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[1] The ‘Mystery Interval’ (17.5–14.5 ka BP) is characterized by a large decline in
atmospheric D14C synchronous with an increase in atmospheric CO2. The most widely
accepted hypothesis to explain these observed shifts involves the existence of an isolated
‘old’ ocean carbon reservoir that was subsequently ventilated. Here we use the UVic Earth
System Climate Model to locate a potential carbon rich and D14C depleted water mass
under 17.5 ka BP boundary conditions. We then investigate two mechanisms for the
potential ventilation of such a reservoir, namely the weakening of the North Atlantic
Meridional Overturning due to iceberg calving and latitudinal shifts in Southern
Hemisphere Westerlies (SHW) due to southern hemispheric warming. We find that
simulations derived from an equilibrium state forced with present-day SHW and moderate
North Atlantic Deep Water (NADW) formation are in better agreement with atmospheric
and ocean D14C reconstructions than simulations derived from an equilibrium state forced
with a northward shifted SHW belt resulting in a shut-down of the Atlantic Meridional
Overturning and formation of North Pacific Deep Water. For simulations with present-day
SHW, the oldest water masses are found in the North Pacific, although the Southern Ocean
cannot be ruled out as a potential ‘Mystery Reservoir’. According to our simulations,
the strength of Atlantic overturning is the dominant mechanism in increasing the
ocean-atmosphere carbon flux, while shifting SHW results in a rearrangement of deep
ocean carbon largely between the Atlantic and Pacific basins. In our ‘best case’ scenario,
the model can account for 58% of the atmospheric CO2 increase and 48% of the
atmospheric D14C decline. While the rate of ventilation and the age of ventilated water
masses are comparable with observations, the ventilation in the model could not be
sustained long enough to account for the full excursion seen in paleodata.
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1. Introduction

[2] Paleoclimate-proxy data from the last �25 kyr BP
suggests significant climate change occurring during the
transition from the Last Glacial Maximum spanning 26.5–
19 ka BP (LGM) [Clark et al., 2009] to present-day condi-
tions [Clark et al., 2012]. Major events include the Heinrich
1 (H1) event at 16.8 ka BP [Hemming, 2004], the Bølling-
Allerød (B-A) event at 14.6–12.8 ka BP and the Younger
Dryas (YD) at 12.9–11.5 ka BP. Of particular interest is the
‘Mystery Interval’, a period of time spanning 17.5–14.5 ka
BP, which saw cooling of the Northern Hemisphere (NH)
[Bard et al., 2000; Grootes et al., 1993], a significant
weakening of the North Atlantic Meridional Overturning

Circulation (AMOC) [McManus et al., 2004], Southern
Hemisphere warming [Morgan et al., 2002], changes in
atmospheric circulation [Toggweiler et al., 2006, and refer-
ences therein], a rise in atmospheric CO2 by �40 ppm
[Monnin et al., 2001] and a significant reduction of �190‰
in the atmospheric D14C record [Broecker and Barker,
2007; Reimer et al., 2009]. Potential changes in 14C pro-
duction rates based on paleomagnetic and sedimentary 10Be
reconstructions can only account for approximately of 37‰
of the observed 14C reduction, whereas ice core 10Be
reconstruction cannot account for any of theD14C excursion
[Broecker and Barker, 2007]. Conversely, a modeling study
by Köhler et al. [2006] suggests changes in production rate
to play a significant role during the interval, allowing for a
maximum carbon cycle contribution of roughly 100‰.
Köhler et al. [2006] show there is indeed a high level of
uncertainty in production estimates, this is supported by
Skinner et al. [2010], however they suggest that changes in
the carbon cycle should account for a minimum of 150‰.
[3] The prevailing theory that seeks to explain this large

decrease in D14C is discussed, amongst others, by Broecker
and Barker [2007] and Broecker [2009] and involves the
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existence of an isolated abyssal carbon rich and 14C deficient
ocean reservoir, or ‘Mystery Reservoir’ (MR), which could
potentially account for the observed changes in atmospheric
14C, 13C and CO2 [Schmitt et al., 2012; Brook, 2012]. The
proposed MR of Broecker and Barker [2007] is stabilized
and allowed to remain isolated from the atmosphere for
much of the LGM. The theory involves events during the
deglaciation prompting the ventilation of this reservoir,
increasing atmospheric CO2 and decreasing D14C synchro-
nously. Some sediment cores and deep-sea corals corrobo-
rate this theory and show evidence of very old water masses,
namely in the Arabian Sea [Bryan et al., 2010], off Baja
California [Marchitto et al., 2007], in the Eastern Equatorial
Pacific [Stott et al., 2009], and in the Drake Passage [Burke
and Robinson, 2012].
[4] Original estimates made by Broecker and Barker

[2007] limit the reservoir to filling no more than 50% of
the ocean, which was then further reduced to 30% by
Broecker et al. [2008]. The lower limit of this reservoir
would be of the order of 15% of the worlds oceans, an
unlikely scenario as it involves all the radiocarbon having
been decayed [Broecker et al., 2008]. Broecker and Clark
[2010] note that the reservoir would have to occupy the
entire ocean below 3.2 km if it was isolated for a 14C
half-life. A reservoir of such immense size would almost
certainly be mixed with surrounding water masses due to
geothermal heating from below and eddy mixing from
above [Broecker and Clark, 2010]. Hain et al. [2011] use a
box model to test this hypothesis and find that no such MR
could have existed due to (i) the dissipation of these
potential 14C depleted water masses to the rest of the ocean
and atmosphere over time and (ii) anoxia within these
potential water masses and simultaneous trapping of alka-
linity from CaCO3 dissolution. However these mechanisms
would lead to an increase in atmospheric CO2, which is in
conflict with observations [Monnin et al., 2001].
[5] Antarctic Bottom Water (AABW) was the densest and

