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This thesis examined the reliability and potential paleoceanographic applications 

of multiple chemical and isotopic proxies in a variety of benthic foraminifera species. 

The selected proxies are known to resolve organic matter flux and bottom water 

oxygenation, simultaneously allowing for examination of microhabitat effects in species 

with diverse depths of calcification. Globally distributed core-top samples from 19 

different sites yielded a total of 17 varieties of benthic foraminifera. Samples were 

analyzed for δ13C and δ18O values to determine species depth distributions and 



 xiv 

interspecies vital differences in δ18O. A Mg-cleaning method was employed before 

samples were analyzed for the elemental ratios; U/Ca, Mn/Ca, B/Ca, and Mg/Ca to 

elucidate species elemental incorporation differences in various locations. Modeled δ13C 

pore water curves were applied in two different sites to determine calcification depth 

distribution of benthic foraminifera. δ13C offset differences between C. wuellerstorfi and 

Oridorsalis spp., were determined at every possible site and evaluated as a potential 

carbonate chemistry proxy, showing notable success. Positive correlations were observed 

between δ13C offset, and pH and carbonate ion concentration, with R2 values of 0.67 and 

0.67, respectively. Stronger correlations between δ13C offset differences and temperature 

were observed (R2 of 0.73), suggesting the proxy is being influenced by physical effects, 

not solely chemical. Epifaunal C. wuellerstorfi showed higher variability in U/Ca test 

coatings and in Mn/Ca test incorporation when compared to the δ13C differences between 

epifaunal and infaunal species, while infaunal Oridorsalis spp. showed tighter 

interdependence suggesting microhabitat depth plays a significant role in the variability 

of elemental incorporation. 



1 

1. Introduction 

The field of paleoclimatology has been rapidly expanding over the last few 

decades and much effort has been recently put into understanding how we can use 

various proxies to uncover information regarding past climate and carbonate chemistry so 

that we may apply our observations to future predictions of climate change. Past 

variability in marine carbonate chemistry has been linked to climate variability, and a 

better understanding of how carbonate chemistry and climate have changed over time can 

be achieved through sedimentary geochemistry. Several proxies have been shown to be 

fairly reliable, in certain organisms, in recreating temperatures, pH and redox chemistry 

of the ocean (Woodruff and Savin, 1985; Lea et al., 2002; Diz et al., 2007; Yu and 

Elderfield, 2007; Brown et al., 2009; Rae et al., 2011; Boiteau et al., 2012). However, 

many of the causes of variability in paleoceanographic proxies are still not fully 

understood. Recent efforts have been made to calibrate these proxies in benthic 

foraminifera. Benthic foraminifera are single-celled organisms that dwell near the 

sediment-water interface and record chemistry of the bottom waters in which they secrete 

their carbonate shells (Corliss, 1985). These calibration efforts have been made in order 

to understand which physical or chemical effects are causing variability, so they may be 

resolved and applied to specific deep-sea paleoenvironments (McCorkle et al., 1997; Lear 

et al., 2002; Martin et al., 2002; Elderfield et al., 2006; Rae et al., 2011; Raitzsch et al., 

2011).  

1.1 Thesis Objective 

The goal of this study is to evaluate the variability of specific carbonate chemistry 

and temperature proxies in modern benthic foraminifera to help determine species 
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reliability in different environments. Additionally, δ13C offsets between epifaunal and 

infaunal species have been calculated in order to determine potential proxy applications 

to carbonate chemistry. Furthermore, inter-proxy relationships are evaluated in multiple 

species in order to observe any incorporation differences of minor and trace elements, as 

well as stable carbon and oxygen isotope values, in benthic foraminifera at two specific 

core sites. These two sites also help to clarify relative calcification depth distributions and 

variability within benthic species. 

1.2 Geological Background of Sites 

1.2.1 Northeastern Atlantic Sites 

 The two core-tops with site locations in the Northeastern Atlantic, CD113A sites 

A and B (Figure 1.1), were collected during the NERC Benthic Boundary layer processes 

program, or BENBO, during cruises of the R.R.S. Charles Darwin in 1996 and 1997. The 

two site locations were chosen in order to contrast different chemical environments, and 

because of the abundance of multiple benthic species in at each site, particularly site A. 

The deeper site, site A (3,600m), had much less organic carbon flux to the sediment 

(Figure 1.2), with a total sedimentation rate of 2.1cmkyr-1 when compared with site B, at 

a water depth of 1,100m and with a total sedimentation rate of 4.4cmkyr-1 (Thomson et 

al., 2000). Lower organic carbon flux to the sediment is indicative of lower productivity 

in the location or a reduced environment that allows for higher rates of metabolization of 

organic matter. Also, core-top geochronological measurements of site A indicate that 

only the top 12cm of the core were composed of Holocene sediments. All site B 

sediments in this study were also of Holocene age.  Site A is located at 52°92’N, 

16°92’W, with a bottom water pH of 7.95, and a bottom water temperature of 2.51°C. 
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Site B is located at 57°43’N, 15°68’W, with a bottom water pH of 8.07, and a bottom 

water temperature of 6.00°C (bottom water temperatures and pH values estimated from 

GLODAP dataset, Key et al., 2004). The physical and chemical differences between 

proxy responses at the two sites help resolve what local effects are influencing the 

observed values. 

 

 

Figure 1.1. Map showing all 19 site locations that were sampled. Red indicates inability 
to utilize sample at that core site due to lack of species richness or test abundance. 
 
 
1.2.2 Globally Distributed Sites 

 Globally distributed sites (Figure 1.1) were used to maintain a physically and 

chemically environmentally diverse sampling pool, in order to resolve any potential 

geographic influences on the various tracers applied to benthic foraminifera. The sites 

were chosen based on sample availability. Those sites with sufficient sediment samples to 

pick for benthic foraminifera were then either used or discarded depending on whether or 
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not benthic species were abundant enough to measure for the site. Physical and chemical 

properties regarding the bottom water at each usable site location for this study are given 

in Table 1.1. 

 

Figure 1.2. Organic carbon weight percent with depth in the core-top for CD113A sites 
A and B (site C is not included in this study) from Thomson et al., 2000. 
 
 
Table 1.1. Physical and Chemical properties of bottom water for the sites which proved 
useful, estimated from GLODAP dataset (Key et al., 2004). 

€ 

Δ[CO3
2−] is the difference 

between actual at site seawater carbonate ion concentration and carbonate ion 
concentration at calcite saturation. BWT is bottom water temperature at each site. 
 

Core Lat. Long. Water Depth BWT pH Δ

€ 

[CO3
2−] 

  °N °W meters °C total scale µmol/kg 
CD113A Site A 52.9 16.9 3600 2.51 7.95 21.5 
CD113A Site B 57.4 15.7 1100 6.00 8.07 79.9 

M12310-3 23.3 18.4 3069 2.75 7.96 29.1 
BOFS 11K 55.2 20.4 2004 3.42 8.04 57.3 

T86-5B 46.9 25.4 3121 3.00 7.98 33.7 
WIND 10B -29.1 -47.5 2871 1.86 7.87 11.3 

1.5BC33 -1.0 -157.8 2015 2.20 7.80 9.3 
2BC13 0.0 -158.9 2301 1.98 7.79 4.9 
3BC16 0.0 -160.5 2959 1.66 7.79 -2.2 

2.5BC37 0.0 -159.5 2445 1.88 7.80 4.3 

treated as a two-component system comprising
biogenic CaCO3 and relatively fine-grained lithogenic
materials. In geochemical work, the lithogenic frac-
tion defined as [1! (CaCO3 %/100)] is often impre-
cisely referred to as ‘clay’ with no implication of
mineralogy or particle size.) Unlike the other two
sites, these changes in CaCO3 content with depth do
not suggest a regular accumulation over time at site A.
Calcium carbonate profiles have been reported by
Thomson et al. (1993a) for sediments from a NE
Atlantic transect between 47–54"N along 21–22"W.
The sediments from six box cores analysed in that
study had CaCO3 concentrations of between 73 and
87% at the surface, but lower CaCO3 concentrations at
depth where the Holocene sediments overlay glacial
sediments. In general, clay deposition fluxes in Atlan-
tic sediments were higher during glacial times than
during interglacial times, with the consequence that
glacial sediments have much lower CaCO3 concentra-
tions than interglacial sediments (Bacon, 1984;
Balsam and McCoy, 1987; Thomson et al., 1990)
The CaCO3 content of the site C sediments is there-
fore unusually low for interglacial sediments in this

area of the north-east Atlantic. A possible interpreta-
tion of the observation that an ooze overlies a clay at
site A is that these sediments are from Holocene and
glacial times, respectively.
The Corg flux derived from surface productivity that

reaches the sea floor is expected to fall off with water
depth according to a power function (e.g. Sarnthein et
al., 1992; Middelburg et al., 1993). As a consequence,
little more than 2% of primary production is trans-
ported below 1000 m and only approximately 1%
reaches the sea floor (Jahnke, 1996). This was an
important factor in the selection of the BENBO sites
to produce anticipated Corg flux contrasts. Other
factors being equal, it is therefore expected from the
site water depths that the sedimentary Corg contents at
the sites should be in the order site B# site C# site
A, whereas the observed order is C# B# A (Fig. 2).
Further Corg remineralization continues within the
sediments and Corg contents are often found to
decrease smoothly with depth, but with an ever-
decreasing remineralization rate (Grundmanis and
Murray, 1982; Emerson and Hedges, 1988; Middel-
burg, 1989). As expected, the highest Corg values

J. Thomson et al. / Marine Geology 169 (2000) 21–39 25

Fig. 2. Concentration versus depth profiles for Corg (left panel) and CaCO3 (right panel) for sub-cores from BENBO sites: Ai (diamonds), Bi
(circles) and Cii (triangles).
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1.3 Tracers 

1.3.1 Stable Carbon and Oxygen Isotopes 

A fair amount of uncertainty regarding influences on benthic foraminiferal depth 

distribution exists to this day and there has been much work in determining the factors 

that influence the stable carbon isotopic composition of these organisms. Food supply, 

more specifically its rates and variability, have been observed to influence the 

distribution and abundance of benthic foraminifera (Gooday, 1988; Altenbach, 1992; 

Corliss and Silva, 1993; Silva et al., 1996). Decomposition rates of organic matter at the 

seafloor are largely controlled by bottom water oxygen concentrations, amount of carbon 

in the sediment and the depth of oxygen penetration. These decomposition rates, as well 

as the supply of organic carbon to the seafloor, will predominately influence the δ13C of 

benthic foraminifera (Curry and Lohman 1983; McCorkle et al., 1997). δ13C in benthic 

foraminifera acts as a recorder of the δ13C of the pore waters in which infaunal species 

calcify. The steepness of the decrease in core-top δ13C will be controlled by similar 

factors: bottom water oxygen concentration and organic carbon flux. Organic matter is 

metabolized with depth, and because this organic material is depleted in 13C, (due to 

photosynthetic fractionation) decreasing δ13C values with depth in the sediment pore 

waters are observed. The foraminifera that live at various depths within the benthic 

environment will reflect the δ13C gradient in the pore waters of the sediment.  

The δ13C gradient steepness in the first few cm of the core-top influences the 

difference of δ13C between epifaunal varieties and infaunal varieties (McCorkle et al., 

1997). It has been observed that this gradient becomes less steep during times of 

increased organic matter supply to the sediment, or when there are low bottom water O2 
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levels which force infaunal benthic foraminifera to calcify closer to the sediment water 

interface (McCorkle et al., 1997). A better understanding of the present controls on this 

gradient steepness should help resolve implications in down-core δ13C offset variability.  

The global marine δ18O record has been observed to act as a recorder of past ice 

volume fluctuations, which create large changes in marine salinity (Shackleton, 1977).  

Global temperature reconstructions using this proxy were the next logical steps to take 

and there has been much effort to resolve salinity complications in paleotemperatures 

(Broecker, 1986; Cooper et al., 1997). The significance of understanding which are the 

more reliable species of benthic foraminifera to use when measuring δ18O in the deep-sea 

environment is quite apparent.  

1.3.2 U/Ca  

Uranium (VI), or U6+, occurs as the uranyl carbonate species in oxygenated 

waters, which are highly soluble and have very long residence times (Dunk et al., 2002). 

