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Abstract

Formation of deep water in the high-latitude North Atlantic is important for the global
meridional ocean circulation, and its variability in the past may have played an important role in regional
and global climate change. Here we study ocean circulation associated with the last (de)glacial period, using
water-column radiocarbon age reconstructions in the Faroe-Shetland Channel, southeastern Norwegian Sea,
and from the Iceland Basin, central North Atlantic. The presence of tephra layer Faroe Marine Ash Zone II,
dated to ~26.7 ka, enables us to determine that the middepth (1179 m water depth) and shallow subsurface
reservoir ages were ~1500 and 1100 14C years, respectively, older during the late glacial period compared to
modern, suggesting substantial suppression of the overturning circulation in the Nordic Seas. During the late
Last Glacial Maximum and the onset of deglaciation (~20–18 ka), Nordic Seas overﬂow was weak but active.
During the early deglaciation (~17.5–14.5 ka), our data reveal large differences between 14C ventilation ages
that are derived from dating different benthic foraminiferal species: Pyrgo and other miliolid species yield
ventilation ages >6000 14C years, while all other species reveal ventilation ages <2000 14C years. These data
either suggest subcentennial, regional, circulation changes or that miliolid-based 14C ages are biased due to
taphonomic or vital processes. Implications of each interpretation are discussed. Regardless of this “enigma,”
the onset of the Bølling-Allerød interstadial (14.5 ka) is clearly marked by an increase in middepth Nordic Seas
ventilation and the renewal of a stronger overﬂow.

1. Introduction
Terrestrial and marine sediment records document that the last deglaciation (~19–10 ka) was interrupted by
two climatic anomalies, Heinrich Stadial (HS) 1 and the Younger Dryas (YD) stadial, which were characterized
by cooling over Greenland, warming of the Antarctic region, global net warming, and rise in atmospheric CO2
[Dansgaard et al., 1993; European Project for Ice Coring in Antarctica, 2006; Shakun et al., 2012; Monnin et al.,
2001]. Large-scale reorganizations of the Atlantic Meridional Overturning Circulation (AMOC) are thought
to be a key player in these climate anomalies, through direct and indirect modulation of global heat distribution [Broecker, 1998], air-sea CO2 exchange, and the efﬁciency of nutrient utilization [Sigman and Boyle, 2000;
Skinner et al., 2014]. In the modern ocean, poleward advection of warm and salty Atlantic water across the
Greenland-Scotland Ridge (GSR) into the Nordic Seas and Arctic Ocean, where it densiﬁes and overﬂows
the GSR to the North Atlantic, contributes to the lower North Atlantic Deep Water, an important component
of the AMOC [Hansen and Østerhus, 2000].
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Ocean circulation and air-sea gas exchange can be inferred from radiocarbon ventilation ages, which are
deﬁned as the ocean-atmosphere radiocarbon isotope disequilibrium [e.g., Soulet et al., 2016] and which
are therefore broadly indicative of the time since the water was last in contact with the atmosphere. This
ocean-atmosphere radiocarbon isotope disequilibrium responds to changes in rate of water renewal, airsea gas exchange, sources of water masses, and mixing. The deepwater formation in the Nordic Seas via open
ocean convection [Hansen and Østerhus, 2000], gradual transformation of Atlantic water [Eldevik et al., 2009],
and seawater freezing and salt rejection [Mauritzen, 1996] results in well-ventilated overﬂow waters to the
North Atlantic (ventilation age of ~500 years) and a minimal surface-deep seawater age offset (~100 years)
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[Broecker and Peng, 1982]. To constrain past variations in the North Atlantic circulation and its interaction with
climate during the Last Glacial Maximum (LGM) and deglaciation, several studies have applied 14C measurements in planktic and benthic foraminifera to infer changes in regional water column ventilation [Skinner and
Shackleton, 2004; Sarnthein et al., 2007; Thornalley et al., 2011, 2015; Stern and Lisiecki, 2013; Skinner et al., 2014].
