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[1] Sedimentation rate, bioturbation, winnowing, and calcite dissolution produce
significant radiocarbon age offsets among multiple species of coexisting planktonic
foraminifers and pteropod fragments. We compare the radiocarbon age of foraminifer
species and pteropod fragments with estimates of percent calcite dissolved made with a
sedimentary proxy (Globorotalia menardii fragmentation index—MFI) to delineate the
effect of dissolution on radiocarbon age of foraminifers. Data from two core top transects on
the Rio Grande Rise (RIO) and Ontong Java Plateau (OJP) and from down core sediments of
varying sedimentation rates in the tropical Pacific (ME-27, MD98 2177, and MW91-9
56GGC) reveal that sediments with the greatest accumulation rates produce the least age
offsets among coexisting species. Age offsets among coexisting foraminifers are about
3500 years on RIO, and 1000 years on OJP. Two core tops from RIO yield an age of the Last
Glacial Maximum possibly due to mass displacement of younger sediments downslope.
Foraminifer age increases with increasing dissolution and there is a consistent pattern of
older foraminifer fragments coexisting with younger whole shells of the same species. The
only exception is sediments which have experienced high dissolution where fragments are
younger than whole shells. The age offset between fragments of G. menardii and its
coexisting whole shells does not exceed the age offset among other coexisting foraminifer
species in the same core tops.
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1. Introduction

[2] Paleoceanographers working on sediments going back
as far as 30,000 years rely on radiocarbon dates to develop
age models for their cores [e.g., Stuiver et al., 1998].
Radiocarbon dating has other applications, such as using age
differences between coexisting planktonic and benthic fora-
minifers to infer changes in the strength of deep ocean circula-
tion [e.g., Broecker and Clark, 2010], ventilation [Broecker
et al., 2004; Keigwin, 2004], stratification [Sikes et al.,
2000], and ages for water masses [Waelbroeck et al., 2001].
Recently, Barker et al. [2007] and Broecker and Clark
[2011] showed significant differences in ages of various
coexisting planktonic foraminifers in core top sediments.
This phenomenon complicates interpretations of the geologic
record and confounds understanding the full extent andmagni-
tude of geological events preserved in sediments. We present
new radiocarbon age results from both core tops and down
core work in order to explore the magnitude and causes behind
age offsets among coexisting planktonic foraminifers.

1.1. Background

1.1.1. Mechanisms of Mixing
[3] Figure 1 provides a summary of the various mechanisms

that result in “mixed signals” among the radiocarbon ages of
different components within sediments. Barker et al. [2007]
considered two broad categories for mechanisms of mixing
and age offset among coexisting foraminifers: processes
within the sedimentary bioturbated zone and processes associ-
ated with the dissolution, secondary calcification, and differen-
tial dissolution of foraminifer tests within the sediments. Other
mechanisms to explain the variations in age among coexisting
foraminifers include variations in faunal assemblages through
time, downslope transport, variations in atmospheric 14C ac-
tivity, habitat depth differences among planktonic foraminifer
species, and sediment focusing.
1.1.2. Previous Work
[4] The action of benthic organisms living in the upper few

centimeters of sediments causes the sediments to be mixed;
this process is termed bioturbation. This mixing action
obscures paleoceanographic signals that may be retrieved from
various sedimentary components [Peng et al., 1977; Peng and
Broecker, 1984; Bard et al., 1987; Barker et al., 2007].
[5] In their seminal work, Peng and Broecker [1984] showed

that the age difference between coexisting benthic and plank-
tonic organisms may be confounded as a result of bioturbation,
and that the signal to be measured from the foraminifer tests
could be shifted back in time. They calculated that the amount
by which the sedimentary signal is obscured by bioturbation
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is inversely proportional to the rate of sedimentation. In other
words, in cores with high resolution due to high sediment accu-
mulation rates, the age differences between planktonic and
benthic foraminifers are less compromised by bioturbation.
[6] Bioturbation can also obscure boundaries of event hori-

zons in the sedimentary record by reworking the sedimentary
components carrying the signal for a given event. Changes
in faunal abundances within the sedimentary record form a
good example [Barker et al., 2007]. If a particular taxon
becomes more abundant at a certain time (horizon), the fossils
of this taxon may be reworked into lower sediments (down-
working) thereby giving a younger average age estimate to
older sediments when these younger, down-worked fossil
shells are picked for dating [Manighetti et al., 1995].
Similarly, the sedimentary horizon where the abundance of a
particular taxon is reduced may be obscured by reworking
sedimentary components upward in the sequence (up-
working), wherein older ages may be attributed to younger

sediments above the horizon if the up-worked older fauna
are dated [Barker et al., 2007].
[7] Keir and Michel [1993] and Keir [1984] illustrated

through modeling and radiocarbon data that chemical erosion
can play a significant part in causing the core top age of sedi-
ments to increase as dissolution in sediments increases with
water depth. Where the rate of calcite dissolution exceeds the
rate of calcite accumulation, chemical erosion of the younger
sediment may occur. As a result, older sedimentary particles
will be brought into the bioturbated layer which would
increase the average radiocarbon age of the core tops.
[8] Another related mechanism is interface dissolution

[Broecker et al., 1991] which posits that newly arriving calcite
particles are preferentially dissolved before becoming part of
the sedimentary record thereby increasing the residence time
of particles already incorporated into the sediment. This
process too would increase the radiocarbon age of highly
dissolved core top samples.

Figure 1. Summary of mechanisms that may cause age offset among multiple coexisting components of
deep sea sediments.
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[9] Berger [1970] published a ranking for 22 planktonic
foraminifer species based on the resistance of shells to disso-
lution within sediments. While this seems like a subtle issue,
as Barker et al. [2007] point out, it can become important if
shells of foraminifers dissolve at different rates, and bioturba-
tion mixes fragments and whole shells of differentially
preserved tests. If differential dissolution of foraminifer
shells is a dominant mechanism, radiocarbon ages would be
generally biased toward younger components of the sediment
because the shells that are newly arriving into the sediment
would not have yet dissolved, while older components would
have dissolved somewhat and eventually fragmented [Barker
et al., 2007]. Because whole shells are generally preferred
for radiocarbon analyses, the newly arrived, thick, heavy,
and unfragmented shells would be more likely picked for
analysis which would then bias age estimates toward youn-
ger values.
[10] Broecker and Clark [2011] showed that among shells

of species that have experienced high levels of dissolution,
age differences among coexisting specimens can be com-
monly as high as 1000 years. Conversely, if the preferential
fragmentation of porous and fragile foraminifer shells (like
those of Globigerinoides ruber or Globigerinoides sacculifer)
due to dissolution within the sediments leads to shorter resi-
dence times for whole shells of these species in the bioturbated
zone, then the foraminifers picked for radiocarbon analysis
will be those with sturdier shells which are likely older than
coexisting shells from more fragile foraminifers [Broecker
and Clark, 2011].
1.1.3. Model Predictions and Results
[11] The one-dimensional model created by Barker et al.

