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Abstract. Elemental ratios in benthic foraminifera have
been used to reconstruct bottom water temperature and car-
bonate saturation (1[CO2−

3 ]). We present elemental data
for the long-ranging benthic foraminiferaOridorsalis um-
bonatus from sediment core tops that span a narrow
range of temperatures and a wide range of saturation
states. B/Ca, Li/Ca, Sr/Ca and Mg/Ca ratios exhibit pos-
itive correlations with bottom water carbonate saturation.
The sensitivity of individual element/calcium ratios to bot-
tom water 1[CO2−

3 ] varies considerably, with B/Ca be-
ing most sensitive and Sr/Ca the least sensitive. The em-
pirically derived sensitivity of B/Ca, Li/Ca, Mg/Ca and
Sr/Ca to bottom water1[CO2−

3 ] are 0.433± 0.053 and
0.0561±0.0084 µmol mol−1 µmol kg−1 and 0.0164±0.0015
and 0.00241±0.0004 mmol mol−1 µmol kg−1, respectively.
To assess the fidelity of these relationships and the possibil-
ity of applying these relationships to earlier periods of Earth
history, we examine the mechanisms governing elemental in-
corporation into foraminiferal calcite. Empirical partition co-
efficients for Li and Sr are consistent with Rayleigh fraction-
ation from an internal pool used for calcification. ForO. um-
bonatusand other benthic species, we show that the fraction
of Ca remaining in the pool is a function of bottom water
1[CO2−

3 ], and can be explained by either a growth rate ef-
fect and/or the energetic cost of raising vesicle pH at the
site of calcification. Empirical partition coefficients for Mg
and B may also be controlled by Rayleigh fractionation, but
require that either the fractionation factor from the internal
pool is smaller than the inorganic partition coefficient and/or

additional fractionation mechanisms.O. umbonatuselement
ratio data may also be consistent with fractionation according
to the surface entrapment model and/or the presence of dis-
crete high- and low-Mg calcite phases. However, at present
we are limited in our ability to assess these mechanisms. The
new X/Ca data forO. umbonatusprovide constraints to test
the role of these mechanisms in the future.

1 Introduction

Elemental ratios in benthic foraminifera can be routinely
measured with excellent precision, and have been used for
several decades to investigate past variations in seawater
composition and hydrographic parameters (e.g. Lear et al.,
2000, 2003, 2010; Rosenthal et al., 1997, 2006; Marchitto
et al., 2002, 2007; Tripati et al., 2005; Tripati and El-
derfield, 2005; Elderfield et al., 2006; Yu and Elderfield,
2007, 2008; Bryan and Marchitto, 2008; Dawber and Tri-
pati, 2011a). However, the mechanisms of cation incorpo-
ration into foraminiferal calcite and the nature of relation-
ship with hydrographic parameters and seawater chemistry
are not well understood and are an area of active research.
A number of empirical-based studies have demonstrated that
elemental ratios (X/Ca) in benthic foraminifera (e.g. Sr/Ca,
Li/Ca and B/Ca) correlate with bottom water carbonate sat-
uration (1[CO2−

3 ], where 1[CO2−

3 ] is the difference be-
tween saturation and in situ [CO2−

3 ] (Lear and Rosenthal,
2006; Yu and Elderfield, 2007, 2008; Dissard et al., 2010),
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but the basis for the relationship is unknown. Culture stud-
ies on two species of planktonic foraminifera report simi-
lar relationships between Sr/Ca and U/Ca and ambient pH
and/or [CO2−

3 ], and hypothesize that the relationship reflects
a kinetic influence of carbonate chemistry on calcification
rate (Lea et al., 1999; Russell et al., 2004). Inorganic calcite
precipitation and foraminifera culturing experiments provide
clues to the nature of the relationship between foraminifera
X/Ca and1[CO2−

3 ], but at present it is not known which
mechanism(s) exerts the dominant influence.

Precipitation experiments report multiple influences on
cation (Sr2+, Mn2+, Cd2+, Mg2+, Co2+) incorporation in in-
organic calcite (and aragonite), including precipitation rate,
temperature and solution, and solid composition (e.g. Hol-
land et al., 1964; Lorens, 1981; Mucci and Morse, 1983;
Morse and Bender, 1990; Rimstidt et al., 1998; Nehrke et al.,
2007; Tang et al., 2008). The “surface entrapment model”
for inorganic calcite precipitation (Watson and Liang, 1995;
Watson, 2004; Gabitov and Watson, 2006) has been shown
to be consistent with experimental data and provides a viable
mechanism for the apparent dependency of Sr partition co-
efficients on precipitation rate, solution chemistry, tempera-
ture and pH (Lorens, 1981; Gabitov and Watson, 2006; Tang
et al., 2008). This model proposes that during inorganic cal-
cite precipitation a transitional surface layer is formed, which
may be enriched in Sr (or other ions) due to disequilibrium
partitioning. Two kinetic effects are thought to cause this
disequilibrium partitioning (Tang et al., 2008): (1) crystal
growth behaviour, i.e., at faster precipitation rates, more Sr is
trapped in the surface layer and (2) ion diffusion behaviour,
i.e., Sr diffuses back into the surface layer prior to being in-
corporated into the crystal lattice. The Sr enrichment in the
surface layer relative to the crystal interior constitutes an ef-
fective partition coefficient, which has been suggested to be
a function of temperature (through the dependency on dif-
fusivity), growth rate and/or surface composition (Watson,
2004), and solution chemistry (e.g., pH and ionic strength,
though the dependency of surface cation adsorption, Tang et
al., 2008). The surface entrapment model may also be rel-
evant to other cations, although the magnitude of effective
partition coefficient will likely vary between cations to reflect
differences in diffusivity and surface adsorption properties.

Empirical partition coefficients for benthic
foraminifera (DX) are notably different to experimen-
tally derived partition coefficients for inorganic calcite (α;
e.g. Elderfield et al., 1996). Inorganic partition coefficients
are a function of precipitation rate, tending away fromα,
towards 1, at faster rates (Lorens, 1981; Pingitore and East-
man, 1986; Rimstidt et al., 1998). Sr partition coefficients
in cultured planktonic foraminifera (DSr <1) increase with
increased calcification rate (Kisakürek et al., 2008). In
contrast, the opposite relationship is observed betweenDSr
and calcification rate in cultured benthic foraminifera (Erez,
2003). These observations imply that inorganic calcite
precipitation is probably an overly simplistic model of

foraminifera calcification, which is likely mediated by
additional kinetic and/or physiological processes.

