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Abstract The carbon isotope composition (δ13C) of seawater provides valuable insight on ocean
circulation, air-sea exchange, the biological pump, and the global carbon cycle and is reflected by the δ13C
of foraminifera tests. Here more than 1700 δ13C observations of the benthic foraminifera genus Cibicides
from late Holocene sediments (δ13CCibnat) are compiled and compared with newly updated estimates of
the natural (preindustrial) water column δ13C of dissolved inorganic carbon (δ13CDICnat) as part of the
international Ocean Circulation and Carbon Cycling (OC3) project. Using selection criteria based on the
spatial distance between samples, we find high correlation between δ13CCibnat and δ13CDICnat, confirming
earlier work. Regression analyses indicate significant carbonate ion (�2.6 ± 0.4) × 10�3‰/(μmol kg�1)
[CO3

2�] and pressure (�4.9 ± 1.7) × 10�5‰ m�1 (depth) effects, which we use to propose a new global
calibration for predicting δ13CDICnat from δ13CCibnat. This calibration is shown to remove some systematic
regional biases and decrease errors compared with the one-to-one relationship (δ13CDICnat = δ13CCibnat).
However, these effects and the error reductions are relatively small, which suggests that most conclusions
from previous studies using a one-to-one relationship remain robust. The remaining standard error of the
regression is generally σ ≅ 0.25‰, with larger values found in the southeast Atlantic and Antarctic (σ ≅ 0.4‰)
and for species other than Cibicides wuellerstorfi. Discussion of species effects and possible sources of the
remaining errors may aid future attempts to improve the use of the benthic δ13C record.

1. Introduction

The stable carbon isotope composition (δ13C) measured in calcium carbonate shells (tests) of benthic forami-
nifera, particularly those of the genus Cibicides (δ13CCib), is one of the most widely used paleoceanographic
tracers. Here we consider all benthic foraminifer species generally assumed to live epifaunally, e.g., of the
genera Cibicides and Cibicidoides, a species of the genus Cibicides, for simplicity, because their classification
is debated and has not reached consensus yet [e.g., Schweizer et al., 2009]. δ13CCib has been interpreted as
evidence for changes in terrestrial carbon storage over glacial-interglacial time scales [Peterson et al., 2014;
Shackleton, 1977], changes in the efficiency of the biological pump [Broecker, 1982], and modulations of deep
ocean nutrients and circulation [Curry and Oppo, 2005; Duplessy et al., 1988; Gebbie, 2014; Marchal and Curry,
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2008]. All of those interpretations assume that δ13CCib reflects the δ
13C of dissolved inorganic carbon (δ13CDIC)

of bottomwaters in a roughly one-to-one relationship as indicated by the pioneering, global-scale calibration
of Duplessy et al. [1984, D84 thereafter]. This one-to-one relationship may be fortuitous since many other
benthic foraminifer species show significant offsets with respect to bottom water δ13CDIC [Corliss, 1985;
Fontanier et al., 2006; Ishimura et al., 2012; McCorkle et al., 1990; Rathburn et al., 1996]. The epibenthic (i.e.,
on or within the top ~1 cm of the sediment) habitat of Cibicides is advantageous compared to infaunal
(abundance peak below the sediment surface) species because pore water conditions within the sediment
differ from those of the bottom water due to organic matter respiration and mineral reactions [Jorissen
et al., 1995; McCorkle et al., 1985; Tachikawa and Elderfield, 2002].

Despite the generally epibenthic habitat of Cibicides, different species within the genus are not all equiva-
lent. Unfortunately, in the sediment one species appears when another vanishes, and hence, paired
measurements and studies on the isotopic offsets between species are scarce. Cibicides wuellerstorfi
(C. wuellerstorfi), also classified as Cibicidoides wuellerstorfi, Planulina wuellerstorfi, Anomalina wuellerstorfi,
Trancatulina wuellerstorfi, and Fontbotia wuellerstorfi, is mostly reported as a one-to-one δ13CDIC recorder
[Belanger et al., 1981; Zahn et al., 1986]. Cibicides kullenbergi (C. kullenbergi or mundulus) may yield lower
δ13C values than those of C. wuellerstorfi [Gottschalk et al., 2016; Hodell et al., 2001; Martínez-Méndez et al.,
2013], perhaps due to an occasional infaunal habitat of C. kullenbergi. Also for Cibicides pachyderma
(C. pachyderma), δ13C values lower than those of bottom water or of C. wuellerstorfi or Planulina ariminensis
(P. ariminensis) have been reported suggesting that it may also live infaunally [Fontanier et al., 2006; Lynch-
Stieglitz et al., 2014; Mackensen and Licari, 2004; Schmiedl et al., 2004]. The δ13C signature of P. ariminensis,
which lives attached to elevated surfaces [Lutze and Thiel, 1989], has been reported as equivalent to that
of C. wuellerstorfi [Zahn et al., 1987]. Mackensen and Licari [2004] and Murray [2006] indicate lower δ13C
values for the genetically closely related species Cibicides lobatulus (C. lobatulus)[Schweizer et al., 2009] than
for C. wuellerstorfi, while Weinelt et al. [2001] report equivalent values for these two species. As a result,
C. wuellerstorfi is the preferred species for paleoceanographic studies, but since it is not always present in
the sediment, a vast number of data are often combined and reported as C. spp, perhaps given the difficulty
of an unambiguous identification and/or low abundances of available (known) species. In any compilation of
δ13CCib, interspecies differences are likely to contribute variability to the results. Here we attempt to update
the general use of δ13CCib as a paleoceanographic tracer, with an initial effort directed toward analysis of
interspecies differences.

For their calibration D84 used δ13CDIC measurements from the Geochemical Ocean Sections Study
(GEOSECS) cruise data sets collected during the 1970s [Kroopnick, 1985], which were much sparser and
may have been less precise than measurements from more recent expeditions [Schmittner et al., 2013].
D84 assembled 64 δ13CCib data, but they did not report the criteria used to match the water column
to the sediment data nor did they account for the effects of anthropogenic carbon. Moreover, the num-
ber of both sediment [Peterson et al., 2014] and water column [Schmittner et al., 2013] data has increased
dramatically during the last 30 years, prompting a recalibration of the proxy, which is the primary focus
of this paper. We attempt to improve the calibration compared to D84 not only by including more data
but also by explicitly stating the selection criteria used to match the water column to the sediment data,
by examining the sensitivity of the results to those choices, and by considering the effects of
anthropogenic carbon.

