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Abstract Marine sedimentary records are a key archive when reconstructing past climate; however,
mixing at the seabed (bioturbation) can strongly influence climate records, especially when sedimentation
rates are low. By commingling the climate signal from different time periods, bioturbation both smooths
climate records, by damping fast climate variations, and creates noise when measurements are made on
samples containing small numbers of individual proxy carriers, such as foraminifera. Bioturbation also
influences radiocarbon-based age-depth models, as sample ages may not represent the true ages of the
sediment layers from which they were picked. While these effects were first described several decades
ago, the advent of ultra-small-sample '*C dating now allows samples containing very small numbers of
foraminifera to be measured, thus enabling us to directly measure the age-heterogeneity of sediment

for the first time. Here, we use radiocarbon dates measured on replicated samples of 3—-30 foraminifera

to estimate age-heterogeneity for five marine sediment cores with sedimentation rates ranging from

2 to 30 cm kyr™'. From their age-heterogeneities and sedimentation rates we infer mixing depths of

10-20 cm for our core sites. Our results show that when accounting for age-heterogeneity, the true error
of radiocarbon dating can be several times larger than the reported measurement. We present estimates of
this uncertainty as a function of sedimentation rate and the number of individuals per radiocarbon date.
A better understanding of this uncertainty will help us to optimize radiocarbon measurements, construct
age models with appropriate uncertainties and better interpret marine paleo records.

1. Introduction

Proxy records recovered from sediments are an important source of information about the history of the
Earth's climate prior to the instrumental era. For example, the ratio of magnesium to calcium (Mg/Ca) in
the shells of marine organisms such as foraminifera contains information about the temperature of the en-
vironment in which calcification took place (Lea, 2014; Niirnberg et al., 1996; Rosenthal et al., 2000). These
shells settle to the sediment surface and are buried as further sediment accumulates. Over time this produc-
es an archive of recorded (proxy) temperatures that can be read in sequence by taking a sediment core and
measuring the Mg/Ca ratio of shells found at progressively deeper, and therefore older, positions in the core.

To obtain a down-core proxy record, samples of foraminiferal shells (hereafter foraminifera) are picked
from a series of sediment slices or down-core samples. Assuming, for example, that these slices are 1 cm
thick and come from a core location with a constant sedimentation rate of 5 cm kyr™', foraminifera from
a single slice would have a uniform distribution of ages with a width of 200 years, with a corresponding
standard deviation (SD) of 58 years, which comes from the formula for the standard deviation of a uniform
distribution. However, wherever oxygenated, the surface layer of marine and freshwater sediments is mixed
or bioturbated by the burrowing and feeding actions of benthic organisms, thus increasing the age-heter-
ogeneity of material at a given depth (Boudreau, 1998; Guinasso & Schink, 1975). For simple models of
sediment mixing, the standard deviation of ages at a given depth is simply the ratio of the mixed depth L
and the sediment accumulation rate s (Berger & Heath, 1968; Guinasso & Schink, 1975). For a core with a
5 cm kyr~' sedimentation rate and 10 cm bioturbation depth, L/s = 2000 years, and therefore bioturbation
greatly increases the expected age-heterogeneity of a sediment slice from 58 to approximately 2000 years.
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Further to this simple model, changes over time in the abundance of the foraminifera species being dat-
ed can compound the effects of bioturbation, creating both temporal offsets (Ausin et al., 2019; Bard
et al., 1987; Costa et al., 2018; Lowemark et al., 2008) and changes in age-heterogeneity (Andree, 1987;
Lougheed et al., 2020). In sediment horizons corresponding to periods of low abundance, foraminiferal tests
will be preferentially mixed in from adjacent periods of high abundance, increasing age-heterogeneity in
that horizon. Conversely, during periods of high abundance, proportionally fewer foraminifera are mixed
in from adjacent depths, resulting in lower age-heterogeneity. For this reason it is recommended to pick
foraminifera for dating and paleo-proxy extraction from horizons with high abundance (Bard et al., 1987).

The additional age-heterogeneity created by bioturbation has important implications for sedimentary proxy
records. Proxies measured on samples containing multiple individual signal carriers (e.g., foraminifera)
will represent means over the time periods that have been mixed together. This has a smoothing or filtering
effect on any signal, so that the observed amplitude of climate variations is reduced (Anderson, 2001; Bard
et al., 1987; Goreau, 1980). In addition to this smoothing effect, if proxies are measured on samples contain-
ing only a small number of individual signal carriers, the resulting values will be noisy means of the climate
state over the time interval that has been mixed together (Dolman et al., 2020; Kunz et al., 2020; Schiffelbein
& Hills, 1984). It would therefore be very useful to have an estimate of the degree of age-heterogeneity when
interpreting proxy climate records.

Radiocarbon dating is the principle method used to estimate the age of sediment material younger than
about 50 ka BP. The age inferred from the measured radiocarbon content is an estimate of the mean '*C age
(or calendar age after calibration) of the particles in a given sample, and similarly, the reported machine
error represents uncertainty in the age of the specific sample. However, the particles in a given sample are
themselves only a sub-sample of the material from a given depth, and there is therefore additional, hidden,
uncertainty about how representative the sample is of the age of the rest of the material from the same
depth. Traditionally, radiocarbon dating required large samples of material that would necessarily include
100s of individual foraminifera (typically the equivalent of 1-5 mg C). Therefore, although it would give no
indication of the heterogeneity in the age of the material, a single radiocarbon date would be a good esti-
mate of the mean age of material at a given depth. However, the advent of ultra-small sample radiocarbon
dating means that samples consisting of very small numbers of foraminifera can now be dated (Fagault
et al., 2019; Gottschalk et al., 2018; Lougheed et al., 2012; Wacker et al., 2010, 2013). With fewer individuals
per sample, radiocarbon measurements become noisier estimates of the mean age of material at a given
depth. However, by radiocarbon dating replicated samples of just a few individual foraminifera we can use
this “noise” to estimate the age-heterogeneity of the sediment and to aid our interpretation of proxy climate
records based on the down-core mean.

