivatives of A and B to depict rates of ∆14C penetration and subsequent dispersion. 
Derivatives of the CaCO3 archives are calculated from the smoothed data to minimize 
noise. 
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Figure 1.8 ECCO output temperature comparisons at respective depth (black) with coral 
(A) and sclerosponge (B) stable isotope temperature proxies (red). 

A 
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Chapter 2. Tropical Indian Ocean thermocline variability through the 20th century 

from a sclerosponge archive 

Abstract 

The western tropical Indian Ocean (TIO) plays a large role in the regional climate 

of the Indian Ocean, from connections to the seasonal monsoon cycle to interannual 

manifestations of the El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole 

(IOD). Despite its importance, there is considerable uncertainty in many modern 

interpretations and projections of variability and trends within the TIO. It is crucial to 

have a reliable record of subsurface dynamics in order to understand and project upper 

water column properties, such as sea level changes and ocean heat content distribution, 

and their impact on regional climate. In general, observational data within the TIO 

thermocline is unreliably sparse, and this region has essentially remained off limits to 

high-resolution paleoceanographic proxies. Here we present a thermocline-dwelling 

sclerosponge archive from the eastern Seychelles Bank as a means of investigating 

western TIO thermocline dynamics. We have used δ18O and Li/Mg ratios, proxies for 

water mass characteristics including temperature, to reconstruct the variability within the 

TIO thermocline between 1930 and 2005. We observe strong interannual variability 

throughout the western TIO thermocline in apparent temporal association with ENSO. 

There is no long-term trend in the sclerosponge oxygen isotopic record, suggesting that 

increasing heat content has been confined to the surface ocean. This archive will 

significantly aid in expanding our knowledge of the western Indian Ocean basin by 

providing a previously unavailable 75-year timeseries of thermocline variability. 
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2.1 Introduction 

 Since the realization of anthropogenically-forced climate change, there has been 

a steady push to predict both future long-term warming and its effect on climate 

variability.  In order to accurately document and forecast general warming and related 

variability, a thorough understanding of Earth’s climate system is vital.  From 1955-1998, 

nearly 85% of global heating can be attributed to the world ocean (Levitus et al. 2005). 

An observation such as this clearly demands a comprehensive examination of the heat 

redistribution dynamics within the oceans. Some studies have already recognized this 

need, and convincingly attribute observed upper-ocean warming to a human-induced 

increase in atmospheric greenhouse gas concentration (e.g. Barnett et al. 2005). 

In order to fully understand this global heat redistribution and its effect on 

climate, it is important to consider all trends that are evident in upper ocean temperature.  

A prominent basin-wide pattern of subsurface cooling from 1960-1999 has been observed 

in the tropical Indian Ocean (TIO) at depths around 50-200m (Alory et al. 2007; Trenary 

and Han 2008); this cooling is associated with a general shoaling of the thermocline. 

Tokinaga et al. (2012) suggested the opposite: that the thermocline in this region has not 

varied much since 1950, but has trended toward deepening (i.e. warming at depth). 

A number of mechanisms have been suggested to address the observed subsurface 

cooling in the TIO.  Trenary and Han (2008) suggest that this cooling is the manifestation 

of a localized shoaling of the thermocline, forced by altered trade wind strength over the 

Indian Ocean.  Another possible mechanism is that relaxed wind stress over the western 

Pacific Ocean locally shoals the thermocline (observed by Vecchi et al. 2006), and this 

shoaling is transmitted to the TIO via the Indonesian Throughflow (ITF) (Alory et al. 
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2007).  Schwarzkopf and Böning (2011) propose that wind forcing from both ocean 

basins is the source of TIO thermocline variability over the past 50 years.  Further, Han et 

al. (2010) suggest that this connection is atmospheric in nature and that changes in Indian 

Ocean Walker and Hadley Circulations, partly forced by heating of the western Pacific 

warm pool, are the main cause of the observed sea-level pattern (which again is tightly 

related to thermocline variability). Others suggest that variations in the western TIO 

thermocline are largely driven by Rossby waves transmitted through the ITF from the 

western Pacific (Xie et al. 2002; Tokinaga et al. 2012). 

The most recent examinations of TIO thermocline variability explain that this 

region is dominated by both interannual and decadal variability, along with a multi-

decadal cooling trend (Schwarzkopf and Böning 2011; Trenary and Han 2013).  

According to Schwarzkopf and Böning, internal (Indian Ocean) forcing is the main cause 

of interannual variability while external forcing from altered Pacific Ocean wind stress is 

the primary source of decadal-scale variability.   

There is no strong agreement of interaction between the TIO thermocline and 

known climatic oscillations. Modeling studies as well as theory suggest that the western 

TIO thermocline should have a strong influence on the Indian monsoon system (Yokoi et 

al. 2008; Izumo et al. 2008), but no physical record of this relationship exists. According 

to Xie et al. (2002), if the western TIO thermocline is indeed influenced by Pacific 

Rossby waves, then one would expect a significant ENSO signature within this region. 

Furthermore, the modeled decadal variability (Schwarzkopf and Böning 2011; Trenary 

and Han 2013), if real, may well be tied to a regional or global decadal phenomenon such 

as the North Pacific Gyre Oscillation (NPGO) or the Pacific Decadal Oscillation (PDO).  
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Perhaps the biggest issue with faithfully reproducing TIO thermocline variability 

is the lack of a complete set of observations. Instrumental temperature records of the 

upper Indian Ocean (Levitus et al. 2005) can be compiled and extended back to 1960 

only (Alory et al. 2007), and the resultant dataset is sparse at best, leaving much open to 

interpretation.  All of the model reconstructions mentioned in the previous paragraphs are 

highly susceptible to this issue. A comprehensive assessment of TIO thermocline 

variability—along with its associated mechanisms and climatic phenomena—clearly 

requires a complete, continuous record of thermocline temperature throughout the 20th 

century. A long-term, continuous record of western TIO thermocline variability would 

play a crucial role in determining the existence of climatic relationships, long-term 

trends, major mechanisms of TIO thermocline change. However, the most common 

paleoclimatic archives are either confined to surface waters (coral) or accumulate too 

slowly (marine sediments).  

In 2007, the SIO KNOX10RR expedition collected a large number of 

sclerosponges of genus Acanthochaetetes from thermocline depths in the western TIO. 

This fortuitous collection presents an ideal opportunity to assess TIO thermocline 

variability throughout the 20th century. The sclerosponge archive has already been 

rigorously dated (Chapter 1) using radiocarbon (∆14C) and stable oxygen isotopes (δ18O), 

and roughly spans 1930-2005. In this paper, we utilize these geochemical records as 

water mass tracers and temperature proxies, respectively. We further analyze the archive 

for trace element content—namely Mg/Li, a novel temperature proxy (i.e. Montagna et 

al. 2014)—to strengthen confidence in the archive’s ability to record temperature. Mg/Li 

is utilized instead of Mg/Ca on account of a stronger correlation with δ18O. These 
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combined data present a novel assessment of western TIO thermocline variability 

throughout the 20th century in terms of variability, long term trends, and climatological 

relevance. 

2.2 Setting 

The Seychelles region encompasses a primarily granitic archipelago in the 

western tropical Indian Ocean, located between roughly 4°S–6°S and 53°E–57°E (Figure 

2.1). It is a dynamic region of climatological importance, at the confluence of ITF water, 

South Indian Central Water, and even northern-sourced (ie. Arabian Sea) waters (Talley 

et al. 2011). It is also defined by a particularly shallow thermocline, often referred to as 

the thermocline ridge, which extends from 5°S–12°S and 50°E–75°E (i.e. Xie et al. 

2002). The shallow manifestation of the thermocline here has been shown to play an 

important role in the Indian monsoon system (e.g. Izumo et al. 2008). Furthermore, the 

monsoonal system is related to the Seychelles region as a strong semi-annual, seasonal 

signal (Yokoi et al. 2008). 

Our samples are from dredges conducted along the eastern Seychelles bank. The 

bank is characterized by stepped terrace and drowned coral reef morphology associated 

with sea level changes from the last deglaciation. The stepped morphology provides 

strong vertical constraints on dredge depth and, therefore, the depth at which individual 

sclerosponges grew. The most well-resolved specimens from our sclerosponge archive 

occupy depths ranging from 73-95m and 95-119m; the latter depth range is associated 

with our highest resolution sclerosponge that has been rigorously dated, hereafter referred 

to as KNOX12-1. Comparisons between specimens from each dredge suggest relatively 

similar signals, and so it is presumed that the specimens grew at approximately similar 
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depths (i.e. Figure 2.3). This implies that our archive, from both dredges, is centered near 

95m. A deeper dredge, covering approximately 105-160m, did not provide any 

sclerosponges with a bomb radiocarbon signature to allow rigorous dating. We focus on 

KNOX12-1 for the majority of discussions within this paper because of its larger size 

(56mm; 75 years) and, especially, its rigorously dated modern chronology. 

The Seychelles is located directly downstream of the ITF’s Indian Ocean 

signature (Figure 2.1). Within the Indian Ocean, the ITF is characterized by relatively 

low temperature, low salinity, and low ∆14C. While the level of interaction between the 

western TIO and the ITF is not well characterized, a distinct signature such as this would 

be readily extractable from our geochemical archive. The resolution of our archive 

precludes us from investigating strong sub-interannual variability, though the strength of 

the ITF in the Indian Ocean has been shown to be strongly tied to interannual IOD and 

ENSO signals (Sprintall et al. 2014).  

2.3 Methods 

In this study we look at oxygen isotope (δ18O), radiocarbon (∆14C), and trace 

element (primarily Mg/Li) contents within our sclerosponge archive to investigate the 

manifestation of climatic signatures in the western TIO thermocline. The determination 

of δ18O and ∆14C data, along with a thorough explanation of the sclerosponge age model, 

is covered extensively in Chapter 1. For a succinct review, Figure 2.2 is included here to 

show raw depth measurements of KNOX12-1 proxy data prior to applying the age model. 

Figure 2.3 shows KNOX12-1 compared to an oceanographically-equivalent surface coral 

record and to ∆14C water cast data, both of which were used extensively in determining 

the age model. In brief, KNOX12-1 was dated based on four criteria: 1) it could not be 
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dated beyond 2007 (the time of collection); 2) it exhibits a strong rise above background 

14C from the penetration of bomb-14C at approximately 23mm; 3) its ∆14C content should 

be within error of proximal water cast ∆14C, with some minor freedom on account of the 

unavoidable point-in-time bias of water data collection versus long-term sclerosponge 

signal averaging; 4) final, minor chronological tightening of KNOX12-1 to match 

annually-averaged proximal surface coral. Again, Figures 2.2 and 2.3 exemplify these 

crucial observations, and are extensively discussed in Chapter 1. Trace element 

determinations are described below. 

Sclerosponges were slabbed in half and samples were taken along a transect 

corresponding to the best estimate for the sclerosponge’s growth axis. Approximately 3-

5mg of CaCO3 powder was sampled every ~2mm using a variable speed drill. The 

powdered samples were then processed in the trace metal-free clean laboratory of Scripps 

Isotope Geochemistry Laboratory, at Scripps Institution of Oceanography. First, roughly 

4mg of each sample was weighed and transferred to acid-cleaned Teflon vials. 0.5mL of 

concentrated HNO3 (twice Teflon distilled-quartz distilled) was added to each vial to 

digest the carbonate powder. Vials were heated overnight at 150°C to ensure digestion 

went to completion. Samples were then dried down overnight at 110°C. To prepare the 

stock solution for dilutions, first 1.0mL of concentrated HNO3 (2x TD/QD) was added to 

redissolve the cleaned carbonate powder. The sample was then doped with 0.1mL of 2% 

HNO3 spiked with a known concentration of 115In, and further diluted with 4.0mL of 2% 

HNO3. For analysis, 0.25mL of this stock solution was pipetted into an acid-cleaned 

centrifuge tube, and diluted with 4.75mL 2% HNO3. The samples were then processed on 
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an iCAPq quadropole ICP-MS along with a suite of hard-rock standards, carbonate 

standards, and blanks to ensure reproducibility. 

Mg/Ca, Li/Ca, U/Ca, Sr/Ca, Ba/Ca, and B/Ca were analyzed in tandem as their 

chemical signatures within biogenic carbonates are most often associated with correlated 

oceanic conditions. Pb/Ca was also analyzed to investigate the possibility of the archive 

capturing a gasoline-induced Pb fallout signature to aid in building the archive’s 

chronology. The 1-σ standard deviation of repeat Mg/Li analyses on an internal 

sclerosponge standard is 0.22; other trace element standard errors can be found in Table 

2.1. Table 2.1 also highlights average values for the standard analyses of each trace 

element ratio, and the precision (or reproducibility) of each ratio. Pb/Ca and Ba/Ca have 

relatively poor precisions, likely due to machine analytical threshold and the lack of a 

reductive cleaning step. 

Because of sampling restrictions, the trace element records are approximately half 

the resolution of the stable isotope record and each sample is an averaged signal of 

approximately 2.5 years. 

All correlations presented throughout this paper are given as Pearson-type r-value 

correlation coefficients. 2-tailed significance levels of these r-values are also provided, 

given as p-values. Resultant r-values and p-values for the correlation between 

sclerosponge δ18O and the various trace element ratios can be found in Table 2.2, and are 

discussed throughout the text. r-values and p-values for the correlation between 

sclerosponge δ18O and various climatic indices and climatic proxies can be found in 

Table 2.3 and are also discussed through the text. Furthermore, r-values and p-values for 

Mg/Li correlations with the same climatic indices can be found in Table 2.4. Because 
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many of the correlations herein are between dissimilar data, the correlations are 

normalized by first computing a dataset’s corresponding z-scores. The z-score for a 

single value is computed by subtracting the dataset’s average from the sample value, and 

dividing the result by the dataset’s 1σ standard deviation. All datasets are reduced to a 1-

year time step to allow for proper comparison between datasets and for proper calculation 

of correlation statistics.  

2.4 Results 

2.4.1 Temperature and salinity 

The sclerosponge archive has been analyzed for its trace element content in order 

to characterize the collection’s skeletal chemistry and to determine the feasibility of using 

trace element substitutions within its CaCO3 structure as a temperature proxy. A number 

of studies have shown that, much like δ18O, the incorporation of certain trace elements 

within CaCO3 (inorganic and biogenic) at the time of calcification are thermodynamically 

controlled (i.e. Hart and Cohen 1996; Rosenheim et al. 2004; Fallon et al. 2005). 

Commonly used ratios that exhibit this behavior in corals and sclerosponges are Mg/Ca, 

Sr/Ca, and Li/Ca. These ratios are typically normalized to calcium as a means of 

simplifying comparisons across a sample set, since the calcium matrix signal is fairly 

homogenous and is assumed to be a function of sample size. As Acanthochaetetes is not 

particularly well-studied, we conducted an exploratory analysis of its trace element 

content to determine possible correlations with temperature. By analyzing Mg/Ca, Li/Ca, 

U/Ca, Sr/Ca, Ba/Ca, and B/Ca and comparing to the sclerosponge δ18O, we are able to 

investigate the utility of these trace element archives.  
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Through correlation analysis, it is clear that Acanthochaetetes does not strictly 

follow the patterns of other marine carbonate archives (Table 2.2).  Only Mg/Ca and 

Mg/Li are significantly correlated with δ18O above the 95% confidence level. Other trace 

element ratios—such as Sr/Ca which is often associated with coral carbonate archives as 

a strong seawater temperature proxy—exhibit low, insignificant correlations with δ18O. 

Recently, a number of studies have hybridized the use of both Mg/Ca and Li/Ca ratios as 

a paleotemperature proxy, by normalizing one against the other (Bryan and Marchitto 

2008; Case et al. 2010; Raddatz et al. 2013; Hathorne et al. 2013; Montagna et al. 2014). 

The resultant Mg/Li ratio is used as a means of minimizing the internal biological effects 

of coral, and in hopes of building a universal temperature proxy system that can be 

applied to a number of coral and foraminifera species regardless of habitat depth or 

temperature range. Through the application of Mg/Li to both zooxanthellate and 

azooxanthellate coral species, this proxy has been shown to largely be independent of 

biological calcification mechanisms. The Mg/Li content within aragonite and low-Mg 

calcite is determined by the strongly temperature-dependent partition coefficients of Mg 

and Li, which were measured in analogous, inorganic thermodynamic systems (Montagna 

et al. 2014).  

Here, we use the Mg/Li ratio as a temperature proxy for the sclerosponge archive 

instead of other ratios because of the high correlation between Mg/Li and δ18O compared 

to the other trace element ratios. No rigorous trace element-temperature calibration 

studies have been conducted for high-Mg calcite so any trace element ratio used is done 

so in an exploratory manner. Furthermore, we use Mg/Li instead of Mg/Ca because 

Mg/Ca, though significantly correlated, appears to exhibit a spurious positive trend that is 
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not present in the δ18O archive. As can be seen in Figure 2.2, the Mg/Li ratio effectively 

filters out the trends from Mg/Ca and Li/Ca, and varies coherently with δ18O. Mg/Li is 

also more highly correlated and more significantly correlated with δ18O than Mg/Ca is 

with δ18O. 

The Acanthochaetetes Mg/Li values are nearly an order of magnitude higher than 

most commonly reported values for Mg/Li in corals because of the sclerosponge’s high-

Mg calcite skeletal chemistry. To date, Mg/Li studies have only investigated aragonitic 

corals and sclerosponges, and calcitic foraminifera, both of low-Mg. Because there are no 

studies known to the author that investigate Mg/Ca, Li/Ca, or Mg/Li in high-Mg calcite 

(inorganic or biogenic), our Mg/Li interpretations are based on the previously mentioned 

studies of aragonitic sclerosponges (namely Astrosclera willeyana and Ceratoporella 

nicholsoni) and coral. The lack of a Mg/Ca or a Mg/Li calibration for high-Mg calcite 

precludes us from drawing major conclusions about a trace element relationship with 

temperature-induced variability. Still, comparing the Mg/Li content of the high-Mg 

calcite Acanthochaetetes with its δ18O content suggests a strong temperature response 

(i.e. Figure 2.4). 

Raw trace element ratios versus δ18O are presented in Figure 2.2, and a more 

direct comparison between Mg/Li and δ18O is presented versus age in Figure 2.4. 

Because we do not have absolute in situ temperature measurements corresponding to 

sclerosponge time signatures, comparison between these two records is the best avenue 

for determination of temperature variability. Mg/Li is positively correlated with 

temperature, while δ18O is negatively correlated with temperature and positively 

correlated with salinity. (Note that throughout this paper, the δ18O axis is inverted to 
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facilitate temperature comparisons.) To reinforce the ability of the archive to record 

temperature, we compare both δ18O and Mg/Li to the sparse XBT archive (Figures 2.5, 

2.6, and 2.7). The XBT data is taken from the World Ocean Database (WOD) and is 

compiled from a 2x2° box centered on 5.5°S, 59.5°E. We use data from the standard 

depth levels of 100m and 125m to most nearly match the sclerosponge depth range.  

Aside from Figure 2.7, the XBT data has been reduced by annually-averaging all casts 

within the 2x2° box, by calendar year. This facilitates comparison between the data and 

the sclerosponge archive, and also allows for accurate correlations to be drawn between 

the two archives. The XBT data suggest that the sclerosponge has an average T of 

approximately 16°C, with about a 2.5°C amplitude of interannual variability.  

First, it is clear that Mg/Li and δ18O correlate well within our archive (Table 2.2; 

Figures 2.2 and 2.4). Though the resolutions are different and samples for both analyses 

were not taken from the same split, the resemblance is strong. Sampling was constrained 

by a mm-scale rule placed on each sponge specimen, so each geochemical record is 

strongly tied to the other. KNOX12-1’s δ18O and Mg/Li are significantly negatively 

correlated at the 99% level (p = 0.0046) with r = -0.33. δ18O and Mg/Li were also 

sampled within another sclerosponge specimen, KNOX13-1, to bolster the comparison 

between these two geochemical archives. Within KNOX13-1, Mg/Li and δ18O are also 

significantly correlated at the 95% level (p = 0.048) with r = -0.32. For both specimens, a 

somewhat reduced level of correlation between δ18O and Mg/Li would be expected on 

account of the differing resolutions between archives, differing sample sizes (Mg/Li 

samples average two orders of magnitude more material), and differing controls of 

skeletal incorporation. That is, Mg/Li is likely controlled by ambient temperature during 
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calcification, while δ18O is controlled by temperature and the δ18O of seawater, which is 

directly related to salinity.  

There is a noteworthy dearth of reliable subsurface temperature data in this 

region, especially prior to the 1970s (Figure 2.8). Both geochemical tracers suggest a 

fairly stable multi-decadal temperature signal within the western TIO thermocline. This is 

corroborated with a comparison between sclerosponge δ18O and the compiled XBT data 

(Figures 2.5 and 2.6), as well as with compiled seawater observational data within a 

6x10° box around the Seychelles (Figures 2.8 and 2.9). It is further confirmed on a 

smaller scale (i.e. 1980-1990) by comparing the sclerosponge data to XBT data that has 

not been annually averaged (Figure 2.7). 

