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8  Abstract

9  Reservoir age **C offsets are invaluable tracers for past changes in carbon cycle and oceanic
10  circulation. Reconstruction of reservoir age offsets with time is also required for calibration
11 purposes (reconstruction of atmospheric calibration curve, calibration of non-atmospheric
12 radiocarbon ages). Thus, properly propagating the various uncertainties linked to reservoir age
13 offset is important for proper interpretation. However, approaches for reservoir age offset
14 calculation — especially when considering pairs of reservoir-derived **C and calendar ages — are
15  usually not detailed and inadequate for proper propagation of uncertainties. Here, the various
16 ways to properly calculate reservoir age offsets are described with an emphasis on a new
17  approach when considering pairs of **C and calendar ages. This approach maps the calendar age
18 distribution onto the *C time scale prior to reservoir age offset calculation — the “uncalibration-
19  convolution process”. R codes computing reservoir age offsets based on available data are
20  presented. Finally, a case study focusing on the reconstruction of the speleothem-atmosphere *C
21  age offsets of speleothem *C data used in the latest release of the atmospheric calibration curve

22 isdiscussed.

23 Keywords: Reservoir age, reservoir effect, dead carbon fraction, radiocarbon modelling,

24  calibration curve, uncalibration process
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1. Introduction

Reservoir age offset is a fundamental metric to study the dynamics of carbon exchanges between
the Earth’s reservoirs and attendant impacts on past climate changes. It is also widely used in
geochronology calibration purposes. Whereas reservoir-atmospheric *C age offsets arise from
various natural and anthropogenic processes (for a review, see Jull et al., 2013), they always
derive from a *C/*C disequilibrium between the considered carbon reservoir (e.g. surface or
deep ocean, freshwater systems, soil) and the contemporaneous atmosphere (i.e. the atmospheric

carbon reservoir). From a **C age point of view, this can be expressed as:

d14R(9) = Pres 6) — patm(e) 1)

Equation (1) indicates that the reservoir age offset is the deviation d'*R between the **C age of
the considered carbon reservoir p,. and the **C age of the contemporaneous atmospheric carbon
reservoir p,:n at a given calendar time 6. Therefore, an either perfect or imperfect estimate of
the calendar age 6 needs to be available in order to derive the reservoir age offset. Note that the
atmospheric carbon reservoir is used as the reference when computing the reservoir age offset, as
it is the sole carbon reservoir in which “C is renewed and spatially uniform besides some second
order differences between hemispheres (Hogg et al., 2013). In addition, the atmospheric **C
concentration is quite precisely known for the past 14,000 calendar years and reasonably well
known back to 50,000 calendar years ago (Reimer et al., 2013). Consequently, it is possible to
reconstruct reservoir age offsets for calendar ages back to year 50,000 before the present (i.e.,
years before AD 1950; thereafter cal. a. BP). Moreover, equation (1) indicates that the reservoir
age offset must be quoted in “**C years”.

Calculating reservoir age offsets seems straightforward. However, sometimes the calendar age 6

is necessarily weakly known, i.e. that an uncertainty is associated to it. Indeed it may have been
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obtained through scientific measurements [e.g. U/Th dating (e.g. Druffel et al., 2008; Hall et al.,
2010; Southon et al., 2012) or tuning processes with calendrically-dated series of reference (e.g.
Heaton et al., 2013; Soulet et al., 2011a; Thornalley et al., 2011)]. In that case, mapping the
calendar age distribution onto the radiocarbon time scale (hereafter called “uncalibration”) is
required in order to get access to the atmospheric **C age corresponding to the calendar age
0 + o5. The “uncalibrating” approach is sometimes vaguely detailed in the literature, e.g.,
Reimer et al. (2013) wrote: “reservoir ages were calculated from the '*C difference of the
overlap with the tree rings”. After the “uncalibration” step, some authors propagated
uncertainties on the *C reservoir age offset through the use of the quadratic sum (e.g. Hall et al.,
2010). Even though this method produces an estimate of the reservoir age offset, it turns out to
be distributed according to a Gaussian distribution, since the approach neglects the structures of
the atmospheric calibration curve. When the atmospheric **C wiggles are taken into account, the
estimates of both “uncalibrated” ages and the resulting reservoir age offsets can be distributed

according to multi-modal and asymmetric probability distributions.