Perforate foraminifera are thought to biomineralize
through the vacuolization of seawater, which is modified
through physiological reactions to increase the pH (and
hence [CO2−

3 ]), and perhaps reduce Mg poisoning (Erez
et al., 1994; Erez, 2003; de Nooijer et al., 2009). The
[Ca2+]/[CO2−

3 ] of the seawater vacuole may directly influ-
enceDX in a similar manner to inorganic calcite (Nehrke
et al., 2007). If so, the physiological reactions that increase
the vacuole pH (and [CO2−

3 ]) may account for the species-
specific sensitivities of X/Ca to bottom water1[CO2−

3 ] (Hall
and Chan, 2004; Lear and Rosenthal, 2006; Yu and Elder-
field, 2007).

An alternative empirical model that is supported by exper-
imental observations proposes that theDX in foraminifera
and other biogenic carbonates are a function of the amount
of Ca remaining in the “internal biomineralization pool” after
the precipitation of CaCO3 (Rayleigh fractionation; Elder-
field et al., 1996; Erez, 2003; Gagnon et al., 2007). If the frac-
tion of calcium remaining in this internal pool is influenced
by [CO2−

3 ] and/or1[CO2−

3 ], then the Rayleigh fractionation
model may be a valid mechanism to relate foraminifera X/Ca
to bottom water1[CO2−

3 ]. Variations in the fraction of cal-
cium utilized may arise from changes in either the calcifica-
tion rate, the size of the biomineralisation reservoir, or the
flushing/replenishing time of the pool. The flushing rate may
be directly linked to the calcification rate, as the faster the
rate of CaCO3 precipitation, the quicker the reservoir may
need to be replenished (Elderfield et al., 1996; Erez, 2003).

Recent in vivo experiments of foraminiferal calcifica-
tion (Bentov and Erez, 2005) observed the precipitation of
two types of calcite in perforate foraminifera, a “high-Mg”
primary layer sandwiched between thick (90 % of test) “low-
Mg”secondary layers (not to be confused with diagenetic in-
organic calcite). The concentration of Mg, S and possibly
other trace metals differs between high- and low-Mg cal-
cite (Erez, 2003), and the observed inter-test heterogeneity
of some trace metals (Szafranek and Erez, 1993; Eggins et
al., 2004; Anand and Elderfield, 2005; Sadekov et al., 2005;
Kunioka et al., 2006) is consistent with the presence of dis-
tinct types of calcite in foraminiferal tests. High Mg calcite
is more soluble than low-Mg calcite (Morse and Mackenzie,
1990), and therefore the proportion of primary (“high-Mg”)
to secondary (“low-Mg”) calcite in foraminiferal tests may
be controlled by ambient1[CO2−

3 ]. If trace metal concen-
trations in high- and low-Mg calcite are shown to be differ-
ent, variations in the proportions of primary and secondary
calcite may provide another viable mechanism for relating
foraminiferal X/Ca to bottom water1[CO2−

3 ].
Here we employ an empirical approach to investigate

the sensitivity of elemental ratios (B/Ca, Li/Ca, Sr/Ca and
Mg/Ca) in core top specimens of the benthic foraminifera
O. umbonatusto bottom water1[CO2−

3 ]. We assess the
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Table 1.Location details of core top samples used in this study.

Core Depth Basin Latitude Longitude Water depth
◦ N ◦ W m

BOFS 5K core top Atlantic Ocean 50.70 21.90 3547
BOFS 8K core top Atlantic Ocean 52.50 22.10 4045
CD 113A SITE A core top Atlantic Ocean 52.92 16.92 3600
NEAP 17B core top Atlantic Ocean 56.10 27.20 2734
NEAP 19B core top Atlantic Ocean 52.45 30.20 3283
NEAP 20B core top Atlantic Ocean 42.29 28.24 2878
T86 15B core top Atlantic Ocean 30.48 36.95 3271
T86 5B core top Atlantic Ocean 46.90 25.40 3121
T88 11B core top Atlantic Ocean 45.40 25.40 2741
T88 12B core top Atlantic Ocean 44.10 24.90 3052
T88 15AB core top Atlantic Ocean 38.90 25.00 2738
T88 17B core top Atlantic Ocean 35.40 29.40 2934
T88 19B core top Atlantic Ocean 31.31 30.48 3726
T90 10B core top Atlantic Ocean 45.36 27.15 2162
T90 13B core top Atlantic Ocean 44.00 20.02 4016
T90 15B core top Atlantic Ocean 47.60 20.92 4177
T90 2B core top Atlantic Ocean 53.10 20.80 2731
T90 4B core top Atlantic Ocean 47.20 21.39 3945
T90 7B core top Atlantic Ocean 46.30 23.61 3752
T90 8B core top Atlantic Ocean 46.20 23.72 3393
T90 11B core top Atlantic Ocean 45.00 24.66 3208
WIND 10B core top Indian Ocean −29.12 −47.55 2871
WIND 1B core top Indian Ocean −35.12 −35.54 4156
WIND 3B core top Indian Ocean −32.64 −48.49 3731
WIND 5B core top Indian Ocean −31.57 −47.57 3684
1123C 1−1 3−5 cm Pacific Ocean −0.02 −161.02 3411
2.5BC37 core top Pacific Ocean 0.00 −159.48 2445
1.5BC33 core top Pacific Ocean −1.00 −157.85 2015
2BC13 core top Pacific Ocean 0.01 −158.91 2301
4BC51 core top Pacific Ocean −0.02 −161.02 3411
5.5BC58 core top Pacific Ocean −0.01 −162.22 4341
1BC3 core top Pacific Ocean −2.24 −157.00 1616

fidelity of these relationships by examining the consistency
of the X/Ca data and partition coefficients with the hypothe-
sized biomineralziation models discussed.O. umbonatuswas
chosen for this study because it is a shallow-dwelling infau-
nal species that is commonly found in marine sediments dat-
ing back to the late Cretaceous (Corliss 1985; Lear et al.,
2000) and therefore is widely used for “deep-time” pale-
oceanographic reconstructions (e.g., Lear et al., 2000; Tri-
pati et al., 2005; Tripati and Elderfield, 2005; Dawber et
al., 2011a). Better understanding of the systematics of the
relationship betweenO. umbonatusX/Ca and bottom water
1[CO2−

3 ] will allow for greater confidence in applying these
proxies to study earlier periods of Earth’s history.

