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corresponds to a DCF of 16.5 5 4.7% (2o), 
similar to the range typically found for spe- 
leothems of 16 + 5% (34, 35). In spite of the 
strong resemblance between the GB-89-24-1 
and INTCAL98 records suggesting nearly 
constant DCF, there are two moderate depar- 
tures, which may be due to chronological 
errors in either GB-89-24-1 or INTCAL98 or, 
alternatively, to fluctuations in DCF. We are 
currently unable to resolve between these 

possibilities, although GB-89-24-1 is in bet- 
ter agreement with the Lake Suigetsu data 
(13) (Fig. 2) and the newly revised Cariaco 
Basin record (12), suggesting that revisions 
to INTCAL98 may be merited. Nevertheless, 
because of the uncertain origin of these two 
departures, we incorporate a conservative es- 
timate of DCF uncertainty of 4.7% (20) in the 
overall precision of DCF-corrected 14C age 
and AI4C. This value is used, rather than 

Distance (mm) 
Fig. 1. 230Th age versus distance along the longitudinal growth axis of GB-89-24-1, a submerged 
speleothem from -14.4 m in Sagittarius, Zodiac Caverns, Grand Bahama. 230Th age is corrected for 
initial Th with 230Th/232Thi,i, activity ratio with a bulk Earth value of 0.8 + 0.8 parts per million 
(0)and a substantially higher value of 18.7 + 2.9 based on isochron results (a).The latter 
correction provides a smoother, monotonic distance-age relation. Confidence bands (95%) of a 
weighted smoothing spline with a roughness penalty approach (30) are plotted for each of the 
phases of growth before and after shift in drip locus between -28 and 26 ka. These curves are used 
t o  predict calendar age and error for each of the subsamples selected for AMS 14C analysis. Inset 
figures show expanded views of the oldest (bottom inset) and youngest (top inset) parts of the 
record. 

Fig. 2. Radiocarbon 
age versus calendar 
age for GB-89-24-1, 
Lake Suigetsu laminated 
sediments (73), and - Lake Suigetsu 
the INTCAL98 spline a 
(7) for the period 15.5 13 
t o  11 ka. All ages are 
plotted with 2 o  errors, 
except the INTCAL98 a, 
spline f i t  ( lo) .  Radio- 0 
carbon ages for GB-
89-24-1 are not cor- 0 l1 
rected for DCF; calen- 
dar ages and errors are 
based on the predict- 
ed longitudinal growth- 
230Th age model with 
the spline f i t  illustrated 11 12 13 14 15 
in ~ i i1. Each set of 
data-speleothem, ma- Calendar age (ka) 
rine tree-ring compila- 
tion, and lake valves-shows a similar general pattern. The offset between INTCAL98 and 68-89-24-1 is 
relatively constant, with a mean value of 1450 + 470 years (2o) during a period of marked climate change. 
The constant offset is attributed to  a relatively stable DCF of 16.5 2 4.7 (2u). 

2u,, because we acknowledge the possibility 
of residual structure in the 14C age offset 
because of chronological differences, minor 
DCF variation, or differences in expected 
amplitude of variation between GB-89-24-1 
and INTCAL98, which is based on the damp- 
ened signal of the mixed layer of the ocean. 
With this conservative error estimate, the rel- 
ative contribution of uncertainty in DCF to 
the overall A14C error diminishes with in- 
creasing calendar age from -50% at 11 ka to 
-10% at 45 ka. 

DCF-corrected 14C ages for GB-89-24-1 
show good agreement with other records be- 
tween 11 and 26 ka (Fig. 3A), although be- 
fore 30 ka, none of these records are in accord 
with each other. Between 30 and 45 ka, the 
Lake Suigetsu (13), Icelandic Sea (14), and 
Lake Lisan (8) records all exhibit generally 
older radiocarbon ages (or younger calendar 
ages) than GB-89-24- 1. The Cango Cave 
record (19) is in general agreement with GB- 
89-24-1 although the data are sparse and its 
uncertainties are large. The available coral 
data (4, 7) are in substantial agreement with 
GB-89-24-1 before 30 ka but reveal a high 
degree of scatter at older ages. One possible 
source of disagreement between GB-89-24- 1 
and other records between 30 and 45 ka could 
be fluctuations in DCF. We note, however, 
that large DCF fluctuations were not ob-
served in GB-89-24-1 during the deglacial 
period, a period of marked climate change 
when DCF variability would be expected to 
be at a maximum. Furthermore, even if we 
were to allow DCF to go to its theoretical 
limit (i.e., no dead carbon), it still would not 
be possible to adjust GB-89-24-1 to match 
either the Icelandic Sea, Lake Suigetsu, or 
Lake Lisan records between 30 and 45 ka. 
We therefore assert that this discordance is 
largely due to other sources. Other possible 
sources of discordance between these records 
include incorrect initial 230Th correction to 
230Th ages, unsupported gain or loss of U or 
Th, missing or uncounted varves in the Lake 
Suigetsu chronology, or, in the case of the 
Icelandic Sea record, uncertainty in the ma- 
rine reservoir correction, errors in matching 
the ocean sediment S180 record to the Green- 
land Ice Sheet Project 2 (GISP2) S180 record, 
or uncertainties in the GISP2 chronology it- 
self (36). We note parenthetically here that 
the Icelandic Sea record exhibits very similar 
structure to GB-89-24-1 and that an arbitrary 
2-ka phase shifi in calendar age before 25 ka 
brings these records into substantial agree- 
ment. This observation suggests that a dis- 
crepancy in calendar age may be the chief 
cause of disagreement between these two 
records. 