Under reducing conditions, U6+ will be reduced to the insoluble U4+, and uranium will 

begin to precipitate in the pore waters of the sediments as authigenic uranium oxide and 

form coatings on the outside of benthic foraminifera tests. U6+ is decreasing in the top ten 

centimeters of the sediment as insoluble U4+ is precipitated as authigenic uranium, 

illustrated by Figure 1.3 from Morford et al., 2005. This authigenic uranium will 

accumulate at different rates, depending on how reducing the site is and how deep the 

oxygen penetration depth is at that location (Morford et al., 2005). The amount of 

authigenic U that is delivered to the sediments can therefore be viewed as a function of 

the depth of the anoxic boundary in the sediments. By looking at the authigenic U flux, 

past periods of low O2 or high organic carbon flux may be determined, based on the 
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depth of oxygen penetration in the sediments (Boiteau et al., 2012). The oxygen 

concentration and organic carbon flux will also influence the pH, and thus the carbonate 

ion concentration at the sediment-water interface. Correlations between U/Ca in benthic 

foraminifera and carbonate ion concentration have been previously observed by Raitzsch 

et al. (2011).  

 

 

Figure 1.3. U6+ Concentrations in pore waters at seven different locations from Morford 
et al., 2005. U6+ becomes reduced to U4+ with depth. Sites with black data points (on the 
left) are from more reducing environments (oxygen penetration depth is less than 1 cm). 
 
 
1.3.3 Mn/Ca  

Dissolved [Mn2+] concentration increases in pore waters as the waters become 

more reduced, with depth. This increase is representative of the remobilization of organic 

matter as it becomes remineralized with depth. Figure 1.4 illustrates how Mn2+ is 

remobilized as conditions become reducing. Insoluble Mn4+ in sedimentary organic 

matter will become soluble when reduced to the Mn2+ species, causing more Mn2+ to 

become remobilized as the environment becomes more reduced (Boyle, 1983). High 

when microbially mediated (Tebo et al., 1984). Only where Mn
oxide reduction is occurring deep enough in pore waters to
build up pore water Mn2! does oxidation in surface sediments
limit the Mn flux to overlying waters. High concentrations of
pore water Mn2! are measured below "5–10 cm depth in cores
from stations 5, 6, and 7 (Fig. 4). Iron oxyhydroxide reduction
is probably occurring at these stations, but oxygen, nitrate, or
Mn oxides (Myers and Nealson, 1988) may be used to oxidize
Fe2!, thereby removing Fe2! from pore waters and resulting in
measurable Mn2! in pore waters. Station 6, which is close to
the Juan de Fuca Ridge crest, is probably influenced by hydro-
thermal activity, resulting in high Mn2! concentrations (Fig. 4)
and both Mn and Fe sediment enrichment (Fig. 3, see later
discussion). Only at station 8 are both Mn2! and Fe2! absent
from upper pore waters; however, hydrothermally influenced
sediment Mn enrichment is apparent throughout the top 28 cm
of this core (Fig. 3).

4.3. Uranium and Rhenium

Pore water U and Re profiles can provide information on the
geochemical cycling of these elements and, coupled with their
respective sediment profiles, can provide estimates for authi-
genic U and Re fluxes to sediments. Pore water data suggests U
removal from the dissolved form in pore waters at stations 3b
and 4 to a final concentration of 2–5 nM by 5–8 cm (Fig. 5).
Although the pore water data from station 2 is somewhat
scattered, the pore water U concentration at the bottom of the
core is also depleted to "5–6 nM (Fig. 5). Sediment U profiles
indicate authigenic U enrichment below 5 cm at stations 2 and
4 relative to detrital estimates appropriate for this location, in
agreement with pore water profiles (Fig. 6). Uranium is also
enriched in the top 10 cm of station 6, although there is no
indication of uptake from pore waters. This location is heavily
influenced by hydrothermal sediments (see later discussion),
which may provide a mechanism for U enrichment (Mills et al.,
1993). The change in U pore water gradients from stations 3b
and 4 at approximately 5 cm and 8 cm, respectively, are
coincident with the broad maxima in pore water Fe2!

, suggest-
ing similar depths of reduction (Figs. 4 and 5). The extremely
low pore water U concentration at "7.3 cm at station 2 coin-
cides with the peak in pore water Fe2!, perhaps suggesting a
local zone of intense Fe and U reduction. The similarity in
depths for Fe and U reduction is consistent with previous pore
water and sediment profiles (Cochran et al., 1986; Klinkham-
mer and Palmer, 1991; Crusius et al., 1996; Zheng et al., 2002).
Microbial reduction of U(VI) has been shown to be associated
with Fe(III)-reducing bacteria (Lovley et al., 1991); therefore,
it is not unexpected that U reduction and subsequent removal
from pore water would occur at similar depths as Fe reduction.
The nonzero U concentrations deeper than 10 cm at stations 3b
and 4 (2–4 nM) are similar to deep pore water U concentrations
measured in profiles from the California margin ("4 nM) and
the Mid-Atlantic Bight ("2 nM) (Zheng et al., 2002). This
residual pore water U may be less than the minimum concen-
tration necessary for microbial reduction.

The pore water Re data are extremely scattered in the top 8
cm for the majority of stations (Fig. 5), but below 8–13 cm the
data are consistent and indicate Re removal from solution at
stations 2, 3b, and 4 to a relatively constant concentration of

8–17 pM and no removal from pore waters from stations 5, 6,
7, and 8 (Fig. 5). These conclusions from the pore water
profiles are consistent with the Re sediment profiles that show
authigenic Re enrichment at stations 2 and 4 and detrital
concentrations at stations 6 and 8. The reason for the scatter of
the pore water Re data in the surficial sediments is not known.
The lack of sample preconcentration prior to pore water anal-
ysis resulted in HR-ICPMS sample count rates of "100–200
counts per second relative to a blank of 5–20 cps, which could
contribute to the observed signal noise and would suggest that
a simple 20-fold sample dilution is not suitable for Re analysis.
However, the lack of scatter for Re concentrations in samples
below 10 cm suggests that this may not be the sole reason. The
scatter in the top 10 cm of the Re data could also be due to
oxidation artifacts that occurred during core processing. Deeper
pore waters are less susceptible to oxidation because they are
more reducing and tiny amounts of oxygen that reach these
pore waters during processing may be consumed by oxidation
of more reducing elements, such as sulfide or iron, resulting in
effective redox “buffering.” However, shallower pore waters

Fig. 5. Pore water U and Re concentrations versus depth for all
stations. Gray symbols designate Re samples that were scattered owing
to either analytical problems during analysis or oxidation artifacts
during processing; see text for full explanation. See Figure 4 caption for
comments.

5026 J. L. Morford et al.
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levels of remobilized manganese are only observed in very reducing environments 

(Figure 1.5) making it slightly less sensitive to changes in redox chemistry when 

compared with uranium. The dissolved Mn2+ is then incorporated into the calcite tests of 

benthic foraminifera, which calcify in the pore waters. The trend of increasing Mn2+ in 

pore waters, with depth, in the top 2 meters of the sediment has been shown to be much 

less variable than authigenic uranium concentrations with depth (Lea, 2005). There are no 

clear hypotheses as to why this is observed. An increase in organic carbon flux to the 

seafloor would create higher rates of metabolization of organic matter, leading to higher 

(or more abruptly increasing) Mn2+ concentrations in the pore waters at that location.  

 

Figure 1.4. A schematic of element concentration profiles in sediments from Emerson 
and Hedges, 2008, modified from Froelich et al., 1979.  
 

6.11.2.1.2 Kinetics of organic matter
degradation

The second “pillar” in our understanding of
organic matter diagenesis and benthic flux con-
sists of advances in quantifying the rates of
organic matter degradation and burial. The
kinetics of organic matter degradation have
been determined by modeling environmental
pore-water data and in laboratory studies. Most
models of organic matter degradation have
derived in some way from the early studies by
Berner on this subject (e.g., Berner, 1980). In
its simplest form, one-dimensional diagenesis,
the change in organic carbon concentration

(Cs, g C gs
21; s ! dry sediment) with respect to

time and depth is

›

›t
"r"12 f#Cs# !

›

›z

!
Db

›"r"12 f#Cs#
›z

"

2
›

›z
"vr"12 f#Cs# $MR

"1#
where z is depth below the sediment–water
interface (positive downward), f is porosity
(cmpw

3 /cmb
3; where pw is pore water and b is

bulk), r is the dry sediment density (g cms
23),

M (g mol21) is the molecular weight of carbon,
Db (cmb

2 s21; s ! second) is the sediment biotur-
bation rate, v is the sedimentation rate (cmb s

21),
and R (mol cmb

23 s21) is the reaction term.
Organic matter degradation is usually considered
to be first order with respect to substrate
concentration so

R ! kCs"12 f#r=M "2#
where k is the first-order degradation rate
constant. Probably the largest simplification
here is that stirring of sediments by animals is
modeled as a random process analogous to
molecular diffusion. This is a gross simplification
to reality. It has been shown that different tracers
of bioturbation yield different results and animal
activity varies with organic matter flux to the
sediment–water interface (Aller, 1982; Smith
et al., 1993; Smith and Rabouille, 2002).

The reaction–diffusion equation for the con-
centration of the pore-water constituent, Cd

(mol cmpw
23) is

›

›t
"fCd#!

›

›z

!
D
›"f#Cd

›z

"
2

›

›z
"vfCd#$gR "3#

where D now represents the molecular diffusion
coefficient and v (cm s21) is the velocity of
water (which is only the same as the sediment
burial, v, when porosity is constant and there is
no outside-induced flow; Imboden (1975)) and g
is a stoichiometric ratio of the pore-water
element to organic carbon. At steady state with
respect to compaction and the boundary con-
ditions, the left side of Equation (3) is zero and
v and v are equal below the depth of porosity
change. A very detailed treatment of many
different cases is presented in Berner (1980)
and Boudreau (1997).

After application of the diagenesis equations to
a variety of marine environments, it became clear
that the organic matter degradation rate constant,
k, derived to fit the pore water and sediment
profiles, was highly variable. The organic fraction
of such sediments is thus often modeled as a
mixture of a small number of discrete components
(Gi), each of which has a finite initial amount and

Figure 1 A schematic representation of the pore-water
result of organic matter degradation by sequential use of

electron acceptors.

Figure 2 The cumulative fraction of carbon burial and
the respiration pathways as a function of depth in the
ocean derived from the global diagenesis model of

Archer et al. (2002) (after Archer et al., 2002).

Sediment Diagenesis and Benthic Flux296
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Figure 1.5. Plot of Fe2+ and Mn2+ concentration profiles in sediments at seven different 
locations from Morford et al., 2005, showing site-to-site variability in remobilization of 
manganese.  
 
 
1.3.4 Mg/Ca  

Mg/Ca in foraminifera have been used as a proxy for paleothermometry in both 

the planktonic and benthic environments in recent studies (Lear et al., 2000; Bard et al., 

2001; Lea et al., 2002; Lear et al., 2002; Martin et al., 2002; Elderfield et al., 2006). 

Higher temperatures allow foraminifera to more easily incorporate Mg2+ into their calcite 

tests, and because Mg has a long residence time, it is possible to ignore any potential Mg 

variation in seawater over time. The calibration (Dekens et al. 2002) and application 

(Bard et al., 2001; Lea et al., 2002) of empirically derived exponential relationships 

between Mg/Ca and temperature have been evaluated in order to determine species 

reliability and recreate past foraminiferal calcification temperatures in the planktonic 

environment. Recently, critical evaluations on the usefulness of using Mg/Ca ratios in 

benthic foraminifera have been underway (Lear et al., 2000; Lear et al., 2002; Martin et 

at station 4 (Fig. 4). Surface sediment authigenic Fe enrichment
at station 2 is consistent with remobilization and precipitation
at the sediment-water interface (Fig. 3). The pore water gradi-
ent at station 4 is sufficiently less steep to prevent detectable
enrichment in the surface sediments. Therefore, Fe does not
appear to diffuse to overlying waters, implying that Fe cycling
is restricted to sediments and pore waters and does not extend
to overlying waters, which is consistent with the results of
Thamdrup et al. (1994) for coastal systems.

Pore water Mn2! is below 8 !M in all pore waters from
stations 2, 3b, and 4, where oxygen penetrates less than 1 cm.
The pore water Mn2! profiles suggest that Mn oxide reduction

is occurring very close to the sediment-water interface where
Mn2! can diffuse to the overlying waters (Fig. 4). The sedi-
ment profiles from stations 2 and 4 are consistent with this
interpretation, suggesting Mn depletion relative to detrital es-
timates (Fig. 3). Whereas Fe cycling appears to be restricted to
sediments and pore waters, Mn cycling extends to overlying
waters. The reason for the difference is the relative oxidation
rate kinetics of these metals, which results in rapid Fe2!

oxidation (Sung and Morgan, 1980) preventing Fe depletion in
surface sediments (Fig. 3). Manganese oxidation rates, how-
ever, are typically on the time scale of days to weeks in the
presence of particulate surfaces (Davies and Morgan, 1989) or

Fig. 3. Metal/aluminum ratios for Ti, Fe, and Mn in sediment cores plotted against depth (cm) for stations 2, 4, 6, and
8. The vertical lines denote various metal/Al detrital estimates.

