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Synchronized Terrestrial-
Atmospheric Deglacial Records 

Around the North Atlantic 
Svante Bjorck,* Bernd Kromer, Sigfus Johnsen, Ole Bennike, 

Dan Hammarlund, Geoffrey Lemdahl, Goran Possnert, 
Tine Lander Rasmussen, Barbara Wohlfarth, 

Claus Uffe Hammer, Marco Spurk 

On the basis of synchronization of three carbon-14 (14C)-dated lacustrine sequences 
from Sweden with tree ring and ice core records, the absolute age of the Younger 
Dryas-Preboreal climatic shift was determined to be 11,450 to 11,390 ± 80 years before 
the present. A 150-year-long cooling in the early Preboreal, associated with rising A14C 
values, is evident in all records and indicates an ocean ventilation change. This cooling 
is similar to earlier deglacial coolings, and box-model calculations suggest that they all 
may have been the result of increased freshwater forcing that inhibited the strength of 
the North Atlantic heat conveyor, although the Younger Dryas may have begun as an 
anomalous meltwater event. 

The rapid melting of ice sheets during the 
earliest Holocene must have had an impor
tant effect on climate because of the sud
denly increased impact of fresh water on the 
ocean. The major A14C changes of the Last 
Termination (the deglaciation at the end of 
the last glaciation), which are reflected in 
offsets of the radiocarbon time scale, are 
related to changes in ocean ventilation and 
deep water formation (1-4) as well as to 
14C production changes resulting from 
changes in geomagnetic field strength and 
solar activity. The effect of production 
changes can be ignored, because the geo
magnetic signal varies on a longer time 
scale and the solar modulation alone is 
inadequate for the oscillations of the last 
deglaciation (2). A year-to-year correlation 
between the A14C record (from absolutely 
dated and 14C-dated tree rings) and the 
temperature record (from ice cores) is need-
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ed to address the link between ocean ven
tilation and climate change. Here, we com
bined high-resolution tree ring, ice core, 
and lacustrine records of the Younger Dry
as-Preboreal (YD-PB) transition to connect 
the tree rings with the ice cores through 
lacustrine sediments in order to attain- a 
common chronology and integrate these 
different climatic signals. This integration 
greatly improves understanding of the 
mechanisms and rates of change that un
derlie the deglacial climatic oscillations and 
larger climatic changes in general. 

A synchronized chronology. The cali
bration of 14C ages older than 9000 years to 
absolute years on the basis of tree rings has 
been uncertain (5), because the YD-PB 
pine chronology is not securely linked to 
the younger, absolutely dated German oak 
tree ring chronology (Fig. 1A). In addition, 
the calibration set must be corrected. First, 
in a recent comparison between the oak 
chronologies of the Hohenheim and Got-
tingen tree-ring laboratories (6), it was dis
covered that 41 rings are missing in the 
Hohenheim oak chronology at 7200 den-
drochronological (dendro) years B.P. (refer
ence year, 1950 A.D.). Second, after recent 
additions of new trees to both chronologies, 
the previous synchronization of the pine 
and oak chronologies (7) appears less plau
sible. Instead, the general sloping trend of 
the A14C values (Fig. 2A) implies that the 
pine chronology is —120 years older than 
previously thought (5). With these correc
tions the pine chronology becomes 161 ± 
80 years older (Fig. 2A). A new tentative 
tree ring-based calibration is achieved with 
the 10,000-14C year plateau ending 

-11,200 dendro years B.P. (Fig. 2B). 
A lithologic change (LC) in lacustrine 

sediments in southern Sweden marks the 
YD-PB transition. It is usually seen as a 
change from grayish to brownish sediments, 
reflecting increased organic content. For 
dating purposes, we define LC as the first 
lithologic change seen in lacustrine sedi
ments at the YD-PB transition. Although it 
may be sharp or gradual depending on the 
sedimentation rate, it can usually be de
fined within 1 to 5 mm. We dated LC in 
three lakes along a north-south transect 
(Fig. 1, A and B) using dense accelerator 
mass spectrometry (AMS) l 4C measure
ments on plant remains (Table 1). The 
AMS dates show that LC in all the lakes 
occurred well before the end of the 14C 
plateau at 10,000 to 9900 14C years B.P. 
(5), and pollen, macrofossils, and stable 
isotopes (8) also change abruptly at this 
level (Table 1 and Fig. 3). These records 
imply that air and water temperatures in
creased and aquatic production rose in shal
low limnic systems. 

