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EDITORIAL COMMENT

This CALIBRATION 1993 volume amends and extends the time series published in the 1986
CALIBRATION ISSUE. Whereas the 1986 issue provided age calibration over nearly 10,000
calibrated (cal) years, the current material more than doubles this age range.

The joint Seattle-Belfast bidecadal, and the Seattle decadal, calibration curves now cover about
8000 cal yr. Minor corrections, explained in the text, had to be applied to previously (1986)
published “C dates of the Belfast and Seattle laboratories. The corrections are in the 10 to 20 “C-
yr range. Most calibration curves are for decadal and bidecadal samples, but finer chronological
detail can be found in Pretoria-Groningen (1900-3900 BC) and Seattle (AD 1510-1950) results.

The dendrochronologically dated tree-ring samples in the AD/BC realm cover nearly 10,000 cal yr.
The earliest millennia of the German absolute oak chronology are discussed in Hohenheim,
Heidelberg and Belfast reports. Heidelberg also reports *C data for a nearly 1600-yr floating (not
connected to the present) pine chronology. A tentative estimate of the gap between the pine and
oak chronologies allows the tree-ring chronology to be extended back to 11,400 cal BP.

The tree-ring-derived calibration curves are applicable to samples formed in equilibrium with
atmospheric CO,. To calibrate samples of marine origin, a Seattle curve, derived from the tree-ring
information through carbon-reservoir modeling, can be used. A joint Gif sur Yvette/Lamont-
Doherty effort allows the continuance of “C age calibration beyond 11,400 cal yr BP. Here, coral
"C ages and (U/Th) ages are compared, yielding calibration data for the marine environment. As
the “C variations in the oceans are smoothed relative to those in the atmosphere, the inferred
approximate atmospheric curve that is obtained by deducting a fixed marine reservoir 4C age from
the marine measurements has less century detail than the calibration curve based on tree-ring data.
Thus, the calibration of atmospheric samples beyond 10,000 C yr is approximate only.

Computerized calibration facilitates age calibration and is discussed in Seattle and Groningen
papers. The IBM-compatible computer program, CALIB 3.0, inserted in the back cover, integrates
the new data, which can be used for age calibration as well as *C research. Calibration of decadal
and bidecadal atmospheric samples is limited to, respectively, 0~7210 *C yr BP and 0-18,360 “C
yr BP, whereas the range for marine samples is 460-18,760 “C yr BP.

To facilitate time-scale calibration by individual researchers, the CALIB 3.0 computer program can
be copied freely. A Macintosh version can be obtained from the Quaternary Isotope Laboratory
upon request. Proper credit, of course, should be given and the original program should be kept
an integral part of this issue. To improve the compatibility of CALIB cal age results with other,
existing or future, computerized calibration programs, the use of CALIB data sets is recommended
for these programs.

Minze Stuiver
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FURTHER EDITORIAL COMMENT

From the vantage point of the RADIOCARBON editorial offices, we are well aware of the popularity,
and presumed usefulness of the first Radiocarbon Calibration Issue published seven years ago. We
continue to receive more requests for this single issue than all other back issues.

Despite the added uncertainty, and often enigmatic calibrated ranges and probability curves, most
consumers of *C data are interested less in “radiocarbon years” than in calendrical years.
Radiocarbon calibration schemes were available before the 1986 CALIBRATION ISSUE, which
summarized the most recent and best calibration data available at the time. However, like any other
technical measurement at the leading edge of possible precision, “C measurements have their
intrinsic uncertainties. CALIBRATION 1993 represents the current state-of-the-art calibration, with
improvements, adjustments and extensions. In only a few cases will the user notice minor
differences in calibrated results from these new calibrations compared to the 1986 calibrations. The
major differences are in the extended calibrated time range and the computer programs for calib-
ration.

Calibration work continues, and this 1993 version is unlikely to be the last one. Anticipated major
refinements in the next calibration issue are extensions using datable material other than tree rings,
and possibly the confirmation of small regional variations of the 1C calibration.

Austin Long

The Quaternary Isotope Laboratory (QIL) and RADIOCARBON hereby disclaim all warranties, whether
expressed or implied, relating to CALIB 3.0 software. QIL and RADIOCARBON will not be liable for
any damages resulting from use or misuse of this software. QIL is in no way committed to
maintaining the present version of this program or to distributing future versions.

COVER

The Sun’s “rays” were constructed from an 11,000 cal yr residual A“C record (Fig. 11, p. 148).
Time (past to present) proceeds clockwise. Approximate cal yr ages of some prominent pertur-
bations (6-3) are, respectively, 8500 BP, 7200 BP, 4800 BP and 2700 BP. The 16th and 18th century
Spérer (2) and Maunder (1) A™C maxima complete the recent part of the record.