Fig. 4. Pore water Fe2! and Mn2! concentrations versus depth for all stations. Note that stations 2, 3b, and 4 have oxygen
penetration depths of "1 cm whereas stations 5, 6, 7, and 8 have oxygen penetration depths of #1 cm. The horizontal lines
denote the sediment-water interface.

5025Diagenesis of oxyanions (V, U, RE, and Mo)
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al., 2002; Elderfield et al., 2006). These observations have shown that carbonate ion 

concentration have an effect on magnesium incorporation as well, which can be 

empirically corrected in certain species (Elderfield et al., 2006).  

1.3.5 B/Ca  

 While Boron isotope values have been shown to tightly correlate with pH in 

benthic foraminifera (Sanyal et al., 1994; Brown et al., 2009; Rae et al., 2011), total 

boron/calcite concentration ratios in both planktonic and benthic foraminifera have been 

measured and show relatively tight empirical trends of increasing B/Ca with increasing 

carbonate ion concentration (Yu and Elderfield, 2007; Rae et al., 2011). B/Ca has also 

demonstrated down-core variability associated with climatic changes observed in other 

carbonate chemistry proxies, such as δ13C (Tripati et al., 2009). 
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2. Methodology 

2.1 Sampling 

Core-top samples were analyzed from 19 different sites that were distributed 

throughout the oceans (Figure 1.1). Samples were sieved, discarding material smaller 

than 63µm. All benthic foraminifera that were abundant enough, and that appeared to be 

non-agglutinated, were picked from each core-top for stable isotope and trace metal 

analysis, which totaled at 17 distinct species for this study. In addition to global core-top 

measurements, two core-tops were available that had been sampled at 0.5cm depth 

intervals for the top 2cm and 1.0cm depth intervals below that, down to 10cm depth. The 

two cores analyzed at these depth intervals, CD113A site A and CD113A site B, were 

recovered by multi-cores as part of the NERC Benthic Boundary layer processes 

program. R.S.S. Charles Darwin sampled three different sites in the North East Atlantic 

with varied depths and organic flux during August 1996, May 1997 and August 1997. 

CD113A site A and CD113A site B, depths of 3600m and 1100m respectively, were 

utilized for this study because the two sites had the greatest difference in depth and 

provided similar benthic species to compare (Figure 1.1). Site A, the deeper of the two, 

had a much lower organic flux, ~0.2 wt.% organic carbon compared to ~0.4 wt.% at site 

B (Figure 1.2), with only the top 12cm containing Holocene sediments that were less than 

10ka old (Thomson et al. 2000). 

 14 different benthic species were picked between the two sites, with CD113A site 

A containing 11 species and site B containing 5 that were abundant enough to analyze. 

Five to 20 individuals were usually sufficient for analysis of stable isotopes and trace 

metals working with the 250-350µm size fraction.  
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2.2 Analytical Techniques 

Once individual species of benthic foraminifera were obtained, they were 

weighed to determine if enough material was present before crushing and mixing them to 

open up the test chambers in order to get the most uniform composition throughout the 

sample. Part of the sample, 50-100µg of it, was then taken for stable carbon and oxygen 

isotope ratio analysis using a Thermo Finnigan MAT 253 stable isotope mass 

spectrometer. The stable isotope mass spectrometer shows external precision with single 

standard deviation values for carbon (13C/12C) of 0.03‰, and oxygen (18O/16O) of 0.07‰. 

The remaining part of the sample was then placed into vials and the Mg-cleaning method 

developed by Barker et al. 2003 was employed in order to remove any contaminates that 

may create unreliability of results. Vials are cleaned first to insure no foreign 

contamination by bathing them in weak, 5% HNO3, acid for 24 hours and then rinsing 

and drying them. Once placed into vials the sample is brought into suspension by 

introducing 500mL of Ultra-High Quality water, UHQ, to the sample. Foraminiferal tests 

fell to the bottom of the vial, leaving clays and the finest grained materials suspended in 

the water, which was then quickly decanted from the vials. This was repeated 5 times and 

followed by introducing 200mL of methanol into the vials before ultrasonicating them for 

one minute, twice. The low viscosity of the methanol allows for easier separation of clays 

from the test surfaces. The samples were then rinsed twice with UHQ to expel any 

remaining methanol and contaminates.  

  A 0.1M NaOH solution with 1% H2O2 was then introduced into the vials before 

boiling them in a bath of UHQ for 10 minutes as part the oxidative cleaning process, 

which helps to remove any build up of organic matter. Vials were taken out of the bath at 
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the 2.5 and 7.5 minute marks briefly in order to rap them on the counter to bring any 

bubbles to the surface so the shells maintain direct contact with the solution. At the 5 

minute mark of the 10-minute boil, the vials were put into an ultrasonicator, once again, 

to help maintain direct contact with solution. The oxidative solution was then discarded 

and a new solution is introduced before the 10-minute bath is repeated. Samples were 

again rinsed with UHQ before continuing. 

 Crushed tests were then placed under the microscope where individual grains and 

contaminating fibers were located using a back and top lit stage. Contaminates were 

removed using very fine brushes. Once any coarse grained silicates and other fibers were 

removed, the samples were placed in a 0.001 M HNO3 dilute acid leach and 

ultrasonicated for 30 seconds in order to remove any remaining contaminants. Following 

the dilute acid leach, the samples were washed with UHQ and the overlying solution was 

decanted. Once cleaned, samples were dissolved for ICP-OES and Quadrupole analysis 

in boron tested 0.1 M HNO3 and diluted to 100ppm Ca (Yu et al. 2005). 

2.3 Analytical Instrumentation 

2.3.1 Vista ICP-OES 

 The Vista Inductively Coupled Plasma Optical Emission Spectrometer, ICP-OES, 

or simply “Vista”, allows for simultaneous measurements of many trace metals and 

elements of carbonate shells. Once samples are cleaned and dissolved they are introduced 

into the Vista via an auto sampler. Once introduced to the front end of the machine, the 

analyte is sprayed as an aerosol from the nebulizer, which is then brought to the plasma 

torch. The plasma torch reaches incredibly high temperatures (>5000 °K) and is 

maintained in a quartz cylinder that is constantly supplied with Argon gas to the inside 
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edges in order to keep the torch from touching the quartz and melting it. The plasma 

torch then ionizes the aerosol containing the sample, which emits a unique spectrum for 

each element as it becomes ionized. Each spectrum is then recognized, simultaneously, 

by a MPX chip. Once the chip recognizes the various wavelengths in the light emitted it 

sends the information to a computer where the results can be checked for noise by 

comparing at optical emission peaks for each run on a sample. Generally, each sample 

has enough material to be run 5 times in order to minimize error. Errors were calculated 

using Mg/Ca and Sr/Ca reproducibility in standards solution Q6 and solution R2, with 

Mg/Ca values of 5.130mmol/mol and 1.289mmol/mol, respectively and Sr/Ca values of 

2.088mmol/mol and 0.808mmol/mol, respectively. The errors associated with Mg/Ca 

reproducibility in standard Q6 was 0.34% Relative Standard Deviation, RSD, and 0.28% 

RSD in standard R2. The errors associated with Sr/Ca reproducibility in standard Q6 was 

0.42% RSD, and 0.28% RSD in standard R2. 

2.3.2 Quadrupole Mass Spectrometer 

 A Parker Elmer Elan DRCII quadrupole based Inductively Coupled Plasma Mass 

Spectrometer, ICP-MS or Quad, was used in order to measure B/Ca and U/Ca ratios. The 

front end of the ICP-MS was very similar to the ICP-OES; auto-sampler trays were 

loaded with samples and standards, from which they were introduced to the high-

temperature plasma torch via a nebulizer. 4 magnetic rods are set to a specific frequency 

based on the trace element that is to be analyzed. That specific frequency allows for a 

specific ion to pass through and be counted, while the other ions will be thrown off of 

their trajectory, pulling them into one of the magnetic rods. The ion counts are then 

converted to trace element ratios within the software before being reported to the user.  
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Table 2.1 Element/calcium ratios of standards for the four elements analyzed on ICP-
MS. 

 
Standard B/Ca Mg/Ca Mn/Ca U/Ca 

  µmol/mol mmol/mol µmol/mol nmol/mol 
Std 0 0.7 0.003 0.2 0.08 
Std 1 15.5 0.199 9.9 1.03 
Std 2 32.1 0.625 26.2 5.24 
Std 3 62.7 1.230 51.4 15.39 
Std 4 94.6 1.692 93.5 46.77 
Std 5 132.7 2.271 188.1 94.40 
Std 6 179.4 2.987 342.6 198.23 
Std 7 228.8 4.253 529.9 367.55 
Std 8 274.7 5.269 681.1 530.28 

 

Standards were run simultaneously within sample batches to minimize error, as 

well as allow for drift correction on the ICP-MS. Standards for analysis of U/Ca needed 

to be extrapolated in order to more accurately measure the higher ratios that occur when 

measuring uranium coatings instead of just the calcite matrix of the tests. More heavily 

concentrated U/Ca standards, with standard 8 reaching 530.28nmol/mol, were utilized in 

order to extrapolate the calibration line to measure U/Ca ratios as high as 450nmol/mol. 

Element/calcium ratios for each standard are reported in Table 2.1. Errors associated with 

B/Ca measurements observed in standard calibrations showed a maximum 9.7% RSD in 

B/Ca elemental ratios. For Mg/Ca, Mn/Ca, and U/Ca maximum RSD values from 

standard calibrations are 3.3%, 2.7%, and 2.8%, respectively. 
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3. Results  

 The three instruments described in the previous chapter generated δ18O, δ13C, 

B/Ca, Mg/Ca, Mn/Ca, and U/Ca data for all site locations on benthic foraminifera species 

that were at measurable abundance (Table A.1).  

3.1 Globally Distributed Cores  

 Of the 19 total core-tops that were sampled, 10 locations provided significant 

species abundance and material to compare site-to-site differences within individual 

species. Site information regarding these locations is given in Table 1.1, and a map of 

these sites in Figure 1.1.  

3.1.1 Stable Isotope Analysis  

Core-top datasets were only utilized if they met selection criteria: each core-top 

had to have at least three different species of benthic foraminifera present at abundances 

adequate for analysis, and of those three species one had to be epifaunal to very shallow 

infaunal (usually a Cibicidoides species of some sort would suffice) and one had to be 

mid to deep infaunal.  
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Figure 3.1 Average δ13C of 11 benthic species from CD113A site A, arranged according 
to inferred relative calcification depth exhibiting clear grouping of species sharing similar 
microenvironments.  

 

Average δ13C differences between epifaunal and infaunal species C. wuellerstorfi, 

Uvigerina spp., and Oridorsalis spp. were calculated in order to obtain a measure of the 

δ13C slope steepness in each core-top, as well as determine which species δ13C offsets 

correspond best to site-to-site changes in carbonate ion concentration, pH, and bottom 

water temperature.  

δ13C offsets between the above listed species were compared with chemical and 

physical properties of the bottom water at each site location. δ13C offsets between C. 

wuellerstorfi and Oridorsalis spp., showed clear correlation with temperature (R2 of 0.73, 

Figure 3.2) and pH and carbonate ion concentration (R2 values of 0.67 each, Figure 3.3), 

while showing some depth dependence as well (R2 of 0.39, Figure 3.3). 
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Stable oxygen isotope data were also plotted against temperature for the two 

species with linear fits showing better correlations between bottom water temperature and 

δ18O in Oridorsalis spp. than in C. wuellerstorfi (Figure 3.5). R2 values for C. 

wuellerstorfi and Oridorsalis spp. linear fits were 0.44 and 0.60, respectively. These plots 

yielded calibration equations for C. wuellerstorfi (Equation 3.1). 

  y = -0.4565x + 4.3029      (3.1) 

The calibration equation for Oridorsalis spp. was also determined (Equation 3.2). 

  y = -0.3105x + 3.4112      (3.2) 

 

 

Figure 3.2. δ13C differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis 
spp. on y-axis, plotted vs. measured bottom water temperatures on x-axis at each site. R2 

value for linear fit is 0.73. 
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Figure 3.3. δ13C differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis 
spp. on y-axis, plotted vs. pH (total scale) on x-axis at each site. R2 value for linear fit is 
0.67. 
 
