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[1] Central waters of the North Atlantic are fundamental
for ventilation of the upper ocean and are also linked to
the strength of the Atlantic Meridional Overturning Circulation (AMOC). Here, we show based on benthic foraminiferal
Mg/Ca ratios, that during times of enhanced melting from
the Laurentide Ice Sheet (LIS) between 9.0–8.5 thousand
years before present (ka) the production of central waters
weakened the upper AMOC resulting in a cooling over
the Northern Hemisphere. Centered at 8.54 ± 0.2 ka and
8.24 ± 0.1 ka our dataset records two ∼150‐year cooling
events in response to the drainage of Lake Agassiz/Ojibway,
indicating early slow‐down of the upper AMOC in response
to the initial freshwater flux into the subpolar gyre (SPG)
followed by a more severe weakening of both the upper
and lower branches of the AMOC at 8.2 ka. These results
highlight the sensitivity of regional North Atlantic climate
change to the strength of central‐water overturning and
exemplify the impact of both gradual and abrupt freshwater
fluxes on eastern SPG surface water convection. In light of
the possible future increase in Greenland Ice Sheet melting
due to global warming these findings may help us to better
constrain and possibly predict future North Atlantic climate
change. Citation: Bamberg, A., Y. Rosenthal, A. Paul, D. Heslop,
S. Mulitza, C. Rühlemann, and M. Schulz (2010), Reduced North
Atlantic Central Water formation in response to early Holocene
ice‐sheet melting, Geophys. Res. Lett., 37, L17705, doi:10.1029/
2010GL043878.

1. Introduction
[2] Recent oceanographic observations indicate that the
AMOC in the North Atlantic (Figure 1) is linked to internal
dynamics of the North Atlantic Subpolar Gyre (SPG) on
multidecadal timescales [Hatun et al., 2005]. The strong
variability of the SPG appears to influence the pathway and
northern access of warm and saline surface waters to AMOC
convection sites in the Nordic seas and thus directly affects
deepwater production. Similarly SPG dynamics control the
relative amount of polar and subtropical surface waters
available for the formation of subpolar mode waters
(SPMW), south of Iceland and east of 25°W (Figure 1).
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Surface densities of SPMW range between sQ = 27.3 to 27.6
[Levitus, 1989; McCartney and Talley, 1982] and their
subduction and subsequent southward flow along these
density surfaces as Eastern North Atlantic Central Waters
(ENACW) along the Northwest African coastline is well
established [Keffer, 1985; Levitus, 1989; McCartney and
Talley, 1982; McDowell et al., 1982]. After ∼30°N ENACW
turn southwestward into the southern STG. ENACW thus
establishes a direct link between both gyres in the North
Atlantic and provides the opportunity to infer past and
present changes in North Atlantic variability. However, our
understanding of this intermediate‐depth or upper overturning branch of the AMOC and its role in Northern Hemisphere climate variability is limited since it has so far been
underrepresented in numerical and paleoclimate investigations. Notable exceptions are Slowey and Curry [1995],
who focus on glacial/interglacial changes of thermocline
ventilation in the western boundary of the STG and Talley
[2003] who presented a global summary of modern, shallow
intermediate and deep overturning regimes. The importance
and role of central water overturning and southward export of
these water masses into the STG during the Holocene were
however not discussed in detail in these studies.
[3] There is increasing consensus that a direct link exists
between an increased freshwater flux to the North Atlantic
and the weakening of the AMOC [LeGrande et al., 2006;
Renssen et al., 2001]. However, most paleo‐ and numerical
reconstructions focus on the deep branch of the AMOC, its
response to a freshwater forcing and its influence on glacial
and future climate change. Therefore it remains unclear, by
what mechanism increased melting and atmospheric forcing
affect the upper limb of the AMOC, how such a signal is
transferred from surface to central waters, and how these
changes affect North Atlantic climate change. Here we
investigate the response of the upper limb of the AMOC
(central/intermediate water) to increased melting of the LIS
during the early Holocene. Enhanced freshwater discharges
between 9.0 and 8.0 ka resulted from the demise of continental ice sheets [Koerner and Fisher, 1990; Teller et al.,
2002] and collapses of proglacial lakes. The final drainage
of Lake Agassiz/Ojibway at 8.47 ± 0.3 ka was the largest
(∼1.63 × 1014 m3 of freshwater [Teller et al., 2002], equivalent to a 0.4–1.2 m sea level rise [Cronin et al., 2007]) and
has thus often served as an example to investigate the abrupt
response of the AMOC to future meltwater inputs even
though the volume and lake discharge rates were much
greater than high‐end estimates for future global sea level
rise of 0.55 to 1.25 cm yr−1 [Rahmstorf, 2007]. Indeed,
recent high resolution studies focusing on the abrupt cooling
episode of the 8.2 ka event, successfully demonstrated the
sensitivity of lower North Atlantic Deep Water (LNADW)
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Figure 1. Study area: the location of core GeoB6007‐2 (30.85 °N, 10.27 °W at 899 m depth) marked by a black circle.
Simplified SPG and STG positions and circulation patterns are indicated by grey loops. The formation region of SPMW is
marked by a circle between ∼50‐63 °N east of 25°W [Levitus, 1989; McCartney and Talley, 1982]. The total area of Lake
Agassiz/Ojibway is shaded in gray and the general pathway of the lake drainage into the polar North Atlantic is marked by a
dark arrow modified after Teller et al. [2002].
formation to the lake drainage [Ellison et al., 2006; Kleiven
et al., 2008] and thereby support climate models that predict
a decrease in the lower limb of the AMOC associated with a
climate cooling [LeGrande et al., 2006; Renssen et al.,
2001] in response to the lake drainage. However, numerous climate archives across the Northern Hemisphere also
record a broad interval of climate deterioration starting at
∼9.0 ka, well before the drainage of Lake Agassiz/Ojibway
[Alley and Ágústsdóttir, 2005; Rohling and Pälike, 2005].
By analysing the response of the upper limb of the AMOC
to both the background melting and lake drainage, we
examine whether the increased background melting predating the proglacial lakes’ burst is associated with a reduction
of the upper AMOC, and if so, whether the broad cooling
interval from 9.0 to 8.5 ka is a useful analogue to understanding future mechanisms associated with the possible
increase in GIS melting.