2.4.2 Variability overview 

For the considerations of variability within this paper, we focus on δ18O instead of 

Mg/Li because of the lack of a rigorous temperature calibration of Mg/Li within high-Mg 

calcite. Though the resolution of the sclerosponges precludes the identification of annual 

or sub-annual variability, spectral analysis shows that strong interannual and bidecadal 

variability clearly exists within the archive, with peak powers at the 5- and 18.5-year 

bands (Figure 2.10A). Each mode explains 15% of the variability within the overall 

archive. Applying the sclerosponge archive as a proxy for water mass properties, this 

suggests that the temperature within (or depth of) the western TIO thermocline also 

varies strongly in these bands. The magnitude of the interannual variability of δ18O 

within the specimen appears to intensify after 1975. Figure 2.10B shows the spectral 

power for the Mg/Li dataset, which also indicates strong bands of variability in the 

interannual and decadal powers. Mg/Li appears to exhibit a reduced interannual strength 
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compared to its decadal strength, though this could be on account of a lower sampling 

resolution for the Mg/Li dataset (approximately 2.5 years/sample, versus less than 1 

year/sample for δ18O). Furthermore, the decadal strength for Mg/Li is centered around a 

12-year period as opposed to the 18.5-year period of δ18O. This may also arise from the 

aforementioned resolution discrepancy.  

In general, KNOX12-1 δ18O appears to exhibit an upper bound that stays constant 

near an average of -0.4‰, with significantly stronger negative anomalies than positive 

anomalies. Negative anomalies of up to -0.7‰ magnitude are present, while positive 

anomalies are only about 0.3‰ from baseline. This suggests a fairly consistent cold 

signal within the western TIO thermocline, with variability magnitude dominated by 

warm temperature anomalies, the strength of which is nearly double that of cold 

temperature anomalies. That is, at the depth of the sclerosponge specimens, warming 

events are stronger than cooling events. 

2.5 Discussion 

Here we discuss comparisons of our sclerosponge archive to various known 

modes of climatic oscillation. We apply these comparisons in an effort to determine 

primary influences on the western TIO system and associated mechanisms. Figure 2.11 is 

presented here to elucidate comparisons between indices and the archive; it displays the 

KNOX12-1 δ18O data versus the Niño 3.4 index, the Indian Ocean Dipole Mode index 

(DMI), the Pacific Decadal Oscillation (PDO) index, and the All India Rainfall Monson 

index (AIRMI). To elucidate comparisons and calculate correlations, annual averages of 

these indices were calculated by averaging all monthly values within a single calendar 

year. It should be noted that the AIRMI is itself an annual value, based on the average 
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rainfall that falls during JJAS, and is thus not modified in Figure 2.11. We also briefly 

address potential mechanisms associated with each mode of variability. 

2.5.1 Interannual modes 

The sclerosponge record clearly shows a good temporal correlation with the Niño 

3.4 index (r = -0.46; p = <0.001; Figure 2.11). The western TIO thermocline does not 

appear to be as strongly influenced by El Niño events prior to 1975, as none of the major 

El Niños (1957-58, 1965-66, 1972-73) manifest in the sclerosponge record. This is 

elucidated in Figure 2.12, along with the surface coral record. There does appear to be a 

strong El Niño presence in the western TIO thermocline after 1975. Our record shows 

major negative δ18O anomalies (positive temperature anomalies) in 1978-79, 1982-83, 

1992-93, and 1997-98. 1982-83 and 1997-98 are two of the strongest El Niño events on 

record (the third being 1972-73) and the period between 1990-95 corresponds to a 

sustained but fairly weak El Niño signal. Our sclerosponge archive picks up these three 

events, along with a strong anomaly in 1978-79 and a weaker anomaly in 1987-88. The 

1978-79 anomaly is not associated with an El Niño signal, while the weaker 1987-88 

anomaly is associated with a moderate El Niño.  

Contrary to El Niño, La Niña events seem to have a more consistent registration 

in the western TIO thermocline. Every documented major and moderate La Niña event 

corresponds to a positive δ18O (negative temperature) anomaly in the sclerosponge 

archive (1949-50, 1955-56, 1973-74, 1975-76, 1988-89, 1998-99, 1999-2000; Figure 

2.12) save for the moderate 1970-71 event—though it is worth noting that the 

sclerosponge archive was already in a state of diminished variability (and lower 

temperatures) during 1970-71.  
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The Indian Ocean dipole (IOD) is a strongly biennial mode of variability within 

the Indian Ocean, first described by Saji et al. (1999). Recently, Zhao and Nigam (2015) 

have suggested that the current understanding of the IOD is actually primarily driven by 

the ENSO cycle. They substantiate this claim with the observation that, upon removal of 

the ENSO influence on Indian Ocean SSTs, the IOD poles essentially become 

uncorrelated. Our archive appears to be in agreement with Zhao and Nigam’s findings. 

Statistically, the sclerosponge δ18O is poorly correlated with the Dipole Mode Index 

(DMI), with r = -0.18 and p = 0.12. Upon a closer look, the strong IOD signals that are 

supposedly independent from ENSO (i.e. 1945, 1964, 1994) do not manifest significantly 

in our archive. Indeed, during periods when IOD and ENSO are not closely correlated 

(i.e. 1950s, 1994) our western TIO record follows the ENSO signal more closely. Zhao 

and Nigam (2015) argue that the correlation between the eastern and western poles of the 

IOD breaks down when the ENSO signal is removed, and this could well be the case 

considering the absence of ENSO-independent IOD signals within our archive.  

There is no significant correlation between the variability of the western TIO 

thermocline and the Indian monsoon system (r = 0.02; p = 0.86; Figure 2.11). Here we 

use the most relevant All India Rainfall Monsoon Index (AIRMI) on account of its 

proximity to and known interaction with the Seychelles (Yokoi et al. 2008). It is 

important to note that the sclerosponge’s resolution precludes the identification of sub-

interannual correlations. Most studies suggest an annual to semi-annual connection 

between variability of the western TIO thermocline and monsoon system, so it is possible 

that our record is not capable of recording a monsoonal signal (Yokoi et al. 2008; Izumo 

et al. 2008). The record also precludes investigating correlations with the known multi-
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decadal monsoonal variability (Parthasarathy et al. 1993) because the sclerosponge’s 75-

year-long timeseries prohibits a statistically significant interpretation, even though the 

strong decadal signal has been suggested to interact with Seychelles SST (Charles et al. 

1997). Our record ultimately suggests there is little to no connection between the western 

TIO thermocline and the monsoon system on interannual to decadal timescales.  

2.5.2 Longer-term variability and trends 

The western TIO timeseries is also defined by longer-term variability. This 

“bidecadal” variability matches one known mode of the PDO while the other mode 

associated with PDO—the pentadecadal—has too long of a period to reliably compare 

with our record (Minobe 1999). Schwarzkopf and Böning (2011) observe a strong 

correlation (95%) between western TIO and the Pacific on decadal timescales, likely 

forced via ITF transport. Three of the strongest temperature peaks in our archive occur 

during enhanced PDO state: in the early 1960s, early 1980s, and mid-1990s. Further, 

though the correlation is not particularly strong (r = -0.27), it is significant (p = 0.021). 

This, along with the strong ENSO correlation, suggests that there may be an overall fairly 

strong component of Pacific influence within the western TIO thermocline region. 

Interestingly, the good PDO correlation does not translate for the North Pacific Gyre 

Oscillation (r = 0.21, p = 0.13). 

Our data suggest that the western TIO does not exhibit any long-term temperature 

trends between 1930 and 2005, consistent with findings from Tokinaga et al. (2012). 

There has been substantial controversy regarding the presence of multi-decadal trends 

within the modern Indian Ocean’s heat content and sea surface height (SSH). Many 

studies suggest a general cooling trend in the western tropical Indian Ocean that is 
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associated with a decrease in both SSH and heat content, even in lieu of a generally 

observed concurrent increase in SST over recent decades (Alory et al. 2007; Trenary and 

Han 2010; Timmermann et al. 2010; Schwarzkopf and Böning 2011). Many of these 

temperature records begin in 1960-61 and end in 1999-2000. The sclerosponge δ18O 

suggests that elevated thermocline temperatures existed during the early 1960s, which 

could explain the extensive subsurface cooling documented by the aforementioned 

studies. 1960-61 is characterized by above average subsurface temperature, and 1999-

2000 is characterized by below average temperatures. This sampling bias is a very likely 

cause of the inaccurate trend-casting. The lack of a negative temperature trend in the 

western TIO thermocline combined with an observed SST increase since 1960 (i.e. Alory 

et al. 2007) suggests that the upper ocean heat content and SSH have likely increased 

through time. 

While it is an important observation that our sclerosponge archive does not record 

a cooling trend within the 20th century TIO thermocline, what is perhaps more interesting 

is that the record also does not exhibit any major heating trends associated with a global 

warming response. Observations show that, since 1960, the world ocean has amassed 

nearly 85% of the Earth system’s human-induced global heating (Levitus et al. 2005). 

Barnett et al. (2005) demonstrate in a modeling study that the majority of this oceanic 

heating is confined to the upper 100m of the Indian Ocean. Our data effectively extends 

this interpretation of modern observations back to 1930, showing that the TIO 

thermocline has not yet experienced a major heating response forced by anthropogenic 

warming. 
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2.5.3 Mechanisms 

We present a general analysis of what may be causing the western TIO variability, 

from a simple vertical displacement of the thermocline to increased advective forcing 

from downstream ITF effects. The manner in which modes of variability are expressed in 

the western TIO is a difficult question to answer. There is likely no single blanket 

mechanism, for the region is a highly dynamic confluence of water masses and 

temporally-varying climate modes. That does not diminish the importance of 

understanding what is driving variability in the western TIO, though. It is clear that a 

stronger understanding of this region is necessary for accurate modeling of pertinent 

issues such as monsoonal intensity (Zhao and Nigam 2015) and sea level rise (i.e. 

Timmermann et al. 2010; Han et al. 2010).  

One method for unraveling a mechanism is to look at multiple geochemical 

archives as water mass tracers. δ18O essentially records water mass density (by way of 

temperature and salinity). Radiocarbon is a useful means of recording water mass age. 

Prior to the bomb-radiocarbon transient of the 1960s, the applicability of 14C is that it 

essentially “tags” certain water masses based on ventilation age such that older water has 

less 14C (Broecker et al. 1985). For instance, if the western TIO variability is primarily 

driven by a wind-forced vertical heaving of the thermocline (via change in Ekman 

pumping), then there would be an expected increase in δ18O and decrease in ∆14C at times 

of stronger winds/thermocline shoaling, or a decrease in δ18O and increase in ∆14C at 

times of weaker winds/thermocline deepening. The utility of this δ18O-∆14C system 

changes slightly with the advent of increased global 14C from anthropogenic nuclear 

weapons testing, but within the sclerosponge’s timeframe the overall effect of this is to 



66 
 

 

strengthen the surface-to-deep ∆14C gradient. Since the sclerosponge archive has already 

been extensively sampled for its ∆14C content in order to rigorously define its chronology 

(Chapter 1), this provides an ideal opportunity for a coarse determination of variability 

mechanisms in the western TIO.  

Figure 2.13 shows comparisons between detrended ∆14C and δ18O. In order to 

effectively extract anomalies from the ∆14C signal, the bomb penetration signal was 

removed from the timeseries. This was done by subtracting the 5-year FFT smoothed 

bomb ∆14C curve from the unfiltered dataset. It should be noted that any correlations 

during the strongest period of ∆14C rise (roughly 1960-80) may be suspect, as the 

detrending affects this time period most strongly. 1960-80 is thus susceptible to stronger 

uncertainties than the time period outside of this range. Most of the pre-bomb ∆14C 

variability is comparatively muted and nearly within the 3‰ range of error. What we see 

then is a tight correlation between temperature and ∆14C after 1980, and these post-1980 

∆14C anomalies are well-above error margins. This strong positive correlation between 

temperature and ∆14C anomalies is indicative of Ekman-induced vertical thermocline 

displacement as described above, caused by variations in surface wind stress. 

2.6 Conclusions 

Here we have presented a novel look into western tropical Indian Ocean dynamics 

at depth. The sclerosponge archive that we have uncovered provides a new set of 

observations to aid in the understanding of climatic variability of this region. The 

important climatic location and the extended time range makes this new archive highly 

useful for interpreting long-standing climate issues within the Indian Ocean system. Our 

archive—which is temporally constrained by radiocarbon distributions—matches 
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proximal XBT data well. This record of western TIO thermocline variability from the 

eastern bank of the Seychelles is thus a reliable proxy for temperature, accurate to within 

1 year. On account of its possible temporal error, the archive is not ideal for assessing 

lead-lag relationships, but provides a highly unique opportunity to investigate variability 

on interannual scales.  

From our archive, it is shown that the western tropical Indian Ocean is a region of 

strong interannual and bidecadal variability which is temporally related to the ENSO 

cycle, especially during times of La Niña. Further, there is good correlation with the 

sclerosponge archive and the PDO, suggesting a decadal connection between the western 

TIO thermocline and the Pacific Ocean. There is poor correlation between the western 

TIO thermocline and the IOD, especially when the IOD is decoupled from the ENSO. 

There is an even weaker correlation with Indian monsoon rainfall. Overall analysis of 

correlations between the sclerosponge archive and various climatic indices suggests that 

there is significant Pacific influence on the western TIO thermocline, which is stronger 

than internal modes of variability (monsoon, IOD) within the Indian Ocean. 

Major long-term cooling or warming trends are not apparent in our archive. This 

suggests that there are likely no major negative SSH trends in the western TIO between 

1930-2005. With the documented increase in SST above our archive, SSH should be 

increasing. Mechanistically, correlations between ∆14C and temperature proxies suggest 

that, post-1970, the variability within the western TIO thermocline may largely be driven 

by vertical thermocline displacement from altered trade wind strength. 

This archive presents a rare opportunity for a location-specific assessment of 

variability in a region that is marked by controversy. For instance, the fact that many 
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previous studies have postulated a subsurface cooling which does not manifest in our 

archive suggests that substantially more work needs to be done to accurately assess and 

predict the state of the Indian Ocean and its relationship with regional and global climate. 

This 75-year continuous record of near-annually resolved thermocline variability presents 

a direct, novel look at a previously off-limits region of an integral part of Indian Ocean 

dynamics. We hope that this study and further interpretation of our archive will help in 

constraining uncertainties associated with the western Indian Ocean basin and its 

connections to regional climate. 
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Table 2.1 Analytical errors (as 1-σ standard deviation) for various trace element ratios, 
and each ratio’s precision, given as a percentage, defined by the ratio of the 1-σ standard 
deviation to the mean of the standard analyses. Mg/Li ratio is highlighted in bold; ratios 
with suspect precisions (below a 95% threshold) are italicized.  
  

Trace element ratio 1-σ standard deviation Mean value for standard Precision (%) 

Mg/Ca 0.16 26.7 0.59 
Li/Ca 0.023 1.29 1.8 
Mg/Li 0.22 18.6 1.2 
U/Ca 19 1780 1.1 
Sr/Ca 0.043 9.70 0.45 
Ba/Ca 7.6 48.7 16 
B/Ca 0.29 10.7 2.7 

Pb/Ca 69 498 14 
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Table 2.2 Correlation analysis of KNOX12-1 δ18O to various trace element ratios known 
to seawater property proxies within other carbonate archives. Pb/Ca is not included here 
as it controlled by environmental Pb concentrations and does not act as a seawater 
property proxy. Mg/Li, which this study focuses on, is highlighted in bold.  
 
Trace element 

ratio 
Pearson 
r-value p-value significant 

at 95%? 

Mg/Ca -0.26 0.024 Yes 
Li/Ca -0.069 0.56 No 
Mg/Li -0.33 0.0046 Yes 
U/Ca 0.023 0.84 No 
Sr/Ca 0.019 0.096 No 
Ba/Ca 0.15 0.21 No 
B/Ca -0.19 0.11 No 
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Table 2.3 Correlation coefficients for a suite of comparisons of KNOX12-1 δ18O with 
various climatic indices and other relevant archives. Rows in boldface are significant at 
the 95% level, and italicized rows are below the 95% significance threshold. All datasets 
are first normalized by computing a corresponding z-score. All datasets are reduced to a 
1-year time step to allow for proper comparison and calculation of correlation 
coefficients.  

 

Correlated index Pearson 
r-value p-value significant 

at 95%? 

NIÑO 3.4 -0.46 <0.001 Yes 
Southern Oscillation Index 0.39 0.0034 Yes 

All India Rainfall Monsoon Index 0.02 0.86 No 
Dipole Mode Index -0.18 0.12 No 

Pacific Decadal Oscillation -0.27 0.021 Yes 
North Pacific Gyre Oscillation 0.21 0.13 No 

St Joseph Island coral δ18O 0.28 0.020 Yes 
1Compiled XBT temperature @ 100m -0.44 0.0025 Yes 

 
1Compiled XBT is obtained from the World Ocean Database, and consists of all 
recorded XBT data from a 2x2° box centered on 5.5°S, 59.5°E. Data is only taken 
from the 100m standard depth level. 

 
 
 
 
 
 
 
 
 
 

Table 2.4 As in Table 2.3 but for KNOX12-1 Mg/Li in place of δ18O.  
 

Correlated index Pearson 
r-value p-value significant 

at 95%? 

NIÑO 3.4 0.16 0.17 No 
Southern Oscillation Index -0.32 0.020 Yes 

All India Rainfall Monsoon Index -0.086 0.48 No 
Dipole Mode Index 0.21 0.071 No 

Pacific Decadal Oscillation 0.057 0.63 No 
North Pacific Gyre Oscillation -0.22 0.11 No 

St Joseph Island coral δ18O -0.26 0.034 Yes 
Compiled XBT temperature @ 100m 0.22 0.14 No 
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Figure 2.1 (A) ∆14C (color field) and temperature (contours), both along σθ = 25.8. (B) 
δ18O (color field) and salinity (contours) along σθ = 25.8. Potential for Subtropical 
Underwater (STUW) presence in Seychelles is also highlighted. ∆14C gridded data from 
GLODAP, 1993-1995. Temperature, salinity, and δ18O gridded data from WOCE atlas 
volume 4 surveys, 1995. Data contours and color fields processed in Ocean Data View 
using DIVA optimal interpolation gridding routine.  
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Figure 2.2 (A) Trace element and δ18O data from KNOX12-1. Li/Ca and δ18O axes are 
inverted to reflect expected temperature proportionality. Primary δ18O transect (gray) 
included in trace element panels. δ18O panel shows a secondary transect from the other 
half of the same specimen. An exact match between the two transects is not expected 
because of the sclerosponge’s radial growth mechanism, and because material is lost in 
the process of splitting the sponge. An overall similarity between both transects is clear, 
and minor tweaking shows that the two transects match well (i.e. Figure 1.4). 
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Figure 2.2 Continued: (B) As in (A), with more trace element ratios. 
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Figure 2.3 Panels from Chapter 1, to elucidate the chronological tying of the 
sclerosponge collection. St Joseph Island coral in red; KNOX12-1 in black. KNOX13-1 
(green) and KNOX13-2 (cyan) are displayed here to show the complete archive’s data, 
but are purposefully lighter to emphasize KNOX12-1 and coral ties. Proximal water cast 
data with reported error bar indicated as grey diamonds. All sclerosponge specimens 
were tied using similar criteria, but on account of KNOX13-1 and 13-2’s lower resolution 
they were not used to develop the primary chronology. Though from a dredge with 
marginally shallower bounds, KNOX13-1 and KNOX13-2 appear to be from 
approximately the same depth as KNOX12-1, and are tied to the chronology via that 
assumption. To display all data on the same frame and same range, coral δ18O is offset by 
+4‰.

SJI coral 

KNOX12-1 

KNOX13-1 
KNOX13-2 
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Figure 2.4 Comparison plot of Mg/Li and δ18O within sclerosponge KNOX12-1. Note 
inverted δ18O axis to simulate temperature, such that higher temperatures are towards the 
top of the graph for both geochemical proxies. Mg/Li is positively correlated with 
temperature. 



77 
 

 

 
Figure 2.5 Comparison plot of KNOX12-1 δ18O (in red; inverted again for temperature) 
and compiled XBT temperature data (in gray) from a proximal 2x2° box centered on 
5.5°S, 59.5°E. XBT data has been annually-averaged by calendar year to reduce noise, 
maximize visual comparison, and calculate correlations. The upper bound of the gray 
envelope is defined by the 100m XBT data, the lower bound is defined by the 125m XBT 
data, and the darker gray line within the shaded region is the average of the 100m and 
125m data. KNOX12-1 is located at 5.5°S, 57°E, z = 95-119m. Correlation between the 
two signals is significant at the 95% level (r = -0.38; p = 0.013). Note that temperature 
and δ18O axes are not proportionally scaled. 
 