Design by Minze Stuiver, T. F. Braziunas and Floyd Bardsley.
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HIGH-PRECISION BIDECADAL CALIBRATION OF THE RADIOCARBON TIME
SCALE, AD 1950-500 BC AND 2500-6000 BC

MINZE STUIVER

Department of Geological Sciences and Quaternary Research Center, University of Washington
Seattle, Washington 98195 USA

and
GORDON W. PEARSON

Retired from Palaeoecology Centre, The Queen’s University of Belfast, Belfast, BT71NN, Northern
Ireland

INTRODUCTION

The radiocarbon ages of dendrochronologically dated wood spanning the AD 1950-6000 BC interval
are now available for Seattle (10-yr samples, Stuiver & Becker 1993) and Belfast (20-yr samples,
Pearson, Becker & Qua 1993; Pearson & Qua 1993). The results of both laboratories were
previously combined to generate a bidecadal calibration curve spanning nearly 4500 years (Stuiver
& Pearson 1986; Pearson & Stuiver 1986). We now find that minor corrections must be applied
to the published data sets, and therefore, give new bidecadal radiocarbon age information for
2500-6000 BC, as well as corrected radiocarbon age averages for AD 1950-500 BC. Corrected
average *C ages for the 500-2500 BC interval are given separately (Pearson & Stuiver 1993). The
Seattle corrections (in the 10-30 C-yr range) are discussed in Stuiver and Becker (1993), whereas
Pearson and Qua (1993) provide information on Belfast corrections (averaging 16 yr). All dates
reported here are conventional radiocarbon dates, as defined in Stuiver and Polach (1977). Belfast
1C ages back to 5210 BC were obtained on wood from the Irish oak chronology (Pearson et al.
1986). Wood from the German oak chronology (Becker 1993) was used by Belfast for the
5000-6000 BC interval. For the overlapping interval (5000-5210 BC), Belfast reports weighted Irish
wood/German wood C age averages. The Seattle “C ages for the AD interval were either on
Douglas fir wood from the US Pacific Northwest, or Sequoia wood from California (Stuiver 1982).
The BC materials measured in Seattle were mostly part of the German oak chronology. Thirteen
samples (5680-5810 BC) from the US bristlecone pine chronology (Ferguson & Graybill 1983)
were measured in Seattle as well. Here, the final Seattle decadal *C ages resulted from averaging
German oak and bristlecone pine ages.

Several factors contribute to the uncertainty in the calibration curve for bidecadal cellulose samples.
The precision and accuracy of the *C measuring process is limited, and dendrochronological errors
(if any) may result in '“C age differences when materials of different chronologies (and “identical”
AD or BC age) are used. And although relatively fast transport in the troposphere causes atmo-
spheric “CO, to be fairly uniformly mixed near the earth surface, small regional differences
remain. General circulation and carbon reservoir model calculations (Braziunas, Fung & Stuiver
1991) predict regional “age” differences of maximally 20 *C years within the northern hemisphere.
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Such inhomogeneity in atmospheric *CO, alone can induce 'C age offsets on the order of a
decade between individual northern hemisphere dendrochronologies.

The Seattle and Belfast results on wood of the same calibrated (cal) age, but not necessarily of the
same region, give consistent replication for most of the 8000-yr record. Marginal replication is only
encountered for the 5180-5500 BC interval. We first discuss the aspects of replication; detailed
calibration curves follow.

SAMPLE AVAILABILITY AND PRETREATMENT

During the earlier phases of the Seattle calibration project, many of the wood samples of AD age
were treated with dilute NaOH and HCI solutions to remove resins, sugars and a portion of the
lignin (de Vries method, Stuiver & Quay 1980). The samples from the German chronology (and
part of our single-year AD Pacific Northwest chronology) were subjected to a more rigorous
extraction, yielding alpha cellulose. The cellulose preparation procedure is similar to the *C sample
treatment given in Stuiver, Burk & Quay (1984), with slight modifications due to the bulk of the
1C samples. The de Vries method is less efficient in removing components added after the year
of growth, but the influence of the incomplete removal on the *C ages of the Seattle samples is
limited to 2 or 3 C years (Stuiver & Quay 1981). All Belfast samples were pretreated to reduce
the wood to cellulose (Pearson & Stuiver 1986).

To cover identical bidecades for Belfast and Seattle, we combined pairs of Seattle decadal **C
(weighted mean) to produce appropriate bidecadal results. The sequence is not entirely a rhythmic
flow of numbers because there are a few 10-yr gaps in the Belfast bidecadal sequence, some
overlapping bidecadal measurements with a 10-yr difference at midpoint, and some missing Seattle
and Belfast measurements. Many samples had to be processed, and occasionally, wood was either
not available in sufficient quantities (thin rings) for the high-precision *C measurement, or was
lost during sample processing. There are also small differences in midpoint age of the “contem-
poraneous” 20-yr blocks used for *C age averaging of up to 2 cal yr. Thus, the listed midpoint cal
ages (which are multiples of 10, with exceptions listed below) can differ by up to 1 cal yr from
the actual cal age. The following exceptions apply (dates given are midpoints):

AD 1940-1860 Seattle bidecadal data only

AD 1825/AD 1275/AD 1245 Seattle decadal points inserted in Belfast data
gaps

AD 1212/AD 1192/AD 952 Averages of bidecades with midpoints 5 yr
apart

2450 BC/4150 BC/5150 BC Belfast data only, as in each case one of the

Seattle decadal measurements was missing.