Other important goals are the quantification of deviations in the δ13CDIC-δ
13CCib relationship, and the evalua-

tion of any contribution to these deviations from secondary effects of carbonate ion concentration [CO3
2�],

temperature, and pressure. Laboratory culture studies of planktic foraminifera show that shell calcite δ13C
values decrease by 0.006 to 0.015‰/(μmol kg�1) increase of the sea water [CO3

2�] concentration at constant
δ13CDIC [Spero et al., 1997]. Although such studies have not yet been conducted on benthic foraminifera
because they are difficult to grow in the laboratory [Wollenburg et al., 2015], observations of modern indivi-
dual foraminifera suggest that benthics are also affected [Ishimura et al., 2012], which could significantly
impact reconstructions of past δ13CDIC. Recent theoretical work using diffusion-reaction modeling of carbon
isotopes in single foraminifera not only confirms the postulated carbonate ion effect but also indicates
significant temperature and pressure effects on isotopic fractionation between surrounding bottom waters
and benthic foraminiferal shells [Hesse et al., 2014].
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In addition,Mackensen et al. [2001, 1993] suggest that δ13CCib may underestimate bottomwater δ13CDIC if the
foraminifera live on sediments that receive pulses of phytodetritus, the decomposition of which would lower
the calcifying microenvironment δ13CDIC with respect to that of the overlaying bottom water. This is of parti-
cular concern in the Southern Ocean, where large spatial gradients in glacial δ13CCib have been observed
[Hodell et al., 2003; Lund et al., 2015; Waelbroeck et al., 2011].

We present the initial core top calibration of OC3, an international working group of the Past Global Changes
(PAGES) program, which has the broader goal of compiling benthic carbon isotope data and estimating their
uncertainties in order to reconstruct past changes in ocean circulation and carbon cycling (http://www.past-
globalchanges.org/index.php/ini/wg/oc3/intro). We expect that the database and calibration will be updated
in the future. Sediment and water column data are available at the National Oceanographic and Atmospheric
Administration’s National Centers for Environmental Information (Paleoclimate; https://www.ncdc.noaa.gov/
paleo-search/study/21750).

2. Methods

The locations of our updated compilations of water column and surface sediment data are shown in Figure 1.

2.1. Water Column Data

Our new compilation is based on 18,587 measurements including WOCE and CLIVAR (Climate and
Ocean: Variability, Predictability and Change) cruises from years 1990 to 2005 [Schmittner et al., 2013; S13
thereafter]. One duplicate cruise (58AA20010527_ATL) was removed from the original S13 data set (see
Acknowledgements). To this data set, we added 1486 data from the PACIFICA database (http://cdiac3.ornl.
gov/waves/discrete/ accessed 28 November 2013) of two North Pacific cruises (cruisenumbers/expocodes:
318 M200406/318 M20040615, 49MR01K04_1/49NZ20010723) from 2001 and 2004. We also included 2248

Figure 1. Map of water column δ13CDIC (open light grey circles) and core top benthic foraminifera δ13Ccib (filled circles) data distributions. Arrows over North
America and Africa are scale distances Δd of 1000 km, which we use as a selection criterion to compare the two data sets. The sediment data set includes a total
of 1763 data points from the epibenthic foraminifera genus Cibicides, derived from merging 17 data sets (see Table 1 and text for details).
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data from the earlier GEOSECS campaign (extracted from Ocean Data View on 21 September 2007)
[Kroopnick, 1985], 639 observations from two recent GEOTRACES cruises, GI04 (205 data from the Indian
Ocean from year 2009) and GA03 (434 measurements from the North Atlantic from years 2010–2011)
[Quay and Wu, 2015], 3339 data from the Atlantic and Indian Ocean sectors of the Southern Ocean from
1989 to 2003 [Mackensen, 2012; M12 thereafter], 274 data from Arctic bottom waters from years 1990 to
2008 [Mackensen, 2013; M13 thereafter], and 68 data from the southeastern margin of the Pacific
[Martínez-Méndez et al., 2013]. The following 110 new (unpublished) measurements by Gema Martínez-
Méndez were added as well: 60 data from the tropical West Pacific (Papua New Guinea: 14, Mindanao: 46),
9 data from the southeast Pacific, 24 data from the subtropical northeast Atlantic, and 17 from the
subtropical South Atlantic. From the original M12 and M13 data sets 133 and 2 data were removed,
respectively, because they included negative outliers, which were determined subjectively by inspecting
individual and multiple neighboring vertical profiles. Such outliers, which have been reported since the
early measurements of Kroopnick [1985], may be caused by contamination of the water samples. From
the original M13 data set we have also removed five data from the ODEN cruise and four data from the
GEOSECS cruises because they are already included. In total the updated data set consists of 26,750
individual observations, with broad spatial coverage, although large gaps remain in some regions such as
the eastern equatorial Atlantic, the South China Sea, and adjacent parts of the western tropical Pacific, and
the Indian and western Pacific sectors of the Southern Ocean (Figure 1). The S13 data set also includes dis-
solved inorganic carbon (DIC) and alkalinity (ALK) observations, from which carbonate ion concentrations

Figure 2. Maps of (a) water depth, (b) observed carbonate ion concentration, (c) modeled anthropogenic δ13C correction (Δδ13Cant), and (d) observed temperature.
Criteria of Δd = 1000 km, Δz = z/5 were used to map water column observations and model results.
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were approximated using the relationship [CO3
2�] ≅ ALK-DIC [Zeebe and Wolf-Gladrow, 2001], as well as

measurements of temperature (Figure 2d) and other variables. In case in situ [CO3
2�] or temperature was

not available we filled in climatological values from the Global Data Analysis Project [Key et al., 2004] and
World Ocean Atlas 2005 [Locarnini et al., 2006].

Note that although not very well documented, δ13CDIC likely varies on seasonal to multicentennial and longer
timescales. Therefore, the water column δ13CDIC data represent mostly snapshots in time of a temporally and
spatially varying field. Generally, we can expect the temporal variations to be larger near the surface than
in the deep ocean. Temporal variability of δ13CDIC will therefore be a possible reason for offsets with the
sediment data.

2.2. Surface Sediment Data

For our new compilation of foraminiferal measurements two types of data are included (Table 1 and Figure 1).

1. Sediment core top measurements of fossil foraminifera shells represent a long-term average covering the
Late Holocene (LH; approximately the last 6000 years). The 1083 data from 15 data sets have been
assembled. Efforts to remove duplicates with already existing data were undertaken by manually sorting
with respect to depth and subsequent visual inspection of nearby entries with identical or similar latitude,
longitude, and core name. Duplicates are excluded in the counts in Table 1. Many data sets do not provide
species information for individual data. For instance, P14 included records which the original authors
described as “Cibs equivalent,” or “in equilibriumwith δ13CDIC,” but records listed as “mixed benthics”were
not included. Species information is currently available for a subset of 642 data, of which 550 are
C. wuellerstorfi, 37 are C. kullenbergi, 12 are C. lobatulus, 34 are C. pachyderma, and 9 are C. floridanus.

