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Abstract - -  The Last Termination is traditionally subdivided into the Oldest Dryas, BNling, Older 
Dryas, Aller¢d, Younger Dryas and Preboreal Chronozones. This paper briefly summarizes the his- 
tory of the Late Weichselian chronostratigraphic system and gives an overview of recent develop- 
ments in radiocarbon dating terrestrial records between 15,000 and 10,000 14C years BP. Problems 
inherent in the traditional chronostratigraphy are discussed in the light of new and more advanced 
dating possibilities, including accelerator mass spectrometry (AMS) measurements on terrestrial 
macrofossils. New results obtained using AMS-~4C dated varve sequences are compared with each 
other and with the marine U/Th coral record. In addition, the importance of time-synchronous 
marker horizons as a tool for long-distance correlation between different archives is illustrated. 
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INTRODUCTION 

The Last Termination (15,000-10,000 14C years BP), a 
time period of abrupt and rapid climate shifts, has been 
the focus of intense research for several decades. This is 
partly due to the fact that the records are young enough to 
fall within the range of the radiocarbon method which 
potentially can provide a chronological framework of 
high resolution for detailed correlations between land, 
ocean and ice records (e.g. Lowe and NASP Members, 
1995; Walker, 1995). Saccess in these efforts is impor- 
tant, because the Last Termination offers the possibility 
to study in detail the impact of rapid climatic changes on 
the environment and to test model simulations of global 
climatic change. 

The chronos t ra t ig raph ic  sys tem for the last 
glacial-interglacial transition in NW Europe is tradition- 
ally divided into the Oldest Dryas-, Belling-, Older 
Dryas- ,  AllerCd-, Younger  Dryas-  and Preborea l -  
Chronozones (Mangerud et al., 1974). Originally defined 
on the basis of the results of bulk radiocarbon dates of 
Scandinavian climato-/biozone boundaries, this chrono- 
stratigraphic scheme is still widely employed and has 
survived a number of proposed modifications. 

However, in the light of new and more advanced dat- 
ing possibilities, including accelerator mass spectrometry 
(AMS) measurements on terrestrial macrofossils, the 
problems inherent in this scheme have become apparent 
(see e.g. Ammann and Lotter, 1989; Lowe, 1991; Bard 
and Broecker, 1992; Wohlfarth et al., 1993; Lowe and 
NASP Members, 1995; Walker, 1995). It has therefore 
been suggested that the scheme should be abandoned 
completely and that isotopic signals should be used 
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instead (Broecker, 1992), or, that it be restricted in appli- 
cation to the Nordic countries only, with inter-regional 
comparisons being made using the radiocarbon time scale 
(Lowe, 1994). These recommendations are made because 
plateaux of constant radiocarbon age coincide with peri- 
ods of rapid climate change (Ammann and Lotter, 1989; 
Becker et al., 1991; Kromer and Becker, 1993), which 
makes it impossible to date these transitions precisely 
using the radiocarbon method and because biozones may 
be time-transgressive (Birks and Gordon, 1985) and may 
respond with a time-lag of several hundred years to cli- 
mate changes. Furthermore, AMS 14C dates obtained 
from terrestrial plant macrofossils as well as conventional 
radiocarbon measurements on bones and peat may often 
be several hundred years younger than the radiocarbon 
ages on corresponding bulk sediment samples from the 
same stratigraphical level (e.g. Olsson, 1986; Cwynar 
and Watts, 1989; Ammann and Lotter, 1989; Trrnqvist et 
al., 1992; Wohlfarth et al., 1993). This means that correct 
correlations and an interpretation of these different data 
sets (bulk sediment and macrofossil /peat  ~*C dates) 
become very difficult. In addition new AMS 14C dates on 
terrestrial macrofossils from high-resolution laminated 
lake records, combined with pollen stratigraphy and sta- 
ble isotope measurements enable now a more precise age 
estimation for the different bit- and chronozone transi- 
tions (Hajdas et al., 1993, 1995a; Goslar et al., 1995a). 

A further complication is the terminological complexi- 
ty that has arisen, for chronological definitions may be 
based on radiocarbon measurements (bulk or terrestrial 
macrofossil samples), calendar ages (varve, dendro, ice- 
core years), calibrated ages, the shape of a stable oxygen 
isotope curve, vegetation changes or inferred climatic 
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shifts. Terms such as Younger Dryas Chronozone,  
Younger Dryas b iozone,  Younger  Dryas cold 
phase/event, Younger Dryas stadial, Younger Dryas cli- 
matic reversal, Younger Dryas, B011ing-Aller0d intersta- 
dial, Lateglacial Interstadial appear frequently in the sci- 
entific literature, and it is often unclear where the 
chronostratigraphic boundaries of these periods are actu- 
ally placed. 

New research results during the last years have clearly 
undermined the perception of a secure chronostratigraphy 
for the last deglaciation. However, a formal chronostrati- 
graphic system cannot simply be abandoned without 
some reassessment of the historical developments and the 
clear definition of a scheme that should replace it. The 
purpose of this paper, therefore, is to briefly summarize 
the history of the Late Weichselian chronostratigraphic 
system sensu  Mangerud et al. (1974) and to give an 
overview of recent developments in radiocarbon dating 
terrestrial records between 15,000 and 10,000 14C years 
BP. New results obtained using AMS14C dated varve 
sequences will be compared with each other and with the 
marine U/Th coral record. In addition, the importance of 
time-synchronous marker horizons as a tool for long-dis- 
tance correlation between different archives will be illus- 
trated. Finally, options for a revised stratigraphic subdivi- 
sion of the Last Termination will be discussed. 

In the discussion which follows, '14C years BP' stands 
for conventional radiocarbon years (bulk and AMS dates) 
before A.D. 1950, 'vy BP' for varve years before A.D. 
1950, 'dendro years BP' for tree-ring years before A.D. 
1950 and 'U/Th years BP' for U/Th years before A.D. 
1950. The term calendar years BP is applied only when 
all calendar-year chronologies, i.e. tree rings, varve 
records and U/Th coral data are compared with each 
other. Radiocarbon ages which were calibrated using the 
Stuiver and Reimer (1993) calibration programme are 
referred to as cal. years BP. 

THE LATE WEICHSELIAN 
CHRONOSTRATIGRAPHIC SYSTEM: A 
SOLUTION TO A PROBLEM OR ADDED 

COMPLEXITY? 

Background 

More than 20 years ago, Mangernd et al. (1974, p. 
109) proposed "a common chronostratigraphical classifi- 
cation of the Quaternary in Norden (and partly NW 
Europe)", which comprised mainly the Late Weichselian 
and Holocene time periods. The necessity for the estab- 
lishment of a chronozonation arose from the fact that 
biostratigraphical, climatostratigraphical and chronos- 
tratigraphical system zones previously introduced by 
Jessen (1935, 1938) were assumed to be synchronous in 
Scandinavia (Nilsson, 1935, 1948; F~egri, 1935, 1940, 
1954; Sauramo, 1949; Donner, 1951) and in central 
Europe (Firbas, 1949). Thus they were employed essen- 
tially as a chronostratigraphic scheme. As it became 
obvious that the boundaries of these climato- and bio- 

zones were in fact diachronous, their use for correlation 
purposes was increasingly criticised (Mangerud, 1970; 
West, 1970; Donner, 1971; Birks, 1973). Therefore, fol- 
lowing Hedberg (1972) and the principles of chronos- 
tratigraphy, Mangerud et al. (1974) suggested that radio- 
ca rbon-da ted  chronozones ,  which are in theory  
synchronous on a world-wide basis, would help to solve 
the problems of comparison and correlation at the region- 
al and continental scales. 

"The purpose of chronostratigraphic classification is 
to organize systematically the Earth's sequence of 
rock strata into named units (chronostratigraphic 
units), corresponding to intervals of geologic time 
(geochronologic units), so that these may facilitate 
time-correlation and age-determination of strata and 
serve as a reference system for recording events of 
geologic history. Chronostratigraphic units should 
be set up as far as practical so as to depict important 
stages in the geological development of areas and 
regions and of the Earth as a whole ...... " (Hedberg, 
1972, p. 311). 

