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a b s t r a c t

Detailed assessments of past changes in surface and deep ocean reservoir ages are required to obtain
robust 14C-based chronologies of planktic foraminifera and provide insights into ocean circulation
changes and the C cycle. Here, we use plateau tuning on foraminiferal 14C data from a sediment core
retrieved from the ‘Shackleton Sites’, a benchmark region for paleoceanographic studies, to i) develop a
high-resolution record of surface water reservoir ages, ii) estimate “raw” apparent ventilation ages at two
bottom water depths (3150 and 2650 mwd), and iii) establish robust age control for the last 23 ka. Our
results provide new insights into the rapid changes in surface and deep-ocean reservoir ages that
occurred over the last glacial maximum and last deglaciation. Marine reservoir ages contrast with pre-
vious estimates, especially for the cold spell Heinrich Stadial 1, and primarily reflect short-term changes
in local hydrography. Variations in ventilation age indicate the influence of 14C-depleted, southern-
source deep waters and a marked deepening of the settling depth of the highly ventilated Mediterra-
nean Outflow Water during some millennial-scale intervals, much farther than previously assumed.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Surface and deep-ocean reservoir ages have varied significantly
in the past, reflecting ocean circulation changes and variations in
the carbon cycle [Cook et al., 2009]. A refined understanding of
global ocean dynamics during the last deglaciation requires a
comprehensive reconstruction of short-term changes in surface
water “marine reservoir age” (‘MRA’ or ‘reservoir effects’ sensu
Alves et al. [2018]) and in “apparent ventilation ages” [Alves et al.,
2018; Cook and Keigwin, 2015] of deep waters mostly originating
in different and distant oceanic basins. In this sense, the so-called
‘Shackleton Sites’ on the SW Iberian Margin (NE Atlantic Ocean)
form a unique location where marine records at different depths
can be correlated on centennial-to-millennial time scales with ice-
core signals from both poles due to variable and alternating in-
cursions of northern- and southern-sourced deep waters
[Shackleton et al., 2004; Shackleton et al., 2000]. Moreover, sites
anca University, Pza/Caídos,
above 1800 m are bathed nowadays by the Mediterranean Outflow
Water (MOW), which transports highly saline and warm waters to
the North Atlantic [Ambar, 1983; Reid, 1979]. The sites shape a
small-scale benchmark region where a joint assessment of the
differential physical and chemical properties of the World Ocean’s
prominent water masses is feasible.

Available data on past changes in MRA over the last deglaciation
from this region are relatively coarse and sparse. MRA were
considered typically larger than 1000 14C yr for cold spells such as
Heinrich Stadial 1 (HS1) and Younger Dryas (YD) [Skinner et al.,
2014], in accordance with reconstructions north of 50� in the NE
Atlantic [Peck et al., 2006; Stern and Lisiecki, 2013; Thornalley et al.,
2011; Waelbroeck et al., 2001]. Accordingly, enhanced ageing of
North Atlantic surface waters would have paralleled phases of
weakened Atlantic Meridional Overturning Circulation (AMOC)
[Gherardi et al., 2005;McManus et al., 2004] and was thus ascribed
to a reduced formation of North Atlantic Deep Water (NADW) and
subsequent southward shift of the subpolar front. During these cold
spells, deep-water ventilation in the North Atlantic and likewise at
the SW Iberian margin might have been generally lower than
during the warmer Last Glacial Maximum (LGM) and Bølling/
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Allerød (B/A). This shift was then caused by an incursion of
radiocarbon-depleted deep waters of southern origin [Balmer and
Sarnthein, 2018; Freeman et al., 2016; Skinner and Shackleton,
2004; Skinner et al., 2014] that penetrated as far as 60�N to
compensate for a decreased flux of NADW [Curry et al., 1999;
Sarnthein et al., 1994].

Robust constraints on past variations in ventilation and reser-
voir ages at the Shackleton Sites are, however, hindered by limited
temporal resolution and uncertainties in available records. More
detailed records are required to rigorously test the proposed
parallelism between the subtropical NE Atlantic and high latitudes
regarding changes in surface and deep ocean reservoir and venti-
lation age. Such detailed records of past MRA would also help to
assess changes in local air-sea CO2 exchange and hydrographic
conditions linked to large-scale changes in ocean circulation and to
more local influences (e.g., coastal upwelling and iceberg melt
waters). Yet, estimates of MRA remain controversial in subtropical
latitudes, where precise chronostratigraphic alignment with inde-
pendently dated, high-resolution age scales of ice-cores and nearby
speleothem records remains equivocal [Waelbroeck et al., 2019].

Such alignment is frequently based on the implicit but debatable
assumption that climate signals recorded in marine records are
synchronous with those found in ice cores and/or speleothems
from different latitudes and distal locations. Moreover, most of
these signals show a broad temporal uncertainty range, with
stratigraphic tie points being spaced over 5000 years and more
over the Last Glacial Maximum (LGM) and early deglacial times. In
this regard, radiocarbon plateau-tuning (i.e., tuning of local planktic
radiocarbon plateaus to the globally reproducible suite of atmo-
spheric 14C plateaus) has emerged as a robust tool to: i) constrain
past rapid changes in MRA, and ii) to provide accurate age control
for marine sediment sections at semi-millennial-scale resolution
[Sarnthein et al., 2015; Sarnthein et al., 2007; Sarnthein et al., 2020].
This is achieved by means of suites of atmospheric 14C plateau
boundaries being age-calibrated (cal.) with age uncertainties of
<100 yr in a section less than 29 cal ka old of the Lake Suigetsu
sediment record [Bronk Ramsey et al., 2020; Bronk Ramsey et al.,
2012]. In this study, we establish a ~200-yr-resolution 14C record
for core SHAK06-5K (~51 14C dates from 11 to 24 cal. ka) from the
Shackleton Sites region, and we employ the plateau-tuning tech-
nique to quantitatively determine rapid changes in MRA for the
LGM and last deglaciation. Also, we present 14 benthic 14C dates to
assess short-term deglacial changes in apparent ventilation age of
deep waters and local circulation changes at 2650 m water depth
(mwd). Our results are compared to pertinent data published for
deeper neighbor Site MD99-2334 (3150 mwd; Skinner et al., 2014)
to provide new insights into the variable advection of northern and
southern-source deep waters (i.e., NADW and Antarctic Bottom
Water (AABW)), possibly also of MOW.