Table 1. Data Sets Useda

N Time Species References and Comments Contributor

Late Holocene Fossil Data
P14 289 0–6 ka C. spp* Global compilation from Peterson et al. [2014] C. Peterson
Mix 45 uH C. wue Unpublished global compilation A. C. Mix
D84 34 uH C. spp*, C. wue Duplessy et al. [1984] global data with duplicates with P14 removed
C6k 141 0–6 ka Cibs. Global O. Cartapanis
C10 244 uH Cibs. Global, top 10 cm, δ18O checked O. Cartapanis
Bos 100 0–7 ka C. wue, C. spp Southwest Pacific compilation partly described in Cortese and Prebble

[2015] and Prebble et al. [2013] including unpublished data
H. Bostock

Opp 14 0–5 ka C. wue, C. pac Unpublished data from the Demerara Rise around 8°N in the
western Atlantic

D. Oppo

Her 26 uH P. wue Pacific (Baja California, equatorial Pacific Nazca Ridge) data set partly
described in Herguera et al. [2010]

J. C. Herguera

Lun 21 0.9–6.4 ka C. wue, C. flo Brazil Margin compilation from Lund et al., 2015 and unpublished data
from the Florida Straits

D. Lund

Mar 20 uH C. wue, C. spp Published data from the South and northwest Atlantic, and six new
measurements from the equatorial West Pacific

G. Marnínez-Méndez

Lyn 26 0–6 ka uH P. wue, C. pac, C. spp, P. ari Unpublished data from the tropical Pacific and Florida Straits J. Lynch-Stieglitz
WM 79 0–4 ka 0–2 ka C. wue, C. spp, C. kul,

C. pac, C. bra, C. psu
Global compilation of published and unpublished data C. Waelbroeck and E. Michel

Sik 8 0–6 ka C. wue, C. spp Unpublished data from the southwest Pacific E. Sikes
Hoo 9 0–5 ka C. wue, C. lob Mostly North Atlantic data including those described in Hoogakker

et al. [2011] and one datapoint from the equatorial Pacific
B. Hoogakker

Rep 27 uH C. wue Data from cruise MSM58 along the Mid Atlantic Ridge 42.47°N
to 31.37°N

J. Repschläger

Modern (Mostly Living) Foraminifera
M12 377 0 ka C. spp* Southern Ocean data from Mackensen [2012] A. Mackensen
M13 303 0 ka C. spp* Arctic data from Mackensen [2013] A. Mackensen
All 1763

aThe left row indicates the abbreviated name used throughout the paper. N denotes the number of data. Time constraints include “upper Holocene” (uH), which
was determined from δ18O and the upper 10 cm of sediment (C10), which was also checked for δ18O. Species information is available for some data sets. However,
for those indicated as C. spp* species information is not available for individual data but the general information is available in the text. Cibs. Refers to various
Cibicides species with detailed information available in the data spreadsheet. Species abbreviations are C. wuellerstorfi (C. wue), C. kullenbergi (C. kul), C. pachyderma
(C. pac), C. lobatulus (C. lob), P. ariminensis (P. ari), C. floridanus (C. flo).
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Despite this limited amount of information, we provide an initial analysis of species dependence. Size
information is not always available either.

2. Measurements on modern, mostly living foraminifera, represent contemporary conditions but are limited
to high latitudes. Southern Ocean measurements cover years 1983 to 2001 (M12), and Arctic observa-
tions are from 1987 to 2012 (M13). Each data point represents typically three shells, which is similar to
downcore data, although the LH data may represent a larger number of shells since many of them were
averaged over the last ~6 ka. M12 and M13 data sets are exclusively based on surface sediment samples
taken by large box or multiple corer. M12 and M13 used preferentially C. wuellerstorfi, and, where not
available, Cibicides refulgens and C. lobatulus. In M12 also C. pachyderma, C. kullenbergi, and P. ariminensis
are included.

The total number of data is 1763, approximately 28-fold more data than considered by D84. The sediment
data span depths ranging from 64 m to 5691 m and all ocean basins (Figure 2a).

Note that the averaging period of the different data sets is different. The measurements on “living” foramini-
fera represent a short, essentially instantaneous snapshot of the modern ocean. “Living” foraminifera are
defined as those stained by rose Bengal, but see, for instance, Bernhard et al. [2006] regarding vitality assess-
ments of foraminifera using rose Bengal. In contrast, the LH core top data represent a heterogeneous assem-
blage of long-term averages likely covering thousands of years (ka). P14, C6k, and Lyn use the last 6 ka, Bos
uses the last 7 ka, and C10 uses the upper 10 cm of the sediment, whereas the averaging period for Mix, Rep,
and D84 is simply defined as “upper Holocene” (uH) as determined from oxygen isotope values from the
same samples. Oxygen isotopes from the C10 data have been checked to make sure they represent late
Holocene conditions. Brazil Margin results (Lun), based on the uppermost sediment in each of the cores,
which were radiocarbon dated between 900 to 6400 years BP, were preferred over longer time averages of
the same cores included in any of the other data sets. Many of the core top samples analyzed are not
precisely dated. Some (in piston cores) may be contaminated by older material brought up by piston effects,
or by overpenetration leading to the loss of the sediment water interface in the coring process. Data from
multicores that preserve pristine sediment-water interfaces are preferable and should be identified and com-
pared to those from piston cores in future work. A limited, local comparison from the Florida Straits indicates
no systematic offsets, but differences of 0.1–0.2‰ between multicore and piston cores. For most sites,
however, information on the coring equipment is not yet available in our database. Surface sediment data
from box and multicores can also be contaminated by older sedimentary material at sites affected by erosion
or winnowing. The only ways to exclude older material is via radiometric dating of the samples or comparison
of foraminifera oxygen isotope values with nearby cores.

2.3. Mapping Procedure

Water column and sediment data are generally not colocated. In order to map the water column data to
the sediment data, we use the horizontal great-circle distance (Δd) and the vertical distance (Δz) from the
locations (longitude, latitude, and depth) of the sediment data as a criterion. All water column data within
those distances are averaged with equal weighting. Results are presented for two different choices: a more
liberal one (Δd = 1000 km, indicated in Figure 1, Δz = z/5), which will be the default, and a more conser-
vative one (Δd = 500 km, Δz = z/10). The depth dependence for the vertical distance is motivated by the
fact that like most other ocean tracer distributions, δ13CDIC shows larger vertical gradients in the upper
ocean than in the deep [Schmittner et al., 2013]. It leads to layer thicknesses of Δz = 100 m and 1 km
at depths of z = 500 m and 5 km, respectively, for the more liberal criterion and 50 m and 500 m, respec-
tively, for the more conservative criterion. Mapped water column carbonate ion concentrations and tem-
peratures are shown in Figure 2.

2.4. Anthropogenic Carbon

The invasion of 13C-depleted carbon into the upper ocean during the past century [Böhm et al., 2002] from
the burning of fossil fuels has decreased δ13CDIC in the upper ocean during the past decades, a process
known as the Suess Effect [Gruber et al., 1999; Keeling, 1979; Suess, 1955]. Thus, some water column and
modern foraminiferal data have reduced δ13C values due to anthropogenic δ13CDIC (Δδ13Cant). The magni-
tude of the offset varies depending on location and year the cores were collected. Hence, the Suess effect
could bias some comparisons to LH sediment data.
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Here we use model-based estimates of Δδ13Cant from S13’s “FeL” (iron limitation) simulation, which were
subtracted from the water column data and from the M12 and M13 sediment data to yield estimates of
natural (preindustrial) δ13CDICnat = δ13CDIC � Δδ13Cant and δ13CCibnat = δ13CCib � Δδ13Cant. Note that we
did not subtract Δδ13Cant from the LH sediment data since we assume they are unaffected by the Suess
effect. The model results were interpolated and extrapolated onto the locations of the observations. We
account for the time dependency of the anthropogenic signal by using decadal averages from the 1970s
to the 2000s separately, depending on the decade the measurements were taken. This method only yields
magnitudes of Δδ13Cant that exceed �0.1‰ in the northern North Atlantic, the Nordic Seas, and a few
shallow cores elsewhere (Figure 2c).

