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RADIOCARBON LEVELS IN THE ICELAND SEA FROM 25-53 KYR AND THEIR
LINK TO THE EARTH’S MAGNETIC FIELD INTENSITY

Antje H L Voelker!-2 « Pieter M Grootes' » Marie-Josee Nadeau' « Michael Sarnthein?

ABSTRACT. By correlating the climate records and radiocarbon ages of the planktonic foraminifera N. pachyderma(s) of
deep-sea core PS2644 from the Iceland Sea with the annual-layer chronology of the GISP2 ice core, we obtained 80 marine
14C calibration points for the interval 11.4-53.3 ka cal BP. Between 27 and 54 ka cal BP the continuous record of '“C/cal age
differences reveals three intervals of highly increased “C concentrations coincident with low values of paleomagnetic field
intensity, two of which are attributed to the geomagnetic Mono Lake and Laschamp excursions (33.5-34.5 ka cal BP with
maximum 550%o marine AC, and 40.3-41.7 ka cal BP with maximum 1215%o marine A'“C, respectively). A third maximum
(marine A'“C: 755%o) is observed around 38 ka cal BP and attributed to the geomagnetic intensity minimum following the
Laschamp excursion. During all three events the A4C values increase rapidly with maximum values occurring at the end of
the respective geomagnetic intensity minimum. During the Mono Lake Event, however, our A4C values seem to underesti-
mate the atmospheric level, if compared to the 3°CI flux measured in the GRIP ice core (Wagner et al. 2000) and other records.
As this excursion coincides with a meltwater event in core PS2644, the underestimation is probably caused by an increased
planktonic reservoir age. The same effect also occurs from 38.5 to 40 ka cal BP when the meltwater lid of Heinrich Event 4
affected the planktonic record.

INTRODUCTION

Radiocarbon ages have been calibrated in great detail up to 13.3 ka BP by dendro- and varve chro-
nology with an extension based on single calibration points on corals and less precise varves up to
20 ka BP (Stuiver et al. 1998; Bard et al. 1998; Hughen et al. 1998). Beyond 20 ka BP, calibration is
still problematic because dendrochronological calibration points are so far not available and single
calibration points (Vogel 1983; Bischoff et al. 1994; Vogel and Kronfeld 1997; Bard et al. 1998;
Geyh and Schliichter 1998; Schramm et al. 2000) often lack the needed temporal resolution. A time
scale for '4C ages older than 14 ka BP can be provided by marine or lacustrine varves (e.g. Kitagawa
and van der Plicht 1998a, 1998b) or indirectly by the annual-layer chronology of the GISP2 ice core
(e.g. Voelker et al. 1998). Calibration data from marine sediment core PS2644 from the western Ice-
land Sea (67°52.02'N, 21°45.92’W, 777 m water depth; Figure 1) for the interval 20-55 ka cal BP
reveal periods with significantly increased atmospheric 4C concentrations, expressed as A!4C, the
relative deviation from the modern standard “C concentration in per mil, during minima in the
earth’s geomagnetic field intensity (Voelker et al. 1998; Voelker 1999). Increased '“C production is
corroborated by coinciding peaks in '°Be and 3°Cl in the Greenland ice cores (Yiou et al. 1997;
Baumgartner et al. 1997, 1998). We report here further data increasing the temporal resolution of the
changes in marine “C ages during the Laschamp and Mono Lake excursions and a refinement of the
correlation with the GISP2 time scale. A stacked record of the geomagnetic field intensity (NAPIS-
75; Laj et al. 2000), including the magnetic data of core PS2644, permits us a direct comparison of
our AC fluctuations with changes in the geomagnetic field intensity.

Marine sediment core PS2644 yielded a high resolution climate record showing millennial-scale
oscillations (Voelker et al. 1998; Voelker 1999). By correlating the marine climate signals, espe-
cially the planktonic 8'80 and 8'3C records, with the Dansgaard-Oeschger cycles in the GISP2 §'30
record we are able to calibrate the marine '“C ages with the annual-layer GISP2 chronology (Meese
et al. 1994, 1997; Bender et al. 1994). Here we assume fluctuations in the temperature on Greenland
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are linked to changes in the hydrography at site PS2644 via the thermohaline circulation (THC) of
the North Atlantic. As moisture for the precipitation on Greenland mainly originates from the North
Atlantic (Johnsen et al. 1989; Charles et al. 1994; Jouzel et al. 1997), the snow’s oxygen isotope
ratio should monitor changes in the Sea Surface Temperature (SST) of the major North Atlantic
warm water current, the Gulfstream/North Atlantic drift and its branches (e.g. Schmitz and McCart-
ney 1993). One of these branches, the Irminger current, flows partly across the Denmark Strait into
the Iceland Sea, and influences site PS2644 (Figure 1). The hydrography at this site is furthermore
affected by the polar East Greenland current and its branches (Voelker et al. 1998), which also is part
of the North Atlantic THC.
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Figure 1 Map of the North Atlantic with the position of sediment
core PS2644 in the western Iceland Sea and of ice core GISP2 on
Greenland. Arrows mark present axis of the major surface water cur-
rents with black ones transporting warm and saline Atlantic water
and gray ones fresh and cold polar water (EGC: East Greenland Cur-
rent; IC: Irminger Current; NAC: Norwegian Atlantic Current;
NAD: North Atlantic Drift).

