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Atmospheric Radiocarbon Calibration to 45,000 
yr B.P.: Late Glacial Fluctuations and 

Cosmogenic Isotope Production 
H. Kitagawa* and J. van der Plicht 

More than 250 carbon-14 accelerator mass spectrometry dates of terrestrial macrofos- 
sils from annually laminated sediments from Lake Suigetsu (Japan) provide a first at- 
mospheric calibration for almost the total range of the radiocarbon method (45,000 years 
before the present). The results confirm the (recently revised) floating German pine 
chronology and are consistent with data from European and marine varved sediments, 
and combined uranium-thorium and carbon-14 dating of corals up to the Last Glacial 
Maximum. The data during the Glacial show large fluctuations in the atmospheric carbon- 
14 content, related to changes in global environment and in cosmogenic isotope 
production. 

T h e  atmospheric 14C content (expressed in 
A14C) (1) is sensitive to geomagnetic field 
strength and solar fluctuatio~ls (also through 
magnetic effects) as well as rearrangements 
in eauilibriuln between the lnaior C reser- 
voirs (atmosphere, ocean, and biosphere). 
Detailed calibration of the radiocarbon time 
scale into the glacial period is critical for 
accurate dating and a better understa~ldi~lg 

u u 

of changes in the Earth system. 
Radiocarbon calibration can be per- 

formed by 14C dating of samples that can 
also be dated by an independent, preferably 
absolute dating method. The ideal samples 
for this purpose are tree rings, which can be 
dated by dendrochro~lology. Dendro-cali- 
brations with (for the most part) 20-year 
tree-ring resolution have been obtained for 
almost the complete Holocene, back to 
about 7900 B.C. for the absolute chronolo- 
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gy and to about 9400 B.C. i~lcludi~lg a 
matched floating tree-ring curve (2). 

Beyond the range of tree rings, calibra- 
tion has been problematic. Radiocarbon 
dates of terrestrial ~nacrofossils from annu- 
ally laminated sediments can potentially 
~rovide  a high-resolution record of atmo- " 

spheric 14C changes. However, varve chro- 
~lologies have been revised several times " 

(3) .  At present, calibration data from gla- 
cial varves provide a consistent data set 
back to about 11,000 B.C. (4-6). In addi- 
tion, a marine calibration curve for the 
Late Glacial period is obtained by com- 
billed 14C and U-series dates of corals (7, 
8) and 14C measurements 011 foraminifera 
from varved marine sediments (9).  Be- 
cause these data are for marine materials, 
they have to be corrected for the apparent 
14C age of the surface oceans, known as 
the reservoir effect. 

Here we oresent a hieh-resolution atmo- " 
spheric radiocarbon calibration from annu- 
ally laminated sediments for the total range 
of the radiocarbon dating method [<45,000 
cal yr B.P. ( lo)] .  The sediments were taken 

and observatons at Long Beach. 
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from Lake Suigetsu (3i035'N, 13i053'E) 
near the coast of the Sea of Japan (1 1 ) .  The 
lake is 10 km aroii~ld the perimeter and 
covers an area of 4.3 km2. It is a typical 
kettle-type lake with a nearly constant 
depth at the center, -34 m deep. A 7i-m- 
long continuous core (Lab code, SG) and 
four short piston cores were taken from the 
center of the lake in 1991 and 1993. The 
sediments are laminated in nearly the entire 
core sections and are dominated by dark- 
colored clay with white layers resulting 
from spring-season diatom growth. The sea- 
sonal changes in the depositions are pre- 
served in the clay as thin laminatio~ls or 
varves. The sedimentation or annual varve 
thickness is relatively uniform, typically 1.2 
mm/year during the Holocene and 0.61 
mm/year during the Glacial. The bottom 
age of the SG core is estimated to be older 
than 100,000 years, close to the beginning 
of the last interglacial period. 