For Denmark, southern Sweden and southern Norway 
it was initially considered that this would mean that the 
"old climato-biostratigraphic zones will correspond to the 
proposed chronozones" (Mangerud et al., 1974, p. 117). 
Thus, as shown in Table 1, the BOiling Chronozone com- 
prised the Oldest Dryas and BOiling periods or pollen 
zones Ia and Ib of Iversen (1954) and the pollen zones 
DR1 and BI3 of  Nilsson (1961). The Older Dryas 
Chronozone  comprised the Older Dryas period or 
pollen zones Ic of Iversen (1954) and DR2 of Nilsson 
(1961), the Aller0d Chronozone comprised the Aller0d 
period or pollen zones II of Jessen (1935) and AL of 
Nilsson (1961) and, the Younger Dryas Chronozone com- 
prised the pollen zones III of Jessen (1935), DR3 of 
Nilsson (1961) including the Younger Dryas/Preboreal 
transition zone (DR3-PB) of Berglund (1966). Although 
the chronos t ra t ig raph ic  zonat ion  of  the Older  
Dryas/Aller0d/Younger Dryas/Preboreal zones was based 
on radiocarbon dates from southern Scandinavia, the 
lower boundary of the Boiling and the B011ing/Older 
Dryas transition had to be inferred from dates obtained 
elsewhere in Europe (Mangerud et al., 1974, Table 2). 

Although originally designed for the Nordic countries, 
the Mangerud et al. (1974) scheme was for example soon 
applied in Britain (Pennington, 1975, 1977), but was crit- 
icised by Gray and Lowe (1977) and Lowe (1978) in the 
extent to which it could be applied in a strict sense to 
sequences in the British Isles. One of the main critisisms 
was, that "little evidence for a significant climatic oscilla- 
tion in Scotland comparable to the Older Dryas of conti- 
nental NW Europe" could be found (Gray and Lowe, 
1977, p. 178) and, that "the .... chronostratigraphic bound- 
aries for the beginning and end of the Lateglacial do not 
correspond exactly with climatostratigraphic boundaries" 
(Gray and Lowe, 1977, p. 178). More specifically this 
meant that the dates associated with the Loch Lomond 
Stadial did not agree with the Mangerud et al. (1974) 
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Younger Dryas Chronozone boundaries (Lowe, 1978). 
Similar criticisms came from for example Switzerland, 
where Welten (1979, 1982) had applied the Mangerud et 
al. (1974) scheme in a modified version: he coupled it 
with the Firbas (1949, 1954) pollen zonation scheme, 
thus "producing a mixed chrono- and biozonation" 
(Lotter and Zbinden, 1989, p. 198). Welten (1982) pro- 
posed to introduce the Oldest Dryas Chronozone 
(>14,000-13,000 ~4C years BP), to regard the Older 
Dryas as the "last negative oscillation" within the Belling 
( s e n s o  la to )  Chronozone, and placed the boundary 
between the Belling and AllerCd Chronozones at 12,000 
~4C years BP. Although he kept the other chronozone 
boundaries in the sense Mangerud et al. (1974) had sug- 
gested, he separated a Younger Dryas biozone (III) from 
the Younger Dryas Chronozone by placing the beginning 
and the end of the biozone at 10,800 and 10,300/10,200 
~4C years BP respectively (Table 1). 

It is interesting that at approximately the same time, 
on the basis of a number of bulk radiocarbon dates, 
Oeschger et al. (1980) described a stagnation of radiocar- 
bon dates during the Younger Dryas climatic period 

(11,000-10,000 14C years BP). Although they explained 
this phenomenon as caused by either an extremely high 
sedimentation rate or by variations in the atmospheric 
14C/C ratio, they favoured the latter explanation and pro- 
posed a relationship between palaeoclimate and ~4C. 
Siegenthaler et al. (1980) suggested that drastic environ- 
mental changes could have led to, for example, accelerat- 
ed ocean circulation, which in turn might have reduced 
atmospheric ~4C levels. 

An obvious problem with the Mangerud et al. (1974) 
scheme was that the original chronostratigraphic bound- 
aries were defined on the basis of relatively few radiocar- 
bon measurements, and that "the important boundary 
between the Belling and Older Dryas Chronozone 
(12,000 ~4C years BP) was dated from sites outside 
Norden" (Bj6rck and H~kansson, 1982, p. 141). 
Numerous radiocarbon measurements presented by e.g. 
Berglund (1979) and Bj6rck and H~tkansson (1982) made 
it possible to fill this gap and allowed the conclusions 
that (1) the Nordic Late Weichselian chronostratigraphic 
system dates the climatic and biologic changes in south- 
ern Sweden fairly well, that limnic sediments older than 
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12,000 14C years BP can also easily be radiocarbon dated 
in southern Sweden, and that there is evidence for a 
short-lasting stadial period around 12,000 ~4C years BP. 
However, this short-lasting period should, according to 
Bjrrck and HLkansson (1982, p. 149), only be regarded 
"as a bio- and climatostratigraphic event and not as a 
time marker for the chronostratigraphy of Norden". 
Additional radiocarbon dates carried out on aquatic 
mosses, which, according to pollen stratigraphy, were 
growing during the Older Dryas and the very beginning 
of the Aller0d, implied that this period should be 
assigned a radiocarbon age of 12,250-12,100 ~4C years 
BP and, that the Older Dryas should not be retained as a 
chronozone (Bjrrck, 1984). 

Towards New Perspectives: High Resolution AMS 14C 
Dating of Terrestrial P lant  Macrofossils and Highly 
Variable Radiocarbon Activit ies 

With the development of the AMS method it was for 
the first time possible to radiocarbon date small amounts 
(less than 10 mg) of organic material (Oeschger et al., 

1985; Andr6e et al., 1986). This represented a major step 
forward since it enabled the measurement of the 14C 
activity of individual terrestrial macrofossils isolated 
from host sediments. By comparing the results obtained 
for a large series of bulk radiocarbon dates (gyttja and 
lake marl carbonates) with AMS radiocarbon measure- 
ments obtained from plant macrofossils from the site of 
Lobsigensee in Switzerland, Oeschger et al. (1985) and 
Andr6e et al. (1986) demonstrated differences of between 
300 and 800 radiocarbon years between the two data-sets, 
which they attributed to the so-called hard-water effect. 

On the basis of  these first  AMS dates f rom 
Switzerland, Andr6e et al. (1986) re-defined the begin- 
ning of the Belling pollen zone to 12,500 ~4C years BP, 
some 500 radiocarbon years younger than the age pro- 
posed by Mangerud et al. (1974) and Welten (1982). 
Furthermore, the AMS dates showed relatively constant 
radiocarbon ages during the early Preboreal and B011ing 
periods, which corroborated the earlier findings by 
Oeschger et al. (1980) and strengthened Siegenthaler et 

al. 's (1980) hypothesis that these plateaux may be related 
to changes in atmospheric ~4C concentrations (Andr6e et 

al., 1986). 
In a provisional extension of the dendro-calibration 

curve, obtained by matching tree-ring data and the Lake 
of the Clouds varve/14C data-sets with the Swedish varve 
chronology (Tauber, 1970; Fromm, 1970), Stuiver et al. 

(1986) suggested that an offset of ca. 1000 years exists 
between varve-/dendro years and 14C years between 5000 
and 12,000 14C years BP. The last revision of the post- 
glacial part of the Swedish varve chronology (northeast- 
ern and east-central Sweden) and its connection to the 
present showed a total of 10,429+35/_205 vy, which meant 
that 483 more varve years had to be added to the post- 
glacial  part  of  the sequence (Cato,  1985, 1987; 
Str6mberg, 1985, 1989). Revised varve chronologies also 
existed for middle and southeastern districts of Sweden 
(Ringberg, 1971; Kristiansson, 1986), although these 

were not yet connected to the Holocene part of the varve 
chronology. To be able to estimate the timescale differ- 
ences during the Late Weichselian, Bjrrck et al. (1987), 
therefore, compared palaeomagnetic data obtained from 
radiocarbon-dated lake sediments with those obtained 
from Late Weichselian varved clays. In contrast with the 
results obtained by Stuiver et al. (1986), their results 
indicated that the differences between radiocarbon and 
varve years appear to be minimal between 13,000 and 
12,000 14C years BP, but increase between 12,000 and 
10,000 14C years BP, and may have been as much as 1000 
years at ca. 10,000 14C years BP. To evaluate the variation 
in the ~4Cfi2C ratio, Zbinden et al. (1989) calibrated their 
AMS dates against the non-revised Swedish varve 
chronology, as presented by Fromm (1970). Following 
Tauber (1970), they assumed that the pollen zone bound- 
aries in Swiss lakes correspond to the abrupt changes 
observed in the Swedish varve chronology (Tauber, 1970; 
Fromm, 1970). The resulting N4C values pointed to a 
dramatic increase of ca. 100%o in AI4C during the Aller0d 
and also suggested two declines in N4C of ca. 50%0 dur- 
ing the B011ing and the period from the end of Younger 
Dryas to the middle of the Preboreal. Zbinden et al. 