Properly propagating the various uncertainties linked to reservoir age offset may help for their
proper use and interpretation. This paper is intended to describe the various ways to calculate
reservoir age offsets with a focus on a Bayesian approach — the “uncalibration-convolution
process” — which properly propagates uncertainties linked to the reservoir-derived **C age, a
weakly a priori known calendar age and the atmospheric calibration curve. A case study
discusses the speleothem-atmosphere **C age offsets of speleothem *C data used in the latest
release of the atmospheric calibration curve. Free and open-source codes for proper reservoir age

offset calculations are provided.
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2. Reservoir age offset calculations and open-source codes

According to equation (1), both the **C age of the considered reservoir (e.g. ocean, a lake, a soil)
and the *C age of the atmosphere in the calendar year 8 have to be known to calculate the
reservoir age offset. Furthermore, whatever the information we have about calendar year 6 —
perfectly known, weakly known or not known a priori — we must be certain that it corresponds to
the same event Y at which reservoir/atmosphere-derived objects ceased to incorporate carbon.

Hence, equation (1) can be written slightly differently:

d14R(Y) = pres(Y) - patm(y) 2)

which says that the reservoir age offset at the calendar year 6 of event Y [d**R(Y)] is equal to the
difference between **C ages of the considered reservoir-derived and atmosphere-derived objects
that ceased to incorporate carbon at the calendar year 6 of event Y (p  (Y) and p__ (Y),

respectively). From that statement, three cases of study are possible.

2.1. Reservoir age offset calculation based on a pair of *C ages

In that specific case both *C ages derived from the considered reservoir P,.s(Y) £ Gy, (V) and
from the contemporaneous atmosphere p  (Y) to, v area priori known, whereas the

calendar year 6, corresponding to event Y, is unknown. The *C reservoir age offset d'4R(Y) is

easily calculated according equation (2), and resulting uncertainty is given by:

O—d14R(Y) = \/O-gres(y) + O—gatm(y) (3)
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Finally, the calendar year 6 at which event Y occurred can be obtained by calibrating the

atmosphere-derived **C age p

atm

)+ Op,. (V) using the atmospheric calibration curve (e.g.,

Reimer et al., 2013).

As an example, Bondevik et al. (1999) studied a sediment archive recovered on the coast of the
Norwegian Sea western Norway. In the slice of sediment (609-611 cm from core top), authors
found an articulated shell of Mytilus edulis and an assemblage of fragile terrestrial plant material.
Here, the sediment slice represents the event Y corresponding to the sediment deposition of a
priori unknown calendar year 6. The *C ages of the articulated shell and of the terrestrial plant
material reflect the *C ages derived from the reservoir (coastal Norwegian Sea;

(Y) = 11565 + 45 *C yr BP) and of the contemporaneous atmosphere (P (¥) =

'DNorvegian Sea

11065 + 60 *C yr BP), respectively. According to equation (2) and (3), at the calendar time of
the sediment layer deposition (event Y), the **C reservoir age offset in the costal Norwegian Sea
was  d'*Ryorwegian sea(Y) = 500 £ 75 14C vyears. Finally calibrating the atmosphere-derived
14C age using Intcal13 calibration curve provides the calendar age of event Y: 8 = 12925 + 70
cal. a. BP.