METHODS

The sediment record of core PS2644 was sampled with a resolution of 1 cm, equal to a mean time
resolution of 50 yr during marine isotope stage 3 (29-58 ka cal BP) (Voelker et al. 1998). The stable
isotope ratios 180/10 and 3C/12C were measured on the planktonic foraminifera N. pachyderma(s)
in the Leibniz Labor at Kiel University, Germany, using an automated MAT-251 mass spectrometer
with carbonate system (analytical reproducibility: £0.07%o for 8'80, £0.04%o for 8!3C, Sarnthein et
al. 1995; Voelker et al. 1998). Paleoceanographic conditions and climate were reconstructed from a
suite of sediment properties including faunal assemblages, stable isotopes, lithology and the abun-
dance of ice rafted detritus (IRD) indicated by lithic grains >150 wm which includes the volcanic ash
grains, although some were probably wind transported (Voelker 1999; data at http://www.pan-
gaea.de). The AMS “C ages were measured on 10-mg samples of either the planktonic foraminifera
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N. pachyderma(s) or the epibenthic foraminifera Cibicides sp. (for details see Voelker et al. 1998) at
the Leibniz Labor at Kiel University. Careful cleaning and sample preparation (Schleicher et al.
1998; Nadeau et al. forthcoming) and the use of N. pachyderma(s) samples from marine isotope
stage 5.1 of core PS2644 for background correction (Voelker et al. 1998; Voelker 1999) allowed dat-
ing of the record up to 55 ka BP. Age differences are calculated by subtracting the '“C age not cor-
rected for a reservoir effect from the corresponding GISP2 calendar age, alternatively, the relative
deviation of the original '“C concentration. AC in per mil, also based on the uncorrected '“C ages,
is referred to as “marine A'*C” to clearly distinguish it from the generally used atmospheric A!“C.

The 8'80, of the GISP2 ice core, calibrated to VSMOW, was measured in the Quaternary Isotope
Laboratory in Seattle (USA) (Grootes et al. 1993; Grootes and Stuiver 1997; Stuiver and Grootes
2000). Here we use the bidecadal data set which is based on the 20-cm resolution record (equal to
an average time resolution of 12 yr during interstadials and 30 yr during stadials; Stuiver and
Grootes [2000]; data available from http://depts.washington.edu/qil/datasets/gisp2_main.html).

Correlation with the GISP2 Isotope Record

Since cores PS2644 and GISP2 both monitor changes in the thermohaline circulation of the North
Atlantic, the best way to correlate them would be via a sea surface temperature record (e.g. Sachs
and Lehman 1999; van Kreveld et al. 2000). Unfortunately, the diversity in the planktonic foramin-
ifera fauna in core PS2644 in the northern North Atlantic is so small (N. pachyderma(s) >95%) that
they can only be used as qualitative SST indicator (Voelker et al. 1998) forcing us to use the plank-
tonic isotope record instead. This shows light §'80 and 8!3C values together with high IRD contents
(Figure 2) during cold SST’s in the North Atlantic and cold temperatures above Greenland contem-
porary with meltwater events (Bond et al. 1993; Rasmussen et al. 1996; van Kreveld et al. 2000).
The response of precipitation on Greenland to changes in the THC in the northern North Atlantic is
immediate as both are connected by the atmospheric circulation. At site PS2644, an “overshooting”
SST upon warming is caused by the resumed inflow of warm Atlantic water via the Irminger Current
as evidenced by lower percentages of N. pachyderma(s) and by high abundances of (Atlantic) radi-
olaria and diatoms (Voelker et al. 1998; Voelker 1999; Lein 1998). Meltwater lids, on the other hand,
hampered the heat transport to the north and induced a sea ice cover during at least part of the year
(Sarnthein et al. 1995; Seidov et al. 1996; Cortijo et al. 1997; Voelker 1999).

The detailed tuning of the marine and the ice core followed this hierarchy: Four tephra layers (1)
build a stable time frame for the correlation of the Heinrich meltwater events 1-6 (2), other meltwa-
ter events contemporary with an increased IRD content (3), and the beginning of the interstadials
(4). Further tie points are based on “minor” meltwater events occurring during the interstadials (5),
and finally small scale oscillations (6).