2. Oceanographic Setting
[4] Sediment core GeoB6007‐2 (30.85 °N, 10.27 °W at
899 m depth) retrieved off Cape Ghir (Figure 1) provides the
basis for our analysis. High average sedimentation rates of
70 cm kyr−1 (see Figure S1 and Table S1 of the auxiliary
material for GeoB6007‐2 age model) resulting from high
terrigenous input and extensive local productivity ensure
high resolution paleoclimate reconstructions.1 The Cape
Ghir upwelling filament leads to high organic‐matter fluxes
over the core site that create strong and stable local eutrophic conditions [Eberwein and Mackensen, 2006]. Thus
under constant oxygen content, down‐core d13C values from
infaunal benthic foraminifer should correlate systematically
1
Auxiliary materials are available in the HTML. doi:10.1029/
2010GL043878.

with past organic carbon fluxes [Schmiedl et al., 2004]. At
900 m depth 8.3 °C and 35.2 p.s.u [Levitus, 2001], the
dominant bottom water mass at the core site originates from
northern ENACW [Knoll et al., 2002].
[5] We reconstructed temperature and the oxygen‐isotopic
composition of seawater (d 18Osw), which is a proxy for
paleosalinity using paired Mg/Ca – d18O on the shallow
infaunal benthic foraminifera Hyalinea balthica (see
Figure S2 and Table S2). Additionally, d18Osw values were
calculated using a quadratic paleotemperature equation
[Shackleton, 1974], and paleosalinities were estimated using
modern d18Osw – salinity relationships (Figure S3). Additionally, we used carbon isotopes (d13C; H. balthica) as a
paleoproductivity proxy to trace past changes in local
upwelling intensity [Schmiedl et al., 2004].