 

 
 
Figure 3.4. δ13C differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis 
spp. on y-axis plotted vs. pH (total scale) on x-axis at each site. R2 value for linear fit is 
0.39, showing a small degree of correlation. 
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Figure 3.5. Stable oxygen isotope ratios plotted against bottom water temperature for C. 
wuellerstorfi and Oridorsalis spp. 
 

3.1.2 Trace Element Analysis 

  The element ratios Mg/Ca, B/Ca, U/Ca, and Mn/Ca were measured in this study 

on all specimens. These datasets provided significant comparisons from site-to-site for 

two species at 10 sites, Oridorsalis spp. and Cibicidoides wuellerstorf. Interspecies and 

site-to-site variability can be related to species vital effects and physical and chemical 

differences in site bottom water such as temperature, pH, and carbonate ion concentration 

(Table 3.1). 
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Table 3.1. Core site data obtained from GLODAP database (Key et al., 2004) and δ13C 
differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis spp. for each site. 
 

Core 
Depth 

(m) pH Δ

€ 

[CO3
2−] 

Temperature 
(°Celsius) 

δ13CC. wuellerstorfi - 

Oridorsalis spp. 

1.5BC33 2015 7.80 9.3 2.20 1.04 

2.5BC37 2445 7.80 4.3 1.88 1.13 

2BC13 2301 7.79 4.9 1.98 1.24 

3BC16 2959 7.79 -2.2 1.66 1.11 

M12310-3 3069 7.96 29.1 2.75 1.37 

WIND10B 2871 7.87 11.3 1.86 1.03 

T86 - 5B 3121 7.98 33.9 3.00 1.81 

CD113A.A 3600 7.95 21.5 2.51 1.54 

BOFS 11K 2004 8.04 56.5 3.42  
 

 
 Plots have been arranged to examine which chemical and physical properties of 

the sites correlate with element/calcium data. B/Ca clearly shows correlation with pH and 

carbonate ion concentration in C. wuellerstorfi (Figures 3.6 and 3.7). However, fitting a 

trend line for both pH and carbonate ion concentration is complicated by low B/Ca ratios 

in two outlying data points.  

Mg/Ca ratios were also measured in the two species at the described sites, which 

were correlated to bottom water temperature data (Figure 3.8). Oridorsalis spp. shows 

much less Mg/Ca ratio dependence on bottom water temperature, than C. wuellerstorfi, 

making it difficult to even fit a trend line that would provide any useful information. C. 

wuellerstorfi demonstrates excellent correlation between bottom water temperature and 

Mg/Ca ratios, fitting an exponential trend line, Equation 3.3, with a R2 value of 0.8504. 

   y = 0.4347e0.4791x      (3.3) 
 
 

U/Ca and Mn/Ca for the two species have been plotted against the calculated δ13C 

offset coefficient for each site (Figures 3.9 and 3.10). In C. wuellerstorfi correlations 



 22 

were observed for U/Ca with a R2 value of 0.41, but not for Mn/Ca (R2 value of 0.09). 

Oridorsalis spp. did not show the same degree of covariance for U/Ca, but did correlate 

much better with Mn/Ca (R2 values of 0.24 and 0.52 for U/Ca and Mn/Ca, respectively). 

 

 

Figure 3.6. B/Ca for C. wuellerstorfi and Oridorsalis spp. plotted against 

€ 

Δ[CO3
2−]. 
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Figure 3.7. B/Ca for C. wuellerstorfi and Oridorsalis spp. plotted against pH (total 
scale). 

 
 
Figure 3.8. Mg/Ca for C. wuellerstorfi and Oridorsalis spp. plotted against core site 
temperature. Exponential trend line for C. wuellerstorfi has R2 value of 0.85. 
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Figure 3.9. δ13C differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis 
spp. on y-axis plotted vs. U/Ca concentration ratios for C. wuellerstorfi and Oridorsalis 
spp., a potential redox proxy. Stronger correlations in Oridorsalis spp. compared to C. 
wuellerstorfi, with R2 values of 0.32 and 0.22, respectively. 
 

 

Figure 3.10. δ13C differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis 
spp. on y-axis plotted vs. Mn/Ca concentration ratios for C. wuellerstorfi and Oridorsalis 
spp., a potential redox proxy. Stronger correlations in Oridorsalis spp. compared to C. 
wuellerstorfi, with R2 values of 0.28 and 0.18, respectively. 

R²#=#0.21886#

R²#=#0.32187#

0.00#
0.20#
0.40#
0.60#
0.80#
1.00#
1.20#
1.40#
1.60#
1.80#
2.00#

0.00# 2.00# 4.00# 6.00# 8.00# 10.00# 12.00# 14.00# 16.00# 18.00# 20.00#

δ1
3
C C

.#w
u
el
le
rs
to
r,
i#.
#O
ri
do
rs
al
is
#s
pp
.$(
‰

)$
##$

U/Ca$(nmol/mol)$

C.#wuellerstor,i#

Oridorsalis#spp.#

R²#=#0.18191#

R²#=#0.28316#

0.00#
0.20#
0.40#
0.60#
0.80#
1.00#
1.20#
1.40#
1.60#
1.80#
2.00#

0.00# 5.00# 10.00# 15.00# 20.00# 25.00# 30.00# 35.00# 40.00#δ1
3
C C

.#w
u
el
le
rs
to
r,
i#.
#O
ri
do
rs
al
is
#s
pp
.$(
‰

)$
##$

Mn/Ca$(umol/mol)$

C.#wuellerstor,i#

Oridorsalis#spp.#



 25 

 
 
3.2 Northeastern Atlantic Cores 

 Both cores from the NERC BENBO, Benthic Boundary layer processes program, 

yielded significant samples both on a species and individual basis. This allowed for the 

picking of many different species at a resolution of 0.5 cm to 1.0 cm intervals in each 

core-top. It also allowed for comparison among species from site A to site B.  

3.2.1 Stable Isotope Analysis  

 Stable carbon and oxygen isotopic values for the two sites are plotted by species 

in Figures 3.11 and 3.12. Specimens of the same species tend to cluster around the same 

values in each site and from site-to-site, with the exception of Uvigerina spp. Offsets 

between C. wuellerstorfi and Uvigerina spp. are known to be 0.64‰ for δ18O, much 

higher offsets are observed here. Also noteworthy, site B has a much more depleted 

stable oxygen isotope signature than site A, and species tend to cluster in the same 

position, relative to one another, from site-to-site despite the fact that there is an observed 

difference in δ18O values. 
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Figure 3.11. δ13C plotted against δ18O of all measured species at CD113A site A. 

 

 

Figure 3.12. δ13C plotted against δ18O of all measured species at CD113A site B. 
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When arranged by δ13C value with an arbitrary evenly spaced depth we can 

clearly see a group of epibenthic to shallow infaunal, intermediate infaunal, and deep 

infaunal, whose order is dictated by the specimens δ13C value which directly relates to the 

calcification depth of the organism (Figure 3.1). Figure 3.1 shows why it is critical to 

include species from a broad range of microenvironments when determining an offset 

coefficient in order to accurately represent the δ13C pore water curve.  

Species picked at varying depth intervals show no clearly trending variation in the 

top 10cm with regard to δ13C. This lack of variation has been attributed to mixing of the 

top 10cm of the sediment due to bioturbation supported by 14C and 210Pb measurements 

made by Thomson et al. 2000. Also of note, deeper infaunal species show a higher degree 

of variability from specimen to specimen in δ13C at each site. δ13C profiles are plotted 

with modeled pore water curves, Equations 3.4 and 3.5, for sites A and B, respectively, 

from Tachikawa and Elderfield 2002 (Figures 3.12-3.16).  

   δ13C = 3.30(z + 0.23)-0.29 – 4     (3.4) 

 
   δ13C = 3.10(z + 0.06)-0.17 – 4     (3.5) 
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Figure 3.13. δ13C for C. mundulus, C. wuellerstorfi, C. lobatulus, and C. bradyi plotted 
against sample depth in the core top at CD113A Site A. Modeled pore water curve 
(Equation 3.5) shown in blue with measured specimen values in red. 
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Figure 3.14. δ13C for C. robertsonianus, M. pompilioides, Uvigerina spp., and M. 
barleeanum plotted against sample depth in the core top at CD113A Site A. Modeled 
pore water curve (Equation 3.5) shown in blue with measured specimen values in red. 
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Figure 3.15. δ13C for O. umbonata and G. soldanii plotted against sample depth in the 
core top at CD113A Site A. Modeled pore water curve (Equation 3.5) shown in blue with 
measured specimen values in red. 
 
 

 

Figure 3.16. δ13C for C. bradyi and C. mundulus plotted against sample depth in the core 
top at CD113A Site B. Modeled pore water curve (Equation 3.6) shown in blue with 
measured specimen values in red. 
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Figure 3.17. δ13C for G. soldanii M. barleeanum and Uvigerina spp. plotted against 
sample depth in the core top at CD113A Site B. Modeled pore water curve (Equation 3.6) 
shown in blue with measured specimen values in red. 
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3.2.2 Trace Element Analysis 

Relating the stable oxygen isotope composition to U/Ca show clear species 

variation for both parameters (Figures 3.18 and 3.19). We also see generally higher top-

end values of U/Ca values at the deeper site due to shallower oxygen penetration depths 

in the sediments. Organic carbon deposition is half of what it is at the shallower site (site 

B), which would generally bring U/Ca values down unless oxygen penetration depth was 

playing a significant role. Stable oxygen isotopes are also higher at the deeper site, a 

remnant of surrounding water temperature, with higher δ18O being an indicator of lower 

temperature. Variation in δ18O at the site is due to species fractionation variability. 

Uvigerina spp. displays the highest degree of variability in δ18O from site to site, with 

average values of 2.65‰ at site B, and 4.25‰ at site A. It should also be noted that H. 

elegans is an outlier from the group in these plots due to its aragonitic mineralogy. 

 

Figure 3.18. Individual specimen δ18O plotted against U/Ca values for all species at 
CD113A site A. 
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Figure 3.19. Individual specimen δ18O plotted against U/Ca values for all species at 
CD113A site B. 
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4. Discussion 
 
4.1 Globally Distributed Cores 

 The goal of sampling multiple modern benthic foraminifera throughout the 

world’s oceans was to determine the effectiveness and variability of bottom water 

proxies, and to determine which environments lead to unreliability in tracers in order to 

determine which environmental factors influence this variability. A global distribution of 

samples is key in core-top studies in order to resolve any geographic effects when 

calibrating proxies and determining how effective certain tracers are in different benthic 

species. While helping elucidate relative depth distribution of benthic foraminifera, this 

part of the study also showed clear correlations, in some species, between bottom water 

proxies for temperature, pH, and redox chemistry.  

 Mg/Ca has been used as a temperature proxy in foraminifera for over a decade 

(Lea et al. 2002). While it has been shown to work relatively reliably for sea surface 

temperature reconstructions in planktonic foraminifera, there are some known 

complications to this proxy, such as carbonate ion concentration influence on magnesium 

solubility, and therefore on magnesium test incorporation.  

This study examined two different benthic species Mg/Ca temperature proxy 

reliability. The first species, C. wuellerstorfi, is an epibenthic variety that has been 

considered to be one of the best recorders of bottom water chemistry because it lives at 

the very top of the sediment-water interface. This species showed an exceptional 

correlation between Mg/Ca and bottom water temperature with an R2 value of 0.8504 

(Figure 3.8). This is most likely due to the fact that, much like planktonic species, C. 

wuellerstorfi lives nearly entirely in water and there is less of a secondary chemical 
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influence from the underlying sediments and their associated pore waters. Deeper 

dwelling infaunal benthic species such as Oridorsalis spp., showed slight correlation in 

some samples, but outliers rendered a graphical fit useless for this species.  

Besides the Mg/Ca temperature proxy, other proxies show temperature correlation 

as well, though not quite at the same level of reliability of Mg/Ca in C. wuellerstorfi. 

δ18O shows a degree of correlation in both species, with Oridorsalis spp. having better 

fits than C. wuellerstorfi, R2 values of 0.60 and 0.44, respectively (Figure 3.5). Better 

correlation in the infaunal species is perhaps due to less temperature and salinity 

variability with depth in the pore waters. The linear trends also show more variability in 

δ18O at lower temperatures in both species. It is also significant to note that the range of 

bottom water temperatures that were used to fit these trends were between 1.66°C and 

3.42°C, which is relatively small when compared to ranges on the order of 15°C used for 

the benthic foraminifera Mg/Ca calibrations in Bryan and Marchitto, 2008. However, this 

study offers much better global spatial distribution of sampling.  