2 Materials and methods

Coretop samples were chosen from the Atlantic, Pacific and
Indian Oceans (Table 1, Fig. 1) to span a large range of

bottom water carbonate saturation (−23 to 44 µmol kg−1)
and a narrow temperature range (1.1–3.6◦C). Hydrographic
data were obtained from the CARINA and GLODAP datasets
using ocean data viewer (ODV). Post-industrial carbonate
system parameters were calculated in ODV using constants
from the Best Practices Handbook (Dickson et al., 2007).
Pre-industrial carbonate system parameters were calculated
using anthropogenic corrected estimates of DIC in CO2SYS,
using the set of constants from Mehrbach et al. (1973) as refit
by Dickson and Millero (1987) and the KHSO4 formulation of
Dickson (1990).

Specimens ofO. umbonatuswere picked from the
>150 µm size fraction and cleaned using a standard
oxidative-cleaning protocol (Barker et al., 2003). X/Ca ra-
tios were determined from matrix-matched intensity ratios
on a quadrapole inductively coupled plasma mass spectrom-
eter at the University of Cambridge Yu et al. (2005) and
Tripati et al. (2009). Samples were screened for contami-
nating phases including clays, ferromanganese oxides and
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Fig. 1.Map of core locations. For clarity, not all locations are annotated. For the full list refer to Table 1.

carbonates, organic matter and silicates using ancillary X/Ca
ratios (i.e., Al/Ca, Fe/Ca, Si/Ca, Mn/Ca). Any samples that
fell outside the range reported by Barker et al. (2003) were
excluded (e.g. Fe/Mg ratios of>0.1 mol mol−1). We rou-
tinely achieved the analytical accuracy and precision on the
X/Ca ratios reported by Yu et al. (2005). Typical repro-
ducibility of our method based on benthic foraminiferal repli-
cate samples is better than 1.6 % for Mg/Ca, B/Ca and Li/Ca,
and better than 0.7 % for Sr/Ca (% relative standard devia-
tion)

We also compiled published data on X/Ca ratios inO. um-
bonatusfrom the literature and calculated bottom water satu-
ration at these sites using the same hydrographic datasets and
constants mentioned above. We compare measured X/Ca ra-
tios to all published data forO. umbonatusavailable, with
a single exception. We exclude comparisons to Rathmann et
al. (2004) and Rathmann and Kuhnert (2008) simply because
they used laser ablation techniques to determine X/Ca ratios,
and it is unclear how representative values that are measured
using this method are of whole test composition.

Foraminiferal partition coefficients are calculated using
measured foraminifera X/Ca and the X/Ca of seawater
(Mg/Ca∼ 5.3 mol mol−1; B/Ca∼ 0.040 mol mol−1; Li/Ca ∼

2.52 mmol mol−1 and Sr/Ca∼ 8.72 mmol mol−1). The frac-
tion of Ca remaining after a batch of calcification (F, as
shown in Figs. 5 and 6) is calculated according to Elderfield
et al. (1996), and using values of 0.044 (Kitano et al., 1971)
and 0.004 (Okumura and Kianto, 1986) for the Sr and Li in-
organic calcite partition coefficients, respectively.

3 Results

B/Ca, Li/Ca, Sr/Ca and Mg/Ca ratios in coretop specimens of
O. umbonatusare regressed against bottom water1[CO2−

3 ]
(Fig. 2, Table 2). The narrow temperature range of the core
top dataset limits our ability to rigorously evaluate the influ-
ence of temperature on X/Ca ratios, although it does enable
us to more robustly determine the sensitivity of X/Ca ratios to
bottom water1[CO2−

3 ]. All X/Ca ratios exhibit a significant
correlation with bottom water1[CO2−

3 ], although regression
parameters differ depending on which hydrographic dataset
is used (Table 2). This empirical approach assumes that that it
is appropriate to compare core top sediment with modern hy-
drographic values. Depending on local sedimentation rates,
the upper centimetre of the sediment column could represent
several tens to thousands of year’s accumulation. Some hy-
drographic parameters can be assumed to be relatively con-
stant on these timescales; however over the last century the
inventory of dissolved inorganic carbon (DIC) in the ocean
has changed as a result of anthropogenic CO2 emissions.
Several attempts have been made to estimate anthropogenic
carbon uptake (see review in Sabine and Tanhua, 2010), in-
cluding a study that utilized the GLODAP data set (Waugh et
al., 2006). It is possible therefore to calculate pre-industrial
DIC and1[CO2−

3 ] by correcting measured DIC for anthro-
pogenic uptake, and this approach has been adopted previ-
ously (Yu and Elderfield, 2007; Lear et al., 2010). Anthro-
pogenic carbon uptake is spatially heterogeneous (Sabine et
al., 2004) and large areas of the oceans are poorly represented
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Fig. 2.Correlation of coretopO. umbonatusX/Ca with bottom water1[CO2−

3 ]. Panels(A–E) show data for different X/Ca ratios:(A) Li/Ca,
(B) B/Ca,(C) Sr/Ca, and(D) and(E) Mg/Ca ratios. Data are displayed by basin (squares denote Atlantic Ocean samples, inverted triangles
denote Indian Ocean, circles denote Pacific Ocean, locations detailed in Table 1), method, and laboratory. Refer to individual panel key for
sources of published data. All data, with the exception of Rathmann and Kuhnert, were attained by bulk solution ICP-MS and Mg/Ca has
been corrected for differences in the cleaning protocol (i.e. oxidative vs reductive cleaning). The data from Rathmann and Kuhnert (2008)
were attained from laser-ablation ICP-MS(E). Error bars denote the analytical precision of Li/Ca and B/Ca ratios measured in this study
is ∼2 % (relative standard deviation, rsd). The error on Sr/Ca and Mg/Ca values is smaller the values represented by the size of the data
symbols. Lines denote linear least square regressions. Regression equations, uncertainties and statistics are shown in Table 2.
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least square regressions. Symbols denote ocean basin, as in Fig. 2.

