
Table 2. Rotational constants (5)for specific vibrational levels o f  CH,+. 	 17. j. A. Blush, P. Chen, R. T. Wiedmann, M. C. White, 

v z  V4 B (cm-') 

frequencies are compared with previous ex- 
perimental results and theoretical values in 
Table and rotational constants for each 
vibrational level are presented in Table 2 and 
compared to theoretical results (21). Previous 
exverimental values for vibrational freauen- 
cies have been reported only for the v, (um-
brella) (22) and v, (C-H asymmetric stretch) 
modes (23, 24), and there is considerable 
uncertainty in the former (see Table 1). A 
tentative assignment of v, was made in our 
earlier low-resolution study, but it is apparent 
now that this was probably a single rotational 
line for v, = 3. Aside from Oka's value for 
the vibrationless level and the strongly al- 
lowed v, fundamental, there have been no 
experimentally determined rotational con-
stants for this system; we thus compare the 
rotational constants in Table 2 to theoretical 
calculations (25). 

These results also provide insight into 
the dissociation dynamics of the process. 
The observed distribution principally 
shows evidence for a progression in um- 
brella-mode excitation, which may be 
readily understood by considering the 
change in the CH, geometry from the near- 
tetrahedral configuration of the parent mol- 
ecule to the stiffly planar CH,+. In addition 
to the umbrella-mode progression, we also 
see evidence for some v4 excitation, both 
alone and in combination with one quanta 
of v,. Although not necessarily anticipated 
by a nai've view of the dynamics, it may be 
that coupling of the initially prepared Ryd- 
berg state to the ion pair state is favored by 
this in-plane bend excitation. 
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Regional l4c0, Offsets in the 

Troposphere: Magnitude, 


Mechanisms, and Consequences 
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Radiocarbon dating methods typically assume that there are no significant 
tropospheric 14C02 gradients within the low- to mid-latitude zone of the 
Northern Hemisphere. Comparison of tree ring 14C data from southern Cer- 
many and Anatolia supports this assumption in general but also documents 
episodes of significant short-term regional 14C02 offsets. We suggest that the 
offset is caused by an enhanced seasonal 14C0, cycle, with seasonally peaked 
flux of stratospheric 14C into the troposphere during periods of low solar 
magnetic activity, coinciding with substantial atmospheric cooling. Short-term 
episodes of regional 14C02 offsets are important to palaeoclimate studies and 
to high-resolution archaeological dating. 

The basic assumption about the atmospheric 
distribution of I4C is that, although sources of 
14C-depleted C (such as outgassing of CO, from 
the ocean mixed layer) or 14C-enriched C (such 
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as intrusion of newly produced I4C from the 
stratosphere) are restricted to certain areas and 
thus could leave a regional I4CO, imprint, rapid 
atmospheric mixing produces an efficient dis- 
persion of 14C0, gradients. Hence, over even 
short time svans. on the order of 1 month. there x , 

are approximately uniform hemispheric levels 

14'. a of 14' 
dating is the assumption of a spatially uniform 
I4CO, source level during carbon uptake bv 

allowing us to and employa 
14' 	 data set for the 

the I4C time scale 2). 
Support for the assumption that any regional 

I4Co2 differences are small and may be ignored 
(that is, they are close to the detection limits of 
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the current radiocarbon techmque) comes from 
carbon cycle modeling. Braziunas et al. (3)used 
a coupled atmosphere-ocean general circulation 
model (GCM) to calculate the preindustrial 
global atmospheric 14C0, distribution. For the 
low- and mid-latitudes of either hemisphere, 
they found zonal mean meridional I4C activity 
gradients of only about 1 per mil (%o), which is 
equivalent to a difference of 8 I4C years in 
measurement determination. In view of achiev- 
able measurement precision of no better than 2 
to 3%0 even at high-precision 14C laboratories, 
this work shows that the low- to mid-latitudes of 
each hemisphere are uniform in I4CO, concen- 
tration for practical purposes. Only at high lati- 
tudes does the 14C0, gradient increase to up to 
6%0 (equivalent to an apparent 14C age differ- 
ence of 48 years) ( 2 4 ) .  

The ability to directly detect 14C0, gradi- 
ents depends on measurement precision. The 
most extensive work has been canied out dur- 
ing the construction of the high-precision I4C 
calibration data sets, when absolutely dated tree 
ring chronologies from various mid-latitude re- 
gions of Europe and North America were com- 
pared to study the magnitude of regional I4C 
offsets at several, up to millennia-long, time 
intervals of the Holocene. The results of such 
studies have been inconsistent about whether 
measurable 14C gradients exist ( 5 4 ) .  