3. Reconstructing Hydrography
[6] The isotopic oxygen and carbon compositions (d 18O
and d 13C) of the foraminiferal shells were measured using a
Finnigan MAT 251 mass spectrometer equipped with an
automatic carbonate preparation device and reported against
Vienna PDB (VPDB). Internal precision, based on replicates
of a limestone standard, was better than ± 0.07 ‰. Up to
25 H. balthica tests from the 250–350 mm size fraction were
analyzed for Mg/Ca ratios, using a modified reductive,
oxidative cleaning [Barker et al., 2003] and analyzed at
Rutgers Inorganic Analytical Laboratory (RIAL) using a
Sector Field Inductively Coupled Plasma Mass Spectrometer
(Thermo Element XR) following the methods outlined by
Rosenthal et al. [1999]. The long‐term analytical precision
of Mg/Ca ratios is based on three consistency standards of
Mg/Ca concentrations of 1.10, 2.40 and 6.10 mmol mol−1.
Over the course of this study the precision for the consistency standards was 1.6, 1.2 and 1.2 % (residual standard
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deviation) respectively. Shell weights showed no dissolution
effect. For paleotemperature reconstructions the equation
Mg/Ca = 0.44T (°C) + 0.52 was used (see Figures S2 and S3
and Table S2). Standard error estimates for paleotemperature,
d18Osw and salinity values are ± 0.70 °C, ± 0.32 ‰ and
± 0.69 psu, respectively. To calculate these values we followed standard error propagation calculations for a quadratic paleotemperature equation [Shackleton, 1974] (see
Text S1, section 2), including measurement and calibration
errors, uncertainties in the freshwater end‐member of the
modern d18Osw ‐ S relationship, and uncertainties in estimates for global ice‐volume changes. We assumed a constant d18Osw ‐ S relationship for down‐core salinity
reconstructions.

4. Early Holocene Cooling
[7] The cooling (∼1 °C/500 years) and freshening (∼0.3 ‰/
500 years) trends observed in the central/intermediate water
temperature and d18Osw records between 9.0 and 8.5 ka
(Figure 2) indicate that freshening and cooling of ENACW
occurred well before the collapse of Lake Agassiz/Ojibway.
The presence of a broad multi‐century background cooling
anomaly over the North Atlantic region prior to the drainage
of Lake Agassiz/Ojibway is also recorded in numerous other
Northern hemisphere records [e.g., Rohling and Pälike,
2005]. During this interval, orbitally induced insolation,
summer melt rates in the Canadian high Arctic and freshwater export from the remnant Northern Hemisphere ice
sheets, in particular the LIS, were enhanced and resulted in
rapid surface ocean freshening and a sea level rise of 6.6 ±
0.8 m at a rate of ∼1.3 cm yr−1 [Carlson et al., 2008; Cronin
et al., 2007; Koerner and Fisher, 1990]. While an increase
in insolation may thus favor melting of northern ice sheets
by warmer summer time temperatures in high latitudes, the
resulting freshwater input effectively cooled and freshened
the surface ocean in the North Atlantic region. Further, our
results imply a decrease in surface water density south of
Iceland due to declining salinity values between 9.0 and
8.5 ka (Figure S4). The freshening resulted in lighter surface
water over ENACW formation sites and thus weakening of
regional winter convection and cooling in response to the
persistent background melting prior to the drainage of Lake
Agassiz/Ojibway between 9.0 and 8.5 ka.
[8] The increase in potassium concentrations in the GISP2
ice core record (Figure 3) between 9.0 and 8.5 ka [Mayewski
et al., 1997] suggests that the influence of the polar atmospheric vortex was also strengthening during this period
[Rohling and Pälike, 2005]. Today, an augmented stratospheric circulation strengthens the positive mode of the
Arctic Oscillation [Baldwin and Dunkerton, 1999; Shindell
et al., 2001], augments the vigor and size of the SPG
[Häkkinen and Rhines, 2004], and thus the export of fresher
and cooler subpolar waters to the SPMW formation region
in the eastern SPG. Assuming this link can be applied to
longer timescales, a stronger polar vortex would also have
led to an intensification of the Trade Winds. This is in line
with enhanced local upwelling off Northwest Africa during
the early Holocene [deMenocal et al., 2000]. Accordingly,
we propose that an increase in upwelling and thus higher
local primary productivity between 9.0 and 8.0 ka resulted
in higher carbon rain rates over the core site. The decomposition of organic matter causes steeper d 13C dissolved