2. Regional setting

Core SHAK06e5K (37.571 �N, 10.153�W, 2646 mwd) was
retrieved from a spur on the upper slope of the SW Iberian margin
(Fig. 1) as part of the IODP Site Survey of the Shackleton Sites
[Hodell et al., 2014]. Prior Site U1385 was drilled at the same
location [Expedition 339 Scientists, 2013], reoccupying the original
Shackleton Site MD01-2444 position.

At present, the region is marked by seasonal wind-driven
coastal upwelling of subsurface waters during late spring/early
summer that mainly consist of the warmer “subtropical” variety of
North Atlantic Central Water (NACWst; 100e250 m) and, at strong
upwelling events, of NACW of “subpolar” origin (NACWsp;
250e500 m) [van Aken, 2001]. Below, the denser and warmer
MOW flows poleward (500e1700 m) overlying the Labrador Sea
2

Water (LSW), the uppermost component of NADW [Voelker and de
Abreu, 2011]. Deeper sites are bathed by Northeastern Atlantic
Deep Water (NEADW), consisting of variable contributions of
Iceland-Scotland Overflow Water (ISOW), LSW, and Lower Deep
Water (LDW). At > 3900 m, LDW, derived from Antarctic Bottom
Water (AABW), flows northward, in part due to Coriolis forcing [van
Aken, 2001].

3. Material and methods

3.1. Sample preparation and radiocarbon analyses

Between 15 and 30 g of dry sediment was wet sieved through
300- and 250-mm mesh sieves and thoroughly rinsed with MiliQ®
water. The 250e300 mm and >300 mm size fractions were imme-
diately dried at 60 �C overnight prior to collection of 35 mono-
specific samples, containing 45e100 well-preserved specimens of
the planktic foraminifera Globigerina bulloides from the
250e300 mm fraction (Table 1a), and 13 samples and one duplicate
of 1e11 mixed benthic, non-porcelaneous-shell foraminifera from
the >250 mm fractions (Table 1b). Samples were measured using an
automated system for acid digestion of carbonates [Wacker et al.,
2013] and analysis of resulting CO2 using a gas-accepting ion
source installed on a Mini Carbon Dating System (MICADAS) at the
Laboratory of Ion Beam Physics, ETH Zurich, enabling 14C age
determination on single foraminifera [Lougheed et al., 2018;
Wacker et al., 2013]. Further details on sample preparation and
radiocarbon analyses are given in Ausín et al. [2019]. 13C/12C isotope
ratios were used to correct radiocarbon data for isotopic fraction-
ation. To test the accuracy of 14C measurements standard materials
IAEA-C1, IAEA-C2 and coral CSTD were measured in each sequence
run. The results were normalized against standard Oxalic Acid II
(NIST SRM 4990C) and corrected for radiocarbon blank CO2 (IAEA C-
1) within the range of sample sizes using BATS software V.4.31
[Wacker et al., 2010]. In addition, we considered 18 14C ages of
G. bulloides published by Ausín et al. [2019] for core SHAK06-5K.

3.2. 14C plateau tuning and choice of a reference record of
atmospheric 14C

The 14C plateau tuning technique is based on the fast (<10 yr) 14C
exchange between atmosphere and surface ocean, as found by
analyses of surface waters after hydrogen bomb tests [Nydal et al.,
1980]. Accordingly, the technique requires a continuous reference
record of rapid fluctuations in atmospheric 14C in the past. Back to
~14 cal ka, IntCal20 [Reimer et al., 2020] provides the most recent
continuous reference record of atmospheric 14C in the Northern
Hemisphere, being largely based on tree-ring-based 14C ages. The
record shows a suite of periods either marked by 14C jumps or by
‘scatter bands’ of nearly-constant 14C ages, termed 14C plateaus
[Reimer et al., 2020]. From ~14 to 30 cal ka (and beyond), a time
span that includes the LGM and early last deglaciation, IntCal20 is
based on a combination of 14C data from speleothems, corals, plant
remains in lacustrine sediments and plankton tests in marine
sediments, rarely from floating tree-ring records. To integrate this
data in a reference framework, IntCal20 incorporates variable, in
part unknown, 14C offsets of marine and speleothem-based ages
from the atmosphere. In part, the offsets are derived from ocean
circulation models for regions characterized by large-scale MRA
variations (e.g., continental margins and upwelling regions) that
are not properly resolved in the model [Butzin et al., 2020].
Moreover, IntCal20 is heavily based on the Hulu Cave 14C record
[Cheng et al., 2018; Southon et al., 2012], where short-lived 14C
structures, such as those apparent in the 14C record of tree-rings
back to ~14 cal ka, are filtered out by local effects of unknown