1. The tephras were identified in the sediment and the GISP2 or GRIP ice core on the base of their
chemistry (Voelker 1999; Gronvold et al. 1995; Zielinski et al. 1997). While ash grains of the
Saksunarvatn Ash (10,272 GISP2 cal yr) and the North Atlantic Ash Zone 2 (53,260 GISP2 cal
yr) were directly detected in the GISP2 core, the ages of the Vedde Ash (12,095 GISP2 cal yr)
and a Katla Ash (78,080 GISP2 cal yr), both detected only in GRIP, were obtained by matching
the isotope records of both ice cores.

2. Following Bond et al. (1993) and Rasmussen et al. (1996), the Heinrich Events, the most prom-
inent planktonic 6'80 minima in core PS2644 (Figure 2; Voelker et al. 1998), were related to
the stadial phases preceding Dansgaard-Oeschger Events 1,2, 4, 8, 12, and 17 in the same way
as described in the next paragraph.
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Figure 2 Correlation (vertical lines; dashed, if no calibration point) between planktonic 8'80 (b; %o vs. VPDB), 8!3C
(c; black curve; %o vs. VPDB), and IRD (c; gray curve; nr. of lithic grains >150pm/g) records of sediment core PS2644
vs. composite depth (c.d.) and the bidecadal 8'%0 record of ice core GISP2 (a; %o vs. VSMOW; Stuiver and Grootes
2000). Numbers in (a) refer to Dansgaard-Oeschger Events 1-18 (Johnsen et al. 1992), HI-H6 to Heinrich Events 1-
6. Black dots in (b) mark depths of “C ages. (A): 14-40 ka BP; wavy line indicates hiatus (Voelker et al. 1998; Voelker
1999); AZ 1: North Atlantic Ash zone 1. (B): 38-62 ka BP; Ash zone 2: North Atlantic Ash zone 2; AL: ash layer.

3. Core PS2644 shows several other meltwater events which can be divided into two groups: those
contemporary with an increased IRD content, and those without one (Figure 2). Following the
feature of the Heinrich Events, we regard the meltwater events with IRD sedimentation north of
the Denmark Strait to influence the climate basin-wide and thus tie them to the other stadial
phases in the GISP2 8'30 record. Since it is difficult to define the first cold point of a stadial in
the marine records, the preceding rapid temperature change at the interstadial/stadial transition,
is used as anchor point instead. Thereby, we correlate the last heavy planktonic §'30/8!3C value
before an IRD-bearing meltwater event with the beginning of the abrupt temperature drop on
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Greenland (Figure 2). Furthermore, the '80 minimum of a meltwater event is matched with the
coldest (i.e. most negative) point prior to the rapid temperature rise in the GISP2 880 record.

4. The stadial/interstadial transition is marked by a rapid temperature rise on Greenland and a
rapid and contemporary increase in the planktonic 8'80/ 8'3C values in core PS2644. The heavy
planktonic values indicate a well-ventilated upper ocean layer, ergo the disappearance of the
meltwater lid, and are therefore related to the end of the temperature rise (Figure 2). At inter-
stadial 12, this principle of correlation was slightly modified based on the assumption that the
pronounced ash layer largely enhanced the sedimentation rate and thus influenced the climate
signals (Figure 2B; Voelker 1999).

5. Like the IRD-bearing meltwater events tied to the stadials, the “no IRD” events, with a pre-
sumed lesser climatic impact, are related to temperature drops within an interstadial in the way
that the heavy 8'30/8!3C values prior to the meltwater event are linked to the last “warm” point
preceding the drop, the planktonic 8'%0 minimum to peak cold, and the heavy values following
the meltwater event to the subsequent warming (Figure 2).

6. Finally, to calibrate almost all '4C ages with corresponding GISP2 calendar ages we applied the
rules of heavy planktonic isotope values indicating warmer, better climate conditions and light
values colder temperatures also to small scale oscillations (Figure 2).

Our correlation was recently confirmed by the position of the short Mono Lake excursion in relation
to the Dansgaard-Oeschger stadial/interstadial cycles within core PS2644 (stadial prior to Dans-
gaard-Oeschger Event 6; Figure 3). Wagner et al. (2000) observe an increased 3°Cl flux in the GRIP
ice core which is attributed to the Mono Lake intensity minimum exactly at the same position. Dur-
ing the longer lasting Laschamp Event, our correlation also matches the peak fluxes of cosmogenic
isotopes in the GRIP ice core (Yiou et al. 1997; Baumgartner et al. 1998) with the inclination swing
in core PS2644 (Voelker et al. 1998).

Limitations of the Calibration Data

The calibration data from core PS2644 are affected by three limiting factors (discussed below): uncer-
tainty in the GISP2 calendar ages, smoothing by bioturbation, and changes in the reservoir age.

GISP2 Time Scale

The calendar ages used to calculate the 1*C deviations are based on the Meese/ Sowers time scale for
the GISP2 ice core. Down to 50 ka cal BP, this time scale derives purely from annual-layer counting
(Meese et al. 1994, 1997), while, beyond 50 ka cal BP, trace gas concentrations are used to correlate
the Vostok chronology of Sowers et al. (1993) into the GISP2 ice core (Bender et al. 1994). The
uncertainty on the time scale increases with depth and amounts to an estimated maximum +2% up
to 39,852 cal BP, maximum +5-10% up to 44,583 cal BP and maximum +10% up to 56,931 cal BP
(Meese et al. 1997).