To reconstruct the calendar time scale, 
we cou~lted varves, based on gray-scale im- 
age analyses of digital pictures, in a 10.43- 
to 30.45-m-deep section, producing a 
29,100-year-long floating chro~lology. Be- 
cause we estimated the varve chro~lology of 
older than -20,000 yr B.P. (19-m depth of 
SG core) by counting in a single core sec- 
tion, the error of the varve counting ill- 

creases with depth, and the accumulated 
error at 40,000 cal yr B.P. would be less 
than -2000 years, assuming no break in the 
sediment (1 2). 

The 14C/12C and 13C/12C ratios of Inore 
than 250 terrestrial macrofossils (leaves, 
twigs, and insect wings) in the sediments 
were measured by accelerator mass spectrom- 
etry (AMS) at the Groningen AMS facility 
(IS), after proper sample pretreatment (14). 

The floating varve chronology was con- 
nected to the old part of the absolute tree- 
ring chronology (2,  15) by 14C wiggle match- 
ing (1 6), resulting in an absolute calendar age 
covering the time span from 8830 to 37,930 
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Fig. 1. (A) Radiocarbon calibration up to 45,000 yr B.P. reconstructed calibration by combined 14C and U-Th dating of corals from Papua New 
from annually laminated sediments of Lake Suigetsu, Japan. The small Guinea (squares) (8), Mururoa (circles), and Barbados (triangles) (7). The 
circles with 1 u error represent the 14C ages against varve ages. For the line indicates that radiocarbon age equals calibrated age. (B) Agreement of 
oldest eight points (>38,000 years, filled circles), we assumed a constant the 29,000-year floating varve chronology with absolute and recently re- 
sedimentation during the Glacial period.The green symbols correspond to vised floating German pine chronology, and radiocarbon calibration during 
the tree-ring calibration (2, 15), and the large red symbols represent the deglaciation. 

cal yr B.P. (1 7). The age beyond 37,930 cal yr 
B.P. is obtained by assuming a constant sed- 
imentation in the Glacial. 

The combined AMS 14C and varve ages 
provide an extension of dendro-calibration 
range (Fig. 1). The features in the data over- 
lapping the absolute tree-ring record agree 
very well, and our varve chronology also 
supports the recent revision of the floating 
German pine chronology, which was shifted 
by 160 years to older ages (6, 15). Beyond 
the range of the dendro-calibration 
(-11,700 cal yr B.P.), there is also general 
agreement with the European sediments (5, 
6) as well as with marine calibrations (7-9). 

The detailed record in atmospheric 
A14C during the deglaciation shows millen- 
nium-scale fluctuations superimposed on a 
long-term increasing trend into the past 
resulting from a decreasing geomagnetic in- 
tensity as reconstructed from geomagnetic 
records (18) (Fig 2). The long-term increase 
is also consistent with a model-generated 

Fig. 2. Atmospheric 14C 450 
changes during the de- 
glaciation (<20,000 cal 400 
yr B.P.), normalized to 350 
the present value and = 
given in A14C in per mil, 'Zi 300 
reconstructed from an- $ 
nually laminated sedi- ; 250 
ments of Lake Suigetsu, ; 
Japan. The.symbols are 200 

as in Fig. 1. The features '. 
for the part overlapping 150 
the tree-ring record are 
excellent, including the O0 
wiggles in the radiocar- 
bon calibration curve. 8.000 10,000 

estimate of atmospheric A14C increase (19), 
on the basis of 1°Be flux records (20). 
Abrupt A14C decreases correspond to radio- 
carbon plateaus in the calibration curve. 
Near (a few centuries after) the onset of the 
Younger Dryas (YD), the A14C value de- 
creases by 80 per mil from 10,800 to 9800 yr 
B.P. (12,500 to 10,000 cal yr B.P.); the 
decrease thus extends into the Preboreal 
(the earliest Holocene). This radiocarbon 
plateau occurs in both marine (8) and ter- 
restrial (5) records and is referred to as the 
YD plateau. Our calibration shows that the 
YD plateau consists of two subplateaus at 
10,000 and about 10,400 yr B.P.; the older 
one is characterized by a time of slow in- 
crease of the radiocarbon age. A similar 
decrease in A14C of -100 per mil (includ- 
ing magnetic effect) is observed from 
12,600 to 12,100 yr B.P. (or 15,000 to 
13,800 cal yr B.P.), which starts within the 
Oldest Dryas (OD) cold period and extends 
until nearly the end of the Al l e rwl l ing  

