RADIOCARBON, Vol 55, Nr 4, 2013, p 18691887 © 2013 by the Arizona Board of Regents on behalf of the University of Arizona

INTCAL13 AND MARINE13 RADIOCARBON AGE CALIBRATION CURVES
0-50,000 YEARS CAL BP

Paula J Reimer!?2 « Edouard Bard? « Alex Bayliss* » ] Warren Beck® * Paul G Blackwell® «
Christopher Bronk Ramsey’ * Caitlin E Buck® « Hai Cheng®9+ « R Lawrence Edwards?
Michael Friedrich!®!! « Pieter M Grootes!? « Thomas P Guilderson!3!# « Haflidi Haflidason!5t «
Irka Hajdas'® « Christine Hatté!”f « Timothy J Heaton® * Dirk L Hoffmann'#+ « Alan G Hogg'? »
Konrad A Hughen?? « K Felix Kaiser?!22* « Bernd Kromer!! * Sturt W Manning?? » Mu Niu® e
Ron W Reimer! » David A Richards?* « E Marian Scott?5t « John R Southon?® « Richard A Staff7+
Christian S M Turney?’ « Johannes van der Plicht?8-2%

114CHRONO Centre for Climate, the Environment and Chronology, School of Geography, Archaeology and Palaecoecology,
Queen’s University Belfast BT7 INN, United Kingdom.

2Corresponding author. Email:p.j.reimer@qub.ac.uk.

3CEREGE, Aix-Marseille University, CNRS, IRD, Collége de France, Technopole de I’Arbois BP 80, 13545 Aix en
Provence Cedex 4, France.

“English Heritage, 1 Waterhouse Square, 138-142 Holborn, London ECIN 28T, United Kingdom.

SDepartment of Physics, University of Arizona, Tucson, Arizona 85721, USA.

6School of Mathematics and Statistics, University of Sheffield, Sheffield S3 7RH, United Kingdom.

7Research Laboratory for Archaeology and the History of Art, University of Oxford, Dyson Perrins Building, South Parks
Road, Oxford OX1 3QY, United Kingdom.

8Department of Earth Sciences, University of Minnesota, Minneapolis, Minnesota 55455-0231, USA.

“Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an 710049, China.

10Tnstitute of Botany (210), Hohenheim University, D-70593 Stuttgart, Germany.

ITHeidelberger Akademie der Wissenschaften, Im Neuenheimer Feld 229, D-69120 Heidelberg, Germany

Pnstitute for Ecosystem Research, Christian-Albrechts-Universitit zu Kiel 24098, Germany.

13Center for Accelerator Mass Spectrometry L-397, Lawrence Livermore National Laboratory, Livermore, California 94550,
USA.

140Qcean Sciences Department, University of California—Santa Cruz, Santa Cruz, California 95064, USA.

15Department of Earth Science, University of Bergen, N-5007 Bergen, Norway.

I6Labor fiir Ionenstrahlphysik, ETH, 8092 Zurich, Switzerland.

I7Laboratoire des Sciences du Climat et de I’Environnement, UMR8212 CEA-CNRS-UVSQ, Domaine du CNRS, F-91198
Gif-sur-Yvette, France.

18Centro Nacional de Investigacion sobre la Evolucion Humana CENIEH, Burgos 09002, Spain.

19Radiocarbon Dating Laboratory, University of Waikato, Private Bag 3105, Hamilton, New Zealand.

20Department of Marine Chemistry & Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts
02543, USA.

21Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Zurcherstr. 111, 8903 Birmensdorf, Switzerland.

22Department of Geography, University of Zurich-Irchel, 8057 Zurich, Switzerland.

BMalcolm and Carolyn Wiener Laboratory for Aegean and Near Eastern Dendrochronology, Cornell Tree Ring Laboratory,
Cornell University, Ithaca, New York 14853, USA.

24School of Geographical Sciences, University of Bristol, Bristol BS8 1SS, United Kingdom.

25School of Mathematics and Statistics, University of Glasgow, Glasgow G12 8QQ, Scotland.

26Department of Earth System Science, University of California-Irvine, Irvine, California 92697, USA.

2IClimate Change Research Centre, School of Biological, Earth and Environmental Sciences, University of New South
Wales, Sydney, NSW 2052, Australia.

28Centrum voor Isotopen Onderzoek, Rijksuniversiteit Groningen, Nijenborgh 4, 9747 AG Groningen, the Netherlands.

Faculty of Archaeology, Leiden University, P.O. Box 9515, 2300 RA Leiden, the Netherlands.

*Deceased.

tIntCal Oversight Committee members.

$Guest contributor.

1869

https://doi.org/10.2458/azu_js_rc.55.16947 Published online by Cambridge University Press


https://doi.org/10.2458/azu_js_rc.55.16947

1870 P J Reimer et al.

ABSTRACT. The IntCal09 and Marine09 radiocarbon calibration curves have been revised utilizing newly available and
updated data sets from “C measurements on tree rings, plant macrofossils, speleothems, corals, and foraminifera. The cali-
bration curves were derived from the data using the random walk model (RWM) used to generate IntCal09 and Marine09,
which has been revised to account for additional uncertainties and error structures. The new curves were ratified at the 21st
International Radiocarbon conference in July 2012 and are available as Supplemental Material at www.radiocarbon.org. The
database can be accessed at http://intcal.qub.ac.uk/intcal13/.