[2007] calculates potential effects of fragmentation and differ-
ential dissolution of foraminifer tests within the sedimentary
mixed layer. This low-order model assumes homogeneous
dissolution where percent calcite dissolved is defined as
the percentage of raining calcium carbonate that is dissolved.
Chemical erosion of sediments previously deposited on
the seabed or interface dissolution are not included in
model calculations.
[12] The model by Barker et al. [2007] makes numerous

predictions: (1) dissolution of shells and fragmentation
should drive the radiocarbon age estimates made from whole
shells toward younger ages by significant amounts (more
than 1000 years) particularly in cores with sedimentation
rates less than 3 cm/kyr; (2) the largest radiocarbon age offset
between bulk sediment and whole shells should occur when
dissolution reaches about 50%; (3) fragments of foraminifers
should be 3–4000 years older than their whole shell counter-
parts; (4) fragments of species with sturdier shells should be
older than those with more fragile/porous shells; and (5) indi-
vidual species ages in core tops should decrease with increas-
ing dissolution related to increasing water depth.
[13] Barker et al. [2007] found an age offset of 2200 years

among coexisting species of planktonic foraminifers within
sediments accumulating at a rate of 3 cm/kyr. In their results
from a core in the South China Sea, tests from a robust species
(Pulleniatina obliquiloculata) consistently gave older ages
than a more fragile shelled species (G. sacculifer) by about
900 years, as predicted by their model [Barker et al., 2007].
However, their results from core tops on the Ontong Java
Plateau were more complicated. The radiocarbon data from
five species of planktonic foraminifers (both their whole shells

and fragments) showed that fragments of robust shelled fora-
minifer species were about 2300 years older than their whole
shelled counterparts as predicted by the model; but contrary
to model predictions, the ages of whole shells of individual
species increased with dissolution, while whole shells from
fragile species were consistently older than those from robust
species [Barker et al., 2007].

1.2. Research Questions

[14] The discussion above paints an alarming picture for the
reliability of radiocarbon dating and paleoceanographic appli-
cations based on these ages. Previous studies restricted core
top work on the effect of calcite dissolution on radiocarbon
age of foraminifers to the Pacific Ocean [e.g., Barker et al.,
2007; Broecker and Clark, 2011]. We present results of radio-
carbon age offset among several species of coexisting plank-
tonic foraminifers (their whole shells and fragments) from
both core tops in the Atlantic Ocean (Rio Grande Rise) and
the Pacific Ocean (Ontong Java Plateau) along depth transects
where dissolution increases downslope.We compare radiocar-
bon ages of multiple coexisting planktonic foraminifers and
pteropod fragments to estimates of percent calcite dissolved
by using the Globorotalia menardii fragmentation index
(MFI) [Mekik et al., 2002, 2010] as a quantitative indicator
of calcite dissolution within sediments. Lastly, we present data
from down core work where radiocarbon ages among multiple
planktonic foraminifer species and their fragments are com-
pared in three cores from the Pacific Ocean each with different
sediment accumulation rates.
[15] Our research questions are as follows:
[16] 1. Do radiocarbon ages of shells of single planktonic

foraminifer species increase with increasing dissolution as
modeled by Keir and Michel [1993], do they show clear
age offsets as posited by the interface dissolution hypothesis
of Broecker et al. [1991], or do they decrease with increasing
dissolution through homogeneous dissolution as modeled by
Barker et al. [2007]?
[17] 2. Do changes in sediment accumulation rate and

bioturbation, both among core tops and in down core work,
affect the age offset between whole shells of different plank-
tonic foraminifer species? If so, how much?
[18] 3. Does the age difference between fragments and

whole shells of the same species change in a consistent way
with increasing calcite dissolution; or is this masked by
differential dissolution of shells and sediment focusing in
even fast accumulating cores? This question is particularly
important for G. menardii shells because MFI is based on
counting fragments and whole shells of this species.
[19] 4. How is the reliability and usefulness of MFI

affected by age differences between whole shells of G.
menardii and its fragments?

1.3. Globorotalia menardii Fragmentation Index

[20] TheG. menardii fragmentation index (MFI) is a proxy
and transfer function developed byMekik et al. [2002, 2010]
to estimate the percent calcite dissolved within a deep sea
sediment sample. MFI is based on the ratio of the number
of whole G. menardii specimens (W) to the number of dam-
aged specimens (D) of this species within a sediment sample,
such that MFI =D/(D +W). The MFI transfer function is the
quantitative relationship between model-derived estimates of
percent calcite dissolved and the fragmentation trend of G.
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menardii shells in core tops of marine sediments from tropi-
cal and subtropical regions of three ocean basins (Pacific,
Atlantic, and Indian) [Mekik et al., 2010]. The model used
to calibrate MFI is Muds and was developed by Archer
et al. [2002]. The MFI calibration relationship is shown in
equation (1) [Mekik et al., 2002, 2010, R2 = 0.80]. See
Mekik et al. [2002, 2010] for detailed information about the
calibration sample set, modeling, development, transfer func-
tion, and error margins of MFI.

% CaCO3Dissolved ¼ �4:0081þ MFI�113:87ð Þ– MFI2�37:879
� �

(1)

[21] MFI is a bulk sediment dissolution proxy because all
three factors that drive calcite dissolution in deep sea sediments
are incorporated into its calibration equation (equation (1)). These
three factors are bottom water carbonate ion undersaturation,

organic carbon flux to the deep sea and calcite flux to the seabed.
In regions of high surface ocean productivity, the ratio of organic
carbon to calcite flux (also known as the rain ratio) plays an im-
portant role in driving calcite dissolution in sediments [Emerson
and Bender, 1981; Archer and Maier-Reimer, 1994]. The core
tops used herein are part of MFI’s calibration sample set, and
MFI data from these core tops (Table 1) was previously
published by Mekik et al. [2002, 2010].
[22] Bottom water carbonate ion undersaturation is

presented as ΔCO3
= (delta calcite), which is defined by

Equation (2). Where ΔCO3
= is positive, the sediment is

above the water depth where [CO3
=] is at saturation with

respect to calcite solubility (saturation horizon), and calcite
is less likely to dissolve; where ΔCO3

= is negative, sediment
is below the saturation horizon, and calcite is more likely
to dissolve.