(1989) concluded that the drop in A~4C and thus the 
radiocarbon plateaux coincided with times of temperature 
increase and suggested the fol lowing scenario: the 
sudden influx of meltwater led to a stable stratification of 
surface waters, this in turn reduced the CO2 exchange 
between the atmosphere and the deep ocean and led to an 
increase in atmospheric ~4C. Zbinden et al. (1989, p. 802) 
reasoned that "to obtain the alternate succession ~4C 
decrease/increase/decrease, the ocean had to switch 
between states of low and high ventilation rates". 

Subsequent to this, Ammann and Lotter (1989), Lotter 
and Zbinden (1989) and Zbinden et al. (1989) summa- 
rized the results of a large number of AMS 14C dates and 
provided clear indications of the existence of two radio- 
carbon plateaux, an older one at 12,800-12,600 ~4C years 
BP (within the B011ing Chronozone/at the beginning of 
the Boiling pollen zone) and a younger one at ca. 10,000 
14C years BP, which included the second part of the 
Younger Dryas Chrono-/biozone and the first part of the 
Preboreal Chrono-/biozone. Becker et al. (1991) then 
presented the extension of their tree-ring record over the 
Pleistocene/Holocene boundary, coupled with dendro- 
dated 14C-, 13C and 2H-data, confirming the notion of a 
10,000 lnC plateau. 

Based on 98 AMS and 139 bulk sediment radiocarbon 
dates, Ammann and Lotter (1989) proposed a modifica- 
tion of the Late Weichselian bio/chronostratigraphic sys- 
tem (Table 1) adopted and adapted for Switzerland by 
Welten (1982). The reason for such a re-interpretation 
was, that the radiocarbon ages of the biozone boundaries 
in Switzerland did not correspond to the chronozone 
boundaries and due to the laC plateaux, no precise radio- 
carbon age could be attributed to the onset of the BOiling 
biozone nor the Preboreal bio/chronozone. Although 
Ammann and Lot ter  (1989) kept  Wel ten 's  (1982) 
chronostratigraphic scheme, their Oldest Dryas/Bolling 
biozone boundary was redefined at ca. 12,700 14C years 
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BP and their Aller0d/Younger Dryas biozone boundary at 
ca. 10,600 14C years BP. Similar ages for the 
Aller0d/Younger Dryas biozone transition had been 
obtained on AMS-dated macrofossils in Ireland 
(10,600-+60 14C years BP, Cwynar and Watts, 1989). The 
large difference between these results and the 
Scandinavian bio/chronozonation was explained by the 
hypothesis that the Younger Dryas may not have been a 
synchronous event (Cwynar and Watts, 1989). Other 
AMS ages from, e.g. southeastern Alaska, Atlantic 
Canada, British Columbia and southern Sweden, suggest- 
ed ages of 10,880_+9:5 14C years BP (Engstrtm et  al., 
1990), ca. 10,770 ~4C years BP (Mayle et aL, 1993), ca. 
10,730 ~4C years BP (Mathewes e t  a l . ,  1993) and 
10,730_+80 14C years BP (Hammarlund and Keen, 1994) 
for this transition. These results can hardly be interpreted 
in the sense that the ¥~unger Dryas biozone commenced 
later in Switzerland or Ireland than in Scandinavia 
(Cwynar and Watts, 1989; Wohlfarth et al., 1994a), but 
rather that the Nordic chronostratigraphy, although based 
on softwater bulk sediment dates, suffers from lake reser- 
voir effects, which makes comparisons with terrestrial- 
based chronostratigraphies difficult (Wohlfarth et  al., 
1993). Comparisons between radiocarbon dates obtained 
using bulk sediment samples and terrestrial macrofossils 
support this hypothe~ds and show that bulk sediment 
dates are in general several hundred years older than ter- 
restrial macrofossil da~Les (Ttrnqvist et al., 1992; BjSrck 
et  al., in p repara t ion )  as suggested by Olsson (1986). 
Olsson (1986) argued that sediment ages are not only 
affected by hard-water, but also in soft-water lakes sedi- 
ment ages may be too old because of redeposition of 
older organic matter and a specific reservoir effect inher- 
ent in each lake basin. 

During the last few years it has also emerged that 
minor climatic fluctuations have more than a regional 
impact on climatic and vegetational changes during the 
Last Termination. The Gerzensee oscillation (Eicher 
and Siegenthaler, 1976) which is dated to shortly before 
11,000 ~4C years BP (Lotter et  al., 1992a), may corre- 
spond to the Killarney oscillation in Northern America, 
dated by terrestrial macrofossils to 11,160-10,910 14C 
years BP (Levesque et  al. ,  1993). The older climatic 
event, the Aegelsee fluctuation in Switzerland, which is 
dated by peat and terrestrial macrofossils to 
12,300-12,000 14C years BP (Lotter et al., 1992a) may 
be synchronous with the Older Dryas pollen zone of 
southern Sweden (BjSrck and M611er, 1987; Walker, 
1995). 

A chronostratigraphic framework for the Late 
Weichselian and the direct correlation of climatic 
events during this highly variable time period is obvi- 
ously beset with severe problems and can only be 
approached by (1) ex~ending the dendrochronological 
calibration curve further back in time, (2) AMS radio- 
carbon dating of terrestrial macrofossils from annually 
laminated deposits which allow the construction of a 
calendar-year chronology and (3) establishing a high- 
resolution AMS 14C chronology for each synchronous 
event. 

RADIOCARBON VERSUS CALENDAR YEARS 

Tree rings have long been used to calibrate radiocar- 
bon years to calendar years for the Holocene time scale 
(e.g. Becker, 1980; Stuiver et  al., 1986; Becker, 1992). 
They are an ideal calibration instrument because pack- 
ages of tree rings (<10 years) and even single-year wood 
samples can be directly 14C dated (Becker, 1993). Thus 
tree rings provide the unique possibilities of a very 
detailed radiocarbon calibration curve and the reconstruc- 
tion of radiocarbon variations. By matching the German 
Holocene oak chronology - -  which itself is based on the 
step-wise linking of more than 6000 tree-ring curves of 
recent, historic and prehistoric tree-ring records - -  with 
the German pine chronology, it was possible for the first 
time to extend the radiocarbon-dated dendrochronologi- 
cal record beyond the Younger Dryas/Preboreal boundary 
(Becker et al., 1991; Kromer and Becker, 1992, 1993; 
Becker, 1993; Trimbom et al., 1994) (Fig. 1). The oak 
chronology covers the last 9971 dendro years and starts 
approximately when mixed-oak forests replaced the early 
Holocene pine forests in Central Europe (Becker, 1993). 
The pine (Pinus sylvestris)  chronology is based on 190 
subfossil pines (Becker, 1993), which are linked to a con- 
tinuous but floating 1920 dendro year long pine chronol- 
ogy (Kromer et al., 1994). The match between the oak 
and pine chronologies is based on the 8800 14C years BP 
oscillation visible in both records (Kromer and Becker, 
1992, 1993), i.e. a rapid decrease of 14C ages between 
9100 and 8930 14C years BP at the end of the pine series 
and a 350 dendro year long plateau of constant ~4C ages 
at the beginning of the oak chronology (Becker et  al., 
1991). This connection enables the whole dendrochrono- 
logical record to be extended back to 11,597 dendro years 
BP (Kromer et al., 1994) and radiocarbon ages to be cali- 
brated against the dendro-record back to ca. 11,400 cal- 
endar years (Kromer and Becker, 1993; Stuiver and 
Reimer, 1993). Although the overlap between the oak 
and pine chronology now consists of 295 tree rings, nev- 
ertheless the linkage is still regarded as tentative and has 
to be confirmed by additional '4C measurements (Becker, 
1993; Kromer and Becker, 1993; Kromer et aL, 1994). 
An important feature of the pine chronology are the 
changes in the stable isoptope records derived from the 
wood samples. Synchronous and significant increases in 
813C and 82H values coincide with the end of the 10,000 
~4C years BP plateau and are interpreted as reflecting the 
Lateglacial/Holocene transition or the termination of the 
Younger Dryas cold phase (Becker et al., 1991; Trimbom 
et al., 1994). In dendro-years this event has a minimum 
age of ca. 11,050 dendro years BP (Kromer and Becker, 
1993). Thus, calendar-year ages and ~4C ages show dif- 
ferences of ca. 1000 years at the Pleistocene/Holocene 
transition. 