 

 
Figure 2.6 As in Figure 2.5, but with KNOX12-1 Mg/Li instead of δ18O to highlight a 
more direct temperature comparison, albeit at lower resolution. Correlation is below the 
95% significance level (r = -0.23; p = 0.14). 
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Figure 2.7 Comparison of sclerosponge and coral δ18O to XBT data from the WOD 
archive. XBT data accumulated from a 2° box centered on 5.5°S, 59.5°E. Note that the 
sclerosponge δ18O scale is locked to the XBT temperature scale by the equation 

δ18Osclerosponge = 0.24S - 0.21T – 5.5 

The variance of salinity within the sclerosponge archive is negligible and, for the plot’s 
purposes, is held to a constant 35.15psu. This relationship does not directly match the 
coral record on account of vital effects during coral calcification, but the coral’s δ18O 
range is still held proportional to temperature by  

δ18Ocoral ∝ -0.21T 
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Figure 2.8 (A) Seawater temperature observations taken from the World Ocean 
Database, in a box spanning 3-8°S, 50-60°E (B). Each dot in (A) represents a single 
temperature measurement. (C) Temperature distributions over entire spatial and temporal 
range, with a slightly expanded depth axis. At 100m, the approximate depth of our 
archive, temperatures can range from nearly 10°C to 30°C, with a more realistic average 
range for our sclerosponges of about 15-23°C (from A).  
 

A 

B 
C 



80 
 

 

 

 
Figure 2.9 As in Figure 2.8, but with data density removed to enhance visibility of 
temperature distribution. KNOX12-1 δ18O (‰) is overlain in black to qualitatively 
exemplify relationship between our archive and temperature variability through time. By 
recording temperature at a stationary depth, it can essentially serve as a thermocline depth 
proxy. Annually averaged δ18O values from the surface coral record are included at the 
top in a δ18O (‰) color bar—ranging from -4.4‰ (yellow) to -5.1‰ (red)—to provide a 
visual comparison between the coral and WOD SST observations. δ18O color scheme is 
set to match the temperature color scheme for corresponding temperature values, based 
on the relationship δ18Ocoral ∝ -0.21T. 
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Figure 2.10 (A) Spectral density plot of KNOX12-1 δ18O highlighting two primary 
modes of variability within the archive. Strong power in the interannual (5 year) and 
decadal (18.5 year)—or bidecadal—bands is clear. Spectral analysis performed using 
ARAND (Howell et al. 2006), with a 1/3 time lagged autocovariance function.  
(B) As in (A) but with Mg/Li instead of δ18O. Decadal power in Mg/Li is much stronger 
versus Mg/Li interannual, likely due to lower resolution of Mg/Li data (~2.5 years per 
sample). Note that horizontal axes do not match between (A) and (B), although Mg/Li 
decadal power is centered around a 12-year period, opposed to 18.5 years for δ18O. 

A 

B 
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Figure 2.11 Comparison of KNOX12-1 δ18O with various climatic modes known to have 
influence in the Indian Ocean. All data plotted as normalized z-scores. Indices are plotted 
as thin gray lines; KNOX12-1 δ18O plotted as thick black lines. Correlation coefficients 
(r) and levels of significance (p-values) for each comparison are included on the 
respective plots.  
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Figure 2.12 δ18O (‰) for SJI coral (top) and KNOX12-1 (bottom). Blue shading 
indicates moderate and strong La Niña periods, red shading indicates strong and very 
strong El Niño periods (http://ggweather.com/enso/oni.htm). 
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Figure 2.13 Comparison plot of δ18O and detrended ∆14C. Detrending of ∆14C conducted 
by subtracting 5-year FFT smoothed bomb ∆14C signal from the dataset. δ18O axis 
inverted to reflect temperature proportionality. Apparent correlations after the late 1970s 
suggest a wind-driven Ekman mechanism of thermocline variability. 
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Chapter 3. Seasonal variability of the Indian monsoon during the Holocene and Last 

Glacial Maximum 

Abstract 

A variety of previous studies from marine and terrestrial archives have shown that 

the Indian monsoon varies on decadal to millennial timescales. Here we extend these 

prior studies to examine the evolution of the variability of the monsoon signal in the 

tropical Indian Ocean thermocline. We assess the population variance of a thermocline-

dwelling foraminifer, Neogloboquadrina dutertrei, by means of isotopic analysis of 

individual shells taken from various horizons of a western tropical Indian Ocean sediment 

sequence that spans the last deglaciation. We draw connections between the population’s 

standard deviation and the dominant mode of variability within the thermocline. Modern 

seasonal variability within the Seychelles Dome thermocline is strongly tied to the 

monsoon system by seasonal reversals in wind stress-induced Ekman pumping. We 

observe that over the last 18.2ka, the variance of the regional thermocline was lowest 

during the Last Glacial Maximum (LGM), increasing to peak strength between 10.2-

8.0ka, followed by intermediate strength from 5.7-1.1ka. Inasmuch as these observations 

are consistent with previous paleoclimatic reconstructions of monsoon strength, they 

suggest that the monsoon-related climate variability across the last deglaciation was 

transmitted to the tropical Indian Ocean and necessarily involved the dynamics of the 

thermocline. 
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3.1 Introduction 

The area around the Seychelles archipelago—termed the Seychelles Dome 

(SD)—is important within the Indian Ocean climate system in large part because of the 

strong surface ocean influence of thermocline (Xie et al. 2002). The SD has a close 

relationship with a number of climatological phenomena, from Indian Ocean heat content 

distribution to monsoon system forcing (i.e. Alory et al. 2007; Izumo et al. 2008). 

Furthermore, it sits downstream of the Indonesian Throughflow (ITF) and is forced on 

interannual timescales by the El Niño-Southern Oscillation (ENSO) system (Xie et al. 

2002), albeit inconsistently. Recent studies have shown that the variability of the SD at 

depth is dominated by a semi-annual cycle, driven by seasonally-varying, wind-induced 

Ekman transport that is dependent on the phase of the monsoon system (Yokoi et al. 

2008; Hermes and Reason 2008). Unfortunately, as noted in Yokoi et al.’s study, the SD 

(and truly the Indian Ocean as a whole) is vastly under-sampled compared to other ocean 

basins. 

This is especially true of longer, millennial timescales. A sound interpretation of 

past dynamics is often an enlightening way to better understand modern dynamics and 

more accurately forecast future variability. Previous work shows that the monsoon 

system has fluctuated on interannual to orbital timescales as a result of changes in glacial 

state, varying insolation and meridional gradients in temperature (Overpeck et al. 1996; 

Schulz et al. 1998; other references herein). However, these studies from scattered 

archives only give partial insight to the system of processes that may have contributed to 

the variability of the Indian monsoon system. 
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In this paper we attempt to disentangle the strength of the seasonal cycle in 

relation to other primary modes of variability, as expressed in individual foraminiferal 

analyses (IFA) on populations of thermocline-dwelling Neogloboquadrina dutertrei 

extracted from a Seychelles Dome sediment sequence. Radiocarbon and oxygen isotopic 

analyses demonstrate that the sediment sequence captures the interval since the Last 

Glacial Maximum (LGM), thus allowing a comparison of thermocline variability across 

very different global climate states.  In the modern age, the strong seasonal cycle within 

the SD thermocline is shown to be primarily driven by alternating wind stresses 

associated with the monsoon cycle. We extrapolate this observation to assess monsoonal 

seasonality within the time periods investigated by the IFA.  

3.2 Background 

3.2.1 Modern physical setting 

The Seychelles region encompasses a primarily granitic archipelago in the 

western tropical Indian Ocean, located between roughly 4°S–6°S and 53°E–57°E (Figure 

3.1). The subsurface SD waters are at the confluence of Indonesian Throughflow (ITF) 

water, South Indian Central Water, and even northern-sourced (i.e. Arabian Sea) waters 

(Talley et al. 2011).  The SD is also defined by a particularly shallow thermocline, often 

referred to as the thermocline ridge, which extends from 5°S–12°S and 50°E–75°E (i.e. 

Xie et al. 2002). The shallow manifestation of the thermocline here has been shown to 

play an important role in the Indian monsoon system (eg. Izumo et al. 2008). 

Furthermore, the monsoonal system is related to the Seychelles region as a strong semi-

annual, seasonal signal (Yokoi et al. 2008). 
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The seasonal alternation between the Southwest Monsoon (SWM; boreal 

summer) and the Northeast Monsoon (NEM; boreal winter) is the major driver of surface 

ocean flow within the northern Indian Ocean. The surface flow is dominated by the 

westward propagating South Equatorial Current (SEC) to the south, and the eastward 

propagating South Equatorial Countercurrent (SECC) to the north. Monsoonal currents 

are primarily eastward during the SWM, and westward during the NEM. The SECC is a 

combination of retroflections of both the seasonal monsoonal flow and the SEC, with a 

larger influence of monsoonal flow during the NEM compared to the SWM. At depth, 

water mass influences are not as well characterized. Variation in subsurface SD water are 

largely forced by wind-driven changes in Ekman pumping causing fluctuations in 

upwelling strength and, less regularly, can be forced by changing advective strength (e.g. 

increased ITF influence). 

The World Ocean Atlas (WOA; Locarnini et al. 2013) compilation of 

observational data across the globe shows that the western TIO thermocline has one of 

the highest standard deviations in temperature within the world ocean (Figure 3.1).  

Depending on location and ocean basin dynamics, these strong thermocline variations are 

typically driven by either seasonal or interannual variability. The SD thermocline is 

primarily forced by a high-amplitude seasonal signal (Figure 3.2). Compiled expendable 

bathythermograph (XBT) data from the World Ocean Database (WOD; Levitus et al. 

2013) within the Seychelles illustrates the strength of the semi-annual signal (Figure 3.4). 

The average depth of maximum thermocline variability is 70m, taken from WOA average 

standard deviations (Figure. 3.5). The standard deviation of temperature here is ±4°C, 

while the standard deviation of salinity is ±0.08psu. Typical monthly anomalies of both 
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properties are highlighted in Figure 3.6, and are scaled to their corresponding variabiltiy 

in expected δ18O variations. 

The 70m thermocline depth, which also corresponds to the locus of N. dutertrei 

habitat (Figure 3.9), is dominated by seasonal temperature swings from a high of 26°C to 

a low of 18°C between September and December, respectively (decadally-averaged 

monthly WOA data). The seasonal cycle has a smaller amplitude modulation between 

March and June of 24°C to 19°C. XBT data suggests these swings can be as large as 13-

14°C. The seasonal signal is much lower in regions of strong interannual variability; for 

example, the eastern Equatorial Pacific—dominantly forced by ENSO dynamics—has a 

seasonal signal of approximately 3-4°C. The strong seasonality in the western TIO is 

shown by Yokoi et al. (2008) to be driven by two facets of Ekman pumping: wind curl 

and wind stress. They conclude that, during a sustained positive forcing of Ekman 

pumping by wind curl from June to November, there is a variable, negative forcing from 

wind stress that periodically diminishes overall Ekman pumping (Figure 3.7), creating the 

observed semi-annual cycle in thermocline temperature (Figure 3.2). 

A qualitative look at all XBT data within our study area further suggests that the 

western TIO thermocline is dominated by the seasonal signal, and is likely driven by 

monsoon dynamics (Figure 3.8). By categorizing XBT casts that occurred during years of 

positive and negative states of the IOD, the ENSO, and the monsoon cycles, we highlight 

associated variability within each climatic oscillation. To reduce seasonal biasing, each 

categorization spans the full year of a climatological event. For example, during the 

strong 1997-98 El Niño, we categorize all XBT casts that occurred during 1997 and 1998 

as El Niño casts. Representative years for each climatic mode are documented in Table 
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3.1. All other XBT data are left in gray to highlight years that are not strongly affected by 

the aforementioned modes. Three primary observations are drawn from comparisons 

across this dataset (Figure 3.8): 1) the seasonal cycle often dominates the spread of XBT 

data, 2) interannual (ENSO and IOD) events are within the background of normal year 

XBT data and actually have a reducing effect on the seasonal spread, with 3) the 

monsoon cycle fully covering the seasonal spread. These results further confirm that the 

monsoon system is a dominant climatic mode, associated with the seasonal cycle of the 

SD thermocline, and interannual variability has a reducing effect within the SD 

thermocline. Any strong decadal variability that may exist would likely drive an overall 

modulation of the seasonal signal. 

3.2.2 Foraminifera as a thermocline proxy 

Neogloboquadrina dutertrei is a well-known thermocline dwelling species of 

foraminifera, on account of its habitat preference within the subsurface chlorophyll 

maximum (Fairbanks et al. 1982). This maximum typically occurs at or near the depth of 

the thermocline, which is the case within the Seychelles Dome (Figure 3.9). Naidu and 

Malmgren (1996) show that in the Arabian Sea, the flux of N. dutertrei tests is season-

independent. Furthermore, the oxygen stable isotope content (δ18O) of N. dutertrei is a 

well-established temperature proxy across oceanic basins (Fairbanks et al. 1982; Curry et 

al. 1983). These observations make N. dutertrei an ideal species to assess variability 

within the SD thermocline.  

3.3 Methods 

The sediment core was collected aboard the Scripps R/V Roger Revelle 

expedition KNOX10RR in October of 2007 (05º25.59’S, 057º11.83’E, 1250 m water 
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depth), using the onboard OSU-style gravity coring rig. Approximately 75cm of material 

was recovered. This corresponds to 18,200 calendar years of deposition based on 

radiocarbon dating of bulk planktonic foraminifera, described below. Following the 

core’s return to SIO, it was first split in half and then sampled at 1-cm resolution, 

incrementally by 1-cm intervals. Each 1-cm depth slice was washed in a 63µm sieve with 

deionized water to clean and consolidate fossil foraminifera tests. Once fully dried, the 

washed samples were ready for analysis. 

All of our analyses performed using observational data (WOA, WOD) are 

centralized over 5.5°S, 59.5°E because of a more consistent spatial and temporal data 

density. Though east of the sampling site by 250km, dominantly zonal flow within this 

region would suggest that they are oceanographically equivalent.  

3.3.1 Stratigraphy 

Orbulina universa is a known surface-dwelling planktonic foraminifer species, 

and its reliability as a temperature proxy has been shown extensively (i.e. Bemis et al. 

1998). Thus, we use the O. universa δ18O as a proxy for temperature throughout the depth 

of the sediment core and as a first pass to define the sediment core’s stratigraphy. Four 

specimens of O. universa were selected from the >125µm size fraction within each depth 

slice, analyzed in pairs for oxygen and carbon stable isotopic content (δ18O and δ13C) 

using a Finnigan MAT-253 mass spectrometer interfaced with a Kiel IV device, and then 

averaged. Stable isotope analytical preparation within the Kiel IV consists of samples 

being acidified with 102% H3PO4 at 70°C, and the resultant CO2 is analyzed on the 

MAT-253. δ18O is reported in ‰ relative to the Vienna Peedee belemnite standard 
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(VPDB), where δ18O = ([18O/16Osample/18O/16Ostandard] – 1) × 1000. Analytical precision 

was better than ±0.08‰ 1σ for δ18O based on repeat analyses of the NBS-19 standard. 

Following the stable isotopic stratigraphic analysis, the top-most, bottom-most, 

and two interior depth slices were analyzed for radiocarbon, following methods described 

in Chapter 1. Approximately 100 specimens of Globigerina sacculifer were picked per 

depth slice, and were analyzed at the Center for Accelerator Mass Spectrometry at 

Lawrence Livermore National Laboratory. Once the raw radiocarbon ages were 

confirmed, they were converted to calendar age. This was done by subtracting the 

estimated 14C reservoir age for the western tropical Indian Ocean (600 years; Southon et 

al. 2002) from the raw D14C age, and then converting to calendar age using the routine 

described in Fairbanks et al. (2005). The remainder of the age model (Figure 3.10) was 

compiled by linearly interpolating between the 14C age determinations, leading to the 

inference of a relatively steady sedimentation rate of 4cm/kyr. 14C data are presented in 

Table 3.2. 

3.3.2 Individual foraminifer analysis 

We performed repeated δ18O and δ13C analyses on single specimens of N. 

dutertrei from 11 time slices within the sediment core. Each 1-cm time slice corresponds 

to roughly 500 years of accumulation on account of estimated bioturbation effects, 

sampling error, and age model error. Approximately 40 single N. dutertrei specimens 

were analyzed per time slice, from the 125-250µm range to minimize an apparent size-

δ18O relationship within N. dutertrei (Bouvier-Soumagnac and Duplessy 1985). Slices 

were chosen at approximately regular 5cm intervals down core between 0-34cm (1.1-

8.0kyr), and 10cm intervals from 34-74cm (8.0-18.2kyr). Each population was 
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individually sonicated in deionized water for 20 minutes as a final cleaning step. Once 

dried, foraminifers were placed individually in clean glass vials for analysis through the 

Kiel IV device, using the methodology described above.  

To assess variability, we assume that the standard deviation (σ) and range of each 

time slice reflects its population variance (i.e. Leduc et al. 2009; Thirumalai et al. 2013). 

Analyzing the temporal change between each time slice’s statistics provides a look at 

how thermocline variability evolved over the past 18.2ka.  

In order to formulate an interpretation of the range and σ of a given population, 

we conduct a “schematic” analysis of modern variability within our region. We utilize 

temperature hindcast output from the Estimating the Circulation and Climate of the 

Ocean (ECCO) model to conduct statistical analyses on an evenly spaced (monthly) 

timeseries, from 5.5°S, 59.5°E, z=65m. Because we are using the data as a schematic 

representation of what the range and σ are signifying, inaccuracies within the ECCO 

output data would not change our conclusions. Here we use the Monte Carlo statistical 

approach to assess what a population of randomly-distributed samples within the ECCO 

data represents (Figure 3.11). As the populations of our IFA time slices are all near n=40, 

we have assessed the range and σ of 1000 Monte Carlo realizations at n=40 for four 

representative time periods. The statistical data for each Monte Carlo assessment period 

can be found in Table 3.3, and visual representations are in Figure 3.11. 

The full range period is of course defined as the entire 1952-2002 ECCO output 

range for the Monte Carlo simulations. We then define three more periods within the 

ECCO data as representative of 1) dominant decadal variability, 2) dominant interannual 

variability, and 3) dominant seasonal variability (the “normal” mode). The decadal band 
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covers 1952-1967 and, as seen in Figure 3.11, is strongly forced by a decadal flavor of 

oscillation. The interannual band covers 1992-2002 and is dominated by interannual 

variability, likely forced by the 1994 IOD event and the strong 1997-98 El Niño event. 

The “normal” period covers 1985-1995, on account of this period’s inherently strong 

seasonal variability and reduced signals of both interannual or decadal variability. The 

resultant data from each period are divided into 1°C bins and the histograms are plotted 

in Figure 3.11, with statistical data charted in Table 3.3.  

It is worth noting that, within all of these periods, there is a distinct effect on the 

seasonality. Strong interannual variability has the effect of greatly reducing the 

concurrent seasonality (i.e. see the interannual band of 1992-2002, Figure 3.11). Decadal 

variability within this region appears to have a strong modulating effect on the seasonal 

signal, and may even intensify the seasonal variability. Extrapolating these observations 

to each time period’s representative range and σ, we are able to draw a relationship 

between each characteristic mode of variability and its statistics. That is, dominant 

decadal variability is represented by considerably enhanced range and σ; dominant semi-

annual variability is represented by middle to low range and σ; and dominant interannual 

variability is represented by considerably reduced range and σ. Furthermore, an overall 

reduction in the range and σ could also be indicative of an overall reduction in 

seasonality, not necessarily interannual variability. Lastly, assessing the full time span of 

ECCO data shows a high range, but a σ that is lower than a purely decadal signal. 

Adapting the statistical assessments conducted by Leduc et al. (2009) and 

Thirumalai et al. (2013) we see that for our number of foraminifera analyzed within each 

time slice (n=40), the standard deviation analysis exhibits an estimated precision of better 
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than ±0.05‰ (Figure 3.12A), with a marginal offset from expected values and 

approximately a ±0.05‰ spread in the 2σ error (Figure 3.12B). This suggests that 

increasing the number of individual measurements would not substantially increase the 

overall accuracy or precision of our analysis, and that the number of individual 

measurements per time slice is statistically sufficient. Including our analytical standard 

deviation of 0.08‰ from repeat NBS-19 realizations, this means that any variations in σ 

between time slices of more than 0.06‰ are statistically significant. Statistical δ18O data 

are presented in Tables 3.2-3.5, the temporal evolution of the surface and thermocline 

with overlain variability is in Figure 3.13, and histograms of each time slice are presented 

in Figure 3.14. 

3.4 Results 

Average stratigraphic values of both O. universa δ18O and N. dutertrei δ18O 

reflect general expectations for changing oceanic conditions since the close of the LGM. 

Compensating for ice volume effects and using the paleotemperature equations derived 

from Bemis et al. (1998): [T = 16.5 – 4.81(δ18Oc – δ18Osw)] for O. universa and from 

Erez and Luz (1983); [T = 17.0 – 4.59(δ18Oc – δ18Osw)] for N. dutertrei, we see a general 

warming to Holocene conditions. Assuming a relatively constant salinity after 

compensating for the ice volume effect, SST increased from approximately 22°C during 

the LGM to an average of 25°C in the Holocene (Figure 3.15A). Average thermocline 

temperatures increased from 18°C during the LGM to 23°C in the Holocene (Figure 

3.15B).  