In contrast to the modern situation, reconstructions of 14C ventilation ages from south of Iceland during HS1
and YD show extremely old ages (up to 5000 14C years) and were tentatively attributed to venting of an aged
reservoir in the deep Southern Ocean and northward transport via the Antarctic Intermediate Water (AAIW)
[Thornalley et al., 2011]. Subsequent studies from the South Atlantic reported deglacial ventilation ages for
AAIW much younger than those recorded from south of Iceland, and thus do not support a southern source
[Sortor and Lund, 2011; Cléroux et al., 2011; Burke and Robinson, 2012]. More recently, Thornalley et al. [2015]
provided evidence for the presence of extremely aged water in the deep Norwegian Sea (up to
10,000 14C years) during the last glacial, and they further suggested that episodic deglacial overﬂows from
this aged reservoir may have been the source for the old ventilation ages recorded south of the Iceland rise
[Thornalley et al., 2011]. If this scenario is correct, the signature of this aged overﬂow must be recorded in the
Faroe-Shetland Channel, the main deep pathway of overﬂow water from the Norwegian Sea to the North
Atlantic. We evaluate this hypothesis and study the North Atlantic-Norwegian Sea exchanges during the last
glacial period (30–10 ka) based on radiocarbon measured in benthic and planktic foraminifera from core
JM11-FI-19PC (62°490 N, 03°520 W, 1179 m water depth), in the Faroe-Shetland Channel, supplemented with
species-speciﬁc benthic foraminiferal 14C dates from core RAPiD-10-1P (62°580 N, 17°350 W, 1237 m water
depth) in the Iceland Basin (Figure 1).

2. Materials and Methods
2.1. Radiocarbon Analyses
For core JM11-FI-19PC, foraminiferal samples (5–12 mg) were 14C dated by accelerator mass spectrometry
(AMS) at the 14CHRONO Centre facility at Queen’s University Belfast. Pretreatment of the foraminiferal samples followed the approach by Nadeau et al. [2001]. Samples were converted into graphite for AMS analysis
on a Fe catalyst by using the hydrogen reduction method [Vogel et al., 1987]. Planktic radiocarbon ages are
measured in the planktic foraminiferal species Neogloboquadrina pachyderma, which has a calciﬁcation
depth range from ~30 to 200 m [e.g., Simstich et al., 2003]. Benthic radiocarbon ages are based on multispecies samples from the following infaunal benthic foraminifera: Cassidulina neoteretis, Melonis barleeanus,
Elphidium excavatum, Oridorsalis umbonatus, and Astrononion gallowayi (hereafter the “infaunal benthic
group”), which are the most abundant species (Figure S1 in the supporting information). Where possible,
monospeciﬁc samples of epifaunal benthic species Cibicidoides ﬂoridanus (sometimes including specimens
of Cibicidoides spp.) and the epifaunal to infaunal benthic species [Linke and Lutze, 1993] Pyrgo serrata
(sometimes including specimens of Pyrgo depressa and other miliolid species) were radiocarbon dated from
the HS1 interval. Pyrgo species are very rare or absent within our record, except for a small increase during
HS1 (Figure S1).
For core RAPiD-10-1P, monospeciﬁc benthic foraminiferal samples, where possible, were picked from the
>212 μm size fraction from core RAPiD-10-1P for 14C analysis. Radiocarbon analyses were performed at
National Ocean Sciences Accelerator Mass Spectrometry. No pretreatment was conducted other than examination under the microscope and removal of any obvious pieces of contamination.
2.2. Stable Isotope Analyses
Pristine specimens of Pyrgo serrata (N = 2–7; size fractions 250–500 μm and/or >500 μm) and Cibicidoides ﬂoridanus and Cibicidoides spp. (N = 3–10; size fraction >150 μm) were picked for stable isotope analyses. The
Pyrgo serrata analyses were performed at the Bjerknes Centre for Climate Research and the Department of
Earth Sciences, University of Bergen, using a Finnigan MAT 253 mass spectrometer, whereas the
Cibicidoides analyses were done at MARUM, University of Bremen, using a Finnigan MAT 251 mass
spectrometer with an automated carbonate preparation device. The isotopic values are reported relative
to the Vienna Peedee belemnite (VPDB), calibrated by using National Bureau of Standards (NBS) 18 and 19
(in addition to NBS 20 for the measurements at MARUM).
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Figure 1. Map of major surface and bottom water currents in the northern North Atlantic and the Nordic Seas [Hansen
and Østerhus, 2000]. Location of studied cores JM11-FI-19PC (1179 m water depth; star) and RAPiD-10-1P (1237 m water
depth; circle) and other cores RAPiD-15-4P and RAPiD-17-5P (2133 and 2303 m water depth, respectively [Thornalley et al.,
2011]) and PS1243 (2711 m water depth [Bauch et al., 2001; Thornalley et al., 2015]) (squares).