Beyond the range of the dendro-calibration record, i.e. 
beyond 11,400 calendar years BP (Kromer and Becker, 
1993; Stuiver and Reimer, 1993), several different meth- 
ods, based on combined U/Th and 14C measurements of 
corals (Bard et al., 1993; Edwards et al., 1993) and on 
AMS ~4C dates of terrestrial plant macrofossils from 
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laminated sediments (Hajdas et aL, 1993, 1995a, b) have 
been proposed to extend the calibration curve. Since 
U/Th ages obtained on a sub-recent coral colony are 
close to sclerochronological (growth band) age, and since 
the U/Th-14C data points were comparable to the dendro- 
calibration curve between ca. 6000 and 10,000 14C years 
BP (Bard et al., 1993) (Fig. 2), a calibration of radiocar- 
bon dates older than 10,000 14C years BP has been sug- 
gested by using the U/Th coral record (Stuiver and 
Reimer, 1993). 

A M S  ~4C-Dated Varve Chronologies 

Annually laminated or varved sediments occur in 
glaciolacustrine and lacustrine environments. Although 
known for more than 100 years and tested as a calibration 
tool more than 20 years ago (Stuiver, 1970), varved lake 
sediments have only received heightened attention during 
the last decades, when better coring techniques made it 
possible to recover long and undisturbed sequences. 
While glaciolacustrine varves are purely minerogenic 
sediments with silty summer and clayey winter layers 
(De Geer, 1912), a large variety of varve types may be 
present in non-glacial lake basins (e.g. clastic varves, 
organic varves, calcareous varves, see Saarnisto, 1986). 
The great advantage of many lacustrine and glacio-lacus- 
trine varved sequences is that small amounts of terrestrial 
plant macrofossils can be extracted from 50-100 varve 

year segments and radiocarbon dated by AMS. Thus the 
radiocarbon measurements can be compared directly with 
the corresponding varve age. 

Laminated lake sediments: the Lake Gosciaz, Lake 
Soppensee and Lake Holzmaar data sets 

Lacustrine sites with long organic varve records and 
combined AMS 14C dates on terrestrial macrofossils 
extending into the Late Weichselian have been reported 
from Lake Holzmaar in Germany (Zolitschka et al., 
1992; Hajdas et  al . ,  1995a), Lake Soppensee  in 
Switzerland (Lotter et al., 1992b; Hajdas et al., 1993) and 
Lake Gosciaz in Poland (Ralska-Jasiewiczowa et al., 
1992; Goslar et al., 1992, 1993, 1995a, b). At Lake 
Gosciaz, Lake Soppensee and Lake Holzmaar, local lake 
lamination chronologies were established by matching 
the varve records in several cores with the help of charac- 
teristic laminae or tephra layers. The advantages of lami- 
nated lake sediments are that multiple palaeoecological 
studies can be performed (e.g. Renberg and Segerstrtm, 
1981; Saarnisto, 1986) using, for example pollen, stable 
isotope or diatom analyses (Ralska-Jasiewiczowa et al., 
1992; Hajdas et al., 1995a). Their disadvantages, howev- 
er, are that unlaminated sequences and/or turbidites may 
be present in the lacustrine varve records, the laminae 
may be of widely different qualities, or the laminations 
do not continue up to the present time. 
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FIG. 2. U/TH-14C measurements on corals from Barbados, Mururoa (Bard et al., 1993) and New Guinea (Edwards et al., 
1993) displayed with a 2o standard error and compared to the dendro curve (Kromer and Becker, 1993). 

The Lake Gosciaz varve chronology which is subdi- 
vided on the basis of pollen stratigraphy and the shape of 
the bulk 6180 and 6~3C curves starts at the end of the 
AllerCd pollen zone (Rozanski et al., 1992; Ralska- 
Jasiewiczowa et al., 1!)92; Goslar et al., 1993). By wig- 
gle-matching a dense set of AMS ~4C dates to the dendro 
calibration curve, Goslar et al. (1995a, b) were able to 
present a high-resolution record of climatic and environ- 
mental  changes over  the Younger Dryas/Preboreal  
boundary. According to these results, the Younger 
Dryas/Preboreal pollen zone transition can be placed at 
11,440_+120 vy BP (Goslar et al., 1995a) (see Table 2) 
and the length of the Younger Dryas pollen zone is esti- 
mated at 1140_+40 vy (Goslar et al., 1995b). Following 
this estimation, the Allercd/Younger Dryas pollen zone 
transition is situated at ca. 12,580_+120 vy BP (Goslar et 
al., 1995b) (Table 2). 

In Lake Soppensee the laminations start, according to 
Lotter et al. (1992b), during the Belling pollen zone. The 
AllerCd/Younger Dryas and Younger Dryas/Preboreal 
pollen zone transitions (Lotter et al., 1992b) are placed at 
12,125_+86 and 10,986:~_86 vy BP respectively (Table 2), 
based on wiggle-matching Holocene AMS 14C dates to 
the dendro-calibration curve (Hajdas et al., 1993). The 
length of the Younger Dryas pollen zone is defined as 
1140_+110 vy BP (Hajdas et al., 1993). Lake Holzmaar 
has the longest record of laminated sediments, which 

reaches back to more than 22,000 years (Brauer and 
Negendank, 1994; Brauer, 1994). However, organic 
varve sedimentation did not start until the beginning of 
the Belling pollen zone (Zolitschka, 1990; Brauer, 1994). 
Pollen stratigraphy combined with wiggle-matching 
places the transitions between the AllerCd/Younger Dryas 
and Younger Dryas/Preboreal pollen zones at ca. 11,940 
and 11,490 vy BP respectively (Hajdas et al., 1995a) 
(Table 2). Laacher See Tephra has been found in the 
Soppensee and Holzmaar sequences and is dated to ca. 
12,350_+135 and 12,201_+224 vy BP in each respective 
site (Hajdas et aL, 1995a). 

Comparison o f  the Lake Gosciaz, Lake Soppensee and 
Lake Holzmaar data sets 

It becomes obvious from Table 2 that the varve ages 
of the AllerCd/Younger Dryas pollen zone transition are 
not comparable in the three lake records. The Younger 
Dryas pollen zone starts in Lake Gosciaz at 12,580_+120 
vy BP (Goslar et al., 1995b), but ca. 400-500 vy later in 
Soppensee (12,125_+86 vy BP) and ca. 600-700 vy later 
in Holzmaar (11,940 vy BP). A similar discrepancy exists 
for the Younger Dryas/Preboreal pollen zone transition, 
which is situated at 11,440_+120 vy BP in Gosciaz, at 
10,986_+86 vy BP in Soppensee and at 11,490 vy BP in 
Holzmaar. Despite these different varve ages for the 
pollen zone boundaries, the length of the Younger Dryas 
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TABLE 2. Definition and calendar year estimates for the beginning, end and duration of the Younger Dryas cold phase based on annual, 
terrestrial chronologies. The calendar-year ages estimated for the Swedish Time Scale are based on the preliminary adjusted Swedish Time 

Scale (see text) 

Beginning End Length 
Record Definition of the Boundary in vy BP in vy BP in vy Reference 

Soppensee Vegetation changes ca. 12,125 _+ 86 ca. 10,986 _+ 86 ca. 1140 _+ 110 
Holzmaar Vegetation changes ca. 11,940 ca. 11,490 ca. 450 
Gosciaz Increase/decrease in bulk 8180, ~3C, ca. 12,520 + 120 ca. 11,440 _+ 120 ca. 1140 

changes in terrestrial and lacustrine 
vegetation 

Swedish Time Ice recession rates ca. 12,100 ca. 11,440 ca. 660 
Scale Ice recession rates ca. 12,300 

Ice recession rates ca. 11,240 
AMS 14C dates, lithology ca. 12,500-12,700 

Dendrochronology Increase in 813Cand ~2H at the end ca. 11,045 
of the 10,000 14C BP plateau 

Hajdas et al. (1993) 
Hajdas et al. (1993) 
Goslar et al. (1995a) 

Str6mberg (1994) 
Kristiansson (1986) 
Brunnberg (1995) 
This work 
Becker et al. (1993) 
Kromer and Becker (1993) 

p o l l e n  z o n e  w i t h  ca .  1140 vy  is i d e n t i c a l  in b o t h  
S o p p e n s e e  and G o s c i a z  (Table  2). The  d i s c r e p a n c y  
between these three records leads to the following ques- 
tions: (1) Have the pollen-zone boundaries been defined 
differently at each site and can pollen-zone boundaries be 
c o m p a r e d  be tween  areas  separa ted  by  such long dis-  
tances? (2) Are the lake lamination chronologies based 
on erronous varve countings? 