Fig. 1. Study area. A) Surface circulation (black arrows) and location of sediment cores used in this study. PC: Portugal Current. IPC: Iberian Poleward Current. B) Salinity cross
section modified from the World Ocean Circulation Experiment (WOCE) transect A03 [Schlitzer, 2000] (http://www.ewoce.org/) and depth location of study cores. Water masses
were identified following Voelker et al. (2013). ENACW ¼ Eastern North Atlantic Central Water. MOW¼Mediterranean OutflowWater. NEADW¼ Northeastern Atlantic Deep Water.
AABW ¼ Antarctic Bottom Water. LDW ¼ Lower Deep Water.
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source (e.g., short-term changes in vegetation and soil cover), are
not resolved, and/or are largely smoothed [Sarnthein et al., 2020].
As a result, Intcal20 strongly dampens the 14C plateaus for LGM and
last deglacial times, negating the 14C plateau tuning approach. In
contrast, the atmospheric 14C record from the Japanese Lake Sui-
getsu sediments is based on fragile plant macrofossils that
comprise a high-fidelity archive of atmospheric 14C [Bronk Ramsey
et al., 2012]. Their ages show a robust suite of 14C plateaus for LGM
and last deglacial times (Fig. S1; Sarnthein et al. [2015;2020]) on the
basis of 14C data published by Bronk Ramsey et al. [2012]. Indeed,
Suigetsu plateaus closely match the ‘benchmark record’ of tree
ring-based 14C plateaus between 10 and ~14 cal ka [Sarnthein et al.,
2020]. Farther back until 30 cal ka and beyond, 14C ages of Suigetsu
currently provide the only continuous and unsmoothed direct re-
cord of atmospheric 14C, where plateau boundaries may be regar-
ded as stratigraphic tie points ‘chiseled in stone’.

Age control of Suigetsu record is based both on microscopy- and
XRF-record-based varve counts [e.g., Marshall et al., 2012; Schlolaut
et al., 2018] and on U/Th-based Bayesian model ages transferred
from the Hulu Cave to the Suigetsu record [Bronk Ramsey et al.,
2020; Bronk Ramsey et al., 2012]. The U/Th model-based ages are
3

used as a reference timescale for the assigned 14C plateau bound-
aries with centennial-to-millennial-scale resolution. The uncer-
tainty associated to the atmospheric cal. age tie points varies
between ±10 and ± 70 cal yr (see Supplementary Text in Sarnthein
et al.[2020])A suite of 14C ages is termed a “14C plateau” if these ages
form a scatter band with near constant values, where the overall
gradient is significantly lower than one 14C year per calendar year,
based on visual inspection (Fig. S1 and 2) and/or on objective sta-
tistical evaluation by means of the first derivative of all downcore
changes in the 14C age e calendar age relationship (Fig. 2; details
and software in Sarnthein et al., [2015]). Only 14C plateaus with a
duration >250 yr (mostly >300 yr) are considered. The nonpara-
metric 1st-derivative technique uses a running window, mathe-
matically denoted as kernel, which identifies small-scale maxima
in the 14C rise over core depth (or calendar age). These 14C jumps
help to define plateau boundaries age calibrated in the Suigetsu
record. A 1-sigma error band around the slope curve is based on
bootstrap resampling [Mudelsee, 2014]. Further details on this
technique and the software used have been published elsewhere
(Fig. 2 in Sarnthein et al., [2015]). In this study, the record of 14C ages
of planktic foraminifera in core SHAK06-5K has a resolution of

http://www.ewoce.org/


Table 1
Conventional radiocarbon age and 1s error of a) planktic and b) benthic foraminifera samples of core SHAK06-5K. Position of assumed14C plateau boundaries indicated at core
depths as shown in Fig. 2. Data of Ausín et al. [2019] marked by asterisk.

Laboratory code ETH- Depth (cm) Species 14C age (yr BP) ±1s Plateau name_top/base Age (cal. ka)

a) Planktic foraminifera samples
*72991.2.1 82 G. bulloides 11056 ± 84 Top YD_top 11280
98657.1.1 84 G. bulloides 11106 ± 85
96885.1.1 86 G. bulloides 10672 ± 97 Top YD_base 11760
98656.1.1 88 G. bulloides 11654 ± 87 YD_top 11870
* 72993.2.1 90 G. bulloides 11437 ± 86
98655.1.1 92 G. bulloides 11331 ± 92
96884.1.1 94 G. bulloides 11170 ± 113
96883.1.1 98 G. bulloides 11575 ± 95 YD_base 12480
* 70400.1.1 100 G. bulloides 12077 ± 107

103 No name_top 12780
98654.1.1 104 G. bulloides 12223 ± 89
98653.1.1 108 G. bulloides 12290 ± 97 No name_base 13080
* 72995.2.1 110 G. bulloides 12385 ± 103
96882.1.1 114 G. bulloides 12901 ± 145 1a_top 13660
96881.1.1 118 G. bulloides 12952 ± 95 1a_base 14040
* 72997.2.1 120 G. bulloides 13228 ± 93 1_top 14160
96880.1.1 124 G. bulloides 13226 ± 139
96879.1.1 128 G. bulloides 13298 ± 90 1_base 15100
*70403.1.1 130 G. bulloides 13615 ± 109
96878.1.1 134 G. bulloides 13838 ± 111 2a_top 15420
98652.1.1 136 G. bulloides 13936 ± 98
98651.1.1 138 G. bulloides 13979 ± 100
* 72999.2.1 140 G. bulloides 14089 ± 104

141 2a_base/2b_top 16520
96877.1.1 142 G. bulloides 14338 ± 108
* 75043.1.1 146 G. bulloides 14290 ± 101
96876.1.1 148 G. bulloides 14167 ± 102 2b_base 16930
* 73001.2.1 152 G. bulloides 14884 ± 105 3_top 17500
* 73002.2.1 160 G. bulloides 14924 ± 108
96875.1.1 164 G. bulloides 15114 ± 109
96874.1.1 168 G. bulloides 15075 ± 142 3_base 18220
* 73003.2.1 172 G. bulloides 15346 ± 115
98649.1.1 174 G. bulloides 15524 ± 111
98648.1.1 178 G. bulloides 15773 ± 113
* 73005.2.1 180 G. bulloides 15978 ± 138
96873.1.1 184 G. bulloides 16162 ± 116 4_top 18650
73007.1.1 190 G. bulloides 16179 ± 247
96872.1.1 192 G. bulloides 16360 ± 126
* 75044.1.1 196 G. bulloides 16636 ± 120
96871.1.1 198 G. bulloides 16413 ± 128 4_base 19590
* 75016.1.1 200 G. bulloides 17067 ± 120 5a_top 19720
98647.1.1 204 G. bulloides 17257 ± 125
* 75018.1.1 210 G. bulloides 17292 ± 123
75045.1.1 214 G. bulloides 17242 ± 122