As described above, assuming a simple sediment mixing model, age-heterogeneity can be predicted from
the ratio of the mixing depth and sedimentation rate, L/s. However, while the sedimentation rate for a given
core can be readily determined using a series of down-core radiocarbon dates, the mixing depth is harder
to estimate. Direct measurements using particle tracers of the mixing depth at the core-top show that L
is highly variable in space (8.37 + —6.19 cm, Teal et al., 2010) and mixing intensity may be particle size
dependent (Thomson et al., 1995; Wheatcroft, 1992). The life-span of the tracer may also influence mixing
depth estimates as short life-span tracers, such as *°Pb (half-life 26 years) may simply miss sporadic mixing
events that compound over time to produce the long-term mixing behavior. These direct estimates of mixing
depth are rarely available at proxy record core sites and in any-case only provide an estimate of the current
mixing depth and cannot inform us about mixing depths in the past when the sediment archive was formed.

The mixing depth at the core-top can also be inferred from the “kink” in a series of down-core **C measure-
ments (e.g., Peng & Broecker, 1984; Trauth et al., 1997), but this requires a large number of measurements in
the first 0-20 cm of the sediment core, and for gravity and piston cores the upper few centimetres are often
lost during recovery. Although they integrate mixing over a longer time period than tracer experiments,
kink based estimates also cannot tell us about past mixing depths. Tephra layers can be used to infer mixing
depths where they occur in the down-core record by fitting the impulse response function of a mixing mod-
el to the distribution of the glass shards preserved in the sediment. For example, Bard et al. (1994) estimated
mixing depths of 5, 10 and 13 cm based on the distribution of the Vedde Ash layer in three North Atlantic
cores; in a fourth core the ash layer was too irregular to fit. In contrast, Thornalley et al. (2010) inferred
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Table 1

mixing depths of just 2 cm using the Vedde and Katla Ash layers in core

Sediment Cores Sampled in This Study With Their Locations and the RAPiD-15-4P on the South Iceland Rise.

Research Cruise During Which the Core was Taken

The above methods all estimate the mixing depth, from which a predic-

Water tion of age-heterogeneity can be made. Here we propose and test a meth-

Core Latitude Longitude depth [m] . . . . .
od to directly estimate the age-heterogeneity of sediment by radiocarbon
GeoB 10054-4 8°40'54"S  112°40'6"E 1,076 dating replicated samples of small numbers (3-30) of foraminifera and
GeoB 10066-7 9°23'33.6”S 118°34'31.8"E 1,635 using the age-variation between these samples to estimate inter-individ-
ORI-1218-C2-BC ORI-1218 10°54'1.8"N 115°18'27.6’E  2.208 ual age-heterogeneity. From these age-heterogeneities we can then infer
e TS $°40°S e 1,103 bioturbation depths, and this can be achieved for any down-core posi-

SO213-84-2

45°7'28.2"S  174°35'11.4"E 992

tion within the age range for radiocarbon dating. We use a proxy forward
model (sedproxy, Dolman & Laepple, 2018) to test for the potential in-

fluence of abundance changes on the measured age-heterogeneity and

inferred bioturbation depths. The wider use of this method would allow
for a more rigorous interpretation of proxy climate records by providing direct estimates of age-heteroge-
neity and its smoothing effect on a per-core basis. The hidden uncertainty in radiocarbon based age-control
points can also be estimated, resulting in better age-depth models. With this knowledge we can also further
optimize future drilling campaigns sampling strategies. We examine the necessary conditions to use this
method and estimate correction factors for the bias due to the exponential relationship between radiocar-
bon activity and age.

2. Materials and Methods
2.1. Physical Sampling and Radiocarbon Dating

We used foraminifera picked from five sediment cores recovered that span a range of sediment accumula-
tion rates (approximately 2-30 cm kyr™). The sites were sampled as part of the SO184, SO213/2 and OR1-
1218 cruises (Table 1, Figure 1) (Hebbeln & cruise participants, 2006; Tiedemann et al., 2014). Radiocarbon
dating was performed on samples of single species of foraminifera picked from discrete 1 cm thick sediment
slices. With the exception of one sample from GeoB 10066-7, a single species was used from each core, either
Globigerina bulloides (SO213-84-2, 250-400 um size fraction) or Trilobatus sacculifer without sac-like final
chamber (GeoB 10054-4, GeoB 10058-1, GeoB 10066-7, 250-400 um size fraction; and OR1-1218-C2-BC,
300-355 um or 315-355 um) (Table 2).

20°
0°
0 GeoB 10054-4
3 e GeoB 10058-1
_§ ® GeoB 10066-7
@ -20°4
5 -2 OR1-1218-C2-BC
¢ S0213-84-2
-40° -
&
90° 120° 150° 180°
Longitude

Figure 1. Locations of cores used in this study. Additional data from two cores in the North Atlantic Ocean, T86-10P
(Lougheed et al, 2018) (37°8'130 N, 29°59'150 W), and MDO08-3178 (Fagault et al, 2019) (31°17.09' N, 11°29.20' W) are
included in the discussion but the core locations are outside the range of this map and not shown. GeoB 10054-4 and
GeoB 10058-1 are a gravity core and multicore respectively, taken at sites approximately 3 km apart.
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Table 2

Summary of Radiocarbon Dating per Core and Depth. Sub-Core or

Tube is Indicated in Parentheses When Appropriate. nyis the Number
of Individual Foraminifera per Radiocarbon Dated Sample, n,,, is the
Number of Replicated Radiocarbon Dated Samples