One way to independently check the varve records of  
these three lakes is to compare  the ~4C dates and their  

corresponding varve ages with each other and with the 
dendro-cal ibrat ion curve (Fig. 3) (Becker  and Kromer,  

1993). Although a two standard deviat ion is taken into 
account for each AMS 14C date, the visual  correlat ion 
be tween the dendro-curve  and the varvepaC data sets 
f rom S o p p e n s e e  ( H a j d a s  e t  a l . ,  1993) and G o s c i a z  
(Goslar e t  aL ,  1995a) is not very good between 9000 and 
10,400 dendro/vy  BP. A clear ly  bet ter  correspondence 
exists between 10,400 and 11,500 dendro/vy BP, where 
the  A M S- Ia C  d a t e d  v a r v e  r e c o r d s  f rom S o p p e n s e e ,  
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Holzmaar and Gosciaz~ follow each other quite closely. 
The 9500 and 10,000 t4C plateaux are well expressed in 
both, the Soppensee and the Gosciaz data sets, but both 
curves display an offset towards younger 14C ages to the 
dendro curve. The end of the 10,000 14C plateau and the 
observed increase in 8L3C and ~2H in the tree rings at ca. 
11,050 dendro years BP (Kromer and Becker, 1993) 
co inc ides  app rox ima te ly  with the varve/14C ages 
obtained for the Younger Dryas/Preboreal pollen zone 
transition in Soppensee (Hajdas et  al., 1993). However, 
the recently published data from Gosciaz (Goslar et al., 
1995a) and Holzmaar (Hajdas et al., 1995a, b) indicate 
that the Younger Dryas/Preboreal pollen zone transition 
occurred several hundred years before the end of the 
10,000 '4C plateau. Based on 8~80, pollen stratigraphy 
and AMS 14C measurements, Goslar et al. (1995a) argue 
that the warming in Poland and thus the Younger 
Dryas/Preboreal transition began ca. 250 vy before the 
end of the 10,000 ~4C plateau and before the distinct rise 
in the ~13C and 62H values (Becker et al., 1991) in the 
tree rings and, that the match between the oak and pine 
chronology in the dendro-record (Kromer and Becker, 
1993) might be erronous and that the pine chronology 
may have to be extended by ca. 200 dendro yr. These 
findings place the Younger Dryas/Preboreal transition in 
Gosciaz (Goslar et  al . ,  1995a) also earlier than the 
Younger Dryas/Preboreal  pollen zone transition in 
Soppensee  (Hajdas e t  a l . ,  1993), but close to the 
Younger Dryas/Preboreal  pollen zone transition as 
defined in Holzmaar ~md similar to the rapid changes 
visible in the 6'80 curve in the Greenland ice cores 
(Johnsen e t  al . ,  1992; Taylor  e t  a l . ,  1993). If  this 
assumption proves to be correct, it would mean that the 
climatic signal seen in the Greenland ice cores is syn- 
chronous with the environmental changes detected in 
Lake Gosciaz and synchronous with the pollen zone 
transition as defined in Lake Holzmaar. If the pollen 
zone transitions in Lake Gosciaz and Lake Holzmaar are 
synchronous with each other and with the Greenland ice 
core signal, then it is difficult to understand why the 
Younger Dryas/Preboreal pollen zone transition in Lake 
Soppensee is situated a few hundred years later. Since 
the varve/14C curves in both sites show a similar shape, 
the answer might be that the Younger Dryas/Preboreal 
pol len  zone t rans i t ion  is de f ined  d i f f e ren t ly  in 
Soppensee and Gosciaz. This would further imply that 
none of these varve chronologies is erronous, but that it 
is simply a matter of ihow a pollen zone boundary is 
defined. 

Beyond the range of the dendro-calibration curve and 
back to ca. 13,200 vy BP, AMS 14C ages from Gosciaz 
are genera l ly  younger  than those obta ined  f rom 
Soppensee and Holzmaar on the corresponding varve 
years. While the AMS v~C dates from Soppensee date the 
AllerCd/Younger Dryas pollen zone transition to ca. 
10,800-10,400 ~4C year,,; BP (Hajdas et al., 1993, 1995a, 
b), the AMS ~4C dates from Gosciaz show that radiocar- 
bon ages drop from ca. 10,900 to 10, 44014C years BP at 
the Aller¢d/Younger Dryas boundary (Goslar et  al . ,  
1995a). 

Glacio-lacustr ine varves: the Swedish  l~me Scale 

Another record, combining annually deposited varves, 
AMS 14C dates on terrestrial macrofossils and pollen 
stratigraphy, are the varved clays upon which the 
Swedish Time Scale is based (Wohlfarth et al., 1994b, 
1995; B j t r c k  e t  a l . ,  1995). During the Balt ic  Ice 
Lake/Yoldia/Ancylus-stages of the Baltic Sea, varved 
clays were deposited in front of the ice margin, along the 
east coast of Sweden below the highest shoreline of the 
former Baltic (Bjtrck, 1995). Therefore, following the 
retreating margin of the Fennoscandian ice sheet, the age 
of the varved clays becomes gradually younger from 
south to north. This is one of the basic assumptions in the 
establishment of the Swedish varve chronology which 
was described and presented for the first time by De Geer 
(1912). In a similar way to dendrochronology,  the 
Swedish varve chronology is based on a large number of 
cross-matched, overlapping varve diagrams, altogether 
more than 1000, which were established along the 
Swedish east coast and at the mouth of the lkngerman~il- 
ven river in Northern Sweden (see summary by e.g. 
Strtmberg, 1989; Bjtrck et  al., 1992a). The diagrams 
were connected to each other on the basis of characteris- 
tic marker varves or varve sequences (Strtmberg, 1983). 
In Sweden, this varve chronology is generally divided 
into three main parts: the oldest gotiglacial, the finiglacial 
and the youngest postglacial varves (De Geer, 1912, see 
also Bjtrck et al., 1992a; Wohlfarth et al., 1993). Based 
on the progress in clay-varve research during the last 
decade, which included a linkage of the postglacial part 
to the present (Cato, 1985, 1987), a revision of the post- 
glacial (Lidtn and Cato, unpub l i shed )  and finiglacial 
varve correlations (Strtmberg, 1985, 1989) and a connec- 
tion of the floating gotiglacial varve chronologies to the 
finiglacial varves (Strtmberg, 1989, 1994; Brunnberg, 
1995), it has been assumed that the Swedish Time Scale 
constitutes a calendar-year record covering ca. 13,200 vy 
(Wohlfarth et al., 1995). 

Recently, however, the correlation of dendrochrono- 
logical and ice core records with high-resolution AMS- 
dated lacustrine deposits from southern Sweden over the 
Younger Dryas/Preboreal boundary has clearly demon- 
strated that at least 500 varve years and possibly as much 
as 600-700 varve years are missing in the Swedish Time 
Scale (BjOrck et  al. ,  in p r e p a r a t i o n ) .  Since the Late 
Weichselian and early Holocene  part of  the varve 
ch rono logy  can be regarded  as well  es tabl i shed 
(Strtmberg, 1989; Brunnberg, 1995; Wohlfarth et  al., 
1995), an hypothesis is that these missing varves may be 
related to erronous varve connections in the yet unpub- 
lished Holocene chronology (Lidtn and Cato, unpub-  
l ished),  i.e. between 2000 and 9000 vy BP. Until this 
problem is solved, the Late Weichselian and early 
Holocene part of the Swedish Time Scale is again consid- 
ered as a floating varve chronology. However, as a work- 
ing hypothesis and following BjOrck et al. 's (in prepara-  
t ion) suggestion, 500 vy have here been added to the 
Holocene part of the chronology. This preliminary adjust- 
ment means that the Late Weichselian part covers the 
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time period between ca. 11,250 vy BP and ca. 13,700 vy 
BP. 