3. Results

In this section the water column data are first compared to the sediment data directly. Then results of multi-
ple regression analyses are presented considering [CO3

2�] and pressure effects. In addition to the results
shown in the remainder of the main text we have conducted a regional analysis, which is presented in the
accompanying supporting information (SI). Note also that water column data are not available at each of
the sediment core locations given the spatial matching criteria, which reduces the number of data pairs n that
can be used for comparison. For the liberal mapping criterion only 1492 out of the total of 1763 sediment
data are mapped with water column data (e.g., Figures 3a versus 3b). For instance, in the tropical Pacific

Figure 3. Maps of sediment core top (a and c, δ13CCib) and mapped water column (b and d, δ13CDIC) distributions. Figures 3a and 3b show the raw data, which
include anthropogenic effects. Figures 3c and 3d display estimates of natural (preindustrial) δ13C distributions calculated by subtracting model simulated
anthropogenic Δδ13Cant (Figure 2c). Liberal selection criteria (Δd = 1000 km, Δz = z/5) were used in all panels.
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around 140°W no water column data are available at the depth of the sediment data and within the
horizontal distance criterion. Similarly, in the eastern tropical Atlantic no water column data are available
for comparison to the foraminifera data. Thus, our comparison is not only limited by the number of
sediment data but also by the sparse coverage of water column data. The amount of data available for the
multiple linear regressions presented below is further reduced due to the limited availability of [CO3

2�]
data such that for model LA1 in Table 2, only 1402 triplets of δ13CCibnat, δ

13CDICnat, and [CO3
2�] exist. For

the conservative mapping criteron these numbers are further reduced (see Tables 2 and 3).

3.1. Spatial Distributions of Sedimentary and Water Column Carbon Isotopes

The raw core top δ13CCib data vary from values of more than 1.9‰ in the Arctic and a few shallow cores from
elsewhere to less than �0.7‰ in the Atlantic sector of the Southern Ocean (Figure 3a). Atlantic values are
mostly greater than 0.5‰, whereas in the Indian and Pacific Ocean they are mostly below 0.5‰, except
for some of the shallower sites. The water column δ13CDIC values mapped onto the sediment data display
similar interbasin differences, but the variations are much smoother (Figure 3b). Maximum values do not

Table 2. Parameters of the Linear Regression Analyses Equation (1)a

E n r2 σ (‰) a (‰) b c (10�3‰/μM) d (10�5‰/m)

LA1 1402 0.12 0.29 0.45 ± 0.03 1 �2.2 ± 0.2 �6.6 ± 0.6
LA2 |0.12| |0.29| |0.35 ± 0.03| |1| |�0.6 ± 0.2*| |�8.3 ± 0.6|
LA3 0.05 0.30 0.29 ± 0.03 1 �2.2 ± 0.3 0
LA4 0.07 0.30 0.18 ± 0.02 1 0 �6.6 ± 0.6
LA5 NA 0.31 0 1 0 0
LA6 0.65 0.31 0.11 ± 0.02 0.89 ± 0.02 0 0
LA7 |0.57| |0.31| |0.13 ± 0.02| |0.94 ± 0.02| |0| |0|

LL1 835 0.18 0.25 0.41 ± 0.03 1 �2.7 ± 0.2 �4.4 ± 0.8
LL2 |0.18| |0.25| |0.41 ± 0.03| |1| |�0.7 ± 0.2| |�10.0 ± 0.8|
LL3 0.15 0.25 0.31 ± 0.03 1 �3.0 ± 0.02 0
LL4 0.04 0.27 0.11 ± 0.02 1 0 �4.9 ± 0.9
LL5 NA 0.27 0 1 0 0
LL6 0.71 0.25 0.13 ± 0.01 0.78 ± 0.02 0 0
LL7 |0.65| |0.27| |0.15 ± 0.02| |0.88 ± 0.02| 0 0

LW1 412 0.25 0.21 0.48 ± 0.04 1 �2.8 ± 0.3 �5.0 ± 1.1
LW5 NA 0.25 0 1 0 0
LW6 0.78 0.22 0.17 ± 0.02 0.77 ± 0.02 0 0

CA1 907 0.15 0.29 0.49 ± 0.04 1 �2.4 ± 0.3 �7.1 ± 0.8
CA2 |0.16| |0.29| |0.42 ± 0.04| |1| |�1.0 ± 0.3| |�9.3 ± 0.8|
CA3 0.07 0.31 0.35 ± 0.04 1 �2.7 ± 0.3 0
CA4 0.10 0.30 0.23 ± 0.02 1 0 �7.7 ± 0.8
CA5 NA 0.32 0 1 0 0
CA6 0.60 0.31 0.14 ± 0.02 0.86 ± 0.02 0 0
CA7 |0.53| |0.31| |0.14 ± 0.02| |0.90 ± 0.03| 0 0

CL1 501 0.19 0.25 0.41 ± 0.04 1 �2.8 ± 0.3 �3.8 ± 1.0
CL2 |0.21| |0.25| |0.46 ± 0.04| |1| |-1.0 ± 0.3| |�10.4 ± 1.0|
CL3 0.17 0.26 0.34 ± 0.04 1 �3.0 ± 0.3 0
CL4 0.05 0.27 0.14 ± 0.03 1 0 �5.5 ± 1.1
CL5 NA 0.28 0 1 0 0
CL6 0.69 0.25 0.14 ± 0.02 0.76 ± 0.02 0 0
CL7 |0.65| |0.27| |0.16 ± 0.02| |0.84 ± 0.03| 0 0

CW1 247 0.25 0.22 0.44 ± 0.05 1 �2.9 ± 0.4 �3.1 ± 1.4
CW5 NA 0.27 0 1 0 0
CW6 0.76 0.22 0.19 ± 0.02 0.74 ± 0.03 0 0

aE: experiment name. The first letter of the experiment name indicates the selection criterion: L = liberal,
C = conservative. The second letter denotes whether All (A), only LH (L), or only C. wuellerstorfi (W) data have been used.
Each set of experiments separated by a horizontal line uses the same data. N: number of data, r2: squared correlation
coefficient, σ: residual standard error, a: intercept, b–d: slopes. Asterisks (*) denote values not significantly different from
zero at the 0.01 significance level using a student’s t test. Results in vertical bars || include anthropogenic δ13CDIC for
comparison with the lines directly above.
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exceed 1.4‰, about 0.6‰ lower than those of the highest δ13CCib data. The lowest values of δ
13CDIC (�0.5‰)

occur in the northern Indian and Pacific Oceans between about 1 and 2 km depth whereas the δ13CCib
minima are found in the South Atlantic, where bottom water δ13CDIC is generally above 0‰. The standard
deviation of the sediment data of σ(δ13CCib) = 0.48‰ is higher than that of the water column data
σ(δ13CDIC) = 0.38‰.