Core Size
depth fraction
Core [cm] Species [pm] Ny e
GeoB 10054-4 28-29  T.sacculifer 250-400 50 1
GeoB 10054-4 48-49  T.sacculifer 250-400 50 1
GeoB 10054-4 68-69 T.sacculifer 250-400 10 10
GeoB 10054-4 88-89  T.sacculifer 250-400 50 1
GeoB 10058-1 11-12 T sacculifer 250-400 5-6 20
GeoB 10058-1 17-18 T sacculifer 250-400 110 1
GeoB 10058-1 20-21 T.sacculifer 250-400 110 1
GeoB 10058-1 23-24 T sacculifer 250-400 110 1
GeoB 10058-1 26-27 T.sacculifer 250-400 110 1
GeoB 10058-1 29-30 T sacculifer 250-400 5-6 20
GeoB 10066-7 23-24  T.sacculifer 250-400 50 1
GeoB 10066-7 48-49 T sacculifer 250-400 49 1
GeoB 10066-7° 53-54  G. bulloides 250-400 10 10
GeoB 10066-7 98-99 T.sacculifer 250-400 53 1
OR1-1218-C2-BC (1) 36-37 T.sacculifer 315-355 5 10
OR1-1218-C2-BC (1) 36-37 T.sacculifer 300-355 30 1
OR1-1218-C2-BC (1) 36-37 T sacculifer 315-355 200 3
OR1-1218-C2-BC (7,8,9) 10-12 T.sacculifer 315-355 200 6
S0213-84-2 (1) 1-2 G. bulloides 250-400 5-6 10
S0213-84-2 (1) 18-19  G. bulloides 250-400 >350 1
S0213-84-2 (1) 23-24  G. bulloides 250-400 5-6 10
S0213-84-2 (1) 23-24  G. bulloides 250-400 >350 1
S0213-84-2 (2) 17-18 G. bulloides 250-400 >350 1
S0213-84-2 (2) 20-21 G. bulloides 250-400 >350 1
S0213-84-2 (3) 17-18  G. bulloides 250-400 >350 1
S0213-84-2 (3) 21-22  G. bulloides  250-400 3 12
S0213-84-2 (3) 21-22  G. bulloides 250-400 5-6 10
S0213-84-2 (3) 21-22  G. bulloides 250-400 30 8
S0213-84-2 (3) 22-23  G. bulloides 250-400 >350 1

“G. bulloides were picked from a single slice from GeoB 10066-7.

To estimate sediment age-heterogeneity, replicated “small-n” radiocar-
bon dates were measured on samples consisting of between three and 30
individual foraminifera, n, with multiple replicate samples taken from
each sediment slice, n.,. We use the term “small-n” to refer specifical-
ly to samples consisting of material from a small number of individu-
al foraminifera, regardless of the mass of the sample. Samples with a
small mass of carbon could potentially contain parts from a great many
individuals if these are first crushed and mixed before sub-sampling.
Additional radiocarbon dating was performed on non-replicated “bulk”
samples consisting of larger numbers of foraminifera, to provide down-
core age control points for estimating sediment accumulation rates. With
the exception of the bulk samples from core SO213-84-2, all Accelerated
Mass Spectrometry (AMS) *C dates were generated using a Mini Carbon
Dating System (MICADAS) at the Alfred Wegener Institute, Bremerhav-
en, Germany, following standard operating procedures (Mollenhauer
et al., 2021; Wacker et al., 2010). MICADAS' capability of analyzing a gas
target was used for small-n samples (Ruff et al., 2010), larger samples
were measured using a graphite target. Blank correction of foraminifera
samples was performed against sample-size matched Eemian-age fo-
raminifera from GeoB 3316-1. Blanks were processed and correction per-
formed according to a procedure in Sun et al. (2020). Radiocarbon dating
of the bulk samples from core SO213-84-2 was carried out at NOSAMS,
Woods Hole Oceanographic Institution and Keck Carbon Cycle AMS
Laboratory, University of California, Irvine.

Radiocarbon dates were converted to calendar ages using the Marine20
calibration (Heaton et al., 2020) and the R package Bchron (Haslett &
Parnell, 2008). The Marine20 calibration includes a time-varying global
marine reservoir effect (AR). We did not adjust for local marine reservoir
effects and assumed no uncertainty in AR. High frequency changes in the
local reservoir age could potentially increase the variation in radiocarbon
age measured in a given sediment slice, which would inflate the inferred
age-heterogeneity, we omit this effect here. For each sample, the proba-
bility density function (PDF) for calendar age was summarized by its me-
dian and standard deviation, as none of the PDFs were bi- or multi-mod-
al. Multi-modality may be more of a concern when using the Intcal20
calibration curve for terrestrial samples, as smoothing of the cosmogenic
radiocarbon signal in the atmosphere is much less than that in the ocean
(Bard & Heaton, 2021).

Sediment accumulation rates were estimated by linear regression of cal-
ibrated calendar age on depth. Bulk and small-n dates from the depth
range 15-100 cm (10-37 cm for OR1-1218-C2-BC) were used so as to ex-
clude the mixed layer and to estimate the sediment accumulation rate
over the range of depths for which replicated '*C measurements were
made. For replicated small-n dates, a mean date was first calculated for
each depth. The multicore GeoB 10058-1 and gravity core GeoB 10054-4

were intended to be taken at the same site, but due to technical difficulties were in fact taken on subsequent
days at locations 3 km apart (Hebbeln & cruise participants, 2006). However, their down-core radiocarbon
data indicate very similar sedimentation rates (approximately 16 cm kyr™') and we combined these to create
a single more robust sedimentation rate estimate.
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2.2. Estimation of Age-Heterogeneity

For each sediment slice, we calculated the variance between replicated calendar age estimates, 0',26,,. From

this we subtracted the mean calendar age uncertainty for samples from that slice, 0'3,@[,‘\.. The calendar age
uncertainties are calculated as the standard deviations of the empirical PDFs from the calibration procedure
and as such contain the measurement error reported by the MICADAS lab combined with the uncertainty
in the calibration, which will be larger in flatter and older parts of the calibration curve. If this variance due
to measurement uncertainty is not removed, it will bias estimates of true age-heterogeneity. As the ages
of the individuals are independent, the variance between individuals, o-l-id, can be inferred as the variance
between replicates of size ny multiplied by ny.

