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Abstract

The Greenland ice sheet is accepted as a key factor controlling the Quaternary bglacial scenariob. However, the origin and

mechanisms of major Arctic glaciation starting at 3.15 Ma and culminating at 2.74 Ma are still controversial. For this phase of

intense cooling Ravelo et al. [1] [A.C. Ravelo, D.H. Andreasen, M. Lyle, A.O. Lyle, M.W. Wara, Regional climate shifts caused

by gradual global cooling in the Pliocene epoch. Nature 429 (2004) 263–267.] proposed a complex gradual forcing mechanism.

In contrast, our new submillennial-scale paleoceanographic records from the Pliocene North Atlantic suggest a far more precise

timing and forcing for the initiation of northern hemisphere glaciation (NHG), since it was linked to a 2–3 8C surface water

warming during warm stages from 2.95 to 2.82 Ma. These records support previous models [G.H. Haug, R. Tiedemann, Effect

of the formation of the Isthmus of Panama on Atlantic Ocean thermohaline circulation, Nature 393 (1998) 673–676.[2]]

claiming that the final closure of the Panama Isthmus (3.0– ~2.5 Ma [J. Groeneveld S. Steph, R. Tiedemann, D. Nürnberg, D.

Garbe-Schönberg, The final closure of the Central American Seaway, Geology, in prep. [3]]) induced an increased poleward salt

and heat transport. Associated strengthening of North Atlantic Thermohaline Circulation and in turn, an intensified moisture

supply to northern high latitudes resulted in the build-up of NHG, finally culminating in the great, irreversible bclimate crashQ at
marine isotope stage G6 (2.74 Ma). In summary, there was a two-step threshold mechanism that marked the onset of NHG with

glacial-to-interglacial cycles quasi-persistent until today.
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1. Introduction

Pleistocene climate is characterized by a persistent

succession of glacial-to-interglacial cycles driven by

orbital forcing. However, these northern hemisphere

glaciations (NHG) and large-scale Arctic sea ice have

only appeared since the Late Pliocene (~3.2 Ma), a

time, when a major reorganization of the ocean-cli-

mate system took place. This event appears approxi-

mately coeval with the final closure of the Central

American Seaways (CAS) ending the advection of

Pacific surface water into the Atlantic Ocean [3,4].

In this context, two questions are still controversial,

(1) the precise timing of the final closure of the CAS

and (2), whether a causal relationship exists between

this closure and the onset of NHG and to which

physical processes it may be ascribed [1].

Whereas intermediate-water circulation through

the Panama Strait was gradually barred as early as

4.5–4.0 Ma with short-lasting re-openings near 3.8

and 3.4–3.3 Ma [2,5], a shallow-water connection

continued far beyond 3.0 Ma [6]. This gateway

ensured the advection of Pacific low-salinity surface

water into the southern Caribbean, here weakening

the North Atlantic salt transport. Combined y18O and

Mg/Ca records of Globigerinoides sacculifer used as

proxy of surface water salinity at south Caribbean

Site 999 [3,7] depict a first weak divergence of 0.0–

0.4x y18O between Caribbean and Pacific sea sur-

face salinity (SSS) records at 4.0–3.8 Ma. However,

this minor offset remained constant further on, with a

significant short-term convergence near 3.3 Ma.

Only thereafter, we observe a second, renewed di-

vergence with a y18O offset, finally reaching 1x at

2.5 Ma, a divergence that is crucial for question (2),

the potential processes in the ocean and atmosphere,

that have led to NHG.

One model [8] suggests that the closure of the CAS

has enhanced the advection of warm and saline water

to northern high-latitudes which, in turn, increased

North Atlantic Deep Water (NADW) production.

This process led to higher evaporation and hence to

more moisture supply to high latitudes, fueling the

build-up of northern hemisphere ice-sheets. Increasing

amplitude variations of Earth obliquity leading to

periods with colder summers may have transformed

the additional moisture into a permanent snow cover

[2]. The orbital trend, however, has been reversed
after 2.2 Ma, whereas the Greenland ice sheet

remained in place ever since and has acted as key

albedo factor for the enhanced climate sensitivity to

orbital forcing, characteristic of the Quaternary. Dris-

coll and Haug [9] postulate a different suite of pro-

cesses, proposing that increased delivery of freshwater

to the Arctic Ocean via the Siberian rivers has pro-

moted formation of sea ice, enhancing the albedo thus

cooling the North Polar region. However, pertinent

records are still lacking.