INTRODUCTION

Radiocarbon dating has transformed our understanding of the timing of events and rates of change
in archaeological and environmental proxy records since it was developed in the late 1940s (Libby
et al. 1949). It is now well known that 4C years do not directly equate to calendar years (de Vries
1958; Stuiver and Suess 1966; Reimer et al. 2009) because atmospheric “C concentration varies
through time due to changes in the production rate, caused by geomagnetic and solar modulation of
the cosmic-ray flux, and the carbon cycle. Hence, a calibration is required, which, to be accurate and
precise, should ideally be based on an absolutely dated record that has carbon incorporated directly
from the atmosphere at the time of formation.

CALIBRATION

The IntCal13, SHCal13, and Marine13 calibration curves presented here and by Hogg et al. (2013a,
this issue) represent the mid-latitude Northern and Southern Hemisphere atmospheric reservoirs and
a hypothetical “global” marine reservoir, which serves as a baseline for regional oceanic variations.
The Northern Hemisphere calibration is well defined by tree-ring measurements from 0 to
13,900 cal BP and supplemented by the addition of the Lake Suigetsu macrofossil data, the only
other bona fide atmospheric record, from 13,900 cal BP to the end of the range of the dating method.
However, there are still portions of the curve where the atmospheric data are sparse or highly vari-
able, or where there are discrepancies between data sets that cannot be attributed to changes in the
global carbon cycle. To address these issues, we have utilized key data sets that provide a first-order
reconstruction of past changes in atmospheric '“C. Specifically, we have exploited non-varved
marine foraminifera data, which have large calendar age uncertainties but provide a backbone for
the atmospheric curve, and U-Th-dated corals and speleothems, both of which have precise calendar
ages, pin-pointing the atmospheric curve within the limits of reservoir age or dead-carbon fraction
variability. Although the ocean mixed layer has a delayed response to changes in atmospheric 4C
variations and attenuates the signal on the decadal to centennial scale (Stuiver and Braziunas 1993),
the marine records nevertheless can be used to support reconstruction of past atmospheric 4C lev-
els. Likewise, speleothem 14C ages do not represent a direct record of atmospheric 4C but include a
fraction of C inherited during interaction with older reservoirs, e.g. the soil and vadose zone, that
may vary through time with changes in precipitation, temperature, and vegetation cover. Where
multiple marine or speleothem archives are available, they add support to the calibration curve. For
a discussion of the merits and limitations of the various archives and selection criteria, see Reimer
et al. (2013, this issue). All ages are reported relative to AD 1950 (before present, BP). 14C ages are
henceforth referred to as “BP” and calibrated/calendar ages as “cal BP” or cal kBP (thousands of
calibrated years before AD 1950).

The IntCal13, Marine13, and SHCall3 curve estimations provide a valuable update and are intended
to replace the previously reported calibration curves (IntCal09, Marine09, and SHCal04). The 3
curves are available as supplemental information from the Radiocarbon website (www.radiocar-
bon.org).
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It should be noted that, because Marinel3 is based on tropical and subtropical records, its applica-
tion to '“C ages from samples at higher latitudes must take into consideration additional and possi-
bly large changes in the age of the local surface ocean (Bard 1988; Bard et al. 1994; Voelker et al.
2000; Bjorck et al. 2003; Eiriksson et al. 2004; Bondevik et al. 2006, Sarnthein et al. 2007, 2013;
Austin et al. 2011).

The effect of using the IntCall3 curve for calibration, as opposed to IntCal09 or the stand-alone
Lake Suigetsu data, for dating terrestrial materials and, specifically, the Paleolithic, is discussed by
Bronk Ramsey et al. (2013, this issue). Age ranges derived using Lake Suigetsu data alone and
IntCall3 overlap, but using the Suigetsu data set results in more disjointed ranges than using the
smoother IntCall3 curve.

THE DATA SETS

It is difficult to overstate the importance of the IntCal data sets because the requirement for 4C cal-
ibration will not diminish in the future. Some of the calibration data that has been collected to date
has been sampled from natural archives that no longer exist and decades of effort have been devoted
to the production of millennial-scale dendrochronologies using tree-ring archives. While, in princi-
ple, the IntCal data sets have all been published, many of them have undergone revisions since ear-
lier publication because various supplemental information has since been obtained. Also, many of
the archives used in producing calibration curves have reservoir corrections associated with them,
and since our knowledge of these reservoirs has changed with time, it is critical that the !*C mea-
surements and their reservoir assessment are archived separately. The database described in this
paper is the result of a community effort to produce the best calibration sets from the currently avail-
able data.