Table 1. Core Information for All Samples Used in This Studya

Region Core Latitude Longitude
Water Depth

MFI
Bottom Water

(m) ΔCO3= (μmol/kg)

Core Tops
OJP ERDC 90 �0.865 157.48 1903 0.42 11.5
OJP ERDC 121 �0.183 158.713 2245 0.33 5.17
OJP ERDC 127 �0.003 161.418 3724 0.83 �13.24
RIO AII 107-9 69 �31.658 �36.023 2158 0.08 42.81
RIO AII 107-9 66 �31.945 �36.205 2716 0.22 37.59
RIO AII107-9 132 �30.838 �38.283 3343 0.16 25.32
RIO CHN 115-6 92 �30.428 �38.838 3934 0.24 �4.88
RIO AII 107-9 142 �30.947 �39 4148 0.6 �14.67
RIO AII 107-9 133 �30.85 �38.402 3454 0.28 18.41
RIO AII 107-9 149 �30.89 �38.563 3744 0.21 �1.37

Down Core
Region/Core Core Latitude Longitude Water Depth MFI Ave. Sed.

Depth (cm) (m) Rate (cm/kyr)
OJP/ MW91-9-56 2.5 0 158 4041 0.898 1.01

26.5 0.73 1.82
38.5 0.61 1.73

WEP/ MD98-2177 6 1.403 119.078 968 0.25 12
345 0.27 55.67
475 50.1

EEP/ ME-27 0.5 �1.853 �82.787 2203 0.71 0.91
10.5 0.68 26.3
80.5 0.31 7.12
125.5 0.15 7.09

aOJP=Ontong Java Plateau; RIO=Rio Grande Rise; WEP: Western Equatorial Pacific; EEP=Eastern Equatorial Pacific.

Figure 2. Core and transect locations depicted over map of world ocean bathymetry (map was generated
with Ocean Data View software).
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ΔCO3
¼ ¼ CO3

¼½ �in situ � CO3
¼½ �at saturation (2)

[23] Strong data reproducibility for MFI was demonstrated
in repeated counts by several individuals and published in the
work ofMekik et al. [2010]. The error margin associated with
repeated counts is ± 0.04 MFI units which yields ± 1% error
in estimating % calcite dissolved [Mekik et al., 2010]. MFI
estimates ΔCO3

= of bottom waters with a predictive error
of ± 10μmol/kg, and MFI estimates percent calcite dissolved
with an average predictive error of ± 7% calcite dissolved
[Mekik et al., 2010].
[24] TheMFI has been compared to other calcite dissolution

proxies, such as size normalized foraminifer shell weight
(SNSW) and Mg/Ca of foraminifer tests, in both core top
[Mekik and François, 2006; Mekik et al., 2007a, 2010;
Mekik and Raterink, 2008] and down core work [Mekik
et al., 2012]. Most recently,Doss andMarchitto [2013] gener-
ated down core MFI data and compared MFI with the B/Ca
proxy which is used as an indicator of past seawater carbonate
ion saturation.
[25] Mekik and Raterink [2008] provided an extensive dis-

cussion on the comparison of SNSW toMFI, where both prox-
ies trace dissolution relatively well, but where the ability of
SNSW to trace dissolution is compromised by the effects of
[CO3

=] of foraminifer habitat waters on their shell thickness.
This point was also raised and demonstrated by Barker and
Elderfield [2002]. Mekik and Raterink [2008] found no effect
of habitat [CO3

=] onMFI. Figure 10 in the work ofMekik et al.
[2010] is a direct comparison of the ability of SNSW and MFI
to trace bottom water [CO3

=] where both proxies do this well.
Mekik and François [2006] and Mekik et al. [2007a] both
showed that MFI and the Mg/Ca in shells of multiple
species of planktonic foraminifers have a strong relation-
ship in core tops where overlying sea surface temperatures
are constant and calcite dissolution is the only parameter
affecting foraminifer Mg/Ca.

2. Methods

2.1. Sampling

[26] We address our research questions by using core top
samples from two depth transects, one on the Rio Grande
Rise (RIO) in the southwest Atlantic Ocean (seven-sediment
samples) and one on the Ontong Java Plateau (OJP) in the
western equatorial Pacific (three-sediment samples). All core
top samples are from gravity cores and sediment aliquots of
1 g from the top 0–2 cm of the core. The depth transects for
the core tops used herein were chosen specifically in locations
far removed from areas of high surface ocean productivity so
as to minimize the effect of the rain ratio on dissolution
and to isolate bottom water carbonate ion undersaturation as
the primary driver of calcite dissolution at our sampling
locations. This approach minimizes errors introduced by un-
certainties in rain ratios for our sampling locations created by
the paucity of data for organic carbon and calcite rain in the
world ocean.
[27] Mekik et al. [2010] calculated ΔCO3

= using Global
Data Analysis Project (GLODAP) bottle data [Key et al.,
2004; Sabine et al., 2005] and Ocean Data View Software
[Schlitzer, 2008]. The relationship between MFI and bottom
water ΔCO3

= among its 89 core top calibration samples isT
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strong with an R2 of 0.82 in Atlantic core tops and 0.9 in
Pacific core tops [see Mekik et al., 2010, Figure 5]. The rela-
tionship between MFI and ΔCO3

= in the subset used herein
(R2 = 0.72) is similar to the calibration relationship of MFI
and ΔCO3

=.
[28] We present down core radiocarbon age data from

three cores in the equatorial Pacific (two cores in the west
and one in the east; MD98 2177, MW91-9-56GGC, and
ME 24, respectively—Figure 2 and Table 1). We studied
various species of planktonic foraminifers with different
resistance to dissolution and pteropod fragments which
are made of aragonite (Table 2). The aragonite saturation
horizon is significantly shallower than the calcite saturation
horizon in the water column in all tropical and subtropical
ocean basins (GLODAP database) [Key et al., 2004].