To trace back potential changes in THC between

3.2 to 2.5 Ma, that may have served as trigger for

NHG, we now present new submillennial-scale

records of Mg/Ca-paleothermometry and stable iso-

topes from planktic and benthic foraminifers in the

northern North Atlantic, a region crucial for the un-

derstanding of NHG (Fig. 1).
2. Study area and methods

ODP 984 (61.258N, 24.048W, 1648 m, Bjorn Drift)

records the history of the Irminger Current (IC) and

LSW (Labrador Sea Water, Upper NADW). DSDP

609 (49.528N, 24.148W, 3883 m, eastern flank of the

Mid-Atlantic Ridge) records changes in NAC (North

Atlantic Current), SSW (Southern Source Water), and

in Lower NADW (LNADW).

2.1. Age control

At Site 984, magnetic stratigraphy suffered from

drilling disturbance below 260 mbsf, at the base of

the advanced hydraulic piston corer (APC) section

[10] and thus was only measured back to 2.2 Ma

(Reunion). Further back, biostratigraphic control was

established by the last occurrence (LO) of Ebriopsis

cornuta between 359.74 to 369.06 mbsf (2.61 Ma).

In absence of any benthic y18O record, Raymo tried

to deduce a succession of marine isotope stages from

the magnetic susceptibility record [11]. Proceeding

from her estimates we established a revised stable-

isotope stratigraphy using our new isotopic records

of Globigerina bulloides and Neogloboquadrina

atlantica and mixed benthic species (Fig. 2). This

stratigraphic framework is compared with planktic

and benthic isotopic records from Site 610 on the

Rockall Plateau [12], much farther south, records
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Fig. 1. Site locations (numbers) and modern surface (solid lines) and deep-water currents (broken lines) in the Northeast Atlantic. IC stands for

Irminger Current, NAC for North Atlantic Current, EGC for East Greenland Current, EIC for East Iceland Current LSW for Labrador Sea Water,

SSW for Southern Source Water, and NADW for North Atlantic Deep Water.
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that extend back to MG6 (3.5 Ma), however, with a

much lower resolution.

Direct orbital tuning could not be employed be-

cause of glacial-to-interglacial changes in sedimenta-

tion rate and various gaps in the records because of

samples barren of foraminifers. Instead, age models of
ODP 984 and DSDP 609 are based on magneto- and

biostratigraphic control points defined by the DSDP/

ODP shipboard parties and on detailed tuning of the

planktic y18O (ODP 984) and benthic y18O (DSDP

609) records to the standard benthic y18O stratigraphy

of ODP 846 [13]. Time resolution at ODP 984 gen-
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erally amounts to 300–600 yrs. This unprecedented

sampling resolution for Late Pliocene records enables

us to compare millennial-scale climate changes prior

and after the onset of NHG.

2.2. Stable isotope and Mg/Ca analysis

Monospecific samples for stable isotopes analyses

usually consist of 1 to 5 benthic foraminifers (Table 1)

and 1 to 30 G. bulloides specimens. They were son-

icated in ethanol for 5–10 s, oven dried at 40 8C, and
measured on the Kiel Device I/Finnigan MAT251

system with an analytical precision of 0.07x for
y18O and 0.05x for y13C at the Leibniz Laboratory

in Kiel. Benthic y18O and y13C values were corrected

for species-specific offsets relative to Uvigerina per-

egrina and Cibicides wuellerstorfi, considered to rep-

resent equilibrium y18O and y13C, respectively, listed
in Table 1.