Our estimates of δ13CCibnat (Figure 3c) are similar to the δ13CCib data except in the Arctic and subarctic North
Atlantic and at a few shallow cores elsewhere, where the model predicts a substantial Suess effect (Figure 2c).
Consequently, the water column δ13CDICnat estimates (Figure 3d) are higher than the δ13CDIC data in those
regions. However, δ13CDIC data are affected by anthropogenic carbon in the deep midlatitude North
Atlantic as far south as the subtropics, where most δ13CDICnat values are above 1‰. In contrast, not much dif-
ference is seen between δ13CCibnat and δ13CCib there as a consequence of our assumption that the LH data do
not need to be corrected for anthropogenic effects. These results are consistent with observational estimates
of intense uptake of anthropogenic carbon by deep water formation in the North Atlantic [Khatiwala et al.,
2009; Olsen and Ninnemann, 2010]. Consistent with previous results [Schmittner et al., 2013], the standard
deviations of the preindustrial σ(δ13CCibnat) = 0.53‰ and σ(δ13CDICnat) = 0.47‰ are higher than those of
the contemporary data, and, again, the sediment data have a larger standard deviation than the water
column data, which indicates that δ13CCib is influenced by additional processes than δ13CDIC.

The δ13CDICnat estimates in the deep ocean (~1500 to 3500 m) decrease along the flow path of deep water
from the North Atlantic south into the Southern Ocean and northward from the Southern Ocean into the
Indian and Pacific oceans (Figures 4c and 4d). Along its path, water accumulates 13C-depleted carbon from
the sinking and remineralization of organic matter which is the most important effect explaining the gradual
decrease in deep water δ13CDICnat from the Atlantic to the Pacific [Kroopnick, 1985; Schmittner et al., 2013]. In

Table 3. Standard Deviations (σ) and Biases (�ε) for Individual Data Sets and Species, and Four Experiments (LA1, CA1, LA5, and CA5) as Listed in Table 2a

LA1 CA1 LA5 CA5

σ (‰) �ε (‰) n σ (‰) �ε (‰) n σ (‰) �ε (‰) n σ (‰) �ε (‰) n

All 0.29 0.00 1402 0.29 0.00 907 0.33 0.05 1492 0.33 0.07 1097

Data Sets
P14 0.24 0.00 250 0.24 0.01 158 0.27 0.01 250 0.27 0.02 158
Mix 0.22 0.05 34 0.24 0.05 25 0.32 0.17 34 0.34 0.19 25
D84 0.18 0.01 30 0.21 �0.07 16 0.19 0.02 30 0.20 0.01 16
M12 0.39 0.04 369 0.35 0.03 331 0.42 0.11 375 0.39 0.11 331
M13 0.25 0.07 198 0.20 0.04 69 0.34 0.20 277 0.20 0.08 69
C6k 0.22 �0.05 121 0.22 �0.05 85 0.24 �0.07 124 0.23 �0.08 85
C10 0.32 �0.10 179 0.33 �0.08 108 0.33 �0.10 180 0.34 �0.07 108
Bos 0.25 �0.04 75 0.30 �0.13 29 0.25 0.01 75 0.31 �0.08 29
Opp 0.26 �0.05 14 0.16 0.12 7 0.18 �0.01 14 0.10 0.07 7
Her 0.20 �0.01 19 0.20 �0.06 15 0.25 0.21 19 0.25 0.23 15
Lun 0.20 0.11 12 0.18 0.13 12 0.21 0.12 12 0.20 0.14 12
Mar 0.17 0.09 20 0.22 0.07 16 0.20 0.11 20 0.22 0.12 16
Lyn 0.06 0.06 1 – – 0 0.09 0.09 1 – – 0
WM 0.23 �0.11 47 0.21 �0.08 23 0.26 �0.10 48 0.26 �0.06 23
Sik 0.12 0.05 8 0.14 0.04 7 0.16 0.12 8 0.20 0.51 1
Hoo 0.28 0.04 9 0.27 �0.07 6 0.33 0.01 9 0.32 �0.13 6
Rep 0.16 �0.03 16 – – 0 0.19 �0.12 16 – – 0

Species
Wue 0.21 0.01 413 0.23 0.00 247 0.25 0.02 415 0.27 0.03 258
Kul 0.35 �0.15 31 0.23 �0.08 13 0.36 �0.16 32 0.31 �0.04 15
Lob 0.57 �0.47 12 0.47 �0.37 5 0.50 �0.39 12 0.36 �0.23 8
Pac 0.30 �0.24 11 0.26 �0.16 3 0.20 �0.12 11 0.20 �0.12 3

aHowever, here for LA5 and CA5 we use all mapped data in contrast to the results presented in Table 2, which used a slightly smaller data set for which also
[CO3

2�] data were available. Highlighted in bold are some features discussed in the text such as larger errors of M12 and C10 and reduction of the positive biases
for the Pacific (Her and Mix) and Arctic (M13) data for LA1 and CA1 models compared with LA5 and CA5, respectively. Species are C. wuellerstorfi (Wue),
C. kullenbergi (Kul), C. lobatulus (Lob), and C. pac (Pac).
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the South Atlantic a local minimum of δ13CDICnat< 0.5‰ extends in a belt which runs east-northeast from the
Drake Passage to the southern tip of Africa (Figure 3d), while deepening from ~1 km south of 60°S to ~5 km
around 45°S (Figure 4c). This region of relatively old and respired carbon-rich Circumpolar Deep Water from
the Pacific separates higher δ13CDICnat values in North Atlantic Deep Water to the north from higher values of
Weddell Sea Bottom Water to the south (Figure 3d). Elevated δ13CDIC values of Weddell Sea Bottom Water
have been attributed to the imprint of thermodynamic fractionation during air-sea gas exchange [Charles
and Fairbanks, 1990; Mackensen, 2012].

Differences between contemporary sediment and water column data (Δ = δ13CCib � δ13CDIC) range mostly
within ±0.7‰, although larger differences occur at some individual locations particularly at high latitudes

(Figures 5a and 6a and 6b). The arithmetic mean of δ13CCib; δ13CCib ¼ 0:76‰ is about 0.12‰ higher than

the water column value δ13CDIC ¼ 0:64‰
� �

. Removing the effect of anthropogenic carbon impacts the

differences mainly in the North Atlantic, where it leads to higher δ13CDICnat compared to δ13CDIC. This shifts
most sediment data there from being higher to being lower than the water column data (Figure 5b). The

mean values increase to δ13CCibnat ¼ 0:82‰ and δ13CDICnat ¼ 0:76‰, but a substantial and statistically highly
significant difference (0.07‰, p < 0.0001 using a two-sided t test) remains.

The standard deviation of the difference σΔnat can be interpreted as an error estimate of carbon isotope
reconstructions assuming a one-to-one relationship between δ13CCibnat and δ13CDICnat. Using the data from
Figure 5c yields σΔnat = 0.33‰, which is more than twice as large as that reported by D84. However, as we
will show below, our estimate is inflated by inclusion of data from living foraminifera (M12) from the
Southern Ocean, which are noisier than most other sediment data.