in the GLODAP data set. As a result, pre-anthropogenic DIC
estimates may contain significant bias if hydrographic data
needs to be interpolated over significant distances. The em-
pirical strategy adopted here has been to utilize the data sets
with the greatest spatial coverage (i.e., to use both CARINA
and GLODAP data sets). We also note that anthropogenic

carbon uptake has not yet penetrated many of the bottom wa-
ter environments examined in this study, and that the major-
ity of core top samples in this study lack unequivocal pre-
or post-industrial age constraints (Rose Bengal staining or
14C-AMS dates). We calculate regression statistics for both
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modern1[CO2−

3 ] and pre-industrial1[CO2−

3 ] scenarios, but
illustrate only the uncorrected1[CO2−

3 ] regressions (Fig. 2).
The relationship between X/Ca and bottom water

1[CO2−

3 ] varies, with B/Ca ratios exhibiting the largest re-
gression coefficient and Mg/Ca displaying the smallest re-
gression coefficient. There is some indication that the rela-
tionship between Sr/Ca ratios and bottom water1[CO2−

3 ]
may be different in the separate ocean basins (Fig. 2b).
O. umbonatusSr/Ca from the Pacific Ocean appear to exhibit
a larger regression coefficient. The source of this difference is
unclear, but it does not appear to reflect a specific1[CO2−

3 ]-
threshold as has been reported for benthic Mg/Ca (Elder-
field et al., 2006). The relationship between Li/Ca and bot-
tom water1[CO2−

3 ] (Fig. 2a) is consistent with that pub-
lished for O. umbonatus from a coretop depth transect in
the Norwegian Sea, irrespective of whether or not bottom
water 1[CO2−

3 ] is corrected for anthropogenic DIC (Lear
and Rosenthal, 2006; Lear et al., 2010). TheO. umbonatus

B/Ca data presented here is within the range previously pre-
sented by Rae et al. (2011) and Brown et al. (2011). How-
ever, although there is a good agreement between the rela-
tionship ofO. umbonatusand bottom water1[CO2−

3 ] pre-
sented here and in Rae et al. (2011), there are some notable
discrepancies with the relationship presented by Brown et
al. (2011) (Fig. 2d). These discrepancies may arise from sev-
eral sources, possibly including sample size and differences
in analytical acquisition. The data presented here was ac-
quired using the method of Yu et al. (2005) that uses matrix-
matched Ca concentrations at 100 ppm Ca, a method that has
been used in several studies (Yu and Elderfield, 2007; Yu et
al., 2007; Hendry et al., 2009; Tripati et al., 2009; Rickaby et
al., 2010; Allen et al., 2011; Dawber and Tripati, 2011b; Tri-
pati et al., 2011). In contrast, the data presented in Brown et
al. (2011) was measured using variable Ca concentrations. It
has been observed that on some mass spectrometers, the ac-
curacy of some element ratios, including B, is sensitive to the
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Fig. 5. Relationships betweenO. umbonatusempirical partition coefficients (DLi panelA; DSr panelC) and measured bottom water
1[CO2−

3 ] (corresponding to Li data, panelB and Sr data, panelD) with the fraction of Ca remaining in the internal pool after of calci-
fication.

[Ca] matrix of the sample relative to the calibration standards
(e.g. Yu et al., 2005; Dawber and Tripati, 2011b).

The consistency of the Brown et al. (2011) B/Ca data
for C. wuellerstorfiwith that presented in Yu and Elder-
field (2007) implies the accuracy of the two methods is com-
parable, and therefore other sources are responsible for the
discrepancies with theO. umbonatusB/Ca presented here.
However, we note thatC. wuellerstorfihas an absolute B/Ca
within the range of 130–260 µmol mol−1 compared to B/Ca
in O. umbonatusof ∼20–70 µmol−1. As a result, the poten-
tial impact of variable [Ca] concentrations on the accuracy of
B/Ca measurements will be relatively greater forO. umbona-
tuscompared toC. wuellerstorfi(i.e., the influence of variable
Ca concentrations, or Ca matrix effects, on B and B/Ca de-
termination at low B concentrations are likely to be greater
than at high B concentrations). At this time, it is not clear if
the differences in data acquisition are the source of the dis-
crepancies and further studies are needed to clarify this issue.

Linear regressions of the individual X/Ca ratios (Fig. 3)
demonstrate that some component of the observed coretop

variability may be explained by a common factor, possibly
bottom water1[CO2−

3 ]. However, it is clear that other pa-
rameters must also influence some/all of the X/Ca ratios, and
that the sensitivity of individual X/Ca ratios to these addi-
tional parameters may not be constant. The cross plots of el-
ement ratios also highlight that the relationship in the Pacific
may be different to other basins. We chose not to distinguish
between morphotypes in order to get sufficient sample sizes
for analysis and to examine the elemental composition of the
notional species. We acknowledge that morphotypes and/or
cryptic species ofO. umbonatus, which are likely to have
discrete and distinct geographical ranges, may have differ-
ent element compositions. At this time, there is no evidence
to support this caveat, but future genetic analysis and expan-
sion of the core top data set, may allow this hypothesis to be
tested.
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Fig. 6. The relationship between bottom water1[CO2−

3 ] and the fraction of Ca remaining in the internal pool after calcification calculated
from Li empirical partition coefficients forO. umbonatusand other benthic species. Empirical partition coefficients and data sources as in
Fig. 4.

4 Discussion

Elemental data for core-top specimens suggests there is a
relationship betweenO. umbonatus Li/Ca, B/Ca, Mg/Ca,
Sr/Ca and bottom water1[CO2−

3 ]. However, with purely em-
pirical basis, it is not always clear if correlations between

X/Ca and bottom water1[CO2−

3 ] reflect a genuine causal re-
lationship or reflect the covariation of1[CO2−

3 ] with other
hydrographic parameters that influence X/Ca. One strategy
to assess the fidelity of these apparent relationships is to
examine the mechanistic cause and evaluate if the data are
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Table 2.Linear least square regression models fitted through X/Ca and1[CO2−

3 ] data.