A full list of the IntCall3 and Marinel3 data sets, along with information on the online database
structure and usage, and access to the database is available at http://intcal.qub.ac.uk/intcal13/. New
data sets and changes or additions to data sets used in IntCal09 and Marine09 are summarized in the
following sections. The data sets included within the accompanying SHCall3 curve are presented
by Hogg et al. (2013a, this issue).

Terrestrial 14C Archives

Tree rings: The IntCal09 calibration curve update did not include any changes to the IntCal04 tree-
ring data sets from 0—12,550 cal BP. For IntCal13, several additional data sets have been included to
improve resolution, or to strengthen or extend the curve (Table 1). In addition, 1 correction was
made to the database: the Swiss Ollon 505 (VODS505) larch tree had been matched to the Preboreal
pine chronology (PPC) in order to fill a gap in IntCal04, but the match was later found to be errone-
ous (Hogg et al. 2013b, this issue). These measurements have now been removed from the database
(decadal midpoints 11,794.5—12,127.5 cal BP). Measurements on an absolutely dendro-dated tree-
ring sequence to fill this gap were completed too late for the construction of IntCall3 and will be
included within the next iteration of the IntCal curve.

The floating Late Glacial pine (LGP) chronology tree-ring sequence (Friedrich et al. 2004; Kromer
et al. 2004; Schaub et al. 2008) was anchored by a '*C wiggle-match as described by Hua et al.
(2009). There is the potential that this link may change as additional trees are measured. An uncer-
tainty in the match of £20 yr was accounted for in the statistical methodology using implementa-
tional changes described in Niu et al. (2013, this issue, section 3.4).

Plant macrofossils: '“C measurements on terrestrial plant macrofossils extracted from the varved
sediments of Lake Suigetsu, Japan (Kitagawa and van der Plicht 1998a,b, 2000; Bronk Ramsey et
al. 2012) have been included in IntCal13 from 13.9-50 cal kBP (n = 510). For the Suigetsu Varves
2006 project (SG06, Nakagawa et al. 2012), multiple, overlapping sediment cores were obtained
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Table 1 Additional tree-ring samples, cal age ranges, number of samples (), and number of rings
per sample included in the IntCall3 database.

Approximate age Nr of rings

Samples range (cal BP) per sample References

Netherlands oak (n = 13) 670-840 10-24 van der Plicht et al. (1995)

Irish oak (n = 57) 1140-1710 10 McCormac et al. (2008); Hogg et al.

(2009)

Bristlecone pine (n =53)  2300-2750 10 Taylor and Southon (2013)

German oak (n = 111) 2600-2640 9-10 Kromer et al. (2010); IntCal13 data-
3060-3660 base

Floating German and 12,580-13,900¢ 3-47 Hua et al. (2009); Schaub et al. (2008);

Swiss trees (n = 232) IntCal13 database

aThe tree-ring data set extends back to 14,200 but has been terminated in the model at 13.9 cal kBP due to sparse measure-
ments for the earlier period.

from the lake to circumvent issues with the previous project’s varve chronology, which were prima-
rily the result of there being short, but unquantified sections of missing sediment between successive
sections of the single sediment core extracted SG93 (Staff et al. 2010). The multiple lake coring also
reduces the likelihood of potential problems with slumps or hiatuses, which had additionally limited
confidence in the previous chronology (van der Plicht et al. 2004), and the calendar age scale has
been made more robust with the integration of both thin-section microscopic and uXRF methods
(Marshall et al. 2012; Schlolaut et al. 2012).

The SGO06 varve chronology and its link to U-series-dated speleothem chronologies is detailed by
Bronk Ramsey et al. (2012), and the method for linking the SG93 cores is described by Staff et al.
(2013, this issue). Data for the period 10.2—-13.9 cal kBP from the varved portion of this record have
not been included as they would not contribute significantly to the much higher data density avail-
able from the tree-ring data sets.

Speleothems: '“C measurements from 3 U-series-dated speleothems >14 cal kBP have been
included in IntCall3 (Bahamas: Beck et al. 2001, Hoffmann et al. 2010; Hulu Cave: Southon et al.
2012). Corrections for dead carbon fraction (DCF) in each sample are assumed to be constant and
estimated from the period of overlap with the IntCall3 tree-ring data set (10-13.9 cal kBP). The
use of an ultra-low-blank processing line for analysis of Bahamas speleothem GB-89-25-3 (Hoff-
mann et al. 2010) indicated that an incorrect sample-mass 4C-blank dependence used previously
for GB-89-24-1 (Beck et al. 2001) had produced artifacts in the older part of that record. Conse-
quently, only data from the 14 to 26 cal kBP section of GB-89-24-1 are included in IntCall3, and a
revised blank correction has been implemented for these data. To estimate the uncertainty in DCF,
we have assumed, as before, that the observed difference between '“C ages of tree rings and speleo-
them calcite at calendar age ¢ is a function of secular variation in DCF and speleothem measure-
ment (U-series and 4C age) uncertainty. For consistency, the uncertainty for DCF incorporated in
the random walk model for the 3 speleothem records in IntCall3 is calculated in the same manner
as that presented by Southon et al. (2012), i.e. Apcg= \/(GDCF(t)z — Gcombined(r))» Where opcr(, is the
standard deviation of the difference between the measured '“C ages of speleothem data and the
IntCall3 tree-ring data set, and Geompined( 1S the mean combined measurement uncertainty of the
uncorrected speleothem and interpolated IntCal 4C ages, for each calendar age 7. A modeled com-
parison of the speleothem records with the Lake Suigetsu macrofossil data produces mean DCF
corrections that agree within uncertainty to those calculated from the tree-ring overlap (Bronk
Ramsey et al. 2012, supplemental online material).
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Table 2 Speleothem samples, age ranges, and DCF included in the IntCal13 curve. The mean DCF
and associated uncertainty in the mean calculated through a model comparison to Lake Suigetsu
(Bronk Ramsey et al. 2012) is given in parentheses.