12.000 14,000 16.000 18.000 20.000 
Age (cal yr B.P.) 

warm period. This plateau can be related to 
the radiocarbon plateau recorded in (non- 
varved) sediment cores from Switzerland 
(21). Our data strongly indicate a plateau 
around the OD cold period. It appears that 
the two radiocarbon plateaus in the YD and 
OD cold periods started a few centuries 
after the warm-to-cold transition. Further- 
more, we also observe the millennium-scale 
fluctuations of about 100 per mil in A14C 
before the OD; maxima at 16,000, 17,500, 
and 19,000 cal yr B.P.; and minima at 
15,500, 17,000, 18,000, and 19,500 cal yr 
B.P. 

When compared with changes in the 
atmospheric CO, concentration measured 
directly in polar ice cores (22) and recon- 
structed from South American peat (23), 
minima at 13,500 and 15,500 cal yr B.P. 
seem to respond to sharp increases in atmo- 
spheric CO, concentration. These coupled 
signals suggest that CO, degassed from the 
ocean, especially from the intermediate- 
deep ocean, induced the change of atmo- 
spheric A14C because the ocean contains 
more than 90% of the global 14C inventory 
and the oceanic C is depleted in 14C. For a 
recent discussion concerning the connec- 
tion of atmospheric 14C and paleo-oceano- 
graphic parameters, we refer to (24). Paleo- 
oceanographic observations suggest that 
millennium-scale oscillations of the ocean 
thermohaline circulation (THC) occurred 
during the deglaciation (25). The THC 
oscillation can be linked to atmospheric 
A14C as follows: A14C increases when for- 
mation of North Atlantic Deep Water 
(NADW) is reduced abruptly and THC 
decreases, after climatic cooling such as the 
OD and YD cold periods; in contrast, A14C 
decreases when THC northward heat ad- 
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Fig. 3. Atmospheric 900 
A14C changes beyond 800 
the Last Glacial Maxi- 
mum. The symbols are 700 
as in Rg. 1. The absolute 
(calendar) ages older 
than -20,000 yr B.P. 
should be considered as 
minimum ages. The red - 
dashed line shows an in- b" stance with accumulat- % 200 
ed error of 2000 years at 
40,000 cal yr B.P. in the lrn 

varve chronology [see 0 
text and (1211. The two I I peaks at 23,000 and *Irn 

' 

31,000 yr B.P. are su- 0 r o , m  20.m 30,000 48,000 50,000 

perimposed on the long- - (& Yr B.p4 
term A14C change, probably caused by geomagnetic field change. 

vection and deep water production resume. 
Our atmospheric A14C record implies that 
repeated cycles of such a process occurred, 
and a possibility that the NADW weakened 
for three or four periods during the last 
deglaciation is superimposed on the general 
trend of increasing ocean ventilation (26). 

From the Last Glacial Maximum to 
31,000 cal yr B.P., the long-term trend of 
A14C agrees well with reconstruction of cos- 
mogenic isotope production rate deduced 
by the "Be deposition reconstruction (1 9) 
and geomagnetic field intensity reconstruc- 
tion (18) (Fig. 3). For this time span, we 
observe two pronounced peaks in A14C at 
23,000 and 3 1,000 cal yr B.P. The apparent 
A14C increases correspond to an increase in 
the concentration of another cosmogenic 
isotope, "Be, at 23,000 and about 35,000 
cal yr B.P., respectively, observed in ice 
cores from the Antarctic (27) and Green- 
land (28) as well as in marine sediments 
(29, 30). Furthermore, a '?C anomaly at 
these times has been observed previously in 
speleothems, dated by both 14C and U series 
(31). The time gap between the 14C and 
"Be enhancements can be explained by 
errors in both varve and ice-core chronol- 
ogies, as well as by the different geochemi- 
cal behavior of these isotopes; 14C is present 
in gaseous form (COJ and gradually diffus- 
es in the Earth system, whereas "Be is a 
solid attached to 'aerosol particles and de- 
posited with precipitation (32). 