2.3. Age Models
The chronology for sediment core JM11-FI-19PC is based on alignment of tephra layers common in JM11-FI-19PC
[Ezat et al., 2014] and the accurately dated Greenland ice cores [e.g., Svensson et al., 2008] as well as δ18O evidence
for the onset of DO interstadials (IS) in Greenland ice cores [e.g., Svensson et al., 2008] and sharp increases in magnetic susceptibility and K/Ti measured by XRF scanning [Ezat et al., 2014] (see section 2 and Figure S1].
The Saksunarvatn tephra, Vedde ash, and Faroe Marine Ash Zone (FMAZ) II have been identiﬁed in JM11-FI19PC by shards counting [Ezat et al., 2014] and by correlation to nearby core ENAM93-21 [see Hoff et al., 2016].
These tephra layers have been synchronized to their counterparts in the Greenland ice cores (dated 10.35,
12.17, and 26.74 ka, respectively [Davies et al., 2008; Svensson et al., 2008, and references therein]) and thus
present marine-ice tie points. In addition, major and minor elemental analyses of FMAZ II in JM-FI-19PC
proved that FMAZ II in JM11-FI-19PC is a well resolved primary deposit and can be used as a precise
marine-ice isochron [Griggs et al., 2014]. Thus, the occurrence of this tephra layer provides conﬁdence in
our ventilation age reconstructions at this time.
In addition to the identiﬁed tephra layers, we used magnetic susceptibility, XRF-scanner K/Ti, and planktic
and benthic foraminiferal δ18O to identify the onset of interstadials (IS) 1 and 2 in JM11-FI-19PC. The magnetic
susceptibility from the region, which varies oppositely to K/Ti [see Richter et al., 2006; Ezat et al., 2014], has
been proposed to reﬂect changes in the strength of deep currents transporting the magnetic particles from
the source (the Icelandic volcanic province) to the site of deposition [Rasmussen et al., 1996; Kissel et al., 1999].
Ezat et al. [2014] identiﬁed IS1 in core JM11-FI-19PC at 190 cm core depth, when the magnetic susceptibility
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Figure 2. Correlation of core JM11-F1-19PC with Greenland ice cores based
on location of tephra layers, magnetic susceptibility (MS), K/Ti, and benthic
18
(red) and planktic (black) δ O. The black lines refer to the locations of the
tephra layers. The blue rectangles indicate a possible depth range for the
onset of interstadials 1 and 2 based on correlation of the changes in MS, K/Ti,
18
18
18
and foraminiferal δ O with Greenland ice δ O. Planktic δ O data were
measured in Neogloboquadrina pachyderma [Hoff et al., 2016], while benthic
18
δ O are measured in Melonis barleeanus (solid circles) and Cassidulina neoteretis (open squares) [Ezat et al., 2014]. Abbreviations: IS, interstadial; FMAZ,
Faroe Marine Ash Zone. Greenland ice core data and tephra ages are from
Svensson et al. [2008 and references therein].
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increased after HS1. However, the
increase in magnetic susceptibility
occurred very gradually from 197 to
190 cm core depth and there are two
rapid decreases in K/Ti (at 195 and
190 cm core depth) (Figure 2).
Instead, Hoff et al. [2016] and Ezat
et al. [2016] used the large and abrupt
increase in δ18O in benthic (~1‰) and
planktic (~0.5‰) foraminifera at
197 cm core depth (Figure 2) as a marker of the onset of IS 1. The increase in
benthic foraminiferal δ18O is thought
to mark the end of HS1 and the onset
of deep convection similar to today
[e.g., Rasmussen and Thomsen, 2004;
Meland et al., 2008]. Similarly, the
change in magnetic susceptibility at
the end of stadial 3 (beginning of IS
2) occurred gradually from 271 to
260 cm core depth, and there is a distinct decrease in K/Ti at 272 cm core
depth (Figure 2). We therefore considered a range of possible scenarios of
sediment depth-age model based on
the available marine proxies (i.e., foraminiferal δ18O, magnetic susceptibility,
and K/Ti) (Figure 2). In addition, the
start of the deglacial δ18O decrease in
N. pachyderma according to our age
model is at ~17.5 ka [Hoff et al., 2016;
Ezat et al., 2016], while it was dated
~16.5 ka according to the age model
of Thornalley et al. [2015]. We also
included this latter scenario (that is,
the start of deglacial δ18O decrease in
N. pachyderma could have occurred
at 16.5 ka) in our possible range of
calendar chronologies. This enables
us to assess the inﬂuence of uncertainty in our calendar ages on the ventilation age reconstructions.