2 2 2
Oing =1 f (O-rep - O’meax) (]-)

The inter-individual variance contains a component from the finite sediment width 7., (here 1 cm) and
additional variation due to sediment mixing. We can estimate the variance due to the slice thickness using
Equation 2, where the 1/12 comes from the formula for the variance of a uniform distribution. After sub-
tracting the variance due to the slice thickness we attribute the remaining excess variance to bioturbation,
assuming that variation in radiocarbon age for cohorts of these mono-specific foraminifera was minimal.

2

0'2 = L 1000 - Tslice & (2)
slice I
12 s [emkyr ]
2 2 2
Opioturbation = Oind ~ Oslice (3)

To interpret this value, we use the simple bioturbation model proposed by Berger and Heath (1968) to infer
a mixing depth from 67, puion- ASSuming that the upper L centimetres of sediment are fully and instanta-
neously mixed but below this level there is no further mixing, and in which the sedimentation rate and flux
of foraminifera is assumed to be constant (Berger & Heath, 1968; Matisoff, 1982; Officer & Lynch, 1983), the
bioturbation depth required to produce this excess age-variance is given by:

N
L= M Valfiorurbarion (4)

2.3. Bias Correction

Due to the exponential relationship between age and radiocarbon activity, estimates of both mean '*C age,
and age-variance between multiple samples, are biased because younger individual particles contribute
exponentially more to the mean '*C/"*C ratio. When the underlying age distribution is exponential, and
there are infinitely many particles in the sample, there is an analytical formula for the bias in the mean
radiocarbon age (Andree, 1987), however, we are not aware of a general solution for finite sample sizes. To
address this we carried out a Monte Carlo simulation study to investigate the properties of this bias and to
obtain correction factors to adjust our measured age-heterogeneity estimates.

We simulated the process of sampling foraminifera from discrete depths by sampling replicated sets of
n; foraminifera from an exponential age distribution with a standard deviation corresponding to a given
combination of L and s. For the purpose of the simulation we ignored the difference between calendar and

age
radiocarbon age and convert the age of each foraminifera to an F**C value with the expression F*C = ¢ 8033,
For each replicate of nyforaminifera we then calculated its age and mean F'*C value. Mean F'*C values were
then back-transformed to (radiocarbon) ages, age Flag The standard deviation between mean age and mean
age 14 . values were then calculated for the replicated groups. We repeated this process for a range of un-
derlying age variances and for groups with differing number of foraminifera per F*C “measurement”. The
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Figure 2. Bias correction factors to correct for the underestimation of age-heterogeneity due to the exponential
relationship between radiocarbon activity and age.

difference between the standard deviation in age and standard deviation in dge 4 . represents the expected
bias in estimates of age-heterogeneity.

To adjust for this underestimation of age-heterogeneity we calculated correction factors by which to multi-
ply biased estimates of age-heterogeneity (Figure 2). These correction factors likely represent an upper limit
on the potential bias, as the bias depends on the shape of the underlying age distribution. If the true age-dis-
tribution differs from the assumed exponential, it is probably less skewed than an exponential and hence
would produce a smaller bias. In the results we present both adjusted and un-adjusted age-heterogeneities
and implied bioturbation depths. The simulation was written in R code and carried out with R version 3.6.2
(R Core Team, 2019). For more detail see Supporting Text S1 and Figure S1.

2.4. Modeling the Joint Effect of Bioturbation and Abundance Changes

To assess whether abundance changes in the measured foraminifera may have influenced the age-hetero-
geneity measured in these cores, we used the proxy forward model sedproxy (Dolman & Laepple, 2018) to
simulate small-n radiocarbon measurements under scenarios with constant or varying foraminiferal abun-
dance. As the input signal, we used the Marine20 calibration curve, extended back beyond 50 ka BP to 100
ka BP by adding 1 year of radiocarbon age for each calendar year and converted to units of F**C. Abundance
changes were included as sampling weights via the habitat weights. We compared abundance scenarios
of constant foraminifera abundance, an abrupt 10-fold decrease in abundance from Glacial to Holocene
at 11.5 ka BP, and a 10-fold increase at 11.5 ka BP, all with a bioturbation depth of 10 cm. Additionally we
repeated the constant abundance scenario with a bioturbation depth of 15 cm. The number of individual
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foraminifera per *C measurement, and number of replicate samples
measured at each depth, used in the simulations were all identical to
those in the real measurements. We used sedimentation rates estimated
from the real data. Each scenario was simulated 1000 times.

3. Results
3.1. Age-Heterogeneity in Core S0213-84-2

0€ = sWwelio} ‘oN

We first examine radiocarbon dates from the multicore SO213-84-2,

for which we made measurements on groups of 3, 6 and 30 individu-
al foraminifera, all picked from a single depth of multicore tube three
(21-22 cm). For samples of 30 individuals, calendar ages range from 7.31
to 9.76 ka BP, with a standard deviation (o) of 726 years, a value far
greater than the reported measurement error of about 150 years. Varia-
tion in age between samples is even greater for replicates of six foraminif-
era (range = 6.37-12.07 ka BP, oy, = 1,521 years) and three foraminifera
(range = 4.13-13.85 years BP, o, = 2,917 years). Clearly, the calibrated

9-G = swelo} ‘oN

calendar ages of these replicated samples do not agree with each other

within their reported uncertainties and this excess variation decreases
strongly with the number of foraminifera per measurement (Figure 3).
Additional measurements on replicated samples of 5-6 individuals taken
from multicore tube one at depths of 1-2 and 23-24 cm have similarly
large oy, values of 1,118 and 1,604 years.