1[CO2−

3 ] not corrected for Anthropogenic DIC 1[CO2−

3 ] corrected for Anthropogenic DIC

X/Ca Dataset used T range
(◦C)

1[CO2−

3 ] range

(µmol kg−1)

n Slope
( mmol mol−1/
µmol kg−1

except for B/Ca
and Li/Ca –
µmol mol−1

µmol kg−1)

Intercept R2 p-value Slope
( mmol mol−1/
µmol kg−1

except for B/Ca
and Li/Ca –
µmol mol−1

µmol kg−1)

Intercept R2 p-value

B/Ca This study 1.1 to 3.6 −23 to 44 37 0.433± 0.053 29.7± 1.1 0.65 1.5e-9 0.369± 0.045 29.9± 1.1 0.66 1.3e-9

Li/Ca All datasets −0.8 to 3.6 −23 to 45 44 0.0526± 0.0084 15.53± 0.19 0.46 1.1e-7

This study 1.1 to 3.6 −23 to 44 37 0.0561± 0.0105 15.56± 0.22 0.45 6.2e-6 0.0466± 0.0091 15.60± 0.22 0.43 1.2e-5

Lear et al. (2006) −0.8 to 0.6 6 to 45 9 0.0515 15.3 0.69 0.00149

Sr/Ca This study 1.1 to 3.6 −23 to 44 37 0.00241± 0.0004 0.8756± 0.0074 0.57 7.4e-8 0.00207± 0.0003 0.8764± 0.0072 0.58 5.2e-8

Mg/Ca All datasets (except
Rathmann and Kuhnert,
2007)

−0.9 to 10.5 25 to 70 83 0.0164± 0.0016 1.381± 0.0366 0.59 1.7e-9 0.0102± 0.0014 1.413± 0.05 0.41 9.6e-11

Same but multiple
linear regression
(Table 3)

−0.9 to 10.5 25 to 70 83 0.017± 0.002 1.199± 0.055 1.472± 0.043 1.5e-14 0.0083± 0.001 1.215± 0.054 0.56 3.2e-9

This study 1.1 to 3.6 −23 to 44 37 0.0122± 0.0016 1.400± 0.034 0.61 1.8e-8 0.00992± 0.0015 1.412± 0.036 0.56 1.6e-7

Healey et al. (2008) 1.2 to 4 −3 to 39 24 0.0227± 0.0049 1.355± 0.105 0.49 1.3e-4

Elderfield et al. (2006) −0.9 to−0.8 6 to 36 6 0.0024± 0.0019 1.422± 0.048 0.27 0.298

Lear et al. (2002) 0.8 to 10.5 −22 to 0 16 0.0190± 0.0032 1.382± 0.087 0.76 1.3e-5

Rathmann and
Kuhnert (2008)

1.6 to 10.4 −25 to 21 6 −0.0092± 0.0119 2.137± 0.217 0.13

consistent with existing models explaining elemental parti-
tioning into calcium carbonate, which we examine below.
A second strategy, presented elsewhere (Dawber and Tripati,
2011b), is to apply these relationships to down core records
of O. umbonatusX/Ca and assess the consistency of the
1[CO2−

3 ] reconstructions based on multi-element data and
comparisons with other proxy data. Here, we examine the
compatibility of theO. umbonatusX/Ca with hypothesized
models of inorganic and foraminiferal mineralisation.

4.1 Surface entrapment model

Experimentally determined Sr inorganic calcite partition co-
efficients are controlled by precipitation rate and are tem-
perature sensitive (Tang et al., 2008). Sr incorporation in
inorganic calcite is consistent with the surface entrapment
model (SEMO, Watson and Liang, 1995; Watson, 2004;
Tang et al., 2008) and to a first approximation, Sr inor-
ganic partition coefficients can be used as an indicator of
precipitation rate if changes in pH and temperature are not
significant (Tang et al., 2008). Empirical partition coeffi-
cients (DX) for O. umbonatusand other species of benthic
foraminifera as a function of bottom water1[CO2−

3 ] are
shown in Fig. 4. B; Mg and Sr empirical partition coefficients
increase with increasing bottom water1[CO2−

3 ]. Li empiri-
cal partition coefficients forO. umbonatusincrease with in-
creasing bottom water1[CO2−

3 ] but decrease with increasing
bottom water1[CO2−

3 ] for other benthic species. Assuming
that the positive relationship between seawater [CO2−

3 ] (and
1[CO2−

3 ]) and calcification rate established for planktonic
foraminifera (Russell et al., 2004) is also applicable to ben-
thic foraminifera,O. umbonatusLi, B, Mg and Sr partition

coefficients positively correlate with calcification rate, sug-
gesting that Li, B, Mg and Sr incorporation could be consis-
tent with the SEMO. In the SEMO, the increase in Sr inor-
ganic partition coefficients with increasing precipitation rate
reflects the progressive retainment of Sr from the enriched
surface layer as the precipitation rate exceeds Sr lattice dif-
fusion rates. It is interesting that Li, B, Mg and Sr exhibit
similar relationships with1[CO2−

3 ] (and calcification rate)
given their differences in ionic radius, charge and potential
site location in the calcite lattice (i.e. interstitial or Ca site)
and presumably, their diffusion coefficients. It should be pos-
sible to further check whetherO. umbonatusempirical parti-
tion coefficients are consistent with the SEMO by checking
the relative sensitivity ofDX with the relative diffusion co-
efficients in calcite. Unfortunately, to our knowledge, there
are no estimates of low temperature cation diffusion coef-
ficients in calcite. From high temperature experiments, it is
clear that diffusion coefficients in calcite cannot simply be
estimated from size and charge considerations, and knowl-
edge of the diffusion pathway (i.e. interstitial or vacancies)
is important (Cherniak, 2010). Inorganic calcite precipita-
tion experiments over the temperature and pressure range of
O. umbonatushabitats are needed to constrain cation diffu-
sion coefficients in order to better define any similarities be-
tweenO. umbonatusbiomineralisation and the SEMO. In-
terestingly, other species of benthic foraminifera exhibit a
negative correlation between Li empirical partition coeffi-
cients and bottom water1[CO2−

3 ] (and presumably calcifi-
cation rate, Fig. 4), which suggests that Li incorporation and
perhaps other ions in foraminiferal calcite does not follow
the SEMO. The inorganic precipitation experiments of Mar-
riott et al. (2004), which demonstrate a negative relationship
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between temperature and Li partition coefficients also sup-
port the hypothesis that Li may be controlled by different
processes than other element ratios.