For sediment core RAPiD-10-1P, we
used the published age model for
the past 17 kyr [Thornalley et al.,
2010], with the addition of an N.
pachyderma 14C age constraint (assuming a 400 year reservoir age) at the base of the sampled section at
410 cm of 18.8 ka.
2.4. Ventilation Age Reconstructions
We reconstruct shallow subsurface (~100 m water depth) and bottom water 14C ventilation ages by comparing our planktic and benthic radiocarbon dates to contemporary atmospheric radiocarbon ages from Reimer
et al. [2013] [cf. Skinner et al., 2010]. Additionally, we determine the age difference between the upper water
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column and the bottom water by using the difference between paired benthic and planktic 14C dates.
Hereafter, we will refer to radiocarbon ventilation ages as Plankton-Atmosphere (P-A) (that is, reservoir age
“R” [Soulet et al., 2016, and references therein]), Benthos-Atmosphere (B-A), and Benthos-Plankton (B-P) age
offsets, all of which are taken strictly to reﬂect “relative isotopic enrichments,” albeit expressed in equivalent
radiocarbon years of isotopic decay [Soulet et al., 2016; see also Cook and Keigwin, 2015]. We calculated the
uncertainty in P-A and B-A ventilation ages based on the error propagation of uncertainty in foraminiferal
14
C measurements and the atmospheric 14C record as well as the effect of uncertainty in age model (see
section 2.3). The error propagation was calculated as the square root of the sum of the squared individual
uncertainties. To calculate the associated uncertainties in B-P age offsets, we simply combined the errors
in planktic and benthic 14C dates.

3. Results and Discussion
During the last glacial (at 26 ka), which is temporally well constrained in core JM11-FI-19PC by the presence of
the Faroe Marine Ash Zone (FMAZ) II (see section 2.3), the P-A, B-A, and B-P ventilation ages in the southern
Norwegian Sea are ~1500, 2000, and 500 14C years, respectively (Figure 3). These values are ~1100, 1500, and
400 14C years higher relative to modern P-A, B-A, and B-P values, respectively. The increase in the B-P ventilation age suggests a reduction in surface-deep mixing, likely related to a decrease in the Arctic Mediterranean
overturning circulation. Near the onset of the last deglaciation (~20–18.5 ka), our results indicate relatively
well-ventilated water with P-A = ~500 14C years, B-A = ~870 14C years, and B-P = 370 14C years (Figure 3).
Although these reconstructions are associated with large errors due to uncertainties in our calendar chronology (Figure 3 and see section 2), they support previous studies [e.g., Crocket et al., 2011; Yu et al., 2008; Howe
et al., 2016] that hypothesize active, though weak, Nordic Seas overﬂows during this time.
During middle and late HS1 (17.5–14.5 ka), our results show substantial differences in the 14C ventilation ages
based on different benthic species (Figure 3). The Pyrgo species yield ventilation ages between 6000 and
9000 14C years, while all other species suggest ventilation ages <2000 14C years. In this regard, it is notable
that many of the previously published ventilation age reconstructions from the deep Norwegian Sea are
based on miliolids, including Pyrgo spp. (but notably, not all, two 14C ventilation ages >6000 14C years, from
the YD and HS1, were also obtained on C. wuellerstorﬁ [Thornalley et al., 2015]) (Figure 3). Pyrgo spp. were also
often used in the 14C ventilation age reconstructions from south of Iceland [Thornalley et al., 2011]. If there is a
species-speciﬁc offset between Pyrgo spp. and perforate benthic foraminifera, and given the typical large size
of individual Pyrgo spp., inclusion of a few specimens could have a pronounced impact on the obtained radiocarbon dates. Indeed, our new 14C measurements from sediment core RAPiD-10-1P in the Iceland Basin show
similar species-speciﬁc benthic 14C age offsets; Pyrgo spp. yield B-A ventilation ages >6000 14C years, while
non-miliolid species and bivalves yield much younger B-A ventilation ages (typically B-A ventilation ages of
1000–3000 14C years) (Figure 4). Yet samples from RAPiD-10-1P that included Pyrgo spp. did not always yield
older ventilation ages (Figure 4). In the deep Norwegian Sea, Holocene Pyrgo and Cibicidoides wuellerstorﬁ
measurements from the same depths yield similar young ages [Thornalley et al., 2015]. Therefore, it is critical
to verify and explain these benthic interspecies 14C age offsets in order to fully understand the deglacial ventilation histories of the high-latitude North Atlantic.