Water column measurements have their own errors. We estimate the δ13CDICnat error by calculating the
standard deviation σDICnat of the water column data that contribute to the average at each sediment core
location. Whereas most values of σDICnat are below 0.2‰, at high latitudes values of 0.3‰ are frequent

Figure 4. Latitude-depth sections from the (a and c) Atlantic and (b and d) Pacific for δ13CCibnat (Figures 4a and 4d) and δ13CDICnat (Figures 4c and 4d). Liberal
selection criteria (Δd = 1000 km, Δz = z/5) were used in all panels.
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(Figure 5b). Average standard deviations vary between 0.09 and 0.10‰ for the LH data sets, whereas they are
0.16‰ for M12 and M13. The mean of all data σDICnat ¼ 0:13‰ð Þ is only one third of σΔnat, indicating that
errors in δ13CDICnat are a relatively small contribution to Δnat, although they may affect high latitude data
more. Anthropogenic carbon does not affect our estimate of σDICnat (Figure 4d) because we neglect errors
in our estimate of the Suess effect.

The spatial distribution of Δnat shows mostly positive values in the Arctic, in the Indian and Pacific Oceans, as
well as in the Weddell Sea, whereas in the deep Atlantic most values are negative (see also Table S1 and
Figure S2 in the SI). In the Atlantic sector of the Southern Ocean negative values coincide with the belt of
low δ13CDIC running east-northeast from Drake Passage (Figures 5c and 6c), consistent with previous obser-
vations and perhaps related to the phytodetritus effect [Mackensen, 2012; Mackensen et al., 2001, 1993].

3.2. Regression Analyses

In the following we will consider the general, multivariant linear regression model

δ13CCib ¼ aþ b � δ13CDIC þ c � CO2�
3

� �þ d � z þ ε; (1)

where a is the intercept, b, c, and d are the slopes with respect to δ13CDIC, [CO3
2�] (μM), and depth z (m), and ε

is the residual or error. Water depth is included in the regression in order to account for pressure effects.
Initially, we had also included temperature on the right-hand side in equation (1), but the results were in

Figure 5. Differences between sediment core top and water column for the (a) raw and (c) anthropogenically corrected data, (b) the standard deviation (square root
of the variance) of the water column data mapped onto the locations of the sediment data, and (d) errors of regression LA1 (Table 2). Liberal selection criteria
(Δd = 1000 km, Δz = z/5) were used in all panels.
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many cases not statistically significant and resulted in inconsistent signs for the slopes depending on the data
sets used (e.g., LH versus All). For these reasons we conclude that we do not find a consistent and statistically
significant temperature effect on δ13CCib and in the following we do not present results including
temperature. Our default case used in most of our regression analyses will set b = 1 consistent with theory
[Hesse et al., 2014] and because we are unaware of a δ13CDIC-dependent process that would affect
fractionation during calcification or vital effects. On the other hand, we are aware and consider [CO3

2�] and
pressure (depth)-dependent processes that produce offsets between δ13CCib and δ13CDIC by including
coefficients c and d. In order to accommodate situations in which carbonate ion reconstructions are not
available we will also consider cases with b ≠ 1. Since σΔ > σDIC, it is a reasonable first step to treat δ13CDIC
as the independent, error-free variable. We also assume that the errors associated with [CO3

2�] and z are
small and treat them as independent variables.

The resulting statistical parameters including uncertainties are listed in Table 2 for six sets of sensitivity
experiments. The six sets differ according to data they include. The first three sets (LA1-LW6) use the liberal
selection criterion (L), whereas the remaining three sets (CA1-CW6) use the conservative criterion (C). The first
and fourth sets (LA1-LA7 and CA1-CA7) use All data (A), whereas the second and fifth (LL1-LL7 and CL1-CL7)
use LH data only (L), and the third and sixth set (LW1, LW5, and LW6 and CW1, CW5, and CW6) use C. wueller-
storfi data only (W). Within a given set, up to seven experiments differ only in model assumptions. The first
experiment in each set is the default marked in bold in Table 2. It includes carbonate ion and depth in the
regression and assumes b = 1. Sensitivity experiments 2 and 7 evaluate the effects of not correcting for
anthropogenic carbon. Sensitivity experiments 3 and 4 isolate the individual effects of [CO3

2�] and z, respec-
tively, by only including one variable in the regression (c = 0 or d = 0). Experiment 5 represents the one-to-one
relationship (a = c = d = 0, b = 1). Experiments 6 and 7 allow for b ≠ 1. Statistical significance for all estimated
parameters is evaluated at the 0.01 significance level of the t statistic using the summary(lm) function in R.

All default experiments result in significant slopes c for carbonate ion concentrations ranging from �2.2 to
�2.9 [10�3‰/(μmol kg�1)], with amean of�2.6 ± 0.4 × 10�3‰/(μmol kg�1). Experiment 3 in each set, which
neglects pressure effects, results in significant and very similar slopes to those of the default experiment

Figure 6. Latitude-depth sections across the (a and c) Atlantic and (b and d) Indian and Pacific of errors using an assumed one-to-one relation (Figures 6a and 6b) and
from the multivariant equation (1) with parameters of model LA1 (Table 2 and Figures 6c and 6d).
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(Figure 8). Slightly shallower slopes with respect to [CO3
2�] result from using All data than using only LH data.

The values are of the same order of magnitude but smaller than those measured on planktic foraminifera,
which vary between�6 and�14 [10�3‰/(μmol kg�1)] for two different species [Spero et al., 1997], but they
are larger than theoretical estimates [Hesse et al., 2014], which are around �1 [10�3‰/(μmol kg�1)]. To our
knowledge, these results provide the first observational, albeit indirect, evidence to suggest that benthic for-
aminiferal δ13C is also affected by carbonate ion concentrations.

Consistently negative and significant values are estimated for the slope d with respect to depth. For the
default experiments using All data (LA1 and CA1) significant values between �0.06 and �0.07‰ km�1 are
estimated, whereas slopes are smaller if only LH or C. wuellerstorfi data are used (�0.03 to �0.05‰ km�1).
These numbers are larger than the range of �0.02 to �0.03‰/km suggested by Hesse et al. [2014].
Figure 8 suggests that including measurements from shallow depths in the polar data sets (M12 and M13),
particularly the M12 data, steepens the slopes. Figure 8 also reveals that the spread of the residuals is larger
at shallower depths and decreases with depth, which may reflect increased environmental variability, e.g., of
δ13CDIC, in the upper ocean. The larger relative range in the estimated slopes suggests that the pressure effect
is more uncertain than the carbonate ion effect. Note that we cannot exclude the possibility that other para-
meters such as organic matter fluxes may covary with depth and influence the results.

Errors in the default experiments are 0.02 to 0.04‰ smaller than those in experiment 5. This demonstrates
that including carbonate ion and pressure effects improves the fit, particularly for LH and C. wuellerstorfi data
for which the relative error reduction is larger (12–17%) than for All data (6–10%). This conclusion is also
supported by additional tests (not shown) in which experiment 5 was repeated for each set but allowing
for an intercept in the regression (a ≠ 0), the results of which were very similar. Examining experiments 3
and 4 reveals that including carbonate ion has larger effects than depth on reducing the residual errors for
LH data, whereas for All data the effects of including depth are similar to those for [CO3

2�].