Figure 2. Proxy records from GeoB‐6007‐2: (a) Mg/Ca‐
based intermediate‐water temperatures (IMWT) and
(b) salinity estimates derived from paired Mg/Ca ‐ d 18O
measurements. Also shown is a scale bar for d 18Osw values
corrected for whole‐ocean ice‐volume changes. (c and d)
show Benthic (H. balthica) foraminiferal stable oxygen
(d 18Oc ‰VSMOW) and carbon isotopes (d13C ‰ VPDB).
All graphs are plotted versus age (for age model see
auxiliary material) and three‐point running means are
shown in bold. Also shown are the error envelopes [Badger
et al., 1998] for the temperature reconstructions (for the
three‐point running mean) and calibrated AMS radiocarbon
dates with a ± 2 s error.
inorganic carbon gradients in surface sediments, and thus
lighter d13C values [Schmiedl et al., 2004] are recorded by
infaunal benthic foraminifera communities. The significant
co‐variation between the three intermediate water proxy
records demonstrates that lighter d13C values correlate with
the formation of colder (r = 0.35, p < 0.01, n = 53) and
fresher (r = 0.57, p < 0.0001, n = 52) ENACW and thus as
discussed above, with a reduced upper AMOC limb.

5. Oceanic Response to Lake Agassiz/Ojibway
Drainage
[9] Centered at 8.54 ± 0.2 and 8.24 ± 0.1 ka paired Mg/Ca
and d 18O values reveal two abrupt ∼150 year long events,
each recording a temperature drop of ∼0.7 °C and a ∼0.3 ‰
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dataset [Reimer et al., 2004] indicates significant coherency
(p = 0.05) at periods of 200 years (Figure S5) supporting a
direct link between solar variability and ocean response at
central/intermediate water depth. The response of the upper
AMOC to these processes may thus explain the presence
of the 200–300 year partial recovery between the first and
second event and thus further underscores the importance
of ocean/atmosphere teleconnections for the upper AMOC
and relative regional cooling in the Northern Hemisphere.

6. Summary and Conclusions

Figure 3. Proxy comparison: the comparison of (a) the
three‐point running means of the d18O sw (‰ VSMOW)
and intermediate‐water temperature (IMWT) results from
GeoB6007‐2 with the (b) GISP2 potassium ion record
(GISP2 K+ (mg/kg) and the (c) sortable silt record from core
MD99‐2251 at 57°27′ N, 27°54′ W [Ellison et al., 2006]
illustrate the link between atmospheric and oceanic response
to solar variability and background melting.
and ∼0.2 ‰ (VSMOW) d18Osw decrease, respectively. The
first cooling event between 8.46 to 8.61 ka correlates well
with the drainage of Lake Agassiz/Ojibway at 8.47 ± 0.3 ka
[Alley and Ágústsdóttir, 2005]. The abrupt temperature and
salinity decreases in our record suggest that melt‐waters
from the lake drainage rapidly reached ENACW formation
sites and thereby further weakened the upper limb of the
AMOC. Separated from the first event by a partial recovery
of ∼200–300 years, the second event at 8.17 to 8.31 ka is
concurrent with the maximum cooling observed in the d18O
GISP2 ice core record as well as with the maximum slowdown of LNADW formation associated with the 8.2 ka
event [Ellison et al., 2006; Kleiven et al., 2008] (Figure 3).
Further, the combined temperature and salinity values suggest that ENACW density tended towards lighter density
surfaces during both 150‐year‐long events, with lightest
values centered at 8.24 and 8.52 ka (Figure S4). The presented data thus suggest that the second event at 8.2 ka
resulted from a combined reduction in the upper and lower
limbs of the AMOC, whereas the background melting
between 9.0 and 8.5 ka and the immediate flood response to
the Lake drainage mainly weakened the upper AMOC
(Figure 3).
[10] Underlying the entire record, the presented temperature, d 18Osw, and d 13C data display centennial variability
suggesting frequent oscillations and thus the presence of
background instabilities in the upper AMOC system. Cross‐
spectral analysis of the d 13C record with the INCAL04 14C