B/Ca has been shown in previous core top studies to have promise in past 

reconstructions of carbonate ion concentration, which is tightly coupled to pH (Yu and 

Elderfield 2007, Rae et al. 2011). Boron becomes incorporated into the calcite structure 

of the foraminiferal shell at a rate that linearly correlates with carbonate ion 

concentration. This study’s result shows trending B/Ca data for C. wuellerstorfi and 

Oridorsalis spp. when plotted against carbonate ion concentration and pH (Figures 3.5 

and 3.6). However, it is difficult to fit a trend line simply because of three sites that all 

fall at the high end of the pH and carbonate ion concentration spectrum, which have 

anomalously low B/Ca ratios. C. wuellerstorfi gave B/Ca values of 170.68 to 
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221.45µmol/mol with the exception of sites T86-5B and BOFS11K ,which have values of 

13.20 and 12.50µmol/mol respectively. Site M12310-3 showed a slightly depleted B/Ca 

value as well for C. wuellerstorfi, though not nearly to the extent of the other sites. 

Oridorsalis spp. also showed B/Ca values dropping off with the two data points, which 

had high pH and carbonate ion concentrations at sites M12310-3 and T86-5B, while 

Oridorsalis spp. was not abundant enough to sample at BOFS11K.  

Each of the above mentioned three sites that create a discrepancy in the trends of 

B/Ca, pH, and carbonate ion concentration are located off of the west coast of Northern 

Africa. It is interesting to note this geographical inconsistency, however, further research 

into B/Ca test incorporation with regard to geographical location needs to be done before 

serious hypotheses can be entertained. Environmental influences may be playing a role 

(possibly hydrothermal or Aeolian dust input), and it is a potentially interesting 

coincidence that these two benthic foraminifera at all offshore western Africa sites show 

anomalously low B/Ca.  
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Figure 4.1. B/Ca in C. wuellerstorfi and Oridorsalis spp. as a function of bottom water   
Δ

€ 

[CO3
2−] with associated linear fit trend lines. Carbonate ion concentrations were 

estimated from the GLODAP database (Key et al., 2004). 
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degrees of carbonate ion concentration dependence, with regard to B/Ca ratios, when 

compared to the global averages reported by Yu and Elderfield 2007. Also steeper slopes 

are observed in C. wuellerstorfi when compared to Oridorsalis spp. indicating a higher 

degree of B/Ca dependence on carbonate ion concentraion in the epifaunal species, C. 

wuellerstorfi. 

 

Figure 4.2. B/Ca in C. wuellerstorfi and Oridorsalis spp. as a function of bottom water 
pH with associated linear fit trend lines. Total scale pH was estimated from the GLODAP 
(Key et al., 2004) database for each site. 
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Unlike boron, which is incorporated into the calcite lattice of benthic forminiferal 

tests, uranium is precipitated as a test coating. The reduced form of uranium, U4+, is 

highly insoluble when compared to the soluble oxidized species U6+. U4+ will increase 

concentration in test coating with more reducing environments. U/Ca is inversely 

correlated to pH and carbonate ion concentration (Figures 4.4 and 4.5). This is expected 

due to the fact that as pH increases, less of the reduced, insoluble U4+ species will 

accumulate in the sediment as authigenic uranium (Figure 1.3), causing less to adsorb as 

test coatings  

 

Figure 4.3. Bottom water carbonate ion concentration plotted against B/Ca of four 
different benthic species from modern sediments taken from Yu and Elderfield, 2007 
with the associated trend line equations for each species. 

 



 40 

 

Figure 4.4. U/Ca in C. wuellerstorfi and Oridorsalis spp. as a function of bottom water   
Δ

€ 

[CO3
2−] with associated linear fit trend lines. Carbonate ion concentration was estimated 

from the GLODAP database (Key et al., 2004) for each site. 
 

 

Figure 4.5. U/Ca in C. wuellerstorfi and Oridorsalis spp. as a function of bottom water 
pH with associated linear fit trend lines. Total pH was estimated from the GLODAP 
database (Key et al., 2004) for each site. 
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The metabolization of organic matter will reduce Mn4+ in the organic carbonate 

sediments to the soluble Mn2+ (Figure 1.4). Similarly to boron, Mn2+ will be incorporated 

into the actual calcite lattice of the foraminifera; concentration variability is associated 

with redox chemistry because as pH increases less of the reduced Mn2+ will be available 

to become incorporated into the calcite lattice. pH and carbonate ion concentration 

dependencies for Mn/Ca are also observed, though there is a slight positive correlation 

between pH and carbonate ion concentration to Mn/Ca (Figures 4.6 and 4.7). This trend 

is likely due to the redox sensitivity of Mn speciation; the degree of trend line variability 

indicates that Mn/Ca ratios have other influencing factors besides pH. The trend, 

however, is only observed in the infaunal species Oridorsalis spp., the epifaunal C. 

wuellerstorfi species shows no correlation between Mn/Ca and pH or carbonate ion 

concentration, but still generally trends positively. Why is there so much noise at the 

sediment-water interface, while more consistent relationships are observed in infaunal 

species? Epifaunal species have a much more direct relationship with bottom water 

chemistry and food supply. Increasing organic carbon flux to the seafloor will cause 

higher rates of metabolization of organic matter, which will remobilize Mn2+ (Figure 

1.4). This suggests that changes in food supply, that happen on shorter time scales at the 

sediment-water interface when compared to the more stable pore water 

microenvironment in which infaunal species calcify, will cause a higher degree of 

variation in Mn incorporation for those species at the sediment-water interface. This 

variability would be less likely in deeper infaunal species because food supply variability 

is not as influential on Mn remobilization, rather, it is directly controlled by the removal 

of oxygen with depth in the sediment. This oxygen removal is influenced by food supply 
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overall, but is likely to react on slower time scales than more immediate food supply 

variability. The oxygen removal creates reducing conditions necessary for the reduction 

of Mn4+, derived from sedimentary organic matter that calcified in relatively oxygenated 

environments before being rained down to the seafloor, in the form of the soluble species 

Mn2+. This occurs below the point of authigenic uranium accumulation (Figures 1.3 and 

1.5), making manganese test incorporation in benthic species difficult to utilize in order 

to reconstruct past redox changes simply due to the fact that they are not necessarily 

calcifying in the zone of Mn2+ remobilization. 

 

Figure 4.6. Mn/Ca in C. wuellerstorfi and Oridorsalis spp. as a function of bottom water 
Δ
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[CO3
2−] with associated linear fit trend lines. Carbonate ion concentration was estimated 

from the GLODAP database (Key et al., 2004) for each site. Much higher degrees of 
correlation between Mn/Ca and carbonate ion concentration are observed in the infaunal 
Oridorsalis spp. when compared to the epifaunal C. wuellerstorfi, indicating higher 
Mn/Ca variability at the sediment water interface, and less in the sediment pore waters. 
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Figure 4.7. Mn/Ca in C. wuellerstorfi and Oridorsalis spp. as a function of bottom water 
pH with associated linear fit trend lines. Total pH was estimated from the GLODAP 
database (Key et al., 2004) for each site. Much higher degrees of correlation between 
Mn/Ca and carbonate ion concentration are observed in the infaunal Oridorsalis spp. 
when compared to the epifaunal C. wuellerstorfi, indicating higher Mn/Ca variability at 
the sediment water interface, and less in the sediment pore waters. 
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for δ18O and temperature in C. wuellerstorfi and Oridorsalis spp., individually, R2 values 

of 0.73, 0.44, and 0.61 respectively (Figures 3.2 and 3.5). It could possibly be deduced 

that temperature and food availability may scale together with depth in the oceans simply 

due to the fact that temperatures will drop with depth and food will become scarcer with 

depth, causing δ13C differences to change at colder temperatures. When δ13C offsets for 

C. wuellerstorfi and Oridorsalis spp. are plotted against water depth the trend line has a 

R2 value of 0.39, showing a degree of correlation that is not nearly as strong as the 

interdependence between the δ13C offset and temperature (Figure 3.2). Another 

hypothesis for the strong correlation is that an increase in temperature will increase the 

metabolization rate of organic matter, causing a decrease in the δ13C offset. However, 

δ13C offsets, associated with the steepening of the δ13C gradient, are positively correlating 

with temperature. The opposite should take place if temperature’s influence on 

metabolization rate is the reason for the correlation. Increased temperature should 

increase metabolization of organic matter, thus making the δ13C gradient less steep (lower 

δ13C differences). 



 45 

Figure 4.8. δ13C differences between epifaunal C. wuellerstorfi and infaunal Oridorsalis 
spp. on y-axis plotted vs. pH (total scale) on x-axis at each site. R2 value for linear fit is 
0.394, showing a small degree of correlation. 
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Oridorsalis spp. has a much stronger correlation with R2 values for linear fits with Mn/Ca 

and U/Ca of to 0.28 and 0.32, respectively. This may indicate that Mn/Ca test 

incorporation concentration, and U/Ca coatings in benthic foraminifera, are better proxies 

for past organic carbon flux and bottom water oxygen in deeper infaunal organisms, due 

to the fact that there is likely to be more chemical variability at the sediment-water 

interface, complicating epibenthic incorporation. 

δ13C offsets were also determined between C. wuellerstorfi and Uvigerina spp. in 

order to see if the more common mid-infaunal species, Uvigerina spp., could be used 

with C. wuellerstorfi to represent the δ13C pore water gradient steepness as well as the 

epibenthic to deep infaunal pair, C. wuellerstorfi and Oridorsalis spp. Much weaker 

correlations were observed between C. wuellerstorfi and Uvigerina spp., compared to C. 

wuellerstorfi and Oridorsalis spp., and pH (Figure 4.9, R2 of 0.37), carbonate ion 

concentration (Figure 4.10, R2 of 0.10), and temperature (Figure 4.11, R2 of 0.05). These 

results suggest that offsets between the top epifaunal species and bottom infaunal species 

will yield the best possible correlations to variability in past organic carbon flux and 

bottom water oxygen content, and that trying to represent the δ13C pore water slope with 

only part of the gradient (i.e. epifaunal to mid infaunal) will cause error. 
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Figure 4.9. δ13C differences between epifaunal C. wuellerstorfi and infaunal Uvigerina 
spp. on y-axis plotted vs. pH (total scale) on x-axis at each site. R2 value for linear fit is 
0.37. 
 
 

 
 
Figure 4.10. δ13C differences between epifaunal C. wuellerstorfi and infaunal Uvigerina 
spp. on y-axis plotted vs. carbonate ion concentration on x-axis at each site. R2 value for 
linear fit is 0.10. 
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Figure 4.11. δ13C differences between epifaunal C. wuellerstorfi and infaunal Uvigerina 
spp. on y-axis plotted vs. measured bottom water temperatures on x-axis at each site. R2 

value for linear fit is 0.05. 
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stable oxygen and stable carbon paleo measurements, and that the former three 

morphotypes are better candidates for environmental recorders. The variability observed 

in the infaunal species may be due in part to a larger range of calcification depths for 

deeper benthic species. 

H. elegans clearly shows much different stable carbon and oxygen isotope 

compositions due to its aragonitic mineralogy (Grossman 1987). While Uvigerina spp. is 

a clear outlier as well at site A, it is likely due to the following complications: At site B, 

Uvigerina spp. has δ18O values that fall within similar ranges to other infaunal 

foraminifera, and at site A δ18O measurements fall nearly 1 per mil outside of these 

ranges (Figures 3.10 and 3.11). Site A lies at 3600m water depth and site B at 1100m. 

During interglacial periods, Uvigerina spp. has been known to disappear from deeper 

locations in the North Atlantic (Streeter and Shackleton 1979). Bioturbation at this 

location, indicated by 210Pb and 14C (Thomson et al 2000), may have brought glacial 

Uvigerina spp. to the core-top. The average δ18O value of 4.25 per mil agrees well with 

glacial δ18O for Uvigerina spp. in the North Atlantic (Streeter and Shackleton 1979). 

Another possibility, though far less likely, is that Uvigerina spp. δ18O is incredibly 

sensitive to changes in local temperature and salinity, and the difference in temperature 

and salinity between the two sites is what is causing the variability.  