However, in this approach both samples are mutually allochtonous. In other words, the terrestrial
plant material has been inevitably transported before being embedded with the shell in the
sediment. Thus, it is certain that the plant material ceased to incorporated radiocarbon at an event
Y™ which occurred earlier than event Y reflecting the sediment deposition. Thus, the calculated
14C reservoir age offset is a more or less faithful estimation of the actual one depending on the
fact that event Y* is close or not (through calendar time) to event Y. Nevertheless, by carefully

selecting the dated atmospheric and reservoir-derived objects (fragile well preserved leaves, and
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articulated shells for example), it might be possible to obtain a close estimation of the actual **C
reservoir age offset value (e.g. Bondevik et al., 1999, 2006).

Another way to proceed is to take advantage of the virtually instantaneous deposition of volcanic
ash (tephra), over wide onshore and offshore areas. In such cases, the eruption and associated
tephra deposition in a sedimentary environment represent event Y. If it has been possible to
determine from which eruption the tephra has been generated (usually owing to geochemical
measurements carried on the tephra shards), and meaning the fact that this specific eruption has
been **C-dated onshore using terrestrial remains, thus the atmosphere-derived **C age of event Y
is known. Then, measuring the *C age of some material that formed in the reservoir and
retrieved in the tephra layer (e.g. foraminifera for oceanic sediment cores) makes it possible to
calculate the reservoir age offset. This technique is now more commonly used (e.g. Kwiecien et
al., 2008; Siani et al., 2001, 2013; Southon et al., 2013) but has some limitations mainly linked to
stratigraphic uncertainties (e.g. bioturbation processes; see Ascough et al., 2005; Bard et al.,
1994).

Note that equation (3) applies when paired **C dates are assumed to be synchronous. However,
when dealing with multiple pairs from the same sediment layer, often the case in archeological
contexts, the synchronous assumption may not apply. As such, more sophisticated approaches
involving Markov chain Monte Carlo sampling are required to explicitly incorporate uncertainty
in the temporal relationships among paired samples (Jones and Nicholls, 2001; Jones et al., 2007;

Bronk Ramsey, 2008, 2009a).

2.2. Reservoir age offset calculation based on a pair of **C age and perfectly known calendar

age
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Another approach is to know a priori the actual calendar age 6 of event Y and to use the
atmospheric calibration curve to derive the corresponding atmospheric *C age. This is
particularly easy when dealing with pre-bomb and historical samples, i.e. for samples for which

there is no uncertainty on 6.

For example, Siani et al. (2000) analyzed a mollusk shell from the collection of a museum. This
mollusk was alive when it had been sampled (i.e. event Y) in the Black Sea (i.e. the reservoir) in
50 BP [i.e. anno domini AD 1900]. There is no uncertainty associated to 8. This mollusk yielded

a radiocarbon age pg, . .., (Y) of 545+40 “C yrs BP. In the calendar year 50 cal. BP, the

Intcal13 atmospheric calibration curve gives a **C age (i.e. p . (Y)) of 71+7 *C year BP.

atm

According to equation (2) and (3), the **C reservoir age offset in the Black Sea in 50 BP [i.e.

A Rp1ack sea(Y)] Was Of 474+41 YC yr.

Although this approach can be applied to coral annual growth bands (e.g. Druffel et al., 2001), it
is more generally used for museum collection samples (e.g. Siani et al., 2000; Tisnerat et al.,
2010). The main limitation comes from the fact that collections have historical and scientific
significance. Samples from museum collection may not always be available for destructive
radiocarbon measurements. Furthermore few museum collections exist from prior to ca. AD
1700, limiting the temporal range. As well, these collections do not cover all the Earth’s areas
limiting the spatial range of reservoir age offset reconstruction. Finally, sometimes the
information related to the date of entry in the collection may not match the year of death of the

samples (for further information regarding limitations, see Ascough et al., 2005).
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2.3. Reservoir age *C offset calculation based on a pair of **C age and weakly known

calendar age

Things are more complicated when the calendar age 6 for event Y is weakly known, i.e. that an
uncertainty oy is associated to 6. This arises when the calendar age was obtained from scientific
measurements which could have been achieved through uranium-thorium dating for corals or
speleothems (e.g. Durand et al., 2013; Southon et al., 2012) or by cross-matching between a
sedimentary archive and a series of reference independently dated over the calendar time scale T

(Bard et al., 2013; Heaton et al., 2013; Soulet et al., 2011a).