[11] The presented central/intermediate water records
show that surface‐water freshening and cooling are communicated from the SPG into the STG via decreased central/
intermediate water ventilation of the upper AMOC limb.
Model simulations suggest that increased greenhouse gases
will strengthen the atmospheric polar vortex and the positive
phase of the Arctic Oscillation [Shindell et al., 2001].
Similarly to our observations between 9.0 and 8.5 ka,
meltwater input into the North Atlantic from the GIS as well
as from the predicted increase in Arctic freshwater export
[Dickson et al., 2007] may have the potential to weaken the
central‐water branch of the North Atlantic in the future. The
recorded upper AMOC response to increased background
melting between 9.0 and 8.5 ka is thus a more realistic
analogue for future background melting of the GIS than the
combined upper and lower response of the AMOC to the
drainage of Lake Agassiz/Ojibway. These results, demonstrating a direct link between surface density in the eastern
SPG and central‐water circulation, provide us with the
opportunity to improve the representation of the upper
AMOC in numerical model simulations and allow us to gain
new insights on the impact of enhanced meltwater input into
the North Atlantic on future regional climate change.
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This file includes:
1. Supplementary chronology
Figure S1
2. Supplementary calibration, salinity and error calculation
Figure S2 and S3
3. Other
Figures S4 and S5
4. References
1. Supplementary chronology:
The age model for GeoB6007–2 (Figure S1) was established based on seventeen
accelerator mass spectrometry (AMS) radiocarbon measurements (Leibniz-Laboratory for
Radiometric Dating and Stable Isotope Research, Kiel University and The National Ocean
Sciences Accelerator Mass Spectrometry Facility (NOSAMS), Woods Hole Oceanographic
Institution, see Table S1). Mixed species included the following planktonic foraminifera G.
bulloides, G. sacculifer, G. calida, G. ruber, G. falconensis, G. rubescens, T. quinqueloba,
and O. universa [Kim et al., 2007; Kuhlmann et al., 2004]. All raw radiocarbon dates were
converted into calendar years with the CALIB 5.0.2 software and the MARINE04 marine
calibration dataset [Stuiver and Reimer, 1993; Stuiver et al., 1998]. We applied the implicit
reservoir age correction (ΔR = 0) for all dates because the precise reservoir correction for
Northwest Africa is uncertain[Kim et al., 2007]. Ages between calibrated dates were obtained
by linear interpolation. The radiocarbon age at 3 cm depth gives a modern age.

Figure S1: GeobB 6007-2 Age Model. Age-depth relationship of core GeoB6007-2 with
focus on the high resolution interval from ca. 450-600 cm.

2. Supplementary calibration, Salinity and error calculation:
Benthic foraminiferal calibration: Intermediate water temperatures were
reconstructed from Mg/Ca measurements on the calcitic benthic foraminifer Hyalinea
balthica, which is a shallow infaunal species living within the top 0.5-1 cm oxygenated,
nutrient rich, fine grained sediments [Eberwein and Mackensen, 2006; Schmiedl et al., 2000;
Villanueva Guimerans, 1999] at water depths of ca. 400-1000 m i.e., within ca. 5-14 °C
waters [Morkhoven, 1986]. A temperature calibration for this species has been obtained using
surface sediments from multi-cores collected from the northwest African continental margin
during the R/V Meteor Legs M45 and M58 in 1999 and 2002. Core tops used in this
calibration are of modern age with relatively high accumulation rates and thus are likely to
reflect the modern conditions. H. balthica Mg/Ca ratios range from 3.69 to 6.48 mmol mol-1
for temperatures between 6.79 and 12.86 °C (Table S2).
Mg/Ca ratios are strongly correlated with bottom water temperature (in °C), and the data are
well fit by a straight line (r=0.96, p <0.0001):
Mg/Ca = (0.44 ± 0.04) T + (0.52 ± 0.37)