swelo} ‘ON

The relationship between o, and the number of individuals per meas-

&

a strong indication that inter-individual age variation (oinq) is the major
component of the between sample variation and allows us to infer ogi,q

“ A L urement very closely follows an inverse relationship (Figure 4). This is
T T T T
6 9 12 15

Calendar age [ka] by scaling for the number of foraminifera per sample, after first subtract-

ing the much smaller reported measurement error (Equation 1). Inferred

Figure 3. Replicated radiocarbon dates converted to calendar ages from age-heterogeneity between individuals, ging, from core SO213-84-2 ranges
a single 1 cm thick sediment slice, taken at a depth of 21-22 cm, from from 2853 to 5027 years (Table 3). Bias correction factors for SO213-84-2

core SO213-84-2. Each individual density plot shows the probability
density function of calendar age obtained by calibrating a radiocarbon age
measured on a sample consisting of 3, 5-6 or 30 individual foraminifera

estimated by simulation vary between 1.36 and 1.51, depending on the
number of foraminifera per sample. Adjusting for the bias, the range of

2 : .
(**C age + —1 SD) with the Marine20 calibration curve (Heaton Tind,q; INCTEASES tO 3881-6898 years. Also shown in Table 3 is the much
et al., 2020). No local adjustment was made to the global marine reservoir smaller age-heterogeneity of approximately 100 years expected due to the

effect contained in Marine20 and we assume no uncertainty in AR.

1 cm thickness of the slice and the 2.9 cm kyr™" sedimentation rate. After
subtracting this, and assuming a simple sediment mixing model (Berger
& Heath, 1968), the excess age-heterogeneity implies a mixing depth of
11.3-20.0 cm (8.3-14.6 before bias adjustment) (Equations 1-4, Table 3). Age-heterogeneity is somewhat
lower for the samples from 1-2 cm deep, which would be in the active mixing layer, than for the other deeper
samples.

3.2. Age-Heterogeneity Across Multiple Cores

To test the generality of this result we performed similar replicated small-n radiocarbon measurements at
four additional sites with sediment accumulation rates of approximately 2, 16 (2 sites), and 29 cm kyr™". We
again adjust the measured age-heterogeneity for bias assuming an exponential age distribution and present
both adjusted and un-adjusted age-heterogeneities and bioturbation depths for comparison. To examine the
relationship between age-heterogeneity and sedimentation rate across cores, we additionally present the
inter-individual age-heterogeneities and implied bioturbation depths for two cores from the Atlantic: core
T86-10P published in Lougheed et al. (2018), and core MD08-3178 published in Fagault et al. (2019).
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Table 3

Measured Standard Deviation Between Replicated '*C Measurements on Small-n Samples of Foraminifera, Inferred Age-Heterogeneity Between Individual

SD age between samples
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Figure 4. Standard deviation in age between radiocarbon dated samples from core SO213-84-2 as a function of the
number of foraminifera they contain. The dashed red lines show extrapolation back to samples of single individual
foraminifera assuming the theoretical proportional relationship between standard deviation and the square root of

sample size. The samples came from two different multicore tubes of the same deployment.

Estimated age-heterogeneity is again much higher than the measurement error in most cases, with be-
tween replicate standard deviations of 281, 594 and 3,130 years, compared to measurement errors of 165,
108, and 301 years (Table 3). The one exception is core GeoB 10066-7 for which o, is only 181 years
(+—40 SE) compared to a measurement error of 194 years. While this could imply no mixing at all

(L =0 cm), because this core has a relatively high sedimentation rate of 29 cm kyr™

1

, and because the val-

ue of oy, is itself an estimate with its own uncertainty, it is also consistent with mixing of several centi-

Foraminifera and the Implied Bioturbation Depth

Core Depth [cm] ny Nirep Grep SE"n'n Oimeas Oind Bias indagy Oice s L Lag;
GeoB 10054-4 68.0 10 10 281 54 165 721 1.07 771 17 16.6 11.9 12.8
GeoB 10058-1 11.5 5-6 20 108 1.10 17 16.6

GeoB 10058-1 29.5 5-6 20 594 95 121 1,300 1.10 1,429 17 16.6 21.5 23.7
GeoB 10066-7 53.0 10 10 181 42 194 556 1.05 585 10 29.1 6.2 7.0
OR1-1218-C2-BC 36.5 5 10 3,130 744 301 6,966 1.66 11,563 178 1.6 11.3 18.7
SO213-84-2 1.5 5-6 10 1,188 280 179 2,853 1.36 3,881 99 2.9 8.3 11.3
S0O213-84-2 23.5 5-6 10 1,604 381 177 3,905 1.36 5,311 99 2.9 11.3 15.4
S0213-84-2 21.5 3 12 2,917 625 287 5,027 1.37 6,898 99 2.9 14.6 20.0
S0213-84-2 21.5 5-6 10 1,521 360 186 3,682 1.36 5,009 99 2.9 10.7 14.5
S0O213-84-2 21.5 30 8 726 192 161 3,879 1.51 5,844 99 2.9 11.3 17.0

Note. nyis the number of individual formaminifera per radiocarbon measurement, n., is the number of replicate radiocarbon measurements made on samples

of nyindividuals, oy, is the standard deviation between replicated radiocarbon measurements made from samples from the same sediment slice, SEUrep
standard error of the estimate of Orep, Omeas is the reported measurement error, oj,q is the inferred standard deviation in age between individuals.

is the

“For GeoB 10066-7, the reported measurement error cmeas was larger than the standard deviation between replicated measurement orep. To get an upper
bound on the possible bioturbation depth we subtracted the error due to binomial counting statistics (see methods).
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Table 4