TECHNIQUE AND LABORATORY REPRODUCIBILITY

The radiocarbon community tends to under-report the standard error in a *C age determination
(International Study Group 1982; Scott, Long & Kra 1990). Age errors solely based on the Poisson
error in the number of counts accumulated during the 'C activity measurement are lower limits
only, and an “error multiplier” K (defined as the actual standard error/quoted standard error) must
be applied (e.g., Stuiver 1982). The error multiplier of a specific laboratory may range from 1 to
2 (Scott, Long & Kra 1990). Although the sources of variance are additive (causing K to increase
with sample age), K is a convenient expression of the degree to which the quoted error is
representative of the overall error in a “C date.
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The quoted standard errors of the Belfast laboratory are based on a study of the parameters
contributing to the error in **C measurements of the liquid scintillation counting system employed
(Pearson ef al. 1986), whereas for Seattle’s CO, gas counting system, the quoted errors are based
on the Poisson standard deviation in the sample count and the largest of 1) the Poisson deviation
in the average of multiple standard runs, and 2) the standard deviation from the observed scatter
in these multiple runs. Previous replicate analysis of 55 determinations on pairs of wood of the
same age yielded Kp,y = 1.23 (Pearson er al. 1986), whereas the upper limit for K Was
estimated at 1.6 (Stuiver & Pearson 1986; Stuiver & Becker 1993).

SYSTEMATIC DIFFERENCES BETWEEN LABORATORIES

Interlaboratory comparisons are needed to identify any offsets, and these lead to independent K
information as well. We compared the “C age results (Kromer et al. 1986; Kromer & Becker
1993; de Jong, Becker & Mook 1986; Linick ez al. 1986; Pearson, Becker & Qua 1993; Pearson
& Qua 1993; Stuiver & Becker 1993, Vogel et al. 1993) of dendrochronologically dated wood of
the same age and different origin, as well as those of the same age and same chronology.

Of the six laboratories involved, three measured either decadal (Tucson and Seattle) or bidecadal
samples (Belfast). Groningen, Heidelberg and La Jolla measured samples grown over shorter time
intervals (usually 1-3 yr). For comparison purposes, we choose to average the published results
over decades or bidecades. Usually only part of the 10 or 20 years will have been measured, and
the “decadal” or “bidecadal” “C ages calculated in this manner need not be identical to the “C
ages that would have been obtained by measuring decadal or bidecadal samples directly. An error
multiplier, K, o-1, p, fOr interlaboratory comparisons was derived by taking the quotient of the
standard deviation, o,,,, in the observed differences and the average standard deviation, o, of the
differences calculated from the quoted errors in the *C determinations.

A test of internal consistency of C data of laboratories measuring wood of the same tree
chronology provides insight into the sum total uncertainty tied to procedures of wood allocation,
dendro-age determination, sample pretreatment, laboratory '“C determination, regional C distri-
bution and "C differences between individual trees of the same chronology. Often the splitting of
samples from wood sections in the dendrochronology laboratories took place several years apart,
and wood from identical trees was not necessarily supplied for the same chronology to different
1C laboratories. Here, even the region may be uncertain, because the area of original growth is not
well defined for trees collected from alluvial sediments.

Good interlaboratory '“C age agreement (n = number of comparisons, offset = “a” with positive
values when Lab A dates are older) is found, e.g., for decadal or bidecadal wood (in some
instances, “decadal” or “bidecadal”, see above) of the German chronology (Becker 1993) with
Kseattie-Groningen = 1.8 and a = =4 * 2 yr (3210-3910 BC, n = 36), Kseatte-pretoria = 1.2 and a = 4 + 2
yr (1930-3350 BC, n = 72), Kg.uye-raoms = 1.3 and a = -4 % 3 yr (2500-5000 BC, n = 97), and
Kseatte-perast = 1.5 and a = =15 £ 4 yr (5500-6000 BC, n = 24). Less satisfactory agreement is found
in Kseae-errass = 1.3 and a = =54 * 5 yr (5180-5500 BC, n = 16) and Kseatte-Heidgetverg = 1.8 and a =
-41 £ 4 yr (4075-5265 BC and 5805-5995 BC, n = 65). The reasons for the larger offsets are, as
yet, not well understood.

Comparing decadal or bidecadal *C dates from the German (measured in Seattle and Belfast) and
bristlecone pine (measured in Tucson and Seattle) chronologies for the 5680-5810 BC interval
yields excellent agreement with Kg.,ye-seae = 1.3 and a = -6 £ 7 yr (n = 13), Kgeatte-Tucson = 1.8 and
a=-327yr(n=15; the 2 additional points are at 6475 and 6360 BC), and Kpeifasi-Tucson = 1.8 and
a=62x7(n=7). Acomparison of the joint Northwest Pacific and German chronology measured
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in Seattle, and the Irish chronology measured in Belfast, yielded, for bidecadal samples covering
the AD 1840-5180 BC interval K yye-peirsse = 1-56 and a = 2 * 1 (n = 344). The majority of offsets
are in the decade (or less) range, and error multipliers for the age differences are 1.8 maximally.