The record of past atmospheric A14C con- 
centration derived from GB-89-24-1 (Fig. 
3B) shows a broad maxima occurring be- 
tween 44.5 and 33 ka, which can be divided 
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into a relatively short but intense excursion 
occurring between 44.3 and 43.3 ka and a 
much longer set of peaks between 42 and 33 
ka B.P. The magnitude of the initial excur- 
sion is enormous, with the maximum values 
reaching -1300 per mil ( O h )  (for the fitted 
spline), which is nearly twice as high as the 
"bomb-pulse" spike resulting from atmo- 
spheric nuclear weapons testing during the 
1950s and 1960s. The other main features of 
this record are a marked drop in A14C occur- 
ring between 35 and 33 ka, followed by a 
general 40% decline occurring between 26 
and 11 ka. Smaller millennial-scale oscilla- 
tions are superimposed on this latter decline, 
although some of these smaller oscillations 
may not be distinguishable from fluctuations 
caused by variations in DCF. Although it is 
possible that part of the largest excursions in 
A14C excursion could be due to changes in 
DCF, we again note that even if DCF was 
reduced to the theoretical zero value, this 
16.5% shift in DCF will onlv reduce these 
excursions by a small fraction. Thus, it is 
clear that the main cause of these large A14C 
excursions is something other than fluctua- 
tions in DCF. 

14C modeling results. Enhancements in 
cosmogenic 36Cl and ''Be isotope concen- 
trations at circa 30 to 45 ka have previously 
been observed in polar ice cores (37-39) 
and marine sediments (40), suggesting that 
atmospheric A14C should also be elevated 
during this time frame. It has been known 
for some time that glacial age atmospheric 
14C levels were higher and more variable 
than during the Holocene (16, 17, 41), but 
the magnitude of variation revealed by our 
stalagmite record is nevertheless surpris- 
ing. There are four main factors that can 
influence atmospheric 14C concentration: 
primary cosmic ray flux, strength of the 
solar electromagnetic field, terrestrial mag- 
netic field and ''. - ------ .'-'. 
carbon cycle (42-45). ' 

l5 1- 

sphere through a number of scattering 
mechanisms (47, 48).  These solar effects 
are modulated on the 1 1-year sunspot cycle 
(49, 50)  as well as several other longer 
cycles (51, 52),  which can produce about a 
factor of two variation in atmospheric 14C 
production (53), with more production oc- 
curring during periods of low solar activity. 
For the normal range in cosmic ray energies 
incident on Earth's atmosphere, the global- 
ly integrated 14C production rate also varies 
approximately in proportion to the inverse 
square root of Earth's magnetic field inten- 
sity [except at low geomagnetic field inten- 
sity where this relation diverges (42, 43) ] .  
At least a twofold variability in global 14C 

production rate can be explained by the 
range of dipole magnetic field intensities 
during the past 50 ka (42, 43).  

To isolate which of these factors is re- 
sponsible for the large observed variations in 
atmospheric A14C for the period 45 to 11 ka, 
we performed several model simulations in 
which 14C production regulation mechanisms 
were varied. For each simulation, a particular 
carbon cycle was specified because this sub- 
stantially influences the distribution of 14C 
between the various carbon reservoirs. We 
first chose the simplest case of an invariant 
balanced modem carbon cycle (54). Reser- 
voir sizes and fluxes were brought to an 
initial balanced state in which both 12C and 
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easurement precision, 14C chemical blank, DCF 
events (42, 46) .  Althougl f 3re 2a for all other data, except for Cango Caves 
flux or energy spectra term for both 14C measurement precision and 