SD individual age [years]
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Figure 5. Inferred standard deviation in age between individuals Tinq,,; plotted against sediment accumulation rate s.
Error bars indicate one standard error of the standard deviation and sedimentation rate estimates. The dashed isolines
indicate bioturbation depths L consistent with a given sedimentation rate and oi,q. The gray arrows indicate oy,q prior to
correcting for the bias due to the exponential relationship between age and radiocarbon content. The bias adjustment is
much larger for cores with low sedimentation rates and high estimates of o,g.

metres. For example, assuming a 15 cm bioturbation depth and given the 10 foraminifera per sample, the
expected o, would be just 164 years. To provide an upper estimate on the inter-individual age-variance
and bioturbation depth for this core, we subtract only the error due to the binomial counting statistics
for 'C/"C (45 years), essentially assigning all additional error to age-heterogeneity. Additionally, several
samples taken from GeoB 10058-1 at 11.5 cm deep could not be calibrated with Marine20 as they were
younger than the minimum 603 radiocarbon years that can be calibrated with Marine20, including some

Sediment Accumulation Rate s (cm kyr™') and Estimated Bioturbation
Depth L (cm) at 4 Sites Measured in This Study, Plus Two Previously
Published by Lougheed et al. (2018) Core T86-10p, and Fagault

et al. (2019) Core MD08-3178

Core/Site s SEg IL, Lag
GeoB 10054-4/58-1 16.6 1.9 15.9 17.3
GeoB 10066-7 29.1 2.3 16.2 17.0
OR1-1218-C2-BC 1.6 0.2 11.3 18.7
SO213-84-2 2.9 0.6 11.2 15.6
MDO08-3178 12.0 16.5 16.5
T86-10P 2% 10.8 10.8

Note. Estimates for T86-10P and MD08-3178 are based on uncalibrated
radiocarbon dates. For MDO08-3178, some excess age-heterogeneity
may be explained by the sensitive blank correction for these very small
samples masses. SEs is the standard error of the estimate of s, Ladj is the
inferred bioturbation depth adjusted for the bias due to the exponential
relationship between age and radiocarbon content. For GeoB 10066-7 L
and Ladj represent upper bounds as we used the error due to binomial

counting statistics in place of omeas (see methods).

with negative radiocarbon dates indicating the presence of modern ma-
terial down to at least 11-12 cm.

Across all analyzed cores we found a strong negative relationship between
sedimentation rate s and inter-individual age-heterogeneity, a clear in-
dication that sediment mixing influences age-heterogeneity. Due to this
negative relationship, the implied bioturbation depths for all sets of repli-
cated samples fall within a relatively narrow range of 11.3-23.7 cm (Fig-
ure 5, Table 3). At the site level, after combining estimates for the same
core taken from different depth layers, and combining GeoB 10054-4 and
GeoB 10058-1 which come from two sites less than 3 km apart, implied
bioturbation depths for the individual sites range from 15.6-18.7 cm
(Table 4). For cores T86-10P and MDO08-3178 Lougheed et al. (2018) and
Fagault et al. (2019) report age-heterogeneities consistent with mixing
depths of 10.8 and 19.2 cm, respectively.

The relationship between s and oi,q is only slightly altered by the bias
adjustment, which is small compared to other sources of variation in
age-heterogeneity. Adjustment is largest for core OR1-1218-C2-BC, for
which the simulation study indicated a factor of 1.66, and which has the
lowest sedimentation rate and highest estimates of individual age-heter-
ogeneity. The adjustment shifts the implied bioturbation depth from 11.3
to 18.7 cm.
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4. Discussion

We found variation in radiocarbon ages between replicated small-n samples of foraminifera that far exceed-
ed the reported machine uncertainty at three of the four sites we examined. Between-replicate age-variation
was only within the machine uncertainty for core GeoB 10066-7, which has a comparatively high sedimen-
tation rate of 29 cm kyr ™. Age-heterogeneity also far exceeds measurement error for previously published
data from two additional cores (Fagault et al., 2019; Lougheed et al., 2018). This excess age-variation can be
interpreted as within-sediment-layer heterogeneity caused by bioturbation. Assuming the classical Berger
and Heath (1968) mixing model, the implied mixing at the six sites is 11-19 cm. This is somewhat higher
than the 10 cm often assumed as a typical value in literature (Boudreau, 1998) and considerably higher than
the bioturbation assumed in the interpretation of most paleoclimate records.

Changes over time in the abundance of the measured foraminifer could potentially be increasing the
age-heterogeneity in these cores and therefore inflating our estimates of bioturbation depth, as they rely
on assuming a constant flux of foraminifera to the sediment. However, for SO213-84-2 we have down-core
counts at six depths between 2 and 22 cm. G. bulloides was the dominant taxon at all depths, with between
40% and 48% of the total foraminifer composition. While we did not fully quantify down-core foraminiferal
abundance for cores GeoB 10054-4/58-1 and GeoB 10066-7, many T. sacculifer tests (more than 100 per
depth horizon) were picked for additional down-core 6'®0 analyses not included here, without a noticeable
change in the effort required. For OR1-1218-C2-BC, more than 200 T. sacculifer are present in each 1.8 cm®
down-core sample of sediment. These high densities of foraminifera, without large changes in sediment
accumulation rate, preclude very large changes in absolute abundance.

Additionally, our forward modeling simulations indicated that only those measurements from core SO213-
84-2 would be susceptible to a glacial to Holocene change in abundance of the measured foraminifer (Fig-
ure 6). Other cores were unaffected either because the samples were too deep to be affected (OR1-1218-C2-
BC), or too shallow given the sedimentation rate. While, we cannot exclude all possible abundance change
scenarios that might have inflated our bioturbation depth estimates, a very particular pattern of abundance
change would be required to account for all the sites and depths at which we found high mixing depths. A
scenario with constant abundance and a bioturbation depth of 15 cm produced simulated age-heterogenei-
ty that was consistent with all the measured data (Figure 6d).