Approximate ~ Dead carbon

age range fraction correction
Samples cal kBP ("Cyr) References
Bahamas? 14-15b 2139+ 313 Hoffmann et al. 2010,
GB89-25-3 (n = 247) 2444 (2500 = 90) revised (see text)
Bahamas? 14-25b 1512 + 244 Beck et al. 2001,
GP89-24-1 (n=172) revised (see text)
Hulu Cave 14-27b 460 £ 50 Southon et al. 2012
H82 (n = 246) (440 + 25)

2Bahamas speleothem calendar ages were erroneously entered into the database and random walk model with their associ-
ated 20, not 1o, uncertainties. This error serves to reduce the weighting of this data in the calibration curve by a small
amount. The much greater '“C age uncertainties were correctly incorporated.

bSpeleothem data younger than 14 cal kBP not included in the IntCall3 curve.

Marine 14C Archives

New U-Th and '“C measurements from coral collected on the Tahiti IODP cruises provide impor-
tant, independently dated data points (Durand et al. 2013, this issue). The timescales for the non-
varved Cariaco Basin and Iberian Margin data sets previously published (Hughen et al. 2006; Bard
et al. 2004) have been recalculated by correlation to the new high-resolution U-Th-dated Hulu Cave
8180 record (Hulu2, Edwards et al., submitted) using a Gaussian process model (Heaton et al. 2013,
this issue). An additional record from the Pakistan Margin is also tuned to the Hulu2 timescale using
a multiproxy approach (Bard et al. 2013, this issue). Tie-points used for aligning paleoclimate
records were based on the rapid transitions between interstadial and stadial events. These are the
most abrupt and clearly definable events in each record (Hughen et al. 2006; Bard et al. 2013, this
issue), minimizing the potential for error from misidentification of events, or due to significant time
lags between regions. Points were selected midway through the abrupt transitions to avoid artifacts
from differences in resolution between records. From 0 to 10.5 cal kBP, Marinel3 is based on the
ocean-atmosphere box diffusion model (Oeschger et al. 1975) with parameters set as in Marine04
and Marine09 (Hughen et al. 2004; Reimer et al. 2009).

Table 3 New and updated marine records, age ranges, and marine reservoir corrections included in the IntCal13
curve >13.9 cal kBP and Marine13 curve >10.5 cal kBP. Reservoir ages were calculated from the !“C difference
of the overlap with the tree rings. The greater of the calculated uncertainty and £100 4C yr was used for all
marine records <13.9 cal kBP, whereas an increased uncertainty of £200 '“C yr was used for >13.9 cal kBP.

Approx. Marine reservoir
agerange  correction (R)
Samples cal kBP (MCyr) References
IODP Tahiti coral (n =65) 10-36 260 Durand et al. (2013, this issue)
Non-varved sediment records on Hulu2 timescale
Cariaco Basin (n =373) 13-16 430 Hughen et al. (2006); Heaton et al. (2013,
17.5-502 this issue)
Iberian Margin (n =41) 13-49 500 Bard et al. (2013, this issue); Heaton et al.
(2013, this issue)
Pakistan Margin (n = 28) 1245 560 Bard et al. (2013, this issue); Heaton et al.

(2013, this issue)

aData beyond 50 cal kBP are not included in the IntCall3 curve.
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Figure 1 A comparison of the IntCall3 data sets (marine data corrected for the reservoir ages specified in Table 3) for
a) the period 10-27 cal kBP and b) 27-50 cal kBP (with the approximate timing of Heinrich stadials in the North Atlantic
shown as gray boxes). Uncertainties in the data are not given for clarity but are shown in the supplemental Figures S1-S25.
A 1-standard deviation envelope of the IntCall3 curve is also shown.
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A modeled comparison of the new and the existing marine records with Lake Suigetsu (Bronk Ram-
sey et al. 2012, supplemental online material) suggests that the variability of the reservoir ages for
the period 14—45 cal kBP may have been underestimated in IntCal09/Marine09. Accordingly, the
reservoir age uncertainty for all of the marine records beyond the tree-ring overlap was increased to
+200 '“C yr. For the Iberian Margin and for the Barbados corals and the Cariaco Basin, this addi-
tional uncertainty encompasses most of the modeled uncertainty at 2 standard deviations. For the
Pacific corals, the modeled comparison suggests that £200 “C yr remains an underestimation for
the Last Glacial Maximum; however, these results are preliminary and may change in the future.
More marine data are needed, as well as efforts to strengthen the Lake Suigetsu varve chronology,
especially beyond 40 cal kBP, to confirm the estimated reservoir age uncertainty. In the absence of
confirming evidence, £200 “C yr has nevertheless been used.