10 ta (74), where zero uncertainty was assumed for 
source of the observed ifera data are corrected with a marine reservoir 
spheric A14C, it is ger ~t back to -32 ka but exhibit substantial scatter 
have remained fairly cc 9 the GB-89-24-1 14C time scale between 45 and 
very long time scales ( 11 12 13 14 15 , both raw data and smoothed spline with 95% 
Electromagnetic fields a ?ak of about 1 ka in duration is observed in 

Sun and solar wind and t... ...__._.. . ....., 
Calendar age (ka) )ut 1300%~-nearly twice as high as the 20th- 

century bomb pulse. Another broader A ' T  maxlmum is observed between 42 and 33 ky B.P. This 
netic intensity atmO- maxima appears to coincide broadly with the geomagnetic intensity minimum expressed in the 
spheric 14C production by attenuating the SlNT2OO stacked geomagnetic record (57). Both peaks occur at about the same time as peaks of 
amount of GCR reaching Earth's atmo- cosmogenic isotopes ''Be and 36CI found in the Greenland Ice Sheet Project polar ice core (38,39). 
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14Cconcentrations reflected the modem pre-
bomb abundances (45, 55, 56). All model 
runs were initialized at 72 ka to eliminate any 
initial state transient behavior before entering 
the time window of interest (50 to 10 ka). In 
the first model run, we simulated the effects 
of geomagnetic modulation alone on 14Cpro-
duction using the SINT-200 stacked paleo-
magnetic record (57). Results from this first 
model run matched the modem 14C abun-
dance for all carbon reservoirs after the 72-ka 
run time, and we obtained a long-term trend 
similar to that of Bard (16). This simulation, 
however, obtained peak levels of atmospheric 
A14C that were about 700%0lower than those 
observed in our stalagmite record for the 
magnetic field minima conditions between 40 
and 35 ka and about 1000%0lower than the 
peak values observed at the -44-ka peak 
(Fig. 4A). In addition, the gradient of A14C 
variations younger than 30 ka is much lower 

R E S E A R C H  A R T I C L E  

than that observed in GB-89-24-1 and other 
records. Thus, geomagnetic modulation alone 
cannot explain the variability in A14C ob-
served in GB-89-24-1. Simulation of a reduc-
tion of solar modulation to very low levels 
was also found to be insufficient to produce 
the GB-89-24-1 atmospheric A14C record. 
Using the same carbon cycle model, and 
dropping solar electromagnetic modulation of 
GCR to zero for the length of the 44.3- to 
43.3-ka excursion produces a A14C excursion 
no greater than 150 to 200°h, which is only 
about one-fifth as large as required. 

New paleomagnetic evidence from North 
Atlantic sediment cores (58,59) suggests that 
geomagnetic field intensity may have 
dropped to much lower strength during the 