In principle, A'C variations across the water column also cause some apparent age-heterogeneity due to
differences in the calcification depth of the individual foraminifera. However, even assuming a strong A"*C
gradient (0.2 permille change per meter) and a highly variable calcification depth (uniform probability of
calcifying between 0 and 100 m), the resulting heterogeneity (o = 50 years) is small compared to the age-het-
erogeneity found in this study. Over most of the ocean the A'*C gradient is weaker than this (Key, 2001), and
individual foraminifera may incorporate carbon over a range of depths during their calcification.

The dissolution and fragmentation of foraminiferal tests while they are in the mixed layer can lead to a bias
in the ages of surviving tests, as those that reside in the mixed layer longer are more likely to fragment and
be lost from the sampled population. The size of this effect varies between taxa according to their suscepti-
bility to dissolution, leading to age-offsets between different species, “the Barker effect” (Barker et al., 2007;
Broecker & Clark, 2011). As we analyzed species that are prone to dissolution (Berger, 1968) it is possible
that this effect could have biased the mean ages of our samples. However, while this effect would inflate
age-heterogeneity for samples of different species, it would have the opposite effect for samples of the same
species as used here. Any effect on age-heterogeneity estimates in this study should small due to the loca-
tion of the cores above the lysocline.

Age-heterogeneity of this magnitude, regardless of the mechanism, has important implications for proxy re-
cords recovered from these cores. The climate signal is strongly smoothed by the mixing together of time pe-
riods, reducing the inferred amplitude of climate variations (e.g., Anderson, 2001; Schiffelbein, 1985), but,
if the proxy measurements are made on small numbers of foraminifera, records can also become noisier as
the signal from different climate states is mixed together (Boyle, 1984). In extreme cases measurements can
include both glacial and interglacial material. This noise is especially problematic when the variance itself
is of interest, for example in individual foraminiferal analyses (Groeneveld et al., 2019; Koutavas & Joan-
ides, 2012; Thirumalai et al., 2013, 2019; Wit et al., 2013). Estimates of age-heterogeneity from replicated
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Figure 6. A comparison of measured age-heterogeneity and age-heterogeneity from simulations with abundance changes in the foraminifer. Each sub-figure
a-d, shows that same measured data as for Figure 5. The shaded areas behind the measured data points indicate the results from 1,000 replications of a forward
model simulation. Panels a, b, and ¢ show the results for simulations with a bioturbation depth of 10 cm; (a) constant abundance, (b) an abrupt 10-fold decline
in abundance between the glacial and Holocene at 11.5 ka BP; (c) an abrupt 10-fold increase in abundance between the glacial and Holocene at 11.5 ka BP.
Panel d shows results for a constant abundance scenario with a 15 cm bioturbation depth.

small-n radiocarbon dates can be used to parametrize proxy forward models to quantitatively assess this
smoothing and noise generation (Bard et al., 1987; Dolman & Laepple, 2018; Lougheed, 2020).

A further implication is that radiocarbon dates used for age-depth modeling may require much larger un-
certainties than the reported machine errors that are typically used. Although they may correctly quantify
the uncertainty in the age of the sample, they ignore the uncertainty in how representative the sample may
be of the mean age of material at the depth from which it was recovered (Heegaard et al., 2005). The size of
this effect will depend on the bioturbation depth, the sedimentation rate and the sample size. We can see
this effect for the low sedimentation rate multicore SO213-84-2, for which a series of down-core radiocarbon
dates were made in each of three sub-cores. These replicated age-depth series show very little overlap with-
in their reported age-uncertainties (Figure 7a), despite having been measured on samples of approximately
350 foraminifera each. However, adding the expected uncertainty due to age-heterogeneity brings the three
down-core age-depth series into much closer agreement (Figure 7b). Radiocarbon dating small-n samples,
either because the sediment material contains only few foraminifera or to save picking and processing time,
risks further inflating this additional error. To guide the choice of sample size, we have created lookup
figures, based on Equation 5, for mixing depths of 5, 10, 15 and 20 cm (Figures 8 and S2) - extending the
figure of Andree (1987) into the range of modern small-n samples. These can be used to get a rapid idea

DOLMAN ET AL.

11 of 16



Y Yed N | .
I Paleoceanography and Paleoclimatology 10.1029/2020PA004142

ADVANCING EARTH
AND SPACE SCIENCE

a
— MUC1 — MUC2 — MUC3

5-
510-
S
o
© 15-
al

20 -

6 7 8 9

b

5-
§ 104
<
o
© 15-
ol

20 -

6 7 8 9
Radiocarbon age [ka]

Figure 7. Replicated down-core radiocarbon age estimates for SO213-84-
2. Each down-core record corresponds to a separate multicore tube or half
tube from the same deployment. Age-uncertainties in subplot (a) indicate
Omeass Whereas those in (b) include the inferred o, between individuals,
scaled for samples of 350 individuals. Thick lines indicate 1o intervals, thin
lines are 2o intervals.

of the number of individual foraminifera per sample required to reduce
the additional age-uncertainty below a desired level, or inversely, given a
radiocarbon date we can estimate the additional hidden uncertainty from
age-heterogeneity from the sedimentation rate and an estimate of the
number of individuals in the sample.