Foraminiferal samples for Mg/Ca analyses were

cleaned according to the protocol of Martin and Lea

[18]. Analyses were partly performed at University of

California in Santa Barbara (UCSB) on an ICP-SF-

MS instrument (Thermo Finnigan Element). Most

samples were analyzed at the Institute of Geosciences

of Kiel University [19], using a simultaneous ICP-



Table 1

Benthic foraminifer species used for stable isotopes measurements

and correction applied for species-specific offsets relative to U.

peregrina and C. wuellerstorfi considered to represent equilibrium

y18O and y13C, respectively

y18O y13C References

Cibicides wuellerstorfi +0.64 0.00 [14]

Cibicides pachyderma +0.64 0.00 [14]

Uvigerina peregrina 0.00 not used [14]

Oridorsalis tener 0.00 not used [14]

Elphidium excavatum +0.64 not used [15]

Cassidulina teretis 0.00 not used [16]

Melonis barleeanum +0.36 not used [17]
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OES instrument (Spectro Ciros SOP) with cooled

cyclonic spraychamber and microconcentric nebuliza-

tion (200 Al.min�1). Intensity ratio calibration fol-

lowed the method of de Villiers et al. [20]. Internal

analytical precision at Kiel and UCSB labs was esti-

mated from replicate measurements and is better than

0.1–0.2% RSD corresponding toF0.02 8C. Replicate
analyses on the same samples (cleaned and re-ana-

lyzed) showed a standard deviation of 0.09 mmol/

mol, equivalent to a temperature error of 0.5 8C.
Accuracy was checked by analyzing sets of consis-

tency standards obtained from M. Greaves, University

of Cambridge, and D. Lea, UCSB. Differences in

molar Mg/Ca between the labs were F1%rel.

Paleo-sea surface temperatures (SST) were derived

from the Mg/Ca ratio using the calibration curves of

Mashiotta et al. [21] for G. bulloides (F0.8 8C). Since
no specific calibration exists for N. atlantica, a spe-

cies that became extinct at 1.8 Ma, and since using the

calibration for its potential descendant N. pachyderma

sin. may introduce some bias [22], we used the mul-

tispecies calibration of Elderfield and Ganssen [23]

calculated for eight North Atlantic planktic species

(including N. pachyderma sin.) as suggested by

Anand et al. [24], where the overall calibration accu-

racy is F0.7 8C.
Deepwater temperatures (DWT) were obtained

from five benthic foraminiferal species. Large parts

of the DWT record employ the average of Mg/Ca-

based temperature values measured on up to five

different species with the intent to overcome the

calibration uncertainties of single-species records. In-

dividual calibration curves were used from Martin et

al. [25] for U. peregrina, and from Lear et al. [26] for

Melonis barleeanuum, C. wuellerstorfi, Oridorsalis
umbonatus, and C. pachyderma. Calibration accuracy

is F1.4 8C and F1 8C, respectively.
Ice volume was deduced from benthic y18O after

correction for DWT assuming constant deepwater

salinity, with 0.1x seawater y18O set equal to 10 m

sea level [27].

In addition, census counts of selected benthic fo-

raminifera species indicating environmental change

were performed on the size fraction larger than 150

microns. Since many samples contain very low spec-

imen numbers, only raw census data (individuals per

10 g dry sediment) are shown.
3. Results and discussion

3.1. The Late Pliocene bclimate crashQ

The first occurrence of continental-scale ice sheets,

especially on Greenland, is recorded as ice-rafted

detritus (IRD) released from drifting icebergs into

sediments of the mid- and high-latitude ocean. After

a transient precursor event at 3.2 Ma, signals of large-

scale glaciations suddenly started in the subpolar

North Atlantic in two steps, at 2.92–2.82 and 2.74–

2.64 Ma, that are Marine Isotopes Stages (MIS) G16-

G10 and G6-G2 (e.g [28–30,12]) (Fig. 3a). The latter

interval is also recorded for the onset of IRD deposi-

tion in the North Pacific [31].

This largely irreversible bclimate crashQ is also

reflected by a profound and rapid reorganization of

the northern high-latitude faunal provinces. For exam-

ple, Atlantic planktic foraminiferal high-latitude pro-

vinces shifted dramatically southward while low-

latitude provinces contracted [32]. In the Northwest

Pacific, the proportion of Coccolithus pelagicus,

today a typical cold-water phytoplankton species,

jumped to 80% at 2.74 Ma [33]. This event is linked

to the onset of NHG and precisely coeval with the

separation of Pacific and Caribbean coccolithophorid

assemblages, which results from the final closure of

the Panama Isthmus [34].