Besides this site-to-site discrepancy, it is interesting that Uvigerina spp. shows the 

lowest amount of variability in δ18O even though a variety of morphotypes were sampled, 

while the others were specific to morphological variations in species. This may indicate 

that, when it is present, it is one of the more reliable benthic species to use when 

measuring stable oxygen isotopes. 
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Mn/Ca is plotted versus U/Ca in order to observe any covariance due to both 

elements dependence on redox chemistry, both generally for each site and within a 

distinct species (Figures 4.12 and 4.13). A general exponential trend can be fitted to all 

benthic species for sites A and B between Mn/Ca and U/Ca, with R2 values of 0.66 and 

0.39, respectively. While there are concentration differences from species to species 

(likely due to morphological differences), and individual-to-individual (likely due to 

microenvironmental differences), covariance is observed which tells us that similar 

properties are influencing the incorporation of these two trace metals. The correlation 

between Mn/Ca and U/Ca is likely due to redox conditions and/or lower organic carbon 

flux which would cause lower rates of metabolization of organic matter and therefore the 

remobilization of less Mn2+ at that location, while also causing less authigenic U to 

precipitate. Under these conditions, the concentration peaks in the profiles of authigenic 

U4+ and Mn2+ will overlap in the sediment causing a positive correlation between the two 

element/calcium ratios. The higher degree of correlation between Mn/Ca and U/Ca at site 

A may be due to the fact that site A is much deeper, allowing for the ideal conditions 

described above, causing tighter correlation between the two tracers. 
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Figure 4.12. Mn/Ca plotted against U/Ca for all species at all depth intervals (within the 
top 10cm) for CD113A Site A. Exponential fit of all data points yields the equation 
y=5.1785e0.1071x with an R2 of 0.658. 
 
 

 

Figure 4.13. Mn/Ca plotted against U/Ca for all species at all depth intervals (within the 
top 10cm) for CD113A Site B. Exponential fit of all data points yields the equation 
y=8.3073e0.0751x with an R2 of 0.389. 
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When the two sites are compared, site B clearly shows more variability within 

individuals and species, as well as higher Mn/Ca and U/Ca concentrations (Figures 4.12 

and 4.13). This could perhaps be explained by either a difference between the two sites 

organic carbon flux, or more variable organic carbon flux to the sediment at the shallower 

site (Thomson et al., 2000), which could cause the concentration profiles for Mn2+ and 

authigenic U, directly related to U/Ca of benthic foraminiferal coatings, in the sediment 

to no longer overlap as well and be slightly offset. 

It can also be observed that variability of Mn/Ca within all benthic species is 

much higher than U/Ca variability. This is despite the fact that Mn2+ concentration 

profiles have much less variability in the sediment pore waters than U/Ca (Lea 2005), and 

higher variability would be expected in U/Ca due to its dependence on shell size and 

geometry, thus surface area, because it is a coating. So why are Mn/Ca data noisier than 

U/Ca data in benthic species? Mn2+ is incorporated into the actual shell lattice, while U4+ 

adheres to the outside of the test as a coating, making it much more dependent on shell 

geometry. The inter-species variability that is observed is therefore mostly dependent on 

vital effects (which create different rates of Mn incorporation within the test), and shell 

geometries that will affect authigenic U coatings, rather than specific calcification depths. 
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Table 4.1. Calcification depths calculated from the modeled pore water curve for site A 
(Equation 3.5). δ13C is given in per mil and calcification depths are given in cm. 
Averages, lows, and highs were calculated to illustrate relative foraminiferal distribution 
and range of calcification for each species. Values of 0.00cm calcification depth indicate 
a value at or above the sediment-water interface. 
 

        Inferred 
  Average Low High Calcification Depth 
Species δ13C (‰) δ13C (‰) δ13C (‰) (cm) 

      

C. mundulus 0.94 0.81 1.40 0.0

€ 

± 0.0 

C. wuellerstorfi 0.91 0.76 1.02 0.0

€ 

± 0.0 

C. lobatulus 0.87 0.61 1.01 0.0

€ 

± 0.1 

C. bradyi 0.40 0.12 0.61 0.1

€ 

± 0.2 

M. pompilioides 0.33 0.00 0.51 0.2

€ 

± 0.2 

C. robertsonianus 0.33 0.04 0.55 0.2

€ 

± 0.2 

Uvigerina spp. -0.37 -0.51 -0.24 0.5

€ 

± 0.4 

M. barleeanum -0.52 -0.83 -0.28 0.6

€ 

± 0.5 

O. umbonata -0.63 -0.92 -0.28 0.7

€ 

± 0.6 

G. soldanii -0.66 -0.89 -0.41 0.8

€ 

± 0.5 
 

 δ13C values are plotted against sampling depth in the core top at each site (Figures 

3.12 through 3.16). The lack of correlation down to 10cm depth of the core at each site is 

a good indicator of bioturbation, which agrees with 210Pb observations made by Thomson 

et al. 2000. It is also easy to observe the previously discussed increased variability in the 

deeper infaunal species compared to epibenthic in the aforementioned figures. 

Calcification depths can be inferred by simply plotting the average δ13C value in for each 

species to the applicable modeled pore water curve equation from Tachikawa and 

Elderfield 2002 (Equations 3.5 and 3.6). These depths are reported in Tables 4.1 and 4.2 



 54 

for sites A and B with the associated high and low δ13C values for each species, 

indicating differences in calcification depth range for individual species. 

 
Table 4.2. Calcification depths calculated from the modeled pore water curve for site B 
(Equation 3.6). δ13C is given in per mil and calcification depths are given in cm. 
Averages, lows, and highs were calculated to illustrate relative foraminiferal distribution 
and range of calcification for each species. Values of 0.00cm calcification depth indicate 
a value at or above the sediment-water interface. 
  

        Inferred 
  Average Low High Calcification Depth 
Species δ13C (‰) δ13C (‰) δ13C (‰) (cm) 
      
C. mundulus 1.05 0.24 1.32 0.0

€ 

± 0.1 
C. bradyi 0.36 -0.78 0.50 0.1

€ 

± 0.3 
Uvigerina spp. -0.24 -0.44 0.04 0.3

€ 

± 0.2 
M. barleeanum -0.49 -0.63 -0.34 0.4

€ 

± 0.2 
G. soldanii -0.55 -0.78 -0.30 0.5

€ 

± 0.5 
 
  
 A noteworthy observation is that the calcification ranges calculated in this study 

for C. wuellerstorfi, C. bradyi, Uvigerina spp., and M. barleeanum agree well with 

previously published depths for those species at CD113A sites A and B (Tachikawa and 

Elderfield, 2002; Tachikawa and Elderfield, 2004). Understanding benthic foraminiferal 

microenvironments and relative species distribution is incredibly significant in 

interpreting elemental incorporation results in order to determine whether differences are 

a product of environmental, or morphological effects. Figures 4.14 and 4.15 illustrate the 

microenvironment and calcification depth of the sampled species for sites A and B. 
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Figure 4.14. Calcification depth ranges for benthic species at site A calculated from 
foraminiferal δ13C values and applied to modeled pore water δ13C. 
 
 

 

Figure 4.15. Calcification depth ranges for benthic species at site B calculated from 
foraminiferal δ13C values and applied to modeled pore water δ13C. 
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5. Conclusion 

 This study set out to evaluate the variability, and in turn the reliability, of multiple 

proxies in benthic foraminifera, as well as to determine whether or not the δ13C gradient 

steepness in sediment pore waters could be reconstructed by utilizing species with varied 

microenvironments. Two abundant species, C. wuellerstorfi (epifaunal) and Oridorsalis 

spp. (infaunal), were used to represent two different microenvironments with respect to 

benthic foraminiferal distribution. 

5.1 Globally Distributed Samples 

 The globally distributed dataset allowed comparisons of individual species across 

a wide range of marine environments. Comparison with comparable empirical 

approaches showed similar results in like-species. Measurements of previously unutilized 

benthic species offer new insights into the magnitude and variability of trace element 

incorporation.  

Through determining δ13C offsets between epifaunal and infaunal species, new 

correlations were found that were not previously noted, including correlation between the 

above δ13C offsets and temperature (Figure 3.2), which is likely scaling with water depth 

and therefore the amount of organic carbon making it to the seafloor. Other previously 

unnoted correlations for δ13C differences included slight interdependence with marine 

redox chemistry tracers U/Ca and Mn/Ca (Figures 3.9 and 3.10), showing distinct 

variability between the two species, C. wuellerstorfi and Oridorsalis spp., in the degree 

of correlation that could help resolve trace element incorporation processes for 

manganese and uranium. Specifically, the data show that uranium coatings and 

manganese test incorporation are more reliable in the deeper dwelling Oridorsalis spp., 
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indicating perhaps a higher reliability of elemental incorporation and coating in deeper 

infaunal species due to reduced chemical variability compared to the sediment-water 

interface.  

 Anomalously low B/Ca ratios (used as a carbonate ion concentration proxy) were 

found in multiple species at three sites off the Northwestern coast of Africa (Figures 3.6 

and 3.7). This result, while interesting and of note, needs to be further investigated in 

order to discover why this discrepancy is observed in this region. Potential problems with 

bottom water temperature reconstruction using Mg/Ca ratios in infaunal species were also 

shown, likely due to the increased variability in calcification depth in deeper infaunal 

species (Figure 3.8).  

5.2 CD113A Sites 

 Calcification depths and ranges for new species are presented, helping to better 

illustrate relative depth distribution of these organisms, while elucidating the breadth of 

each species calcifying environment (Figures 4.11 and 4.12). Inter-species and intra-

species correlation variability between Mn/Ca and U/Ca as presented at the two CD113A 

sites, A and B, could also act as an indicator of a shift in the redox boundary due to a 

specific process such as a change in organic carbon flux (Figures 4.9 and 4.10). 

 Comparison of trace element incorporation and foraminifera microenvironment 

show little dependence from species to species. Calcification depth, or benthic 

microenvironment, is not the principle reason for the observed element concentrations. 

Instead, inter-species differences are likely due to differences in shell geometries and 

vital effects. Intra-species variability is likely due to all three factors, but vital effects and 
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shell geometry have much less of an influence because they will be similar for all 

individuals within that species.  

5.3 Further Research 

 Further work from both empirical and culturing approaches needs to continue to 

be applied to benthic foraminifera in order to resolve calibration curves for tracers that 

can be utilized in varying chemical and physical environments. It would also be 

significant to this study to resample cores off of Northwestern Africa, in order to 

determine if there is a link between the anomalously low boron incorporation and that 

geographic location. Larger datasets of many benthic species from global sites are 

paramount in order to determine the degree of usefulness of the δ13C offsets in benthic 

species as a redox proxy and possibly even as a temperature proxy. Application of these 

offsets in dead O2 zones could prove useful due to the lack of bioturbation at those 

locations, making it possible for highly resolved past reconstruction of organic carbon 

flux. 
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Appendix 
 
Table A.1. δ18O, δ13C, B/Ca, Mg/Ca, Mn/Ca, and U/Ca results from analytical 
measurements of all samples in this study. 
 

    
Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
BOFS 11K H. elegans Coretop 3.88 2.53 34.6 0.537 1.3 59.46 
BOFS 11K C. wuellerstorfi Coretop 2.33 1.32 236.3 1.415 44.2 14.08 
BOFS 11K C. mundulus Coretop 2.44 1.21 153.5 2.059 29.1 9.37 
BOFS 11K K. uniserialis Coretop 2.83 1.05      
BOFS 11K M. pompilioides Coretop 2.83 0.79      
BOFS 11K B. mexicana Coretop 3.07 0.51 44.6 1.399 29.5 10.19 
BOFS 11K M. barleeanum Coretop 2.97 0.25      
BOFS 11K R. stabilis Coretop 2.87 -0.46 133.9 11.285 35.0 15.59 
BOFS 11K G. soldanii Coretop 3.07 -0.54 36.4 2.511 78.8 21.14 
BOFS 11K P. quinqueloba Coretop 3.39 -1.04 31.7 2.591 29.3 20.50 
T86 - 5B H. elegans Coretop 4.06 2.68 49.4 0.527 0.1 28.31 
T86 - 5B C. wuellerstorfi Coretop 2.49 1.27 209.7 1.651 12.8 9.72 
T86 - 5B C. mundulus Coretop 2.45 1.05 150.6 1.969 14.1 13.37 
T86 - 5B M. pompilioides Coretop 2.63 1.03      
T86 - 5B M. barleeanum Coretop 2.58 0.43 109.5 1.396 4.3 11.17 
T86 - 5B O. umbonata Coretop 2.81 -0.54 49.5 1.735 15.2 10.64 
T86 - 5B G. soldanii Coretop 2.88 -0.55 35.8 1.697 38.7 14.50 