2
1000L
ny = [—] (5)
! S Oprep

4.1. The Physical Mixing Process and Outliers

The concept of a bioturbation depth is an obvious simplification; howev-
er, as the age-heterogeneity is related to the sedimentation rate regardless
of the precise mixing process (Matisoff, 1982), the specific mixing model
assumed is not particularly important for the main conclusions here. We
can still however question the extent to which our measured radiocarbon
dates are consistent with the Berger and Heath (1968) mixing model. In
contrast to Lougheed et al. (2018), who estimated that around 10% of
their foraminifera had ages inconsistent with a simple mixing model, we
found very few extreme outlying dates which might be evidence of unu-
sually deep mixing events like Zoophycos burrows (Kiissner et al., 2018;
Lowemark & Grootes, 2004; Lowemark & Werner, 2001). However, as we
dated samples containing multiple foraminifera, individuals with aber-
rant ages may be hidden, as every distribution will converge toward a
Gaussian distribution as the number of individuals increases (Figure S3).
Therefore it is unclear the extent to which additional disturbance by Zo-
ophycos, or other deep mixing mechanisms, contribute to the age-hetero-
geneity we measure. The single clear outlier we did obtain was measured
on just three individuals, and was too young by about 5000 years in a core
with sedimentation rate of 2.9 cm kyr™" (core SO213-84-2). This implies
a relative displacement of approximately 43.5 cm for one of the three
foraminifera, which would be consistent with the known size of Zooph-
ycos burrows (Wetzel & Werner, 1980). Additional displaced individuals
hidden inside multi-individual measurements would mean that we have
overestimated the depth of the well mixed layer.

The specific form of mixing and its resulting probability distribution of
ages does have implications for the bias generated by the exponential
relationship between age and the '*C/"C ratio. We calculated biases for
the highly skewed exponential distribution resulting from the Berger and
Heath (1968) mixing model; less skewed distributions, resulting for ex-
ample from incomplete mixing or a smooth transition between the mixed
layer and the unmixed sediment, will generate a smaller bias. Therefore
our bias correction which assumes an exponential distribution may be
too strong and probably represents an upper limit. This bias could po-

tentially be eliminated by dating individual foraminifera (e.g., Fagault et al., 2019; Lougheed et al., 2018),
which would also remove the issue of hidden outliers.

4.2. Practical Considerations When Applying This Method

‘We have demonstrated the use of small-n radiocarbon measurements to estimate site and core-depth specif-
ic age-heterogeneity and infer bioturbational mixing depths. This knowledge is especially important when
a high-resolution analysis or the analysis of individual foraminifera (IFA) is planned, and it is our hope that
bioturbation estimates will become routine in these applications. However, there are some practical consid-
erations when applying this method.
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Figure 8. A reference chart to obtain estimates of the additional age-uncertainty o, for a sample measured on a

given number of foraminifera, from the sedimentation rate of the core s, and assuming a bioturbation depth L of

10 cm. Or alternatively, an estimate of the number of foraminifera per sample needed to reduce o,, below a given

level. For example, for a core with s = 5 cm kyr™’, to get the additional age-uncertainty below 200 years you need at
least 100 foraminifera; if s were 20 cm kyr ™" you would need only 6-7 foraminifera. The g, values of the isolines are
proportional to L, so if a larger, 20 cm, bioturbation depth is suspected, double the isoline values. Note however, altering
the mass of material processed and measured may also influence the reported instrument error - and the characteristic
sizes of different foraminiferal taxa will impose their own constraints on the number of specimens required.

First, the estimation only works if the age-heterogeneity is larger than the measurement error. For the data
presented here, measurement error ranged from about 80 to 400 years. At sedimentation rates below about
2 cm kyr™, age-heterogeneity from bioturbation will far exceed this measurement error, even for relatively
small bioturbation depths. However, as s rises, the expected age-heterogeneity between individuals (Fig-
ure 5, dashed lines), or samples (Figure 8, contour lines), falls rapidly. Furthermore, for many foraminifera
taxa, single specimens cannot be dated, even with MICADAS, and so the approach of dating small-n sam-
ples has to be used - reducing the signal of age-heterogeneity by a factor of n;.

Second, the uncertainty, or standard error (SE), of a standard deviation depends on the number of samples
measured (Equation 6), hence a sufficient number of small-n samples needs to be measured in order to get
areliable estimate of 0y,4, and in turn to estimate L with a given precision. For example, with approximately
nine samples, the proportional uncertainty (or coefficient of variation) of the standard deviation is approx-
imately 1/4 (Figure 9), therefore with true bioturbation depths of 10 or 2 cm we would expect estimates of
10 + —2.5 cm or 2 + —0.5 cm respectively.

SE _ Oind
Oind }2(’1‘ _ 1) (6)

Finally, while the estimates of age-heterogeneity themselves remain valid, fluctuations in the abundance
of the foraminifera or other signal carriers can increase or decrease age-heterogeneity such that inferred
bioturbation depths are over- or under-estimated. These effects can be modeled with a number of existing
tools (Dolman & Laepple, 2018; Lougheed, 2020; Trauth, 2013). The wider use of proxy forward modeling
will also make clear the kind of paleoclimate questions that can and cannot be addressed using low sedi-
mentation rate cores.
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5. Conclusions

An awareness of bioturbation and its potential influence on sedimentary proxy records due to the age-het-
erogeneity it causes is not new (e.g., Andree, 1987; Goreau, 1980; Keigwin & Guilderson, 2009; Schiffelbe-
in, 1985; Steiner et al., 2016); however, it has only recently become possible to directly measure the age-het-
erogeneity in sediment slices of the medium that is radiocarbon dated, e.g., foraminifera. We measured
age-heterogeneities that imply much deeper mixing than is typically assumed in the paleo-climate litera-
ture. At the same time, we found that between core variation in age-heterogeneity could largely be explained
by sedimentation rates, which implies a relatively consistent mixed layer depth. It is conceivable that the
“paleo” bioturbation depth is larger and less variable than measurements of contemporary bioturbation
depths would imply (e.g., Solan et al., 2019), as integrated over time, a long period of shallow mixing would
be obliterated by a subsequent period of deep mixing; where “long” is relative to the sedimentation rate.
The availability of small-n radiocarbon dating will allow us to assess how consistent bioturbation depths
really are, in addition to obtaining independent estimates of age-heterogeneity to aid our interpretation of
proxy climate records.

Data Availability Statement

Radiocarbon data have been archived in Pangaea (10.1594/PANGAEA.926072., Dolman et al., 2021). The R
code to reproduce the analyses is archived at Zenodo (10.5281/zenodo.4915811., Dolman, 2021).
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