The benthic foraminifer Cassidulina teretis which

is adapted to low nutrients, harsher over-all condi-

tions, and perhaps to higher seasonality became dom-

inant at Rockall Plateau (DSDP 552) along with the

first occurrence of IRD and cold-water planktic for-

aminifers [35]. Our new centennial-scale record of
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ODP 984 now defines the sudden dominance of C.

teretis in the Upper NADW level and the rapid reor-

ganization of the North Atlantic THC at precisely 2.74

Ma (Fig. 3f).

The major expansion of global ice volume over

MIS G16–G10 (2.93–2.82 Ma) is widely reflected in

paleoceanographic records by a benthic 0.4x y18O
increase [36,37]. In North Atlantic deepwater, the total

increase from 3.2–2.8 Ma was stronger, amounting to

0.7x (Fig. 3d) which also documents a long-term

cooling trend as deduced from ostracods [38] and

from benthic foraminiferal Mg/Ca (Fig. 3e). Changes

in North Atlantic DWT (DSDP 609) largely parallel

the benthic y18O variations and range from �1.88 to
7.4 8C, that is between temperatures as cold as in the

modern Nordic Seas and temperatures that were ~4–5

8C warmer than today. Between 2.94 and 2.81 Ma,

average DWT decreased by 2 8C during both glacials

and interglacials. This trend is consistent with a Late

Pliocene ~4 8C cooling recorded at ODP 747 (South-

ern Ocean, ~1700 m) [39] and a global average cool-

ing of deepwater by ~3.5 8C from 5 Ma to today [40].

To better constrain the role of the THC over this

critical time span, we employed three benthic y18O
records from different water depths in the northeastern

Atlantic (Fig. 2). On the basis of coeval strong y13C
oscillations the benthic y18O records at DSDP 609

(3900 m water depth) and DSDP 610 (2400 m water

depth) [12] reveal an alternating glacial-to-interglacial

influence of SSW and LNADW in addition to global

ice volume and DWT changes.

In summary, Mg/Ca-based DWT record a coeval

stepwise cooling by at least 2 8C, equal to a 0.45–

0.55x y18O increase (Fig. 3e). The remaining benthic

y18O increase by 0.2x suggests a growth of global ice

volume during glacial stages equivalent to 20–25 m
Fig. 3. Paleoclimatic records for the Pliocene North Atlantic. (a) SSS anom

the CAS [3] and IRD record of NHG from ODP 907 (Iceland Plateau) [29

dry sediment. *Marks first synglacial closure of CAS. (b) Mg/Ca-SST fr

bulloides, orange dots are data obtained from N. atlantica. (c) Planktic y1

obtained from G. bulloides, light blue dots from N. atlantica. (d) Benthic y1

wuellerstorfi, C. pachyderma, U. peregrina, O. tener adjusted to U. pere

Stages. DSDP 609 data from MIS G17 to M2 were kindly provided by

averaged values (see Methods). (f) Number of benthic foraminifera Cassidu

input and high seasonality [59]. (g) Benthic y13C records from ODP 984 (C

from DSDP 609 (C. wuellerstorfi and C. pachyderma). Horizontal arrows m

LNADW [55]. Times of major change (2.95–2.82 Ma and 2.75–2.72 Ma)

top of glacial-to-interglacial variability).
sea level drop. A further drop by 20 m (equivalent to

0.2x y18O) should be added to compensate for a

slight salinity decrease because of increased admix-

ture of SSW during glacial stages. Dwyer et al. [38]

postulated a similar Late Pliocene ice volume increase

by 0.4x. For comparison, the present ice volume on

Greenland corresponds to an equivalent of 0.06x
y18O equal to ~7 m sea level [41]. At DSDP Sites

609 and 610 the y18O increase from MIS G16–G10

matches the start of long-term IRD discharge in the

northern North Atlantic, recording the general build-

up of NHG, but precedes the final bclimate crashQ 2.74
Ma. Finally, at 2.82 Ma (immense IRD spike at MIS

G10; Fig. 3a) the resulting sea level drop over glacial

stages G16–G10 had progressed that far (D40–45 m)

that it produced a positive feedback on the closure of

the CAS which then were very shallow.

During the transient glacial stages of sea level low-

stand the Panama Isthmus probably dried up com-

pletely, but was breached once again during intergla-

cial stages. Indeed this conceptual model is strongly

supported by the antiphasing of glacial-to-interglacial

SST oscillations on both sides of the Panama Isthmus,

an anomaly that first appeared at 2.82 Ma (coeval with

the sudden great American faunal interchange [42]),

reappeared after 2.65 Ma, and continued beyond 2.5

Ma [3, Tiedemann, pers. comm.].