Of crucial importance for the construction of the bidecadal calibration curve are the systematic
differences between Seattle and Belfast results for the AD 1840-6000 BC interval. The systematic
difference, averaging only -0.8 £ 0.9 yr (K = 1.7, n = 386) for the full AD 1840-6000 BC interval,
can be substantially larger for shorter time units. Systematic differences for successive millennia
(first “millennium” is AD 1840-1000, last one 5001-6000 BC) are —0.4 + 2.3 yr (K = 1.4),0.9 *
26(K=14),99+25(K=1.3),166x2.6(K=14),24+24(K=1.8),-43+2.6(K=1.4),
-12.1 + 2.8 (K = 1.9) and -25.2 = 2.7 (K = 1.7). These offsets (applying the corresponding K
value) equal, respectively, 0.1, 0.2, 3.0, 4.6, 0.1, 1.2, 2.3 and 5.3 times the standard deviation in
the mean. Clearly, the 9.9 (3.0 ©), 16.6 (4.6 ) and -25.2 (5.3 o) C year offsets are too large to
be accounted for solely by statistical considerations of the reproducibility of the measurements.
Measurements on four duplicate samples (3130 BC, 3190 BC, 3210 BC and 3230 BC) of the Irish
chronology also yielded a substantial offset of 52 + 8 yr, with Belfast results being older.

Closer inspection of the distribution of the actual C age differences of the 3 millennia with
statistically unacceptable systematic offsets shows one interval (5180-5500 BC) with substantial
Seattle and Belfast “C age differences (a = =54 + 5 yr). The offset for the remaining portion of
the millennium (5001-5180 BC and 5500-6000 BC) is now -12.2 * 3.3 yr (K = 1.5). This offset
equals 2.4 standard deviations of the mean, which is not an abnormally large value. Significant
systematic Seattle-Belfast differences are then 9.9 yr (1-1000 BC), 16.6 yr (1001-2000 BC) and
-54 yr (5180-5500 BC). The standard deviation given with the calibration curve does not account
for offsets. Therefore, for the above intervals, the calibration curve C age averages could be
subject to systematic errors of, respectively, 5.0, 8.3 and 27 yr. The first two systematic errors are
rather insignificant, as they are less than a decade and only a fraction of the curve standard devia-
tion (which averages 12.9 yr). The 27-yr systematic error contribution to the radiocarbon ages of
the 5180-5500 BC interval, however, is unacceptably large and warrants further calibration efforts.

CONSTRUCTION OF THE RADIOCARBON AGE CALIBRATION CURVES

When calculating the Seattle-Belfast bidecadal 'C age averages, and their errors, an error multiplier
must be assigned to the quoted laboratory error. In our previous papers, we took Kg, i, = 1.23 and
Kseawe = 1.6 for results going back to 2500 BC. K tends to increase with sample age (e.g., for the
AD 1840-2500 BC interval, Kq ye-peiass = 1.44 (n = 212, a = 7 £ 1.2 yr), whereas for the 2500-
5000 BC interval, K. pe-peirase = 1.75 (n = 124, a = =7 * 1.6)). Thus, we selected a larger K value
of 1.7 for both Seattle and Belfast for samples older than 2500 BC. A more detailed discussion of
this choice can be found elsewhere (Stuiver & Pearson 1992).

The above K values, multiplied with the quoted standard deviation, yield corrected standard devia-
tions (o) for the individual Belfast and Seattle *C ages. Using these standard deviations, we find
that the calculated standard deviations of the *C age differences of contemporaneous bidecadal
sample pairs of Seattle and Belfast account for 90-100% of the demonstrated standard deviations
in 'C age differences of both laboratories for the AD 1940-5180 BC and 5500-6000 BC intervals.
The standard deviations of the weighted average C ages (Table 1) of sample pairs that form the
basis of the *C calibration curve are based on the above K-corrected standard deviations.

The mean standard deviation of the bidecadal averages of Seattle and Belfast is 12.9 (+ 1.6%o for
A™C) ™C yr for the AD 1950-6000 BC interval. The standard deviations of the “C ages associated
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with the 5180-5500 BC interval do not fully account for the total uncertainty, as systematic error
contributions play a role for this part of the calibration curve (see previous section).

CALIBRATION INSTRUCTIONS

We recommend that users of “C dates obtain additional information on reproducibility (and
systematic error, if any) from the laboratory reporting the “C date. This information should lead
to a realistic standard deviation in the reported age. A systematic error has to be deducted from,
or added to, the reported radiocarbon age prior to age calibration.

Only the calibration curve is given in Figure 1; the one-sigma (10; standard deviation) uncertainty
in the curve is not given. The actual standard deviation (averaging 12.9 “C yr for the nearly 8000
cal yr bidecadal calibration curve of Seattle-Belfast “C age averages) is tabulated in Table 1 for
each bidecadal midpoint.

Cal BP ages are relative to the year AD 1950, with O cal BP equal to AD 1950. The relationship
between cal AD/BC and cal BP ages is cal BP = 1950-cal AD, and cal BP = 1949 + cal BC. The
switch from 1950 to 1949 when converting BC ages is caused by the absence of the year zero in
the AD/BC chronology.