In this case for which, event Y has been dated to 8 + g, in the calendar time space T, we would
like to “uncalibrate” calendar age 6 using the atmospheric calibration curve to obtain the
corresponding atmosphere-derived **C age. A way to proceed would be to invert the axis of the
calibration curve and to apply the regular calibration process. However, this is impossible since
the calibration curve is built so that the **C time scale R function is a single valued continuum in
the calendar time scale T but not vice-versa. Thus to get access to the atmospheric-derived *C
age associated to event Y dated to 8 + oy, we propose to calibrate each **C age r of the **C time
scale R and to evaluate the closeness of each resulting calibrated age distribution to the

distribution of calendar age 6 (Fig. 1).

In this scheme, the probability distribution of the measured calendar age for event Y given any
calendar age t from the calendar time scale T can be represented by a normal distribution

evaluated at t and centered on 6 with a standard deviation ogy:

p(Y|)~N(t; 6, 09) (4)

This can be written as:
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—0)2
p(r1) = ——exp (- £F) ©)

20}
This quantity evaluate the closeness between the occurrence of event Y and any time through the
calendar age scale T. Additionally, we have information about how the **C and calendar time
scales are related. The information comes from the atmospheric calibration curve which links the
14C time scale R to the calendar time scale T. For any time t from the calendar time scale T, the
atmospheric calibration curve is defined as p(t) £+ o(t) on the radiocarbon time scale R. Here
p(t) is the *C age of the atmosphere at calendar time ¢. For any age r from the **C time scale R,

this information is normally taken to be:

p(r|t)~N(r; p(t),0(t)) (6)
This can be written as:
-p(®)’
p(r10) = somenn (- S5 ) ™

Now, let’s assume the following Bayesian network: Y < T — R. In this network, the calendar
time scale T is our hypothesis (or prior). Furthermore, we know that the radiocarbon time scale
R depends upon the calendar time scale T (i.e. the calibration curve or the model) and we want to
evaluate the closeness (or likelihood) between the calendar age measurement for event Y (our

observation) and the calibration curve. According to the network and Bayes’ theorem, we write:

p(Y[t,r) «p(Y[t) - p(r|t) - p(t) (8)

The symbol « denotes proportionality. The prior along the calendar time scale T is taken as

uniform:
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and is thus equal to a constant:

p(t) = constant

Thus according to equations (9) and (10), we say:

p(Ylt,r) < p(Y|t) - p(r|t)

By substituting equations (5) and (7) in equation (11), we can rewrite as follows:

2
p(Yt,r) « ——exp <_ ﬂ) exp (_ (r-p(0)) )

og-a(t) 205 202(t)
We now can integrate out parameter t:

p(YIr) o« [p(Y[t) - p(r|t) - dt

©)

(10)

(11)

(12)

(13)

The “uncalibrated” **C age (or posterior) defines the probability of obtaining a given “C age r

from the radiocarbon time scale R given the event Y. From Bayes’ theorem, the posterior is

given by:

p(r|Y) < p(Y|r) - p(r)

(14)

The prior along the radiocarbon time scale R is taken uniform. Thus p(r) is constant and the

probability distribution of the “uncalibrated” '*C age (posterior) is the same as that for the

likelihood:

p(rlY) < p(Y|r)

10

(15)
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Finally, to obtain the probability distribution of the atmospheric-derived **C age along the *C
time scale R (i.e. the “uncalibrated” **C age) given the single event Y for which we know the

calendar measurement 8 + o5, we normalize to 1. This gives:

(rly)
pP(rY)atm = fpp(:lw (16)

Here the denominator is the normalizing constant. The subscript “atm” on the left term of
equation (16) stands to emphasize that this probability distribution is our atmospheric-derived
4C age. At that step, we have “uncalibrated” our calendar age. Remember that event Y is

characterized by both its calendar age and the **C age of the reservoir. We can write:
patm(y) = p(rly)atm and pres(y) = p(rly)res (17)