The majority of the data document mid- 
latitude mean regional differences well below 
10 14C years (albeit only if the corrections of 
the Belfast laboratory are to be applied), but 
several shorter intervals show regional differ- 
ences between zero and up to several de- 
cades. The latter are significant if correct. 
Some workers have suggested that changes in 
oceanic and atmospheric circulation patterns 
may be responsible for such offsets (2, 6 ) .  

It is important to resolve this disagreement, 
because, if substantial regional offsets in 14C 
levels are real within the core low- to mid- 
latitude zone of the Northern Hemisphere, the 
calibration of I4C ages into calendar years 
would require regional corrections, in the same 
way as is done for marine I4C ages (ARvalues). 
This issue is particularly relevant for building an 
accurate time frame for the prehistory of the 
eastern Mediterranean. because there small but 
highly important discrepancies between radio- 
carbon dates and dates derived from the inter- 
pretation of historical and protohistorical evi- 
dence have led to several decades of controver- 
sy, such as the debate concerning the age of the 
Thera volcano eruption (9). 

We therefore designed a three-stage study 
[the Eastern Mediterranean Radiocarbon Inter- 
comparison Project (EMRCP)] to establish the 
extent. if any, of a regional I4C gradient between 
a key regon and a tree species used to build the 
international standard high-precision calibration 
curve (I, 10) [German oak (GeO) from southern 
Germany] and the eastern Mediterranean region, 
using wood from Anatolia. I4C measurements 

were performed at the Heidelberg Radiocarbon 
Laboratory. First, we determined the overall 
dating precision of the Heidelberg laboratory by 
replicating the 14C calibration data set, based on 
GeO, in the 17th and 16th centuries B.C. Sec- 
ond, we determined the 14C ages of decades of 
wood that grew at exactly the same time from 
absolutely dated wood samples from Anatolia 
and southern Germany grown in the 15th to 17th 
centuries A.D. Third, using the information 
gained in the frst two stages, we then explored 
the anchoring of a floating Anatolian tree ring 
chronology in the 2nd millennium B.C. to the 
I4C data sets from the absolutely dated GeO and 
Insh oak (IrO) chronologies. 

For the first stage of EMRCP, we selected 
22 decades of GeO in the interval 1490 -1 7 10 
B.C., from the middle Main river, southern 
Germany. This section had been previously 
measured in the Seattle I4C laboratory (11). 
For stage 2 of EMRCP, we selected decadal 
samples from two absolutely dated tree ring 
chronologies: Turkish pine (TuP) (Pinus 
nigra) from Catacik in western Anatolia and 
GeO (Quevcus vobuv) from historical build- 
ings in southern Germany. These sequences 
cover the interval 1420-1649 A.D.; that is, a 
span of 23 decades (12). 

An independent assessment of laboratory er- 
rors is possible through our replication of the 
GeO data comprising part of the INTCAL98 
calibration data set (13). In Fig. 1,our measure- 
ments are compared to those of the Seattle I4C 
laboratory. The mean difference between the 
Heidelberg-Seattle decadal data is 2.3 I4C years. 
The observed versus expected standard devia- 
tion of the differences is 29.0 versus 22.5 I4C 
years. The increase in variance is dominated by 
the decade with midpoint at 1675 B.C., with an 
observed difference of 80 I4C years ( 3 . 8 ~  vari-
ation based on quoted measurement errors). 
When this decade is omitted, the observed ver- 
sus expected standard deviation drops to 23.8 
versus 22.5 14C years. We repeated the Heidel- 

3 1 5 0 r ' 1 " " 1 ' * " ' " " 1 ' " " ' ~  
-1 700 -1650 -1600 -1550 -1500 

Calendar Date BC 

berg measurements of the decades with mid- 
points at 1655-1675 B.C. (note the additional 
GeO data in Fig. l), with results identical to the 
previous ones. The bidecadal I4C age of IrO (1, 
7 )at 1670 B.C. is 3344 -f 21 I4C years, which 
does not help to resolve the discrepancy satis- 
factorily. Therefore, we decided to omit the 
decade with midpoint at 1675 B.C. from the 
comparison. The total increase in the variance of 
the pairs is explained by an additional, unknown 
error of 7.8 14C years (18.3 I4C years if the 
decade with midpoint at 1675 BC is included), 
caused by either one of the two laboratories or 
by both of them. From this comparison, we 
conclude that a conservative upper limit of an 
additional, unknown laboratory error for the 
Heidelberg facility is 8 I4C years, included in all 
data presented here. 