Calendar age (ka) 
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inclination excursion, the magnetic field in-
clination may have rotated by as much as 
180"with field intensity dropping to less than 
10% of modem levels. The age of this excur-
sion is controversial but is thought to be 
somewhere between 33 and 45 ka in age. 
Because the timing and duration of the Las-
champ inclination excursion are similar to 
those of the -44-ka 14Cexcursion observed 
in our stalagmite record, it is plausible that 
the Laschamp excursion was coincident with 
this 14C excursion. Nevertheless, our model 
simulations show that reducing both the solar 
and terrestrial magnetic fields to their theo-
retical limits of zero between 44.5 and 43.8 
ka still produces only -50% of the observed 
excursion amplitude and does not produce the 
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Fig. 4. Comparison between GB-89-24-1 A14C, 45 10 20 30 40 :ase 
confidence intervals),and predicted atmospheric A' tely
model experiments (54).(A) Global 14Cproduction I Calendar age (ka)
intensity only, with the SINT200 stacked-geomagnL.., ..,., .,,,., ,...,,.. ,.., - .,, ,*.,,,.., ,.. lem 
invariant modern balanced carbon cycle with a steady state assumption was specified for this This is because enhancement 
simulation (54).After 72 ka of run time, 14Cand lZClevels returned to modern values in all model 14Cproduction to this level for such a 
reservoirs. However, predicted atmospheric 14C levels were substantially lower than observed in tion increases the 14C concentration of the 
CB-89-24-1 during the last glacial period, and no major excursions were observed in the model deep ocean reservoirs. These reservoirs have 
output. (B) As in (A), except that both geomagnetic and solar magnetic fields were arbitrarily set long residence times, and the return flu of 
to zero field strength between 44.5 and 43.8 ka. This experiment produced an atmospheric A14C 
excursion of about 50% of the magnitude of the -44-ka spike observed in GB-89-24-1 but failed 14' frOm the Ocean is sufficient keep at-
to produce the generally high levels observed between 44 and 33 ka. (C) As in (B), except that the mospheric A'4C for an extended 
carbonate sedimentation rate was reduced to 0.24 Pg of C year-' until 25 ka and then was period. Thus, invoking an increase in GCRto 
gradually increased, reaching modern levels (2.0 Pg of C year-') at 11 ka. This model produced explain the 44-ka spike would still seem to 
features similar to those observed in CB-89-24-1, but the -44-ka excursion was smaller in require the carbon cycle to have operated
amplitude than that observed in 68-89-24-1. (D) As in (C), except that the rate of thermohaline differently than today.
overturn was two-thirds of the modern level until 35 ka, when it was gradually increased, reaching We suggest that differentmodern levels at 11 ka. This model produced an even better match to the general features of the 
stalagmite record, and the -44-ka excursion was of similar amplitude to that in CB-89-24-1. These the must be invoked 
models demonstrate that in addition to changes in 14Cproduction rate, changes in the carbon cycle explain the high levels of atmospheric 14C 
are necessary to reproduce the GB-89-24-1 record of atmospheric 14C. observed in our stalagmite record for the last 
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glacial period. Such high levels of atmo- 
spheric 14C can be achieved by modulating 
carbonate sedimentation and dissolution rates 
or by changing the strength andlor depth of 
thermohaline circulation (THC). Both mech- 
anisms result in increased storage of 14C in 
the atmosphere when sedimentation rate is 
low or THC is sluggish or shallow. Figure 4C 
shows results from a model simulation iden- 
tical to that presented in Fig. 4B, except that 
carbonate sedimentation rate was reduced to 
0.24 Pg of C year-' (60) until 25 ka and then 
gradually increased to modem levels (2.0 Pg 
of C year-') by the end of the last deglacia- 
tion (- 1 1 ka). Equivalent and opposite 
changes in the dissolution flux from ancient 
(14C depleted) sediments were also made to 
maintain a constant "active" carbon cycle 
size. This model simulation produces a first- 
order trend similar to the GB-89-24-1 record 
and exhibits increased sensitivity to rapid 
secular changes in geomagnetic field; how- 
e\.,... :' A,.,." ..,.'....,.-'..,.,. " 140 ,.Vn....":n.. "" 
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possible breakdowns of THC as part of the 14. A. H. L. Voelker et al., Radiocarbon 40, 517 (1998). 

explanation for the 14c because of 15. 1. Beer, C. M. Raisbeck, F. Yiou, in The Sun in Time. C. P. 
Sonett, M. 5. Ciampapa. M. 5. Matthews. Eds. (Univ. of 

the timing between the -44-ka 14C Arizona Press. Tucson. AZ. 1991). pp. 343-359. 
s ~ i k e  and Heinrich event H5 (61 ). Comvara- 16. E. Bard. Ceochim. Cosmochim. ~ c t a  62.2035 (19981. . , 
Ge but smaller 14C appear & oc- 17. M. Frank, Earth Planet. Sci. Lett. 149, 121 (1997). ' 

18. R. Muscheler, 1. Beer. C. Wagner. R. Finkel, Nature 
cur in our record at roughly the same time as 567 (2000). 
H4, H3, H2, and H1. Because Heinrich 19. 1. C. Vogel, 1. Kronfeld, Radiocarbon 39, 27 (1997). 

events may in some cases re- 20. CB-89-24-11 collected in 1989 from -14;4 m- in  

duce surface ocean salinity in the high-lati- Sagittarius, Zodiac Cavern 6, eastern Grand Bahama, 
is com~osed of dense, macrocwstalline calcite and 

tude oceans, a potential mechanism exists for shows 'no sign of po;tdepositional alteration. The 
atmospheric A'4C by varying longitudinal growth axis is 620 mm. 

THC (7, 59, 61). 21. H. Cheng et al., Chem. Ceol. 169. 17 (2000). 
22. R. L. Edwards. 1. H. Chen. C. J. Wasserburg. Earth 

Extreme reduction of THC cannot, how- Planet Sci. Lett. 80. 241 (19871. 
ever. be invoked as a mechanism to produce 23. Of 81 U and Th measuremen;s, 9 were duplicates 

the ~xcursions in cosmogenic isotop~s 1OBe split before chemical separation (either as powdered 
separates or chips from the same growth layer) and 5 

and 36C1 ~ b ~ e r v e d  in S2diments and ice cores were replicate dissolved and spiked samples put . . 
between 30 and 45 ka (37-39, 62). Excur- through 'chemistry separately. ' 

sions in the flux of these isotopes require 24. Subsamples for ',0Th were drilled (<4-mm depth) at 
an angle oblique to the plane of the polished surface 

reduced Or geomagnetic and parallel with growth layering. Time spans sam- 
modulation of GCR or changes in primary pled for Z30Th analysis were intended to be similar to 