The broad increase in cosmogenic iso- 
topes (both "'Be and 14C) at 23,000 yr B.P. 
can be explained as the increase in produc- 
tion rate by geomagnetic effects (28). The 

sharp enhancements in "'Be and 14C at the 
same time are too large to be explained by 
rearrangements of the C reservoirs on the 
Earth. 

Increased cosmogenic isotope produc- 
tion caused by a nearby 'supemova explo- 
sion has been suggested as a cause for the 
drastically increased "Be levels at this time 
(29, 34). Another possible explanation is a 
magnetic excursion with a sharp change in 
inclination of the geomagnetic field and the 
implied concomitant decrease in the geo- 
magnetic field strength. Such events are 
observed as the Mono Lake and Laschamp 
excursions, dated at 28,000 and 33,000 yr 
B.P. (uncalibrated), respectively (35). The 
sharp A14C increase from Lake Suigetsu 
corresponds chronologically to the Mono 
Lake excursion. However, all of these ex- 
planations remain hypothetical. 

The atmospheric radiocarbon calibra- 
tion curve covering the past 45,000 years 
provides the basis for developing a better 
understanding of the past global C cycles 
and cosmogenic isotope production. Our 
high-resolution calibration curve is consis- 
tent with other proxies until 31,000 cal yr 
B.P. Beyond 31,000 cal yr B.P, much work 
is still needed to obtain a better understand- 
ing of the atmospheric A14C signal. Here, 
our calibration deviates from paleomagnetic 
records (1 8, 20) and from recent combined 
Urn &d ' 4 ~  hating of speleothems (36). 
These data suggest that 14C dates at this 
time are -5000 years too young. This dis- 
crepancy can be caused either by spe- 
leothem dating problems (such as unknown 
initial 14C age and possible detrital Th con- 

that the '"Be and 14C peaks do not have the 
same cause. Future work on the Lake 
Suigetsu core can help to solve the remain- 
ing questions. 
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Probing Single Secretory Vesicles with 
Capillary Electrophoresis 

Daniel T. Chiu, Sheri J. Lillard, Richard H. Scheller, 
Richard N. Zare,* Sandra E. Rodriguez-Cruz, Evan R. Williams, 

Owe Orwar, Mats Sandberg, J. Anders Lundqvist 

Secretory vesicles obtained from the atrial gland of the gastropod mollusk Aplysia 
californica were chemically analyzed individually with a combination of optical trapping, 
capillary electrophoresis separation, and a laser-induced fluorescence detection. With 
the use of optical trapping, a single vesicle that had attoliters (10-l8 liters) of volume was 
introduced into the tapered inlet of a separation capillary. Once the vesicle was injected, 
it was lysed, and its components were fluorescently labeled with naphthalene-2,3- 
dicarboxaldehyde before separation. The resultant electropherograms indicated distinct 
variations in the contents of single vesicles. 

Biological messengers are synthesized In- 
tracellularly and packaged Into secretory 
vesicles, where they are stored until a phys- 
lological signal triggers fusion of the  vesicle 
ine~nbraile \wth the plasma membrane, re- 
sultln. in the  extracellular release of a - 
cheinical messenger. Thls mode of cellular 
slgnallng is used by all eukaryotic organlsins 
in biological processes ranging from sensory 
perception to the  regulation of reproductive 
cycles. Analysis of secretory products has 
been done o n  no~u la t ions  of vesicles, but 