To establish the calendar (dendro) age 

Fig. 1. (A) Map of northwest central Europe with 
the three Swedish lakes [Torreberga (ALT), Lake 
Madtjarn (MA), and Lake Mjallsjon (LM)], Lake 
Gosciaz (3) in central Poland, the EN AM 93-21 
core (50), and the main find area for the YD-PB 
pine stumps (5-7) in southern Germany. The 
Scandinavian ice sheet margin in the late YD is 
also indicated. (B) The paleogeographic situation 
in south Scandinavia with the extent of the Baltic 
Ice Lake just before the YD-PB boundary (44), 
when the 25-m up-dammed lake still drained 
through the Danish-Swedish Strait. The pathway 
of the subsequent catastrophic drainage in south 
central Sweden is indicated by an arrow. 
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of LC, n.e smoothed our AMS dating series widths in Gerlnan pines increase markedly 
(Fig. 2B). The age is 11,450 to 11,400 years between 11,450 and 11,390 years B.P. (Fig. 
B.P. with the new dendrochronology. Ring 4). This increase suggests a general change 
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Fig. 2. (A) Ai4C as derlved from the 8,000 
IntCa 93 (57) German oak and prne 
chronology (5) and addltlonal oak data 
(HD) .  The IntCa 93 and German oak s e  7300 

rles are corrected for a 41 -year gap, The 8,500 9,000 9,500 10,000 10,500 11,030 11,500 

German pine 1s matched to the absolute- Dendro years B.P. 

y dated oak chronology by algning the long-term A'% trend, The uncertanty of this link IS dfficult to 
quantlb, but the long-term slope of the 'C concentratlon allows for a range of L80 years. (B) 
Standardzed radocarbon dates (+)from the three lakes smoothed aganst the new '% cabration set. 
Standardzation was based on the known thckness of the YD In each lake. the calibrated age of the 
youngest '"-dated levels, and the followng assumptions: LC corresponds to the YD-PB boundary: 
sedmentation rates are more or less continuous durlng the YD and change at LC, where they are 
contnuous up to the youngest PB dates; theYD is 11 50 years long (3. 10-72); and sedmentaton rates 
are standardized to 1 mm year-'. The solid line is the fast Fourier transform (FFT)-smoothed curve 
through the AMS dates versus standardized depth (cut-off length of 24 cm, equivalent to a low-pass 
flter of 240 years). Note the two '"C age plateaus at 10,000 and 9600 '"C years B.P. and the rapid 
transition between the two   la tea us. 

Fig. 3. Pollen diagram from Lake Madtjarn w~th the most diagnostic AL-PB pollen types, "C dates 
(Table I ) ,  a sedment log, and the positons of LC. Aller~d (AL), the YD. and the PBO. The outer pollen 
curve IS a 1 Ox exaggeration of the Inner solid curve. The values at the bottom are percentages of total 
pollen from terriphytic spermatophytes (that IS. the pollen sum at the right). Concentraton represents the 
amount of terriphytc spermatophyte pollen In grains per cubic centimeter. The sedments are as follows: 
900 to 835 cm, blacksh blue-gray silty clay (marne) wth some FeS coloring, upper boundary (UB) is 
very gradual; 835 to 832.5 cm. gray to bege gyttja clay, UB 1s rather gradual: 832.5 to 829.5 cm. 
greensh-gray clay gyttja w~th moss remains. UB is rather sharp; 829.5 to 821.5 cm, brown clay gyttja, 
rich In mosses, UB IS rather sharp: 821.5 to 800 cm, brownish-gray clay gyttja with occas~onal mosses, 
UB is very gradual: 800 to 793 cm. brown clayey fine detritus gyttja. UB 1s very gradual; 793 to 737 cm, 
dark brown fine detrtus gyttja. 

in pine type, rese~nbling a shift from tree- 
ring types of nlodern high-altitude (cold- 
tolerant) to low-altitude pines (9), and 
cons t i t~~tes  the first response to the Prebo- 
real ~varming in the dendrochronological 
record. T h e  age of the YD-PB boundary 
can thus be established from Scandina\,ia 
to central and eastern (3)  Europe (Fig. 
1A) .  This dendro age is 75 years younger 
than the SISO rise in the Greenland Ice 
Core Project (GRIP) ice core ( 1  0-12) 
when the ice chronology is corrected for a 
reference date of 1950 A.D. If the 14C age 
of 8900 years B.P. of the Saksunarvatn ash 
(1 3)  is calibrated against our n e ~ v  dendro- 
chronology, a n  age of -10,050 years B.P. 
is obtained. T h e  age for the same tephra in 
the Greenland ice is 10,065 years B.P. 
(14)  if the GRIP chronology is reduced by - i 3  - years. 

We conclude that the rapid ~varming 
registered in shallow, temperature-sensitive 
lakes in northern Europe, independent of 
vicinity to the ice sheet (Fig. lB) ,  corre- 
sponds to the atmospheric warming in the 
GRIP core (10-12) at 11,525 to 11,465 
years B.P. and to the abruptly increased 
tree-ring widths in the south Gerlnan pines 
at 11,450 to 11,390 years B.P. We can thus 
synchronize the GRIP and dendrochrono- 
logical records either by a tentative addi- 
tion of 75 years to the tree ring chronology 
or by a corresponding s~lbtraction from the 
GRIP chronology. We chose the latter and 
refer all absolute dates to this setting. This 
synchronization is well vvithin quoted errors 
for the two time scales, and it produces a 
close fit between the two proxy records 
(Fig. 4).  

A Preboreal oscillation. The synchroni- 
zation shows that the first 150 years of the 
Preboreal were characterized by steadily ris- 

Calendar years B.P. 