Now, according to equation (3), to find the probability distribution of the reservoir age offset
which is p(d'*R|Y), we have to subtract both quantities. Since both **C age distributions are

independent, we use the convolution product:
p(@™RIY) = p(r|V)res * (=1g - p(r|Y)aem) (18)

Here, —1, means that we multiply by —1 the atmospheric-derived **C age along the **C time
scale R before summing both probability distributions through the convolution product, and

finally:
d™R(Y) = p(d*R]|Y) (19)

The uncalibration-convolution process fully propagates uncertainties linked to the reservoir-

derived *C age and the calendar age of event Y, as well as the calibration curve wiggles and

11
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uncertainties. Fig. 1 shows that the both the uncalibrated **C age and the resulting reservoir age

offset are not necessarily Gaussian in shape.

The uncalibration-convolution process developed here does not take into account any
sedimentary ordering constraints that are available when dealing with high-resolution records of
calendar observations. Ordering constraints can be incorporated in the calculations of reservoir
age offset using some recent developments of the program OxCal (Bronk Ramsey et al., 2012;

Bronk Ramsey and Lee, 2013).
2.4. The “ResAge” package: open-source codes for reservoir age offset calculations

Here, three codes for reservoir age offset calculation performing the above detailed three
methodologies are provided (ResAge package). From data inputs (depending on the chosen

approach), the codes provide the reservoir age **C offset outputs as well as some optional data.

Codes from the ResAge package have been written in the open-source environment R (R
Development Core Team, 2014). R is freely downloadable at http://www.r-project.org for
Windows, Mac and Linux. The codes make use of a command-window. The number of
commands to be typed is extremely limited making very easy the use of these codes. Moreover,
basics in R are relatively easy to learn, and the use of R in paleo-research has been growing
recently (Blaauw, 2010; Blaauw and Christen, 2005, 2011; Haslett and Parnell, 2008; Heegaard
et al., 2005). A manual containing information for installing and using the codes is also provided
(see supplementary information).

Briefly, code “rad2.r” (say rad squared) is designed to calculate reservoir age offset when both
the reservoir-derived and atmosphere-derived “C ages are known (see section 2.1). It returns a

.csv file as output. Upon the user’s decision, the atmospheric-derived **C ages can be calibrated.

12
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An additional .csv file containing the calibrated density probabilities can be used to draw them.
A .txt file reports the unnormalized highest posterior probability as the confidence interval
specified by the user (see Blaauw, 2010).

Code “colyear.r” is designed for pairs of reservoir-derived *C age and perfectly known calendar
year (museum collection samples, coral annual band growths; see section 2.2). The code looks
up the calendar year in the atmospheric calibration curve, returns the corresponding atmosphere-
derives *C age and calculate the C reservoir age offset. A .csv file is generated with all
information.

Code “radcal.r” is designed for pairs of reservoir-derived **C age and weakly-known calendar
age (e.g. **C and U/Th dating of corals and speleothem; see section 2.3). The calendar ages are
“uncalibrated” to obtain the corresponding atmosphere-derived **C age following the above
detailed procedure and **C reservoir age offsets are calculated through a convolution product.
Similar to Bronk Ramsey (2009b) and Blaauw (2010), calculations are performed in reference to
the ratio F**C (Reimer et al., 2004) instead of the **C age (Stuiver and Polach, 1977), allowing
for the best representation of all the 1*C uncertainties. Code returns a .csv file containing the **C
reservoir age offset density probabilities that can be used to draw them. A .txt file reports the
highest posterior probability as the confidence interval specified by the user. Upon user’s request

the same information and files can be obtained for the “uncalibrated” atmospheric “C ages.