saltiest water mass during the LGM [Zahn and Mix, 1991;
Adkins et al., 2002] and in combination with extensive sea
ice cover inhibiting air-sea CO2 exchange [Gersonde et al.,
2003; Stephens and Keeling, 2000] would have allowed
Southern Ocean waters to potentially become the MR we
seek [Bryan et al., 2010; Skinner et al., 2010]. Marchitto
et al. [2007] report 14C values of intermediate water in
the eastern North Pacific dropping by 300‰ during the last
deglaciation and hypothesize the Southern Ocean as the
source region for these old water masses. Basak et al.
[2010] measure the neodymium isotopes of fossil fish
teeth and debris taken from Marchitto et al.’s [2007] core
and find that the isotopic signature of the same water mass
shows a clear shift toward Southern Ocean values at
approximately 18 ka BP, coincident with the decrease in
D14C. Mangini et al. [2010] analyze deep sea corals in the
South Atlantic and provide evidence of a weakening or shut
down of Antarctic Intermediate Water (AAIW) approxi-
mately 2 kyr prior to the H1 event. The timing and mag-
nitude of the D14C decrease in these corals match values
found by Marchitto et al. [2007] in the North Pacific and by
Stott et al. [2009] in the eastern Pacific. Finally, Skinner et
al. [2010] find evidence of an old water mass pre-dating H1
in the Southern Ocean. They conclude that the critical fac-
tors involved in the sequestration and ventilation of this

water mass are potentially changing Antarctic sea ice extent,
as well as changing wind stress of westerlies and their effect
on the Antarctic Circumpolar Current and Circumpolar
Deep Water stratification.
[6] Bryan et al. [2010] argue that the 14C-depleted waters

found at intermediate depth in the Arabian Sea cannot have
aged ‘in situ’ due to isopycnal mixing and hypothesize that
these water masses must have been formed either in the
Southern Ocean or in the North Pacific. The existence of a
northern Pacific reservoir is also mentioned as a possibility
by Rose et al. [2010]. Sediment cores from the southwest
Pacific show a 170‰ decrease in intermediate water D14C
prior to the atmospheric decrease [Rose et al., 2010] sug-
gesting that carbon ventilated from the abyssal Southern
Ocean lost most of its original depleted 14C as a result of
exchange and isotopic equilibration with the atmosphere.
Rose et al. [2010] conclude that the low 14C values recorded
byMarchitto et al. [2007] may imply the North Pacific basin
as a likely source of old carbon. It is also noteworthy that
14C-depleted waters are not observed along the Chile margin
[De Pol-Holz et al., 2010], which therefore would make a
North Pacific source forMarchitto et al.’s [2007] water mass
a likely candidate. However, Lund et al. [2011] have
recently challenged the theory of a deep northeast Pacific
reservoir; as data retrieved from their core W8709A-13PC
shows higher 14C/C ratios than values recorded in Marchitto
et al.’s [2007] water mass.
[7] The latitudinal location of the Southern Hemisphere

Westerlies (SHW) during the LGM is an area of intense
debate within the paleo community. Several studies using
regional data reconstructions provide evidence suggesting
that the SHW were anywhere between 3 degrees [Hesse,
1994], 5 degrees [McGlone et al., 2010] or up to 9–10 degrees
north of their present-day location [Moreno et al., 1999;
Lamy et al., 1999; Stuut and Lamy, 2004; Toggweiler et al.,
2006]. Conversely, modeling studies suggest either no sig-
nificant shifts [Rojas et al., 2009] or a southward shift
[Wyrwoll et al., 2000]. With the onset of H1 there is evi-
dence of a southward shift of the Inter-Tropical Conver-
gence Zone (ITCZ) [Peterson et al., 2000; Cheng et al.,
2009; Chiang, 2009; Anderson and Carr, 2010] and with
it a southward movement of the SHW [Barker et al., 2009].
This would result in enhanced Ekman upwelling, an
increased ventilation of Southern Ocean deep waters and an
increase in AAIW formation as well as ocean productivity,
which is observed in proxy records as an increase in opal
flux near Antarctica [Basak et al., 2010; Rose et al., 2010;
Anderson et al., 2009].
[8] At the same time, H1 caused an influx of cold, fresh

water into the North Atlantic, reducing North Atlantic Deep
Water (NADW) formation rates and associated oceanic heat
transport to higher latitudes [Anderson and Carr, 2010;
McManus et al., 2004; Bard et al., 2000]. Many studies call
on a bi-polar inter-hemispheric ocean see-saw to link the
cooling and slowing of overturning in the North Atlantic
associated with the H1 event to warming and changes in
ocean circulation in the Southern Hemisphere [Anderson
and Carr, 2010; Bryan et al., 2010; Barker et al., 2009;
Cheng et al., 2009; Liu et al., 2009; Robinson et al., 2005;
Schmittner et al., 2003; Saenko et al., 2003; Broecker,
1998]. 231Pa/230Th ratios [Mangini et al., 2010] along with
ɛNd records from ocean sediments [Pahnke et al., 2008]
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corroborate this theory by implying a larger influence of
Southern Sourced Water (SSW) during the H1 event. These
changes in the location and intensity of ventilation might
have an important impact on global atmosphere-ocean car-
bon fluxes [e.g., Skinner et al., 2010].For example, today
NADW draws down 14C from the atmosphere more effi-
ciently than 14C deficient AABW so the observed changes in
SSW/Northern Sourced Water (NSW) domination of the
glacial-interglacial deep ocean would have an effect on
atmospheric 14C [Robinson et al., 2005].
[9] The B-A event marked a resumption of the AMOC

and is also the end of the Mystery Interval [McManus et al.,
2004]. With this we see an abrupt warming in the North
Atlantic in terms of both atmospheric temperatures and SST
[Liu et al., 2009] as well as significant SST increases in
Pacific marginal seas [Kiefer and Kienast, 2005]. Paleodata
of increasingly negative carbon isotope ratios and very low
Mg/Ca and Ba/Ca ratios from the northern Iberian peninsula
between 15.4 and 13.4 ka BP show large increases in tem-
perature and humidity [Moreno et al., 2010]. The B-A
occurred synchronously with the Antarctic Cold Reversal
(ACR) in the Southern Hemisphere during which time
warming in the Southern Ocean paused as did the increase in
atmospheric CO2 [Monnin et al., 2001]. At the same time,
evidence is seen off the coast of Baja California of a pro-
portional increase in North Pacific Intermediate Water
(NPIW) to AAIW in neodymium isotopic ratio data [Basak
et al., 2010].
[10] This study aims to analyze climate simulations of the

Mystery Interval in order to identify the location of the
oldest simulated water masses. It then tests two potential
mechanisms that have been put forward in the literature to
account for the ventilation of these water masses causing the
observed increase in atmospheric CO2 and synchronous
decrease in atmospheric D14C: a southward shift of the
SHW and changes in the strength of the Atlantic Meridional
Overturning Circulation (AMOC).