Since varved clays were deposited almost everywhere 
below the former shoreline of the Baltic Sea during the 
Late Weichselian and the early Holocene, they can fre- 
quently be found today in lake sediments and peatbogs in 
southeastern Sweden. These sites had gradually become 
isolated from the Baltic Ice Lake due to isostatic land 
uplift (see e.g. Bjtirck, 1981; Svensson, 1989). The 
advantage this presents are: (1) an unlimited number of 
cores can be recovered at each locality, which means that 
large quantities of varved clays, covering a specific time 
span, can be obtained; (2) the same varve years can be 
sampled in several sites allowing cross-checks to be 
made between the results obtained using pollen strati- 
graphical investigations and radiocarbon measurements; 
(3) local disturbances caused for example by dead- 
ice/slumping can be avoided by coring at adjacent sites; 
(4) the varves which show clear summer (silt) and winter 
(clay) layers are easy to measure and the resulting varve 
diagrams can be connected easily to the Late Weichselian 
part of the Swedish varve chronology; and (5) coring, 
varve measurements, pollen assemblage data and AMS 
measurements can be easily replicated without immense 
efforts. The local pollen assemblage zones obtained from 
the varved clays can be related to the regional pollen 

zones established in southern Sweden and by cross- 
matching each resulting varve diagram to the preliminary 
adjusted Swedish Time Scale, an assignment in varve 
years can be obtained for each pollen zone. 

According to the preliminary adjusted, but now float- 
ing, Swedish Time Scale, the pollen stratigraphical inves- 
tigations completed so far show that the varves dated to 
> ca. 13,250 vy BP were deposited during the Belling 
pollen zone while the varves dated between ca. 13,250 
and 13,100 vy BP may be attributed to the Older Dryas 
pollen zone (Bjtrck, 1981; Bj t rck and Mtller,  1987; 
Wohlfarth et al., 1994b) (Fig. 4). Marked changes from 
thick to thin varves and subsequently from thin to thick 
varves coincide with the B¢lling/Older Dryas and Older 
Dryas/AllerCd pol len-zone transitions respect ively 
(Wohlfarth et al., 1995). Indirect correlations to the Late 
Weichselian pollen zones/climatic zones can be obtained 
from the evidence of stagnation/rapid retreat of the 
Fennoscandian inland ice which determines variations in 
varve thickness (Kristiansson, 1986; Strtmberg, 1994). 
Based on observations of successions along the Swedish 
east coast, Kristiansson (1986) suggested that the varve 
year 1760 in his local chronology, which corresponds to 
ca. 12,300 vy BP in the preliminary adjusted chronology, 
reflects the beginning of a slow retreat/stagnation of 
the ice margin at the beginning of the Younger Dryas 
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climatic cooling (Fig. 4). Str6mberg (1994) on the other 
hand, observed a slow retreat of the ice margin before ca. 
12,100 vy BP (adjusted) and attributed this feature to the 
Allercd/Younger Dryas transition. New AMS laC mea- 
surements (Wohlfarth et  al., unpub l i shed)  and lithological 
changes give, however, strong indications that this transi- 
tion may be placed between 12,500 and 12,700 vy BP 
(adjusted) (Fig. 4). Two episodes of rapid retreat of the 
ice margin, the first at ca. 11,440 vy BP (adjusted) and 
the second at ca. 11,240 vy BP (adjusted), have been 
described by Str6mberg (1994). Str6mberg (1994) provi- 
sionally places the end of the Younger Dryas cold event 
at 11,440 vy BP (adjusted)  and the Younger  
Dryas/Preboreal transition at 11,240 vy BP (adjusted) 
(Fig. 4). Based on these estimations, Wohlfarth e t  al. 

(1995) proposed that the first rapid retreat of the ice mar- 
gin at ca. 11,440 vy BP (adjusted) may correlate with the 
increase in temperature :seen in many south Swedish lake 
records at the end of the Younger Dryas stadial or at the 
beginning of the Younger Dryas-Preboreal transition 
zone (Berglund et  al . ,  1994) (Table 2). Following the 
clay-varve investigations carried out by Brunnberg 
(1995), the second rapid retreat of the ice margin at 
11,240 vy BP (adjusted) has a much larger regional 
impact along the Swedish east coast, compared to the 

first rapid retreat, which is only seen in varve diagrams 
from central-middle Sweden (Fig. 4). Until pollen strati- 
graphical investigations and AMS 14C dates have been 
carried out over this part of the Swedish Time Scale, the 
placement of the Younger Dryas/Preboreal transition 
remains unclear. 

A number of AMS ~4C dates on terrestrial macrofos- 
sils have so far been obtained from the Late Weichselian 
varved clays (Wohlfarth et  al . ,  1995). By establishing 
varve diagrams at each locality and their connection to 
the adjusted Swedish Time Scale, an equivalent varve 
age BP can be assigned to each AMS date. In Fig. 4 the 
AMS 14C dates are plotted against the prel iminary 
adjusted Swedish Time Scale, but are also compared to 
the non-adjusted Swedish Time Scale as published by 
Wohlfarth et  al. (1995). By comparing the radiocarbon 
dates with the pollen stratigraphy obtained on the varved 
clays, a direct comparison can be made between AMS 
dates and regional pollen-zones boundaries. Based on 
such correlations, it is concluded, that the AMS 14C dates 
for the Belling pollen zone are all older than 12,300 ~4C 
years BP, the dates for the Belling/Older Dryas pollen 
zone transition are placed at ca. 12,200 ~4C years BP and 
the dates for the Older Dryas/AllerCd pol len-zone 
boundary at ca. 12,000 Lac years BP (Wohlfarth et  al. ,  
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FIG. 5. Comparison between different ~4C dated calendar-year records, the dendro-calibration curve (Kromer and Becker, 
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1995) (Fig. 4). When compared with the dendrochrono- 
logical calibration curve (Fig. 4) published by Kromer 
and Becker (1993), both the first and the second rapid 
retreat of the ice margin at ca. 11,440 vy BP and 11,240 
vy BP (adjusted) occur a few hundred years earlier, than 
Becker et al. (1991) and Kromer and Becker's (1993) 
increase in fil3C and ~2H at the end of the 10,000 14C 
plateau. 

Comparison of the Adjusted Swedish Time Scale, the 
Lake Lamination Records from Gosciaz, Soppensee, 
Holzmaar and the U/Th Coral Record 

Figure 5 displays a compilation of radiocarbon dates 
and calendar years obtained from dendrochronology 
(Kromer and Becker, 1993), U/Th (Bard et  al. ,  1993; 
Edwards et  al . ,  1993), annually laminated sediments 
(Hajdas et al., 1993, 1995a, b; Goslar et al., 1995a) and 
the preliminary adjusted Swedish varve chronology 
(Wohlfarth et al., 1995). All radiocarbon dates are shown 
with a two standard error margin. It is clear that the lami- 
nated/varve data sets as well as the 14C-U/Th record are 
not as precise as the dendro-record (Fig. 5). Although an 
overall common trend is evident in all curves between 
11,500 and ca. 12,700 calendar years BP, the Soppensee 
(Hajdas et al., 1993) and Holzmaar (Hajdas et al., 1995a) 
records show slightly older radiocarbon ages compared to 
Gosciaz (Goslar et  al . ,  1995a), the adjusted Swedish 
Time Scale and the U/Th records (Bard et  al. ,  1993; 
Edwards et al., 1993). Further back in time, the data sets 
available from Soppensee, Holzmaar, U/Th and the pre- 
liminary adjusted Swedish varve chronology show fairly 
large differences. While the U/Th data point to increasing 
differences between radiocarbon and calendar years, the 
varve records from Soppensee, Holzmaar and the adjust- 
ed Swedish Time Scale show decreasing differences (Fig. 
5). Such a development may be explained either by the 
fact that the U/Th data points are too scarce and that 
the varved/laminated data sets offer a more detailed 
reconstruction of the radiocarbon variations (Wohlfarth 
et al., 1995), or, that the terrestrial macrofossils which 
were extracted from the varved sequences are partly 
reworked. 