Allowing for b ≠ 1 in experiment 6 results in estimated values for b between 0.74 and 0.89. Not including
carbonate ion in these models causes the slope b to be lower than one because carbonate ion and δ13CDIC
distributions in the ocean are highly correlated (e.g., compare Figure 2b with Figure 3d) due to the reminer-
alization of organic matter. Linear regressions of [CO3

2�] = A + B�δ13CDIC using our data over all depths yield
correlation coefficients between 0.64 and 0.80 and values for B = Δ[CO3

2�]/Δδ13CDIC of 56 and 68
(μmol kg�1)/‰ for All and LH, respectively, somewhat larger than what Yu et al. [2008] report for deep waters
(43 (μmol kg�1)/‰). Using these numbers to replace [CO3

2�] in equation (1) and our range for c of �2.2 to
�2.9 [10�3‰/(μmol kg�1)] as estimated from the default models yields a decrease of b by Δb = B�c from
�0.12 to �0.19‰, which explains most, if not all, of the deviations of b from unity. Additional sensitivity
experiments (not shown) confirm interactions between b and c. E.g., assuming a fixed c = �0.01‰/
(μmol kg�1) as measured in planktic foraminifera [Spero et al., 1997] in a repeat of experiment LL7 results
in b = 1.4 and slightly increases the residuals to 0.28‰. Assuming c = �0.01‰/(μmol kg�1) and b = 1 in a
repeat of experiment LL1 increases the residuals substantially to 0.34‰. These results also suggest that
the carbonate ion effect among Cibicides growing in their natural habitat is smaller (c > �0.003‰/
(μmol kg�1)) than that found by Spero et al. [1997] in laboratory cultures of planktic foraminifera.

Anthropogenic effects considerably affect the estimated parameters. Comparing experiment 2 with the
default experiments indicates that if anthropogenic effects are not removed, the slopes of the carbonate
ion effect are underestimated (too shallow), whereas the slopes for depth are overestimated (too steep).
Comparison of experiments 6 and 7 demonstrates that not accounting for the Suess effect leads to lower
correlation coefficients, can increase residuals, and overestimates slopes b for δ13CDIC because δ

13CDIC values
in the high range (North Atlantic) are decreased (pulled toward the left in Figure 7).

Estimated regression parameters are very similar regardless of whether the liberal or conservative selection
criterion is used, and in many cases they are indistinguishable. The correlation coefficients are slightly larger
for the conservative criterion, and the slopes for carbonate ion are slightly steeper. These similarities suggest
that the results are robust with respect to the selection criterion.

Differences betweenAll and LHorC. wuellerstorfionly data aremore substantial. For experiments 6 and 7 using
only LH or C. wuellerstorfi data leads to shallower slopes b compared with All. This is due to the removal of the
Arctic measurements, which plot systematically higher than the LH data in Figure 7 (bright green dots). This is
consistent with the finding byMackensen [2013] that the Arctic foraminiferal data are about 0.2‰ higher than
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δ13CDIC. Note that this bias in the one-
to-one relation is strongly reduced in
the multi-variate regressions (e.g.,
LA1 versus LA5 in Table 3) suggesting
that carbonate ion and/or depth
effects are responsible for creating it.

More generally, the LH and C. wueller-
storfi data show consistently smaller
residuals (σ = 0.21 to 0.25‰) than
All data (σ = 0.29‰). As shown in
Figure 9 and Table 3, this is mainly
due to the inclusion of the M12
Antarctic data, which have errors
(0.35–0.42‰) that are consistently
larger than those of the other data
sets, which are typically between 0.2
and 0.3‰. The contemporary Arctic
Cibicides data (M13) have residuals
more consistent with the LH data
than with M12. This does not support
the idea that the larger spread in the
M12 data is due to the smaller num-
ber of individual shells measured
compared with the LH data.
Negative deviations in the Southern
Ocean could be explained by the phy-
todetritus effect [Mackensen, 2012;
Mackensen et al., 2001, 1993] or occa-
sional infaunal habitat of some spe-
cies such as C. kullenbergi [Gottschalk
et al., 2016], which are included in
M12. However, the question arises
what causes the positive deviations
there. Figures 8 and S2 indicate that
positive deviations in M12 are mainly
from shallow depths, which may be
dispropotionally influenced by tem-
poral variability. Thus, the relatively
large amount of data from shallow
depths could contribute to the larger
errors for M12. Our approach of asses-
sing δ13CDIC at the sites of the sedi-

ment data does not account for temporal (e.g., seasonal) or small-scale spatial heterogeneities that may
impact benthic δ13CDIC particularly in the South Atlantic [Mackensen, 2012; Mackensen and Bickert, 1999].
Errors for C10 (0.32–0.34‰) are larger than those of the other LH data sets, perhaps due to the less well-
constrained ages of those samples.

Including carbonate ion and depth in the regression reduces the residuals for most data subsets (Table 3 and
Figure 9) and in most regions (see SI Table S1 and Figure S2). The improvement is largest for the tropical and
extratropical North Pacific, the Indian, the Arctic, and the Antarctic for which positive biases are strongly
reduced, and for the North Atlantic, where negative biases are reduced. The one-to-one relationship provides
a marginally better fit in the South Pacific and the tropical West Atlantic. The southeast Pacific, South Atlantic,
andAntarctic are the regionswith the largest errors formodel LA1 (Table S1). Notmany data are available from
the southeast Pacific, hampering the assessment there.

Figure 7. Water column versus sediment δ13C data using (a) liberal
(Δd = 1000 km; Δz = z/5) and (b) conservative (Δd = 500 km; Δz = z/10)
spatial matching criteria. Different data sets are indicated by dots using the
same color scheme as in Figure 1. The one-to-one line is shown in grey. Olive
green lines indicate results of linear regressions using All data (LA6 and CA6),
whereas hot pink and gold lines indicate results using only Late Holocene
data (LL6 and CL6). Golden lines apply no correction for the Suess effect
(LL7 and CL7), which leads to steeper slopes compared to corrected data
(LL6, CL6, hot pink). Regression parameters are listed in Table 2.
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Figure 8. Foraminifera � water column δ13C difference versus water column (left) [CO3
2�] and (right) depth. Color sym-

bols as in Figure 1. Black lines, which are the slopes from our regression analyses LA3, LA4, LL3, and LL4, are compared
to results from Spero et al. [1997] (light blue) and Hesse et al. [2014] (light green).

Figure 9. Fitted values (δ13CCibnat) versus residuals for different linear regression models (indicated at the bottom left)
and different spatial selection criteria (indicated in the bottom right corner. Color scheme as in Figure 1. Numbers in the
upper parts of each panel indicate the standard deviations of all data (All) and the individual data sets (see Table 1
for abbreviations).
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The South Atlantic shows interest-
ing zonal differences. Errors are lar-
ger in the southeast Atlantic where
foraminifera-based estimates suffer
from a substantial negative bias of
�0.18‰, whereas in the southwest
Atlantic their bias is smaller and
positive (+0.07‰). Note that these
biases exacerbate the zonal differ-
ence from less than 0.2‰ in the
water column to more than 0.4‰
in the forminifera-based estimates.