3. A case study

Speleothems are promising archives to reconstruct past changes in the atmospheric **C
concentration. In 2013, three of these archives have been included for the first time in the

Intcal13 dataset in order to extend and refine the lastest release of the internationally ratified

13
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atmospheric calibration curve (Intcal13; Reimer et al., 2013). Speleothems are secondary mineral
deposits that precipitate from drip water in caves. They are mainly composed of calcite,
aragonite and polymorphs of calcium carbonate and are considered as closed systems and thus
suitable for **C measurements. Uranium from the groundwater is co-precipitated in calcite and
aragonite with negligible thorium, making possible the use of U-Th dating methods and thus
providing an independent calendar time scale. Accordingly, the three speleothem implemented in
the Intcall3 dataset — two from the Bahamas (Beck et al., 2001; Hoffman et al., 2010) and one
from China (Southon et al., 2012) — are dated through pairs of **C and U-Th ages. However, in
the case of speleothems, obtained raw *C ages must be corrected for Dead Carbon Fraction
(DCF) in order to estimate the “atmospheric equivalent” **C concentration. Indeed, DCF is the
reservoir age offset between the speleothem and the atmosphere. DCF arises from the
incorporation of a portion of **C-free inorganic carbon in the speleothem at the time of carbonate
calcium precipitation (e.g. Fohlmeister et al., 2011; Genty and Massault, 1997). This portion of
“dead” carbon is mainly due to dissolution of **C-free carbonate rocks overlying the cave.

As described in Selection and Treatment of Data for **C Calibration (Reimer et al., 2013b), DCF
is estimated by analyzing a section of the speleothem that overlaps with the tree-ring-based
section of the calibration curve (0-14,000 cal. a. BP in the Intcal13 lastest release). The mean *C
offset between the **C age of the speleothem and the tree-ring-based portion of the calibration
curve is then use as the DCF. An uncertainty term is then introduced. It quadratically takes into
account the standard deviation of the individually calculated DCFs and the combined error of the
14C measurement and of the inferred atmospheric **C related to the calibration curve (Reimer et
al., 2013a, 2013b; Southon et al., 2012). In this approach, uncertainty in the U/Th ages and the

wiggles of the calibration curve are not taken into account.

14
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Here, the DCFs of the three speleothem-datasets [Hulu Cave H82 speleothem (Southon et al.,
2012) and Bahamas speleothems GP89-24-1 and GP89-25-3 (Beck et al., 2001; Hoffmann et al.,
2010, respectively)] for data overlapping the tree-ring based calibration curve are calculated
applying the methodology detailed in section 2.3 through the use of the function radcal
described in section 2.4).

Depending upon the number of data to be processed and on the uncertainty linked to the calendar
U/Th age, calculations take up few seconds on a modern PC: ~5 sec for the 80 Hulu Cave data
(mean oyt Of 30 yrs), ~7 sec for the 63 GP89-24-1 data (mean oy Of 40 yrs) and ~20 sec for
the 116 GP89-25-3 data (mean oyt Of 45 yrs).

Calculated DCFs for Hulu Cave H82 show no noticeable structures with limited variability with
time — 95%-confidence interval of 308 to 615 **C years with a mode (highest probability) at 433
14C years (Fig. 2). DCF variability for both Bahamas speleothem is considerably larger - 95%-
confidence interval 1045 to 2099 **C years with a mode at 1405 *C years for GP89-24-1
speleothem (Beck et al., 2001) and 95%-confidence interval 1527 to 2755 **C years with a mode
at 2124 C years for GP89-25-3 speleothem (Hoffmann et al., 2010) (Fig. 2). Perhaps, a
problematic feature is the marked structure seen in GP89-25-3 speleothem (Hoffmann et al.,
2010) showing fast and high-amplitude changes in the DCF. As an example, between c. 12,200
and 11,900 cal. a. BP, DCF decreases by 1200 **C years. GP89-25-3 speleothem data are
invaluable data that are currently used as input data to reconstruct the atmospheric **C calibration
curve (Reimer et al., 2013a, 2013b). However, even corrected for a wide average DCF, such a
structure occurring in older part of the speleothem record may introduce uncertainties by an
order of 1000 cal. years for the older portion of the atmospheric *C calibration curve. Most of

all, further developing our understanding of the controls on the incorporation of dead carbon in

15
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speleothems (e.g. Fohlmeister et al., 2011; Noronha et al., 2014; Reimer et al., 2013b) and in a
general manner on the reservoir age offset of the marine data implemented in the **C calibration

curve are both of primary interest (Reimer et al., 2013b).