A comparison of 14C ages of pairs of same- 
age decades from GeO and TuP wood samples 
is shown in Fig. 2. The mean absolute differ- 
ence of the 23 pairs of GeO-TuP is 1.4 14C 
years, indicating a regional offset between Cen- 
tral Europe and Anatolia that is negligible. 
However, a clear trend is visible in the data, 
with all TuP ages being older than GeO in the 
interval A.D. 1440-1540 (mean difference be- 
tween TuP and GeO, 17 I4C years) but mostly 
younger in the intervals before and after, A.D. 
1420-1440 and A.D. 1550-1640 (mean differ- 
ence between TuP and GeO, -14 I4C years for 
A.D. 1550-1640). The TuP > GeO episode 
occurs at a time of strongly rising atmospheric 
14C levels, which leads to the rapid decrease of 
I4C ages as compared to calendar ages; this 
episode also corresponds with the Sporer min- 
imum of solar activity (A.D. 1416-1534) (14) 
and the associated cooler climate episode in the 
mid-15th century A.D. in the Northern Hemi- 
sphere that has been detected in many studies 
(15, 16). 

We observe the same pattern when we try to 
anchor the floating Aegean Bronze Age juniper 
chronology (ABJ) (17) to our GeO data (Fig. 1) 

Fig. 1. Comparison of Heidelberg 
and Seattle (13) measurements 

0 GeO Heidelberg on similarly sourced GeO dec- 
GeO Seattle adal samples. 
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and the 14C calibmtion curve (1). Using 52 ABJ 
decadal 14C age determinations made on sam- 
ples of Juniperus foetidissima and J. excelsa, 
we can obtain a match (18) only when we 
accept that the ABJ 14C data in the early 8th 
century B.C. are offset by -30 14C years with 
respect to the 14C data based on Central Euro- 
pean wood (Fig. 3 and inset). Again, we note 
that the 14C levels differ significantly, and for a 
short period consistently, only for intervals of 
strongly changing atmospheric 14C, coincident 
with widespread cooling in the Northern Hemi- 
sphere (19, 20). 

What could cause such a difference in the 
atmospheric 14C level between the two regions? 

14C into the troposphere, combined with the 
mechanisms of carbon storage in tree rings. 
Based on the mean lifetime of 14C of 8267 
years, in a steady state, every year 1/8%0 of the 
total 14C inventory is replenished by 14C pro- 
duction in the stratosphere and troposphere. Ul- 
timately, 14C reaches the deep ocean, which 
contains most of the global 14C inventory; but 
mixing within the stratosphere, latitude-depen- 
dent cross-tropopause exchange, carbon and 14C 
exchange across the sea surface, and deep ocean 
ventilation-all of which operate on a wide 
range of time scales-attenuate and cause a 
phase shift of the 14C source. Because the atmo- 
sphere holds just -1.5% of the global 14C in- 

The key to the answer may lie in the magnitude, ventory, it is a sensitive monitor of transient 
timing, and location of injection of stratospheric changes in any of the transport stages. In fact, 

Fig. 2. 14C ages of decadal sam- 
ples of GeO and TuP, grown con- 
temporaneously. 

Fig. 3. Wiggle-match 
of 52 14C decadal age 
determinations of 
the floating Aegean 
Bronze Age juniper 
chronology to the in- 
ternationally recom- 
mended INTCAL98 
calibration data set 
(7): See (37) for de- 
tails and discussion. 
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8th centuries B.C. fin- m 3000 3100 t 
set), a period of riskg 
atmospheric 14C lev- 
els strongly declin- 
i?g (4c a es), a sig- f n~f~cant C age dif- 
ference exists be- 
tween Central Europe 
and Anatolia. 

Calendar Date BC 

from our present-day tropospheric 14C monitor- 
ing network (4) and from modeling bomb ra- 
diocarbon (21), we deduce a preindustriaVpre- 
bomb seasonal 14C component of -4%o activity 
variation between low wintertspring and maxi- 
mum summer activity. Thus, depending on the 
rate of carbon uptake during the growing season 
and the phase relation of the growing season 
between two regions, the comparison of annual 
tree rings may show part of this seasonal cycle: 
an earlier onset of warmth, followed by restrict- 
ed water availability, largely constrain average 
tree growth in the Mediterranean to spring and 
early summer, whereas Central European oaks 
lay down a substantial contribution of the over- 
all carbon storage in their annual rings later, in 
July and August. 