Using the more conservative spa-
tial matching criteria reduces the
residuals in some cases (M13 and
Opp), which indicates that errors
in δ13CDIC do affect the results,
but the overall effect appears to
be relatively small.

Using only data from C. wuellerstorfi
(models LW and CW in Table 2 and
Wue in Table 3) results in similar
estimated parameters and errors
than LH, which is not surprising
given that most LH data are pre-
sumably C. wuellerstorfi. However,
C. kullenbergi, C. lobatulus, and C.
pachyderma result in mostly larger
errors and biases (Table 3 and
Figure 10). This is particularly true
for C. lobatulus, which suffers from
a large negative bias, consistent
with earlier findings [Mackensen
and Licari, 2004; Murray, 2006].
However, note that our comparison
may be compromised by the small
amout of data for species other
than C. wuellerstorfi.

4. Discussion

Having established that both carbonate ion and pressure effects impact benthic carbon isotopes and
that considering these effects improves the fit and reduces errors and regional biases, we recommend
equation (1) with parameters as in LA1 or some of the other default models to estimate δ13CDIC from
δ13CCib if [CO3

2�] has also been reconstructed (water depth is usually known). Recently developed
methods to reconstruct [CO3

2�] concentrations such as those based on B/Ca ratios [Yu and Elderfield,
2007] may be useful. If [CO3

2�] reconstructions are not available, we suggest using LA6, LL6, LW6, CA6,
CL6, or CW6, which would consider at least the modern observed correlation between [CO3

2�] and
δ13CDIC. In model studies simulated δ13CDIC, [CO3

2�] concentrations and depth can be used to estimate
δ13CCib, which can then be compared to observations.

Implications of pH and temperature effects on glacial-interglacial δ13CDIC reconstructions have been dis-
cussed previously in Hesse et al. [2014] who found a strong temperature effect that suggests that 0.11‰ of
the observed total whole ocean ~0.35‰ δ13CCib drop from the interglacial to the glacial ocean could be

Figure 10. As Figure 9 but for different species: Cibicides wuellerstorfi (Wue,
green), Cibicides kullenbergi (Kul, red), Cibicides lobatulus (Lob, blue), and
Cibicides pachyderma (Pac, orange).
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explained by a cooling of bottom waters by 2.5°C. Our analysis did not result in a consistent significant
temperature effect, thus questioning their conclusion.

Our results have implications for glacial-interglacial δ13C reconstructions. Carbonate ion concentrations
were similar in the Pacific and Indian oceans but about 20 μmol kg�1 lower in the deep Atlantic and 20 to
30 μmol kg�1 higher in the upper Atlantic during the LGM compared to the preindustrial ocean [Allen et al.,
2015; Gottschalk et al., 2015; Yu et al., 2008, 2013, 2014]. Using equation (1) with c = �2.6 × 10�3‰/
(μmol kg�1), this would produce a 0.05‰ reduction in δ13CDIC in the deep Atlantic and an increase of
0.05–0.08‰ in the upper Atlantic, thereby slightly enhancing the observed interglacial-to-glacial increase
in the vertical gradient of ~1.0‰ in δ13CCib [Yu et al., 2008, Figure 4].

Our finding that biases in the South Atlantic exacerbate the zonal gradient in δ13CDIC there may also explain
the large zonal gradients found in glacial reconstructions there [Hodell et al., 2003; Hoffman and Lund, 2012;
Waelbroeck et al., 2011] and questions their reliability, particularly those from the southeast Atlantic where
δ13CCib exhibits large negative biases compared with δ13CDIC regardless of whether carbonate ion and pres-
sure effects are considered or not (Table S1). The ultimate reasons for these biases as well as the large errors in
the Antarctic remain open questions.

Remaining errors may be influenced by accumulation rates. In low accumulation rate cores, bioturbation may
cause contamination of surface sediments with older glacial or deglacial material. Currently, accumulation
rate information is not available in our data set, but it would be desirable to include it in the future in order
to evaluate this issue. Future updates of the database with more consistent species, core top dating, and
coring equipment information and analyzing if and how residuals are affected will be another useful effort.

5. Summary and Conclusions

Our synthesis of late Holocene core top δ13CCib data includesmore than an order ofmagnitudemoremeasure-
ments than that used in the previous global calibration of D84. This, together with the vastly enhanced data-
base of water column δ13CDIC measurements, has prompted a new global calibration of δ13CCib. The results
confirm the strong correlation between δ13CCib and δ13CDIC found by D84. However, we show that results of
regression analyses are impacted by the invasion of 13C-depleted, anthropogenic carbon and indicate statisti-
cally significant secondary effects from carbonate ion and pressure. Including these secondary effects
improves the estimationof δ13CDIC by reducing systematic regional biases, errors andby increasing correlation.
We therefore recommend using equation (1) with parameters LA1 (Table 2) rather than a simple one-to-one
relationship between δ13CDIC ≈ δ13CCib. The regression coefficients with respect to carbonate ion and pressure
are qualitatively consistent with previous theoretical [Hesse et al., 2014] and experimental [Spero et al., 1997]
studies, but quantitatively, the carbonate ion effects are smaller than those of Spero et al. [1997] and larger than
those of Hesse et al. [2014], respectively. Hence, these secondary effects are relatively small and would in prac-
tical applications modify reconstructed δ13CDIC changes by typically less than about 15% compared to the
often used one-to-one relationship. For most individual downcore records, z is practically invariant and carbo-
nate ion varies relatively little, so that they will have limited impact on reconstructions of temporal variability.
Thus, most conclusions of previous studies assuming a one-to-one relationship remain likely robust.

We find errors are typically 0.2–0.3‰, although they are larger in the southeast Atlantic and Antarctic (~0.4‰)
and larger in the upper ocean than at depths. We find lower errors for C. wuellerstorfi and higher errors and ne-
gative biases for C. lobatulus compared with C. kullenbergi and C. pachyderma, consistent withMackensen and
Licari [2004] andMurray [2006] who also indicate lower δ13C values for C. lobatulus. These errors are larger than
the 0.15‰ reportedbyD84. Future efforts could bedirected towardunderstanding the sources for the remain-
ing errors, such as a more comprehensive analysis of species offsets, information on size and number of shells
measured, coring equipment used, sediment type and accumulation rates, age constraints, and temporal
variability of δ13CDIC and δ13CCib, so as to be able to improve the use of δ13C as a paleoceanographic proxy.
This will require updating and extending the database to include relevant but currently missing information.
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Erratum

In the originally published version of this manuscript, line 9 of the abstract contained an error. The number
10�3 should be replaced by 10�5. Additionally, links provided in the acknowledgment section are inoperable.

The following should be used:

https://www.ncdc.noaa.gov/paleo-search/study/22110
https://www.ncdc.noaa.gov/paleo-search/study/21750

These errors have since been corrected, and this version may be considered the authoritative version
of record.
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