For the last 46 ka cal BP, i.e. the main part of our calibration curve, the validity of the GISP2 layer
chronology is corroborated by the counted time scale of the nearby GRIP ice core (Hammer et al.
1997) and U/Th dates of coral terraces in Papua New Guinea (Chappell et al. 1996; Grootes and
Stuiver 1997). In the older section, the GISP2 chronology might be too young as indicated by the U/
Th age of the coral reef associated with Dansgaard-Oeschger interstadial 14, which is 1 ka older, and
by other dates of the North Atlantic Ash Zone 2. The ignimbrite attributed to this ash zone was Ar/
Ar dated with 55 + 2 ka (Sigurdsson personal communication 1998), while the tephra is dated even
older at 58.38 ka cal BP in the GRIP layer chronology (Hammer et al. 1997). However, since the dif-
ferent age determinations agree within the error bars, the GISP2 chronology is not wrong.
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Bioturbation

Asin any oxygenated sediment record, bioturbation works as a low-pass filter and thus hampers a pre-
cise reconstruction of the *C production over time by dampening the response. In marine cores, the
mixed layer depth partly depends on the flux of organic carbon (Cy,) to the sea floor (Trauth et al.
1997 and references therein). Based on the low C,,-flux Trauth, Sarnthein and Arnold (1997) postu-
late bioturbation depths of around 2 cm for sediment cores in the northern Norwegian Sea. Using their
approach and the C,,, accumulation rates of core PS2644 (average AR =0.05 gC/ m? yr; Stein unpub-
lished data), the average mixed layer depth would be even lower (<1 cm) in the western Iceland Sea.
At an average sedimentation rate of 20 cm/ka during isotope stage 3, bioturbation would thus hardly
dampen the record of '“C production. Accordingly, from the view point of bioturbation/ mixing alone
the response time in the ocean and the atmosphere would nearly be the same (50—100 yr in core
PS2644 and 80 yr in the atmosphere). On the other hand, in isotope stage 2 where the sedimentation
rates are much lower (Voelker 1999), a delay in the marine response of up to 250 yr might occur.
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Figure 3 Age differences (= 10) between uncorrected '“C (in Libby yr) and calendar ages on the GISP2 calendar age
scale in comparison to the GISP2 8'30 record (upper panel: major Dansgaard-Oeschger and Heinrich (H) events 1-6),
the (inversed) NAPIS-75 stack of Laj et al. (2000; normalized to 1; gray), and the 3CI flux in GRIP (lower panel: Baum-
gartner et al. 1998; dashed line indicates lower resolution). The 3°Cl record, originally based on the Johnson time scale,
was adjusted to the GISP2 time scale by adding 2580 years (fit of maximum flux to peak of Dansgaard-Oeschger Event
9). Dashed ascending line shows difference between conventional and physical 4C ages. Gray bars indicate Mono Lake
(ML) and Laschamp (L) excursions.
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Variation of the Reservoir Effect

The temporal variation of the reservoir effect is hardly known for the northern North Atlantic—
except for the Younger Dryas when it increased from 400 to 800-1100 yr (Bard et al. 1994; Haflida-
son et al. 1995). Based on atypical negative differences between benthic and planktonic “C ages from
the same depth in core PS2644, Voelker et al. (1998) postulated fluctuating and increased reservoir
ages for planktonic foraminifera in the western Iceland Sea during marine isotope stage 2. According
to them, values for the planktonic reservoir age ranged between 630 and 1160 yr during Heinrich
Event 1 (14.6-18.1 ka cal BP), rose up to 2240 yr during the last glacial maximum (LGM) and
amounted to 950 yr around 25 ka cal BP. The large discrepancy between the benthic and planktonic
reservoir age can be explained by the hydrographic conditions in the glacial Nordic Seas and the pre-
ferred living conditions of N. pachyderma(s). N. pachyderma(s) builds a second calcite crust, which
contributes about 50% to the shell weight (Arikawa 1983), within or underneath the thermocline
(Kohfeld et al. 1996; Simstich 1999). Therefore, its reservoir age highly depends on the ventilation of
the thermocline and upper intermediate water. As indicated by the relatively low planktonic 8'3Cpyc
values (0.7-1.0%o), this water was poorly ventilated during glacial times when a meltwater lid and/or
sea ice covering the western Iceland and Greenland Seas hindered the exchange with the atmosphere
(Sarnthein et al. 1995; Voelker 1999). Furthermore, “fossil” CO, originating either from stranded ice-
bergs melting near site PS2644 or directly from the melting Greenland ice sheet and shelves, might
have biased the “C concentration in the (sub)surface water, similar to the modern situation under-
neath the Antarctic ice shelves (Domack et al. 1989). The deep water, on the other hand, was newly
convected in the Norwegian Sea as evidenced by heavy benthic 830 values (Duplessy et al. 1988;
Dokken and Jansen 1999) and flowed—at least partly—across the Iceland Plateau and the Denmark
Strait where it was recorded in epibenthic §'30 values of up to 5.55%o, benthic 8'>C ¢ values of 1.5—
1.7%0 (Voelker 1999) and younger '“C ages. Since we assume the benthic '“C ages during marine iso-
tope stage 2 to originate from a young water mass, their A4C levels, higher than those of N. pachy-
derma(s) (Table 1), should be closer to the actual atmospheric level.