Previous work from the Santa Barbara Basin by Magana et al. [2010] also documented anomalously old downcore Pyrgo 14C ages relative to other coeval benthic species (up to 2000 year age offsets). Based on the
accompanying low δ13C values (4 to 8‰), the authors attributed the old 14C dates measured in Pyrgo
to the addition of radiocarbon-free hydrocarbon (i.e., tar) to their environment. In contrast, our δ13C measurements in Pyrgo serrata show relatively high values (=0.6 to 0.9‰) (Table S1 in the supporting information),
thus clearly precluding the presence of an isotopically light, e.g., petrogenic carbon source in the calciﬁcation
environment of Pyrgo. Thornalley et al. [2015] have also observed similarly high δ13C values in Pyrgo species in
the deep Norwegian Sea. Also, the sedimentation rates for the investigated sediment cores range from 10 to
60 cm/kyr suggesting insigniﬁcant effects of bioturbation on our 14C ages [e.g., Peng and Broecker, 1984].
Alternative interpretations for very old Pyrgo 14C ages further include (1) upward pumping of coarser components of marine sediments by preferential bioturbation [McCave, 1988], which may have caused large Pyrgo
specimens to remain close to the surface sediment over long periods of time, resulting in an apparent age
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Figure 3. Comparison between ventilation age reconstructions of the Norwegian Sea and northern North Atlantic plotted
versus Greenland Ice Core Project (NGRIP) Greenland Ice Core Chronology 2005 [Svensson et al., 2008]. (a) Benthos-Plankton
14
(B-P) C age difference reconstructed for the Faroe-Shetland Channel (1179 m water depth). The black line represents
14
3-point running average. Error bars are combined 1σ errors in planktic and benthic C dates. (b) Plankton-Atmosphere
(P-A) ventilation age from the Faroe-Shetland Channel. (c) Benthos-Atmosphere (B-A) ventilation age from the FaroeShetland Channel. The solid circles, squares, and triangles indicate B-A ventilation ages based on the “infaunal benthic
group” (Cassidulina neoteretis, Melonis barleeanus, Elphidium excavatum, Oridorsalis umbonatus, and Astrononion gallowayi),
the epifaunal Cibicidoides spp., and the epifaunal to infaunal Pyrgo spp., respectively. Note that we do not present the B-P
ventilation ages for the Pyrgo spp. in Figure 3a. The green envelope in Figures 3b and 3c reﬂects the uncertainty boundaries in
ventilation ages (see section 2.4). The horizontal brown arrows at the y axes in Figures 3a–3c indicate the modern B-P, P-A, and
B-A ventilation age values, respectively. (d) Benthic-Atmosphere (B-A) ventilation age in the deep Norwegian Sea (2700 m
water depth; the blue triangles, squares, and open diamonds indicate B-A ventilation ages based on Pyrgo spp. (and other
miliolid species), Cibicidoides spp., and mixed benthic samples (Cibicidoides spp. and miliolid species), respectively [Thornalley
18
et al., 2015]) and south of Iceland (1237–2303 m water depth; open red circles [Thornalley et al., 2011]). (e) Planktic δ O
measured in N. pachyderma from the northern Norwegian Sea (blue open circles [Bauch et al., 2001]) and from the FaroeShetland Channel (black open circles [Hoff et al., 2016]). The age model for the sediment record from the northern Norwegian
Sea [Thornalley et al., 2015] is slightly modiﬁed by aligning it to our sediment record using the start of the deglacial decrease in
18
18
δ O in N. pachyderma as a tuning marker. (f) NGRIP δ O [Svensson et al., 2008, and references therein].
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offset and old-biased Pyrgo 14C ages.