2. Methods

[11] This study utilizes the UVic Earth System Climate
Model (ESCM) which consists of a series of sub-models
coupled together for relevant feedbacks between them. The
ocean is represented by the Modular Ocean Model, Version 2
[Pacanowski, 1995], an ocean general circulation model. It is
coupled to a vertically integrated, two dimensional energy-
moisture balance model of the atmosphere. In addition to
these, the UVic ESCM includes a dynamic-thermodynamic
sea ice model derived from Semtner [1976], Hibler [1979]
and Hunke and Dukowicz [1997], a sediment model [Archer,
1996] and a dynamic global vegetation model [Meissner
et al., 2003a]. The UVic ESCM also includes an improved
NPZD (nutrient, phytoplankton, zooplankton and detritus)
model with a parameterization of rapid nutrient recycling
due to microbial activity [Schartau and Oschlies, 2003].
The NPZD model contains two classes of phytoplankton,
nutrients (nitrate and phosphate) and the prognostic tracers
of oxygen, dissolved inorganic carbon and alkalinity
[Schmittner et al., 2008]. A more thorough description of
the UVic ESCM can be found in Weaver et al. [2001].
[12] The model is driven by insolation at the top of the

atmosphere in addition to wind stress and wind fields

[Kalnay et al., 1996] both of which vary seasonally. All
model components have a resolution of 3.6� in longitude and
1.8� in latitude. During simulations, the model conserves
water, energy and carbon to machine precision. Compar-
isons of the model’s results with observations and proxy data
show good agreement, good examples are Weaver et al.
[2001] and Meissner et al. [2003a, 2003b].
[13] Two equilibrium simulations are integrated for

12,000 years under boundary conditions corresponding to
paleo-year 17.5 ka BP and hereafter referred to as H1
boundary conditions. This includes an atmospheric CO2

value of 205 ppm [Smith et al., 1999], land ice extent and
thickness from a reconstruction by Peltier [2002] and orbital
parameters corresponding to paleo-year 17.5 ka BP [Berger,
1978]. Atmospheric D14C is set to 393‰ [Reimer et al.,
2009]. The two simulations differ in their position of
SHW: while simulation A-eq is forced with present-day
winds, SHW are shifted 9� of latitude north for simulation
B-eq. At the end of the equilibrium simulations, trends in
deep ocean temperature and dissolved inorganic carbon
(DIC) were analyzed to ensure the simulations had reached
equilibrium. It was then possible to diagnose the global
mean 14C flux into the ocean for the given boundary con-
ditions, this flux was set equal to the 14C production rate at
the top of the atmosphere during the sensitivity simulations
[Meissner et al., 2003b; Meissner, 2007], so that atmo-
spheric D14C could be calculated prognostically. The pro-
duction rate of 14C for subsequent sensitivity simulations
equals 1.74 atoms cm�2 s�1 for all simulations derived from
A-eq and 1.77 atoms cm�2 s�1 for all simulations derived
from B-eq. This is comparable to an estimated modern day
global average 14C production rate of 1.64 atoms cm�2 s�1

[Kovaltsov et al., 2012].
[14] The sensitivity simulations are generated by changing

the latitudinal position of the SHW and/or changing NADW
formation via the influx of fresh or saline water into the
North Atlantic. Please refer to Table 1 for a list of all sen-
sitivity simulations. All ‘f’ simulations are forced with a
fresh water flux into the North Atlantic of 0.12 Sv for a
period of 500 years. This time frame was chosen based on
Hemming [2004] who uses combined ice rafted detritus
records to find an average length of 495 � 255 years for the
H1 ice rafting event. After the freshwater ‘hosing’ the
AMOC in the model remains in its inactive state. As there is
paleodata evidence that the AMOC must have turned on
again at some point after H1, half the freshwater hosing
simulations (‘f’ simulations) are subsequently forced with an
unphysical ‘salt flux’ of �0.12 Sv (or 4.17 � 106 kg s�1) in
the same region the fresh water hosing occurred (‘fs’ simu-
lations). Simulations including the suffix ‘ws’ in their name
are forced with SHW wind stress fields shifted 9� south,
‘wn’ are forced with SHW shifted 9� north and ‘wpd’
simulations are forced with present-day wind stress. All
sensitivity simulations have then been integrated for an
additional 5000 years under fixed boundary conditions.

3. Results

3.1. Equilibrium Simulations

[15] Our two equilibrium simulations differ in their forc-
ing only in the position of the SHW. This difference in
dynamical forcing results in two very different states of the
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global circulation: while simulation A-eq (with present-day
SHW) forms deep water in the North Atlantic, simulation
B-eq (with SHW shifted 9� north) forms deepwater in the
North Pacific similar to Saenko et al. [2004].
[16] The maximum overturning strength in the North

Atlantic exceeds 12 Sv in simulation A-eq and Antarctic
Bottom Water (AABW) formation is active with a minimum
zonally integrated meridional transport of �9 Sv (Figures 1a
and 1b). The oldest water in simulation A-eq is found in the
Pacific basin with aD14C zonal mean value of�46.6‰; it is
situated at 2000–4000 m depth, between 0� and 60�N
(Figure 2c). The oldest water in the Atlantic Ocean has a
D14C zonal mean value of 77.31‰ (Figure 2a) and exists
between 4000 m and the bottom, between 60�S and 0�.
[17] When compared to simulation A-eq, simulation B-eq

displays stronger AABW formation with a minimum zonally
integrated meridional transport exceeding �13 Sv. North
Pacific Deep Water (NPDW) formation is also quite strong
with a maximum overturning strength of 20 Sv (Figure 1c)
while there is an absence of NADW formation (Figure 1d).
The oldest water in the Atlantic Ocean is located between
40�N and 60�N (Figure 2b) with a minimum zonal mean
D14C value of �12.64‰, at a depth of 2000–4000 m.
Pacific Ocean water masses are younger, with a minimum
zonal mean D14C value of 50.11‰, located between 30�–
60�N at a depth below 3500 m (Figure 2d).
[18] Figure 3 shows the minimumD14C value in the water

column for both equilibrium simulations. Neither of the
simulations depict the Southern Ocean as a likely location
for the Mystery Reservoir (MR). AABW formation and
AAIW formation are too active in both simulations to allow
accumulation of old carbon in the Southern Ocean. Top-to
bottom age differences for both simulations are shown in
Figure 4.