According to high resolution planktonic and benthic isotope curves (Rasmussen et al. 1996; Dokken
and Jansen 1999; Voelker 1999 and unpublished data) hydrographic conditions similar to the LGM
also occurred during marine isotope stage 3 in the Nordic Seas and might have led to large fluctua-
tions in the reservoir effect e.g. during Heinrich Event 4 (Sarnthein et al., forthcoming). So, because
these variations in the reservoir effect cannot be quantified, our data set cannot be connected to the
atmospheric values. Instead, it represents a calibration set for the local upper ocean reflecting the
atmospheric changes, but modified by the local oceanography.

Variation of the Age Differences (Marine A'4C)

The differences between the Libby 'C ages, not corrected for the reservoir effect, and the GISP2
calendar ages vary between —260 and 7530 years, equal to —170 to +1215%o marine A'#C (Figure 3;
Table 1). During the interval 43-53.3 ka cal BP most age differences would actually be negative—
like the marine A'*C values—when the 3% offset between Libby- and physical “C-years is taken
into account (Figure 3). However, starting around 46 ka cal BP (=45 ka BP) the age differences
increase steadily until 40.4 ka cal BP (=33 ka BP) whereby the major rise from =2500 to >7200 yr
(marine A'#C: 183—1215%o) is confined to the much shorter period from 41.5 to 40.4 ka cal BP. This
rapid increase coincides with the Laschamp inclination swing and drop in geomagnetic intensity in
core PS2644 (Figure 4; Voelker et al. 1998; Laj et al. 2000) and with the highest '°Be (Yiou et al.
1997) and 3°Cl fluxes in the GRIP ice core (Figure 3; Baumgartner et al. 1998). After the A4C max-
imum at the end of the Laschamp excursion the age differences immediately drop to =5000 years
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(<704%0) during Dansgaard-Oeschger Event 9 and even lower during Heinrich Event 4 (H4; Figures
3, 4). During H4, the marine A'*C values seem to be dampened by an increased reservoir age. This
is inferred because as soon as the meltwater disappeared at the beginning of Dansgaard-Oeschger
interstadial 8 (38 ka cal BP/ =32.6 ka BP) the age differences reached a second maximum of 5600 yr
(755%0). This second peak coincides with the end of the weaker magnetic intensity minimum fol-
lowing the Laschamp Event thereby marking the end of the high “C production period between 42
and 38 ka cal BP (Figures 3, 4).
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Figure 4 Close-up of marine A*C values (+ 10; upper panel), magnetic records of core PS2644 (lower panel;
gray: inclination; black: normalized relative geomagnetic intensity based on NRM/ ARM/ 103; Voelker et al.
1998), and the NAPIS-75 stack (dashed line in lower panel; Laj et al. 2000) vs. GISP2 calendar age (ka BP) for
the Mono Lake and Laschamp Event. Horizontal black bar indicates interval of meltwater event during stadial 6
(st.6 mw) or Heinrich Event 4 (H4). Gray bars mark the interval of Mono Lake or Laschamp excursion, thinly
dashed lines mark the beginning and end of major geomagnetic intensity minima.

After 38 ka cal BP the age differences decline to values around 3700 years (=400%o) and even fur-
ther after 35.3 ka cal BP down to around 3000 years (=300%o0) (Figure 3; Table 1). The slow but
steady AC decrease is interrupted by a third brief maximum between 34.5 and 33.5 ka cal BP
(=29-30 ka BP), which is contemporary with the Mono Lake intensity minimum (Figure 4; Voelker
et al. 1998; Laj et al. 2000). During this interval, the age anomalies rose continuously until they
reached 4470 years (550%o) at the end of the intensity minimum (Figures 3, 4). As the Mono Lake
excursion coincides with a meltwater event and the maximum age difference with the beginning of
Dansgaard-Oeschger interstadial 6, it is comparable to the interval from 40 to 38.5 ka cal BP (=H4).
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Accordingly, most marine A#C values should be low due to an increased reservoir effect and
thereby make us underestimate the true atmospheric A!4C levels. This assumption is corroborated by
the 3°Cl1 flux data from the GRIP ice core (Wagner et al. 2000) and by a Bahamian speleothem “C
record (Richards et al. submitted; Beck et al. submitted), both of which show similar values for the
Mono Lake and the Laschamp Event, higher than those obtained from core PS2644.