At intermediate depth (1700 m), ODP 984 records

the evolution of LSW, a component of Upper NADW.

Here, glacial benthic y18O maxima jumped only once

during MIS G8–G4, from 3.6x to 4.2x (Fig. 2b).

This abrupt 0.6x increase matches a similar 0.5x
shift at DSDP 609 at 3900 m depth, a shift that does

not parallel a further DWT decrease (Fig. 3d and e)

and thus documents a second major expansion of

global ice volume by approximately 45 m sea level
aly (Caribbean– East Pacific) record of the final gradual closure of

] with new age model [30] based on tephra stratigraphy in number/g

om ODP 984 and DSDP 609. Red dots are data obtained from G.
8O curves from ODP 984 and DSDP 609. Dark blue dots are data
8O records from DSDP 610 [12] (Cibicides spp.) and DSDP 609 (C.

grina). Numbers 101, 103, G1, etc. are interglacial Marine Isotope

R. Tiedemann, Kiel. (e) Mg/Ca-based DWT record from S. 609,

lina teretis/10 g dry sediment, a species characteristic of low nutrient

. wuellerstorfi and O. tener), DSDP 610 [12] (C. wuellerstorfi), and

ark Upper Pliocene water mass boundaries between SSWand LSW/

are highlighted. Labelled arrows outline major long-term trends (on
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equivalent, also recorded in the increase of IRD (Fig.

3a). In total, the sea level may have been lowered by

90 m with the onset of NHG. During MIS G6, the

benthic y18O signal at ODP 984 may provide a strik-

ing new insight into the scenario of the great bclimate

crashQ. It appears to be linked to a major southward

shift of the sites of NADW formation per analogy to

that of the Last Glacial Maximum [43,44], that is from

the Nordic Seas to the south of Iceland. Due to a lack

of benthic foraminifers glacial MIS G16 to G10 are

insufficiently recovered at ODP 984 to pick the first

expansion of global ice volume between MIS G16 and

G10.

3.2. Increase in poleward heat and salt transport in

the North Atlantic

A long-term warming of the North Atlantic and

accordingly, an increased poleward heat transport by

the Gulf Stream–NAC system around 3 Ma along

with the final closure of the CAS was first suggested

by means of ostracodes and planktic foraminiferal

assemblages from coastal deposits of the eastern

U.S. and northern Iceland [45]. This conclusion was

supported by various recent GCM models [46,47]

which independently predict a SST rise of 2–3 8C
for the northern North Atlantic.

With Mg/Ca-paleothermometry on the planktic fo-

raminifera G. bulloides we now succeeded to generate

two high-precision (F0.5–1.0 8C) SST records of the

NAC system with 300–600 yrs resolution. Accord-

ingly, early Late Pliocene SST varied at ODP 984 (IC)

during summer from 6.7–14.0 8C and further south-

east, at DSDP 609 (NAC) from 8.5–19.1 8C (Fig. 2b),

with Mg/Ca ratios ranging from 0.9–2.1 and 1.2–3.7

mmol/mol. In general, interglacial temperatures then

were 7–8 8C warmer than today [48]. Pliocene glacial

SSTwere as mild as interglacial SSTs today, i.e. ~4 8C
warmer than during the last glacial [49].

Most striking is the pronounced interglacial SST

rise by 2–3 8C from MIS G15 to G11 (2.95–2.83 Ma).

The final high SST level persisted over all subsequent

interglacial stages until at least 2.5 Ma (ODP 984; not

yet analyzed at DSDP 609). At DSDP 609 short

lasting SST maxima similar to those at 2.85 Ma

were also recorded earlier, at MIS KM1 and M1

(3.12 Ma and N3.26 Ma; Fig. 3b). The outlined

great warming around 2.85 Ma was felt as far north
as 808N, as recorded by the warm-water dinoflagellate

Operculodinium centrocarpum at ODP 911, northwest

of Svålbard [50]. In the subartic North Pacific (ODP

882) a 1x decrease in planktic y18O suggests a

similar 4 8C increase in SST from 2.85–2.77 Ma

[31], prior to MIS G6, however, slightly subsequent

to the great North Atlantic warming. The link to the

North Atlantic is not yet understood.