IFA results are plotted as histograms with 0.2‰ bins in Figure 3.14, and reported 

in Table 3.2 Note that the 0.2‰ bins are sized to proportionally reflect the 1°C bins of the 
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ECCO analyses for easy comparison. From the histogram data, it is clear that all time 

slices that exist within periods of relatively stable climate (i.e. no major variations in 

surface δ18O) are characterized by an essentially Gaussian distribution. The two major 

exceptions here are the 12.7 and 15.3ka time slices. The wider, nearly bi-modal 

distributions within these sections likely arise on account of the time slices being sampled 

within transitional climate states. As can be seen in Figure 3.13, these two time slices 

occur during periods of strongly increasing SST and thermocline temperatures. With the 

500-year resolution of each time slice, it is very possible that these are sampling across 

multiple climatic states, clouding the ability of the archive to accurately determine 

thermocline variability within each period. For this reason, the standard deviations of 

12.7ka and 15.3ka are not included in our analysis. While these sections are thus not 

useful in assessing thermocline variability, we are still able to extract the average value of 

these time slices to document the temporal evolution of thermocline temperatures. 

Measuring the range of an individual IFA population provides some variability 

assessment within a single time period, although a number of studies have convincingly 

shown that the standard deviation of a population is more diagnostic and less prone to 

error (Leduc et al. 2009; Thirumalai et al. 2013). This is especially true with our smaller 

n=40 population size (Figure 3.12). For this reason, we disregard the range of the 4.2ka 

time slice, as its population size (n=26) is low. Still, the range can express features that 

the standard deviation cannot. Heightened ranges of 1.3-1.4‰ are present within our 

populations from 2-3ka and 5.5-8ka, with reduced ranges of 1.0-1.2‰ occurring at 1ka, 

4ka, 10ka, and 18.2ka (Table 3.2). The ranges of the 12.7 and 15.3ka time slices are 

above 2.0‰, which further attests to the likelihood that these samples are from 
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transitional climatologies. The plausible ranges of the other samples correspond to a 

possible temperature spread of 5-6.5°C.  

The vertical variation in N. dutertrei populations may have a potential effect on 

assessed δ18O values, but concentrating our specimen selection to the >125µm size range 

suggests a reduced vertical distribution effect. Mg/Ca studies of N. dutertrei have shown 

that the species form the inner part of their shells near the surface, and add the outer 

calcitic shell (which comprises the majority of the shell material) at depth (Sadekov et al. 

2005). Though this likely does not render the vertical distribution effect negligible, 

specifically choosing larger specimens should help to reduce this effect. 

Here we assume that the standard deviation of a single population’s δ18O is a 

reflection of the population’s variability, based on similar assumptions developed 

utilizing a synthetic timeseries analysis (Thirumalai et al. 2013) and based on our 

statistical assessment of SD thermocline variability using the ECCO data. Combining this 

with our previous discussion of the modern TIO thermocline, we associate the population 

variability with dominantly interannual, decadal, or “normal” modes, the variability of 

which all impact the seasonal signal within the thermocline. We thus calculate the 

temporal progression of variability from the close of the LGM to modern day and its 

effect on monsoonal strength, by interpreting the standard deviation (σ) and, to a lesser 

degree, the range of N. dutertrei populations within single time slices (Figure 3.16).  

3.5 Discussion 

IFA of specific time slices within the KNOX10RR sediment core suggests three 

statistically distinct periods of variability (Table 3.4 and 3.5; Figure 3.16, red lines). 

Moving forward in time, the first occurs 18.2ka during the LGM and is identified as 
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exhibiting the lowest σ and range within the analyzed time slices. This is perhaps 

unsurprising as most studies of monsoonal activity suggest a strongly reduced monsoonal 

system during the LGM (i.e. Overpeck et al. 1996; Schulz et al. 1998), an observation 

which is further reinforced by the reduced δ18O range of this time period. Both the range 

and σ of this 1000-year sample show that the western TIO thermocline was characterized 

by a reduced seasonal variability during the LGM, perhaps forced by an increased 

interannual variability. The reduced seasonality suggests an overall reduction in the 

magnitude of wind reversal at the surface. Extrapolating the observation that the wind 

forcing over the western TIO is strongly tied to the monsoon system in the modern age, 

this indicates a reduction in the intensity of the glacial monsoon. Comparative evidence 

would suggest that this state is caused by a lack of ITCZ influence over the glacial 

northern Indian Ocean on account of a more southerly ITCZ location (i.e. Chiang and 

Bitz 2005).  Further, an increased interannual variability within the SD thermocline 

would be consistent with a previous study’s observation that the eastern Pacific 

experienced an increase in ENSO variance during the LGM (Koutavas and Joanides 

2012).  

The next samples moving forward are from 15.3 and 12.7ka. The range, standard 

deviation, nearly bimodal distribution, and average values of N. dutertrei δ18O within 

these periods, along with surface stratigraphy from O. universa δ18O, all suggest that 

these two time slices are from periods defined by impermanent climate states. Though the 

average values help to fill in the temporal evolution of the thermocline, the transitional 

nature of these periods precludes us from conducting any meaningful statistical analysis 

within this time frame.  
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The following two time slices (10.2 and 8.0ka) describe the western TIO 

thermocline system at its height of variability. This period exhibits the highest standard 

deviations of the entire sediment core (neglecting the misleading values of the transitional 

periods), indicating a period of heightened variability with a strong decadal influence. 

Investigating 10.2 and 8.0ka individually, we first see that the 10.2ka time slice shows 

high σ but relatively low range. Though the proposed error in range is high (~0.2‰; 

Figure 3.12; Thirumalai et al. 2013), this suggests a period of a dominant decadal signal 

with flavors of interannual variability. At 8.0ka, we see maxima in both range and 

standard deviation within the entire record, representing a period of maximum decadal 

and minimum interannual variability.  

Within the 5.7-1.1ka time slices, we see a medium state of seasonal variability 

which is significantly different from the previous period of heightened variability of 10.2-

8.0ka (Table 3.4). The time slices at 4.2 and 2.0ka have slightly elevated variability from 

the 5.7, 3.1, and 1.1ka time slices, and are not significantly different from either period. 

The 5.7, 3.1, and 1.1ka time slices exhibit statistically distinct standard deviations from 

that of 8.0ka and 18.2ka.  Because 4.2 and 2.0ka are not distinct from either period, we 

incorporate their values into an average σ of 0.33 for the entire time period. This average 

value represents a period of diminished variability from the earlier period of heightened 

variability. This may be described as an extended period of medium decadal and 

interannual variability. Though the two samples at 4.2 and 2.0ka may not be statistically 

significant in either direction, the average value of the entire 5.7-1.1ka period is distinct 

from the average σ of 10.2-8.0ka. 
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Furthermore, the ranges of δ18O across 5.7-1.1ka are within error of the prior 

8.0ka period, and thus preclude meaningful observations utilizing this statistic. The only 

range-associated assessment that is significant is that in the most recent, 1.1ka time slice, 

the range is 0.25‰ lower than peak range in 8.0ka. Pairing this time slice’s low range 

with the lowest σ of the 5.7-1.1ka period, this suggests an overall diminished seasonality 

1100 years ago driven by increased interannual variability. Many high resolution 

paleoarchives of monsoon variability (% G. bulloides: i.e. Gupta et al. 2003; cave 

deposits: i.e. Fleitmann et al. 2003, 2007; % terrigenous material in ocean sediment: i.e. 

Sirocko et al. 1993) suggest a monsoonal minimum centered around 900-1000 years ago 

that would match this observation, possibly tied to a southward migration of the ITCZ. 

Ultimately, by comparing our IFA δ18O standard deviations with other records 

that have been described as monsoon-strength proxies, we see that the western TIO 

thermocline has an affinity with Asian monsoon strength (Figure 3.17). Two stalagmite 

records from Hulu and Dongge caves (respectively: Wang et al. 2001 and Dykoski et al. 

2005) closely track Asian monsoon strength through time. By plotting the IFA δ18O 

standard deviation record with these cave records (and insolation), there is a clear 

relationship between these monsoon strength proxies. Higher standard deviations within 

our record occur during periods of higher monsoon strength, and lower standard 

deviations occur during periods of weaker monsoon strength. 

3.6 Conclusions  

Here we have characterized the evolution of the Seychelles Dome thermocline 

variability since the close of the LGM, using individual foraminiferal analyses. By 

assessing population variance of N. dutertrei within single time slices of a western 
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tropical Indian Ocean sediment core, we are able to draw connections between the 

population’s standard deviation and dominant mode of variability within the thermocline, 

with implications for the strength of the seasonal cycle. Modern seasonal variability 

within the SD thermocline is shown to be strongly tied to the monsoon system by 

seasonal reversals in wind stress-induced Ekman pumping. We observe that interannual 

variability was enhanced and monsoonal activity was reduced during the LGM. Overall 

variability increases to peak strength between 10.2-8.0ka, likely representative of an 

increasing decadal mode and a diminished interannual mode. Variability then reduces to 

a middle state from 5.7-1.1ka, consistent with previous paleoclimatic reconstructions. 

The range and standard deviation of the 1.1ka population represents the weakest seasonal 

and strongest interannual variability within the Holocene, while the data from the 8.0ka 

time slice represents the strongest decadal and weakest interannual variability of the 

Holocene. The LGM clearly exhibits greatly reduced monsoonal variability even 

compared to the 1.1ka, likely on account of a more southerly ITCZ and tied to increased 

interannual variability. By comparing the IFA record with Hulu and Dongge cave 

records—known monsoon-strength recorders—it is shown that variability within the 

western TIO thermocline is tied to monsoon strength through time. 
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Table 3.1 ENSO, IOD, and monsoon years. 
 

Climatic state Associated year 

Wet Monsoon1 1956, 1959, 1961, 1970, 1971, 1973, 1975, 1977, 1978, 1983, 1990, 
1994, 1997, 1998, 2007, 2015 

Dry Monsoon2 1957, 1965, 1968, 1972, 1974, 1979, 1982, 1985, 1986, 1987, 1991, 
1992, 2000, 2002, 2004, 2009, 2011 

El Niño 1957, 1958, 1963, 1964, 1965, 1966, 1972, 1973, 1982, 1983, 1987, 
1991, 1992, 1997, 1998, 2002 

La Niña 1955, 1956, 1970, 1971, 1974, 1975, 1976, 1988, 1989, 1999, 2000, 
2007, 2008, 2010, 2011 

Positive IOD3 1961, 1967, 1983, 1994 

Negative IOD3 1958, 1968, 1974,1980, 1985, 1989, 1992 
1Wet monsoon defined as years with >950mm rainfall from All India Index 
2Dry monsoon defined as years with <850mm rainfall from All India Index 
3Only ENSO-independent IOD years are taken, as defined in Meyers et al. (2007) 
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Table 3.2 Sediment core time slice data. 
 

Slice (cm) n D14C age Age1 (kyr) 
N. dutertrei δ18O statistics2 

Average Range σ σ error 
1-2 37 1775 1.08 -1.07 1.14 0.30 0.050 
5-6 26 -- 1.97 -0.99 1.3 0.37 0.069 

10-11 39 -- 3.08 -0.93 1.35 0.32 0.051 
15-16 36 -- 4.19 -0.84 1.07 0.37 0.047 
22-23 40 5610 5.74 -0.97 1.28 0.31 0.047 
28-29 39 -- 6.96 -0.89 1.29 0.34 0.051 
33-34 40 -- 7.98 -0.67 1.4 0.42 0.054 
44-45 39 9645 10.22 -0.81 1.18 0.40 0.051 
53-54 38 -- 12.74 -0.10 2.14 0.60 0.099 
62-63 33 -- 15.26 0.53 2.08 0.67 0.092 
72-74 40 15650 18.21 0.75 1.03 0.24 0.036 

1Corrected calendar age, in 1000 years before present. Bold values are radiocarbon-dated. Time 
span of all samples except 72-74 is ±250 years, which includes estimated error from sampling 
and bioturbation. 72-74 samples time span is ±500 years, due to lower time slice resolution. 
2Italicized values are suspect because of low n or transitional climatic state  
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Table 3.3 Results from 1000 Monte Carlo realizations of 40 random samplings of ECCO 
temperature data at z=65m. 

 
  Temperature Converted δ18O1 

Years ID2 σ Range σ Range 
1952-2002 Actual values 2.74 13.97 0.58 2.93 
1952-2002 Full range 2.69 11.37 0.57 2.39 
1985-1995 “Normal” 2.13 8.52 0.45 1.79 
1952-1967 Decadal 2.96 11.36 0.62 2.39 
1992-2002 Interannual 1.84 7.84 0.39 1.65 

1δ18O values are converted from temperature for ease of comparison between foraminifera 
populations. Values are converted by a factor of 0.21. 

2ID refers to the time spans in Figure 3.16. Actual values are from the full-range, unmodified 
ECCO output data, while the italicized ranges denote 1000 realizations of a variability-
representative subset of the ECCO data. 
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Table 3.4 Test matrix of means comparison using a Tukey test for the Analysis of 
Variance. Gives the probably that the standard deviation of δ18O between two time slices 
is significantly different at the 90, 95, and 99% confidence levels. Bold values highlight 
significant differences between periods of stable climate; italicized values are included 
for completeness, but are indicative of comparisons with transitional climates. Ages (in 
ka) are rounded down to one decimal place for ease of discussion and for consideration of 
±250-year span of each time slice. 

 
Age 1.0 2.0 3.1 4.2 5.7 7.0 8.0 10. 2 12.7 15.3 

2.0 -          
3.1 - -         
4.2 - - -        
5.7 - - - -       
7.0 - - - - -      
8.0 ≥ 99 - ≥ 90 - ≥ 95 -     
10.2 ≥ 90 - - - - - -    
12.7 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99   
15.3 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99  
18.2 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 ≥ 99 
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Table 3.5 As in Table 3.3, but with the raw p-values for equality of variance between 
time slices. Again, bold values represent significantly different variances between time 
slices, and italicized values are representative of p-values for comparisons with 
transitional climates. 

 
Age 1.0 2.0 3.1 4.2 5.7 7.0 8.0 10. 2 12.7 15.3 

2.0 0.98          
3.1 0.86 1         
4.2 0.26 0.97 0.99        
5.7 0.94 1 1 0.976       
7.0 0.41 0.99 1 1 0.99      
8.0 <0.001 0.11 0.090 0.725 0.046 0.434     
10.2 0.089 0.91 0.94 1 0.86 1 0.89    
12.7 0 0 0 <0.001 0 0 <0.001 <0.001   
15.3 0 0 0 0 0 0 0 0 <0.001  
18.2 <0.001 0 <0.001 0 <0.001 <0.001 0 <0.001 0 0.003 
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Figure 3.1 Standard deviation map from WOA2013 showing heightened temperature 
variability in Seychelles thermocline (70m). Black circle encompasses study area. 
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Figure 3.2 WOA2013 averaged monthly data from 1955-2012. 1x1° grid around 5.5°S, 
59.5°E. Associated standard deviations in gray. Note strong semi-annual signal in 
temperature. 

 

 

Figure 3.3 As in Figure 3.2 above, but with salinity. Note lack of semi-annual cycle. 
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Figure 3.4 Compiled WOD XBT data, 3x3 degree grid centered on 5.5°S, 59.5°E. 
Clearly shows strong semi-annual signal, and large temperature variations of >10°C 
within the thermocline depths. 
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Figure 3.5 WOA2013 monthly data vs. depth at 5.5°S, 59.5°E. Each set of monthly 
depth observations is a consolidated average of monthly temperatures between 1955-
2012. Dashed line is the standard deviation across the fully annual dataset. Semi-annual 
cycle highlighted by coloration in temperature panel; semi-annual signal not present in 
salinity record. 
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Figure 3.6 Monthly temperature & salinity anomalies; calculated by subtracting 1955-
2012 full-annual-average from 1955-2012 monthly averages. Proportional δ18O anomaly 
associated with temperature and salinity on bottom axis, calculated using expression from 
Chapter 1: δ18Oc = 0.24S – 0.21T – 5.5. It is clear that within the thermocline depth range, 
salinity has a considerably reduced effect on season and annual variations in δ18O. 
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Figure 3.7 Monthly-averaged annual march of variations in Ekman pumping speed, the 
magnitude of which is driven by wind curl and the beta factor; beta is closely related to 
wind stress. This figure describes the seasonal cycle within the Seychelles Dome as being 
driven by variations in Ekman pumping, induced by these two wind-derived components. 
From Yokoi et al. (2008) 
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Figure 3.8 Compiled temperature anomaly data from all XBT casts within a 2° box 
centered on 5.5°S, 59.5°E. Anomalies are calculated by subtracting WOA2013 average 
from XBT temperature data. XBT data spans 1962-2015, though is not a continuous 
collection. Coloration highlights positive and negative modes of various climatic 
oscillations. Though the seasonal cycle within this region is semi-annual, we focus on the 
strongest warm season (August, September, October: ASO) and the strongest cold season 
(November, December, January: NDJ) for this figure, as determined from Figure 3.2. 
Significant ENSO and IOD years were aggregated using Meyers et al. (2007) 
categorizations; only ENSO-independent IOD years are used. Anomalously wet and dry 
monsoon years are determined by years with >950mm rainfall and years with <850mm 
rainfall, respectively, from the AIRMI. Warm (cold) season, El Niño (La Niña), and 
positive (negative) IOD events are colored in red (blue) to highlight expected positive 
(negative) temperature anomalies.  
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Figure 3.9 Plot of chlorophyll data from water casts near the Seychelles region, 
highlighting the subsurface chlorophyll maximum around 65m to delineate habitat range 
of N. dutertrei within our study area. Though data is admittedly old, no other proximal 
data were available. Each set of casts—corresponding to a different period within the 
seasonal cycle (i.e. Figure 3.2)—has a similar depth of the chlorophyll maximum, 
reinforcing the assumption that N. dutertrei are restricted to the thermocline depth range 
within the western TIO. 
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Figure 3.10 Age model, showing calendar age vs. depth, linearly interpolated between 
radiocarbon age points. Calendar age correction conducted via the calibration model from 
Fairbanks et al. (2005), and incorporates a 600-year reservoir age compensation (Southon 
et al. 2002). Size of red boxes indicative of analytical error. 
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Figure 3.11 Modeled temperature hindcast from ECCO at 5.5°S, 59.5°E, z=65m, which 
is constrained by the NCEP/NCAR surface ocean reanalysis dataset. Top panel shows 
raw model output (black) with 2-year lowpass filter to illustrate trend (red); decadal, 
interannual, and “normal” bands are shown to describe the ranges used in three Monte 
Carlo simulations of these representative climatic modes. Below, each histogram is 
composed of 1000 Monte Carlo realizations at n=40, and then divided by 1000 to 
facilitate comparison with IFA population data. See Table 3.3 for descriptive statistics of 
each histogram. 
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Figure 3.12 (A) Estimation of total precision on the estimated variance of one population 
(i.e. N. dutertrei δ18O measurements for a single time slice) as a function of the number 
of individual foraminifera specimens analyzed. The standard deviations of one δ18O 
population (here 0.3, 0.4, and 0.5 in red, green, and blue, respectively) and the standard 
deviation of the analytical procedure (0.08) are given. The range of the population size 
for all time slices is indicated within the black box. Figure adapted from Leduc et al. 
(2009). (B) Departures from actual range and standard deviation of a synthetic time 
series. The gray envelopes depict the 2σ spread in 5000 Monte Carlo realizations for a 
given number of IFA. From Thirumalai et al. (2013). 