3.2. Oceanic Carbon Budgets

[19] Table 2 lists the carbon anomalies for each reservoir
at the end of our 13 sensitivity simulations when compared

to their parent equilibrium simulation. Three major basins
were considered; the Atlantic, Pacific and Indian Oceans.
In addition, we analyze changes in the carbon content of
the shallow and deep ocean, the shallow box spanning
from the surface to 980 m in depth while the deep ocean
box spans from 980 m to the bottom. Changes in sediment
carbon are at least two orders of magnitudes smaller and
have therefore not been included in Table 2. The main
results of Table 2 are visualised in Figure 5. There are
several conclusions that can be drawn from Table 2 and
Figure 5:
[20] 1. All simulations derived from equilibrium simula-

tion B-eq gain carbon in the Pacific Ocean due to an increase
in NADW formation and decrease in NPDW formation. This
carbon originates predominately in the Atlantic Ocean and,
to a lesser extent, the Indian Ocean. Only two simulations
(B-wpd and B-wpd-f) are characterized by a larger loss of
carbon in the Indian ocean when compared to the Atlantic
Ocean. In all cases the carbon fluxes between ocean basins
are an order of magnitude larger than changes in atmo-
spheric carbon, implying that most of this carbon is
exchanged in the intermediate and deep ocean.
[21] 2. There are six simulations showing a significant

increase in atmospheric CO2. Only four out of these six
simulate a net transfer of carbon from the ocean to the
atmosphere (B-wn-fs, A-wpd-fs, A-ws-fs, A-wpd-f). The
three A simulations (A-wpd-fs, A-ws-fs and A-wpd-f) also
show a significant increase in terrestrial carbon, while the
terrestrial carbon budget of B-wn-fs remains unchanged
(�0.4 Pg C). In addition to these four simulations, which are
also the only ones showing a significant increase in atmo-
spheric CO2 (>10 ppm), there are two simulations char-
acterized by a smaller net increase in atmospheric CO2

(<10 ppm; B-wpd-fs and B-ws-fs). During these simulations
ocean carbon increases while terrestrial carbon decreases.
[22] 3. When SHW shift southward and the AMOC is

unchanged or weakened, there is a net transfer of carbon
from the atmosphere into the ocean with a synchronous
carbon loss from land.
[23] 4. The simulations with the largest decrease in

atmospheric D14C and largest increases in atmospheric
CO2, A-wpd-fs and A-ws-fs, experience the least inter-basin
carbon exchange of all ‘fs’ simulations. Rather than re-
arranging deep ocean carbon, the old carbon enters the
shallow ocean and ventilates.

3.3. Atmospheric CO2 and D14C Records

[24] Three of our sensitivity simulations (A-wpd-fs, A-ws-
fs and B-wn-fs) show a large increase in atmospheric CO2

(>20 Gt C) with the two A simulations exceeding 30 Gt C.
A-ws-fs is closest to replicating the magnitude and rate of
change of atmospheric D14C [Reimer et al., 2009] and CO2

[Monnin et al., 2004] (see Figure 6); the simulation shows
an atmospheric CO2 increase of 21 ppm over the course of
3000 years, with 20 ppm of that increase occurring over the
first 2000 years. This is in contrast to reconstructed atmo-
spheric CO2 concentrations [Monnin et al., 2004], which
show a consistent increase throughout the interval of roughly
36 ppm. The model accounts therefore for 58% of the
reconstructed atmospheric CO2 increase; and the rate of
increase during the first 1500 years of integration is

Table 1. List of Simulationsa

Name
SHW 9�
North

SHW
PD

SHW 9�
South

Fresh
Water

Salt After
500 Years

A-eq X
B-eq X
A-ws X
B-ws X
B-wpd X
A-wpd-fs X X X
B-wn-fs X X X
A-ws-fs X X X
B-ws-fs X X X
B-wpd-fs X X X
A-wpd-f X X
B-wn-f X X
A-ws-f X X
B-ws-f X X
B-wpd-f X X

aThe label for each simulation includes a maximum of three parts; the
simulation it is derived from (A-eq or B-eq), the location of the SHW
(‘wn’ = 9� north of present-day location, ‘wpd’ = present-day location
and ‘ws’ = 9� south of present-day location), and freshwater forcing in
the North Atlantic (‘f’ for a fresh water flux in the North Atlantic or ‘fs’
for a fresh and subsequent saline flux). X denotes “yes.”
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comparable to the paleo record. Similarly, the simulated
atmospheric D14C accounts for 86‰ of the roughly 190‰
decline seen in reconstructed D14C records [Reimer et al.,
2009] (Figure 6b). The ventilated carbon may therefore
have been slightly ‘younger’ than expected, as the model
accounts for only 45% of the atmospheric D14C decline
compared to 58% atmospheric CO2 increase. Additional data
from Southon et al.’s [2012] speleothem record (Figure 6b,
orange dots) shows a smaller change in D14C during the
Mystery Interval when compared to INTCAL09, although this
could be due to their record starting its decline 1000 years
earlier than INTCAL09, while the total change in the two
records is comparable [Southon et al., 2012]. Figure 6 also
shows time series derived from simulation A-wpd-fs for
comparison (green lines).