4.2 Rayleigh fractionation

Seawater vacuoles are thought to be the main source of ions
in foraminiferal calcite (Erez, 2003). In a conceptual model,
Elderfield et al. (1996) described the evolution of empirical
partition coefficients as a function of the amount of Ca re-
maining in an internal pool serving calcification. In the semi-
enclosed pool, cations are incorporated into foraminiferal
calcite with a constant fractionation factor, assumed to be
the inorganic partition coefficient. Empirical Sr and Li par-
tition coefficients forO. umbonatus(0.09–0.11 and 0.005–
0.0075, respectively) are larger than the inorganic calcite par-
tition coefficients (0.04 and 0.004, Lorens, 1978, 1981; El-
derfield et al., 1996; Okumura and Kitano, 1986), but less
than one, consistent with calcification from a semi-enclosed
pool that is modified via Rayleigh fractionation. In contrast,
Mg and B empirical partition coefficients forO. umbona-
tus (0.00017–0.00068 and 0.0005–0.0014 respectively) are
significantly lower than the inorganic partition coefficients
(0.0573 and 0.38–4.0 respectively, Katz, 1973; Gabitov et
al., 2011; Hemming et al., 1995). This observation does not
preclude a Rayleigh fractionation mechanism inO. umbona-
tus, but indicates that for Mg and B, either the fractionation
factor from the internal pool is significantly smaller than the
inorganic partition coefficient, or there are additional mech-
anisms contributing to the partition coefficients.

If Rayleigh fractionation is controlling partition coeffi-
cients inO. umbonatus, Sr partition coefficients imply that
∼84–92 % of the Ca in the internal pool is consumed in
a single batch of calcification (Fig. 5). Similar calculations
for three other benthic species (Elderfield et al., 1996) indi-
cate that they use a slightly larger proportion of the inter-
nal pool (94–99 %) compared toO. umbonatus. O. umbon-
atus Li partition coefficients have a much wider range, in-
dicating that∼37–77 % of the Ca is used during each batch
of calcification (Fig. 6). This range in the proportion of Ca
used from the internal pool overlaps the range observed in
other benthic species (Fig. 6). But interestingly, the infau-
nal species (O. umbonatusandU. peregrina) appear to use a
greater proportion of the Ca in the internal pool than the epi-
faunal species (Fig. 6). Infaunal species likely calcify from
pore waters and so will be influenced by pore water1[CO2−

3 ]
rather than bottom water1[CO2−

3 ]. As a first order obser-
vation, pore water1[CO2−

3 ] tends away from bottom wa-
ter 1[CO2−

3 ] in the sediment column towards zero (Mar-
tin and Sayles, 1996). Our observation that two infaunal
species appear to use a greater proportion of Ca in the in-
ternal pool may reflect an evolutionary adaptation of these
species to living in environments of variable and possibly
low pore water1[CO2−

3 ]. Additional elemental data for other

BGD
9, 1–28, 2012

Relationships
between bottom
water Please

give short running
title.

C. F. Dawber and
A. Tripati

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 3. Benthic foraminifera empirical partition coefficients as a function of bottom water
∆[CO2−

3 ]. Partition coefficients calculated from new and published benthic foraminifera ele-
ment ratios (Lear et al., 2002, 2003; Lear and Rosenthal, 2006; Elderfield et al., 2006; Yu and
Elderfield, 2007, 2008; Bryan and Marchitto, 2008; Healey et al., 2008) and modern seawater
composition (Li/Ca∼0.00252 mol mol−1, B/Ca∼0.0404 mol mol−1, Mg/Ca∼5.31 mol mol−1 and
Sr/Ca∼0.00872 mol mol−1).

26

Fig. 7. Benthic foraminifera empirical partition coefficients as a
function of bottom water1[CO2−

3 ]. Partition coefficients calcu-
lated from new and published benthic foraminifera element ra-
tios (Lear et al., 2002, 2003; Lear and Rosenthal, 2006; Elder-
field et al., 2006; Yu and Elderfield, 2007, 2008; Bryan and Mar-
chitto, 2008; Healey et al., 2008) and modern seawater com-
position (Li/Ca∼ 0.00252 mol mol−1, B/Ca∼ 0.0404 mol mol−1,
Mg/Ca∼ 5.31 mol mol−1 and Sr/Ca∼ 0.00872 mol mol−1).

infaunal species is needed to explore this hypothesis. How-
ever, O.umbonatusand U. peregrinaappear to exhibit op-
posite relationships between the fraction of Ca in the internal
pool and bottom water1[CO2−

3 ] (Fig. 6), further demonstrat-
ing the specificity of biomineralisation in different species.
Empirical partition coefficients for different species of ben-
thic foraminifera as a function of saturation state are shown
in Figs. 7 and 8.

For Sr and Li partition coefficients inO. umbonatusthere
is a well defined, positive correlation between the fraction
of the internal Ca pool is used for calcification and ambient
seawater1[CO2−

3 ] (Figs. 5 and 6). In contrast, the opposite
relationship is observed for the four other benthic species for
which Li/Ca data are available (Fig. 6). One way to account
for the positive correlation between the apparent fraction of
the Ca pool consumed during calcification and ambient sea-
water1[CO2−

3 ] in O. umbonatusis the through the influence
of seawater1[CO2−

3 ] on calcification rate, i.e. high seawater
1[CO2−

3 ] results in high calcification rates that consume a
greater proportion of Ca in the internal pool before replen-
ishing/flushing. This scenario assumes a somewhat constant
replenishing/flushing rate of the internal Ca pool. It is not
known whether the replenishing/flushing rate would also be
dependent on calcification rate, for example, if flushing rate
positively correlates with calcification rate, the higher fre-
quency of flushing expected at higher seawater1[CO2−

3 ]
would correlate with proportionally lesser amounts of Ca
consumption per batch. This prediction is opposite to that
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Fig. 5. The relationship between Li empirical partition coefficients, the fraction of Ca remaining
in the internal pool after calcification and bottom water ∆[CO2−

3 ] for O. umbonatus and other
benthic species. Empirical partition coefficients and data sources as in Fig. 3.

28

Fig. 8. The relationship between Li empirical partition coefficients, the fraction of Ca remaining in the internal pool after calcification and
bottom water1[CO2−

3 ] for O. umbonatusand other benthic species. Empirical partition coefficients and data sources as in Fig. 3.

observed inO. umbonatus, but is consistent with the Li par-
tition coefficients for four other benthic species.