After the Mono Lake Event, the age differences decrease again to values between 3500 and 2500 yr
(until 24 ka cal BP/21 ka BP). In the range between 15.7 and 21.6 ka cal BP (=14-19 ka BP), where
our age control is weaker because of subdued climatic signals in cores PS2644 and GISP2 and
where the planktonic reservoir age greatly fluctuated, the data points show a large scatter (Figure 3,
Table 1).

Comparison with Other Records for Ages >20 ka cal BP

Our A!C record, with two major increases between 30 and 55 ka cal BP, is similar to the high reso-
lution #C—-U/Th record from Bahamian speleothems (Richards et al. submitted; Beck et al. submit-
ted) and a marine record from the Cariaco basin (Hughen et al. 1997). For the range >20 ka cal BP
a perfect match between the Bahamian record and the record from core PS2644 would be obtained
by shifting the Iceland Sea data by +2000 yr (W Beck personal communication 2000). Since the U/
Th dates (W Beck personal communication 2000; J Chappell personal communication 2000) as well
as the GISP2 chronology appear reliable further work on the time scales is needed to resolve this age
dispensary. This is especially important because the true calendar age also determines A!“C. Dispar-
ity in A14C exists during the Mono Lake Event when the Bahamian record shows A4C values as high
as during the Laschamp interval, just like the 3°Cl flux in the GRIP ice core (Wagner et al. 2000),
which indicates the subdued character of the marine A%C record. The comparison with the atmo-
spheric record from Lake Suigetsu (Kitagawa and van der Plicht 1998a, 1998b) reveals major dis-
crepancies with the Lake Suigetsu record often being younger, with consequently smaller A4C devi-
ations, and, especially, lacking the rapid increase associated with the Laschamp Event. The
inconsistency is probably due to an imprecise varve chronology in Lake Suigetsu for the oldest part
of the record, as stated by Kitagawa and van der Plicht (1998a).

The calibration data presented here also generally agree with single calibration points of Bard et al.
(1998), Geyh and Schliichter (1998), Schramm et al. (2000), Vogel (1983) and Vogel and Kronfeld
(1997) (compilations in Voelker 1999 and Schramm et al. 2000). For the Laschamp Event, however,
four calibration points from Bischoff et al. (1994), Geyh and Schliichter (1998), and Schrammet al.
(2000) place the A!4C rise up to 2000 years earlier than our data. Thereby the declination change
associated with the Laschamp Event in the Lake Lisan record is dated to 42.2 U/Th years (Marco et
al. 1998 with revised ages from Schramm et al. 2000). Further discrepancies with single calibration
data occur between 34.5-35 ka cal BP where Geyh and Schliichter (1998) and Vogel (1983) observe
higher deviations (more in agreement with the Bahamian record).

Geomagnetic Control of the C Production 25-50 ka BP

Since pCO, records from Antarctic ice cores reveal variations of only 10-20 ppmv during isotope
stages 2 and 3 (Neftel et al. 1988; Indermiihle et al. 2000), changes in the global carbon cycle most
likely played only a minor role in modulating the A'*C record. Major changes in North Atlantic deep
water formation and the strength of the THC may have produced transient spikes in A'*C (Goslar et
al. 1995; Stocker and Wright 1996, 1998; Hughen et al. 1998) Also, the offset between conventional
and physical '“C ages diminishes the maximal age differences by only 950-1160 yr (Figures 3, 4) so
that the major portion of the age anomalies must be attributed to an enhanced and varying '“C pro-
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duction. Increased production, further corroborated by high fluxes of the cosmogenic isotopes 3°Cl
and '°Be (Voelker et al. 1998), was caused by a low geomagnetic field strength which, based on abso-
lute intensity data, was four to ten times lower during the Laschamp Event (4-14 uT; Roperch et al.
1988; Chauvin et al. 1989; Levi et al. 1990) than at “present” (49.2 + 12.7 uT for 1943-1952 AD;
Gonzalez et al. 1997) and about half as low during the Mono Lake Event (19-24 uT; Gonzalez et al.
1997; Valet et al. 1998). For the interval 27—54 ka cal BP, the similarity between our A'*C record and
the multi core relative intensity record of NAPIS-75 (Laj et al. 2000; Figure 3), the shape of which is
confirmed by other high-resolution geomagnetic records from the North Atlantic (Stoner et al. 1995,
Channell et al. 1997; Channell 1999), South Atlantic (Channell et al. 2000), and North Pacific (Rob-
erts et al. 1997), provides strong evidence for the predominant geomagnetic modulation of the A*C
record. While the '“C production peaks during the geomagnetic intensity minima resulted in appar-
ently too young '“C ages, the production during the intensity maximum around 47 ka cal BP was
probably the lowest during the last 53 ka cal BP and resulted in apparently too old '“C ages.