3.4. D14C Records in the Ocean

[25] Figure 7 shows time series of ocean D14C for simu-
lations A-wpd-f, A-ws-fs, B-wn-f and B-ws-fs compared to
paleo proxy data at five locations in the western Pacific
(Figures 7a, 7d, 7g, 7j and 7m) and eight locations in the
Eastern Pacific (Figures 7b, 7c, 7e, 7f, 7h, 7i, 7k and 7l).
Only four cores have a published record dating just prior to
the start of the Mystery Interval (MD01-2416, Figure 7a
[Sarnthein et al., 2006]; MD01-2386, Figure 7m [Broecker
et al., 2008]; VM21-30, Figure 7k [Stott et al., 2009] and
PC08, Figure 7h [Marchitto et al., 2007]). D14C values
simulated by equilibrium simulation A-eq are in agreement
with reconstructions from cores MD01-2416 [Sarnthein
et al., 2006] and PC08 [Marchitto et al., 2007], whereas
none of our two equilibrium simulations is in agreement

Figure 1. Stream function of the zonally integrated meridional transport for (a) Simulation A-eq - global
ocean, (b) Simulation A-eq - Atlantic basin, (c) Simulation B-eq - global ocean and (d) Simulation B-eq -
Atlantic basin. Units in Sverdrups.
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with core MD01-2386 [Broecker et al., 2008] or VM21-30
[Stott et al., 2009]. During the Mystery Interval, no clear
conclusions can be drawn as to which sensitivity study is in
best agreement with available data. It is noteworthy that
none of our simulations are able to replicate the extremely
low D14C values recorded in core PC08 [Marchitto et al.,
2007] off Baja California (Figure 7h) or in core VM21-30
[Stott et al., 2009] in the equatorial Eastern Pacific
(Figure 7k). Similarly, core MD01-2416 [Sarnthein et al.,
2006] in the northwest Pacific has three D14C values that
are all lower than any of our simulated values at this loca-
tion (Figure 7a). Cores ODP-887 (Figure 7b [Galbraith
et al., 2007]), as well as 1019A01H4 (Figure 7c [Mix et al.,
1999]) and W8709-A-13PC (Figure 7e [Mix et al., 1999]),
all three located in the northern East Pacific, show one low
D14C each that none of our simulations match. On the other
hand, the only record in core TR163-31 [Shackleton et al.,
1988] in the tropical East Pacific is higher than any of our
simulations (Figure 7l). Our sensitivity simulations are sim-
ulating D14C values within the error bars for all other cores.
[26] Paleo proxy data from the Atlantic Ocean is com-

pared to four of our simulations in Figure 8. It should be
noted that two of the RAPiD cores (Figures 8a and 8b
[Thornalley et al., 2011]) have been taken just south of the
Greenland-Iceland-Scotland sill, and are compared to model
data at depths of 1800 m (Figure 8a) and 1200 m (Figure 8b)
due to the coarse resolution of our ocean model. The three
RAPiD records show evidence of two distinct water masses;
only the younger, better ventilated water mass has values
close to the ones replicated in our simulations whereas our
model does not capture the very depleted water mass. Sim-
ilarly, the two coral records at intermediate depth in the
southern West Atlantic (C2 and C1, Figures 8i and 8j
[Mangini et al., 2010]) each show one record for which
D14C is lower than our simulated water masses at that
location. Our sensitivity simulations are simulating D14C

values within or very close to the error bars for all other
cores.
[27] Simulated time series of D14C are also compared to

proxy data in the Drake Passage (Figures 9c, 9e, 9f and 9g)
and in the southern Atlantic Ocean (Figures 9d and 9h). The
A-ws-fs and B-ws-fs simulations both achieve D14C values
similar to those recorded in the deep-sea coral [Goldstein
et al., 2001] (corresponding to a situation with vigorous
overturning circulation in the Atlantic, Figure 9e), although
they achieve these values roughly 1000 years late. The A-ws-
fs and B-ws-fs simulations are also compatible with one of
the dredged deep-sea corals in the Drake Passage (Figure 9c
[Burke and Robinson, 2012]). However, two dredged corals
from a close-by location record much lower D14C values
than any of our simulations predict (Figures 9f and 9g [Burke
and Robinson, 2012]). MD07-3076 (Figure 9h [Skinner
et al., 2010]) provides us with a series of records in the
South Atlantic throughout the Mystery Interval that are, save
for the last one, all well below any of the simulated values;
and TN057-21 (Figure 9d [Barker et al., 2009]) shows one
value that is more depleted than any of our simulations.
[28] Finally, data from intermediate depth in the Indian

Ocean is shown in Figures 9a and 9b [Bryan et al., 2010].
All paleo data are more depleted than the corresponding
water mass in our simulation.
[29] In summary, there is paleoproxy evidence of at least

one depleted deep water mass in the northern North Atlantic
(Figures 8a, 8b and 8c) as well as a deep water mass in the
Southern Ocean (Figures 9d and 9h) that the model is not
able to reproduce. The model also overestimates ventilation
rates at intermediate depth in some location in the Atlantic
Ocean (Figures 8i and 8j), the Pacific Ocean (Figures 7h
and 7k), the Indian Ocean (Figure 9a and b) and the Drake
Passage (Figures 9f and 9g). Our equilibrium simulation
A-eq is in better agreement with the sparse data available
just prior to the start of the Mystery Interval than equilib-
rium simulation B-eq. During the Mystery Interval no clear

Figure 2. Zonal mean D14C (permil) for equilibrium simulation (a and c) A-eq and (b and d) B-eq.
Shown is the Atlantic Ocean (Figures 2a and 2b) and Pacific Ocean (Figures 2c and 2d).
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Figure 3. Minimum D14C (permil) in the water column for (a) equilibrium simulation A-eq and
(b) equilibrium simulation B-eq. Also shown are the locations of sediment cores and corals discussed in
text and shown in Figures 7, 8 and 9. MD01-2416 (1, Sarnthein et al. [2006]), ODP-887 (2, Galbraith
et al. [2007]), GH02-1030 (3, Ikehara et al. [2006]), CH84-14 (4, Duplessy et al. [1989]), 1019A01H4
(5, Mix et al. [1999]) and W8709A-13PC (6, Mix et al. [1999]), F8-90-G21 (7, van Geen et al. [1996]),
KT89-18-P4 (8, Murayama et al. [1992]), JPC56 (9, Keigwin [2002]), PC08 (10, Marchitto et al.
[2007]), MD01-2386 (11, Broecker et al. [2008]), VM21-30 (12, Stott et al. [2009]), TR163-31 (13,
Shackleton et al. [1988]), 47396B (14, Goldstein et al. [2001]), DC-A-2a (15, Burke and Robinson
[2012]), DC-A-6 (16,Burke and Robinson [2012]), DN-A-10 (17, Burke and Robinson [2012]), MDO7-
3076 (18, Skinner et al. [2010]), C2 (19, Mangini et al. [2010]), C1 (20, Mangini et al. [2010]), Muir1
and Muir2 (21, Robinson et al. [2005]), GREGG (22, Robinson et al. [2005]), Manning (23, Robinson
et al. [2005]), MD99-2334K (24, Skinner and Shackleton [2004]), RAPiD 17-5P (25, Thornalley et al.
[2011]), RAPiD 15-4P (26, Thornalley et al. [2011]) and RAPiD 10-1P (27, Thornalley et al. [2011]),
RC2714 (28, Bryan et al. [2010]) and RC2723 (29, Bryan et al. [2010]) and TNO57-21 (30, Barker
et al. [2009]).
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Figure 4. The top - bottom age difference for (a) Simulation A-eq and (b) Simulation B-eq. Units in
years.