T90 - 10B C. wuellerstorfi Coretop 2.21 1.27 225.0 1.497 37.8 7.85 
T90 - 10B Uvigerina spp. Coretop 2.93 0.56 27.5 1.959 8.4 6.29 
T90 - 15B C. wuellerstorfi Coretop 3.15 0.86 195.7 1.349 7.2 11.66 
T90 - 15B M. pompilioides Coretop 2.62 0.70      
T90 - 15B G. soldanii Coretop 2.99 -0.22      
T90 - 15B O. umbonata Coretop 2.99 -1.18      
1.5BC11 C. wuellerstorfi Coretop 2.75 0.20 173.96 1.32 0.009 15.28 
1.5BC11 Uvigerina spp. Coretop 3.64 -0.13 12.94 1.41 0.006 22.18 
1.5BC33 C. wuellerstorfi Coretop 2.60 0.36 182.96 1.23 0.007 16.15 
1.5BC33 L. pauperta Coretop 2.68 -0.01 96.34 1.68 0.003 10.06 
1.5BC33 C. bradyi Coretop 2.58 0.10      
1.5BC33 Uvigerina spp. Coretop 3.37 -0.12 10.44 1.53 0.007 24.84 
1.5BC33 Oridorsalis spp. Coretop 3.35 -0.68 31.60 1.63 0.010 16.90 

1BC3 L. pauperta Coretop 2.71 0.10 88.41 1.66  7.86 
1BC3 Uvigerina spp. Coretop 3.70 0.24 9.28 1.37 0.018 30.51 
1BC3 Oridorsalis spp. Coretop 3.10 -0.63 30.93 1.73 0.002 14.60 
1BC7 L. pauperta Coretop 2.93 0.10 96.86 1.56  6.87 

2.5BC37 C. wuellerstorfi Coretop 2.91 0.35 177.55 1.10 0.014 11.72 
2.5BC37 Uvigerina spp. Coretop 3.85 -0.28 14.43 1.32 0.016 23.59 
2.5BC37 M. barleeanum Coretop 2.59 -0.69 67.00 1.24  22.28 
2.5BC37 Oridorsalis spp. Coretop 3.47 -0.77 30.95 1.43 0.006 15.23 
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Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
2BC13 C. wuellerstorfi Coretop 2.60 0.42 183.88 1.15 0.005 11.00 
2BC13 L. pauperta Coretop 2.92 -0.03 89.38 1.42  8.15 
2BC13 Uvigerina spp. Coretop 3.69 0.02 12.34 1.25  10.09 
2BC13 M. barleeanum Coretop 3.13 -0.63 76.87 1.23 0.017 14.18 
2BC13 Oridorsalis spp. Coretop 3.29 -0.82 30.04 1.51 0.001 11.41 
3BC16 C. wuellerstorfi Coretop 2.65 0.40 170.68 0.94 0.007 11.43 
3BC16 L. pauperta Coretop 2.58 -0.07 85.15 1.47  10.37 
3BC16 M. barleeanum Coretop 2.77 -0.52 66.50 1.16  16.36 
3BC16 G. soldanii Coretop 3.28 -0.55 29.23 1.38 0.048 21.54 
3BC16 Oridorsalis spp. Coretop 3.27 -0.71 34.49 1.70  17.84 
3BC24 L. pauperta Coretop 2.99 0.03 101.66 1.47  9.79 

4.5BC53 Nuttalides spp. Coretop 3.49 -0.24 84.81 0.50 0.005 12.27 
4.5BC53 M. barleeanum Coretop 2.66 -0.20 60.32 0.90 0.001 10.73 
4.5BC53 G. soldanii Coretop 3.51 -0.52 28.44 1.26 0.025 14.59 
4.5BC53 Oridorsalis spp. Coretop 3.22 -0.79 26.84 1.06 0.007 10.38 
4BC51 L. pauperta Coretop 2.67 -0.03 80.75 1.33  8.55 
4BC51 M. barleeanum Coretop 2.66 -0.48 62.53 1.02 0.004 12.19 
4BC51 Oridorsalis spp. Coretop 3.05 -0.74 30.16 1.30  14.03 

M12310-3 H. elegans Coretop 3.79 2.60 34.41 0.43  17.24 
M12310-3 C. mundulus Coretop 2.68 0.78 130.76 2.11 0.022 6.82 
M12310-3 C. wuellerstorfi Coretop 2.43 1.00 221.45 1.44 0.012 7.19 
M12310-3 L. pauperta Coretop 2.69 0.79 102.59 1.24 0.010 4.36 
M12310-3 Nuttalides spp. Coretop 3.13 -0.08 15.35 3.06 0.074 21.66 
M12310-3 G. soldanii Coretop 3.05 -0.70 35.23 2.06 0.062 14.02 
M12310-3 Oridorsalis spp. Coretop 3.10 -0.37 35.17 1.64 0.023 7.86 
NEAP17B H. elegans Coretop 4.24 2.47 24.57 0.49  48.00 
NEAP17B C. wuellerstorfi Coretop 2.74 1.08 208.73 1.42 0.043 12.90 
NEAP17B M. pompilioides Coretop 3.08 0.11 128.83 1.35 0.029 13.15 
NEAP17B M. barleeanum Coretop 2.91 -0.01 85.71 1.47 0.023 15.03 
NEAP17B G. soldanii Coretop 3.39 -0.78 25.64 1.81 0.048 19.18 
NEAP20B H. elegans Coretop 3.78 2.95 42.97 0.52  18.42 
NEAP20B C. mundulus Coretop 2.48 0.95 138.92 1.74 0.004 6.43 
NEAP20B C. wuellerstorfi Coretop 2.40 1.24 214.03 1.51 0.018 8.21 
NEAP8K M. barleeanum Coretop 2.96 -0.91 71.25 1.23 0.026 14.33 
NEAP8K G. affinis Coretop 3.90 -1.81   0.065   
NEAP8K C. oolina Coretop 3.69 -2.52 19.61 2.84 0.140 13.40 