Fig. 4. By a tentative 75-year reduct~on of the 
GRIP chronology (1950 A.D.) and the addton of 
161 years to the dendrochronology, a close f~t IS 

achleved between the 5-year mean S180 record 
from GRIP (upper culve) and the 5-year runnng 
average of the ring-wldth record of the German 
plnes (lower culve) (6) at the YD-PB boundary ~n 
both records. 
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lllg 8150  values and decreasing C a  values 
(15) in the ice. This is in phase with de- 
cliilillg 114C values (Fig. ? A )  and suggests 
good ocean ventilation (1 ). A t  11,300 years 
B.P., air temperatures (inferred from de- 
creasing 8 l S 0  values in the GRIP record) 
slowly began to decrease when the  A14C 
reduction phased out after the long decline, 
n,hich implies that ventilation was not as 
efficient as before. About 300 years after 
the YD-PB boundary. 1°C values rise 
abruptly (24 per mil bet~veen 11,170 and 
11,050 years B.P.; Fig. ? A ) ,  indicating a n  
ocean ventilation minimum ( 1 ) .  A t  the  
corresponding time, the GRIP record sho~vs 
a distinct 6IEO and temperature minimum 
(Fig. 5 )  together ~ v i t h  high C a  (1 5)  and low 
CH4 (1 6)  ~ralues. This cooling is also well 
displayed (or eIren more pronounced) in the  
Dye 3, Camp Century, Renland, and 
Greenland Ice Sheet Project 2 (GISP?)  
records (1 7). Thereafter, the  GRIP record 
shows a slow return to higher air tempera- 
tures while the 1 ° C  rise begins to phase 
out, suggesting a transition into slowly bet- 
ter mixing rates. A t  11,000 years B.P., the 
GRIP values attain normal Holocene levels, 
and this temperature recovery Lvas thus 
completed -5C years after the A14C rise 
had ceased (Fig. 5 )  and good ventilation 
had resumed. In  addition, the early Prebo- 
real cooling deduced from foramillifera1 and 
diatom changes in  the  Nor~vegian Sea (1 8 .  
19) leniis further support for the ocean ven- 
tilation-cooling relation that we infer from 
our comparisons. 

The  lake sequences we analyzed (8 )  
show that LC is synchronous ~ v i t h  the  onset 
of the YD-PB pollen trallsltioll zone (26,  
21) in southern Scandina\.ia, characterized 
by plants like Filiprndulu, Je~niperus, and Ein- 
prtr~iin, which were already present and 
were instantly favored by warmer teinpera- 
tures (Fig. 3 ) .  A t  the end of the 10,000-"C 
year plateau (Fig. 3 and Table I ) ,  lvhich 
coincides with the onset of the Preboreal 
oscillatio~l (PBO) in GRIP,  lake sediments 
display changes (Fig. 6)  that are most likely 
related to a harsher climate. T h e  pioneer 
vegetation in Sweden was fairly insensitive 
to this cooling, hut in  some of our pollen 
records, decreases in tree pollen and total 
pollen abundance and increases in herb and 
shrub pollen abundance are evident (Fig. 
3 ) .  This event is most likely the equivalent 
of a n  early Preboreal climatic cooling, for 
which there is evidence from at least 31  
European pollen sites starting -300 years 
after the  termination of the YD (22 ) .  In  
Lake Goscia: ( 3 ) ,  a clear miniinuln in elin 
pollen and [of authigenic carbonates is 
also seen 300 to 350 years after the end of 
the YD. In  addition, tree ring ~vidths (Fig. 
5) ,  isotopes in tree rings ( 2 3 ) ,  and lake le~.el 
studies (24) imply that the PBO was char- 

Table 1. AMS dates (excludng nine dates with <I mg C)  and other records from the three lake 
sites. Abbreviations for macrofossils: B,  Betula sp. ;  D. Dryas octopetala: Di. Distichium sp. :  E. 
Empetrum nigruln; M ,  Menya17tlies trifoliata; Ny, Nympliaea sp.; P. Polygo~?uni viviparum: Pi. Pinus 
sylvestris: Po. Populus tremula; Pol, Polytrichum sp. ;  S ,  Salix sp.; Sc,  Scirpus lacustris; So,  Saxifraga 
oppositifolia: and W, undetermined wood.  Calibrated ages [(51) with additional 161 years] are shown 
[without the often high u values on the 10,000- to  9900-'4C year plateau (511 for dates around LC 
when the age IS covered by the dendrochronology-based calibration. The AL-YD boundary in the 
Lake Madtjarn record IS at 832.5 cm.  The sedimentation rate In Torreberga IS three tlmes that ~n the 
other lakes. Clmate proxy changes at LC are as follows: For Lake Madtjarn, relative increase of 
organc C .  280h: mean temperature rse In July and January [according to  mutual c lma tc  range 
anayss of beetles (53)l. 9.3" and 18.2"C, respectvely. For Lake Mjalsjon, relatve Increase of organic 
C .  25%. For Torreberga. relative Increase of organic C and carbonate C .  108% and 116%. 
respectvely; absolute changes in 8'" and 6 j 8 0  of Candona ostracodes, -2.3 and +6.1 per mil, 
respectively. 