A close comparison of the Cariaco Basin and Barbados data to floating tree rings (Muscheler et al.
2008; Hua et al. 2009) previously suggested that the Cariaco and Barbados reservoir ages dropped
abruptly during the onset of the Younger Dryas stadial (12.55-12.9 cal kBP), and these data were
therefore removed from the IntCal09/Marine(09 data sets (Reimer et al. 2009). Another possible res-
ervoir age discrepancy within Heinrich stadial 1 (HS1), ~14.6-17.6 cal kBP, was discussed by
Reimer et al. (2009) based on a specific mismatch between the Cariaco record and the few samples
then available in the HS1 time range from the Bahamas speleothems and the Iberian Margin sedi-
ments. Since 2009, further evidence to support this reservoir age offset has come from U-Th and '4C
dating of a suite of corals collected offshore Tahiti in the framework of IODP (Durand et al. 2013,
this issue) and from '“C data from the Hulu Cave speleothem (Southon et al. 2012) and the Lake
Suigetsu plant macrofossils (Bronk Ramsey et al. 2012). It is beyond the scope of this paper to inter-
pret the complexities of the impact of the Heinrich events on marine '“C outside the main ice-rafting
belts, but it is interesting to note that the Cariaco Basin reservoir age offset correlates with H1b
observed in ice-rafted debris off the coast of Portugal (Bard et al. 2000).

The discrepancies observed during both the YD and HS1 are tightly constrained and the '*C data
have thus been removed from the Cariaco and Barbados data set prior to incorporation into
IntCall3/Marinel3. While the YD and HS1 discrepancies in the Cariaco Basin and Barbados
records suggest that a similar pattern might be expected during the other Heinrich stadials (possibly
due to shutdown of the Atlantic Meridional Overturning Circulation; McManus et al. 2004), we
observe no such differences within the uncertainty of the available IntCal data sets (Figures 1 and 2).

CURVE CONSTRUCTION

The random walk modeling approach and associated implementation (Niu et al. 2013, this issue) are
based on those used for IntCal09 and Marine09 (Blackwell and Buck 2008; Heaton et al. 2009), but
have been revised to account for the presence of additional, irreducible uncertainty that could not be
quantified from the data available, uncertainties that derive from wiggle-matching (in addition to
ring or layer counting uncertainty), and dependent calendar age uncertainties.

IntCal13 and the Estimate of the Random Walk Variance

The IntCall3 curve estimate was obtained from the output of 2 different specially written computer
implementations of the random walk model (Niu et al. 2013, this issue). The implementation used
to construct the tree-ring (i.e. younger) part of the curve allows for uncertainty on the variance of the
random walk and makes use of all of the IntCal13 tree-ring data (including those that rely on wiggle-
matching for their calendar age estimates). The implementation used to construct the older part of
the curve accommodates data with a range of calendar age error structures, but assumes a fixed vari-
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ance on the random walk, which is taken to be the mean of the posterior distribution estimated when
deriving the tree-ring part of the curve. The estimate for the older part of the curve is based on data
from archives other than tree rings (i.e. speleothems, terrestrial plant macrofossils, and marine sed-
iments) and is tied to the estimate based on tree rings by assuming that the first point in the former
is the same as the last point in the latter (i.e. 13.9 cal kBP with '“C estimate 12,049 + 22 BP).

The posterior standard deviations on the estimated mean of the calibration curve derived from the
tree-ring data were considerably smaller than those derived from the other data sets. Thus, in order
to form a smooth connection between the 2 estimates the final IntCall3 estimate of the curve was
obtained using a weighted average of the posterior means and standard deviations from the 2 imple-
mentations of the random walk code. These weights were chosen to vary linearly so that at 13.9 cal
kBP only the output from the tree-based estimate contributed to the final curve while at 14 cal kBP
only the non-tree-based estimate was used.

It might be expected that atmospheric 4C variability would have been higher during the Last Glacial
Maximum (LGM) than during the Holocene because the lower geomagnetic field was not as effec-
tive a shield from solar cosmic-ray modulation (Bard et al. 1990; Mazaud et al. 1991); also, lower
atmospheric CO, concentrations may have resulted in a more sensitive carbon reservoir (Muscheler
et al. 2004). However, an investigation of the random walk variance using a floating tree-ring series
from Japan, '“C wiggle-matched to IntCal09 at 23,290-23,678 cal BP (van der Plicht et al. 2012),
did not indicate an increase in the variability of atmospheric 4C across 300 yr during this period.
Thus, although this does not constitute proof that atmospheric “C variability during deglacial and
glacial times was the same as during the Holocene, we use, for lack of suitable data, the variability
in atmospheric “C levels obtained from the tree-ring data in IntCall3 for the full curve.