215 5a_base/5b_top 20240
98646.1.1 216 G. bulloides 17835 ± 129
* 75020.1.1 220 G. bulloides 17427 ± 142
96870.1.1 222 G. bulloides 17530 ± 129
98645.1.1 224 G. bulloides 17870 ± 128 5b_base 20900
96869.1.1 228 G. bulloides 18128 ± 160
* 75022.1.1 230 G. bulloides 18634 ± 176 6a_top 21000
75046.1.1 234 G. bulloides 18305 ± 130

239 6a_base/6b_top 21890
*75024.1.1 240 G. bulloides 18736 ± 134
96868.1.1 244 G. bulloides 187706 ± 171
98644.1.1 248 G. bulloides 18849 ± 136 6b_base 22300
70406.1.1 260 G. bulloides 19979 ± 181
b) Benthic foraminifera samples
108778.1.1 86 Bulimina spp. and Gyroidina spp. 12353 ± 99 11760
108777.1.1 92 Bulimina spp. 11991 ± 187 12114
108776.1.1 104 Bulimina spp. 12641 ± 153 12930
108775.1.1 114 Bulimina spp. 13333 ± 148 13850
108774.1.1 118 Bulimina spp. 13574 ± 121
108772.1.1 120 Bulimina spp. 13849 ± 109 14160
108773.1.1 120 Cibicidoides spp. and Cibicides wuellerstorfi 13724 ± 114
108771.1.1 138 Melonis spp. and Cibicidoides spp. 15165 ± 281 16049
108770.1.1 142 Melonis spp. 15054 ± 164 16579
108768.1.1 160 Cibicides wuellerstorfi 15983 ± 349 18040
108767.1.1 168 Melonis spp. and Uvigerina spp. 16409 ± 232
108766.1.1 196 Melonis spp. and Cibicides wuellerstorfi 17748 ± 191 19456
108765.1.1 220 Melonis spp.and Cibicidoides spp 18106 ± 232 21445
108764.1.1 244 Uvigerina spp. and Melonis spp. 19519 ± 327 22118
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Fig. 2. 14C plateau tuning of planktic 14C record from core SHAK06-5K with atmospheric 14C record from SUIGETSU. A) 1st derivative and 1s uncertainty range in grey. 1st de-
rivatives >50 to >100 yr indicate 14C jumps, marked by a green dash line in B) Planktic 14C ages (blue dots) and their analytical uncertainty, 14C plateaus (black rectangles), mean
planktic 14C age of each plateau (black numbers), and marine reservoir ages (blue numbers). C) Planktic oxygen isotope (d18O, red solid line; Ausín et al. [2019]) and D) Ice Rafted
Debris (IRD, grey shadow; Ausín et al. [2020]) records of SHAK05-5K. 14C plateau numbers in B are deduced by visual correlation with F) atmospheric 14C ages from Lake Suigetsu
(blue dots), corresponding atmospheric 14C plateaus (black rectangles; Sarnthein et al. [2020]), and age control points (cal. ka) plotted versus U/Th-based model ages of Bronk
Ramsey et al. [2012]. YD ¼ Younger Dryas, B/A ¼ Bølling-Allerød, HS1 and HS2 ¼ Heinrich Stadial 1 and 2, LGM ¼ Last Glacial Maximum. Atmospheric 14C ages and corresponding
uncertainties from Lake Suigetsu are detailed in Figure S1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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~200 yr or better. It was tuned by means of statistically estimating
the 1st derivative of all downcore changes in the 14C ageecalendar
age relationship.
3.3. Derivation of reservoir and ventilation age estimates

Surface water reservoir ages were calculated as the difference
between pertinent mean atmospheric and planktic 14C plateau ages
obtained from Lake Suigetsu core SG062012 and core SHAK06-5K,
respectively (Table 2). ‘Raw’ deep ocean ventilation ages at 2646
mwd were calculated by adding the difference between paired
benthic and planktic foraminifera 14C ages to the planktic 14C
reservoir age [Cook and Keigwin, 2015] (Table 3). Uncertainties in
planktic 14C reservoir age (MRA) are calculated by Gaussian error
propagation including the 1.68-s uncertainties (considering 90% of
all 14C dates) of coeval averaged atmospheric and marine 14C pla-
teaus as well as the average of the measurement error of each
planktic 14C date. Similarly, calculation of uncertainties of apparent
ventilation ages include the uncertainty of the corresponding MRA
and the analytical error of benthic 14C dates. Benthic ventilation
ages at 3146 mwd were derived from neighbor Site MD99-2334K,
where precise age control and local MRA were deduced by tuning
the local 14C planktic ages to those of nearby site SHAK06-5K. MRA
were added to benthic-planktic 14C age differences of MD99-2334K
published by Skinner et al. [2014].
Table 2
14C plateau boundaries and marine reservoir ages (MRA) and associated 1.68s uncertai
Uncertainties of U/Th-based model ages for atmospheric plateau boundaries are lower t

Plateau top Plateau base

Suigetsu plateau no. U/Th-model-based
age (cal. yr)

Depth (cm) U/Th-model- based
age (cal. yr)

D

Top YD 11280 82 11760 8
YD 11870 88 12480 9
No name 12780 103 13080 1
1a 13660 114 14040 1
1 14160 120 15100 1
2a 15420 134 16520 1
2b 16520 141 16930 1
3 17500 152 18220 1
4 18650 184 19590 1
5a 19720 200 20240 2
5b 20240 215 20900 2
6a 21000 230 21890 2
6b 21890 239 22300 2