(1)

An exponential fit to the data (r = 0.97) is not significantly better or worse than the linear one
(Figure S2):
Mg/Ca = 1.90 ± 0.30 e0.093 ± 0.015 T
(2)
Accordingly we use the simpler linear fit for estimating temperatures from Mg/Ca ratios. The
standard error of estimate for equation (1) is ±0.31 mmol mol-1 which is equivalent to
±0.70°C. The steep slope of equation (1) illustrates the sensitive response of H. balthica to
temperature changes and thus reduces Mg/Ca errors in terms of reconstructed temperatures,
making H. balthica an ideal candidate for Holocene temperature reconstructions. For
comparison, Marchitto et al. (2007) [Marchitto, 2007]and Lear et al. (2002) [Lear et al.,
2002] reported standard errors of 2.4°C and 1.7°C on Cibicidoides pachyderma and
Cibicidoides species respectively. Further, equation (1) is consistent with a global calibration
based on core top samples from Indonesia, North Atlantic and Mediterranean Sea sites
(Rosenthal et al., in preparation), suggesting that temperature is the dominant control on the
Mg/Ca composition of H. balthica tests. The global calibration suggests that secondary
effects of salinity and carbonate ion saturation are insignificant.

Figure S2: Regional calibration of H. balthica (see Table S2). 95 % confidence intervals
for the linear (exponential) fit are shown in green (mangenta).
The δ18O records are based on measurements of H. balthica tests. The calibration of
NW African core-top samples suggests that the δ18O composition of the calcitic tests of H.
balthica follows the expected equilibrium values for calcite with an approximately constant
offset of 0.62 ± 0.11 ‰, which is consistent with the 0.64 ‰ offset exhibited by Cibicidoides
species [Shackleton and Opdyke, 1973; Zahn et al., 1986]. Accordingly, the measured δ18O
data on H. balthica is corrected for the 0.64 ‰ offset. δ18Osw values were calculated using a
published paleotemperature equation [Shackleton, 1974] further corrected for deglacial
whole-ocean salinity employing a 120 m sea level rise[Peltier and Fairbanks, 2006] and an
average ocean depth of 3800 m and a VPDB-to-SMOW δ18O conversion of 0.27 ‰. The
modern water δ18Osw- salinity relationship for the North Atlantic[LeGrande and Schmidt,
2006] provides the basis for past and present salinity reconstructions. The calculated salinity
values were not corrected for the ice volume effect but taken on the modern salinity scale.
The estimated standard deviation for absolute salinity reconstructions[Schmidt, 1999] is
±0.69 psu. However, modern calculated salinities fall within ±0.30 psu (Figure S3; except for
one outlier). Finally, δ18O and δ13C core top records were not found to be significantly
correlated at the α = 0.1 significance level (r = 0.26; n = 30; p < 0.1).

Figure S3: Measured vs. reconstructed Salinity. Calculated salinity values (red dots) fall
within ±0.30 psu of the measured core top values except for one outlier. Estimated standard
deviations[Schmidt, 1999] at ±0.69 and ±0.30 psu are shown in black and grey respectively.

3. Other:

Figure S4: Density Plot: Temperature and Salinity results are plotted along density lines
and compared to a local CTD cast (blue) [Knoll et al., 2002]. Data points between 9.0 and
8.5 ka BP are plotted in light blue. The results for events (1) and (2) are shown in green and
magenta respectively and the remaining data points are shown in black. The lightest values
(within oval) are centered at 8.24 and 8.52 ka BP.

Figure S5: Cross-spectral analysis. Top: Normalized power spectra of δ13C and negative
δ14C as well as squared coherency between both series. Bottom: Phase spectrum between
δ13C and δ14C (inverted) series indicates no or only slight positive phase lag between both
time series. 95 % confidence intervals are only shown if the coherency is significant (p =
0.05; horizontal line indicates false-alarm level for coherency). Analysis carried out with
SPECTRUM [Schulz and Stattegger, 1997].
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