Depth (cm) Dated 
'% (per mil) AMS 

for 
' "C age Calibrated of dated 

sample 
AMS date 

macrofossils B.P. (20) age B 'P '  material number 

Lake ~Wadtjarn (LC depth, 800 em) 
B + S 9,670 i 195 
B + S 9.490 i 100 
B + S + D  9.490 i 90 
B + D + E + S  9.550 i 85 
B + D  9,395 i 115 
B + D + S  9.9355165 11.190 
B 9,9302135 11,160 
B + D + S  9.995 i 100 11.330 
B + D + S  10,010i110 11.365 
D + S 9,990 i 105 11,330 
B + D + S  10.060 i 100 11.490 
D + S 10,185 i 115 12.080 
D + S 10.330 i 125 
D + S 10,155 i 85 12,000 
S 10,455 i 115 
D + P + S  10.375 i 70 
D + P + S  10,425 i 80 
S 10,340 i 70 
D + S  10.440 i 65 
S 10.400 i 80 
D + S + S o  10.625 i 75 
D + E + O + P +  10.625i70 

S + So 
D + E + S + S o  10,995i75 
S 10,820 i 85 
D + E + P  11.065 i 150 
E + S 10.750 i 100 
S 11,630 i 190 
S 11.470 i 135 

Lake rlAjallsj017 (LC depth. 435 em) 
Pi 9,375 t 120 
B + Pi 9,565 i 125 
B 9.910i-165 11.160 
B + Pi 9,680 i 135 11.090 
B + Po 9,840 i 165 11,150 
B + E + P o + S  9,900 i 115 11,150 
B + Pol + S 10.085 i 115 11,640 
Pol + S 10,110i135 11,860 
B + D + D i + P o l  10,040i160 11,465 

Torreberga (LC depth, 34 1 em) 
M 9,160 i 80 
M 9,305 i 85 
M 9,350 i 90 
B + M + P o  9.210 i 105 
NY 9,525 i 95 
Sc 9.805i125 11,150 
B + Po + Sc 9.890 i 85 11.150 
B + S 9,875 i 110 11,150 
W 10.145 i 85 11.970 
B + D  10,310 i 180 
B + D + S  10.095 i 90 11.820 
B + D  10.365 i 125 
B + D + S  10.51 0 i 235 
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acterized bv a humid, cool climate, follo\ved 
by arid, na rm coilditioils slightly before 
11,000 years B.P., when ring .ividtlis de- 
creased, lake levels fell (24) ,  and isotopes in 
tree rings illcreased (23) .  

Tlie ti~liiiie of the  PBO coiiicides n.ith - 
tlie shurt and eiligmatic brack~sli  phase of 
the  Yoldia Sea staee of tlie Baltic Sea.  It 

c 3  

may reflect decreased meltwater f lus  from 
the  Scaiidiiiaviail ice sheet iiito tlie Baltic 
basin that  resulted iii a temporary entry of 
saline l ~ o t t o m  ~l-ater.  Our  deiidro ages of 
LC and tlie PBO are up to  700 years older 
thail correspolid~ng varve ages of the  re- 
centlv re~rised Swedish clay lrarve chronol- 
ogy (25) .  Unt i l  t he  missiiig varves are 
identified, parts of this time scale sliould 
he regarded as uncertain. 

There are several other records of a 
short, early Preboreal coo l~ng  around tlie 
Korth Atlantic and el-ell the tropical Xt -  
lalitic (26) .  Tliese stu~lies have yielded ages 
bet\veen 9900 and 9500 I4C I-ears B.P.. 
n-hich have been difficult to correlate to 
oiie s~iigle el-eiit. Because L14C values rise 
rapidly tlirougli tlie 150-year PBO. ~t is 

Fig. 5. A synchron~zed 300, 
grapl of o~fferent recoros . 

between 13,000 and 
I 0  800 years B P The -1 
S "0 values [per m ~ l  rea- 
twe to SMOW) are 5-year 
mean values A r  temper- 1 

almost impossible to assign it a \\~ell-Liefined 
"C age. Thus, n-e suggest that most, if not 
all, of tliese early Preboreal coo l i l l  records 
belong to the  sailie event. 

T h e  PBO follo\l-ed the oilset of rapid 
~lleltiiig of tlie Scandinavian-La~~reiit~de- 
Barelits Sea Ice sheets. Togetlier wit11 tlie 
fliial drainage ot  the Baltic Ice Lake (Fig. 
l B ) ,  n-hich delivered 0.15 to 0.3 sverclrups 
of fresh \\later in 1 to 2 years to tlie North  
Sea, this melting led to a major intlux nt 
fresh water to the North  Atlantic. Thts 
melt\l-ater input, possibly corresponding to 
meltwater peak A/tV;IP IB (271, tilay have 
heen tlie trigger for the PRO. 

Earlier deglacial oscillations. Detailed 
pollen and '+C recorcls across the Alllerod- 
Youilger Dryas (AL-YD) houililary fro111 
Lake kladtjarn (Fig. 3 and Table 1 )  show 
tliat L I4C values increase abruptly (Fig. 5 )  
by 30 to 60 per 1ni1 in <2 clll (<70  years) 
over tlils l.ouiidary. Tl i~ls ,  "C ages l~ecome 
sudJenl\- !-ounger after dates of 11.000 to 
10,S00 "C years B.P. (Table 1 ) .  Two liigli- 
precision clata sets of floatiiig tree riiig series 
also slion. a clecrease in L l t C  oLrer at least 

at8Jres are estimate0 
from srj-year perioos mi- 
(72). Ring wioths are the 100 - AI4C (per mll) in German plnes (solld iine) and 

from Lake Madtlarn (clrcles w~th error bars) 
mean of all ones ~61ith a j 

15-year runnng average, 
Principa components -2 Iw"uC, PCA I3C. >H, scores and based tree-ring on wldths 
analysis (PCA) scores 2.0, in German pines 
represent a 15-year wn- 
nlng average of the re- 
sults from the first PC, 1 Tree-ring wldths (mm) 
axis (covering 97.3% of 0,2 - 