Most likely, the great warming at 2.95–2.83 Ma

and its precursors reflect an intensified poleward heat

transport and meridional turnover of the ocean, events

that went along with a significant increase in the

discharge of IRD in the Greenland Sea (ODP 907)

and a major cooling of deepwater during subsequent

glacial stages. However, coeval interglacial planktic

y18O values at ODP 984 and DSDP 609 (Fig. 3c) did

not get depleted by 0.45–0.70x during this time, as

was expected from the 2–3 8C warming. This absent
18O depletion reflects a major increase in seawater

y18O, which in turn documents both a coeval ampli-

fication of the global y18O ice effect (0.2–0.4x ?)

plus an increase in SSS by 0.2–0.4 psu, resulting from

an enhanced salt transport in the Gulf Stream-NAC

system. This trend was predicted by the modelers for

the final closure of the CAS.

In addition, our new evidence for a 100-ky long

coeval increase in SST and IRD (Fig. 3a and b)

suggests that the interglacial (but not glacial) warming

of the North Atlantic has much enlarged the supply of

atmospheric moisture to high altitudes at northern

high latitudes to initiate NHG. Indeed, high-latitudes

vegetation patterns in Eurasia [51] reflect a distinct

warming and moistening over this critical period.

Accordingly, we follow the bsnow gun hypothesisQ
[52] in assuming that this increase must have been

large enough to overcome the opposed effect of the

interglacial temperature rise that have enhanced ice

melt, different from the reasoning of Berger and Wefer

[53]. These processes occurred on top of a transient

phase of increased Earth obliquity 3.0–2.3 Ma, which

resulted in cooler summer climate.

However, the records of Atlantic THC do not

reveal any particular (antecedent and/or coeval) events

linked to the final bclimate crashQ of MIS G6, the

second step of rapid climate deterioration. Since our

records suffer from coring gaps and a lack of forami-

nifera tests in the pertinent glacial sections, we found

no coeval, only a subsequent IRD rise and no increase
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in SST, only an increase in benthic y18O that corre-

spond to an additional ice volume equivalent of N45-

m sea level drop. Possibly, this second step of climate

deterioration was linked to thermohaline events in the

northern North Pacific (sensu [31,54]), which recently

were also explained by GCM modeling as effects of

the final closure of the CAS [55].

Unfortunately, present GCM models appear unsat-

isfactory to predict precisely the conditions of the

atmospheric water cycle, necessary to build-up conti-

nental ice sheets in the Late Pliocene. They either

show a Greenland ice sheet already prior to the

great North Atlantic warming [47] and/or do not

succeed to generate the proper preconditioning of

the climate system to build up a new ice sheet specific

for the times approx. 2.92–2.83 Ma—independent of

short-term differential amplitudes of orbital forcing

[46].

3.3. Replacement of NADW during glacials by SSW

After 2.85 Ma DWT cooled from ~2 8C almost

down to the freezing point (�1.8 8C) during glacial

stages subsequent to MIS G12 at DSDP 609. This

cooling either reflects an enhanced incursion of cold

SSW and thus, a relative shoaling of NADW, or an

increased contribution and/or cooling of northern

high-latitude deepwater sources. Epibenthic y13C
records, a proxy for deepwater ventilation at DSDP

609 and DSDP 610 (Fig. 3g) show a gradual y13C
increase by 0.25–0.3x during interglacial stages G17

to G13, finally reaching 1.2–1.4x. This high ventila-

tion level forms a clear tracer of LNADW, whereas

low y13C values of 0.3x and less, which are confined

to short-lasting glacial stages (KM2, G22, and from

G18 onwards) record short-term incursions of SSW

originating from the Antarctic Circumpolar Current

[56,57]. Moreover, the gradual increase in NADW

ventilation from ~2.95 Ma to ~2.87 Ma reflects an

enhanced meridional turnover rate during interglacial

stages, which is in harmony with the prominent sur-

face warming of the northeast Atlantic (Fig. 3b).

Enhanced interglacial velocities of LNADW were

also reported from various sites along the West Atlan-

tic margin from 3.20–2.75 Ma [58]. Moreover, en-

hanced NADW formation led to improved carbonate

preservation in the Nordic Seas during this time [59].