Table 2. Carbon Anomalies (Sensitivity Simulation Minus Parent Equilibrium Simulation) at Completion of the Simulationsa

Simulation Atmosphere

Ocean

Land Atlantic Pacific IndianTotal Deep Shallow

A-ws �1.1 5.1 �35.2 40.3 �4.2 �90.8 102.1 �6.2
B-ws �32.3 126.5 187.1 �60.6 �94.3 �146.6 379.2 �106.1
B-wpd �18.5 61.4 76.4 �15.0 �43.0 �8.5 114.2 �44.3
A-wpd-fs 35.0 �85.3 �187.7 102.4 49.9 �8.2 �65.5 �11.6
B-wn-fs 21.6 �21.0 �10.2 �10.8 �0.4 �362.7 406.7 �65.0
A-ws-fs 34.0 �79.5 �219.5 140.0 45.0 �26.4 �53.4 0.3
B-ws-fs 7.7 25.7 �18.3 44.0 �33.7 �429.5 502.9 �47.7
B-wpd-fs 5.4 30.9 23.8 7.1 �36.7 �408.9 496.6 �56.8
A-wpd-f 11.6 �57.6 �144.2 86.6 45.7 391.5 �443.7 �5.4
B-wn-f 0.6 1.7 0.8 0.9 �2.6 �0.8 2.6 �0.1
A-ws-f �6.7 13.7 �19.4 33.1 �7.2 263.2 �187.9 �61.6
B-ws-f �33.2 126.9 187.4 �60.5 �93.6 �143.4 376.3 �106.0
B-wpd-f �19.7 64.1 9.8 �15.75 �44.0 �8.4 117.3 �44.8

aAll units in Pg C.
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conclusions can be drawn as to which sensitivity study is in
best agreement with all available data. Other than for the
caveats mentioned above, the model simulations fall within
or very close to the error bars of available data.

4. Discussion

4.1. Location of the Mystery Reservoir

[30] While there is no deep water formation in the North
Pacific today, Okazaki et al. [2010] use a combination of
surface proxy data, marine radiocarbon age ventilation
records as well as two simulations with LOVECLIM to
suggest that deep water was formed in the North Pacific at
the beginning of the Mystery Interval. One of our equilib-
rium simulations (simulation B-eq with SHW shifted 9�
north), indeed forms North Pacific Deep Water (NPWD,
Figures 1c, 1d and 3b).
[31] When we compare our sensitivity simulations to

atmospheric and ocean paleodata, simulations derived from
equilibrium simulation A-eq are in better agreement with the
data; especially for the atmospheric records (Figure 6) and
the ocean records at the start of the interval (Figures 7a and
7h). This is especially important at locations in the northwest
Pacific Ocean, where newly ventilated NPDW should have
been recorded (cores MD01-2416, GH02-1030, CH 84-14
and KT 89-18-P4; Figures 7a, 7d, 7g and 7j). The two
northernmost cores record D14C at or below our simulated
values for simulation A-eq. Unless NPDW was located
deeper than these cores (situated at 2317 m and 1212 m,
respectively), our simulations suggest that there was no
significant NPDW formation at the beginning of the Mystery

Interval. The deepest cores on the western boundary (KT89-
18-P4 at 2700 m and MD01-2386 at 2800 m) are inconclu-
sive when compared to our simulations. While KT89- 18-P4
is in agreement with simulations derived from both equilib-
rium A-eq and B-eq (Figure 7j), MD01-2386 records
younger D14C at the beginning of the interval, closer to our
simulated values with active NPDW formation (Figure 7m).
One should keep in mind, however, that MD01-2386 is
located near the equator, and that coarse resolution ocean
models do not resolve equatorial dynamics explicitly well.
The four cores along the continental shelf of the western
North Atlantic corroborate the data from the northwestern
Pacific Ocean (Muir1, Muir2, Manning, Gregg, Figures 8d,
8e, 8f and 8g). All four cores are situated within the flow
path of NADW and record a well ventilated water mass
close to simulations with active NADW formation. How-
ever, none of these records pre-dates the Mystery Interval,
so no conclusion can be drawn regarding the circulation
before H1.
[32] Therefore, simulation A-eq is a more likely candidate

to depict the global circulation just before H1. In simulation
A-eq, the oldest carbon-rich water (or ‘Mystery Reservoir’)
is situated in the North Pacific (Figure 3a) in agreement with
Bradtmiller et al. [2010]. AABW formation is weaker than
in simulation B-eq, but still strong enough to keep the
Southern Ocean well ventilated. This feature is especially
striking when comparing our simulations with the low D14C
values recorded by sediment cores TN057-21 and MD07-
3076 (Figures 9d and 9h) situated in the South Atlantic at a
depth of 4981 m and 3770 m, respectively. These are the only
records in the deep ocean in our model-data comparison,

Figure 5. Sensitivity simulations. Atlantic overturning strength (x-axis) versus latitudinal location of
SHW (y-axis). ‘North’ indicates a northward shift by 9� from present-day location, ‘PD’ indicates
present-day location of westerlies, ‘South’ indicates a southward shift by 9� from present-day location.
A and B simulations are colored orange and green respectively. Red arrows indicate a net increase in
atmospheric CO2 while a blue arrow indicates a net decrease in atmospheric CO2. Each black arrow
within a simulation box represents a net increase or decrease of 100 Pg of carbon to the nearest 50 Pg
in the Atlantic or Pacific Ocean.
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which suggest the existence of a depleted bottom water mass
that our simulations are unable to reproduce. The ventilation
of the Southern Ocean in all our simulations might therefore
be overestimated, and we cannot rule out Southern Ocean
waters as a potential ‘Mystery Reservoir’. In addition, our
simulations overestimate the ventilation at numerous loca-
tions at intermediate depth during the interval; and therefore
are unable to reconstruct the spread of depleted water masses
from the ‘Mystery Reservoir’ into intermediate depths.