-4-1 T Air temperatures ("C) from GRIP 
total variance;. The ana- 
lyzed data set cons~sts of 
the measureo 13C and 
'H \!a!~es together w~ith -24 1 
the mean ring ~ l~ ld ths  of -35 6 ' 8 0  (per mil) in GRIP 
the chemica l  a z e o  
tree rings ~ ~ ~ i i h o u t  ~veight- 
ing or oata transforma- 4 
tion. Centerng v~as done ! 

by varabes on a covari- I 

ance matr~x. The Ai4C 
culve 1s based on the -45 I 

Younger Dryas 1 Allernd 

dendrochro- 10,8- 
I I I 

noogy ~611th the addition- 
al 161 years (Fig. 5): the 

Calendar years B.P. 

data ~vere ow-pass fil- 
tered by FFT smoothing. The A'% \ ~ a l ' ~ ~ e s  from Lake Madtjarn were ca1c~:ated by a g n n g  calendar ages 
for the AMS-dated levels 796 to 835 cm (Fg. 3 and Table 1): the age of LC ~vas fxed at 11 450  calendar 
years B P , and two constant sedimentatton rates [0.28 mtr yearr1 (rate AL-YD) and 0.3 tnln yearr' (PB)] 
were used on the basis of the 11 50-calendar year length of the YD (3, 70-72) and the cabrated calendar 
ages of the youngest '"C dates. The CO, values [from !3Si] were related to omLlr chronology by ass8Jriilng 
a constant sedimentaton rate through the YD (33). The older valctes il1c;strate the general drop in the late 
Aerod. 

120 dendro wars  in the interval 11,000 to 
10,900 ItC yeari B.P. ailil a n  al3rul.t j u r n ~ ~  to  
?IXlS dates of -10,600 years B.P. for the 
oiiset of the YL3 (25.  29) .  Tliese records 
imply that a period ot  good ocean ventila- 
tion s~ldclenl\- canle to ,In enL] (1 )  at tlie 
.AL-YD bouiidarv. 

W ~ t h  a ~ i o r ~ l l a l  production of 1% "C per 
80 years and \\.it11 90% of the total C res- 
ervoir in the intermeiiiate-Lleep ocean ( 3 9 ,  
a rise of 30 to 60 per nlil atlnospher~c L1'C 
in 82  years \ ~ o u l d  illeall an approsirnately 
35 to '70% reduct~on In tlie excliange be- 
tn.eeil the intermediate-dee ocean ancl the 
surtace ocean-atmosphere reser~roirs. W'e 
maLle several runs with a l?~x-~liftusion 
~lioclel (31 ) to test \vlietlier a rapi~l  L1'C rtse 
follon.e,l by ,I slower rise ancl a subsequent 
gradual decrease could he caused by a 200- 
year-long re~luction in deep-ocean ventila- 
tion a t  the  oiiset of tlie Yl), follovc~ed hi- a 

return to the  I-Iolocene moLle (Fig. 
5 ) .  T h e  LI4C variations \?ere mLxIeled by 
varyiiig the c l~ff~~sic~nal  mixing o t  tlie Jeep 
ocean and tlie evcliaiioe rates 1~etu.een the  " 

at~liosphere and tlie nlised layer (Fig. 7 ) .  
Tlie resulting cliailge in a t ~ l l o s ~ l i e r ~ c  ancl 
mised-la\-er AliC is consistent n.1t11 our 
data and also esplaiiis tlie apparent rise in 
tlie atmospliere-mise~l layer LL'C d~ffer- 
e w e  ("marine reservoir age") L l ~ ~ r i n g  the  
YI? (32). Such a gra,lual increase in ocean 
ventilatioil over maiiy centuries ma\- seem 
unrealistic. Holyever, because ot tlie ~ l , ~ m p -  
ilig of tlie at~liosplierii I4C s~gnal ,  ail iiiter- 
mittent o~?eration of the ocean conI.evor 
witli a gradually i~icreasilig duration of es-  
cliaiige \voulJ lea\-e a11 equivalent ~mpr in t  
in the "C record. Tlie reiluctioii 111 tlie 
excliange het~veen tlic atmospliere and the  
ocean miseil layer can be esplaineJ hy tlie 

Organic C (%) 

Fig. 6. Organic C content (reflecting aqmLlat1c pro- 
d'Jctlon: it? the early Preboree lacustrine sedi- 
lnents iMA. Lake Madtjarn; LM, Lake Mjalsjon; 
ALT, Torreberga), as w e  as the content of detrtal 
carbonates from Torreberga (dashed ne ) ,  ndi- 
cating s o  erosion and allochthono~ts inout related 
to depth belov~ lake surface. Detrita carbonate 
conrent (DC) was obiailled by a tnass balance 
cacu12ton i52). A \!alcres are related to percent- 
age of ory weight. DC exhibtts values of 73 to 80% 
in the YD before t rapidly decreases to 0% at LC 
(341 cm). The stratigraphic pos~tion of the PBO is 
marked by shading. 
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ahu~~;lil~-it co\ r r  of sea ~ c e  Llll;l ~celiersa Jur-  
ins the YL> (18.  19) [see al\i> the ~ c e - r ~ t t e i i  
dc l~r i i  ( IRD) record in Flg. c i ] .  