Recently, it has been observed that benthic foraminifera
raise the pH of vesicles at the site of calcification, which is
thought to be a widespread strategy for increasing [CO2−

3 ] to
promote calcification (Erez, 2003; de Nooijer et al., 2009).
Although the energy consumption associated with raising

vesicle pH (and [CO2−

3 ]) is unconstrained, and is likely a
complex process that will depend on the presence of other
ions (e.g. Mg, Zeebe and Sanyal, 2002), it is a reasonable
first order assumption that it will be inversely related to initial
vacuole (and therefore seawater)1[CO2−

3 ]. If Rayleigh frac-
tionation occurs in tandem with increased vesicle pH, it fol-
lows that foraminifera that vacuolise low1[CO2−

3 ] seawater
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require more energy to raise vesicle pH. Hence it would
be energetically more efficient to replenish/flush the internal
pool less frequently; therefore, presumably a greater propor-
tion of the pool would be consumed during each batch of
calcification. This hypothesis predicts a negative correlation
between the fraction of Ca consumed from the internal pool
and bottom water1[CO2−

3 ], which is observed inU. pereg-
rina, C. pachyderma, P. foveolataandP. ariminensisbut is
opposite to the trend observed inO. umbonatus(Fig. 6).

If Sr and Li discrimination in benthic foraminifera is con-
trolled by Rayleigh fractionation from an internal pool, our
observations suggest that there may be significant differences
in the replenishing/flushing dynamics of the internal pool
between species. To reconcile the positive correlation be-
tween the fraction of the internal pool consumed per batch
of fluid used for calcification that is vacuolized and bottom
water1[CO2−

3 ] in O. umbonatus, the replenishing/flushing
frequency of the internal pool must be relatively insensitive
to 1[CO2−

3 ]. Assuming an approximately constant replen-
ishing/flushing rate,O. umbonatusindividuals that vacuolise
low 1[CO2−

3 ] seawater will require greater energy to raise
vesicle pH to overcome calcification barriers, and would cal-
cify more slowly and therefore use less of their internal pool.

4.3 Multiple calcite phases in foraminifera test

The inter-test heterogeneity of some elements in
foraminiferal tests (Szafranek and Erez, 1993; Eggins et al.,
2004; Anand and Elderfield, 2005; Sadekov et al., 2005;
Kunioka et al., 2006) may reflect the presence of distinct
types of calcite. Alternating bands of “high-Mg” (7.0–
10.0 mmol mol−1) and “low-Mg” (∼3.0–5.5 mmol mol−1)
calcite are observed inO. universaandGlobigerinoidessp.
High Mg calcite is more soluble than low-Mg calcite (Morse
and Mackenzie, 1990); therefore, the alternating bands of
high- and low-Mg may reflect diurnal variations in the pH
(up to 0.9 pH units, Eggins et al., 2004), and1[CO2−

3 ] of the
foraminiferal microenvironment as a result of the day-night,
photosynthesis-respiration cycle of the algal symbionts
(Eggins et al., 2004; Sadekov et al., 2005). This mechanism
cannot account for the Mg/Ca variability reported in some
non-symbiotic species and benthic species (Erez, 2003;
Bentov and Erez, 2005), however, a similar control on the
micro-environment pH by the foraminifera could feasibly
result in alternating high- and low-Mg calcite layers, possi-
bly through changes in respiration or metabolism (Eggins
et al., 2004; Sadekov et al., 2005). If empirical partition
coefficients inO. umbonatusprimarily reflect changes in the
proportion of high- and low-Mg calcite phases, the trend of
increasingDX with bottom water1[CO2−

3 ] would predict
that the Li, B and Sr concentrations would be higher in the
high-Mg calcite phase. This hypothesis is testable and future
microanalysis studies should aim to characterize the minor
and trace element composition of the alternating bands in
foraminiferal tests. We note that our inferences about the

Li and Sr composition of the high-Mg calcite phase are
consistent with inorganic calcite precipitation experiments,
in which Li and Sr inorganic calcite partition coefficients
increase with increasing Mg concentration in the parent
solution and solid (Mucci and Morse, 1983; Okumura and
Kitano, 1986). However, previous studies of the Sr/Ca
inter-test variability in planktonic foraminifera revealed very
little variation (e.g. Anand and Elderfield, 2005). If these
observations extend to benthic foraminifera, it is unlikely
that the Mg-layering mechanism is responsible for Sr/Ca
variations.

4.4 The influence of other environmental parameters

From our present understanding of foraminiferal biominer-
alisation, it is clear no single biomineralisation mechanism
is solely controlling all four element ratios inO. umbona-
tus. It is also possible this observation likely reflects both our
limited understanding of how and where some of these el-
ements are incorporated into foraminiferal calcite , as well
as the possible influence of other environmental parameters.
Other core top data sets demonstrate a strong correlation be-
tween Mg/Ca ratios inO. umbonatusand bottom water tem-
perature (Lear et al., 2002; Rathmann et al., 2004; Healey et
al., 2008) and these relationships have been employed in a
number of early Cenozoic paleotemperature reconstructions.
We report the reported sensitivity of O. umbonatus Mg/Ca
to temperature (Lear et al., 2002) is much greater than the
sensitivity to saturation state that we observe in our dataset.
Our core top data set was specifically designed to span a
very narrow temperature range (1.1 to 3.6◦C) and a large
range of saturation states, however, so it is not suitable to
quantitatively determine the role of temperature. However,
we note that some of the processes within the discussed
biomineralisation mechanisms could be influenced by tem-
perature, e.g. variable diffusion rates for the SEMO, variable
metabolic rates for Rayleigh fractionation and the alternating
high-Mg/low-Mg layers hypothesis. A similar discussion of
core top data that spans large temperature range and a nar-
row bottom water1[CO2−

3 ] range is needed to assess the
role of temperature in these biomineralisation mechanisms.
An alternative approach to evaluating the role of secondary
environmental parameters is to expand the empirical core top
data and develop multiple regression relationships. However,
the intrinsic co-variation of hydrographic parameters, specif-
ically 1[CO2−

3 ], temperature and preservation will be diffi-
cult to untangle and it may not be possible to distinguish the
relative influence of individual parameters or a mechanistic
cause. Statistically, the co-variation of hydrographic param-
eters will lead to correlations within the data set, lending ad-
ditional uncertainty in the multiple regression analysis.