Apart from the uncertainties related to the radiocar- 
bon-dated calendar-year chronologies beyond 12,700 cal- 
endar years BP, an earlier plateau of constant radiocarbon 
ages is visible in the Gosciaz record and in the coral data 
sets between ca. 12,000 and 12,500 calendar years BP 
(Goslar et al., 1995a). Such a development is also evi- 
denced in the laminated lake-sediment sequence from 
Krhken~is in Norway, where two radiocarbon plateaux 
have been found during the Younger Dryas pollen zone 
(Gulliksen et  al., 1994). The Gosciaz record (Goslar et 
al., 1995a) shows that the radiocarbon ages which corre- 
spond to the very end of the AllerCd pollen zone drop 
from ca. 10,900 14C years BP at 12,615 vy BP to 10,400 
14C years BP at 12,520 vy BP, at the beginning of the 
Younger Dryas pollen zone. The presence of two 14C 
plateaux, one during the Younger Dryas and one at the 
Younger Dryas/Preboreal transition certainly complicates 

radiocarbon dating during this time period and explains 
why many AMS radiocarbon dates on macrofossils, espe- 
cially for the beginning of the Younger Dryas, have been 
so difficult to interpret. 

The radiocarbon dated calendar-year records clearly 
show the complexity associated with radiocarbon dates 
beyond the range of the tree-ring calibration curve, i.e. 
beyond ca. 11,400 calendar years BP. However, the error 
margins of all radiocarbon dates obtained on corals and 
on macrofossils are much larger compared to those 
obtained on tree rings and none of these data sets has yet 
the precision of the dendro-calibration curve with densely 
spaced radiocarbon dates. Therefore, it can be argued that 
none of the discussed data sets has at present a high 
enough resolution to reconstruct in detail the radiocarbon 
variations during the last Termination and to calibrate 
radiocarbon ages beyond 10,000 14C years BP. The cali- 
bration of radiocarbon dates beyond the existing tree-ring 
record will be possible as soon as more densely spaced 
radiocarbon dates are available from any of the above 
mentioned calendar-year chronologies. However, the 
existence of the fairly long-lasting radiocarbon plateaux 
implies that a large number of AMS radiocarbon dates 
will be necessary to obtain a precisely calibrated age 
through wiggle-matching. One possibility to overcome 
this problem may be to use different time-synchronous 
marker horizons as a mean of correlation. 

TIME-SYNCHRONOUS MARKER HORIZONS 

The most prominent time-synchronous marker hori- 
zons are tephra layers originating from volcanic erup- 
tions. Other well-defined marker horizon are the begin- 
ning or end of a radiocarbon plateau and marked climatic 
events which are linked to atmospheric circulation 
changes. 

Tephra often spreads over wide areas and long dis- 
tances within a few days or weeks and thus forms excel- 
lent time-parallel marker horizons in lake sediments, 
marine deposits and in ice cores (Thoarinsson, 1981; 
Einarsson, 1986). Tephra layers are known from many 
parts of the world and have been used in Quaternary 
studies to correlate between land, sea and ice core 
records. During the Last Termination, prominent volcanic 
eruptions occurred for example on Iceland (Mangerud et 

a l . ,  1984; Kvamme e t  a l . ,  1989; Norddahl  and 
Haflidason, 1992; Bjrrck et al.,  1992b; Lacasse et al., 
1995), in the Eiffel area in western Germany (e.g. van 
den Bogaard and Schmincke, 1985), in the French Massif 
Central  (see summary by Juv ignr ,  1992), in the 
Mediterranean (e.g. Paterne et  a l . ,  1986), in North 
America (e.g. Juvignr, 1992) and in South America (e.g. 
Thouret et al., 1992). 

Since time resolution is fairly high during the Last 
Termination, several well-dated tephra deposits have 
been used for correlation purposes around the North 
Atlantic region. One of these tephras is the Laacher See 
Tephra from the Eiffel region in Germany (van den 
Bogaard and Schmincke, 1985; Ammann, 1989; Hajdas 
et  al . ,  1995c) which can be traced in lake sediment 
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sequences from Italy in the south to Scandinavia in the 
north (van den Bogaard and Schmincke, 1985). This 
tephra deposited during the end of the Aller0d pollen 
zone and has been radiocarbon dated to ca. 11,000 ~4C 
years BP (Ammann and Lotter, 1989) and 11,230_+40 14C 
years BP (Hajdas et al., 1995c). Tephras originating from 
Icelandic volcanoes include for example the Vedde 
Ash/Ash Zone 1/Sk6gar Tephra (Mangerud et al., 1986; 
Bjrrck et al., 1992b; Bard et al., 1994; Birks et al., 
1995), which has been found in lake sediments on 
Iceland (Norddahl and Haflidason, 1992; Bj/Srck et al., 
1992b), in North Atlantic sediments (e.g. Kvamme et aL, 
1989; Ko~ et al., 1993; Bond et al., 1993; Bard et al., 
1994; Austin et al., 1995), in the Greenland ice cores 
(Grrnvold et al., 1995), in Norwegian lake sediments 
(Mangerud et al., 1984; Birks et al., 1995) and in the 
varved clays of the Swedish Time Scale (Wohlfarth et al., 
1993, 1995). AMS radiocarbon dates for this Younger 
Dryas ash layer yield an age of 10,300 lnC years BP 
(Bard et al.,  1994; Birks et al.,  1995), or calibrated 
against the U/Th coral record (Bard et al., 1993; Edwards 
et al., 1993), a calendar age of 12,207 U/Th years BP 
(Grrnvold et aL, 1995) The U/Th calendar-year age of 
the Vedde Ash is slightly older than the ice core age of 
11,980_+80 BP obtained on the GRIP ice core (Gr/Snvold 
et al., 1995) and the varve age of ca. 11,850 BP obtained 
from the preliminary adjusted Swedish Time Scale. 
Although there is a difference of ca. 200-300 years 
between the different cailendar-year ages, which might be 
due to the error margi~ts of these different data sets, a 
fairly good agreement exists between U/Th calibrated 
radiocarbon dates, ice core ages and varve years. Since 
both, the Laacher See Tephra and the Vedde Ash occur 
close to or within a radiocarbon plateau, they constitute 
excellent markers to correlate between land, sea and ice 
core records. 

Another possible approach to correlate between land 
and ice core records is by combining calibrated, high-res- 
olution AMS dates on terrestrial macrofossils and tem- 
perature records based on insect data (Lowe et aL, 1995). 
By calibrating a dense set of radiocarbon dates against 
the UFFh calibration curve (Stuiver and Reimer, 1993) 
and by statistical analyses of their data set, Lowe et al. 
(1995) suggested a correlation between mean July tem- 
perature estimates for the British Islands and snow accu- 
mulation rates in the Greenland ice cores. The compari- 
son between the two data sets shows that major climatic 
changes in Britain and on Greenland appear to have been 
broadly in phase with each other (Lowe et al., 1995). 

The end or beginning of a radiocarbon plateaux is an 
equally good marker horizon, because it can be assumed 
that the atmospheric 14C/~2C ratios were the same world- 
wide at a given time. By tracing the end or beginning of 
a radiocarbon plateau through dense AMS-dating of ter- 
restrial macrofossils direct comparisons can not only be 
made to the dendro-calibration curve or other radiocar- 
bon-dated calendar-year chronologies (e.g. Goslar et al., 
1995a), but also between several densely dated lacus- 
tr ine sediment  sequences .  Such an approach was 
attempted by Bjrrck et al. (in preparat ion)  in a multi- 

disciplinary study, where they could show that the 
ecosystem in different lakes along a north-south transect 
in southern Sweden reacted simultaneously to the rapid 
climatic changes at the Younger Dryas/Preboreal bound- 
ary. By comparing the isotopic and vegetational changes 
in these lakes with different tree-ring and ice-core data 
sets, Bjrrck et al. (in prepara t ion)  concluded that the 
immediate response to the climate warming is synchro- 
nous in all three records. 