Marine13

The Marinel3 curve is composed of 3 sections. From 0-10.5 cal kBP, the marine atmosphere ocean
box model (Oeschger et al. 1975; Stuiver and Braziunas 1993) was used with the IntCall3 curve as
the input to create a global marine surface ocean curve (marmod13). We used the same parameter set
as deployed in Marine04 and Marine09 (Hughen et al. 2004; Reimer et al. 2009). Although more
sophisticated models have been shown to produce higher '“C production rates for the Holocene from
the IntCal09 curve (Roth and Joos 2013), the marmod13 model fits well with marine data from the
IntCal database (Figure 3).

From 10.5-13.9 cal kBP, the marine data include the varved Cariaco Basin data set, without the
12.55-12.9 cal kBP interval, and several coral data sets used in Marine09 (Reimer et al. 2009). For
this section, we used the same code that was used to estimate the older part of IntCall3, but ran it
only on marine data. Again, to create a smooth connection between the 2 estimates, in the interval
10.5—11 cal kBP the final estimate of the curve was obtained using a weighted average of the output
from the atmosphere-ocean box model and marine-only run of the code. These weights were chosen
to vary linearly along this interval so that at 11 cal kBP only the marine-only output contributed to
the curve while at 10.5 cal kBP only the atmosphere-ocean box model was weighted.

For the oldest portion of the Marine13 curve, all of the available data (marine, speleothem, and ter-
restrial) were used. Since there is more uncertainty in the calendar timescales of the tie-pointed
records, the uncertainty of the '“C measurement increases for old samples, and the marine reservoir
corrections are also uncertain, we simply used the IntCall3 curve offset by 405 4C yr. To create a
continuous curve from these 2 estimates, over the period 13.9—-14.2 cal kBP we used a weighted
average of the 2 estimates as outlined above.
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Figure 3 Results of the marine atmosphere ocean box model (marmod13) compared with marine data from
the IntCal database from 6000 to 10,500 cal BP.

RESULTS AND DISCUSSION

The IntCal13 curve plotted as 1-standard deviation envelopes over the full range of the *C dating
method (050 cal kBP) in intervals of 2000 yr, with all the data points and uncertainties shown, is
given in the online Supplemental Material (Figures S1-S25). They represent the “state of the art” in
the ongoing community effort to develop '“C calibration over the full range of the method.

Comparisons of the contributing IntCal data sets allow a discussion of any systematic differences
between the different data sets (reservoir age, dead carbon fraction, calendar age) and their variabil-
ity with time, location, and climate, as well as our understanding of their causes.

A comparison of all the IntCal data in Figure 1a shows that for the period 10-27 cal kBP, there is a
general data agreement within a bandwidth of ~500 yr, while the RWM calibration envelope gradu-
ally widens with increasing age from about 100 to 200 yr. Further back in time, significant discrep-
ancies between the 2 most densely populated data sets, Cariaco and Suigetsu, become evident (Fig-
ure 1b) and beyond 40 cal kBP the data density becomes low and data scatter large, so that the
calculated calibration envelope, which still is only ~450 4C yr wide at 45 cal kBP, must be inter-
preted with considerable caution. It is important to keep in mind that the RWM calibration envelope
represents a best estimate (and associated 16 uncertainty) for the true relationship between 1#C and
calendar ages. In interpreting the IntCall3 curve and data (Figures S1-S25), we must remember that
the IntCal data are noisy observations of the underlying true values and that (as outlined in Niu et al.
2013, this issue), for the non-tree data, we have also allowed for irreducible uncertainty that cannot
be determined by the data providers.

A close inspection of the pre-tree period >13.9 cal kBP shows that the calibration envelope is close
to the Hulu speleothem data, available back to 27 cal kBP. This reflects the small uncertainty in the
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Hulu 'C age and, generally, also in the calendar age, which gives these data a great weight in the
averaging. The Suigetsu data are generally close to the Hulu speleothem data and the calibration
envelope, but their larger scatter and, often, larger '#C age uncertainty related to the small size of
many of the dated plant remains, make it difficult to quantify age offsets or the fine structure of
temporal changes. The non-varved Cariaco data on the Hulu2 timescale are used with their pre-
scribed minimum '#C uncertainty of 200 yr up to ~27 cal kBP and also display considerable uncer-
tainty in calendar age due to the scarcity of tie-points to the underlying Hulu2 chronology in this
age range. This reduces their influence on the calibration envelope; nevertheless, after removal of
the 16—17.5 cal kBP data as discussed above, they are generally close to the Hulu speleothem and
Suigetsu data and the calibration envelope back to 27 cal kBP.