2.2. Radiocarbon Dating

[29] Radiocarbon and δ13C data from pteropod fragments,
whole planktonic foraminifer tests from multiple species, and
species-specific foraminifer fragments were generated at
the National Ocean Sciences Accelerator Mass Spectrometry
Facility (NOSAMS) of Woods Hole Oceanographic
Institution. All radiocarbon ages shown in figures herein have
been corrected for reservoir offsets and calendar years through
the CALIB 6.0 software [Stuiver and Reimer, 1993; http://
calib.qub.ac.uk/calib/]. Reservoir ages were calculated using
the MARINE database linked to CALIB 6.0 (http://calib.
qub.ac.uk/marine/). This marine calibration database includes

a global ocean reservoir correction of 400 years and accommo-
dates for local effects through aΔR parameter.ΔR is defined as
the difference in reservoir ages of local regions and the
model global ocean. Constant values of reservoir correc-
tions were used for core tops on RIO, on OJP, and each of
our down core locations. Tables 3 and 4 list raw radiocarbon
age data and associated error margins, as reported by
NOSAMS. Radiocarbon data shown in Figures 3–6 are
presented as both Δ14C and as reservoir corrected calendar
ages (cal BC). The Δ14C was calculated using the fraction
modern defined by equation (3).

Fraction Modern ¼
14C

�
12C of sample ‰ð Þ

14C=12C of modern ‰ð Þ (3)

[30] The Δ14C was calculated using the fraction modern as
in equation (4) [Stuiver and Polach, 1977].

Δ14C ‰ð Þ ¼ FractionModern*eλ 1950�Ycð Þ � 1
� �

*1000 (4)

Where λ= 1/ true mean life of radiocarbon = 0.00012097; and
Yc= year of collection of sample.
[31] For fossil samples, Yc is assumed to be 0, so

equation (4) becomes equation (5) [Stuiver and Polach,
1977]. We used equation (5) to calculate Δ14C for
our samples.

Figure 3. The Δ14C and calendar age (cal BC) data plotted against MFI-based percent calcite dissolved
for whole foraminifer species in core tops from the Rio Grande Rise and Ontong Java Plateau. Data points
of LGM age are highlighted with a dark rim. Statistical calculations shown are based on the trend of the five
non-LGM samples. ruber =Globigerinoides ruber; men =Globorotalia menardii; trunc =Globorotalia
truncatulinoides; ptero = Pteropod fragments; sacc =Globigerinoides sacculifer; and obl =Pulleniatina
obliquiloculata.
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Δ14C ‰ð Þ ¼ Fraction Modern� 1ð Þ*1000 (5)

[32] In reporting 14C/12C data, NOSAMS corrects for the
assumption that the fractionation of 14C relative to 12C is
double that of 13C by measuring δ13C from all samples.
Then calculations of fraction modern are corrected to the
value it would have if its original δ13C were �25‰ which
is the δ13C value to which all radiocarbon measurements
are normalized at NOSAMS. The δ13C data for our samples,
as reported to us by NOSAMS, are listed in Tables 3 and 4.
The error associated with δ13C correction from a stable mass
spectrometer is approximately 0.1‰ (for further details of
calculations, see http://www.whoi.edu/nosams/page.do?
pid=40146).
[33] NOSAMS employs the accelerator mass spectroscopy

method of radiocarbon analysis and utilizes the VG Prism
Stable Mass Spectrometer for making δ13C measurements.
See the NOSAMS web site for detailed information about in-
strumentation, measuring protocols, error estimation, and calcu-
lation of fraction modern (http://www.whoi.edu/nosams/page.
do?pid=40146).

2.3. Sediment Accumulation Rates and Mixed Layer
Depths for RIO and OJP

[34] Berger and Killingley [1982] estimated 0.8–2.4 cm/kyr
for the sediment accumulation rate on OJP and 5–8 cm for the
mixed layer depth there. The age of the mixed layer with radio-
carbon analyses on box cores from OJP (in close proximity to
our core tops) range from 3400 to 4800 years [Table IV, page
99 in Berger and Killingley, 1982]. Sediment accumulation
rates are also low on RIO with a previously published value
of 1.85 cm/kyr [Jones et al., 1984] (specifically for sample
AII 107–9 69GGC also used herein see Table 1). The sediment
mixing depths in the Vema Channel alongside RIO is esti-
mated to be greater than 8 cm [Berger et al., 1977; Peng
et al., 1977]. This yields an average age for the mixed layer
of 4300 years on RIO.

3. Results

3.1. Core Top Results

[35] Two of the seven core top samples on RIO show radio-
carbon ages corresponding to the Last Glacial Maximum in

Figure 4. The Δ14C and calendar age (cal BC) data plotted against MFI-based percent calcite dissolved
for species of whole foraminifers and fragments of foraminifers in core tops from the Rio Grande Rise
and Ontong Java Plateau. Open diamonds represent fragments of the species designated in the title of each
panel. Filled diamonds represent whole shells of the same species.
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three foraminifer species (Figures 3a and 3b and Table 3), G.
ruber, G. menardii, and Globorotalia truncatulinoides. As a
result, we exclude these two anomalously old core tops from
analysis of the relationship between radiocarbon age of fora-
minifers and increasing MFI-based calcite dissolution along
the depth transect on RIO.
[36] As a general trend among the remaining five core tops

on RIO, foraminifer age increases with increasing % calcite
dissolved as measured with MFI. Specifically, radiocarbon
ages of G. menardii and G. truncatulinoides shells have
strong linear trends with increasing percent calcite dissolved
on RIO (Figures 3a and 3b). Pteropods are generally the
oldest components of the sediments on this transect. In three
core tops on RIO, G. ruber, a porous and fragile species, is
the youngest foraminifer; but G. ruber is the oldest foramin-
ifer in two other samples. G. sacculifer, another species with
porous and fragile shells, is older than G. menardii in two of
the three samples on OJP; and P. obliquiloculata is consis-
tently older than G. menardii on this transect.
[37] The increase in species-specific foraminifer age with in-

creasing calcite dissolution is also discernable in those from
OJP (Figures 3c and 3d). The combined range of MFI in core
tops is 0.08–0.83 (Table 1) in both transects and corresponds
to a range of 5–65% calcite dissolved (equation (1)) and

�14.67 to 42.81 μmol/kg of ΔCO3
= (Table 1). Specifically,

in Figure 3a we see a strong linear relationship between the
Δ14C of G. menardii and G. truncatulinoides with % calcite
dissolved, R2 is 0.91 and 0.99, respectively.
[38] Radiocarbon age for fragments and whole shells of G.

menardii on RIO, and G. menardii, and P. obliquiloculata
on OJP (Figure 4) show that ages of fragments are generally
older than those of coexisting whole shells of the same species.
The exception is in samples that have experienced high disso-
lution such as theG. menardii fragments in the sample on RIO
with the highest % dissolved (Figures 4a and 4b) and P.
obliquiloculata fragments in the sample on OJP with the
highest % dissolved there (Figures 4e and 4f).