CONCLUSION

The detailed correlation of sediment core PS2644 with the annual-layer chronology of the GISP2 ice
core provides us with 70 marine calibration points for the interval 24 to 53.3 ka cal BP. Because at site
PS2644 the reservoir age was unknown and probably varied over time, Libby !“C ages were used for
a local marine calibration. The age anomalies probably represent minimum values for the atmo-
spheric A'*C changes. This is especially true for the intervals from 33.5 to 34.5 ka cal BP and from
38.5 to 40 ka cal BP when meltwater events caused an increased (planktonic) reservoir age and
resulted in smaller age anomalies at site PS2644. When a high resolution atmospheric record becomes
available in the future, the changes in the reservoir age of the northern North Atlantic can easily be
reconstructed by subtracting the marine from the atmospheric record. The three AC maxima concur
with minima in the geomagnetic intensity which indicates the cause of the enhanced *C production.
This is further corroborated by increased flux rates of cosmogenic isotopes in ice cores from the Arc-
tic and Antarctic (Voelker et al. 1998 and references therein; Wagner et al. 2000).

Though our data represent only marine A4C levels, they are in general agreement with most other
calibration data, especially the rapid A'*C increase between 44 and 40 ka cal BP and the second
A'#C maximum around 34 ka cal BP. For ages >32 ka cal BP, however, they highly diverge from the
Lake Suigetsu record of Kitagawa and van der Plicht (1998), hinting to possible problems in the
varve chronology for this time range. The high AC variability during the interval 24-54 ka cal BP
revealed by our and most other data clearly shows that a true calibration of “C ages >20 ka BP can-
not be done by interpolating between a few coral calibration points (Bard et al. 1998). The combined
calibration data, however, provide a better base for calibrating !“C ages >20 ka BP. A new high res-
olution record based on terrestrial organic carbon dates and a sound calendar age scale are neverthe-
less necessary to provide true atmospheric AMC levels and to allow estimations of changes in the
reservoir age in various parts of the world ocean.
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APPENDIX