The conversion of a *C age to a cal age is as follows: 1) draw line A parallel to the bottom axis
through the C age to be converted; 2) draw vertical line(s) through the intercept(s) of line A and
the calibration curve. The cal AD/BC ages can be read at the bottom axis, the cal BP ages at the top.

To convert the standard error in the “C age into a range of cal AD/BC (BP) ages, determine the
sample standard deviation, o, by multiplying the quoted laboratory standard deviation with the
“error multiplier.” Unfortunately, information on error multipliers is often lacking. Here, the C
age user should refer to K values given above, or to Scott, Long & Kra (1990).

Once the sample o is known, the curve o should be read from Table 1. The curve o and sample
o should then be used to calculate total o = ((sample o)* + (curve 0)®)* (Stuiver 1982). Lines
parallel to A should now be drawn through the “C age + total o, and “C age - total o value. The
vertical lines drawn through the intercepts now yield the outer limits of possible cal AD/BC (cal BP)
ages that are compatible with the sample standard deviation.

The conversion procedure yields 1) single or multiple cal AD/BC (BP) ages that are compatible with
a certain *C age, and 2) the range(s) of cal ages that correspond(s) to the standard deviation in the
"C age (and calibration curve). Here, the user must determine the calibrated ages from Figure 1
graphs by drawing lines, whereas an alternate approach would be to use the computerized
calibration (CALIB) program discussed elsewhere in this issue (Stuiver & Reimer 1993).

The probability that a certain cal age is the actual sample age may be quite variable within the cal
age range. Higher probabilities are encountered around the intercept ages. The non-linear transform
of a near-Gaussian distribution around a *C age into cal AD/BC (cal BP) age is not a simple matter,
and computer programs are needed to derive the complex probability distribution. The CALIB
program incorporates such probability distributions.

The calibration data presented here are valid for northern hemispheric samples that were formed
in equilibrium with atmospheric “CO,. Systematic age differences are possible for the southern
hemisphere, where “C ages of wood samples tend to be about 40 yr older (Vogel et al. 1993).
Thus, **C ages of southern hemispheric samples preceding our era of fossil-fuel combustion should
be reduced by 40 yr before conversion into cal AD/BC (BP) ages.
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The Figure 1 calibration points are the midpoints of wood samples spanning 20 yr. Samples sub-
mitted for dating may cover shorter or longer intervals. The decadal calibration results of the
Seattle laboratory (Stuiver & Becker 1993; Stuiver & Reimer 1993) provide a better time
resolution, whereas the CALIB program also has an option to use Figure 1 moving averages (e.g.,
a 5-point or 100-yr moving average of the bidecadal curve). The latter should be used for a sample
grown over a 100-yr interval. Samples formed over intervals longer than a decade or bidecade are
very desirable, as the *C “wiggles” of the calibration curve have lesser influence on the (midpoint)
cal age when a smoothed (moving average) calibration curve is used (Stuiver 1992).

The calibration curve is only valid for age conversion of samples that were formed in equilibrium
with atmospheric CO,. Conventional **C ages of materials not in equilibrium with atmospheric
reservoirs do not take into account the offset in *“C age that may occur (Stuiver & Polach 1977).
An offset, or reservoir deficiency, must be deducted from the reported “C age before any attempt
can be made to convert to cal AD/BC (BP) ages.

The reservoir deficiency is time dependent for the mixed (and deep) layer of the ocean. For the
calibration of marine samples, the reader is referred to Stuiver and Braziunas (1993) and, of course,
the CALIB program.
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TABLE 1. Weighted averages of University of Washington (Seattle) and the University of Belfast
14C age determinations. The cal AD/BC (or cal BP) ages represent the midpoints of bidecadal wood
sections, except as noted in the text. The standard deviation in the ages and A™C (defined in
Stuiver and Polach (1977)) values includes lab error multipliers of 1.23 for Belfast and 1.6 for
Seattle after 2500 BC, and 1.7 for both labs prior to 2500 BC.