3.2. Down Core Results

[39] All foraminifer species, at each sampling horizon,
produce very similar ages to one another in all three cores
except MW 91–9 56GGC which has the lowest sedimentation
rate (Figure 5). Down core records of radiocarbon age for
whole shells and fragments (Figure 6) reveal that fragments
are consistently either the same age or older than whole shells.
Age offsets are most extreme in the low sedimentation rate
core, MW91-9 56GGC.

Figure 5. The Δ14C and calendar age (cal BC) data plotted against sediment depth in core for multiple
species of whole planktonic foraminifers in ME-27 (Neogloboquadrina dutertrei and Globorotalia
menardii), MW91-9 56 GGC (G. menardii, Pulleniatina obliquiloculata, and Globigerinoides sacculifer),
and MD98 2177 (G. menardii, P. obliquiloculata, and G. sacculifer).
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4. Discussion

4.1. Relationship Between Δ14C and Calcite Dissolution
in Sediments

[40] The increase of radiocarbon age of bulk sediment with
water depth is a well-known conundrum in equatorial Pacific
sediments [Keir, 1984; Broecker et al., 1991; Oxburgh, 1998;
Barker et al., 2007]. The trend of increasing age of individual
foraminifer species with dissolution supports the chemical ero-
sion mechanism of Keir and Michel [1993] and Keir [1984]
although it says nothing about the age differences among
coexisting planktonic foraminifers. Our data do not support
the model expectations from Barker et al. [2007] that foramin-
ifer age would decrease as dissolution increases. However,
Barker et al. [2007] also observed in their core tops from
OJP that foraminifers become older as dissolution increases.
[41] Average age for the mixed layer can be calculated

with equation (6) from Keir and Michel [1993].

Average Age of Mixed Layer ¼ Mixed Layer Thickness

Sediment Accumulation Rate
(6)

[42] The cores on RIO have low sediment accumulation rates
compared to other subtropical open ocean areas (1.85 cm/kyr

from Jones et al. [1984]). If we assume a mixed layer depth
of 8 cm as is suggested for RIO [Berger et al., 1977; Peng
et al., 1977], then based on equation (6), a net sediment accumu-
lation rate decrease from 2cm/kyr in shallow sites to 1 cm/kyr in
deeper sites due to increased calcite dissolution would double
the average age of mixed layer sediments. Thus, the best ex-
planation for the increase in radiocarbon age of planktonic
foraminifers with increasing calcite dissolution is the chemical
erosion mechanism.

4.2. Age Differences Between Sturdy and Fragile
Foraminifer Shells

[43] Barker et al. [2007] observed that foraminifer species
with porous, more fragile tests are older than sturdier shells
of other coexisting planktonic foraminifer species by up to
2200 years although their model predicted that porous fragile
shells of these species should be the youngest. Our results
are mixed.
[44] On OJP (Figures 3c and 3d), tests of G. sacculifer are

older than those of G. menardii but younger than those of P.
obliquiloculata. On RIO (Figures 3a and 3b), G. ruber is the
oldest among foraminifers in two samples out of seven core
tops. It is the youngest species in three samples one of which
is the core top in shallowest water and two of which are of
LGM age (Table 3). These mixed results suggest that possibly

Figure 6. The Δ14C and calendar age (cal BC) data plotted against sediment depth in core for species of
whole foraminifers and fragments of foraminifers in cores ME 27, MW91-9 56GGC and MD98 2177.
Open diamonds represent fragments; closed diamonds represent whole shells. men =Globorotalia
menardii; men frag = fragments of G. menardii; obl =Pulleniatina obliquiloculata; and obl frags = frag-
ments of P. obliquiloculata.
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more than one mechanism is at play, such as a combination of
differential dissolution, winnowing, and bioturbation.
[45] The observation thatG. ruber is the youngest foraminifer

in three of seven core tops fromRIO can be explained by Barker
et al.’s [2007] modeling results.G. ruber shells are more porous
than shells of most other foraminifer species and therefore have
more surface area for dissolution. The longer G. rubers stay in
the sediment, the more likely they will be to dissolve compared
to their sturdier counterparts. In three samples where G. rubers
are the youngest, we suppose that whole shells of this species
were likely those newly becoming incorporated into the sedi-
ment and did not have enough time to dissolve. Therefore they
are younger than other coexisting foraminifer species.
[46] It is difficult to explain the observation that fragile

porous shells, like those of G. ruber and G. sacculifer, are
sometimes the oldest component of the sediment. Barker
et al. [2007] suggested that because foraminifer shells come
with varying shell thickness and calcification [Barker and
Elderfield, 2002], individuals of all species may have different
susceptibility to dissolution even within the same species.
Additionally seasonal changes in the concentration of the
carbonate ion in habitat waters may cause different populations
of the same species with varying shell thickness to coexist in the
death assemblage within sediments [Barker et al., 2007].
Dissolution will remove the fragile, lighter shells more rapidly,
and sturdier shells will have longer residence time in the sedi-
ments giving older ages when picked for analysis. This could
be one viable explanation for why porous/fragile shells are the
oldest foraminifer species in a sample; but it does not explain
how foraminifers with fragile shells (like G. ruber) can be the
oldest in sediments that experienced little dissolution where
younger shells should be more abundant (like in our RIO core
tops AII 107–9 132 and CHN 115–6 92).
[47] An explanation for porous, fragile shells being the oldest

in core tops that experienced little calcite dissolution may be
that the preferential winnowing of newly arriving lighter, po-
rous shells remove the younger individuals from sediment be-
fore they permanently become part of the sedimentary record.
Simultaneously, bioturbation may work up older individuals
of the same species from deeper sedimentary layers to the core
top. This hypothesis remains to be tested with sedimentary indi-
cators, but is the best explanation for our observations on RIO.
[48] The lack of G. ruber or G. sacculifer tests as well as

pteropod fragments in the deepest samples from both RIO
and OJP which have experienced the most dissolution
(MFI= 0.6 and 0.83, respectively; see Table 1) suggests that
fragile foraminifer shells and aragonitic pteropod fragments
are probably being completely dissolved. The absence of these
fragile foraminifer species at greater depths has also been doc-
umented by Barker et al. [2007], and Broecker and Clark
[2010, 2011].