4. Conclusions

Proper calculation of reservoir age offset is of primary interest since their reconstruction through
time tells a lot about the changes in the regional to global-scale carbon cycle with impacts on our
understanding of the Earth climate. In particular, proper regional reconstruction of reservoir age
offsets is important to build regional calibration curve. Regional calibration curves may be
suitable for very specific basins (e.g. Black Sea, Caspian Sea) for which reservoir offsets are
supposed to have greatly varied with time and for which assessing reliable sediment archive
chronologies is challenging (e.g. Kwiecien et al., 2008; Soulet et al., 2011a, 2011b). Regional
surface ocean calibration curves are also needed to better constrain changes in the oceanic
ventilation age through the projection age methods (Lund, 2013). R codes and the innovative
calculation method based on pairs of **C age and calendar ages presented here would represent
another step to study reservoir age offset evolution with more scrutiny. Future improvements and
development aiming at properly calculating the reservoir age offset evolution with time would be
useful. Finally, the R codes composing the ResAge package can be understood relatively easily.

Interested users can open and adapt the “black box”.
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Figure captions:

Fig. 1: Calculation of a *C reservoir age offset based on a pair of reservoir-derived **C date of
9200 + 30 *C yr BP (grey Gaussian probability density function [pdf] on the radiocarbon time
axis) and calendar date of 9550 + 150 cal. yr BP (light green Gaussian pdf on the calendar time
axis). A: “Uncalibration” of the calendar date following the methodology detailed in section 2.3.
The resulting “uncalibrated” age (light green multimodal pdf on the radiocarbon time axis)
corresponds to the atmosphere-derived **C age involved in the '*C reservoir age offset
calculation. Highest posterior density ranges (black bars) of the “uncalibrated” age are 8272 —

8601 *“C yr BP (probability 43.8%) and 8605 — 8826 “*C yr BP (probability 51.2%). Black curve
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is the 1o Intcall3 envelope (Reimer et al., 2013). B: The resulting **C reservoir age offset
(purple pdf) corresponding to the difference between the reservoir-derived *C age (grey
Gaussian pdf in A) and the atmosphere-derived *C age (light green multimodal pdf in A)
through a convolution product. Highest posterior density ranges (black bars) of the **C reservoir
age offset are 362 — 617 **C years (probability 51.9%) and 622 — 947 **C years (probability

43.1%).

Fig. 2: Reconstruction of the changes in the *C reservoir age offset (i.e. dead carbon fraction,
DCF) for the three speleothem data currently included in the Intcall3 database. DCF is
calculated for *C-calendar pairs overlapping the tree-ring based atmospheric calibration curve
(Intcall3; Reimer et al., 2013). Yellow and green squares: Bahamas speleothems GP89-25-3
(Hoffmann et al., 2010) and GP89-24-1 (Beck et al., 2001), respectively. Blue circles: Chinese
Hulu Cave speleothem H82 (Southon et al., 2012). Yellow, green and blue probability density
functions (pdf) represent the corresponding full variability in the DCF calculated as the mixture
of all the individual DCF pdfs for each set of data: Highest posterior density ranges at 95%
(shaded areas) and modes are 1527 — 2755 **C years with mode at 2124 **C years (Bahamas
GP89-25-3), 1045 — 2099 *C years with mode at 1405 **C years (Bahamas GP89-24-1) and 308
— 615 'C years with mode at 433 '*C years (Chinese Hulu cave H82). All uncertainties

characterizing data are given at 95% confidence.
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