Table 3
Raw deep-water ventilation ages at Sites SHAK06-5K and MD99-2334 and uncertaintie
B¼Benthic. P¼Planktic. Data from Skinner et al. [2014] is marked by an asterisk. Ventilat
linear interpolation of sediment depths between age tie points tuned to atmospheric tie

Core MD99-2334 (3150 mwd)

Age (cal.
ka)

MRA from SHAK06-
5K (14C yr)

Ø Planktic14C±1s
(14C yr)*

Ø Benthic14C±1s
(14C yr)*

BeP (14C
yr)

Venti
±1.68

11760 885 10812 ± 50 12180 ± 70 1368 2250
12114 1053 11181 ± 50 11990 ± 100 809 1860
12930 1256
13850 920 12685 ± 110 13290 ± 130 605 1530
14160 780 13231 ± 41 14670 ± 80 1439 2220
16049 555 13919 ± 163 15940 ± 150 2021 2580
16579 415 14228 ± 43 15920 ± 90 1692 2110
18040 328 15146 ± 44 16650 ± 90 1504 1830
19456 499 16253 ± 47 17620 ± 100 1367 1870
20607 659 17534 ± 49 19030 ± 120 1496 2150
21445 803 18542 ± 53 20260 ± 130 1718 2520
22118 710 18805 ± 102 20315 ± 155 1510 2220

6

4. Results

4.1. Foraminifera 14C ages

Radiocarbon ages for 53 planktic and 13 benthic foraminifera
samples are listed in Tables 1a and 1b, respectively.
4.2. Structures in the planktic 14C record and results of 14C plateau
tuning

The suite of planktic 14C plateaus is regarded continuous and
closely reproducing the complete suite of 13 atmospheric radio-
carbon plateaus and jumps defined at Suigetsu between 11 and
22.3 cal ka (Top YD e Plateau 6b) (Fig. 2, Table S2 in Sarnthein et al.
[2015]). The match also includes the relative length and internal
structure of each single plateau, with the exception of the base of
Plateau 6a, whose exact identification would require higher data
resolution. Core SHAK06-5K shows the twofold positive d18O
excursion widely reproduced for the YD, being matched by two
subsequent 14C plateaus such as at Suigetsu. Except for 5 cm-long
plateaus 1a and Top YD all plateaus comprise sediment sections of
>8e20 cm that exceed the general depth of homogenous bio-
turbational mixing in marine sediments marked by enhanced flux
of organic carbon (6e9 cm [Bard, 2001; Trauth et al., 1997];). The
suite of 14C plateaus is not paired with any groups of aberrant
nty at SHAK06-5K. MRA and associated uncertainties are rounded to the next ten.
han ±70 yr (see Supplementary Text in Sarnthein et al.[2020]).

epth (cm) Ø14C Age of14C Plateau
(14C yr) ±1.68 s

MRA of14C plateaus
(14C yr)

MRA uncertainty
(14C yr)

6 10945 ± 400 880 þ420/-410
8 11433 ± 184 1050 þ270/-240
08 12197 ± 184 1260 þ180/-200
18 12926 ± 161 920 ±220
28 13251 ± 69 780 ±230
41 13961 ± 122 550 ±310
48 14265 ± 149 410 ±210
68 14999 ± 132 330 ±230
98 16350 ± 185 500 ±330
15 17215 ± 118 540 ±250
24 17666 ± 259 660 ±390
39 18470 800 ?
48 18785 ± 98 710 ±300

s. Age control and MRA based on14C plateau stratigraphy of SHAK06-5K (Table 2).
ion ages and uncertainties are rounded to the next ten. Cal. ages were derived from
points as defined in Fig. 2.

Core SHAK06-5K (2650 mwd)

lation age
s (14C yr)

Ø Planktic14C±1s
(14C yr)

Ø Benthic14C BeP (14C
yr)

Ventilation
age±1.68s (14C yr)

þ 430/-420 10944 ± 84 12353 ± 99 1408 2290 þ 430/-420
þ 290/-260 11433 ± 92 11991 ± 187 558 1610 þ 330/-300

12196 ± 184 12641 ± 153 444 1700 þ 240/-250
± 260 12926 ± 116 13454 ± 135 528 1450 ± 260
± 250 13250 ± 124 13786 ± 112 535 1320 ± 260
± 340 13960 ± 137 15165 ± 281 1204 1760 ± 410
± 230 14264 ± 145 15054 ± 164 789 1200 ± 270
± 250 14999 ± 161 16196 ± 291 1197 1530 ± 370
± 340 16349 ± 192 17748 ± 191 1398 1900 ± 380
± 410
± ? 17665 ± 221 18106 ± 232 440 1100 ± 450
± 340 18785 ± 244 19519 ± 327 734 1440 ± 440
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outliers, which suggests a lack of Zoophycos burrows that may
introduce strong biases in foraminiferal 14C age estimates in specific
sediment horizons [Küssner et al., 2018; Leuschner et al., 2002;
L€owemark and Grootes, 2004]. As result of 14C plateau tuning, core
SHAK06-5K reveals fairly constant high sedimentation rates that
average near ~15 cm/kyr (Fig. 2). Minimum (6 cm/kyr) rates are
found during the upper HS1 (16.5e15.4 cal ka), whereas maximum
sedimentation (27e29 cm/kyr) occurs during late LGM
(20.3e19.7 cal. ka) and the top of B/A (13.1e12.8 cal. ka). Prior work
on core SHAK06-5K likewise suggests that the impact of bio-
turbation on the 14C ages of G. bulloides was negligible during the
last deglaciation [Ausín et al., 2019]. Altogether, these observations
suggest that G. bulloides-based 14C plateau boundary ages in
SHAK06-5K provide a high-resolution and robust record of atmo-
spheric 14C plateaus in ocean surface waters off southwest Portugal.
4.3. Surface water reservoir ages (MRAs)