4.3. Sediment Accumulation Rate and Bioturbation

[49] Shallower core tops that experienced little calcite disso-
lution show the greatest offset in ages of coexisting planktonic
foraminifers and pteropod fragments (~2000–3500 years in
Figure 3). This is a clear indication of intensive bioturbation
and mixing in these sediments.
[50] If there is a gradient to faunal assemblages down core,

then vertical mixing can create large age offsets among
coexisting components of the sediment. Barker et al. [2007,
Figure 6] presented down core foraminifer assemblage

counts for a core on the OJP (MW91-9 BC36) in close prox-
imity to those used herein where they observed no down core
faunal gradient. Similar data are not available from the RIO at
this time but future studies on RIO may reveal large changes
in faunal assemblages down core that could explain the large
age offset among coexisting species of foraminifers we ob-
serve from core tops there.
[51] Why are rounder and smoother shells, such as those of

P. obliquiloculata, generally older than those of coexisting
G. menardii which are flat and edgy although both live at
thermocline depths in the water column (Table 2)? This is
particularly evident in OJP core tops (Figures 3c and 3d).
We posit that the preferential mobility of P. obliquiloculata
shells during bioturbation would be greater than those of G.
menardii shells due to the round shape and smooth shell of
the former and the flat and edgy shape of the latter. G.
menardii shells would not be as easily worked up or down
through the sediment column as those of P. obliquiloculata
and may therefore reflect the most accurate age for the sedi-
ment sample. AlsoG. menardii are less vulnerable to dissolu-
tion than most other species [Berger, 1970].
[52] We performed a simple, iterative calculation to simu-

late the effects of bioturbation on different components of
the sediment, and to test whether this hypothesis is realistic
(P. Loubere, personal communication, 2013). Bioturbation
is a function of sedimentation rate, mixing rate, and mixed
layer depth (equation (6)). Sedimentation rate or mixed layer
depth (the depth to which benthos move about and stir sedi-
ment) would not be different for various components of the
sediment at the same location. The mixing rate is the only
variable that may be different from one type of sediment
component to another.
[53] To simplify the calculation, we assumed two ex-

treme cases. One for a species which does not mix at all
and progressively accumulates on the seabed (species A),
and another that mixes rapidly through the bioturbation
zone (species B). The age difference between the two
species would come from mixing up of older sediment
within the bioturbation zone, and the residue of even older
sediments from previously existing bioturbation zones.
The lower the sedimentation rate, the greater this mixing
effect will become.
[54] In our calculations, we assumed a mixed layer depth

of 8 cm and a sedimentation rate of 2 cm/kyr in keeping with
the published values for these parameters on OJP [Berger
and Killingley, 1982]. We created a hypothetical sediment
profile divided into 8 sections of 1 cm depth each. We used
midpoint ages for each 1 cm—thick layer as an initial condi-
tion (depicted by the blue curve labeled “no bioturbation” in
Figure 7a). We also assumed that we move forward in time
by 500 years for each iteration of our simulation of bioturba-
tion. The following four steps were performed in each itera-
tion: (1) add a 1-cm top layer of midpoint age of 250 years;
(2) shift the previous layers downward and age them by
500 years; (3) mix the layers in pairs by taking the average
of the midpoint ages in each pair of layers from bottom of
the stack of layers upward (ensuring the same number of
layers as the initial condition); and (4) repeat steps 1 through
3 until the age profile stabilizes which is defined by the aver-
age age of the mixed layer becoming a constant value.
[55] The stabilization of the age profile required 24 itera-

tions in this calculation (Figure 7a). The no bioturbation
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curve in Figure 7a represents the age profile for species A
which does not mix at all. Species B, which we theorized to
be extremely mobile, would hypothetically have the age pro-
file of the 24th iteration. In Figure 7b we plotted the average
mixed layer age throughout the mixed layer in each iteration.
It shows the stabilization of the average mixed layer age at
4200 years after 24 iterations. This mixed layer age is in
keeping with that for OJP (3400–4800 years) published by
Berger and Killingley [1982].
[56] According to our crude simulation of bioturbation and

assumed values of mixing depth and sedimentation rate, the
age difference between species A and a thoroughly mixed
species, such as species B, is about 500–1500 years in the
top 2 cm of the sediment column from where our core tops
were sampled. This is consistent with the age offsets we see
among our foraminifers on OJP and suggest that our hypoth-
esis is realistic. Differential mobility of foraminifer species
may be at least a partial cause of age-offsets among
coexisting foraminifers. More data allowing for more sophis-
ticated calculations are needed to test this hypothesis.
[57] Our down core results reflect the effect of bioturbation

also. In cores with high sediment accumulation rates (ME-27
and MD28-2177 in Figure 5), whole shells of various
coexisting species of foraminifers have similar Δ14C with
one another.Whereas, in coreMW91-9 56GCC sedimentation
rate is low, and the age offset among coexisting foraminifers is
large (~2000–3000 years and�320 to�490‰ in Δ14C). Care
must be taken to find cores with high sedimentation rate
(>3 cm/kyr based on the Barker et al. [2007] modeling

results) and low dissolution in order to yield the most accurate
age estimates as also suggested by others [e.g., Broecker and
Clark, 2010, 2011; Barker et al., 2007].