Although, this may explain some of
the 14C age offsets, it is difﬁcult to
explain the entire age offset relative
to other benthic species, as this
would require a systematic displacement of Pyrgo shells by ~1 m from
their original growth depth. (2)
Pyrgo spp. may adopt speciesspeciﬁc “vital effects” under speciﬁc
environmental conditions (e.g., similar to HS1 hydrography) that would
have caused the Pyrgo 14C record to
deviate from the ambient seawater
14
14
C age. If this hypothetical vital
Figure 4. Comparison of benthos-atmosphere C age offsets for JM11-FIeffect
exists, it does not affect the
19PC (triangles; located in the Faroe Shetland Channel, north of the GSR)
13
and RAPiD-10-1P (circles; located on the South Iceland Rise, south of the
δ C signature, which is difﬁcult to
GSR). Plankton-Atmosphere ventilation (reservoir) ages from the Faroeconceive [cf. Magana et al., 2010]
Shetland Channel are also plotted (black line). Radiocarbon dates in RAPiDand remains unsupported by any evi10-1P were obtained on either mixed benthic foraminiferal species including
dence for Pyrgo-speciﬁc vital effects.
(pink circles) or excluding (pale blue circles) Pyrgo spp.; paired, intact
Although microbial fermentation of
bivalves (green circles); or monospeciﬁc samples of either Elphidium
excavatum (blue circles), or Pyrgo serrata (red circles).
aged organic matter (which may
have been delivered to the site via
freshwater discharge events during HS1 [Hoff et al., 2016]) will result in high δ13C and depleted 14C bicarbonate [see Carothers and Kharaka, 1980], it remains elusive why only Pyrgo species record the signature of this
process. (3) Pyrgo specimens may have been transported by either lateral or downslope reworking of older
fossil material. Similar extreme old ages of miliolids relative to coeval shells and other benthic foraminifera
were also observed from Holocene marine shelf sediments from Skaw Spit, Denmark, and interpreted as miliolids having been laterally entrained from older sediments due to the high-energy environment [Heir-Nielsen
et al., 1995]. Yet a similar taphonomic process causing the older 14C ages obtained on Pyrgo and other miliolid
species seems implausible for our study, although it cannot be excluded, because of the replication of the
interspecies benthic 14C age offset at two separate sites, JM-FI-19PC and RAPID-10-1P (~500 km apart, and
either side of the GSR) (Figure 4).
Finally, (4) the old 14C ages recorded by Pyrgo in sediment cores JM-FI-19PC and RAPiD-10-1P could indicate
intermittent overﬂow of extremely preaged water from the Arctic Ocean to the North Atlantic [cf. Thornalley
et al., 2015]. In this case, the presence of other benthic species that record much younger benthic 14C ventilation
ages at the same sampling depth (each sample is equivalent to tens to several hundreds of years) would require
persistent subcentennial ﬂuctuations between the extremely aged overﬂow and much better ventilated water,
coupled with strong habitat differences between different benthic species. The middepth circulation in the
modern high-latitude North Atlantic is very dynamic [Hansen and Østerhus, 2000; Eldevik et al., 2009] and is likely
to have undergone signiﬁcant changes on short time scales (decades and shorter) during the deglacial conditions of rapidly melting ice sheets and global warming. Thus, it is plausible that different benthic species dated
from the same core depth may record only ephemeral events within the entire period that a sampling depth
represents [see Jorissen et al., 2007]. Changes in the benthic foraminiferal fauna may respond to water mass
variability directly [e.g., Rasmussen et al., 1996], or possibly indirectly via climatic coupling of middepth oceanographic variability with environmental parameters which alter their food supply (e.g., wind stress and mixing,
sea ice cover, and freshwater input) [e.g., Jorissen et al., 2007]. Radiocarbon ventilation ages based on C. ﬂoridanus or infaunal species other than Pyrgo may therefore represent the environmental conditions at times when
there were incursions of inﬂowing subsurface Atlantic water or shallow convection [e.g., Rasmussen et al., 1996;
Ezat et al., 2014], whereas Pyrgo spp. may instead record times when environmental conditions facilitated the
sporadic overﬂow of extremely aged water. In the deep Norwegian Sea, these very old 14C ventilation ages are
always associated with only a minor depletion in δ13C values (from ~1.5 to 0.8‰) and this absence of signiﬁcant
δ13C depletion has been attributed to decreased primary productivity [Thornalley et al., 2015].