MRAs vary progressively between 330 and 1200 14C yr (Table 2
and Fig. 2). Minimum reservoir ages of 330e550 14C yr apply to
plateaus 4e2a spanning the period from 19.6 to 15.4 cal ka,
including most of HS1. High surface reservoir ages of 800 14C yr
(plateau 6a) occur about 22e21 cal ka, the mid of LGM, and
culminate during plateaus 1aeYD varying from 920 to 1260 yr, that
is from mid-B/A to the top of the YD, ~14e11.8 cal. ka.
4.4. Apparent deep-water reservoir ages

Sparse data from core SHAK06-5K suggest (raw) apparent
benthic ventilation ages of 1440 and 1100 14C yr for LGM bottom
waters at ~ 2650 mwd near 22.1 and 21.5 cal ka, respectively,
Fig. 3. Changes in raw ‘apparent’ bottom-water ventilation for cores MD99-2334 (black) and
Shadowed blue envelope represents 1.68 s MRA uncertainty. IRD record of SHAK06-5K is sh
figure legend, the reader is referred to the Web version of this article.)
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followed by 1900 14C yr at 19.5 cal ka (Fig. 3). Subsequently, we find
a progressive decrease, culminating with a ventilation age of 1200
14C yr at 16.6 cal ka (i.e., the middle of HS1). After a short-term high
of 1760 14C yr at 16 cal ka, the deep-water ventilation age shows a
second low of 1320 14C yr at 14.2 cal ka, followed by initially a slow,
and then finally an abrupt deep-water aging up to 2290 14C yr at
11.8 cal. ka.

Core MD99-2334 records raw ventilation ages at 3150 mwd,
500 m deeper than site SHAK06-5K. Ages of >2500 14C yr mark
poor deep-water ventilation during mid-LGM near 21.5 cal. ka. Late
LGM ventilation ages decreased gradually down to 1830 yr near
18 cal ka, the onset of HS1. Subsequently, a further maximum of
~2600 14C yr marks the second half of HS1, near 16 cal ka, paral-
leling the short-term high recorded at site SHAK06-5K. Minimum
ventilation ages of ~1500 14C yr occur at site MD99-2334 during B/
A, followed by an aging by 700 yr over the YD. Over this time,
ventilation ages and trends of change are identical at both sites.
5. Discussion

5.1. Surface water reservoir ages (MRAs)

Changing MRAs at site SHAK06-5K indicate significant changes
in the origin and dynamics of surface waters over the Iberian
margin. Planktic reservoir ages progressively alternate between
~1200 yr and ~350 yr, reflecting gradual shifts in air-sea gas ex-
change and stratification vs. ocean mixing, along with the influence
of regional upwelling and differential ventilation of upwelled wa-
ters, which imply a variable thickness of the mixed layer.

Elevated MRAs of 800e660 14C yr during mid-LGM
(22.3e20.2 cal. ka) gradually drop to 500 yr 20.2e18.5 cal ka and
SHAK06-5K (red) as compared to MRA at the SW Iberian margin (blue) versus cal. age.
own in grey [Ausín et al., 2020]. (For interpretation of the references to colour in this
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are attributed to a slight, gradual decrease in coastal upwelling, as
suggested by nanno- and microfossil accumulation rates in the
study area [Abrantes, 2000; Palumbo et al., 2013; Salgueiro et al.,
2010; Voelker et al., 2009]. Specifically, nannofossil-based proxies
from core SHAK06-5K indicate productivity increase and nutricline
shoaling ascribed to enhanced upwelling over mid LGM [Ausín
et al., 2020]. These MRAs are lower than previous “best-guess”
estimates of ~1150 14C yr ± >400 yr [Skinner et al., 2014], and more
similar to the MRA of 900 ± 200 14C yr assumed by Freeman et al.
[2016].

During HS1 (17.5e14.7 cal. ka), MRAs of 330e530 14C yr reflect
surface waters that are well ventilated, consistent with the sup-
pression of upwelling during this cold spell [Ausín et al., 2020;
Incarbona et al., 2010; Pailler and Bard, 2002; Salgueiro et al., 2010;
Voelker et al., 2009]. Enhanced dust transport from the Sahara at
that time [Moreno et al., 2002] indicates greater influence of
southerlywinds favorable for downwelling. Moreover, a paramount
coeval maximum of ice-rafted debris (IRD) (Fig. 2b) reflects the
arrival of less-saline iceberg melt waters linked to Laurentide ice-
sheet instability [Vidal et al., 1997]. Enhanced surface water sta-
bility is also reflected by various oceanographic proxy records, e.g.,
a distinct planktic d18O depletion linked to lower sea surface
salinity from 17.8 to 15.2 cal ka (Fig. 2). This feature also applies to
other cores nearby in this region that at this time were closer to the
Portuguese shoreline due to lower sea level [Ausín et al., 2020; Bard
et al., 2000; Cayre et al., 1999; Eynaud et al., 2009; Voelker and de
Abreu, 2011]. Thus, both surface wind trajectories and melt water-
induced surface water stability may have effectively precluded
upwelling of 14C-depleted subsurface waters from below.