4.4. The Δ14C Differences Between Fragments and
Whole Shells: Differential Dissolution, Sediment
Focusing, or Both?

[58] Le and Thunnell [1996] showed that foraminifer spe-
cies with sturdy, robust tests dominate foraminifer assem-
blages as dissolution increases. Increased dissolution of
foraminifer shells causes thinning of shells and whole shell
weight loss before fragmentation begins [Broecker and
Clark, 2001]. Taking these two observations together and the
modeling results of Barker et al. [2007], it is reasonable to pre-
dict that foraminifer fragments should be older than their
coexisting whole shell counterparts. We observe this phenom-
enon consistently across both our core top (Figure 4) and down
core samples (Figure 6).
[59] However, two samples do not follow this prediction:

one on RIO that has experienced the most dissolution (AII
107–9 142GGC, MFI = 0.6, G. menardii fragments are youn-
ger than their whole shells; Figures 4a and 4b), and one on
OJP that has experienced the most dissolution (ERDC 127,
MFI = 0.83; P. obliquiloculata fragments are younger than
their whole shells; Figures 4e and 4f). In these two samples
the sediment is made up predominantly of fragments of fora-
minifers, and specimens of whole foraminifer shells are fewer.
As dissolution proceeds, the radiocarbon age of whole,
undamaged shells will lean toward the age of more sturdy

Figure 7. (a) Evolution of age profiles with progressive mixing of the sediments. The no bioturbation
curve reflects the starting conditions for the subsequent iterations. (b) Profile of average mixed layer age
and average age of sedimentary components within each subsequent horizon based on the age profile cal-
culations presented in Part A. Homogeneous average mixing age is assumed for the age of horizons within
the mixed layer. See text for details of calculations.

MEKIK: RADIOCARBON DATING OF FORAMINIFER SHELLS

25



shells which likely have longer residence time in the mixed
layer and are therefore older than coexisting fragments [Le
and Thunnell, 1996; Broecker and Clark, 2001; modeling
results from Barker et al., 2007]. So how is it that the
fragments in these samples are younger than their whole
shell counterparts?
[60] One mechanismmay be interface dissolution [Broecker

et al., 1991], or dissolution of new shells quickly upon arrival
into the sediment which could cause the newly arriving shells
to be fragmented. Simultaneously, bioturbation would bring
older whole shells to the core top. Interface dissolution com-
bined with bioturbation allows the fragments to be relatively
young compared to whole shells in samples that have experi-
enced greater dissolution.
[61] Another mechanism may be sediment focusing.

Sediment redistribution is likely to cause robust whole shells
to remain in situ [Broecker et al., 2006], and newly formed
fragments and newly arriving lighter, porous foraminifers to
be winnowed away because robust foraminifers are generally
heavier than porous ones or fragments For example, in the
700–800 μm size range, average G. sacculifer weight is half
that of G. menardii (Mekik unpublished data). This mecha-
nism would give a younger age to the fragments compared
to whole shells wherever the fragments are finally deposited.
[62] There are some caveats here, however. If the sand sized

particles (like foraminifers and pteropod fragments) were
going to be selectively sorted, one would expect to see evi-
dence for transport in the form of laminations, ripples, removal
of the finer-grained material, or increase in the sand fraction of
the sediment. If evidence for fast bottom flow currents or other
bathymetric features cannot be found, winnowing of lighter
fragments would be an unrealistic hypothesis. A further caveat
is that if fragments and lighter shells are winnowed a long
distance and for a long time, they may become the older com-
ponents in sediment wherever they finally become part of the
sedimentary record. Experiments and more data on radiocar-
bon ages of fragments and whole shells in highly dissolved
samples are needed to fully resolve the problem of why in
highly dissolved sediments, fragments can be significantly
younger than coexisting whole shells.
[63] In our down core data where ages of whole shells and

fragments are compared (Figure 6), we see that fragments are
consistently either the same age or older than whole shells; and
the higher the average sediment accumulation rate of the core,
the closer agreement is between the ages of fragments and whole
shells. These results were predicted in previous work [e.g.,
Barker et al., 2007; Broecker and Clark, 2010, 2011] and reiter-
ate that more reliable radiocarbon age estimates are produced in
cores with higher accumulation rates and less dissolution.
[64] Pteropod fragments, where available in our samples,

have the oldest ages of all other coexisting sedimentary com-
ponents dated herein, both in core tops on RIO (Figure 3) and
down core in MD98 2177 (Table 4). This may be surprising
because pteropod shells are made of aragonite, a polymorph
of calcite which is more soluble. In core tops on RIO in shal-
low water (such as, samples AII 107–9 66GGC and AII 107–
9 69GGC) calcite dissolution is low because Δ calcite is high
(37 to 43 μmol/kg). At this level of oversaturation, one would
expect pteropod shells to be mostly intact, not fragmented as
they are in core tops on RIO, and for this reason, to also be
the youngest component of the sediment. So our counterintu-
itive results are puzzling.

[65] A possible explanation may be that these core tops are
located at or below the aragonite saturation horizon, where in-
terface dissolution causes the newly arriving aragonite shells
to fragment and be winnowed away before becoming part of
the sediments. As bioturbation continues to mix up older
pteropod fragments, pteropod fragments may become the
oldest component of the sediment. Based on the GLODAP
database [Key et al., 2004], the Δ aragonite value (carbonate
ion saturation with respect to aragonite) for the location of
the two core tops on RIO are �2.69 and 6.29 μmol/kg, AII
107–9 66GGC and AII 107–9 69GGC, respectively. While
one sample is below the aragonite saturation horizon (where
Δ aragonite = 0), the other is not. More radiocarbon age data
from pteropod fragments are necessary to resolve this issue.
[66] One last considerationmay be that pteropods can live in

a wide range of water depths (Table 2) and their radiocarbon
ages may not be reflecting accurate reservoir corrections for
their depth habitats. This issue is difficult to ascertain because
it is impossible to identify which species a pteropod fragment
belongs to in order to specify which water depth may have
been its habitat waters.