GCR intensity. Because these-'OB~ and 36C1 
excursions are due in part to the same phe- 

achievable age precision. Age estimates correspond 
to the midpoint along the longitudinal growth axis of 
each subsam~le. 

c( Calendar age (ka) 
To proauce tne largest - .L excursion 1-44 
ka) observed in our stalagmite record would 
require a nearly stagnant ocean, however, in 
which thermohaline circulation was com- 
pletely shut down. In one such scenario, plac- 
ing a barrier to exchange at midthermocline 
depth in the ocean (-350 m) makes it possi- 
ble to increase atmospheric A14C at a rate of 
-2%0 year-' for the SINT200 geomagnetic 
conditions present at -44 ka. A 14C spike as 
large as the -44-ka excursion can then be 
produced in the requisite period, and recon- 
nection with deep ocean circulation would 
rapidly drop atmospheric 14C to previous lev- 
els, as observed. The other excursions ob- 
served in our stalagmite record could also be 
produced in this manner. Although a stagnant 
ocean is certainly an extreme scenario, it is 
nevertheless interesting to speculate about 
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Ultrafast Manipulation of 
Electron Spin Coherence 

A technique is developed wi th  the potential for coherent all-optical control over 
electron spins in  semiconductors on femtosecond t ime scales. The experiments 
show that optical "tipping" pulses can enact substantial rotations of electron 
spins through a mechanism dependent on the optical Stark effect. These ro- 
tations were measured as changes in  the amplitude of spin precession after 
optical excitation in  a transverse magnetic field and approach ~ 1 2  radians. A 
prototype sequence of t w o  tipping pulses indicates that the rotation is re- 
versible, a result that establishes the coherent nature of the tipping process. 

Multiple pulse sequences in time-domain nu- 
clear magnetic resonance and electron spin 
resonance (ESR) experiments are widely 
used to study spin-spin interactions and spin 
dephasing in inhomogeneous magnetic envi- 
ronments (1). A canonical sequence consists 
of a ~ r i 2  pulse to generate a nonequilibrium 
transverse spin polarization followed by a 
T-pulse that may enact a rephasing ("spin 
echo") of transverse spin if inhomogeneous 
broadening dominates the ensemble spin dy- 
namics (2). Current technology limits the 
number of systems to which pulsed-ESR ex- 

periments can be applied because the mini- 
mum achievable pulse length of -10 ns 
should be much smaller than the spin coher- 
ence time (1) .  To apply pulse sequences to 
study conduction-band electron spin dynam- 
ics in a variety of semiconductors where spin 
lifetimes can vary from -3 ps (3) to - 130 ns 
(4) ,  a complementary ESR technique capable 
of much shorter pulse widths is desirable. 
Application of spin echo sequences might be 
of particular interest in semiconductor quan- 
tum dots, where inhomogeneous broadening 
can limit spin lifetimes (5). Such a technique 
could also be useful for spin-based imple- 
mentations of quantum computing in solid- 
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time scales would satisfy this need in a number 
of semiconductor systems and may be applica- 
ble to single quantum bits using optical probes 
with high spatial resolution. 

Here we present time-resolved Faraday 
rotation experiments that extend a technique 
first applied in atomic sodium (8)  to semicon- 
ductor nanostructures by using ultrafast laser 
pulses to produce coherent rotations of 
electron spins (9). In our experiments, a 
pump pulse optically excites spin-polarized 
electrons that precess about a static mag- 
netic field. A second below-band gap "tip- 
ping" pulse produces an additional effec- 
tive magnetic field that can reach 20 T 
through the optical Stark effect (10). Effec- 
tive field strengths are calculated from 
measurements of Stark shifts and depend 
on the pulse intensity, polarization, and 
energy. This field is used to coherently 
rotate electron spins by angles that ap- 
proach ~ 1 2 ,  as monitored through the Fara- 
day rotation imparted to a probe pulse. A 
sequence of two tipping pulses suggests 
that spin coherence is preserved during the 
tipping process. Because the tipping pulses 
additionally excite a small number of real 
caniers, a variety of checks were performed to 
identify resultant background contributions. Al- 
though the tipping effects can be qualitatively 
interpreted as rotations about a light-induced 
effective field, quantitative comparisons of the 
tipping angle from Faraday rotation data with 
that expected from measured Stark shifts reveal 
a significant discrepancy. 

Samples were chosen that illustrate a variety 
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