It I:: t h ~ ~ , s  p l a ~ ~ > ~ l l l e  that a short per~c>iI ~ ) i  
greatly reciuced 1-el-it1latiol-i alnd hottc~m- 
Tvater pri)i l~~ct~i>l-i  may l1~1r.e led the c l ~ m a t e  
into the  1-L>. ,itmospl-ier~c C C J ~  collcelltr,i- 
t l i~ns  ilecrea~eil ~ l ~ h t ~ n c t l y  ;it the end o i  tl-ie 
.\llerL)il \varming (33); this tre1-iil 1s mi).,t 
liltelv r e l ~ t e ~ l  t ~ )  ~ ) L I I -  A +C r i x  (Fis. 5 ) .  
These posiihly c a ~ ~ ~ ~ l c d  s ign~ l s  call be cs-  
P ~ J I I I C I C ~  111 tC'1-lllh Lie~~e~lhr i l  ~elltll~ltlkIl1 
;inLl sea-surface t em~ie ra t~~rcs :  hleltn.atcr 
tluxe> leai{ ti] a decrease ln atl~-iaspl~erlc 
CO, ;15 i)ceal-i uLital;e ot C O ,  ~lncrc~lses 1 ~ 1 t h  
;e,l-hurhce c u o l ~ ~ ~ i i .  Thli liroce5s thus act.; ;ls 
a positlye feeill~acl< fill- more ci>oln-ig. A 
iieireace in ,~ t~nospher iz  C0: conce~-itratio~l 
~ ~ ~ ~ ~ l ~ e i l ~ ; l t c l \  after tile post-YD CC3: &leak ill 
peat reii)r,l.; anil 1wss1131y in lee-c~>rr recorik 
(-34, -351 111<1y c,>rrcspL)llil t<) tl1c A ' + C  rise <It 
tl-ir PBO. 

Sc\.eral reiorils (Fig. 8) ilnLllc;lte s ~ ~ l i -  
sta~ltl,ll c l ~ m ~ l t l c  L)scillatlc)ns ~ f t c r  the  e s -  
te1-is1r.e retre,it o t  l i e  sheets 14,1P11 t c  
13,1317 "C years R.P. (-36). This retreat , , 

res~ilteii 111 a high melt\vater ~ n l i u t  to the  
Nor th  .\tla~-itic a n ~ l  the  1o1-i~ C3lile<t Dryas 

50 
0 
I 

0 --I 
s 

M~xed layer 
-50 

-2000 -1500 -1000 
Model tlme (calendar years) 

Fig. 7. A aox-ti~ffus~ol- model 13: I 017 1'-C i/ara- 
tons (layer gras,ii anti restltng 'C ages (upper 
grapli) caused b) clianyes In deep-ocean 17xng 
and 117 tlie atmospliere-mxeti a e r  exchange rate 
I~ppel-  irace~, In t,ie ai~nosp?ere m d d e  trace), 
anc! In the mxed a e r  ( o ~ ~ ~ e r i r a c e i .  T i e  lnaxmuln 
reduct~or 117 the model parameter IS 513~3 ffrolii 
4.220 1 7 1 ~  y e a  anti 1:s 9 yea3-s, respect~vel)) 
L(LIr c!enotes tlie coeti~cent of vel-~ca d~ffc~s~ve 
exclianse, and I < , .  , I S  the coeticent of exchange 
between the at1nosl;liere alicl the lnxecl layer. The 
long-ter12i trend 11- 1'-.C, 1na11ily attl-~I~utec: to an 
Increase i the geomagnet~c fled strengili, >;,/as 
~gnorecl, anti \.je r l i ~ . s  only modeled the resdual 
o:mr :he long-term trend 

cold sliell. T h e  t r a ~ - i s l t ~ ~ ~ ~ l  into the  B~ill111g 
\\- ; lrrn~l~p 1s shall-11 1 3 ~ .  increLls1ng tempera- 
tures 111 tl-ie G R I P  ck3re (1  2)  tollon.e~l 11v 
Llecre,ls~ng I l i C  values ~ 1 n t l 1  at  least 
17,532 L4C years B.P. ( 2 9 ,  37) ,  ' i ~ r h c ~ ~  an-  
i>tl-ier l - i ~ ~ e e  ~nelt\\-;lt?r peak ( h l W P  1.4) 
 occur^-eel (27 ) .  Tl-ila peak 111-ece~lc~i the  
11111- to 1511-year-long Older L3ry;li ( l C ,  
38,  39 )  ; ~ t  11,7113 : 4 C  y e x s  R.P. DLISLIIF 
the  Oltler Dl-yas, Al iC \.Lll~i?s rose, a. 111- 