 
0.08 

range of n 
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Figure 3.13 Figure shows spread of down-core N. dutertrei IFA δ18O as white circles, 
associated average δ18O as dotted line, with O. Universa surface stratigraphy overlain as 
black line, all vs. calendar age. Black rectangles at bottom represent radiocarbon age 
samples.  
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Figure 3.14 Histogram plots of all IFA data. All plots show 2.4‰ range in bins, though 
bounds are shifted according to climatology changes. Bins are 0.2‰. Bars are colored 
based on average δ18O. Note that the second histogram (1970 BP) has a stretched y-axis, 
due to a lower population sample size (n=26).  
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Figure 3.15 Average δ18Oc values of O. universa (A) and N. dutertrei (B) to highlight 
temporal evolution of SST and thermocline temperatures. Raw δ18Oc is in black, modeled 
ice volume effect on δ18O is in blue, and the red line represents δ18Oc corrected by 
subtracting out the ice volume effect, so that it represents realistic temperature variations 
through time. Calculated associated temperature scales are on right axis, with 
paleotemperature equation references appended. 
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Figure 3.16 Standard deviation evolution of N. dutertrei populations through time, with 
range of population δ18O at top. Dashed lines represent sections where data are not 
included on account of statistical insignificance (Tables 3.4 and 3.5). Gray shading 
represents expected standard deviation error. Three statistically significant periods of 
differing standard deviations are apparent throughout the record, and are highlighted by 
the red lines. Each red line represents the average population σ within its bounds; i.e., the 
first line from 1-6ka averages the standard deviations of all 5 populations within 1-6ka. 
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Figure 3.17 δ18O timeseries of stalagmite cave deposits from Hulu (green; Wang et al. 
2001) and Dongge (purple; Dykoski et al. 2005) caves in eastern China. 21 July 
insolation at 65°N is in gray (Berger and Loutre 1991). IFA standard deviation overlaid 
in black, with diamonds. Highlighted intervals are the Younger Dryas (YD), Bølling-
Allerød (BA), and the weak monsoon intervals (WMI 1-a and 1-b).  The IFA standard 
deviation follows both insolation and cave δ18O well, both of which have been pegged to 
monsoon strength variability. Figure adapted from Cheng et al. (2009). 
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Appendix A. Tabulated Stable Isotope Data and Dredge Information 

All stable isotope analyses were conducted in-house at the Charles Lab at Scripps 

Institution of Oceanography using a dual-inlet Finnigan-MAT253 isotope ratio mass 

spectrometer, interfaced with a Kiel IV carbonate device. See Chapter 1 for a more 

extensive discussion on methodology.  

For carbonate stable isotope data, δ18O values are presented as "corrected" 

throughout, which are expressed as 0.1‰ less than raw data as per offset from in-house 

standard analyses. δ13C is uncorrected, as no significant offset exists between repeat 

standard analyses and accepted standard value. All values are ‰ referenced to the Peedee 

belemnite standard.  

1σ standard error in both δ18O and δ13C is ±0.08‰ for carbonate analyses, as 

determined from approximately 100 determinations of an in-house carbonate standard 

analyzed along with sclerosponge and coral samples.  

1σ standard error of seawater δ18O analyses is ±0.1‰ from approximately 25 

determinations of an in-house seawater standard analyzed along with seawater unknowns. 
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Table A1 Dredge details. 
 

 
  

Start End 
ID Depth range (m) Latitude (°S) Longitude (°E) Latitude (°S) Longitude (°E) 
12 73-92 5.4737 57.0431 5.4756 57.0413 
13 95-119 6.0275 56.3577 6.0298 56.3571 
17 102-165 6.0116 56.3271 6.0137 56.3278 
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Table A2 Stable isotope data for sclerosponge KNOX 12-1, primary transect. 
 

KNOX 12-1a 

mm from 
base 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

0.0 1931.0 -0.71 0.76 
0.5 1932.3 -0.31 0.96 
1.5 1933.5 -0.22 0.91 
2.0 1934.8 -0.29 0.89 
3.0 1936.0 -0.41 0.95 
4.0 1937.3 -0.24 0.91 
4.5 1938.5 -0.49 0.94 
5.0 1939.8 -0.55 0.81 
6.0 1941.0 -0.52 0.78 
6.5 1942.3 -0.30 0.73 
7.5 1943.5 -0.40 0.91 
8.0 1944.8 -0.40 0.71 
9.0 1946.0 -0.55 0.83 
11.0 1947.7 -0.28 0.76 
11.5 1949.1 -0.15 0.71 
12.0 1950.4 -0.24 0.66 
12.5 1951.6 -0.39 0.69 
13.5 1952.9 -0.58 0.71 
14.0 1954.2 -0.07 0.81 
14.5 1955.5 -0.46 0.71 
15.5 1956.7 -0.47 0.76 
16.0 1958.0 -0.55 0.76 
16.5 1958.9 -0.50 0.68 
17.5 1959.8 -0.33 0.79 
18.5 1960.7 -0.66 0.74 
19.0 1961.6 -0.41 0.85 
20.0 1962.5 -0.85 0.67 
21.0 1963.5 -0.53 0.73 
22.0 1964.4 -0.37 0.63 
22.5 1965.3 -0.35 0.66 
23.0 1966.3 -0.49 0.70 
23.5 1967.4 -0.54 0.74 
24.5 1968.4 -0.30 0.66 
25.5 1969.4 -0.35 0.73 
26.0 1970.4 -0.34 0.71 
27.0 1971.4 -0.39 0.61 
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Table A2 Stable isotope data for sclerosponge KNOX 12-1, primary transect, Continued 

KNOX 12-1a; primary transect 

mm from 
base 

Age 
(year) δ18O (‰ VPDB) δ13C (‰ VPDB) 

28.0 1972.4 -0.25 0.53 
29.0 1973.4 -0.38 0.72 
30.0 1974.5 -0.13 0.64 
30.5 1975.5 -0.11 0.51 
31.5 1976.5 -0.38 0.41 
32.0 1977.5 -0.70 0.59 
33.0 1979.3 -0.24 0.55 
34.0 1981.2 -0.38 0.49 
34.5 1983.0 -1.03 0.63 
35.5 1983.5 -0.70 0.61 
36.5 1984.3 -0.31 0.62 
37.5 1985.7 -0.21 0.68 
38.5 1986.6 -0.24 0.59 
40.0 1987.5 -0.47 0.61 
40.5 1989.4 -0.19 0.69 
42.5 1991.9 -0.68 0.64 
44.5 1994.5 -0.49 0.40 
46.0 1995.9 -0.69 0.42 
47.0 1996.6 -0.79 0.17 
47.5 1997.3 -0.84 0.54 
48.5 1998.1 -0.66 0.43 
49.5 1998.8 -0.52 0.41 
50.0 1999.5 -0.31 0.35 
51.0 2000.2 -0.32 0.35 
52.0 2000.9 -0.30 0.33 
52.5 2001.6 -0.47 0.28 
53.5 2002.3 -0.47 0.34 
54.0 2003.0 -0.36 0.29 
54.5 2003.6 -0.50 0.25 
55.5 2004.3 -0.42 0.33 
56.0 2005.0 -0.35 0.31 
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Table A3 Stable isotope data for sclerosponge KNOX 12-1, secondary transect. 
 

KNOX 12-1b 

mm from 
base 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

0.0 1932.4 -0.20 0.84 
1.0 1933.3 -0.31 0.83 
1.5 1934.2 -0.45 0.80 
2.5 1935.1 -0.54 0.70 
3.5 1936.5 -0.46 0.58 
4.5 1937.9 -0.25 0.69 
5.0 1939.3 -0.27 0.68 
6.0 1940.6 -0.37 0.62 
7.0 1941.2 -0.29 0.76 
8.0 1942.5 -0.29 0.81 
8.5 1943.1 -0.24 0.86 
9.5 1943.7 -0.52 0.72 
10.5 1944.9 -0.50 0.79 
11.0 1945.6 -0.42 0.69 
12.0 1947.1 -0.58 0.63 
13.0 1947.7 -0.39 0.48 
14.0 1948.3 -0.29 0.71 
14.5 1948.8 -0.23 0.72 
15.5 1950.1 -0.09 0.62 
16.5 1951.4 -0.29 0.78 
17.0 1952.8 -0.39 0.57 
18.0 1954.1 -0.01 0.65 
19.0 1955.0 -0.28 0.77 
20.0 1956.0 -0.44 0.76 
21.0 1957.0 -0.30 0.76 
21.5 1958.6 -0.52 0.74 
22.5 1959.8 -0.47 0.75 
23.5 1961.2 -0.60 0.86 
24.0 1962.7 -0.66 0.67 
25.0 1963.9 -0.43 0.78 
26.0 1965.0 -0.19 0.50 
26.5 1967.3 -0.80 0.74 
27.5 1968.4 -0.44 0.63 
28.5 1969.3 -0.22 0.58 
29.5 1970.1 -0.31 0.66 
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Table A3 Stable isotope data for sclerosponge KNOX 12-1, secondary transect, 
Continued 
 

KNOX 12-1b 

mm from 
base 

Age 
(year) δ18O (‰ VPDB) δ13C (‰ VPDB) 

30.0 1971.1 -0.28 0.59 
31.0 1972.1 -0.54 0.41 
32.0 1973.0 -0.23 0.56 
32.5 1974.2 -0.23 0.60 
33.5 1975.7 -0.21 0.50 
34.5 1976.6 -0.33 0.54 
35.5 1977.5 -0.68 0.60 
36.0 1978.8 -0.31 0.55 
37.0 1980.2 -0.41 0.64 
38.0 1981.5 -0.40 0.64 
39.0 1982.9 -0.46 0.68 
40.0 1984.2 -0.22 0.60 
40.5 1985.6 -0.32 0.58 
41.5 1986.9 -0.39 0.45 
42.0 1988.2 -0.10 0.61 
43.0 1989.8 -0.35 0.57 
44.0 1991.4 -0.41 0.50 
45.0 1993.0 -0.79 0.53 
45.5 1994.7 -0.30 0.42 
46.5 1995.9 -0.58 0.51 
47.5 1997.1 -1.03 0.38 
48.0 1998.2 -0.98 0.77 
49.0 1999.4 -0.33 0.29 
50.0 2000.2 -0.35 0.43 
51.0 2000.9 -0.38 0.27 
51.5 2001.7 -0.41 0.44 
52.5 2002.5 -0.50 0.41 
53.5 2003.2 -0.38 0.29 
54.5 2004.0 -0.39 0.13 
55.0 2004.7 -0.40 0.05 
56.0 2005.5 -0.64 0.18 
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Table A4 Stable isotope data for sclerosponge KNOX 13-1. 
 

KNOX 13-1 

mm from 
base 

Approximate 
age (year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

0.0 1958.9 -0.35 1.25 
1.0 1960.2 -0.42 1.06 
1.5 1961.5 -0.50 0.91 
2.5 1962.7 -0.02 0.78 
3.5 1964.0 -0.29 0.73 
4.5 1965.3 -0.13 0.78 
5.0 1966.6 -0.40 0.84 
6.0 1967.9 -0.12 0.74 
7.0 1969.1 -0.02 0.84 
8.0 1970.4 -0.52 0.85 
8.5 1971.7 -0.45 0.66 
9.5 1973.0 -0.23 0.70 

10.5 1974.2 -0.36 0.71 
11.0 1975.5 -0.28 0.73 
12.0 1976.8 -0.46 0.70 
13.0 1978.2 -0.51 0.72 
14.0 1979.9 -0.22 0.64 
14.5 1981.5 -0.22 0.65 
15.5 1983.2 -0.23 0.46 
16.5 1984.8 -0.17 0.63 
17.0 1986.5 -0.29 0.63 
18.0 1988.1 -0.03 0.58 
19.0 1989.2 -0.18 0.72 
20.0 1990.3 -0.25 0.61 
20.5 1991.4 -0.45 0.59 
21.5 1992.5 -0.56 0.59 
22.5 1993.7 -0.34 0.68 
23.5 1994.8 -0.39 0.70 
24.0 1995.9 -0.87 0.57 
25.0 1997.0 -1.43 0.58 

Approximate age derived from tying this specimen's 14C and δ18O 
to KNOX 12-1a 
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Table A5 Stable isotope data for sclerosponge KNOX 13-2. 
 

KNOX 13-2 

mm from 
base 

Approximate 
age (year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

1.0 1973.5 -0.07 1.31 
2.0 1974.1 -0.19 1.38 
3.0 1975.3 -0.04 1.17 
4.0 1975.9 -0.01 1.19 
5.0 1977.1 -0.12 1.05 
6.0 1977.8 -0.05 1.07 
7.0 1978.4 -0.16 1.10 
8.0 1979.0 0.03 1.15 
9.0 1979.6 0.12 1.21 

10.0 1980.2 0.15 1.17 
11.0 1980.8 0.08 1.20 
12.0 1981.4 -0.23 1.14 
13.0 1982.0 -0.10 1.23 
14.0 1982.7 -0.43 1.15 
15.0 1983.3 0.09 1.12 
16.0 1984.5 0.01 1.11 
17.0 1985.1 0.20 0.98 
18.0 1985.7 0.00 0.88 
19.0 1986.3 -0.21 0.99 
20.0 1986.9 -0.23 0.97 
21.0 1988.2 -0.07 0.89 
22.0 1988.8 -0.03 0.85 
23.0 1989.4 -0.31 0.92 
24.0 1990.0 -0.38 0.93 
25.0 1990.6 0.08 0.90 
26.0 1991.2 0.23 0.91 
27.0 1991.8 0.24 0.94 
28.0 1993.1 0.24 0.87 
29.0 1993.7 0.22 0.80 

Approximate age derived from tying this specimen's D14C and 
δ18O to KNOX 12-1a 
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Table A6 Stable isotope data for sclerosponge KNOX 17-1. 
 
KNOX 17-1; pre-bomb, no age model 

mm from 
base 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

1.0 -0.86 1.64 
2.0 -0.09 1.99 
3.0 -0.02 1.92 
4.0 -0.30 1.86 
5.0 -0.03 1.93 
6.0 0.39 2.06 
7.0 -0.04 2.12 
8.0 0.09 1.93 
9.0 0.00 1.89 

10.0 -0.15 1.98 
11.0 0.22 1.77 
12.0 -0.25 1.81 
13.0 0.10 1.72 
14.0 0.13 1.82 
15.0 0.11 1.82 
16.0 0.10 1.88 
17.0 0.08 1.89 
18.0 0.06 1.96 
19.0 -0.20 1.70 
20.0 0.06 2.11 
21.0 0.01 1.99 
22.0 0.02 2.09 
23.0 -0.45 1.70 
24.0 -0.31 1.48 
25.0 -0.27 0.69 
26.0 -1.12 1.04 
27.0 -0.65 1.01 
28.0 -0.31 1.40 
29.0 -0.65 1.27 
30.0 -0.71 1.33 
31.0 -0.89 1.22 
32.0 -0.61 1.17 
33.0 -1.05 1.34 
34.0 -0.83 1.13 
35.0 -0.97 1.19 
36.0 -1.06 1.09 
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Table A6 Stable isotope data for sclerosponge KNOX 17-1, Continued 
 

KNOX 17-1; pre-bomb, no age 

mm from 
base δ18O (‰ VPDB) δ13C (‰ VPDB) 

37.0 -0.46 1.34 
38.0 -0.73 1.26 
40.0 -1.14 1.08 
41.0 -0.63 0.92 
42.0 -0.19 1.12 
43.0 -0.52 1.32 
44.0 -0.29 1.17 
45.0 -0.11 1.09 
46.0 -0.44 1.08 
47.0 -0.63 1.19 
48.0 -0.48 1.33 
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Table A7 Stable isotope data for sclerosponge KNOX 17-2. 
 
KNOX 17-2; pre-bomb, no age model 

mm from 
base 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

1.0 -0.81 1.07 
2.0 -0.52 1.13 
3.0 -0.42 1.07 
4.0 -0.74 1.10 
5.0 -0.95 0.84 
6.0 -0.88 0.83 
7.0 -0.60 0.87 
8.0 -0.52 1.02 
9.0 -0.65 1.30 

10.0 -0.80 0.84 
11.0 -0.49 1.20 
13.0 -0.85 1.13 
14.0 -0.62 1.10 
15.0 -0.49 1.08 
16.0 -0.59 0.93 
17.0 -0.56 1.10 
19.0 -0.75 1.29 
20.0 -0.37 1.11 
21.0 -0.48 1.23 
22.0 -0.61 1.05 
25.0 -1.14 0.71 
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Table A8 Stable isotope data for sclerosponge KNOX 17-4. 
 
KNOX 17-4; pre-bomb, no age model 

mm from 
base 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

1.0 -0.60 1.16 
2.0 -0.24 0.90 
4.0 -0.62 1.06 
5.0 -0.57 1.08 
6.0 -0.58 1.08 
7.0 -0.60 0.90 
8.0 -0.41 0.79 
9.0 -0.61 1.06 

10.0 -0.90 1.25 
11.0 -0.76 0.87 
12.0 -0.27 1.04 
13.0 -0.47 0.75 
14.0 -0.88 1.15 
15.0 -0.57 0.96 
16.0 -0.67 1.04 
17.0 -0.90 1.10 
18.0 -0.54 0.98 
19.0 -0.43 1.03 
20.0 -0.56 0.80 
21.0 -0.53 0.81 
22.0 -0.69 0.77 
23.0 -0.61 1.02 
24.0 -1.05 0.82 
25.0 -0.62 0.91 
27.0 -0.60 0.97 
28.0 -0.70 0.97 
30.0 -0.44 1.04 
31.0 -0.69 0.85 
32.0 -0.51 1.02 
34.0 -0.24 0.98 
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Table A9 Stable isotope data for sclerosponge KNOX 17-5. 
 
KNOX 17-5; pre-bomb, no age model 

mm from 
base 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

1.0 -0.72 1.21 
2.0 -0.77 1.14 
3.0 -0.37 1.02 
4.0 -0.42 1.02 
5.0 -0.38 1.10 
6.0 -0.68 0.91 
7.0 -0.77 1.14 
8.0 -0.74 0.92 
9.0 -0.37 1.22 

10.0 -0.26 1.11 
11.0 -0.88 0.89 
12.0 -0.41 1.15 
13.0 -0.39 1.09 
14.0 -0.43 1.13 
15.0 -0.39 1.09 
16.0 -0.11 0.97 
17.0 -0.74 0.81 
18.0 -0.56 0.80 
19.0 -0.22 1.11 
20.0 -0.13 0.67 
21.0 -0.54 1.82 
22.0 -0.69 0.95 
23.0 -0.80 1.04 
24.0 -0.50 1.13 
25.0 -0.40 1.19 
26.0 -0.41 1.10 
27.0 -0.71 1.03 
28.0 -0.19 0.99 
29.0 -0.02 1.22 
30.0 -0.36 1.70 
31.0 -0.35 1.16 
32.0 -0.75 1.32 
34.0 -0.38 1.23 
35.0 -0.97 0.59 
37.0 -0.34 1.05 
38.0 -0.12 1.33 



145 
 

 

Table A10 Stable isotope data for coral specimen from St Joseph Island. 
 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

944 1931.1 -4.86 -1.07 
942 1931.3 -4.85 -0.48 
940 1931.4 -4.74 -0.50 
938 1931.5 -4.48 -0.41 
936 1931.6 -4.68 -0.72 
934 1931.8 -4.69 -0.78 
932 1931.9 -4.55 -0.75 
930 1932.1 -4.92 -0.59 
928 1932.2 -4.85 -0.60 
926 1932.4 -4.60 -0.49 
924 1932.5 -4.48 -0.45 
922 1932.7 -4.50 -0.55 
920 1932.8 -4.46 -0.67 
918 1933.0 -4.66 -0.92 
916 1933.1 -4.83 -0.58 
914 1933.2 -4.57 0.01 
912 1933.4 -4.71 -0.70 
910 1933.5 -4.51 -1.20 
908 1933.6 -4.39 -1.18 
906 1933.8 -4.50 -0.92 
904 1933.9 -4.74 -0.84 
902 1934.0 -4.72 -1.10 
900 1934.1 -4.89 -0.93 
898 1934.2 -4.81 -0.81 
896 1934.3 -4.81 -0.67 
894 1934.4 -4.82 -0.26 
892 1934.5 -4.70 -0.66 
890 1934.7 -4.46 -0.63 
888 1934.8 -4.62 -0.70 
886 1934.9 -4.68 -0.72 
884 1935.0 -4.88 -0.58 
882 1935.1 -4.84 -0.36 
880 1935.3 -4.82 -0.69 
878 1935.4 -4.84 -0.47 
876 1935.5 -4.59 -0.83 
874 1935.6 -4.56 -0.40 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

872 1935.8 -4.56 -0.12 
870 1936.0 -4.60 -0.49 
868 1936.1 -4.85 -0.28 
866 1936.3 -4.76 -0.43 
864 1936.5 -4.50 -2.66 
862 1936.7 -4.62 0.18 
860 1936.9 -4.57 -0.27 
858 1937.1 -4.72 -0.21 
856 1937.4 -4.83 -0.14 
854 1937.6 -4.44 -0.31 
852 1937.8 -4.53 -0.08 
850 1937.9 -4.58 -0.13 
848 1938.0 -4.72 -0.25 
846 1938.2 -4.66 -0.52 
844 1938.3 -4.77 -0.27 
842 1938.4 -4.71 -0.28 
840 1938.5 -4.55 -0.20 
838 1938.7 -4.32 0.06 
836 1938.8 -4.50 -0.57 
834 1939.0 -4.77 -0.12 
832 1939.2 -4.86 -0.79 
830 1939.3 -4.44 -0.28 
828 1939.5 -4.52 -0.42 
826 1939.7 -4.50 -0.56 
824 1939.8 -4.61 -0.34 
822 1939.9 -4.44 -0.54 
820 1940.1 -4.65 0.74 
818 1940.2 -4.69 -0.60 
816 1940.3 -4.76 -0.84 
814 1940.5 -4.63 -0.35 
812 1940.6 -4.60 -0.29 
810 1940.7 -4.39 -0.25 
808 1940.8 -4.71 -0.23 
806 1941.0 -4.84 -0.37 
804 1941.1 -4.97 -0.47 
802 1941.2 -4.63 -0.27 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