The low reservoir ages of SHAK06-5K estimated for HS1 contrast
with the high reservoir age (1900 14C yr) at 17.6 cal ka and a sub-
sequent decrease postulated for nearby core MD99-2334 [Skinner
et al., 2014]. The proximity of the two core sites, the duration of
HS1, and the magnitude of the difference in MRA estimates pre-
clude local hydrography as a cause for this discrepancy. Instead,
limitations may exist in age control of the MD99-2334 record
imposed by (i) the chronostratigraphic alignments of the d18O re-
cord of MD99-2334 to the Hulu Cave speleothem and to the North
Greenland Ice Core Project (NGRIP) ice-core chronology. Based on
different viable alignments, Skinner et al. [2014] provided “best-
guess” and “maximum and minimum likely” reservoir ages be-
tween 20 and 14 cal ka, resulting in a large envelope of possibilities.
(ii) The Hulu Cave atmospheric 14C record is based on the implicit
assumption that the Dead Carbon Fraction (DCF) has remained
constant [Southon et al., 2012], while past changes in monsoonal
rainfall patterns on millennial time scales may result in variations
in DCF [Kong et al., 2005]. The “minimum likely” MRA of 745e490
14C yr proposed by Skinner et al. [2014] appears most consistent
with our estimates. Moreover, these “minimum likely” estimates
were found to bemore consistent withMRA reconstructions for the
LGM period [Freeman et al., 2016].

Our chronology, based on 14C plateau tuning, assigns the onset
of fast deglacial planktic d18O depletion (toward < 3‰) observed in
both at MD99-2334 and SHAK06-5K cores to 18 cal ka, whereas the
“best-guess” chronology of Skinner et al. [2014] dates this onset at
~16 cal ka in core MD99-2334. A closer stratigraphic agreement
(17.6 cal. ka) was subsequently achieved by aligning the d18O record
of core MD99-2334 to the NGRIP dust record [Skinner et al., 2019].

Without undervaluing the significance of previous approaches,
the 14C plateau tuning technique poses advantages for high-
resolution, robust estimates of MRA, especially in cases where re-
cord alignment is not unequivocal.

During HS1, the IRD peak in core SHAK06-5K provides a further
line of support for this portion of our chronology and thus, for
reduced reservoir ages (Fig. 2). This peak is a recurrent feature of
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marine sequences all over the North Atlantic [Bard et al., 2000;
Sierro et al., 2020; Skinner and Shackleton, 2004] and likely reflects
Heinrich Event 1.1 (H1.1) identified in the North Atlantic, previously
dated between 15.5 and 17.1 cal ka [Hodell et al., 2017]. In our re-
cord, the prime IRD maximum of core SHAK06-5K is centered at
~16.5e16.8 cal ka, well within the 2-sigma uncertainty range re-
ported by Hodell et al. [2017]. In contrast, the “best-guess chro-
nology” for core MD99-2334, which implied a MRA of 1200 14C yr,
placed the local twin IRD peak, at 15.5 cal. ka.

Our low estimate for reservoir ages over HS1 is in line with ages
of 600 (þ400/-300) 14C yr deduced after reevaluating data from a
stack of numerous cores in the North Atlantic including the Iberian
margin [Stern and Lisiecki, 2013] for the time span 16.5e16 cal ka,
when AMOC strength reached a minimum [Gherardi et al., 2005]
and IRD a maximum. The authors ascribed these low MRA to
enhanced upper-water column stratification primarily due to
iceberg melting-waters and the subsequent enhanced air-sea
equilibration, a scenario also supported by model results [Ritz
et al., 2008].

Over B/A, the rise of MRA is ascribed to enhanced upwelling of
14C-depleted subsurface waters, as corroborated by multiple pale-
oproductivity records in this region [Ausín et al., 2020; Incarbona
et al., 2010; Pailler and Bard, 2002; Palumbo et al., 2013].
Widening of upwelling cells as far as the study-site location was
attributed to the intensification of northeasterly winds at that time,
linked to the strengthening of the Azores anticyclonic cell
[Incarbona et al., 2010; Pailler and Bard, 2002]. Additionally, the
subsequent northward expansion of the subtropical gyre and
northward displacement of the Azores Front [Schwab et al., 2012]
may have favored a front-induced upwelling at the study site
[Ausín et al., 2020; Palumbo et al., 2013].

Starting at the onset of the YD (Fig. 3), reservoir ages off SW
Portugal gradually decrease in accordance with a progressive
reduction of upwelling and deepening of the nutricline, as recorded
by multiple proxies in core SHAK06-5K [Ausín et al., 2020].

5.2. Bottom water ventilation ages

“Apparent” ventilation ages (in 14C yr) roughly indicate the time
elapsed since deep waters were in contact with the surface ocean
and the atmosphere, and observed changes are generally inter-
preted in the context of changes in ocean thermohaline circulation.
The term “apparent” reflects three major unknowns: the actual site
and distance of past deep-water formation, theMRA of downwelled
surface waters, and the ventilation age of deep waters laterally
admixed from elsewhere. In addition to the benthic ventilation ages
obtained for site SHAK06-5K (Fig. 3), the planktic 14C record of
nearby site MD99-2334 was tuned to that of site SHAK06-5K and
the benthic-planktic age anomalies in core MD99-2334 [Skinner
et al., 2014] converted into apparent ventilation ages by adding
the local planktic MRA of SHAK06-5K. In this way, we sought to
develop a paired record of glacial-to-deglacial ventilation ages for
two different depth levels (~2650 and ~3150 mwd) on the SW
Iberian margin (Fig. 3).

During terminal LGM (19.5e18.5 cal. ka), the Iberian continental
margin below ~2650m depthwas bathed by poorly ventilated deep
waters (~2000 14C yr old), a value that contrasts with modern
values of 800e900 14C yr (equivalent to a ‘circulation age’ of >300
14C yr; Matsumoto, 2007). While the geometry of overturning of
NADW during the LGM was probably similar to that of today
[Keigwin and Swift, 2017; Sarnthein et al., 2020], the LGM rise of
ventilation ages by ~1200 14C yr at MD99e2334 may suggest a
general weakening and slight shoaling of NADW [Freeman et al.,
2016], and subsequently enhanced influence of 14C-depleted
southern-source water masses (i.e., AABW). Due to Coriolis forcing,
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however, these waters were closely confined to the East Atlantic
continental margin, as indicated by coeval ventilation ages, as low
as 350e670 yr, obtained from similar water depths at Mid-Atlantic
Ridge site MD08-3180 [Balmer and Sarnthein, 2018]. Intermediate
ventilation ages (1900e1100 14C yr) of upper bottom waters at
~2650 mwd off the SW Portuguese margin suggest that occasional
admixtures of AABW with NADW during early and mid-LGM
reached far upslope, farther than previously assumed [Freeman
et al., 2016].