Table 1 Marine calibration points derived from core PS26444

Composite GISP2 Age Marine
depth® Lab code 14C age calendarage  difference  Al4Ce
(cm) (KIA-) + 1 o (yr BP) (yr BP) (yr) (%0)
22 74 9980 + 60 11,390 1410 145.0
65 802 14,370 = 60 15,720 1350 119.3
65 (b) 741 14,050 =90 15,720 1670 164.8
71 77 15,080 + 210 16,040 960 65.1
71 (b) 1649 14,450 = 80 16,040 1590 152.0
80 736 14,890 + 80 17,240 2350 261.0
80 (b) 742 14,130 £ 90 17,240 3110 386.1
80 (b) 743 14,490 =90 17,240 2750 3253
86 78 15,210 + 240 17,460 2250 244 .4
86 (b) 1650 14,720 + 90/-80 17,460 2740 322.7
91 79 15,660 + 220/-210 17,680 2020 208.3
95 737 15,380 = 80 17,940 2560 291.2
95 (b) 744 15,150 £ 90 17,940 2790 328.7
105 803 16,510 =70 18,100 1590 143.7
113 804 17,630 =90 18,840 1210 88.0
113 (b) 1641 15,790 + 120 18,840 3050 368.0
129 806 19,300 =90 21,640 2340 240.0
129 (b) 745 17,740 + 160 21,640 3900 505.8
1344 [1647/710] 21,410 + 180 24,080 2670 281.0
134 (b)d [746/747] 21,450 + 200 24,080 2630 274.6
141 5373 22,140 +£70 25,000 2860 307.4
141 (b) 5374 21,590 + 70 25,000 3410 400.1
143 738 22,780 + 180 25,620 2840 301.3
163 739 25,700 + 300/-290 29,000 3300 361.7
176 81 27,550 + 910/-820 30,180 2630 247.6
180 740 27,440 + 300/-290 30,360 2920 292.6
199 758 28,030 + 340/-320 31,420 3390 365.4
206 82 29,340 + 1150/~1010 31,720 2380 202.8
218 808 28,470 + 200 32,300 3830 437.8
229 809 29,400 + 210 32,820 3420 363.7
236 759 30,190 + 440/-410 33,160 2970 287.9
241 810 29,130 + 230/-220 33,240 4110 483.9
251 1648 29,050 + 420/-400 33,520 4470 550.4
253 760 30,140 + 270/-260 33,580 3440 363.5
255 9856 29,910 + 260/-250 33,660 3750 416.7
258 9857 30,060 + 270/-260 33,780 3720 410.9
260 811 30,110 + 260/-250 33,860 3750 415.7
262 9858 30,490 + 290/-280 33,960 3470 366.8
265 9859 30,090 + 310/-290 34,080 3990 457.6
268 9860 31,030 + 340/-330 34,240 3210 3219
270 812 31,040 + 260/-250 34,320 3280 333.1
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Table 1 Marine calibration points derived from core PS26442 (Continued)
Composite GISP2 Age Marine
depth® Lab code 14C age calendar age  difference AMCe
(cm) (KIA-) + 10 (yr BP) (yr BP) (yr) (%o)
273 9861 31,170 + 340/-330 34,420 3250 327.7
275 761 31,580 + 500/-470 34,540 2960 280.1
283 813 31,800 + 270/-260 34,740 2940 276.0
292 814 31,950 + 280/-270 35,140 3190 314.5
297.5 75 32,080 + 1670/-1380 35,280 3200 315.5
304 815 31,930 + 280/-270 35,540 3610 383.1
312 816 32,550 +290/-280 35,780 3230 318.1
320 817 32,410 + 330/-310 36,220 3810 414.6
325 818 33,140 + 330/-320 36,360 3220 313.7
331 819 36,160 + 360/-340 36,800 3640 382.1
340 820 33,430 + 320/-310 37,380 3950 433.6
344 821 33,920 + 350/-330 37,640 3720 391.8
354 11,257 32,580 + 240/-230 38,020 5440 721.9
357 11,256 32,650 + 270/-260 38,220 5570 748.7
359 1449 32,660 + 560/-520 38,260 5600 755.0
363 11,258 33,920 + 270/-260 38,580 4660 5594
367 889 34,850 + 930/-840 38,800 3950 426.4
370 11,259 34,890 + 300/-290 39,020 4130 457.6
374 11,260 35,300 + 310/-300 39,320 4020 436.3
379 890 35,150 + 990/-880 39,920 4770 573.5
381 11,261 35,200 + 310/-300 40,120 4920 602.0
384 11,262 34,780 + 300/-290 40,200 5420 704.4
386 11,263 35,170 + 300/-290 40,260 5090 635.5
389 av 1552/11,264¢ 32,910 =220 40,440 7530 1214.6
390 910 33,250 + 770/-710 40,460 7210 1127.9
392 5375 34,400 + 190/-180 40,520 6120 857.5
394 5376 34,240 + 220/-210 40,560 6320 904.1
401 5377 35,330 + 200 40,680 5350 686.8
403 5378 35,550 =200 40,780 3230 661.2
405 3347 36,810 + 1160/-1020 40,840 4030 430.4
414 911 37,450 + 1400/-1190 41,080 3630 359.8
414 (b) 1644 37,740 + 1190/-1040 41,080 3340 311.5
422 891 38,990 + 1640/-1360 41,540 2550 186.8
435 912 39,210 + 1670/-1380 41,740 2530 183.0
452 11,265 40,660 + 580/-540 42,220 1560 46.7
460 913 39,710 + 1820/-1480 42,560 2850 227.5
474 av 914/5379 42,350 + 390/-370 43,280 750 573
482 1553 44,140 + 2540/-1930 43,880 260 ~170.4
488 av 1554/3975 42,700 + 840/-760 44,260 1560 39.2
492 av 892/3976 43,100 + 880/-800 44,420 1720 59.5
503 av 1555/4120 44,550 + 1080/-950 44,860 710 -67.1
507 av 1556/4121 44,340 + 990/-880 45,060 1120 -19.0
530 av 915/ 4151 45,190 + 1200/-1040 45,677° 890 -48.8
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Table 1 Marine calibration points derived from core PS26442 (Continued)

Composite GISP2 Age Marine
depth® Lab code 14C age calendar age  difference AMCe
(cm) (KIA-) + 1 6 (yr BP) (yr BP) (yr) (%o)
535 4122 44,850 + 1180/-1030 45,8248 1370 9.3
542 av 3506/ 3696 46,210 + 660/-610 46,660 850 -56.7
549 av 3507/ 3697 45,920 + 650/-600 47,040 1520 23.9
580 av 3509/ 3699 48,840 + 960/-860 49,220 780 -73.3
627 av 3763 51,180 + 1700/-1400 52,380 1600 14.9
657 avt 3761/ 3979 52,470 + 1670/-1380 53,261 990 76.8
665 avt 3764/ 3980 51,560 + 1480/-1250 53,261 2100 -62.2

aNotes: “C ages are in Libby years (T, = 5568 yr) and not reservoir corrected. (b): ages measured on benthic foraminifera;
av = weighted average (see Voelker et al. 1998 and Voelker 1999 for single dates);® composite depth scale resulting from
core fit between giant boxcore (GKG) and gravity core (SL) is achieved by adding 6 cm to original gravity core depths
(Voelker 1999).¢ not atmospheric level, because '“C ages are not corrected for reservoir effect.d interpolated between “C
ages from 133 and 137 cm (Voelker et al. 1998).¢ KIA 11,264 32,850 + 240. f ages for North Atlantic Ash Zone 2. £ calendar
ages based on linear interpolation between age control points (Voelker 1999).
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