CONCLUSIONS 

The use of accelerator mass spectrometry (AMS) for 
the 14C dating of terrestrial macrofossils, the increasing 
applicat ion of  high-resolut ion dated calendar-year  
records and temperature reconstructions during recent 
years has led to new ideas concerning the radiocarbon 
chronology of the last glacial-interglacial transition. 

Comparisons between bulk sediment 14C dates and 
AMS 14C measurements based on terrestrial macrofossils 
from the same layer have shown that age differences of 
several hundred years may exist between the two sample 
types (Ttirnqvist et al., 1992). These differences are not 
only apparent in sediments that have accumulated in 
hard-water lakes (Ammann and Lotter, 1989), but are 
also common in sediments of soft-water lakes (Wohlfarth 
et aL, 1993), where contamination by older organic mat- 
ter and reservoir effects may affect the activity of a bulk 
sample (Olsson, 1986). There are, therefore, strong indi- 
cations that the Nordic Late Weichselian chronostrati- 
graphic system which was originally defined on the basis 
of  bulk sediment  14C dates f rom sof t -water  lakes 
(Mangerud et al., 1974) combines lake reservoir effects 
and contamination by older organic material (Wohlfarth 
et al., 1993). This may explain why many AMS ~4C dates 
based on terrestrial macrofossils obtained, for example, 
from the AllerCd/Younger Dryas pollen-/and chronozone 
transition (e.g. Cwynar and Watts, 1989; Ammann and 
Lotter, 1989; Engstrtim et al., 1990; Mathewes et al., 
1993; Mayle et al., 1993; Hammarlund and Keen, 1994; 
BjOrck et  al., in p r e p a r a t i o n )  provide dates that are 
generally a few hundred years younger than the boundary 
age of 11,000 14C as defined by Mangerud et al. (1974). 
It may also explain why it has been difficult to relate the 
new AMS ~4C dates to the Scandinavian chronostrati- 
graphic system and, for example, why the beginning of 
the Younger Dryas biozone has often been interpreted as 
being a non-synchronous event. In order to obtain a high- 
resolution terrestrial radiocarbon stratigraphy, which 
excludes the errors inherent in bulk sediment dates, care- 
fully selected terrestrial macrofossils, should be used 
exclusively for dating (e.g. Lowe et al., 1995; Bjrrck et 
al., in p repara t ion ) .  Consequently, radiocarbon ages 
obtained in this way are not compatible with the old 
chronos t ra t ig raph ic  sys tem and nomenc la tu re  of  
Mangerud et al. (1974). Thus material from the upper 
part of the Aller0d biozone may provide dates that would 
equate  with the lower  part  of  the Younger  Dryas 
Chronozone sensu Mangernd et al. (1974), just as the 
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Older Dryas pollen zone (Bj6rck and Hakansson, 1982; 
Bj6rck and M611er, 1987) is already allocated to the 
B011ing Cbronozone sensu Mangerud et al. (1974). 

Atmospher ic  ~4Cp2C ratios during the Last  
Termination show large and varying discrepancies which 
lead to significant differences in radiocarbon and calen- 
dar years and plateaux of constant radiocarbon ages at ca. 
10,000, 10,400 and ca. 12,700 14C years BP (Ammann 
and Lotter, 1989; Kromer and Becker, 1993; Goslar et 
al., 1995a; Bj6rck et al., in preparation).  To be able to 
estimate the real duration of the different time intervals 
and associated climatic events during this period, the 
radiocarbon time scale has to be calibrated against a cal- 
endar-year time scale. The present model of long, high- 
resolution ~4C-dated calendar-year time scales is based on 
dendrochronology (Kromer and Becker, 1993), varve 
chronologies (Hajdas et al., 1993, 1995a; Wohlfarth et 
al., 1995; Goslar et al., 1995a) and U/Th measurements 
of corals (Bard et al., 1993). The dendrochronological 
data curve provides a detailed calibration back to ca. 
11,500 calendar years BP (Kromer and Becker, 1993). 
Extension beyond this range using U/Th calibration data 
(Bard et al., 1993; Stuiver and Reimer, 1993) has been 
questioned (Hajdas et al., 1995b; Bj6rck et al., 1995; 
Wohlfarth et al., 1995). Although all AMS ~4C-dated cal- 
endar-year  chronologies  show similar trends with 
increasing and decreasing discrepancies beween radiocar- 
bon and calendar years, the data points on the U/Th curve 
are too few to allow a detailed reconstruction of the 
radiocarbon variations during the Last Termination. To 
obtain a precision comparable to the dendro-calibration 
curve, a much denser set of AMS ~4C dates would be 
required. Until this is achieved, the calibration of radio- 
carbon dates beyond the dendro-cal ibra t ion  curve 
remains questionable. However, if in the near future, the 
radiocarbon calibration can be extended beyond the limit 
of the tree-ring calibration curve, bulk-sediment based 
radiocarbon dates are likely to give erronous ages when 
calibrated against a calendar-year chronology. 

Alternative means of correlation between for example 
different lacustrine deposits or, between land, sea and ice 
core records may be time-synchronous marker horizons, 
such as tephras (Bard et al., 1994; Birks et al., 1995; 
Gr6nvold et al., 1995), the beginning/end of a radiocar- 
bon plateau (Goslar et al., 1995a; Bj6rck et al., in prepa- 
ration) or, the synchroneity of rapid climatic changes 
(Lowe et al., 1995; Goslar et al., 1995a; Bj6rck et al., in 
preparation).  However, all these approaches have to rely 
on AMS 14C dates of carefully selected terrestrial macro- 
fossils. 

Since the boundaries of the Oldest Dryas BOiling, 
Older Dryas Aller0d and Younger Dryas Chronozones as 
defined by Mangerud et al. (1974) do not correspond 
with the revised chronology based on AMS ~4C measure- 
ments, the Mangerud et al. (1974) nomenclature is now 
misleading, especially where it is used as a basis for the 
chronostratigraphic subdivison for the Last Termination. 
Several alternative options for a subdivion of this time 
period have been suggested earlier. As proposed, for 
example, by Lowe and NASP Members (1995) the use of 

a radiocarbon stratigraphy only which is based on 14C 
measurements of terrestrial plant material offers a more 
satisfactory approach for solving the chronological prob- 
lems of the Last Termination. Following this suggestion, 
the use of the chronostratigraphic terms Oldest Dryas, 
Boiling, Older Dryas, Aller0d and Younger Dryas would 
become unnecessary. Although the radiocarbon plateaux 
may be an obstacle for precise dating, their start and end 
points may provide precise time-marker horizons for 
inter-regional comparisons. Broecker (1992) argued in a 
similar way, but based his suggestion on the use of stable 
isotopic  signals as a means to subdivide the Last 
Termination. According to his proposal, the time period 
between 15,000 and 10,000 14C years BP may be subdi- 
vided into a Bolling-AllerOd and a Younger Dryas inter- 
val, which reminds of the old climato-stratigraphic subdi- 
visons, on which Mangerud et al. (1974) had based their 
chronostratigraphy. Stable isotopes can be measured in 
ice cores and in the marine record fairly easy, but not 
many terrestrial lake sediment sequences offer this possi- 
bility. If the subdivion of this interval would be based on 
stable isotopes only, soft-water lake stratigraphies could 
not be correlated to the isotopic signals in e.g. hard-water 
lake sequences, unless both records are either radiocar- 
bon dated or possess a means of correlation through time- 
synchronous tephra layers. 

Furthermore, not many Lateglacial records are based 
on an annual chronology, which allows the exact determi- 
nation of the calendar-year ages. Instead most of the data 
sets have to be transformed to calendar-years by a cali- 
bration of the obtained radiocarbon ages. Consequently, 
there is no way out of using the radiocarbon chronology 
as a basic tool for a subdivision of the Last Termination 
and as a means of correlation between different archives. 
Although the use the Mangerud et al. (1974) nomencla- 
ture in terms of a chronostratigraphy will have to be 
revised or may eventually become abandoned, the old cli- 
matostratigraphic subdivisons (Oldest Dryas, BOiling, 
Older Dryas, Aller0d, Younger Dryas) may constitute, if 
defined properly, informal terms for regional and inter- 
regional subdivisons and correlations. 
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