Beyond 28 cal kBP, the data scatter increases and data sets start to diverge and deviate from the cal-
ibration envelope (e.g. Figure 4a). Cariaco and Bahamas speleothem GB89-25 plot older than the
envelope around 29.5 and 30-32 cal kBP, where the curve is anchored by a few Suigetsu and coral
data points. Additional marine and terrestrial data are needed to resolve these discrepancies. From
34 to 39 cal kBP, Cariaco '“C ages are systematically younger than Suigetsu. The difference of
1000 yr or more is too large to be attributed solely to a low reservoir age at Cariaco, since it would
require negative reservoir ages. If we exclude systematic “C dating problems as a possible cause,
this suggests the Hulu2 age of Cariaco and/or the modeled age of Suigetsu may be incorrect. An
increase of Suigetsu calendar ages by ~1000 yr, or a similar decrease in Cariaco ages, would largely
remove the systematic inconsistency. This change is well outside the estimated uncertainty in calen-
dar ages but not impossible.

The Bahamas speleothem record GB89-25, with its own U-Th timescale, provides an independent
check on these hypotheses, but the results are ambiguous. GB89-25 agrees well with Cariaco in the
intervals 30-32 and 36-39 cal kBP (Figure 4a), but beyond 39 cal kBP it becomes older, and it plots
closer to the Suigetsu data in the interval 34-35 cal kBP. Beyond 39 cal kBP, Suigetsu shows gener-
ally large scatter that encompasses both Cariaco and Bahamas data sets (Figure 4b). The calendar
age models for all 3 data sets (Suigetsu SG06,;,, Cariaco-Hulu2, and Bahama GB89-25) are sup-
ported by the match of the peaks in A*C around 41 cal kBP with the peak in Greenland '°Be flux,
connected with the Laschamp geomagnetic excursion (Singer et al. 2009) on the GICCO05 timescale
(Svensson et al. 2008).

The coral data included in IntCall3 often plot older than the calibration envelope up until
26 cal kBP. For older calendar ages, the coral points are younger than IntCal and often follow Cari-
aco. The Iberian and Pakistan Margin data show considerable uncertainty, both in 1*C and in calen-
dar age, and fit the calibration envelope within this statistical uncertainty. They follow Cariaco and
GB89-25 until ~39 cal kBP, beyond which they appear to follow GB89-25 (Figure 1b).

Effect of Covariance in Calendar Age Estimation

The IntCall3 database contains 4 data sets where, within each data set, the estimates of the calendar
ages are interdependent. Within each of the data sets, the level of dependence between any 2 esti-
mates is expressed mathematically by a covariance matrix whose diagonal elements represent the
variances of individual estimates; the coefficients of correlation between the observations are
readily obtained from this matrix. What impact adding this additional uncertainty information has
on the estimates of the curve depends largely on the magnitude and extent of these correlations.
High correlations between substantial numbers of data points in a data set mean that the relevant cal-
endar age estimates can only vary when the others do too, and thus considerably restricts the range
of plausible calendar age estimates. Of the 4 relevant data sets, Cariaco Basin, Iberian Margin, and

https://doi.org/10.2458/azu_js_rc.55.16947 Published online by Cambridge University Press


https://doi.org/10.2458/azu_js_rc.55.16947

1880 P J Reimer et al.

32000

31000 -

30000 | &

29000

28000 -

“cp

27000
26000
25000

24000 g

T T
GB89-25 Speleothem
Pakistan Margin on Hulu2 timescale
Iberian Margin on Hulu2 timescale
Cariaco on Hulu2 timescale
Tahiti IODP corals
Cutler corals
Fairbanks corals
Bard98 corals
Lake Suigetsu
IntCal13

23000
28000

55000

29000 30000 31000
cal BP

32000 33000

34000

50000 -

45000

40000

“cBp

35000

30000

GB89-25 Speleothem

Pakistan Margin on Hulu2 timescale

Iberian Margin on Hulu2 timescale
Cariaco on Hulu2 timescale

Tahiti IODP corals

Cutler corals

Fairbanks corals

Bard98 corals

Lake Suigetsu

IntCal13

25000
34000

36000 38000

40000
cal BP

42000

Figure 4 Comparison of IntCall3 curve and data sets for a) 28-34 cal kBP and b) 3445 cal kBP
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Pakistan Margin show moderate levels of internal correlation, but because the Lake Suigetsu record
is a varve chronology, it has very high correlations between its calendar age estimates. Since
Suigetsu is also an extremely long record, with calendar age estimates used for the covariance cal-
culation from 11,271 to 52,824 cal BP, and also has small calendar age uncertainties relative to other
data sets in the database, it has a substantial impact on the final estimate of the calibration curve. For
this reason, in places, IntCall3 follows the Suigetsu record very closely even when it differs from
other records (Figure 4a,b).