During HS1, ventilation ages near 3150 m reached a further
maximum of 2580 14C yr, similar to that near 21.5 cal. ka. Accord-
ingly, ‘old’ southern-source waters continued to dominate the
Iberian continental margin near 3150 mwd over HS1 [Skinner and
Shackleton, 2006], when deep-water formation in the North
Atlantic was generallyweakened [McManus et al., 2004]. Unlike the
LGM, however, the extent and age of this maximum in ventilation
age matched an analogous maximum in ventilation age at Site
MD08-3180 (3064 m) west of the Azores Islands [Balmer and
Sarnthein, 2018]. This large-scale coherence in ventilation ages
suggests a complete filling of the northeast Atlantic basin by
southern-source waters. Because of Coriolis forcing, some rem-
nants of NADW may then have possibly streamed into the West
Atlantic basin only [Thornalley et al., 2011].

In sharp contrast to the ventilation age increase to ~2100 and up
to 2600 ± 340 14C yr, that southern-source deep waters show at
MD99-2334 during HS1 (17.5e14.7 cal ka), bottom waters at
SHAK06-5K show an enigmatic drop in ventilation age to ages
down to 1200 ± 270 14C yr near 16.6 cal ka, an age well constrained
by the age tie point of the top of 14C Plateau 2a (Figs. 2 and 3). To
explain the immense local deep-water rejuvenation at 2650 m, we
suggest that inherently young Mediterranean Outflow Waters
(MOW), today confined to 500e1800 m at the Iberian continental
margin, may then have played a fundamental role through short-
term deep injection and turbulent mixing with waters farther
below. During Heinrich stadials the relative buoyancy of MOW was
further reduced under the influence of major aridification of the
Mediterranean realm [Bartov et al., 2003; S�anchez-Go~ni et al.,
2002]. Moreover, it was driven by a large density reduction of
major North Atlantic water masses, primarily due to surface water
freshening in the Nordic Seas at times of reduced AMOC and/or
even a phase of AMOC “shutdown” [Rogerson et al., 2012]. During
this time, MOW may have cascaded to depths at least to
1600e2200 m, as suggested by dual lines of sediment proxy evi-
dence, namely (epi-) benthic foraminifera assemblages, and epi-
benthic d13C values [Sch€onfeld and Zahn, 2000; Zahn et al., 1987].
The influence of nepheloid layers linked to deeper parts of MOW
during HS1 was also suggested to account for the advection and
deposition of fine and coarse silt sediments to the study site [Magill
et al., 2018]. Sierro et al. [2020] has recently provided detailed
documentation that a deepening of the MOW plume was a short-
lived event during HS1, synchronous to the IRD peak in layer H1.1.
Likewise, our results show minimum ventilation ages coeval with
the IRD peak H1.1 near 16.6 cal ka (Fig. 3). Following this scenario, a
local denser-than-modern plume of MOW could descend to
>2600 m, down to the top of AABW.

At the end of HS1 (near 15.1 cal. ka), concomitant to a shoaling of
MOW [sensu Sierro et al., 2020], ventilation age records of both
sites SHAK06-5K and MD99-2334 vary in concert, showing almost
identical values. Ventilation ages of deep waters that were
300e800 yr lower at 2650 mwd than at 3150 mwd indicate a
sudden minor admixture of old AABW up to 2650 mwd in parallel
with the trend shown by highly 14C depleted lower deeper waters
at 3150 mwd.

At 14.2 cal ka, bottom waters show a renewed major
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rejuvenation and both sites start to show identical ventilation ages
(~1500 14C yr) at 13.8 ka cal, concomitant to a return to strong North
Atlantic overturning and NADW formation over the B/A [Gherardi
et al., 2005; McManus et al., 2004]. This provides further indirect
evidence for the major reorganization of deep-water flows during
HS1 times of reduced and/or inversed North Atlantic overturning.
Finally, the end of the YD (~11.8 cal. ka) was marked at both sites by
a general increase in ventilation age up to 2100 14C yr, possibly
explained by a further northward expansion of southern-source
deep waters up to the study site, possibly linked to the coeval
sudden weakening of AMOC [Gherardi et al., 2005].

6. Conclusions

� A 100-200-yr resolution planktic foraminiferal 14C record from
the SW Iberian margin enabled us to define a suite of ~20 age tie
points with semi-millennial resolution that were tuned to age-
calibrated boundaries of Suigetsu atmospheric 14C plateaus be-
tween 11 and 24 cal. ka.

� Marine reservoir ages (MRA) of surface waters have been
deduced from the 14C age difference of coeval planktic and at-
mospheric 14C plateaus. Local MRA vary between 300 and 1200
14C yr over the LGM and last deglaciation, and reflect past
changes in hydrography over the northeastern Atlantic conti-
nental margin. Our record of surface water reservoir ages con-
trastswith previousMRA estimates from the SW Iberianmargin,
especially for the LGM and the HS1 and YD cold intervals, and
implies larger influence of regional changes in oceanography.

� Ventilation ages of deep waters suggest minor influence of
AABW near 2650 mwd as compared to deeper waters (~3150
mwd) for the Early and mid-LGM, and similar ventilation pat-
terns for the late LGM and late deglaciation

� During the HS1 cold interval, however, coeval with a major ice-
rafted debris peak, high ventilation ages suggest a major
incursion of southern-source deep waters at 3150 mwd in
contrast to bottom water ages of 1200e1300 yr farther above.
These ages may reflect a major short-term deepening of the
penetration of highly ventilated MOW down to >2600 m.
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