14C IAC
Cal AD/BC  A¥C %o age (BP) Cal BP | Cal AD/BC__ AMC %o age (BP) Cal BP
AD 1940 -20.7zx .6 178 5 BP 10 | AD1130 -144+13 91410 BP 820
AD 1920 -119=% 5 126 = 4 BP 30 | AD 1110 -164x11 949 9 BP 840
AD 1900 -4.5+ .7 85+ 6 BP 50 | AD1090 -122+1.0 935+ 8 BP 860
AD 1880 -56=%.5 113+ 4 BP 70 | AD 1070 74+ 9 915 7 BP 880
AD 1860 -41+6 120+ 5 BP 90 | AD 1050 -71+11 932 9 BP 900
AD 1840 -1.3x .5 118+ 4 BP 110 | AD 1030 -99+12 97410 BP 920
AD 1825 25+ .6 101+ 5 BP 125 | AD 1010 -16.0x 1.3 1043 =11 BP 940
AD 1810 -14=+ 5 148 = 4 BP 140 | AD 990 -168=*12 1069 9 BP 960
AD 1790 -78+ .6 219+ 5 BP 160 | AD 970 -189x 1.2 1105+ 10 BP 980
AD 1770 -1=z.5 176 + 4 BP 180 | AD 952 -203=x15 113512 BP 998
AD 1750 31 .5 169 + 4 BP 200 | AD 940 -194=x16 1139+ 13 BP 1010
AD 1730 9.7+ .5 136 = 4 BP 220 | AD 920 -16.8+13 113711 BP 1030
AD 1710 155+ 4 110 3 BP 240 | AD 900 -114=x12 111210 BP 1050
AD 1690 147+ 4 136 + 3 BP 260 | AD 880 -189=*13 119311 BP 1070
AD 1670 815 207+ 4 BP 280 | AD 860 -185=%13 1210=x10 BP 1090
AD 1650 24+ 5 272 £ 4 BP 300 | AD 850 -182=%13 121610 BP 1100
AD 1630 -28+.5 334+ 4 BP 320 | AD 830 -143=*14 1204 =11 BP 1120
AD 1610 -50=+ .5 371 £ 4 BP 340 | AD 810 -13.6x14 121811 BP 1140
AD 1590 1+6 3499 + 5 BP 360 | AD 790 -112=+1.0 1218 9 BP 1160
AD 1570 35+ .6 341+ 5 BP 380 | AD 770 -159=+1.2 1276 +10 BP 1180
AD 1550 83 .5 322+ 4 BP 400 | AD 750 -159*10 1295% 8 BP 1200
AD 1530 111+ 5 319 4 BP 420 | AD 730 -10.1x1.0 1267 8 BP 1220
AD 1510 82+.7 362+ 5 BP 440 | AD 710 -106zx12 1291 9 BP 1240
AD 1490 10314 365=x11 BP 460 | AD 690 -92+18 1299+ 15 BP 1260
AD 1470 7716 405=*13 BP 480 | AD 670 -123*18 1343+ 14 BP 1280
AD 1460 87+x11 406 9 BP 490 | AD 650 -185=%14 1414+ 12 BP 1300
AD 1450 76+13 42511 BP 500 | AD 630 -204+15 1448+ 13 BP 1320
AD 1430 4+16 502=x13 BP 520 | AD 610 -20.6x19 1469 = 15 BP 1340
AD 1410 -19+14 54012 BP 540 | AD 590 -235=x17 1512=x14 BP 1360
AD 1390 -96+13 622+10 BP 560 | AD 570 -20.0+ 1.8 1503+ 14 BP 1380
AD 1370 -112=x12 65410 BP 580 | AD 550 -20.0x1.5 1523 +13 BP 1400
AD 1350 -52+14 62511 BP 600 | AD 530 -25.0%14 158412 BP 1420
AD 1330 8+12 5% =10 BP 620 | AD 510 -223*1.6 158013 BP 1440
AD 1310 -9+12 629+ 9 BP 640 | AD 490 -206=x1.6 158613 BP 1460
AD 1290 -87x14 711=x11 BP 660 | AD 470 -17.0x17 1576 x 14 BP 1480
AD 1275 -156%29 782 %24 BP 675 | AD 450 -155=%1.7 1583+ 14 BP 1500
AD 1260 -153%12 794 %10 BP 690 | AD 430 -168=*16 1613 %13 BP 1520
AD 1245 -154+28 81023 BP 705 | AD 410 -20.7x1.6 1664 = 14 BP 1540
AD 1230 -146+1.1 818+ 9 BP 720 | AD 390 -213x14 1689 *11 BP 1560
AD 1212 -183 %16 865+ 13 BP 738 | AD 370 -22.1x13 171511 BP 1580
AD 1192 -166=x1.6 87113 BP 758 | AD 350 -18.5x1.7 1705 14 BP 1600
AD 1170 -155x1.0 883+ 9 BP 780 | AD 330 -20.1x17 1737+ 14 BP 1620
AD 1150 -213+1.0 950+ 9 BP 800 | AD 310 -227=x17 1778+ 14 BP 1640
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TABLE 1. (Continued)