4.2. Ventilation of the Mystery Reservoir

[33] The only mechanism leading to a significant increase
in atmospheric CO2 as well as decrease in D14C in our
13 sensitivity simulations is a strengthening of the AMOC
(Figures 5 and 6). Shifting SHW southward leads to a

decrease in atmospheric CO2, unless NADW formation
increases simultaneously (Figure 5). This result is puzzling:
an increase in NADW formation would also increase heat
transport toward the North Atlantic and therefore result in
higher temperatures in Europe and Greenland during the
interval. However, paleoproxy data suggests a decrease in
temperature in Greenland, the North Atlantic and the
Mediterranean which lasted for the entire Mystery Interval
[Bard et al., 2000; Stuiver and Grootes, 2000; Broecker and
Barker, 2007;Moreno et al., 2010]. On the other hand, in the
subantarctic Pacific, there is evidence for an increase in SST
with a noticeable drop occurring around the time of the
Bølling-Allerød/Antarctic Cold Reversal (B-A/ACR) [Kiefer
and Kienast, 2005]. Antarctica warmed more rapidly than the
Northern Hemisphere, during H1 we see a recession of

Figure 6. Simulated change in (a) atmospheric CO2 concentration and (b) total atmospheric D14C for
simulations A-ws-fs (red) and A-wpd-fs (green). These are compared to CO2 data (blue dots) from
Monnin et al. [2004] on the EDC1 timescale (Figure 6a) as well as D14C data from Reimer et al.
[2009] (blue dots) and Southon et al. [2012] (orange dots, Figure 6b). The black dashed vertical line indi-
cates the start of our sensitivity experiments.
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Antarctic sea ice and increased SST, particularly in the area
of the sub-tropical front [Denton et al., 2010]. An increased
ventilation of the Southern Ocean as a result of a weakened
AMOC would therefore be in better agreement with most of
the paleodata [Meissner et al., 2008].
[34] None of our simulations show this mechanism. One

possible reason is that the seesaw between Northern and

Southern Hemisphere [e.g., Broecker, 1998; Stocker, 1998;
Stocker and Johnsen, 2003; Sigman et al., 2007] in our
model is attenuated by the existence of a Pacific-Atlantic
see-saw [Okazaki et al., 2010; Saenko et al., 2004]; i.e. when
NADW formation is weakened, NPDW formation switches
on under H1 boundary conditions and therefore AAWB and
AAIW formation rates are not as strong as they would be

Figure 7. Pacific Ocean: Simulated D14C values for A-wpd-f (red dashed), A-ws-fs (red solid), B-wn-f
(blue dashed) and B-ws-fs (blue solid) compared to proxy data (black crosses). The black dashed vertical
line indicates the start of our sensitivity experiments while the numbers next to each core name refer to
Figure 3a. Shown are data from cores: (a) MD01-2416 [Sarnthein et al., 2006], (b) ODP-887
[Galbraith et al., 2007], (c) 1019A01H4 [Mix et al., 1999], (d) GH02-1030 [Ikehara et al., 2006],
(e) W8709A-13PC [Mix et al., 1999], (f) F8-90-G21 [van Geen et al., 1996], (g) CH84-14 [Duplessy
et al., 1989], (h) PC08 [Marchitto et al., 2007], (i) JPC56 [Keigwin, 2002], (j) KT89-18-P4
[Murayama et al., 1992], (k) VM21-30 [Stott et al., 2009; Stott and Timmermann, 2011], (l) TR163-31
[Shackleton et al., 1988] and (m) MD01-2386 [Broecker et al., 2008]. It should be noted that VM21-30
(Figure 7k) is shown without error bars.
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without North Pacific ventilation. Another caveat might be
the design of our sensitivity studies; it is likely that there
were important mechanisms at play other than shifted SHW
and changes in AMOC. For example, d’Orgeville et al.
[2010] show that changes in the strength of SHW are more
significant in altering atmospheric CO2 than changes in the
location of SHW. On the other hand, not all data agrees with
the simplified picture of simultaneous northern hemispheric
cooling and southern hemispheric warming during the
Mystery Interval. For example, Rühlemann et al. [1999]
report warming in the western low-latitude Atlantic during
the H1 event based on alkenone reconstructions. Kiefer and

Kienast [2005] used SST proxies of Mg/Ca ratios, forami-
niferal assemblages and alkenone saturation reconstructions
to create a clearer picture of SST during the deglaciation.
Their results show a continuous warming throughout the
deglaciation beginning at 19 � 1 ka BP. Furthermore, they
show that half the deglacial warming occurred prior to the
onset of the Bølling warming and that there is no clear
indication of a cessation of global SST increase during H1,
B-A, Antarctic Cold Reversal (ACR) at 14.5 ka BP or the
YD. The reader should also keep in mind that the AMOC
response to freshwater hosing as well as the subsequent

Figure 8. Atlantic Ocean: Simulated D14C values for A-wpd-f (red dashed), A-ws-fs (red solid), B-wn-f
(blue dashed) and B-ws-fs (blue solid) compared to proxy data (black crosses). The black dashed vertical
line indicates the start of our sensitivity experiments while the numbers next to each core name refer to
Figure 3a. Shown are data from cores (a) RAPiD 17-5P [Thornalley et al., 2011], (b) RAPiD 15-4P
[Thornalley et al., 2011], (c) RAPiD 10-1P [Thornalley et al., 2011], (d) MUIR1 [Robinson et al.,
2005], (e) MUIR2 [Robinson et al., 2005], (f) MANNING [Robinson et al., 2005], (g) GREGG
[Robinson et al., 2005], (h) MD99-2334K [Skinner and Shackleton, 2004] and coral records (i) C2
[Mangini et al., 2010] and (j) C1 [Mangini et al., 2010]. It should be noted that MUIR2 contains data from
two different depths (2026 m and 2084 m) which correspond to the same interpolated depth in our model
and were therefore plotted on a single figure.
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changes in carbon budgets are model dependent [Bouttes
et al., 2012].
[35] Figure 10a shows that despite the large amount of