d ~ c ~ t e c l  hy r a y ~ ~ l l v  \ -c>~~~-ieer  I-C ;lee> ( 2 9 ,  
3 7 ) )  and , l tmi>spher~c CO; ci>~lcel~tr,itlolns 
seem to l-iave re;lcheil ;i ~ n n - i ~ m ~ ~ m  ( 3 5 ) .  
Tlhe 1113-year-lk311ii Ger:ensee/Klll;lrney 
e \ -ent ,  o r ~ y ~ ~ - i a l l \ -  iletecteii 111 E ~ ~ r n p e a n  alnd 
NOI- th  .\mericaln laltc scdlments id?) ,  be- 
gan 430 ye~irs I ~ h l - e  the  i>nset of the  YL3 
anLl appears '1s ;I i l ~ s t ~ ~ l c t  G"C3 deyletlon ot 
2.5 per 11111 in tl-ic G R I P  c o x  (Fig. 5 ) .  
L x g e  jumpa 111 'C age from - 11 ,4P3 to 
-13,C)L'P veal-s B.P. are ;cell 111 se\.eral 
recc>rLls (-3, _"I, 3 7 )  ;is well ,is 111 ~3ur data 
(Tahle  1 ) .  This c L 3 k ) l ~ ~ ~ g  11-,li t11~1s ;llsi~ ;re- 
i i~~n~i .u- i~ccI  I ~ J .  r1s~119 Al tC  \.slues. 

T h e  1 15?-~-e,ir-lonii YD ( 3 ,  1 L1-12) 
the esieptloln to ;I 1~iltter11 of li>l-iec'r \\-arm- 
ing 1peric)cls 11-irerr~1lited 1iy short  ci30l e\.elnt>. 
.\lthc>ugh tl-ie pattern 'lt the c~ns r t  of the 
YD alTycar; ci7llslstent ny~tlh the otlher coL)l- 
~l-igs, C ) I I ~  Liiscer~lll~le ,Ilftere~-ice is tl-iat tlhe 

rate a n 1  extent of Al tC rlse at  the .\L-YL3 
lx)~ln~iary  (311 to 611 per m ~ l  III <7P years) 1s 
co~ls~deralbly l l lgl~er tl-ian ;lt the cxnset k3t the 
PBO (15 pel- mll n-i 63  y e a r ) .  T h e  s lmc  
dit'iere~lce 1. er~del-i t  \ \ . l~en  tl-ie t e m l ~ c r a t ~ ~ r e  
lc~n-ern-igs 111 the GRIP  Ice core (12)  are 
cc>mli;i~-eil n-lth tl-ie li~n.erlnus at the  other 
osc111,itlons: 1 jcC 111 1511 years ~t the i111;ct 
i)f the YD, cL)mpareil \\,it11 qcC 111 1311 years 
(PBCJ), ; . j 0 C  111 2,110 years (Ger:e~l>ee oa- 
c1ll;it1~3n), anil l l ° C  ~n ?Pi? years (Older 
Dryah). 

T h e  A L J C  record (Fig. 5)  huirgesth that 
the s t r e n ~ l h  o t  t112 N ~ ] r t l ~  r i t l ~ l ~ t ~ c  eo~l\.ey- 
or Llecreaseil s~~l i ; tant la l l~-  at  the -4L-YL> 
1~0~11niI~1ry anti that coolll? was rap~cl. This 
a1gll;ltLll-e e,>~llil l-ic3\,? l1ee1-i c< l~ l se~ l  by c3 SLICI- 
den frcsl~ivater t lus coml1ared n-lth more 
gl-ail~lal t1-ea11\vc3ter b~lil i l-~lps at  tl-ic C>tl-ier 
c>scill,~t~c>l~s, i ~ ~ ~ d  ~t illnpllc' that  the cause o t  
thc YL> m,i\- he relateLl tc> tl-ie i l r ; i~~l~nir  of 
l ~ u p e  yl;lc~,~l 1,ll;e (41.  42) .  .\t the AL-Y-D 
tr;lnsltlc>ll, b i> t l~  Lake riirasslr al-iii the Bal t~c  
Ice L;il;e e \ .~~lent ly  ilrall-iril, al tha~1~1-i the 
actual "C ;lire; c)t tl-ieae e\-el-it: T.RI-Y bet\vee~-i 
1 1,1190 anil 13,530 ye<lrb B.P. (43. 411. Thlh 
r~llnge of ci,~tes 11hely reilect:: tlie chal-iqe trum 
decll11111~ to s ~ i ~ l ~ l e ~ n l y  ~ I S I I I ~  A1'C \ . ~ l ~ ~ e s  ilt 
tl-ie AL-YL> ~ P L I I - ~ ~ ~ I ~ ~  (Flp. 5) .  \SJe t1-i~~. 1111- 

yl\- that these ill.a~n,lges may 1~al.e createil 

Fig. 8. Five d~ffereni a, V) 

ewes ~1io\.j11-g the O S C -  .a, x m 
a, r 
c a, 

13 
atng tievelopnent be- 2 P t 
i,veel- 15,000 a i d  ' 1,000 PBO Younger Dryas :$ Oldest Dryas 
calendar yea-s B P. The ,-- 