14C 14C
Cal AD/BC  AYC %o age (BP) CalBP | Cal AD/BC  AY¥C %0 age (BP) Cal BP
290 -17.1x16 1752 +13 BP 1660 | 2670 BC 439+16 414312 BP 4619
270 -114=x15 172412 BP 1680 | 2690 BC 46.7 £ 1.7 4141 £ 13 BP 4639
250 -154=+x11 1777 9 BP 1700 | 2710 BC 423 +1.6 4194 £ 12 BP 4659
230 -183=x15 182013 BP 1720 | 2730 BC 50016 4155+ 12 BP 4679
210 -19.1x15 184613 BP 1740 | 2750 BC 51.0£2.0 4167 £ 15 BP 4699
190 -172+17 1850+ 14 BP 1760 | 2770 BC 51022 4186 = 17 BP 4719
170 -148+18 1849+ 15 BP 1780 | 2790 BC 504 +16 421013 BP 4739
-11.6 1.7 1843 + 14 BP 1800 | 2810 BC 589+ 18 4165+ 14 BP 4759
130 -136=x12 1879+ 10 BP 1820 | 2830 BC 68915 4109 = 12 BP 4779
110 -162=*18 1919+ 15 BP 1840 | 2850 BC 685+18 4131+ 14 BP 4799
90 -120=x14 1904 =12 BP 1860 | 2870 BC 63518 4188+ 13 BP 4819
70 -157+13 1954 £ 11 BP 1880 | 2890 BC 54220 4278 £15 BP 4839
50 -169+11 1984+ 9 BP 1900 | 2910 BC 52.7+19 4309 £ 15 BP 4859
30 -133+14 1974 £11 BP 1920 | 2930 BC 436 £2.1 4398 £ 16 BP 4879
10 -146+11 2003z 9 BP 1940 | 2950 BC 458 £ 1.7 4401 =13 BP 4899
10 BC -158+1.1 2032z 9 BP 1959 | 2970 BC 482 £ 23 4402 x 17 BP 4919
30 BC -129+1.0 2027z 8 BP 1979 | 2990 BC 53.6+18 4380 14 BP 4939
50 BC -159+1.0 2071 8 BP 1999 | 3010 BC 56.8+21 4375*16 BP 4959
70 BC -162 £ 12 209310 BP2019 | 3030 BC 558 £2.0 4402 15 BP 4979
90 BC -134 12 2090 =10 BP2039 | 3050 BC 51516 4454 =12 BP 4999
110Bc  -13.1x12 2107 9 BP 2059 | 3070 BC 58416 4421 =12 BP 5019
130 BC -128 13 2124 +10 BP 2079 | 3090 BC 575 +£22 4447 £ 17 BP 5039
150 BC -90+x14 2112=x11 BP2099 | 3110 BC 52.0x21 4509 = 16 BP 5059
170 BC -95+13 213610 BP2119 | 3130 BC 525 %21 4525+ 16 BP 5079
190 BC -102 13 216111 BP2139 | 3150 BC 53.1+£21 454016 BP 5099
210 BC  -16.0x12 2228 +10 BP2159 | 3170 BC 61.1 £2.0 4498 + 15 BP 5119
230 BC  -133*x13 2225=*10 BP2179 | 3190 BC 602 + 1.7 4524 £ 13 BP 5139
250BC -11.6+15 223012 BP2199 | 3210 BC 619+18 4530+ 14 BP 5159
270 BC  -126*15 2258 12 BP 2219 | 3230 BC 66.8 +2.0 451315 BP 5179
290 BC -64 15 222712 BP 2239 | 3250 BC 759 £ 2.1 4465 £ 15 BP 5199
310 BC =2.7+15 221712 BP2259 | 3270 BC 740 £23 4498 £ 17 BP 5219
330 BC 2715 219312 BP2279 | 3290 BC 782 £ 2.1 4486 = 16 BP 5239
350 BC 2613 221311 BP2299 | 3310 BC 76.1 £19 4521 * 14 BP 5259
370 BC -14+12 226410 BP2319 | 3330 BC 787 17 4521+ 12 BP 5279
390 BC -5.0x14 2313:12 BP2339 | 3350 BC 739+18 4577+ 14 BP 5299
410 BC -153=x13 241611 BP 2359 | 3370 BC 68.0 24 4640+ 18 BP 5319
430 BC  -162=*13 2443+ 11 BP 2379 | 3390 BC 58720 4730z 15 BP 5339
450 BC  -122%16 243013 BP2399 | 3410 BC 63924 4710 18 BP 5359
470 BC -9.1+13 2424 £10 BP 2419 | 3430 BC 699 £ 1.9 4685 £ 15 BP 5379
490 BC -83+14 243711 BP 2439 | 3450 BC 716 £2.5 4691 £ 19 BP 5399
2510 BC 349+ 1.5 4058 =12 BP 4459 | 3470 BC 797 £ 1.9 4650 £ 14 BP 5419
2530 BC 429 +15 401511 BP 4479 | 3490 BC 83.1+19 4644 = 14 BP 5439
2550 BC 465+ 1.6 4007 =12 BP4499 | 3510 BC 746 19 4726 * 14 BP 5459
2570 BC 437+ 15 4048 +12 BP4519 | 3530 BC 73619 4753+ 14 BP 5479
2590 BC 409 £ 1.5 4088 =11 BP 4539 | 3550 BC 699 19 4801+ 14 BP 5499
2610 BC 43.7£2.0 4087 =15 BP 4559 | 3570 BC 75919 4776 £ 14 BP 5519
2630 BC 39.7+x14 4137z 11 BP 4579 | 3590 BC 81617 4752+13 BP 5539
2650 BC 445 +21 4119zx 16 BP 4599 | 3610 BC 87716 4726 %12 BP 5559

EEEEEEEEEEEE885
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TABLE 1. (Continued)