COMPARISON TO INTCAL09 AND MARINE09

The tree-ring portion of the IntCall3 curve is very similar to IntCal09 from 0-12,000 cal BP,
although additional data have been included (Table 1) that have produced some minor changes (Fig-
ure 5). Differences are more pronounced between 12,000 and 13,900 cal BP due to additional meas-
urements of German pine and the inclusion of the floating tree-ring chronology. There are signifi-
cant differences between 14-50 cal kBP (Figure 6).

14000 T T T T T T T
IntCal13
IntCal09
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2600
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10000
o
o
0 2400
8000 L 2
o
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cal BP

Figure 5 The tree-ring portion of the IntCal13 curve from 0-14,000 cal BP compared to IntCal09. Insets show
2 sections where new data have contributed to changes in the curve.

One consequence of the modeling approach used here is that where there are many different data
sets with different internal structures, the resultant mean curve averages these out, whereas when the
different records all show the same structure it does appear in the final curve (as in the Holocene).
It is important to note that the true variability in A*C during the Pleistocene on submillennial and
shorter timescales can be greater than the IntCal13 age-corrected A#C values suggest (Figure 7). At
present, if we give credence to all of the records, we are unable to unambiguously determine this fine
structure for earlier periods.
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Figure 7 IntCall3 and IntCal09 age-corrected A'*C values compared to °Be flux from GRIP and GISP2 ice cores
(Muscheler et al. 2005) corrected onto the GICCO5 timescale (Svensson et al. 2008) and converted to the cal BP timescale.
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The addition since IntCal09 of several new data sets, and the extension of existing ones, has greatly
improved the database for the construction of IntCal13 and Marine13 for the period beyond the tree-
ring calibration. The resulting spread of data points likely retains some systematic differences not
solely attributable to noise, particularly with respect to potentially varying reservoir and DCF
corrections. These unquantified errors are handled by the inclusion of an additive parameter in the
RWM algorithm (Niu et al. 2013, this issue). The resulting IntCall3 calibration envelope is
somewhat narrower and much smoother than IntCal09, and centennial and millennial-scale
fluctuations in '*C concentration in the temporal structure of the individual records are largely
removed. Some of these variations are likely related to '“C production events, climate, fluctuations
in atmospheric CO,, and atmosphere-ocean exchange and thus represent a real and important signal.
However, the critical point is that for the period beyond the tree rings, the scatter and the systematic
offsets in the presently available data are too large to distinguish these real '“C variations from
random fluctuations.

The increased smoothing compared to IntCal09 and a shift to older “C ages beyond ~27 cal kBP,
resulting from the addition of Suigetsu and other data sets, is shown by Figure 6. Figure 7 compares
the variability in atmospheric '“C concentration, expressed as A'C, in IntCal09 and IntCall3 with
the variability in 1°Be flux derived from the Greenland ice cores (Muscheler et al. 2005). Despite
smoothing, IntCal09 and IntCall3 both show a reasonable correspondence with 1°Be production
from about 23 to 45 cal kBP, suggesting that production variations were a major factor in A!*C
changes over this interval. The younger part of the '°Be record shows less structure, while the IntCal
data show a substantial drop in A'*C. The atmospheric *C record through the Last Glacial Maxi-
mum (LGM) and deglaciation may thus have been more influenced by climate-related changes in
the global carbon cycle.

CONCLUSIONS AND FUTURE DIRECTIONS

As always, C calibration should be seen as a work in progress. We encourage researchers to use the
available data to synthesize curves in their own way and potentially contribute new and improved
strategies to the construction of the #C calibration curve. It is difficult to foresee where new records
will come from or in what way our understanding of the physical processes that affect atmospheric
and marine !“C levels will improve. However, we are confident that some of the issues in the current
calibration curve will be resolved with the measurement of more archives and potential linkages of
the floating kauri 4C sequences (Palmer et al. 2006) to 1°Be in ice cores (Muscheler et al. 2005), as
well as the further development of geophysical models of marine and atmospheric “C (Singarayer
et al. 2008; Butzin et al. 2012). Additionally, recent reports of very large interannual '4C changes in
single-year tree-ring records (Miyake et al. 2012; Usoskin et al. 2013) highlight the importance of
supplementing the presently decadal pre-440 cal BP tree-ring calibration with single-year data as
they become available.

There is especially a need for further atmospheric data sets as well as for marine data sets, docu-
menting '“C concentrations that vary with oceanographic location and time, to improve calibration
of oceanographic *C ages and to verify the marine modeling of the recent period as well as for
atmospheric data sets where discrepancies exist between the IntCall3 data sets. Region-specific
marine calibration curves may possibly be developed where sufficient tephra horizons can be iden-
tified to provide reliable tie-points for an age-depth model (Austin et al. 2011; Olsen et al. 2013).

It is also clear from this exercise that the next phase of curve construction will need to deal with the
atmosphere-marine relationship on the basis of the basic constraints of the carbon cycle. While we
will continue to use marine records for comparison to terrestrial records, it is hoped that future cal-
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ibration curves can be wholly marine and wholly terrestrial. The data available are now sufficiently
comprehensive that we need to consider the system as a whole, something that was beyond the scope
of this data-integration exercise.
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