Subsequent to MIS G9, interglacial epibenthic y13C
values at DSDP 610 again returned to the level prior

to MIS G17, possibly reflecting a THC then slightly

reduced.

Unfortunately, the highly fragmentary benthic y13C
record of ODP 984 (1660 m) (not shown) does not

reveal any significant trend in the variations of LSW

which today and during the last glacial constitutes

most of the Upper NADW. However, increased abun-

dance of C. teretis subsequent to MIS G7 (Fig. 3f),

may serve as robust tracer of LSW/Upper NADW

during glacial and stadial conditions [60]. This trend

may document a shift of deepwater convection cells

from the Nordic Seas to the south of Iceland, as we

already deduced from the benthic y18O record

(Fig. 2b).
4. Conclusions

In summary, we find clear evidence based on IRD,

SST, DWT, paleoproductivity, and deepwater ventila-

tion records for an interglacial intensification of North

Atlantic THC at 2.95–2.82 Ma (MIS G17–G11). This

process has followed and probably accentuated the

final closure of the CAS [3]. Moreover, it has pro-

moted an increase in evaporation and poleward mois-

ture transport from the North Atlantic as proposed by

Haug and Tiedemann [2]. Beyond a short-term in-

crease in Earth obliquity periods, increased moisture

advection apparently has overcome the effects of

interglacial warming and thus supported the fast

build-up of continental ice sheets as documented by

coeval IRD supply (Fig. 3a), as proposed by the

bsnow gun hypothesisQ [52]. Finally, increased mois-

ture advection to high latitudes has enhanced Siberian

fluvial runoff and the formation of Arctic sea ice [9]

and albedo, hence provided further support for the

build-up of North Polar ice sheets. This conclusion

neglects a potential global decrease in atmospheric

pCO2 as potential factor driving the onset of NHG

[61] because Pliocene changes in pCO2 actually ob-

served are insignificant [62,63].

Subsequent to the major interglacial North At-

lantic warming and first build-up of NHG 2.82 Ma

(MIS G10), it took about 80,000 yrs (approximately

two obliquity cycles) to arrive at the final bclimate

crashQ during glacial MIS G6, when Quaternary-

style [64] climate cycles were fully established,
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sea level dropped further by 45 m, and floral and

faunal provinces were rapidly reorganized on a

global scale.
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[58] M. Gröger, R. Henrich, T. Bickert, Variability of silt grain size

and planktic foraminiferal preservation in Plio/Pleistocene

sediments from the western equatorial Altlantic and Caribbe-

an, Mar. Geol. 201 (2003) 307–320.

[59] R. Henrich, K.-H. Baumann, R. Huber, H. Meggers, Carbonate

preservation records of the past 3 Myr in the Norwegian–

Greenland Sea and the northern North Atlantic: implications
for the history of NADW production, Mar. Geol. 184 (2002)

17–39.

[60] A.E. Jennings, G. Helgadottir, Foraminiferal assemblages from

the fjords and shelf of eastern Greenland, J. Foraminiferal Res.

24 (1994) 123–144.

[61] T.J. Crowley, Modeling pliocene warmth, Quat. Sci. Rev. 10

(1991) 275–282.

[62] M.E. Raymo, B. Grant, M. Horowitz, G.H. Rau, Mid-Pliocene

warmth: stronger greenhouse and stronger conveyor, Mar.

Micropaleontol. 27 (1996) 313–326.

[63] J. Zachos, M. Pagani, L. Sloan, E. Thomas, K. Billups, Trends,

rhythms, and aberrations in global climate 65 Ma to present,

Science 292 (2001) 686–693.

[64] B. Pillans, T. Naish, Defining the quaternary, Quat. Sci. Rev.

23 (2004) 2271–2282.

http://dx.doi.org/10.1029/2005GL022844

	Final closure of Panama and the onset of northern hemisphere glaciation
	Introduction
	Study area and methods
	Age control
	Stable isotope and Mg/Ca analysis

	Results and discussion
	The Late Pliocene climate crash
	Increase in poleward heat and salt transport in the North Atlantic
	Replacement of NADW during glacials by SSW

	Conclusions
	Acknowledgments
	References