800 1941.3 -4.87 0.08 
798 1941.5 -4.49 -0.09 
796 1941.6 -4.35 -0.39 
794 1941.7 -4.36 0.19 
792 1941.8 -4.41 0.29 
790 1942.0 -4.45 -0.01 
788 1942.1 -4.57 -0.35 
786 1942.2 -4.75 -0.75 
784 1942.3 -4.66 -0.42 
782 1942.4 -4.47 -1.86 
780 1942.5 -4.30 -0.63 
778 1942.7 -4.12 -0.52 
776 1942.8 -4.20 -0.28 
774 1942.9 -4.46 -0.55 
772 1943.0 -4.48 -0.48 
770 1943.1 -4.54 -0.69 
768 1943.2 -4.68 -0.56 
766 1943.3 -4.54 -0.90 
764 1943.4 -4.47 -0.40 
762 1943.5 -4.51 -0.33 
760 1943.7 -4.41 -0.09 
758 1943.8 -4.36 -0.19 
756 1943.9 -4.44 -0.44 
754 1944.0 -4.57 -0.50 
752 1944.1 -4.75 -0.52 
750 1944.2 -4.79 -0.63 
748 1944.3 -4.68 -1.02 
746 1944.4 -4.73 -0.28 
744 1944.5 -4.62 -0.39 
742 1944.6 -4.29 -0.38 
740 1944.7 -4.23 -0.07 
738 1944.8 -4.46 -0.08 
736 1944.9 -4.55 -0.51 
734 1945.0 -4.75 -1.43 
732 1945.1 -4.86 -0.87 
730 1945.3 -4.81 -0.40 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

728 1945.4 -4.78 -0.89 
726 1945.6 -4.59 -0.64 
724 1945.7 -4.70 -1.22 
722 1945.9 -4.42 0.01 
720 1946.0 -4.63 -0.14 
718 1946.1 -4.66 -0.56 
716 1946.4 -4.58 -1.33 
714 1946.6 -3.95 -1.18 
712 1946.9 -4.70 -0.84 
710 1947.1 -4.86 -1.03 
708 1947.3 -4.84 -1.46 
706 1947.5 -4.67 -1.63 
704 1947.8 -4.25 0.05 
702 1948.0 -4.77 -0.56 
700 1948.2 -4.92 -0.96 
698 1948.3 -4.79 -0.39 
696 1948.4 -4.71 -0.53 
694 1948.5 -4.69 -0.40 
692 1948.6 -4.32 -0.84 
690 1948.7 -4.31 -0.51 
688 1948.8 -4.34 -0.51 
686 1948.9 -4.47 -0.90 
684 1949.0 -4.48 -0.97 
682 1949.1 -4.69 -0.91 
680 1949.2 -4.77 -1.28 
678 1949.4 -4.58 -0.74 
676 1949.5 -4.28 -0.15 
674 1949.7 -4.34 -0.26 
672 1949.8 -4.31 -0.15 
670 1950.0 -4.78 -0.82 
668 1950.1 -4.90 -0.87 
664 1950.4 -4.84 -0.59 
662 1950.6 -4.53 -0.74 
660 1950.7 -4.63 -0.94 
658 1950.9 -4.64 -1.05 
654 1951.2 -4.81 -1.11 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

652 1951.3 -4.72 -0.31 
650 1951.4 -4.58 0.23 
646 1951.6 -4.36 0.00 
644 1951.8 -4.71 -0.21 
642 1951.9 -4.62 -0.84 
640 1952.0 -4.83 -1.19 
638 1952.1 -4.88 -0.85 
636 1952.2 -4.78 -0.29 
634 1952.3 -4.94 -0.69 
632 1952.4 -4.88 -0.89 
630 1952.5 -4.64 -0.67 
628 1952.7 -4.65 -0.74 
626 1952.8 -4.64 -0.40 
624 1952.9 -4.63 -0.83 
622 1953.0 -4.88 -1.22 
620 1953.1 -4.88 -1.29 
618 1953.2 -4.87 -1.18 
616 1953.3 -4.98 -1.85 
614 1953.4 -4.68 -2.20 
612 1953.5 -4.68 -1.40 
610 1953.7 -4.33 -1.22 
608 1953.7 -4.39 -0.94 
606 1953.8 -4.42 -1.19 
604 1953.9 -4.50 -1.16 
602 1954.0 -4.65 -1.28 
600 1954.0 -4.64 -1.06 
598 1954.1 -4.59 -1.29 
596 1954.2 -4.77 -1.19 
594 1954.3 -4.75 -1.26 
592 1954.4 -4.63 -1.33 
590 1954.5 -4.33 -1.11 
588 1954.6 -4.57 -1.21 
586 1954.8 -4.61 -1.00 
584 1954.9 -4.65 -1.14 
582 1955.0 -4.68 -1.28 
580 1955.1 -4.78 -1.05 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

578 1955.2 -4.79 -0.93 
576 1955.3 -4.73 -1.42 
574 1955.5 -4.53 -0.72 
572 1955.6 -4.36 -0.34 
570 1955.7 -4.37 -0.48 
568 1955.8 -4.44 -0.46 
566 1955.9 -4.55 -0.79 
564 1956.1 -4.80 -0.83 
562 1956.2 -4.81 -1.02 
560 1956.3 -4.61 -0.50 
558 1956.4 -4.69 -0.55 
556 1956.6 -4.42 -0.36 
554 1956.7 -4.39 -0.12 
552 1956.8 -4.46 -0.25 
550 1956.9 -4.74 -0.87 
548 1957.0 -4.84 -0.68 
546 1957.1 -4.82 -0.86 
544 1957.2 -4.91 -0.55 
542 1957.4 -4.75 -1.08 
540 1957.5 -4.83 -1.28 
538 1957.6 -4.39 -0.18 
536 1957.7 -4.44 -0.22 
534 1957.8 -4.52 -0.29 
532 1957.9 -4.70 -0.58 
530 1958.0 -4.86 -0.99 
528 1958.1 -5.00 -1.05 
526 1958.3 -4.93 -0.80 
524 1958.4 -4.78 -0.75 
522 1958.5 -4.45 -0.55 
520 1958.7 -4.55 -0.25 
518 1958.8 -4.71 -0.25 
516 1959.0 -4.95 -0.97 
514 1959.1 -4.86 -0.48 
512 1959.2 -4.91 -0.81 
510 1959.4 -4.80 -1.07 
508 1959.5 -4.76 -0.64 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

506 1959.6 -4.46 -0.49 
504 1959.7 -4.60 -0.39 
502 1959.8 -4.64 -0.63 
500 1959.9 -4.69 -0.45 
498 1960.0 -4.90 -0.72 
496 1960.1 -4.86 -0.76 
494 1960.3 -5.00 -0.59 
492 1960.4 -4.88 -0.64 
490 1960.5 -4.75 -0.90 
488 1960.6 -4.62 -0.50 
486 1960.7 -4.55 -0.47 
484 1960.9 -4.63 -0.23 
482 1961.0 -4.82 -0.57 
480 1961.1 -4.98 -0.41 
478 1961.2 -4.87 -0.55 
476 1961.4 -4.98 -0.90 
474 1961.5 -4.61 -0.62 
472 1961.7 -4.46 -0.35 
470 1961.8 -4.77 -0.49 
468 1962.0 -4.91 -0.67 
466 1962.1 -4.98 -0.46 
464 1962.3 -4.97 -0.82 
462 1962.4 -4.87 -0.95 
460 1962.5 -4.73 -0.79 
458 1962.6 -4.79 -0.88 
456 1962.7 -4.68 -0.75 
454 1962.8 -4.74 -0.96 
452 1962.9 -4.81 -0.91 
450 1963.0 -5.02 -0.80 
448 1963.1 -5.11 -0.78 
446 1963.2 -4.90 -0.86 
444 1963.3 -5.12 -0.99 
442 1963.4 -4.85 -0.81 
440 1963.6 -4.62 -0.34 
438 1963.7 -4.55 -0.47 
436 1963.8 -4.62 -0.79 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

434 1964.0 -4.79 -0.88 
432 1964.1 -4.94 -0.95 
430 1964.2 -5.03 -0.73 
428 1964.4 -4.87 -0.57 
426 1964.6 -4.71 -0.86 
424 1964.8 -4.61 -0.71 
422 1965.0 -4.87 -0.83 
420 1965.2 -5.16 -0.87 
418 1965.3 -4.99 -0.95 
416 1965.4 -4.93 -2.42 
414 1965.6 -4.81 -0.28 
412 1965.7 -4.68 -0.30 
410 1965.8 -4.87 -0.77 
408 1966.0 -4.96 -0.98 
406 1966.1 -4.98 -0.90 
404 1966.3 -4.99 -1.03 
402 1966.4 -5.08 -0.94 
400 1966.5 -4.91 -0.89 
398 1966.7 -4.69 -1.21 
396 1966.8 -4.80 -1.34 
394 1966.9 -4.92 -1.12 
392 1967.1 -4.99 -1.08 
390 1967.2 -4.99 -1.08 
388 1967.3 -4.94 -1.44 
386 1967.5 -4.99 -1.17 
384 1967.6 -4.73 -1.01 
382 1967.7 -4.75 -1.37 
380 1967.9 -4.62 -1.22 
378 1968.1 -5.02 -1.59 
376 1968.3 -4.99 -1.34 
374 1968.4 -4.73 -2.81 
372 1968.5 -4.67 -1.03 
370 1968.7 -4.48 -0.73 
368 1968.8 -4.79 -1.70 
366 1969.0 -4.80 -1.04 
364 1969.1 -5.08 -1.42 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

362 1969.3 -5.01 -1.41 
360 1969.5 -4.27 -0.84 
358 1969.7 -4.89 -1.09 
356 1969.9 -4.73 -1.48 
354 1970.1 -4.87 -1.22 
352 1970.3 -4.97 -0.97 
350 1970.5 -4.49 -0.43 
348 1970.7 -4.58 -0.58 
346 1970.9 -4.70 -0.82 
344 1971.1 -4.88 -0.78 
342 1971.3 -4.88 -1.13 
340 1971.6 -4.61 -0.87 
338 1971.8 -4.69 -1.28 
336 1972.0 -4.88 -1.47 
334 1972.2 -4.93 -1.19 
332 1972.3 -4.81 -1.20 
330 1972.5 -4.79 -1.18 
328 1972.6 -4.69 -0.93 
326 1972.7 -4.52 -0.58 
324 1972.9 -4.78 -0.75 
322 1973.0 -4.75 -1.30 
320 1973.1 -4.96 -0.81 
318 1973.3 -4.92 -0.87 
316 1973.4 -4.83 -1.10 
314 1973.5 -4.70 -0.83 
312 1973.6 -4.56 -0.68 
310 1973.8 -4.61 -0.87 
308 1973.9 -4.86 -0.69 
306 1974.1 -5.02 -0.61 
304 1974.2 -5.05 -0.94 
302 1974.3 -4.68 -0.83 
300 1974.5 -4.72 -0.92 
298 1974.6 -4.77 -1.03 
296 1974.7 -4.66 -1.05 
294 1974.8 -4.78 -1.12 
292 1974.9 -4.78 -1.25 

 

 



154 
 

 

Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

290 1975.1 -4.82 -0.81 
288 1975.2 -4.93 -1.26 
286 1975.4 -4.72 -1.20 
284 1975.6 -4.80 -1.30 
282 1975.7 -4.58 -1.34 
280 1975.8 -4.79 -1.44 
278 1975.9 -4.86 -1.74 
276 1975.9 -4.94 -1.56 
274 1976.0 -4.99 -1.37 
272 1976.1 -5.06 -1.72 
270 1976.2 -4.88 -1.55 
268 1976.2 -5.05 -1.85 
266 1976.4 -4.83 -1.83 
264 1976.5 -4.90 -1.66 
262 1976.6 -4.72 -1.65 
260 1976.7 -5.00 -1.94 
258 1976.9 -5.03 -2.00 
256 1977.0 -4.92 -1.97 
254 1977.1 -5.15 -1.73 
252 1977.2 -5.17 -1.76 
248 1977.5 -5.00 -1.37 
246 1977.6 -4.78 -1.52 
244 1977.7 -4.87 -1.96 
242 1977.8 -4.73 -2.30 
240 1978.0 -5.05 -1.86 
238 1978.1 -5.44 -1.31 
236 1978.2 -5.14 -1.76 
234 1978.3 -5.11 -2.52 
232 1978.4 -5.02 -2.79 
230 1978.6 -4.70 -1.39 
228 1978.7 -4.53 -1.52 
226 1978.9 -4.67 -1.80 
224 1979.0 -5.06 -2.18 
222 1979.2 -4.98 -1.76 
220 1979.4 -5.20 -2.09 
218 1979.6 -4.62 -0.82 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

216 1979.8 -4.96 -1.28 
214 1980.0 -4.95 -1.57 
212 1980.2 -5.23 -1.44 
210 1980.3 -4.94 -1.49 
208 1980.5 -4.78 -1.35 
206 1980.7 -4.70 -1.24 
204 1980.9 -4.82 -1.76 
202 1981.0 -5.13 -1.89 
200 1981.2 -5.01 -1.51 
198 1981.3 -5.09 -1.87 
196 1981.4 -4.97 -2.42 
194 1981.5 -4.91 -2.01 
192 1981.6 -4.73 -1.31 
190 1981.7 -4.77 -1.45 
188 1981.9 -4.49 -1.35 
187 1981.9 -4.85 -2.10 
186 1982.0 -4.97 -2.03 
185 1982.1 -5.02 -1.87 
183 1982.3 -5.02 -2.59 
182 1982.3 -4.97 -3.46 
181 1982.4 -4.73 -3.41 
179 1982.5 -4.86 -1.25 
177 1982.7 -4.93 -1.69 
176 1982.7 -4.87 -1.67 
175 1982.8 -4.91 -1.71 
174 1982.9 -5.10 -1.88 
173 1982.9 -4.83 -2.26 
172 1983.0 -5.11 -2.07 
171 1983.1 -4.96 -1.98 
170 1983.1 -5.08 -1.84 
169 1983.2 -4.97 -1.55 
168 1983.3 -5.17 -1.90 
166 1983.4 -4.87 -2.01 
165 1983.5 -4.65 -1.86 
163 1983.6 -4.57 -1.65 
162 1983.7 -4.42 -1.54 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

161 1983.7 -4.53 -1.65 
160 1983.8 -4.40 -2.02 
159 1983.9 -4.74 -2.37 
158 1984.0 -4.78 -2.26 
157 1984.0 -4.76 -2.37 
156 1984.1 -4.96 -2.01 
155 1984.2 -4.96 -1.75 
154 1984.3 -4.84 -2.19 
153 1984.3 -4.96 -2.00 
152 1984.4 -4.87 -1.77 

151.5 1984.4 -4.78 -1.94 
151 1984.5 -4.62 -1.61 
150 1984.5 -4.42 -1.50 
149 1984.6 -4.51 -1.62 
148 1984.7 -4.36 -1.38 
147 1984.8 -4.56 -1.47 
146 1984.8 -4.60 -1.98 
145 1984.9 -4.60 -1.64 
144 1985.0 -4.78 -1.65 
143 1985.0 -4.92 -1.54 
142 1985.1 -4.84 -1.38 
141 1985.2 -4.92 -1.35 
140 1985.2 -4.91 -1.62 
139 1985.3 -5.02 -1.86 
138 1985.3 -4.84 -1.72 
137 1985.4 -4.71 -1.79 
136 1985.4 -4.66 -1.35 
135 1985.5 -4.57 -1.41 
134 1985.6 -4.51 -1.26 
133 1985.6 -4.43 -1.17 
132 1985.7 -4.57 -1.25 
129 1985.8 -4.48 -1.26 
128 1985.9 -4.63 -1.43 
127 1986.0 -4.61 -1.16 
126 1986.0 -4.90 -1.51 
125 1986.1 -4.82 -1.65 
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Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

124 1986.1 -4.90 -2.12 
123 1986.2 -5.00 -1.15 
122 1986.3 -4.99 -1.13 
121 1986.5 -4.87 -1.99 
120 1986.6 -4.17 -2.24 
119 1986.7 -4.58 -1.82 
118 1986.8 -4.54 -1.56 
117 1986.9 -4.67 -1.63 
116 1987.0 -4.71 -1.87 
115 1987.1 -4.74 -2.03 
114 1987.1 -4.87 -2.07 
113 1987.2 -4.89 -1.79 
112 1987.3 -4.86 -2.32 
111 1987.4 -4.77 -2.49 

110.5 1987.5 -4.82 -2.99 
110 1987.5 -4.82 -2.07 
108 1987.7 -4.75 -1.93 
106 1987.9 -4.79 -2.17 
104 1988.1 -4.97 -2.05 
102 1988.3 -5.01 -2.04 
100 1988.5 -4.90 -1.93 
98 1988.7 -4.69 -2.23 
96 1989.0 -4.95 -2.18 
94 1989.2 -5.10 -2.50 
92 1989.3 -5.01 -2.12 
90 1989.5 -4.77 -1.85 
88 1989.6 -4.72 -2.08 
86 1989.8 -4.61 -2.24 
84 1990.0 -4.89 -2.78 
82 1990.2 -4.88 -1.98 
80 1990.5 -4.94 -2.63 
78 1990.7 -4.61 -1.86 
76 1990.8 -4.88 -1.88 
74 1990.9 -4.82 -1.99 
72 1991.0 -4.94 -1.66 
70 1991.1 -5.01 -1.73 

 



158 
 

 

Table A10 Stable isotope data for coral specimen from St Joseph Island, Continued 

St Joseph Island Coral; 5.44°S, 53.37°E, 5m depth; Porites lutea 

mm from 
surface 

Age 
(year) 

δ18O 
(‰ VPDB) 

δ13C 
(‰ VPDB) 

68 1991.2 -5.08 -2.02 
66 1991.4 -5.07 -1.98 
64 1991.6 -4.76 -1.41 
62 1991.8 -4.89 -2.38 
60 1992.0 -5.14 -1.91 
58 1992.2 -4.94 -2.00 
56 1992.3 -5.00 -1.93 
54 1992.5 -4.66 -1.69 
52 1992.6 -4.84 -2.01 
50 1992.8 -4.84 -2.50 
48 1992.9 -4.94 -2.46 
46 1993.1 -5.08 -2.21 
44 1993.2 -5.13 -2.09 
42 1993.4 -4.98 -2.10 
40 1993.6 -4.57 -2.04 
38 1993.8 -4.69 -2.02 
36 1993.9 -4.73 -2.36 
34 1994.0 -4.77 -2.00 
32 1994.2 -4.80 -3.16 
30 1994.4 -4.78 -2.07 
28 1994.6 -4.64 -1.81 
26 1994.8 -4.63 -2.25 
24 1995.1 -4.82 -2.05 
22 1995.3 -4.80 -2.92 
20 1995.6 -4.48 -1.64 
18 1995.8 -4.61 -2.01 
16 1996.0 -4.89 -2.17 
14 1996.1 -4.80 -2.32 
12 1996.3 -5.06 -1.96 
10 1996.5 -4.63 -1.78 
8 1996.7 -4.54 -1.89 
6 1996.9 -4.84 -2.11 
4 1997.1 -4.87 -2.27 
2 1997.3 -4.92 -2.22 
0 1997.5 -4.78 -1.93 
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Table A11 Stable isotope and relevant CTD data from Scripps student cruise RR1319 
aboard R/V Roger Revelle. Water station 1; December 31, 2013. 

 
Water station 1: 0.63032°S, 90.09846°E 

Depth (m) 
Potential 

density (kg 
m-3) 

Salinity 
(psu) 

Temperature 
(°C) 

δ18O        
(‰SMOW) 

39 22.173 34.896 28.45 0.34 
55 22.353 35.093 28.35 0.32 
79 22.595 35.299 28.10 0.47 
104 22.730 35.308 27.70 0.54 
129 25.600 35.148 17.14 0.18 
154 26.088 35.137 14.97 0.25 
329 26.821 35.026 10.90 0.07 
503 27.038 35.004 9.57 -0.07 
755 27.252 34.995 8.20 -0.13 
909 27.394 34.952 7.00 -0.18 

1003 27.440 34.930 6.53 -0.24 
1254 27.553 34.881 5.35 -0.29 
1455 27.628 34.842 4.43 -0.27 
1805 27.711 34.800 3.30 -0.27 
2105 27.756 34.768 2.51 -0.45 
3204 27.808 34.727 1.50 -0.44 

1σ standard error in all seawater δ18O analyses is 0.09‰, as 
determined from 16 determinations of an in-house seawater 
standard analyzed along with the unknowns 
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Table A12 Stable isotope and relevant CTD data from Scripps student cruise RR1319 
aboard R/V Roger Revelle. Water station 2; January 1, 2014. 