A third approach is to take the empirical core top regres-
sions at face value and test the hypothesis that these relation-
ships can be used to reconstruct down core variations in bot-
tom water1[CO2−

3 ] that are consistent between the different
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element ratios and also compatible with existing proxy con-
straints. One of the main advantages of this approach is that
down core multi-element reconstructions are more likely to
reflect the influence of long-term changes in seawater chem-
istry and post depositional processes that cannot be properly
explored in modern hydrographic empirical data sets. We
explore this approach in a companion paper (Dawber and
Tripati, 2011b), but note that the core top regressions pre-
sented here did not produce consistent reconstructions of bot-
tom water1[CO2−

3 ] for a site in the Pacific Ocean during the
middle Eocene. This contribution highlights that there is still
much to be learned about the parameters influencing element
incorporation inO. umbonatus, but in framing the discussion
of the empirical core top dataset around biomineralisation
mechanisms, we have highlighted possible avenues for future
exploration. A potential uncertainty of investigatingO. um-
bonatusMe/Ca ratios as proxies for bottom water saturation
state is its reported infaunal habitat, in the upper 0–4 cm in
the sediment (Corliss, 1985; Rathburn and Corliss, 1994).
Models predict that pore water1[CO2−

3 ] values may be sub-
stantially different (up to 25 %) from bottom waters and vary
considerably within the upper few centimetres of the sedi-
ment (Martin and Sayles, 1996) as a result of pore water pro-
cesses (e.g. respiratory oxidation of organic matter in sedi-
ments) and acid neutralisation reactions (Emerson and Ben-
der, 1981; Archer 1991). In saturated bottom waters where
pore water1[CO2−

3 ] is predicted to decrease rapidly relative
to bottom waters, or in environments with high rates of respi-
ratory driven dissolution, the reported sensitivity of benthic
foraminiferal Me/Ca ratios to bottom water1[CO2−

3 ] may
be underestimated for infaunal taxa. However, it would be
difficult to quantifying this uncertainty. In addition, infaunal
foraminifera may migrate within the sediment in response
to food availability, temperature, and carbonate saturation,
which may introduce additional inaccuracies into the core-
top calibration. Pore water borate concentrations may also
become de-coupled from bottom water levels, as the specia-
tion of dissolved boron is pH-dependent (e.g. Hemming and
Hanson, 1992). Borate is the species thought to be incorpo-
rated into calcium carbonate (Hemming et al., 1995; Tripati
et al., 2011), therefore a shift in the speciation of the pore
water boron reservoir as a result of respiratory driven disso-
lution and acid neutralisation reactions may introduce some
bias into B/Ca-based reconstructions of1[CO2−

3 ]
from infaunal taxa. The lower B/Ca sensitivity to bottom

water 1[CO2−

3 ] reported for the infaunal genus Uvigerina
compared to the epifaunal genus Cibicidoides (Yu and Elder-
field, 2007) is consistent with this hypothesis.

5 Summary

The B/Ca, Li/Ca, Sr/Ca and Mg/Ca ratios and empirical
partition coefficients for coretop specimens of the ben-
thic foraminiferaO. umbonatusexhibit significant, positive

correlations with bottom water1[CO2−

3 ]. Mg and B empir-
ical partition coefficients are significantly smaller than inor-
ganic partition coefficients suggesting that their incorpora-
tion into foraminiferal calcite is not primarily controlled by
the surface entrapment model (Watson and Liang, 1995; Wat-
son, 2004; Tang et al., 2008). Furthermore, the observation
that Li, B, Mg and Sr empirical partition coefficients all ex-
hibit a positive relationships with bottom water1[CO2−

3 ],
despite their presumed differences in lattice diffusivity, may
also argue against these elements being incorporated accord-
ing to the SEMO. However, calcite lattice diffusion coeffi-
cients are not well constrained. Inorganic precipitation ex-
periments at low temperatures are needed to better define
relative cation diffusivities, which should help elucidate any
similarities between Li, B, Mg and Sr incorporation inO. um-
bonatusand the SEMO.

The Sr and Li data forO. umbonatusis consistent with the
Rayleigh fractionation mechanism of Elderfield et al. (1996).
We demonstrate that the proportion of the internal Ca pool
used for calcification is a function of seawater1[CO2−

3 ],
possibly through a direct influence on growth rate and/or the
energetic cost of raising the internal vesicle pH. Our obser-
vations for Li partition coefficients for several species sug-
gest that if Rayleigh fractionation is the correct model of
ion discrimination, there may be significant differences in
the replenishing/flushing dynamics of the internal pool be-
tween species. Rayleigh fractionation may also control Mg
and B incorporation, but to account for the small empirical
partition coefficients either the fractionation factor from the
internal pool must be much smaller than the inorganic par-
tition coefficient and/or additional fractionation mechanisms
operate. In situ sampling of the minor and trace element com-
position of foraminiferal vesicles will provide constraints on
the Mg and B fractionation factor (α) and insights into the
possible role of ion transport fractionation. The presence of
two phases of Mg-calcite, whose proportions reflect changes
in 1[CO2−

3 ], cannot be vigorously assessed because the Li,
B and Sr composition of these phases is unknown at present.
However, if this mechanism is the dominant influence on
empirical partition coefficients, the similarity of the relation-
ships between Li, B, Mg and Sr and1[CO2−

3 ] would predict
that the high-Mg calcite phase would have higher concentra-
tions of Li, B and Sr than the low-Mg calcite phase. The rele-
vance of this biomineralisation mechanism forO. umbonatus
can be tested by characterizing the minor and trace element
composition of the two Mg-calcite phases and comparing it
to the predicted composition based on the X/Ca-1[CO2−

3 ]
relationships presented here.

Although it is not possible to unequivocally distinguish
the source of element fractionation inO. umbonatus, the
new X/Ca data provide testable constraints for biomineral-
isation models. The consistency of theO. umbonatusmi-
nor and trace element partition coefficients with several of
the hypothesized models of biomineralisation in foraminifera
illustrates that there is likely a mechanistic cause for the

Biogeosciences, 9, 3029–3045, 2012 www.biogeosciences.net/9/3029/2012/



C. F. Dawber and A. Tripati: Relationships between bottom water carbonate saturation 3043

empirical correlation observed between X/Ca and bottom
water 1[CO2−

3 ], rather than reflecting the covariation of
1[CO2−

3 ] with other hydrographic parameters that influence
X/Ca. This assessment provides some confidence that the
core top relationships betweenO. umbonatusX/Ca and bot-
tom water1[CO2−

3 ] could be applied to earlier periods of
Earth history.
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