B 
clil-oiolog) \.;as flxecl 13y 
setrrg ti-e YE-PB bocl i d -  
at;' ?o 11.350 years B p 
r a recorcls The A ' C  
record olily 'qpreserts 
re~at~ve ciaiges: tlie 
dasi-ed pal? of tlie r e  11'- 
d~cates per~ods of uncer- 
t a r  changes T,ie fi'0 
record (per m relat~:je to 
SMOW from t?e GRIP 
Ice core ; lo-:  7: IS basec: 
on '00-)ear rtlnnlng 
mean i/aIues Tlie uank- 
tonc 6°C [per m )  record 
( s o d  ne: ancl ~erceniag- 
es of the  oar Ve3j icb3-  
c;Liaa! $!-a pachyder~na 
SII-~stt-a (s ) foram~n~fera 
and R D  co~.nts fdas,ied 
n e )  c:erlve from core 

11,000 12,000 13,000 14,000 15,000 
Calendar years B.P. 

EUAM 32-21 (9; I ^  the 
Faeroe-Slietand Channel (Fig 1A) at a >,vatel tiel;r,i of 1020 17 In t?e gatewa) to t?e Uorc:c Sees The 
Gerzensee:K arney osc~llai~on IS seen 11- a the Iriarne records at-c: the AL-YE transron s c~iaracterzeti by 
a dstnct 6110 tiepeton, 1nte.p~eted as a iresh\!%5;ater sl:ke, togetliel- r i ~ t h  ~ncreasecl occurrence of V 
oacl;; /g'e:-~a is.) ancl a dstlnct R E  peak f~Ilo\~iec: by reatvey hg? IRE %;al~~es r?ro~.glio~lt t?e YE. Tlie onset 
of t,ie PB IS sliown by abruptly decreasrg id. oac/;;/Ciee.~71a is.' frequences and arother 8'-0 de:,eron. 
~er l iaps caclsed a), a melt,d~ater s g i a  Tlie I2iarlne c,ironology IS basecl on ?\.io - C  c:ates anc! the costons 
and ages of tlie \Jec:de and Saksunar~!atl- teoliras 173 521 T?e top CLI~~I ,~  depcts t,ie strergth of t i e  North 
Ar antc conveyor on the bass of the comblned terrestr~a, ce-core, and n-arlne records creserred In Pis 
artce Across r?e top, :lie f~ve most oro12inent degaca cool1115 oerods I -  r?e Norih Ar antc reglon ibet\Aieen 
' 5.000 ancl " ,000 years B P, are sho,?;n 



hrlef but huge meltn~ater pulses 011 both siiles 
of the North iitlantlc, as indlcateil by a clear 
sea-surface salinity mlnlmum in the Gulf of 
St. Lawrence and a meltwater spilte on the 
Sivedish west coast at the ilL-YD trallsition 
(45). These meltn~ater inputs caused a tern- 
porar! but substantial \vaning of the convey- 
or (46) and abnlptly rising A1'C values, and 
may explain why only one YD occurreil after 
the onset of deglacial niarming. 

A ~ I  oscillatir~e system. The inevitable - ,  
effect of large inihlxes ot fresh \yarer and 
icel7ergs to the North Atlantic seems to be 
repeated periods of a gradual ivaning of the 
conveyor, resulting in brief coolings (Fig. 
3) .  Thereafter, the conveyor accelerates 
again as freshwater inp~lt  decreases and sa- 
linity builds up; northwaril heat ailvection 
and deek~ bottom-water production resume, 
resultlne in declininc 114C values as venti- 
lation increases. The onset of tlie YD was 
an extreme event tliat resulted in a long but 
oscillating recol-ery (1 9 ,  21 , 39, 47) (Flg. 5) 
nit-11 reduced bottom-water production anLl 
low atmosphere-misd layer exchange 
rates. Tlie grailually better ventilation In 
the upper ocean during the YD is shown by 
our data anil model (Figs. 5 and 7 )  as \yell as 
by other 1I4C and paleoceanographic 
recorils (42. 43). 

The  a b n ~ ~ t  YD-PB warmine sho~vs that u 

the onset of northward heat acll-ectlon n.as 
almost instantaneous but Ivas not accom- 
panied by a marltedly ~ncreased L-entlla- 
tion rate. The  deglac~al North Atlantlc 
may thus have l ~ e e n  characterized by grad- 
ual changes in fresh~vater forcing corn- 
l~lne,l with sudclen ~nstabllity durliig ~nas-  
slve freshn~iter fhlses (49) .  An oscillating 
behavior of the ocean and climate thus 
seenls to liave pre~ .a~ led  during the time of 
the establishment of Holocene-style clrcu- 
lation. Such a conclusion also ilnplles that 
catastrophic f r e s h ~ a t e r  d~scharges are nec- 
essary to create YD-type sltuatlons ~ I L I S I I I ~  
the stable lllodes of domlnantlv meridion- 
a1 cyc10111c current patterns 111 the north- 
eastern Atlantic. W e  also note that the 
cl ls t l~~ct  1I4C a11o111aly at 19,109 years B.P. 
(Flg. 2A) may signal one of the last degla- 
cia1 osclllatlons, ~ndicated by a simmllta- 
n e o ~ ~ s  1.5" to 2.9"C temperature clrop in 
the GRIP core (1 2 ) .  
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