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Although these ﬁndings may pave the way for a more sophisticated approach of using species-speciﬁc
benthic 14C analysis to elucidate short-term changes in ocean circulation, it remains uncertain why only
Pyrgo species, and possibly miliolid species more generally, would tolerate the environmental conditions
when the extremely old water recurrently passed our sites for a decade or so over the course of HS1. For
example, although Pyrgo species are tolerant to very irregular and reduced food supply and thus may persist
during short episodes of very low food ﬂuxes [Struck, 1997; Linke and Lutze, 1993], hyaline benthic species
such as Elphidium excavatum are also well adapted to a very wide range of food supply, temperature, and salinity [Vilks, 1989; Linke and Lutze, 1993]. A possible further challenge to this scenario is also the interpretation
of Pa/Th data from the Central Arctic Ocean, which have been used to suggest a centennial scale replacement
for deep waters in the Central Arctic Ocean during the past 35 kyr [Hoffmann et al., 2013]; notwithstanding,
however, the possibility that boundary scavenging in areas with higher particle ﬂuxes may have been an
important sink for Pa [Hoffmann et al., 2013; Luo and Lippold, 2015]. Excluding the miliolid-based 14C ventilation ages, there is a general trend toward increasing ventilation ages over HS1, reaching maximum values
(P-A = ~800 14C years, B-A = ~1800 14C years, and B-P = 1000 14C years) at 15 ka, just prior to the onset of the
Bølling-Allerød (BA) interstadial (Figure 3).
At the beginning of the BA interstadial (~14.5 ka), the P-A and B-A ventilation ages decreased to ~800 and
950 14C years, respectively. The signiﬁcant decrease in the B-P ventilation age from ~400–1000 14C years during the glacial and HS1 to ~105 14C years at the onset of the BA interstadials indicates a signiﬁcant decrease in
the apparent stratiﬁcation between inﬂowing and outﬂowing water masses through the Faroe-Shetland
Channel. At 14 ka, the P-A, B-A, and B-P ventilation ages reached the modern values, suggesting similar mode
and vigor of circulation. Renewal of strong and well-ventilated Nordic Seas overﬂows would have contributed
to the step-change in ocean circulation that has been recorded throughout the Atlantic at this time [McManus
et al., 2004; Roberts et al., 2010; Skinner et al., 2014]. During the Intra-Allerød Cold Period (IACP; ~13.5–12.5 ka), the
P-A and B-A increased signiﬁcantly to ~1300 14C years. Unfortunately, there were not enough benthic foraminifera in our record to resolve the YD event, only the P-A ventilation ages display an increase of 200 14C years relative to modern (Figure 3b). During the early Holocene (at ~11 ka), the P-A, B-A, and B-P ventilation ages are
similar to modern values (Figure 3), suggesting that the oceanographic regime was similar to today.

4. Conclusions
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The results presented here suggest a similar to modern circulation prevailed in the upper Nordic Seas during
warm periods (the Bølling interval and the early Holocene), whereas substantial suppression in the overturning circulation marked cold periods (the late glacial (at ~26 ka), late Heinrich Stadial HS1 (at ~15.5 ka), and
Intra-Allerød Cold period IACP (~13.5–12.5 ka)). During the late LGM and the onset of deglaciation (~20–
18 ka), our results suggest active, though weak, Nordic Seas overﬂows. In addition, our data show that many
of the old ventilation ages reconstructed in the glacial and deglacial high-latitude North Atlantic are associated with the use of Pyrgo spp. and miliolids, which dated ~7000 14C years older than other coeval benthic
species (although it is important to note that old ventilation ages have also been recorded in non-miliolid
species (C. wuellerstorﬁ) in the deep Norwegian Sea [Thornalley et al., 2015]). This complicates the interpretation of 14C ventilation age reconstructions that include Pyrgo and miliolid species, since it remains uncertain if
these offsets reﬂect actual differences in past seawater 14C ventilation, or if they are affected by taphonomic
or vital processes. This also implies that the previous reconstructions based on mixed benthic foraminifera
(including Pyrgo species) of Thornalley et al. [2011] may be strongly affected by the relative proportions of different species. We suggest that a critical step toward advancing the use of benthic foraminiferal 14C ventilation records to examine deglacial circulation in the high-latitude North Atlantic (where hydrography is
particularly dynamic) is to consider and investigate benthic interspecies 14C age offsets, which may have
the potential to reveal more detailed hydrographic changes than has hitherto been considered possible.
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