4.5. Implications for the MFI Proxy

[67] TheMFI proxy has been developed and applied in both
core top [Mekik et al., 2007a, 2007b; Mekik and Raterink,
2008] and down core work [Mekik et al., 2012; Doss and
Marchitto, 2013]. While fragments are expected to be older
than whole shells as explained above, large age offsets be-
tween the fragments and whole shells of G. menardii would
compromise the reliability ofMFI in estimating percent calcite
dissolved. Therefore, this issue became one of the main goals
of the current study.
[68] Figure 4 illustrates that while fragments are consistently

older than whole shells forG.menardii, the age offset is within
1000–1500 years in core tops (except in high dissolution sam-
ples and for the two samples of LGM age where the age offset
between fragments and whole shells is ~3500 years). These
age offsets are well within the range of age offsets among
whole shells of coexisting species of foraminifers in the same
core tops. On the RIO transect, the age offset between
coexisting whole foraminifer tests is as high as 3500 years,
and on the OJP transect it is close to 1000 years.
[69] In down core work (Figure 6), the age offset between

fragments and whole shells of G. menardii is smaller in the
two high-resolution cores (ME-27 and MD98-2177), but
within the same offset range as core tops in the low sedimen-
tation rate core (1000–1500 years in MW91-9-56). Thus, the
age offset between the components of the MFI proxy is small
enough to allow its use as a reliable indicator of percent calcite
dissolved in both core top and down core work; and MFI is
most reliable in cores with high sedimentation rate. Several
issues remain, however.
[70] First, the radiocarbon age results for coexisting fora-

minifers and pteropods presented herein call for mechanisms
such as chemical erosion and various types of dissolution
(homogeneous, differential, and interface) occurring on the
ocean floor and in the sediments. Archer et al.’s [2002] model
used to calibrate MFI does not distinguish among these
mechanisms. Instead, it calculates a percent calcite dissolved
value for the bulk sediment. If the process or mechanism of
dissolution varies from location to location, it becomes in-
creasingly more difficult to use MFI or any other calcite
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dissolution proxy which does not take these processes
into account.
[71] Second, two core tops used herein are of LGM age (AII

107–9 149 and AII 107–9 133) possibly due to downslope
mass transport of the previously overlying younger sediment.
Another possibility is that the top of the cores may have been
removed during the coring process. All core tops used herein
are from gravity cores where such removal of the upper parts
of the core may occur. We are confident that this is not a
bioturbation-related artifact causing mixing of sediments from
Marine Isotope Stage 5 because there is strong agreement be-
tween the ages of shells of three different species,G. menardii,
G. ruber, and G. truncatulinoides in these samples. The two
core tops of LGM age are part of the published calibration
sample set for MFI which consists of 89 core tops from the
Pacific, Atlantic, and Indian Oceans [Mekik et al., 2010].
Based on these new core top age results, two data points need
to be removed from the calibration equation for MFI.
Modifications to the MFI calibration equation will be investi-
gated and published in a subsequent study.
[72] Third, radiocarbon dating is expensive and in many

studies δ18O data are used instead of Δ14C to assess whether
a core top is Holocene or Glacial in age. If the core top is
Holocene, it is often considered to be “modern enough.”
This raises the question of what age is “too old” to be useful
as a core top sample? Is it acceptable when calibrating proxies
from deep sea sediments that core tops simply be Holocene
even if they are as old as 7000 or 8000 years?
[73] Regardless of the calcite dissolution proxy used

(whether MFI, SNSW, or other), core tops along a depth tran-
sect where dissolution increases downslope are required to cal-
ibrate the proxy.While dissolution will not alter the 14C/12C of
the carbonate, as dissolution increases so does the age of the
core top. Our results suggest that this may happen to such an
extent that the proxies developed using aged core tops may
no longer be analogous to parameters measured from the
modern ocean. This is a problem inherent to quantifying
calcite dissolution in deep sea sediments. The best way to
quantify and calibrate calcite dissolution may be using
microelectrodes to measure in situ calcite dissolution in
sediment pore waters. This is an expensive method with lim-
ited or no down core applicability. Even if it were readily
available, one would still be measuring calcite dissolution in
older sediments.
[74] Moreover, this problem is not limited to calcite dissolu-

tion proxies. Calibrations for most proxies in paleoceanography
are done with core tops ascertained to be of “modern” age; and
data from these core tops are compared with a measurable
parameter in the modern ocean (usually from databases
like WOCE or GLODAP). Even if the calibration involves a
calcite-based proxy that is not directly affected by dissolution,
the calibration will be affected by the age of the core tops.
Chemical erosion and interface dissolution may cause the
calcareous components of the core tops to become older with
increasing water depth. It would be erroneous to compare a
carbonate-based proxy from older sediments with a modern
oceanographic parameter.
[75] Core top calibration locations are often chosen strategi-

cally for the particular needs of the proxy being developed.
While some proxies may be calibrated in samples that have
experienced very little dissolution and/ or bioturbation, others
may not. For example, a calibration location for a carbonate-

based proxy measuring upwelling strength may be chosen in
a region with high surface ocean productivity. However,
high surface ocean productivity would lead to high organic
carbon rain into the sediments, and organic carbon in the
sediments would lead to metabolic respiratory dissolution of
those sediments [Emerson and Bender, 1981; Archer and
Maier-Reimer, 1994]. If the sediments are sufficiently
dissolved by whatever mechanism, sediments will become
older and the upwelling proxy would have to be calibrated
with core tops that are not modern.
[76] All processes discussed herein which modify the age of

coexisting components of sediments (e.g., chemical erosion,
interface dissolution, bioturbation, etc.) create issues that
affect many paleoceanographic proxies. This problem may
be drawing limits to the accuracy of what can be achieved in
paleoceanography where components of deep sea sediments
are used to calibrate proxies.
[77] Lastly, it is somewhat surprising that the G. menardii

shells on RIO are LGM in age because it was previously
believed that G. menardii did not inhabit the Atlantic during
Glacial times. Sexton and Norris [2011] recently reported G.
menardii from the Glacial Atlantic, and we do also herein.

5. Conclusions

[78] Ideally there would be no age offset among any species
of foraminifers, pteropods, or any other components of deep
sea sediments within the same horizon in a given core.
Multiple studies, including the present, have shown this to
be untrue for many reasons. The most prevalent mechanism
of sediment mixing is through bioturbation, although differen-
tial dissolution of shells, downslope mass transport, and sedi-
ment focusing are also important processes through which
components of sediments are reworked and/or eroded.
[79] We find a consistent relationship of increasing radiocar-

bon age of foraminifer shells with increasing dissolution in our
core tops. We also find that radiocarbon age offset is reduced in
cores that have experienced little dissolution and have high sed-
imentation rates. In cores with lower accumulation rate, the age
offset among coexisting components of the sediment is as high
as 3500 years.
[80] Future work is necessary to better understand the mech-

anisms that create sediments where fragments of foraminifers
are younger than coexisting whole shells, and where foramin-
ifers bearing porous, fragile shells are older than those with
sturdier tests. Perhaps the most pertinent remaining question
for future studies are the following: shells of which planktonic
foraminifer species produce the most reliable age estimates in
sediments used in paleoceanographic work? Can an ideal
method be established?
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