D14C depleted water in the North Pacific Ocean in simula-
tion A-eq, the largest change in oceanD14C values occurs in
the Atlantic basin during the transient simulation A-ws-fs,
with comparatively little of the Pacific old water being
ventilated. Simulation A-wpd-fs shows similar results with
the Atlantic being the main source for ventilated carbon (not
shown). While the location of the SHW has virtually no
effect on the amount of 14C ventilated in the Atlantic, a
southward wind shift leads to a higher ventilation of the
Pacific Ocean and lower ventilation of the Southern Ocean
(Figure 10b). It should be noted that these figures only
indicate changes in averaged D14C over the water column,
these changes imply ventilation as well as redistribution of
carbon within in the ocean.
[36] Finally, some of our sensitivity simulations show

large exchanges of carbon between the Atlantic and Pacific

basin (Figure 5), in some cases exceeding 400 Pg C (or an
equivalent of 200 ppm). This is a result of a shift in deep
water formation sites between the North Atlantic and North
Pacific. Very little of this ‘transferred’ carbon makes it into
the atmosphere.

5. Conclusions

[37] We use the UVic Earth System Climate Model (UVic
ESCM) under Heinrich Event 1 (H1) boundary conditions in
an attempt to (i) locate the oldest water masses in the ocean
(‘Mystery Reservoir’) and (ii) test the ability of two
mechanisms, namely, the strength of the Atlantic Meridional
Overturning Circulation (AMOC) and latitudinal shifts of
Southern Hemisphere Westerlies (SHW), to ventilate this
carbon rich, 14C deficient ocean reservoir. The UVic ESCM
equilibrates with a moderate AMOC when forced with a
combination of H1 boundary conditions and present-day
winds; in this simulation the oldest water masses are found

Figure 9. Southern and Indian Ocean: Simulated D14C values for A-wpd-f (red dashed), A-ws-fs (red
solid), B-wn-f (blue dashed) and B-ws-fs (blue solid) compared to proxy data (black crosses or horizontal
segments). The black dashed vertical line indicates the start of our sensitivity experiments while the numbers
next to each core name refer to Figure 3a. Shown are data from cores (a) RC2714 [Bryan et al., 2010],
(b) RC2723 [Bryan et al., 2010], (c) deep sea coral DN-A-10 [Burke and Robinson, 2012], (d) sediment
core TNO57-21 [Barker et al., 2009], (e) deep sea coral 47396B [Goldstein et al., 2001], (f) deep sea cor-
als DC-A-2a [Burke and Robinson, 2012] and (g) DC-A-6 [Burke and Robinson, 2012] and (h) sediment
core MDO7-3076 [Skinner et al., 2010].
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in the North Pacific Ocean similar to present-day conditions.
When forced with a combination of H1 boundary conditions
and northward shifted SHW, the model establishes a strong
Pacific Meridional Overturning Circulation (PMOC) with
oldest water masses found in the North Atlantic in agree-
ment with Okazaki et al. [2010]. None of our equilibrium
simulations produces very old water in the Southern Ocean.
[38] We subsequently conduct 13 sensitivity studies based

on these two equilibrium simulations by shifting SHW
southward and altering the strength of the AMOC. We find

that neither a southward shift in SHW, nor the shut-down
and subsequent strengthening of NH overturning or any
combination of the two can account for the entire recon-
structed increase in atmospheric CO2 or decrease in atmo-
spheric D14C during the Mystery Interval. Shifting SHW
south results in a decrease in atmospheric CO2 and a massive
reorganisation of deep ocean carbon budgets, predominately
between the Pacific and Atlantic Basins while little of
this ventilates. Weakening the AMOC and subsequently
re-starting it results in significant increases in atmospheric

Figure 10. D14C anomalies (permil) during simulations A-ws-fs and A-wpd-fs. (a) Difference between
conditions at the end of the simulation and conditions before the restart of the AMOC (simulation A-ws-fs).
(b) Difference of D14C anomalies (A-ws-fs minus A-wpd-fs). D14C values are averaged over the entire
water column.
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CO2 and a reduction in atmospheric D14C. Whenever the
two mechanisms are combined, the strength of the AMOC
is the dominant mechanism resulting in an increase in
atmospheric CO2.
[39] While perturbations of the AMOC are the dominant

forcing mechanism, the simulation in which both SHW are
shifted south and in which the AMOC is weakened then
strengthened provides the closest results to reconstructed
CO2 and D14C records. It can account for 58% of the
observed atmospheric CO2 increase and 45% of the atmo-
spheric D14C decrease. The rate of change is similar to
reconstructions, but the ventilation cannot be sustained to
account for the entire change. However, this mechanism of
ventilation is unlikely as it would have resulted in a warming
of the Northern Hemisphere during the Mystery Interval,
which is in conflict with available paleodata. It should also
be noted that a significant part of the decline in atmospheric
D14C could be due to changes in the 14C production rate
[Köhler et al., 2006]. The terrestrial carbon plays a non-
negligible role in the uptake of ventilated ocean carbon,
always gaining more than the atmosphere.
[40] When comparing our simulations to paleodata, we

find that simulations forming deep water in the North
Atlantic before the onset of the Mystery Interval are in better
agreement than simulations forming deep water in the North
Pacific. None of our simulations forms or ventilates old
water masses in/from the Southern Ocean. This might be due
to the fact that the north-south seesaw is attenuated by the
existence of a Pacific-Atlantic seesaw in our model. As a
consequence, our model is not able to reproduce old water
masses recorded in several locations at intermediate depths
later in the interval and is also likely to underestimate the
drop in atmospheric D14C.
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