 
Water station 2: 4.25382°S, 89.75996°E 

Depth (m) 
Potential 

density (kg 
m-3) 

Salinity 
(psu) 

Temperature 
(°C) 

δ18O        
(‰SMOW) 

11 21.654 34.367 28.81 0.44 
25 22.242 34.963 28.38 0.56 
44 22.513 35.120 27.92 0.54 
64 22.953 35.270 26.91 0.63 
83 23.315 35.368 26.01 0.62 
129 25.020 35.007 19.05 0.35 
155 25.917 34.948 15.09 0.36 
205 26.377 34.984 13.05 0.23 
305 26.715 34.975 11.26 0.30 
455 26.917 34.895 9.78 0.30 
605 27.082 34.890 8.76 0.23 
756 27.234 34.854 7.57 0.06 
905 27.342 34.850 6.79 0.03 

1055 27.425 34.830 6.05 -0.01 
1556 27.649 34.792 3.85 -0.16 
1856 27.723 34.770 2.91 0.11 
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Table A13 Stable isotope and relevant CTD data from Scripps student cruise RR1319 
aboard R/V Roger Revelle. Water station 3; January 7, 2014. 

 
Water station 3: 10.4887°S, 89.04273°E 

Depth (m) 
Potential 

density (kg 
m-3) 

Salinity 
(psu) 

Temperature 
(°C) 

δ18O        
(‰SMOW) 

1 21.633 34.155 28.38 0.63 
27 22.021 34.357 27.67 0.73 
51 22.224 34.362 27.05 0.75 
76 22.496 34.470 26.46 0.89 
100 23.939 34.859 22.63 0.73 
125 24.973 34.990 19.18 0.77 
150 25.424 35.047 17.55 0.85 
175 25.785 34.807 15.20 0.72 
201 26.132 34.652 12.99 0.61 
350 26.754 34.756 10.09 0.54 
501 27.002 34.734 8.47 0.62 
651 27.178 34.677 6.97 0.62 
801 27.293 34.654 5.96 0.42 
961 27.386 34.651 5.19 0.45 

1411 27.598 34.730 3.85 0.89 
1860 27.713 34.739 2.73 0.03 
4137 27.829 34.714 1.13 0.11 
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Appendix B. Tabulated Radiocarbon Data 

All 14C analyses were conducted at the Center for Accelerator Mass Spectrometry 

at Lawrence Livermore National Laboratory, under the supervision of Tom Guilderson. 

Methodology is discussed at length in Chapter 1. 

For both carbonate and seawater radiocarbon analyses, analytical error of D14C 

and ∆14C is ±3.5‰ (1σ), based on replicate determinations of homogenous in-house coral 

and calcite standards.  

Internal error for each analysis is reported within the tabulated data. Data are 

reported as D14C (corrected for δ13C), ∆14C (corrected for δ13C and year of measurement), 

and—where possible—age corrected ∆14C (corrected for δ13C, year of measurement, and 

known year of growth). 
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Table B1 Exploratory D14C measurements of 9 selected sclerosponge specimens. Includes 
dredge depth, error, and bomb 14C-derived age designation as pre-bomb, post-bomb, or bomb-
straddling. These coarse age designations roughly correspond to pre-1960, post-1960, or around 
1960, respectively. 

 
exploratory D14C measurements of sclerosponge collection 

Sample ID dredge depth (m) D14C (‰) ± specimen designation 

KNOX 12-1 base 95-119 -74 2.5 bomb-straddling 
KNOX 12-1 surface 95-119 46 3.0 
KNOX 13-1 base 73-92 -66 3.1 bomb-straddling 
KNOX 13-1 surface 73-92 50 3.5 
KNOX 13-2 base 73-92 -8 3.8 post-bomb 
KNOX 13-2 surface 73-92 26 3.3 
KNOX 17-1 base 102-165 -79 3.0 

pre-bomb KNOX 17-1 middle 102-165 -85 2.2 
KNOX 17-1 middle 102-165 -83 3.0 
KNOX 17-1 surface 102-165 -84 2.9 
KNOX 17-2 base 102-165 -71 3.1 pre-bomb 
KNOX 17-2 surface 102-165 -81 3.1 
KNOX 17-3 base 102-165 -70 3.1 pre-bomb 
KNOX 17-3 surface 102-165 -79 2.9 
KNOX 17-4 base 102-165 -65 2.9 

pre-bomb KNOX 17-4 middle 102-165 -71 3.1 
KNOX 17-4 middle 102-165 -63 3.1 
KNOX 17-4 surface 102-165 -69 3.1 
KNOX 17-5 base 102-165 -101 3.0 

pre-bomb KNOX 17-5 middle 102-165 -90 3.0 
KNOX 17-5 middle 102-165 -95 3.0 
KNOX 17-5 surface 102-165 -85 3.0 
KNOX 17-6 base 102-165 -60 3.1 pre-bomb 
KNOX 17-6 surface 102-165 -44 3.2 
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Table B2 Radiocarbon data for full transect of sclerosponge KNOX 12-1. 
 

KNOX 12-1 
mm from 

base Age (yr) D14C (‰) ∆14C (‰) Age corrected 
∆14C (‰) ± 

1.5 1933.2 -76 -83 -74 3.1 
3.5 1936.6 -72 -79 -71 2.6 
4.5 1939.1 -75 -82 -73 2.6 
6.0 1941.0 -66 -74 -65 3.2 
7.5 1943.2 -68 -75 -67 2.9 
8.5 1945.4 -74 -81 -74 3.3 
10.0 1947.1 -75 -82 -75 2.8 
11.5 1949.1 -74 -81 -73 2.8 
12.5 1951.0 -70 -78 -71 2.8 
14.5 1955.5 -70 -77 -70 2.8 
16.0 1958.0 -75 -82 -76 2.8 
17.5 1959.8 -60 -67 -61 2.7 
21.5 1963.9 -44 -51 -46 2.9 
23.5 1967.4 -38 -46 -40 2.9 
25.5 1969.4 -20 -27 -22 3.0 
27.0 1971.2 -16 -23 -18 4.1 
28.5 1972.9 -3 -11 -6 3.7 
30.0 1974.2 11 4 8 3.1 
32.0 1977.5 15 7 11 3.1 
34.0 1981.2 44 36 40 3.9 
36.5 1984.3 55 47 50 3.2 
40.0 1988.4 42 34 37 3.5 
42.0 1991.3 47 40 42 3.2 
46.0 1995.9 62 54 56 3.6 
49.0 1999.5 38 30 32 3.2 
52.0 2001.2 43 36 37 2.7 
54.5 2003.6 33 26 27 3.2 
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Table B3 Radiocarbon data for full transect of sclerosponge KNOX 13-1. 
 

KNOX 13-1 
mm from 

base 
Approximate 

age (yr) D14C (‰) ∆14C (‰) Age corrected 
∆14C (‰) ± 

2.0 1958.9 -64 -71 -65 2.6 
4.0 1962.6 -60 -67 -61 2.9 
6.0 1966.3 -47 -54 -49 3.3 
8.5 1970.0 -23 -30 -25 3.0 

10.5 1973.7 -5 -12 -8 3.2 
12.5 1977.4 14 6 11 3.1 
14.5 1982.2 31 23 27 4.3 
16.5 1987.0 47 39 42 4.0 
19.0 1990.6 50 42 45 3.1 
21.0 1993.8 46 38 41 3.7 
23.0 1997.0 48 40 42 3.1 
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Table B4 Radiocarbon data for full transect of sclerosponge KNOX 13-2. 
 

KNOX 13-2 
mm from 

base 
Approximate 

age (yr) D14C (‰) ∆14C (‰) Age corrected 
∆14C (‰) ± 

2.0 1973.5 -1 -8 -4 3.8 
4.0 1974.7 7 0 4 2.4 
6.5 1976.1 -3 -10 -6 2.8 
8.5 1977.6 17 9 13 2.8 
11.0 1979.2 19 12 16 2.9 
13.0 1980.8 6 -2 2 2.8 
15.5 1982.4 21 13 17 3.0 
17.5 1983.9 45 37 41 3.0 
20.0 1985.5 35 27 30 3.1 
22.0 1987.1 45 37 40 2.9 
24.5 1988.6 48 40 43 3.1 
26.5 1990.2 42 35 37 3.1 
29.0 1991.8 34 26 29 3.3 
30.5 1993.4 34 26 28 3.3 
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Table B5 Radiocarbon data for full transect of sclerosponge KNOX 17-1. 
 

KNOX 17-1; pre-bomb, no age model 
mm from 

base D14C (‰) ∆14C (‰) ± 

2.0 -85 -92 2.8 
4.0 -86 -93 2.7 
6.5 -94 -101 2.7 
8.5 -96 -103 3.7 
11.0 -95 -102 2.5 
13.0 -92 -99 2.7 
15.0 -108 -115 3.0 
17.5 -96 -103 2.5 
19.5 -102 -109 2.5 
21.5 -89 -96 3.1 
24.0 -98 -104 2.3 
26.0 -92 -98 2.8 
28.0 -88 -95 2.6 
30.5 -91 -97 2.7 
32.5 -91 -98 2.6 
35.0 -89 -96 2.6 
37.0 -88 -95 2.6 
39.0 -89 -96 2.6 
41.5 -94 -100 2.5 
43.5 -89 -96 2.4 
46.0 -86 -93 2.7 
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Table B6 Radiocarbon data for seawater data from 2007 KNOX10RR cruise, October 28, 
2007. 5.427°S, 57.197°E. 

 
Seychelles seawater 14C measurements 

Depth (m) D14C (‰) ∆14C (‰) ± 

4 38 30 2.7 
29 39 31 3.0 
53 38 31 3.0 
78 22 14 3.1 
103 19 11 3.0 
152 21 14 3.0 
202 -1 -8 2.9 
303 -10 -17 2.9 
399 -27 -34 3.2 
506 -63 -69 2.7 
704 -114 -121 3.2 
898 -135 -141 2.5 
995 -138 -144 2.3 

1078 -150 -157 2.3 
1199 -164 -170 2.2 
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Table B7 Radiocarbon data from a Ceratoporella Nicholsoni sclerosponge specimen, 
collected within the Banda Sea within the Indonesian Archipelago.  

 
Banda Sea sclerosponge 

sample # (increasing 
from base) 

Approximate 
age (yr) D14C (‰) ∆14C (‰) Age corrected 

∆14C (‰) ± 

1 1938 -61 -68 -60 3.1 
2 1941 -61 -68 -60 2.9 
3 1943 -59 -66 -58 2.7 
4 1946 -60 -67 -60 2.7 
5 1949 -57 -64 -57 2.4 
6 1951 -58 -65 -58 2.4 
7 1954 -56 -63 -56 3.0 
8 1956 -45 -52 -46 2.7 
9 1959 -42 -49 -43 2.7 
10 1962 -24 -32 -26 3.8 
11 1964 -14 -22 -16 2.6 
12 1967 31 24 29 3.1 
13 1970 56 48 54 3.1 
14 1972 78 70 75 3.2 
15 1975 88 80 85 3.2 
16 1978 102 94 98 3.0 
17 1980 122 114 118 3.6 
18 1983 122 114 118 3.1 
19 1985 142 133 137 3.3 
20 1988 120 111 115 3.1 
21 1991 123 114 117 3.7 
22 1993 111 102 105 4.1 
23 1996 118 110 112 3.3 
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Table B8 Radiocarbon data from a Porites lutea coral specimen from St Joseph Island 
within the Seychelles Archipelago. 5.44°S, 53.37°E. 

 
St. Joseph Island Coral 

mm from 
surface Age (yr) D14C (‰) ∆14C (‰) Age corrected 

∆14C (‰) ± 

652.0 1951.3 -64 -71 -64 2.6 
646.5 1951.6 -67 -74 -67 2.5 
641.5 1951.9 -70 -77 -70 2.6 
636.5 1952.2 -62 -69 -62 2.8 
631.0 1952.5 -60 -67 -61 2.6 
626.5 1952.7 -65 -72 -65 2.8 
622.5 1953.0 -64 -71 -64 2.6 
618.5 1953.2 -62 -70 -63 3.2 
614.0 1953.4 -66 -73 -66 2.6 
609.0 1953.7 -67 -74 -68 2.8 
604.0 1953.9 -68 -75 -68 2.5 
599.0 1954.1 -66 -73 -66 2.6 
594.0 1954.3 -65 -72 -66 2.6 
589.5 1954.6 -67 -74 -68 2.6 
584.5 1954.8 -63 -70 -64 3.0 
579.5 1955.1 -65 -72 -65 2.6 
575.0 1955.4 -63 -70 -64 2.7 
570.5 1955.7 -63 -70 -63 3.0 
566.5 1955.9 -67 -74 -68 2.9 
562.5 1956.2 -64 -71 -64 2.9 
558.0 1956.4 -57 -65 -58 2.9 
554.0 1956.7 -62 -69 -63 2.9 
550.0 1956.9 -59 -66 -59 2.9 
546.0 1957.1 -58 -65 -58 2.5 
542.0 1957.4 -55 -63 -56 2.7 
537.0 1957.6 -55 -63 -56 2.8 
532.0 1957.9 -53 -60 -54 2.7 
527.0 1958.2 -52 -59 -53 2.9 
522.0 1958.5 -47 -54 -48 2.9 
518.0 1958.8 -44 -51 -45 2.9 
514.0 1959.1 -43 -50 -44 2.9 
510.0 1959.4 -30 -37 -31 2.9 
506.0 1959.6 -39 -46 -40 2.9 
501.0 1959.9 -39 -46 -40 2.7 
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Table B8 Radiocarbon data from a Porites lutea coral specimen from St Joseph Island 
within the Seychelles Archipelago. 5.44°S, 53.37°E, Continued 

 
St. Joseph Island Coral 

mm from 
surface Age (yr) D14C (‰) ∆14C (‰) Age corrected 

∆14C (‰) ± 

496.0 1960.1 -36 -43 -37 3.6 
491.0 1960.4 -34 -41 -35 2.9 
486.0 1960.7 -34 -41 -35 2.9 
482.5 1961.0 -31 -39 -33 2.9 
479.0 1961.2 -24 -31 -25 3.5 
475.5 1961.4 -23 -30 -24 2.7 
472.0 1961.7 -25 -33 -27 2.9 
468.0 1962.0 -18 -25 -19 3.0 
464.0 1962.3 -18 -25 -19 3.0 
460.0 1962.5 -14 -21 -16 3.0 
456.0 1962.7 -11 -19 -13 3.6 
451.5 1962.9 -6 -14 -8 3.2 
447.0 1963.1 1 -7 -1 2.8 
442.5 1963.4 13 6 12 3.1 
438.0 1963.7 11 3 9 3.1 
434.5 1963.9 12 5 11 3.7 
431.0 1964.2 33 25 31 3.4 
427.5 1964.5 28 20 26 3.1 
424.0 1964.8 24 16 22 3.1 
421.0 1965.1 33 25 31 4.8 
418.0 1965.3 37 30 35 3.5 
415.0 1965.5 47 39 45 3.2 
412.0 1965.7 47 39 45 3.2 
408.5 1965.9 40 32 38 3.8 
405.0 1966.2 51 43 49 3.9 
401.5 1966.4 66 58 64 3.2 
398.0 1966.7 52 44 50 2.9 
393.5 1967.0 55 47 53 3.3 
389.0 1967.3 77 68 74 3.3 
384.5 1967.5 74 66 72 3.1 
380.0 1967.9 74 66 72 3.4 
377.5 1968.1 74 66 71 3.4 
375.0 1968.3 74 65 71 3.4 
372.5 1968.5 80 72 78 3.8 
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Table B8 Radiocarbon data from a Porites lutea coral specimen from St Joseph Island 
within the Seychelles Archipelago. 5.44°S, 53.37°E, Continued 

 
St. Joseph Island Coral 

mm from 
surface Age (yr) D14C (‰) ∆14C (‰) Age corrected 

∆14C (‰) ± 

370.0 1968.7 58 50 56 3.3 
367.5 1968.9 69 61 66 4.3 
365.0 1969.0 65 57 62 3.1 
362.5 1969.2 77 69 75 3.2 
360.0 1969.5 69 61 66 3.1 
357.5 1969.7 77 69 74 2.8 
355.0 1970.0 81 73 79 2.8 
352.5 1970.2 83 74 80 2.8 
350.0 1970.5 94 85 91 2.8 
347.5 1970.8 94 86 91 2.8 
345.0 1971.0 95 86 92 2.8 
342.5 1971.3 100 91 97 2.8 
340.0 1971.6 99 90 96 3.2 
336.5 1971.9 101 92 98 2.8 
333.0 1972.3 100 92 97 3.1 
329.5 1972.5 99 91 96 2.8 
326.0 1972.7 90 81 86 2.8 
322.5 1973.0 89 81 86 2.8 
319.0 1973.2 109 101 106 2.8 
315.5 1973.4 106 98 103 2.8 
312.0 1973.6 102 94 99 2.8 
308.5 1973.9 102 93 98 3.4 
304.5 1974.2 113 104 110 2.5 
300.5 1974.4 120 111 116 3.2 
297.0 1974.6 105 97 102 2.9 
293.5 1974.9 99 90 95 2.8 
289.5 1975.1 102 93 98 3.1 
285.5 1975.4 103 94 99 2.5 
282.0 1975.7 104 96 101 3.0 
277.0 1975.9 91 83 88 3.2 
272.0 1976.1 102 94 99 3.1 
267.0 1976.3 95 87 92 2.9 
262.0 1976.6 93 84 89 3.1 
257.5 1976.9 85 76 81 2.9 
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Table B8 Radiocarbon data from a Porites lutea coral specimen from St Joseph Island 
within the Seychelles Archipelago. 5.44°S, 53.37°E, Continued 

 
St. Joseph Island Coral 

mm from 
surface Age (yr) D14C (‰) ∆14C (‰) Age corrected 

∆14C (‰) ± 

253.0 1977.2 104 96 100 2.9 
248.5 1977.4 99 91 95 2.9 
244.0 1977.7 94 86 90 2.9 
240.0 1978.0 94 85 90 3.2 
236.0 1978.2 108 100 104 3.6 
232.0 1978.4 108 100 104 2.9 
228.0 1978.7 92 84 88 2.9 
225.5 1978.9 98 90 94 3.3 
223.0 1979.1 107 99 103 3.0 
220.5 1979.4 93 85 89 2.8 
218.0 1979.6 94 85 90 3.2 
215.0 1979.9 92 83 88 2.4 
212.0 1980.2 102 93 97 2.8 
209.0 1980.4 96 87 91 2.8 
206.0 1980.7 98 90 94 3.3 
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Appendix C. Tabulated Trace Element Data 

All trace element sample preparation was conducted metal-free clean laboratory 

of Scripps Isotope Geochemistry Laboratory (SIGL), at Scripps Institution of 

Oceanography. Analysis of prepared samples was conducted within the SIGL analytical 

facility, using an iCAPq quadropole ICP-MS, interfaced with an auto-sampler. See 

Chapter 2 for an extensive discussion on methodology. 

Data are presented as both raw counts per second (CPS; Tables C1 and C2) after 

corrections for dilution factor, blank variability, and indium doping were conducted. Data 

are also presented as trace element ratios (Tables C3 and C4) relevant to the geochemical 

community. 

See Table 2.1 for a list of analytical error analysis for trace element ratios which 

are known paleo-proxies within carbonate archives. 
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Table C1 Raw trace element data for KNOX12-1. 
 