L L 

the contents of a single vesicle are often 
sufficient to produce a biological response. 
Therefore, it is important to develop tech- 
niques of adequate sensitivity to character- 
ize the  array of cheinlcal messengers \vlthin 
individual veslcles ( 1 ,  2 ) .  T h e  sizes of ves- 
icles range froin 30 to 2000 nm,  which 
corresponds to voluines from zeptoliters 
( lo-"  liters) to low femtoliters ( l o p 1 '  11- 
ters), respectively. T h e  ininute size of secre- 
tor\; vesicles makes their studv bv tradition- 
al inalptical methods imposs;ble'. 
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Recently, capillary electrophoresis (CE) 
has emerged as a po\verful separation tech- 
nique for the analysis of ultrasmall sample 
volumes (3). A much pursued goal in the 
area of ultrasensitive cheinlcal analysis 1s the 
use of C E  to seDarate and ailalvze the con- 
tents of single dialogical vesicle's (2).   sing 
such methods, one can comnare the contents 
of single secretory vesicles one at a tltne, 
revealing variations that would otherwse be " 
buried within the analysls of populations. 
This type of study provides insight into the 
cellular mechallisins used to package and sort 
chemical messengers into veslcles and deflnes 

u 

sets of secreted bioactive products with a 
precision previously unattainable. 

Two considerations in the use of C E  for 
the analysis of single vesicles are detectloll 
sensitivity (4)  and sample introduction (5. 
6). T h e  sensitivity required to detect the 
laser-induced fluorescence (LIF) of a single 
dye ~llolecule exists (4).  Detection, however, 
is only the back half of the problem. Sainple 
introduction and tnanipulation remain the 
primary challenge. Thus far, the  analysis of 
single vesicles has been hindered by the  dif- 
ficulty of introducing a single vesicle into 
the separation capillary and analyzing ~ t s  
contents. Recentlv, the first nart of this 
problem \!>as overcome by the  use of optical 
trapplng and tapered capillaries (5). T h e  sec- 
ond challenge is to label the contents of a 
single vesicle with a fluoronhore for subse- 

u 

quent detection by LIF. In  the present ex- 
periment, a miniature on-column derivatiza- 
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tlon scheme was amlied to the ~nolecules 
under mvestlgation. T h e  key to ensure an  
efficient on-column reactlon is to minimize 
the reaction volume, \vhich leads to a higher 
concentration of analvte ~nolecules and a 
smaller number of labkling molecules. T h e  
t e c h n i q ~ ~ e  of tapered capillaries (5) also ad- 
dresses this challenge. For example, the on- 
column reaction volutne for a normal canil- 
lary inlet with an  inner diameter (1.d.) of 25 
pin and a length of 1000 ptn is 4.9 X 10-I" 
liters. T h e  reaction volutne for a tapered 
capillary inlet of 1 -pm i.d. of the  same 
length, however, IS 7.8 x lo-" liters. Thls 
reduction In volume by a factor of 625 leads 
to a faster and more efficient reaction with 
fewer unreacted dye inolecules. Wi th  this 
inanipulation capability and improved reac- 
tlon conditions, the contents of single blo- 
logical vesicles can be probed, one by one. 

T h e  vesicles studied in  this experiment 
were obtalned from the  atrial gland of the  
gastropod inollusk Aplysla callfornzca (7). 
These vesicles contain bioactive peptides 

+ R-NH2 + CN- 

NDA 0 

that are packaged into secretory granules 
calleil dense core vesicles (DCVs) (8). 
These DCVs are large (average diameter .= 

1 p n )  and can be easlly Isolated from Aply- 
sia. This advantageous attribute of the  
DCVs has tnotlvated their use in the  
present study. T h e  atrial gland was first 
dissected from the  distal end of the  her- 
nlaphroditic duct, and subsequent slicing of 
the  gland with a sharp razor blade released 
DCVs Into a solution of artificial seawater. 
Most research o n  the  atrial gland of Aplysia 
has been dlrected at the  bioactive peptides 
19). which are involved In this animal's , , 

reproductive behavior. Therefore, it is in  
teresting to find in the  nresent study that 
the  D&S also containLlarge atnoukts of 
primary amiile-containing compounds of 
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