For most of the time covered by our com- 
parison, the net effect is too small to be 
detected at the level of measurement preci- 
sion. However, the amplitude of the seasonal 
cycle is proportional to the 14C influx from 
the stratosphere. During times of "deep" solar 
minima (22), the 14C production (23) and 
hence 14C flux were doubled as compared to 
the average of the 1 1-year solar cycle [figure 
8. of (24)] at high latitudes. Thus, the sea- 
sonal cycle becomes notable, and we can 
explain the difference in magnitude of the 
regional 14C gradient between the A.D. and 
the B.C. event because the 14C increase in the 
8th century B.C. was 50% higher than in the 
Sporer minimum episode. 

The recording of the seasonal 14C signal by 
tree rings also may have been amplified by 
climate change. The two events are part of 
widespread hemispheric cooling episodes (15, 
19, 20): the initial phases of the Little Ice Age 
after the Medieval Warm Period, and the wet 
and cold earlier 8th century B.C. For this type of 
event, a cyclonic circulation and higher frequen- 
cy of cold polar air in the North Atlantic and 
northwestern Europe is assumed, with the east- 
em Mediterranean in antiphase (25). Thus, 
while Central European trees may have had 
their growing season shifted to later in the sum- 
mer, because of the cold (continental-type) win- 
ters, the vegetation in the ~ e d i t e r r a n k  may 
have enjoyed favorable moisture and tempera- 
ture conditions leading to early growth (26). 
Furthermore, during deep solar activity minima, 
the solar ultraviolet flux was considerably r e  
duced (27), leading to changes in stratospheric 
heating and circulation (28-30). Thus, the par- 
titioning of major mechanisms in stratosphere 
troposphere 14C exchange, as well as tropo- 
spheric wave propagation, may have been nota- 
bly different during these intervals, adding to the 
14C seasonality. 

Thus, although the general calibration of 
I4C ages is only marginally affected by our 
findings, and the standard calibration curves 
may be used with confidence in most cases, at 
certain times significant deviations occur. For 
example, the revised best estimate dates for the 
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floating Bronze-Iron Age Aegean dendrochro- 
nology (31) now must be shifted to ages -22 
years older-a matter of no little importance for 
archaeologists (9). Finally, it is clear that high- 
precision 14C analyses provide a valuable tool 
for studying decadal- to century-scale atmo- 
spheric dynamics in the past. 
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Anatolian Tree Rings and a New 

Chronology for the East 


Mediterranean Bronze-Iron Ages 

Sturt W. Manning,'* Bernd Kromer,' Peter tan K~niholm,~ 

Maryanne W. Newton3 

W e  report an extensive program of high-precision radiocarbon dating to  establish 
the best date for a floating 1599-year Anatolian tree ring chronology that spans 
the later third millennium B.C. through the earlier first millennium B.C. This chro- 
nology is directly associated with a number of key sites and ancient personages. 
A previously suggested dating is withdrawn and is replaced by a robust new date 
fix 22 (+4 or -7) years earlier. These new radiocarbon wiggle-matched dates offer 
a unique independent resource for establishing the precise chronology of the 
ancient Near East and Aegean and help resolve, among others, a long-standing 
debate in favor of the so-called Middle Mesopotamian chronology. 

Over a period of 30 years, the Aegean Dendro- 
chronology Project has built a robust, long, but 
floating tree ring chronology with the use of 
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Fig. 1. Radiocarbon data with l a  
errors from decadal tree ring 
samples from wood series recov- 
ered from structures at Gordion, 
central Anatolia. The Old set 
comprises decades centered on 
relative rings 777-987. The 
Young set comprises decades 
centered on relative rings 1325- 
1754. Radiocarbon measure-
ments were carried out at Hei- 
delberg according to standard 
procedures (42, 43). Data shown 
here and used in this study in- 
clude a small additional error 
factor determined from a de-
tailed intercomparison of mea-
surements by the Heidelberg and 
Seattle laboratories on mid-sec- 
ond millennium B.C. south Ger- 
man oak of known age (72);total 
stated errors are thus regarded 
as conservative. 

timbers collected from major archaeological 
monuments in Anatolia dating from the later 
third millennium B.C. through the earlier first 
millennium B.C. This chronology is central to 
the dating of some 22 Bronze and Iron Age 
sites (I) and forms a pivotal reference point for 
the archaeology and hlstory of the eastern Med- 
iterranean. The core of the chronology consists 
of 1026 years of cross-dated and well-replicated 
tree rings preserved at the Phrygian capital city 
of Gordion, particularly from the Midas Mound 
Tumulus grave chamber, the world's oldest 
standing wooden building (2, 3). We report 
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