WIND10B C. mundulus Coretop 2.67 0.65 124.35 1.47 0.001 8.22 
WIND10B C. wuellerstorfi Coretop 3.23 0.61 208.07 1.23 0.013 13.65 
WIND10B M. pompilioides Coretop 2.41 0.45      
WIND10B Uvigerina spp. Coretop 4.39 -0.29 19.72 1.25  9.27 
WIND10B G. soldanii Coretop 3.36 -0.26 36.28 1.72 0.017 14.40 
WIND10B Oridorsalis spp. Coretop 3.78 -0.42 34.14 1.47  12.04 
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Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
CD113A.A C. lobatulus 0.5 2.96 0.82 156.5 1.334 46.4 19.80 
CD113A.A Uvigerina spp. 0.5 4.29 -0.42 27.5 1.235 13.7 5.74 
CD113A.A C. robertsonianus 0.5 2.89 0.42 134.3 1.104 22.0 11.86 
CD113A.A M. barleeanum 0.5 3.25 -0.28 78.7 1.387 27.0 18.29 
CD113A.A M. pompilioides 0.5 3.37 0.32 114.7 1.251 17.0 12.64 
CD113A.A G. soldanii 0.5 3.53 -0.71 37.4 1.807 66.0 22.14 
CD113A.A C. mundulus 0.5 2.77 0.87 130.4 1.766 24.3 11.65 
CD113A.A O. umbonata 0.5 3.17 -0.85 44.3 1.819 14.4 14.20 
CD113A.A C. wuellerstorfi 0.5 2.75 0.83 230.1 1.319 27.6 12.27 
CD113A.A H. elegans 0.5 3.93 2.76 39.9 0.343 4.0 44.80 
CD113A.A C. lobatulus 1.0 2.98 1.01 165.6 1.374 46.9 17.46 
CD113A.A G. soldanii 1.0 3.26 -0.80 33.7 1.759 58.6 20.27 
CD113A.A M. pompilioides 1.0 3.39 0.48 121.5 1.319 24.1 12.61 
CD113A.A M. barleeanum 1.0 3.57 -0.51 88.0 1.331 17.9 16.21 
CD113A.A C. wuellerstorfi 1.0 2.81 1.00 226.3 1.348 30.5 13.26 
CD113A.A Uvigerina spp. 1.0 4.31 -0.51 39.9 0.910 8.4 5.34 
CD113A.A C. robertsonianus 1.0 3.16 0.04 110.0 1.058 12.5 11.16 
CD113A.A O. umbonata 1.0 3.18 -0.48 60.8 1.665 14.6 14.48 
CD113A.A C. mundulus 1.0 3.21 1.40 126.6 1.696 22.6 10.47 
CD113A.A H. elegans 1.0 3.99 2.73 29.9 0.322 0.2 42.38 
CD113A.A M. pompilioides 1.5 2.95 0.51 131.1 1.289 23.4 14.50 
CD113A.A M. barleeanum 1.5 3.29 -0.67 85.0 1.442 29.0 20.42 
CD113A.A G. soldanii 1.5 3.24 -0.47 38.2 2.008 53.4 18.89 
CD113A.A Uvigerina spp. 1.5 4.28 -0.31 31.1 1.113 10.5 6.08 
CD113A.A O. umbonata 1.5 3.22 -0.79 52.7 1.735 15.6 15.93 
CD113A.A C. mundulus 1.5 2.80 0.94 128.5 1.603 37.2 10.13 
CD113A.A C. bradyi 1.5 2.97 0.61 139.6 1.332 12.7 11.08 
CD113A.A C. robertsonianus 1.5 3.03 0.55 107.4 1.213 7.7 9.51 
CD113A.A C. lobatulus 1.5 3.03 0.93 161.6 1.463 72.4 20.60 
CD113A.A C. wuellerstorfi 1.5 2.79 0.96 225.4 1.362 25.7 13.65 
CD113A.A H. elegans 1.5 4.03 2.88 35.0 0.290 0.4 40.26 
CD113A.A G. soldanii 2.0 3.36 -0.60 35.3 1.569 65.8 20.78 
CD113A.A C. lobatulus 2.0 2.86 0.80 157.6 1.414 64.0 20.59 
CD113A.A Uvigerina spp. 2.0 4.25 -0.35 52.6 1.243 16.8 9.44 
CD113A.A M. pompilioides 2.0 3.14 0.45 119.4 1.180 25.8 11.99 
CD113A.A M. barleeanum 2.0 3.19 -0.39 79.7 1.311 30.4 18.97 
CD113A.A C. mundulus 2.0 2.75 0.91 136.8 1.705 15.5 9.48 
CD113A.A H. elegans 2.0 4.01 2.71 33.7 0.293 0.1 43.68 
CD113A.A C. wuellerstorfi 2.0 2.99 0.88 232.8 1.349 27.8 14.08 
CD113A.A O. umbonata 2.0 3.27 -0.92 53.4 1.650 10.3 13.89 
CD113A.A C. mundulus 3.0 2.68 0.86 130.7 1.634 21.0 9.64 
CD113A.A G. soldanii 3.0 3.27 -0.41 40.4 1.669 73.8 23.91 
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Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
CD113A.A M. pompilioides 3.0 3.52 0.45 128.8 1.278 24.1 10.77 
CD113A.A M. barleeanum 3.0 3.13 -0.73 85.9 1.399 36.6 21.52 
CD113A.A O. umbonata 3.0 3.18 -0.62 44.5 1.603 22.0 15.45 
CD113A.A Uvigerina spp. 3.0 4.37 -0.48 25.5 0.947 7.3 4.48 
CD113A.A H. elegans 3.0 3.81 2.25 36.9 0.368 1.0 34.60 
CD113A.A C. lobatulus 3.0 3.07 0.61 160.9 1.367 48.1 18.86 
CD113A.A C. robertsonianus 3.0 2.98 0.16 116.9 1.437 14.5 11.16 
CD113A.A C. wuellerstorfi 3.0 2.90 0.76 217.8 1.401 35.2 12.91 
CD113A.A M. pompilioides 4.0 2.95 0.00 123.5 1.247 17.1 13.65 
CD113A.A M. barleeanum 4.0 3.52 -0.83 82.3 1.327 25.4 18.73 
CD113A.A Uvigerina spp. 4.0 4.27 -0.24 27.5 1.234 5.5 5.47 
CD113A.A G. soldanii 4.0 3.28 -0.62 34.9 1.699 56.7 21.21 
CD113A.A C. wuellerstorfi 4.0 2.84 0.90 225.6 1.308 23.7 12.10 
CD113A.A C. mundulus 4.0 2.76 0.84 134.0 1.569 16.5 8.73 
CD113A.A C. robertsonianus 4.0 2.81 0.48 109.3 1.123 16.3 10.38 
CD113A.A O. umbonata 4.0 3.15 -0.33 46.3 1.530 29.1 15.42 
CD113A.A H. elegans 4.0 4.14 2.84 36.4 0.352 1.3 37.26 
CD113A.A C. bradyi 4.0 3.25 0.5 116.6 1.236 10.7 9.56 
CD113A.A C. lobatulus 4.0 2.74 0.96 170.3 1.177 41.8 15.74 
CD113A.A Uvigerina spp. 5.0   27.6 1.076 11.9 7.88 
CD113A.A C. mundulus 5.0 2.77 0.81 129.4 1.489 12.3 9.25 
CD113A.A C. bradyi 5.0 3.17 0.12 109.5 1.471 16.5 13.46 
CD113A.A G. soldanii 5.0 3.28 -0.79 39.1 1.515 71.9 24.04 
CD113A.A C. lobatulus 5.0 2.79 0.88 171.5 1.418 50.5 18.22 
CD113A.A M. barleeanum 5.0 3.12 -0.43 74.9 1.431 35.6 17.92 
CD113A.A M. pompilioides 5.0 3.06 0.22 134.0 1.348 19.1 12.83 
CD113A.A H. elegans 5.0 4.04 2.66 28.0 0.239 0.2 58.86 
CD113A.A C. wuellerstorfi 5.0 2.87 0.86 207.6 1.456 39.2 14.64 
CD113A.A O. umbonata 5.0 3.03 -0.43 45.3 1.585 13.1 11.22 
CD113A.A C. mundulus 6.0 2.67 0.91 123.3 1.795 26.4 10.85 
CD113A.A G. soldanii 6.0 3.21 -0.89 39.5 1.617 66.4 21.08 
CD113A.A Uvigerina spp. 6.0 4.20 -0.27 31.2 1.087 7.3 5.36 
CD113A.A H. elegans 6.0   36.4 0.322 0.1 42.62 
CD113A.A M. barleeanum 6.0 3.06 -0.56 89.5 1.387 22.3 18.36 
CD113A.A C. lobatulus 6.0 2.73 0.87 165.5 1.338 43.8 17.82 
CD113A.A O. umbonata 6.0 3.18 -0.56 49.8 1.676 16.5 14.96 
CD113A.A C. wuellerstorfi 6.0 2.73 1.02 220.9 1.339 25.9 14.18 
CD113A.A C. lobatulus 7.0 2.88 0.83 156.8 1.362 55.5 21.38 
CD113A.A G. soldanii 7.0 3.21 -0.65 42.7 1.701 58.3 23.43 
CD113A.A Uvigerina spp. 7.0 4.32 -0.37 29.2 1.247 14.7 7.46 
CD113A.A M. barleeanum 7.0 3.18 -0.42 88.1 1.374 17.4 17.36 
CD113A.A M. pompilioides 7.0 3.22 0.29 129.8 1.293 29.2 14.00 
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Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
CD113A.A H. elegans 7.0 3.83 2.75 33.5 0.297 0.2 44.55 
CD113A.A C. mundulus 7.0 2.58 0.88 130.3 1.794 32.5 12.86 
CD113A.A C. wuellerstorfi 7.0 3.36 0.81 212.9 1.403 54.4 14.04 
CD113A.A O. umbonata 7.0 3.17 -0.88 47.2 1.718 17.6 15.36 
CD113A.A Uvigerina spp. 8.0 4.11 -0.32 27.9 1.338 8.8 8.46 
CD113A.A C. lobatulus 8.0 2.87 0.87 157.3 1.453 59.2 19.56 
CD113A.A C. mundulus 8.0 2.81 0.91 129.7 1.818 24.7 9.75 
CD113A.A C. wuellerstorfi 8.0 2.66 0.96 228.7 1.342 40.0 13.09 
CD113A.A G. soldanii 8.0 3.40 -0.61 42.2 1.660 59.9 20.02 
CD113A.A H. elegans 8.0 4.07 2.72 32.4 0.295 0.1 56.28 
CD113A.A O. umbonata 8.0 3.48 -0.28 46.6 1.488 15.8 15.59 
CD113A.A M. pompilioides 8.0 3.06 0.08 133.4 1.243 16.2 13.23 
CD113A.A M. barleeanum 8.0 2.97 -0.51 92.2 1.588 22.3 18.81 
CD113A.A C. robertsonianus 8.0 2.87 0.34 133.4 1.453 5.3 10.47 
CD113A.A C. mundulus 9.0 2.86 0.97 126.6 1.611 22.1 8.83 
CD113A.A C. lobatulus 9.0 2.91 0.95 159.1 1.431 47.9 19.86 
CD113A.A G. soldanii 9.0 3.38 -0.73 35.9 1.781 58.9 22.94 
CD113A.A M. pompilioides 9.0 3.26 0.44 120.4 1.252 21.8 13.68 
CD113A.A M. barleeanum 9.0 3.07 -0.54 80.1 1.369 25.2 18.75 
CD113A.A Uvigerina spp. 9.0 4.16 -0.35 25.7 1.194 10.7 8.18 
CD113A.A C. bradyi 9.0 2.99 0.32 105.8 1.304 12.8 11.52 
CD113A.A C. wuellerstorfi 9.0 2.68 0.85 214.2 1.503 35.0 14.84 
CD113A.A O. umbonata 9.0 3.33 -0.71 42.6 1.738 20.8 15.72 
CD113A.A M. barleeanum 10.0 3.45 -0.43 78.9 1.353 26.5 18.21 
CD113A.A O. umbonata 10.0 3.21 -0.72 55.6 2.175 18.9 15.72 
CD113A.A Uvigerina spp. 10.0 4.24 -0.40 26.8 1.147 9.9 7.81 
CD113A.A M. pompilioides 10.0 3.18 0.41 119.6 1.203 23.0 13.07 
CD113A.A C. bradyi 10.0 3.20 0.43 129.5 1.421 16.1 10.40 
CD113A.A C. lobatulus 10.0 3.01 0.91 163.7 1.522 44.3 20.20 
CD113A.A C. wuellerstorfi 10.0 2.91 1.01 217.0 1.481 37.3 14.06 
CD113A.A G. soldanii 10.0 3.38 -0.58 39.5 1.709 60.6 21.72 
CD113A.B M. barleeanum 0.5 2.40 -0.59 88.3 1.850 31.2 23.69 
CD113A.B Uvigerina spp. 0.5 2.74 -0.30 23.4 1.500 17.3 13.09 
CD113A.B C. bradyi 0.5 2.4 0.49 161.0 1.857 25.5 18.87 
CD113A.B G. soldanii 0.5 2.76 -0.61 41.0 2.806 99.7 25.20 
CD113A.B Uvigerina spp. 1.0 2.67 -0.38 39.4 1.417 7.7 11.30 
CD113A.B M. barleeanum 1.0 2.26 -0.56 121.5 1.644 25.5 23.25 
CD113A.B C. mundulus 1.0 2.20 0.24 182.0 1.495 17.2 16.39 
CD113A.B G. soldanii 1.0 2.76 -0.66 59.9 2.951 96.6 21.68 
CD113A.B C. bradyi 1.0 2.04 0.29 184.0 1.608 13.4 15.71 
CD113A.B Uvigerina spp. 1.5 2.38 -0.44 19.9 1.421 13.7 11.48 
CD113A.B C. bradyi 0.5 2.4 0.49 161.0 1.857 25.5 18.87 
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Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
CD113A.B G. soldanii 0.5 2.76 -0.61 41.0 2.806 99.7 25.20 
CD113A.B Uvigerina spp. 1.0 2.67 -0.38 39.4 1.417 7.7 11.30 
CD113A.B M. barleeanum 1.0 2.26 -0.56 121.5 1.644 25.5 23.25 
CD113A.B C. mundulus 1.0 2.20 0.24 182.0 1.495 17.2 16.39 
CD113A.B G. soldanii 1.0 2.76 -0.66 59.9 2.951 96.6 21.68 
CD113A.B C. bradyi 1.0 2.04 0.29 184.0 1.608 13.4 15.71 
CD113A.B Uvigerina spp. 1.5 2.38 -0.44 19.9 1.421 13.7 11.48 
CD113A.B C. bradyi 1.5 1.75 -0.78 151.9 1.874 12.8 14.94 
CD113A.B M. barleeanum 1.5 2.24 -0.39 94.5 1.624 23.9 23.59 
CD113A.B M. barleeanum 2.0 2.27 -0.49 105.3 1.591 28.2 23.77 
CD113A.B Uvigerina spp. 2.0 2.52 -0.37 30.4 1.485 14.0 10.61 
CD113A.B C. bradyi 2.0 2.43 0.25 171.0 1.826 18.4 13.45 
CD113A.B G. soldanii 2.0 2.74 -0.51 35.9 2.799 76.0 27.82 
CD113A.B M. barleeanum 3.0 2.40 -0.51 105.6 1.536 25.4 21.74 
CD113A.B Uvigerina spp. 3.0 2.75 -0.32 28.8 1.443 15.0 11.67 
CD113A.B C. mundulus 3.0 2.51 1.26 186.5 1.430 45.0 14.27 
CD113A.B C. bradyi 3.0 2.22 0.20 170.9 1.774 17.3 14.04 
CD113A.B G. soldanii 3.0 2.92 -0.30 37.1 2.737 66.2 27.63 
CD113A.B C. bradyi 4.0 2.34 0.46 160.4 1.583 17.3 16.31 
CD113A.B C. mundulus 4.0 2.28 1.19 192.4 1.456 47.8 13.85 
CD113A.B Uvigerina spp. 4.0 2.60 -0.03 34.8 1.379 13.6 9.92 
CD113A.B M. barleeanum 4.0 2.26 -0.57 107.1 1.559 20.6 22.68 
CD113A.B G. soldanii 4.0 3.17 -0.58 43.5 3.156 85.8 26.27 
CD113A.B C. mundulus 5.0 2.21 1.12 190.3 1.289 47.2 13.27 
CD113A.B Uvigerina spp. 5.0 2.76 0.04 35.1 1.411 10.2 10.04 
CD113A.B M. barleeanum 5.0 2.29 -0.40 112.5 1.567 19.9 21.53 
CD113A.B C. bradyi 5.0 2.26 0.50 162.4 1.638 18.7 17.17 
CD113A.B G. soldanii 5.0 2.72 -0.46 35.7 2.812 82.6 21.71 
CD113A.B C. mundulus 6.0 2.27 1.13 202.6 1.132 28.2 13.89 
CD113A.B C. bradyi 6.0 2.25 0.34 170.4 1.747 25.6 13.31 
CD113A.B Uvigerina spp. 6.0 2.65 -0.29 25.8 1.396 11.5 9.03 
CD113A.B M. barleeanum 6.0 2.31 -0.34 104.8 1.506 28.3 20.23 
CD113A.B G. soldanii 6.0 3.03 -0.56 44.2 2.709 79.5 23.10 
CD113A.B C. mundulus 7.0 2.31 1.18 183.7 1.225 54.4 12.05 
CD113A.B Uvigerina spp. 7.0 2.64 -0.19 29.0 1.449 24.4 13.44 
CD113A.B G. soldanii 7.0 2.74 -0.54 55.3 2.645 95.6 22.10 
CD113A.B M. barleeanum 7.0 2.17 -0.53 107.3 1.512 30.9 21.45 
CD113A.B G. soldanii 7.0   169.1 1.782 32.1 12.24 
CD113A.B C. mundulus 8.0 2.62 1.32 197.3 1.244 42.9 10.70 
CD113A.B Uvigerina spp. 8.0 2.69 -0.38 30.3 1.435 17.4 8.37 
CD113A.B C. bradyi 8.0 2.14 0.27 166.9 1.484 29.8 11.92 
CD113A.B M. barleeanum 8.0 2.41 -0.41 115.3 1.551 36.3 20.20 
CD113A.B G. soldanii 8.0 3.07 -0.54 46.4 2.718 96.3 20.52 
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Table A.1. Continued. 
 

    
Sample 
Depth δ18O  δ13C  B/Ca Mg/Ca Mn/Ca U/Ca 

Core Species (cm) 
          

‰ ‰           µmol/mol mmol/mol µmol/mol nmol/mol 
CD113A.B Uvigerina spp. 9.0 2.71 -0.02 38.1 1.474 27.2 15.64 
CD113A.B C. mundulus 9.0 2.33 1.01 174.4 1.318 54.0 15.03 
CD113A.B C. bradyi 9.0 2.37 0.37 162.0 1.527 28.0 17.33 
CD113A.B M. barleeanum 9.0 2.24 -0.63 109.9 1.523 45.8 27.11 
CD113A.B G. soldanii 9.0 2.66 -0.78 45.8 2.774 89.3 24.38 
CD113A.B C. mundulus 10.0 2.28 1.04 192.0 1.284 46.0 16.67 
CD113A.B Uvigerina spp. 10.0 2.69 -0.15 33.4 1.362 26.0 12.47 
CD113A.B M. barleeanum 10.0 2.32 -0.50 113.4 1.581 51.1 26.53 
CD113A.B G. soldanii 10.0 2.59 -0.55 42.6 2.681 88.0 24.32 
CD113A.B C. bradyi 10.0 2.35 0.24 162.7 1.683 28.9 15.45 
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