Isotopic analyses (cps); 7Li to 48Ca. 
mm from 

base 
Age 
(yr) 7-Li 10-B 25-Mg 26-Mg 43-Ca 48-Ca 

0.0 1931.0 3110.6 5451.1 6205672.0 7465025.6 3375335.6 6573662.3 
1.0 1932.9 3131.2 4915.5 6295288.8 7482328.7 3417202.1 6823490.1 
3.0 1936.0 2931.5 5160.6 5840771.5 7024399.8 3137630.2 6297833.9 
4.5 1938.5 2784.9 6722.9 5834898.5 7054411.5 3110729.0 6218186.2 
6.0 1941.0 3241.5 5741.7 6409926.4 7659322.0 3397207.7 6733789.2 
7.5 1943.5 2726.2 5849.7 5662242.8 6758480.3 2944296.3 5658384.3 
8.5 1945.4 3077.6 5606.5 6065620.6 7275176.7 3235483.3 6257742.9 
10.5 1947.3 3334.8 7077.8 6864245.8 8138436.7 3565138.9 6919730.9 
11.5 1949.1 2400.0 4399.1 5221860.3 6285033.9 2760372.7 5420583.6 
13.0 1952.3 2631.1 3959.4 5248100.0 6305293.3 2781193.7 5304271.7 
14.5 1955.5 3227.7 6307.2 6441230.3 7643126.3 3375212.2 6416341.7 
15.5 1956.7 3246.1 5838.9 6459703.2 7733685.7 3401247.8 6518124.2 
17.0 1959.3 2924.4 5866.9 6241133.2 7446807.3 3216642.2 6237000.0 
18.5 1960.7 3302.6 6437.7 6797251.4 8121240.7 3501300.4 6905225.6 
19.5 1962.1 2571.2 4698.9 5725086.8 6878895.7 2838975.5 5461226.4 
21.0 1963.5 3399.1 5946.2 6943980.5 8303933.2 3661421.4 7089186.2 
22.5 1965.3 2700.0 5554.9 5687288.3 6884963.5 2881105.0 5502540.8 
24.0 1967.9 3713.9 6383.9 7541017.6 8965117.9 3783470.6 7127176.9 
26.0 1970.4 3265.2 6264.5 6666961.8 8015687.0 3413645.3 6522699.5 
27.5 1971.9 2827.6 4056.5 5883355.1 7058070.1 2957747.5 5551482.1 
29.5 1974.0 2586.8 3326.5 5267131.5 6285180.9 2659140.0 5038111.4 
31.0 1976.0 3229.2 4887.6 6558217.8 7897175.6 3308395.9 6349784.6 
33.5 1980.2 1250.1 2034.3 2853655.5 3409398.9 1408717.9 2728561.8 
36.0 1983.9 3833.4 5810.4 8292982.5 9935821.5 4111517.5 8112135.7 
37.5 1985.7 4051.3 7136.7 8621761.6 10323694.8 4310560.8 8679024.2 
39.0 1986.9 3728.7 6607.6 7759525.6 9276370.0 3790535.7 7514155.9 
40.5 1989.4 4458.6 8023.9 8943011.7 10774660.7 4466636.0 8615234.2 
42.5 1991.9 4049.6 7921.5 8525555.3 10153817.8 4106451.9 7962555.5 
44.0 1993.9 3599.8 7163.7 7711848.6 9146154.1 3705561.1 7139141.6 
46.0 1995.9 3734.2 6834.7 7883374.7 9487542.2 3826467.2 7310185.8 
47.5 1997.3 3607.0 6880.7 7975438.1 9583864.3 3766949.2 7196643.2 
50.0 1999.5 4039.2 4680.2 8286137.5 9926851.0 4097284.2 7760350.3 
52.0 2000.9 2956.7 2775.5 6199081.0 7447043.8 2975032.7 5748228.7 
53.5 2002.3 3324.7 5059.5 6901597.7 8232807.8 3263668.3 6318753.9 
55.5 2004.3 4221.9 6627.0 8687656.4 10345693.4 4081877.5 7867703.5 
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Table C1 Raw trace element data for KNOX12-1, Continued 

Isotopic analyses (cps); 49Ti to 135Ba. 

mm from 
base 

Age 
(yr) 49-Ti 57-Fe 86-Sr 87-Sr 111-Cd 135-Ba 

0.0 1931.0 1229.4 415877.9 2797054.3 2002320.9 527.5 76199.7 
1.0 1932.9 576.3 420194.8 2815337.9 2021529.3 530.8 27465.0 
3.0 1936.0 729.6 375921.0 2579831.7 1873950.1 467.8 39014.9 
4.5 1938.5 670.1 382225.7 2565693.0 1848337.1 703.6 32637.6 
6.0 1941.0 452.8 402963.5 2778199.0 1988682.0 773.4 28280.0 
7.5 1943.5 682.8 360402.9 2402513.6 1746418.4 756.1 33598.6 
8.5 1945.4 480.3 376003.0 2607979.9 1892273.1 954.2 22545.8 

10.5 1947.3 1351.0 438494.1 2873049.0 2072047.3 1020.9 57179.9 
11.5 1949.1 393.9 261483.6 2188664.6 1618633.9 885.1 44888.6 
13.0 1952.3 564.5 320084.0 2226423.9 1623237.8 890.6 29581.3 
14.5 1955.5 1065.9 380126.2 2657465.0 1952517.3 1023.2 67872.2 
15.5 1956.7 859.0 387383.0 2656268.7 1916048.9 1126.7 40936.4 
17.0 1959.3 784.0 368758.0 2463625.3 1766468.6 964.0 42880.8 
18.5 1960.7 868.7 400595.0 2744115.8 1946182.0 774.8 44818.6 
19.5 1962.1 1273.5 330213.9 2255650.5 1645490.1 857.5 68873.4 
21.0 1963.5 435.6 442773.3 3077608.0 2223459.8 1215.6 18295.1 
22.5 1965.3 849.5 333867.4 2284558.4 1655187.8 1308.6 48896.7 
24.0 1967.9 257.6 428956.6 2959186.8 2107774.2 1793.9 9127.4 
26.0 1970.4 948.3 383238.8 2663436.3 1909898.0 2133.3 56358.3 
27.5 1971.9 661.8 325538.9 2359871.0 1690248.4 1547.4 32373.4 
29.5 1974.0 761.9 298852.8 2158649.7 1588171.3 656.6 38691.7 
31.0 1976.0 682.8 362638.7 2606454.6 1836956.6 1681.9 39889.8 
33.5 1980.2 661.8 153400.7 1121346.3 806884.3 739.6 40339.7 
36.0 1983.9 764.3 440333.8 3108993.0 2235889.7 1798.6 40135.0 
37.5 1985.7 332.7 463858.7 3276741.6 2365017.7 2135.8 11214.3 
39.0 1986.9 520.8 410192.0 2856628.8 2038806.2 1858.7 21729.8 
40.5 1989.4 959.9 481194.8 3385638.6 2409684.5 1926.9 52054.9 
42.5 1991.9 270.4 440466.1 3104923.2 2244608.6 2127.4 7429.9 
44.0 1993.9 429.4 404346.5 2783239.2 2000849.7 1634.5 21920.4 
46.0 1995.9 783.0 412063.8 2875917.0 2052459.5 1492.9 40446.7 
47.5 1997.3 188.1 405205.5 2858501.0 2038551.2 1358.4 10091.7 
50.0 1999.5 378.0 428491.6 3106450.5 2201892.9 1285.0 22361.7 
52.0 2000.9 821.0 328796.5 2267314.9 1669231.7 1095.5 41965.4 
53.5 2002.3 460.2 338304.4 2462981.2 1771659.5 1206.9 19488.8 
55.5 2004.3 1408.9 433052.2 3107462.8 2210599.3 1684.5 62355.0 
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Table C1 Raw trace element data for KNOX12-1, Continued 

Isotopic analyses (cps); 136Ba to 238U. 
mm from 

base 
Age 
(yr) 136-Ba 203-Tl 204-Pb 206-Pb 207-Pb 208-Pb 238-U 

0.0 1931.0 91100.8 10.3 26.3 484.0 421.5 1046.1 3632.0 
1.0 1932.9 32963.9 9.2 3.7 55.6 54.6 155.1 3499.5 
3.0 1936.0 46613.0 2.5 6.6 115.4 104.8 234.3 4046.6 
4.5 1938.5 39006.0 6.1 4.8 31.7 46.9 123.5 5339.2 
6.0 1941.0 34165.9 -3.6 5.9 136.6 110.3 303.5 5680.7 
7.5 1943.5 40780.7 9.4 16.3 155.4 132.4 344.0 4831.9 
8.5 1945.4 27047.3 -3.6 2.7 79.7 77.2 190.6 5877.1 
10.5 1947.3 68168.9 10.9 22.0 352.6 277.7 705.9 6004.3 
11.5 1949.1 54015.3 -1.3 8.5 88.1 110.3 302.4 5093.9 
13.0 1952.3 35867.1 -0.5 9.3 102.3 84.6 215.4 5368.3 
14.5 1955.5 81550.6 16.3 18.0 291.6 257.0 577.3 6144.1 
15.5 1956.7 49220.1 12.9 12.2 86.2 91.3 186.1 5991.6 
17.0 1959.3 51662.5 2.8 6.9 69.6 67.8 200.0 5150.9 
18.5 1960.7 52901.2 6.1 -0.1 67.1 77.7 145.4 3907.2 
19.5 1962.1 82073.5 3.0 0.2 65.8 72.5 113.6 4135.4 
21.0 1963.5 22041.9 9.1 8.8 198.0 169.3 395.1 6333.7 
22.5 1965.3 58921.8 -3.7 1.2 59.3 39.3 113.0 5966.3 
24.0 1967.9 11113.4 -0.5 6.6 34.8 46.4 98.8 7550.4 
26.0 1970.4 67641.6 5.9 25.4 330.2 299.7 686.6 7570.4 
27.5 1971.9 39118.0 6.1 224.2 3888.2 3516.1 8287.8 4827.1 
29.5 1974.0 46049.5 6.5 35.9 571.3 519.9 1294.3 3923.6 
31.0 1976.0 48323.8 -0.5 10.2 104.8 108.5 214.6 5443.4 
33.5 1980.2 47907.8 -0.5 3.7 93.1 79.7 195.4 2607.1 
36.0 1983.9 47732.5 2.9 19.2 244.7 218.0 495.7 6906.9 
37.5 1985.7 13608.8 9.6 16.7 254.6 239.5 558.2 7840.0 
39.0 1986.9 25340.3 6.0 15.7 266.6 237.3 528.1 6387.0 
40.5 1989.4 62842.5 3.0 17.5 374.8 359.6 783.1 7760.9 
42.5 1991.9 8833.7 6.3 16.7 328.0 304.4 721.8 9662.8 
44.0 1993.9 25896.2 -0.5 26.3 483.8 471.2 1044.1 8429.3 
46.0 1995.9 48683.8 9.3 18.5 402.3 370.0 826.6 7005.1 
47.5 1997.3 11682.8 2.9 23.7 398.3 345.9 893.0 4357.3 
50.0 1999.5 26757.2 3.5 30.6 318.7 255.5 691.7 3380.7 
52.0 2000.9 49937.2 19.3 11.4 252.9 224.0 514.4 2351.4 
53.5 2002.3 23629.3 -0.5 22.6 381.0 338.4 807.5 2114.6 
55.5 2004.3 75593.3 8.7 46.5 760.3 678.0 1593.4 2307.6 
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Table C2 Raw trace element data for KNOX13-1. 
 

Isotopic analyses (cps); 7Li to 48Ca. 
mm 
from 
base 

Approx-
imate 

age (yr) 
7-Li 10-B 25-Mg 26-Mg 43-Ca 48-Ca 

0.0 1958.9 2779.4 5041.4 4977374 6058227 1982786 3709914 
2.5 1962.8 5432.1 10042.4 6082257 7349928 2282962 4362309 
3.5 1964.3 2775.1 8994.0 5337383 6446066 2185312 4056879 
4.5 1965.9 2553.4 8258.5 4825374 5813018 1951893 3639931 
5.5 1967.4 2876.4 8376.2 4952372 6035834 1964663 3770590 
7.0 1969.7 4284.2 11301.7 6681009 8105860 2687453 4969470 
9.5 1973.6 4967.8 14051.0 8665050 10459620 3353749 6280687 

12.0 1977.5 4242.0 12367.7 7428386 8965675 2810551 6103773 
14.5 1982.4 4540.9 12022.5 7498555 9129273 2870972 5316137 
17.0 1987.4 4666.7 11792.5 7248498 8709014 2756677 5049942 
19.5 1991.0 4611.7 11007.4 7948819 9636230 2972631 5426349 
22.0 1994.3 5568.4 16020.3 9641972 11601356 3626204 6909425 
24.0 1997.0 2519.0 7413.1 4556312 5498188 1743980 3025049 

 

 

Isotopic analyses (cps); 49T to 135Ba. 
mm 
from 
base 

Approx-
imate 

age (yr) 
49-Ti 57-Fe 86-Sr 87-Sr 111-Cd 135-Ba 

0.0 1958.9 696.9 205788 1550388 1112449 286.4 4218.4 
2.5 1962.8 6876.8 357749 1759090 1270186 429.5 18616.6 
3.5 1964.3 148.9 208798 1709805 1234295 449.7 3662.7 
4.5 1965.9 1201.5 182896 1457264 1049755 375.0 4524.0 
5.5 1967.4 3505.0 184386 1476557 1061977 446.6 9694.5 
7.0 1969.7 2035.4 251253 1938343 1426098 594.2 6954.2 
9.5 1973.6 1763.8 310440 2310910 1747837 985.9 12548.0 
12.0 1977.5 68924.9 266680 1978879 1468153 1185.8 131200.8 
14.5 1982.4 6564.7 286560 1974837 1447760 1176.8 14615.3 
17.0 1987.4 3811.2 252471 1919975 1398621 872.9 10321.8 
19.5 1991.0 1003.9 274573 2011900 1508025 912.1 4787.9 
22.0 1994.3 31826.0 334229 2364924 1794650 796.7 55431.0 
24.0 1997.0 1112.2 155880 1160026 834758 296.3 3590.0 
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Table C2 Raw trace element data for KNOX13-1, Continued 

Isotopic analyses (cps); 136Ba to 238U. 
mm 
from 
base 

Approx-
imate 

age (yr) 
136-Ba 203-Tl 204-Pb 206-Pb 207-Pb 208-Pb 238-U 

0.0 1958.9 5121.0 -9.5 13.9 271.5 246.2 569.3 2158.9 
2.5 1962.8 22441.0 -33.1 395.0 7106.4 6216.5 14811.5 5170.6 
3.5 1964.3 4424.7 -12.2 1.7 67.0 41.4 123.5 4103.0 
4.5 1965.9 5564.1 2.4 7.3 154.0 123.6 337.8 3780.0 
5.5 1967.4 11857.3 24.8 21.9 340.5 296.1 734.7 3145.4 
7.0 1969.7 8317.4 7.6 11.9 274.4 228.7 558.1 3535.4 
9.5 1973.6 14924.7 0.0 10.0 218.2 198.2 454.6 6034.8 
12.0 1977.5 157567.3 -2.5 380.9 7110.5 6066.2 15017.7 6251.8 
14.5 1982.4 17776.8 -12.8 37.1 690.5 626.8 1482.2 5856.8 
17.0 1987.4 12410.9 -35.8 20.9 405.0 359.8 841.5 4836.7 
19.5 1991.0 5833.0 -36.3 6.8 250.8 256.2 493.8 5072.1 
22.0 1994.3 66643.8 1.3 165.1 3166.5 2704.4 6669.4 5371.7 
24.0 1997.0 4321.1 25.3 11.9 212.5 195.5 460.1 1663.4 
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Table C3 Trace element ratios for KNOX12-1. 
 

KNOX 12-1 
mm from 

base 
Age Mg/Ca Li/Ca Mg/Li U/Ca 
(yr) (mmol/mol) (µmol/mol) (mol/mmol) (nmol/mol) 

0.0 1931.0 21.06 1.09 19.33 1184.14 
1.0 1932.9 20.62 1.07 19.35 1108.45 
3.0 1936.0 20.90 1.08 19.30 1391.13 
4.5 1938.5 21.18 1.04 20.36 1856.43 
6.0 1941.0 21.28 1.11 19.09 1818.82 
7.5 1943.5 22.13 1.10 20.04 1821.90 
8.5 1945.4 21.54 1.13 19.07 2008.12 
10.5 1947.3 21.93 1.11 19.79 1857.54 
11.5 1949.1 21.56 1.02 21.09 2019.68 
13.0 1952.3 21.90 1.13 19.31 2153.64 
14.5 1955.5 22.05 1.15 19.19 2035.37 
15.5 1956.7 21.93 1.14 19.23 1959.28 
17.0 1959.3 22.19 1.08 20.59 1767.34 
18.5 1960.7 21.97 1.11 19.87 1217.85 
19.5 1962.1 23.27 1.08 21.56 1616.11 
21.0 1963.5 21.74 1.10 19.73 1911.02 
22.5 1965.3 22.98 1.12 20.48 2308.40 
24.0 1967.9 23.19 1.19 19.55 2244.71 
26.0 1970.4 22.65 1.15 19.78 2471.32 
27.5 1971.9 23.31 1.16 20.13 1840.06 
29.5 1974.0 23.00 1.17 19.64 1653.41 
31.0 1976.0 22.94 1.17 19.69 1828.17 
33.5 1980.2 23.20 1.15 20.20 2044.00 
36.0 1983.9 22.86 1.09 20.92 1832.82 
37.5 1985.7 22.35 1.09 20.57 1957.76 
39.0 1986.9 23.10 1.15 20.10 1832.64 
40.5 1989.4 23.10 1.19 19.45 1924.33 
42.5 1991.9 23.72 1.17 20.29 2596.98 
44.0 1993.9 23.82 1.16 20.60 2521.23 
46.0 1995.9 23.91 1.17 20.46 2040.32 
47.5 1997.3 24.55 1.15 21.41 1289.14 
50.0 1999.5 23.54 1.19 19.83 924.80 
52.0 2000.9 23.98 1.18 20.30 874.33 
53.5 2002.3 24.21 1.21 20.02 715.81 
55.5 2004.3 24.41 1.23 19.83 626.39 
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Table C3 Trace element ratios for KNOX12-1, Continued 

KNOX 12-1 
mm from 

base 
Age Sr/Ca Ba/Ca B/Ca Pb/Ca 
(yr) (mmol/mol) (µmol/mol) (µmol/mol) (nmol/mol) 

0.0 1931.0 9.21 374.82 8.87 640 
1.0 1932.9 9.02 131.53 7.77 85 
3.0 1936.0 9.01 202.28 8.85 157 
4.5 1938.5 9.04 171.18 11.66 71 
6.0 1941.0 8.99 137.39 9.17 177 
7.5 1943.5 9.21 192.72 11.00 243 
8.5 1945.4 9.05 116.44 9.56 119 
10.5 1947.3 9.01 266.48 10.92 417 
11.5 1949.1 8.89 269.47 8.70 200 
13.0 1952.3 9.09 180.43 7.92 164 
14.5 1955.5 8.99 340.15 10.42 376 
15.5 1956.7 8.80 202.59 9.52 122 
17.0 1959.3 8.55 222.92 10.04 117 
18.5 1960.7 8.61 209.31 10.01 90 
19.5 1962.1 8.98 405.36 9.16 98 
21.0 1963.5 9.42 83.63 8.95 231 
22.5 1965.3 8.97 286.66 10.72 82 
24.0 1967.9 8.87 41.35 9.47 55 
26.0 1970.4 8.79 278.17 10.20 435 
27.5 1971.9 9.09 187.27 7.71 6023 
29.5 1974.0 9.30 245.40 6.99 1013 
31.0 1976.0 8.79 203.59 8.19 146 
33.5 1980.2 8.90 475.44 7.96 289 
36.0 1983.9 8.35 160.23 7.69 258 
37.5 1985.7 8.30 42.60 8.89 265 
39.0 1986.9 8.27 92.81 9.46 298 
40.5 1989.4 8.46 195.77 9.92 378 
42.5 1991.9 8.47 30.04 10.62 366 
44.0 1993.9 8.43 98.28 10.69 601 
46.0 1995.9 8.45 178.39 9.93 468 
47.5 1997.3 8.53 44.27 10.16 488 
50.0 1999.5 8.55 92.33 6.39 352 
52.0 2000.9 8.62 234.83 5.15 370 
53.5 2002.3 8.44 100.30 8.54 521 
55.5 2004.3 8.50 257.32 8.97 829 
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Table C4 Trace element ratios for KNOX13-1. 
 

KNOX 13-1 
mm from 

base 
Estimated Mg/Ca Li/Ca Mg/Li U/Ca 
age (yr) (mmol/mol) (µmol/mol) (mol/mmol) (nmol/mol) 

0.0 1958.9 35.76 2.05 17.46 1480.72 
2.5 1962.8 37.81 3.48 10.88 3080.07 
3.5 1964.3 34.65 1.86 18.68 2553.34 
4.5 1965.9 35.02 1.91 18.33 2633.58 
5.5 1967.4 35.94 2.14 16.80 2177.22 
7.0 1969.7 35.35 2.33 15.18 1789.03 
9.5 1973.6 36.64 2.16 16.93 2447.08 
12.0 1977.5 37.48 2.20 17.00 3025.04 
14.5 1982.4 37.21 2.31 16.11 2774.25 
17.0 1987.4 37.20 2.47 15.04 2386.06 
19.5 1991.0 38.01 2.27 16.77 2320.40 
22.0 1994.3 37.64 2.24 16.78 2014.55 
24.0 1997.0 37.04 2.11 17.56 1297.10 

 

 

KNOX 13-1 
mm from 

base 
Estimated Sr/Ca Ba/Ca B/Ca Pb/Ca 
age (yr) (mmol/mol) (µmol/mol) (µmol/mol) (nmol/mol) 

0.0 1958.9 10.75 44.02 17.25 749.64 
2.5 1962.8 10.62 168.07 29.84 16870.48 
3.5 1964.3 10.79 34.58 27.92 144.31 
4.5 1965.9 10.28 48.30 28.70 430.71 
5.5 1967.4 10.35 102.51 28.92 957.27 
7.0 1969.7 10.02 53.10 28.53 539.01 
9.5 1973.6 9.69 76.55 28.42 354.61 
12.0 1977.5 9.82 960.16 29.85 13725.67 
14.5 1982.4 9.55 105.44 28.41 1333.81 
17.0 1987.4 9.64 77.06 29.02 796.94 
19.5 1991.0 9.48 33.39 25.12 457.60 
22.0 1994.3 9.18 314.60 29.97 4730.08 
24.0 1997.0 9.16 42.39 28.84 681.15 
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