14C 14C
Cal AD/BC_ A™C %o age (BP) Cal BP | Cal AD/BC__A™C %0 age (BP) Cal BP
3630 BC 81421 4793 16 BP 5579 | 4590 BC 77121 5757 +£16 BP 6539
3650 BC 73.6£19 4871+ 14 BP 5599 | 4610 BC 782 +£24 5769 + 18 BP 6559
3670 BC 715+ 17 4905+ 13 BP 5619 | 4630 BC 76.7+19 5799 + 14 BP 6579
3690 BC 751+ 18 4898 + 14 BP 5639 | 4650 BC 832+17 5770+ 13 BP 6599
3710 BC 707 £ 1.8 4950 + 14 BP 5659 | 4670 BC 86225 5768 + 18 BP 6619
3730 BC 714 £2.1 4965 + 16 BP 5679 | 4690 BC 83.7+18 580613 BP 6639
3750 BC 75.0 £ 1.8 4957 + 13 BP 5699 | 4710 BC 842 +21 5821=+15 BP 6659
3770 BC 738 £ 1.8 4985 = 14 BP 5719 | 4730 BC 80025 587218 BP 6679
3790 BC 73.0x1.7 5011 +13 BP 5739 | 4750 BC 86.6 £2.5 5842 + 18 BP 6699
3810 BC 674 £2.0 507315 BP 5759 | 4770 BC 84.7+25 5876 =18 BP 6719
3830 BC 67.8 £ 22 5089 * 16 BP 5779 | 4790 BC 825=x25 5912+ 19 BP 6739
3850 BC 709+ 1.6 5085+ 12 BP 5799 | 4810 BC 81.3+25 5940 + 19 BP 6759
3870 BC 75314 507110 BP 5819 | 4830 BC 82.7+£22 5949 * 17 BP 6779
3890 BC 839 +17 502713 BP 5839 | 4850 BC 80.0 £2.2 5989 * 16 BP 6799
3910 BC 82316 5058 +12 BP 5859 | 4870 BC 80.1 £2.5 6007 =19 BP 6819
3930 BC 84619 5060 + 14 BP 5879 | 4890 BC 89.3+£23 5959 17 BP 6839
3950 BC 804 =17 5111 +13 BP 5899 | 4910 BC 85318 6008 =13 BP 6859
3970 BC 758 £ 13 5165+ 10 BP 5919 | 4930 BC 85417 6026+ 13 BP 6879
3990 BC 71417 5217+13 BP 5939 | 4950 BC 823 %15 6069 + 12 BP 6899
4010 BC 689 +1.9 5255+ 15 BP 5959 | 4970 BC 82.7+17 6085+ 13 BP 6919
4030 BC 76.3+17 5219+13 BP 5979 | 4990 BC 84.6+19 6091 + 14 BP 6939
4050 BC 707 £2.0 5281 +15 BP 5999 | 5010 BC 84624 6110+ 18 BP 6959
4070 BC 783 £19 5244 =15 BP 6019 | 5030 BC 878 £2.5 6106 =19 BP 6979
4090 BC 727 +£1.8 5305+ 14 BP 6039 | 5050 BC 88.4 £25 6121 + 18 BP 6999
4110 BC 726 2.1 5324 +16 BP 6059 | 5070 BC 84.6 £22 6168 * 16 BP 7019
4130 BC 813+21 5279+16 BP 6079 | 5090 BC 824 +18 6204 +13 BP 7039
4150 BC 78.6 £ 48 5319 + 36 BP6099 | 5110 BC 85720 619915 BP 7059
4170 BC 763 £23 5355+17 BP6119 | 5130 BC 91920 6172+ 14 BP 7079
4190 BC 82.1+21 5332+16 BP 6139 | 5150 BC 85.0+25 6243 +19 BP 7099
4210 BC 929 +24 5271 +18 BP 6159 | 5170 BC 938 +2.0 6197 +15 BP 7119
4230 BC 822 +18 5370+ 14 BP6179 | 5190 BC 103.0+2.1 6150 = 16 BP 7139
4250 BC 81.8 21 5392+ 16 BP6199 | 5210 BC 98.5+2.5 620218 BP 7159
4270 BC 76.8 22 5449 + 16 BP 6219 | 5230 BC 922 +25 6268 +18 BP 7179
4290 BC 83321 542016 BP 6239 | 5250 BC 941219 6273+ 14 BP 7199
4310 BC 89.6 23 5393 +17 BP 6259 | 5270 BC 88.7+20 633215 BP 7219
4330 BC 84.1£21 5453 +15 BP 6279 | 5290 BC 84.7+£21 638116 BP 7239
4350 BC 778 £2.0 5519 =15 BP 6299 | 5310 BC 87.6 22 6379 16 BP 7259
4370 BC 72419 5579 +15 BP 6319 | 5330 BC 862 2.1 6409 % 16 BP 7279
4390 BC 764 =24 5568 + 18 BP 6339 | 5350 BC 82420 6457+ 15 BP 7299
4410 BC 746 £ 24 5601 =18 BP 6359 | 5370 BC 90.5+25 6416 =18 BP 7319
4430 BC 83924 5552+ 18 BP 6379 | 5390 BC 869 £25 6462 =19 BP 7339
4450 BC 828 24 5579+ 18 BP 6399 | 5410 BC 954 £22 6419 + 16 BP 7359
4470 BC 73120 567115 BP6419 | 5430 BC 928 £22 6457 £ 16 BP 7379
4490 BC 764 +24 5666 + 18 BP 6439 | 5450 BC 783 £22 6585+ 16 BP 7399
4510 BC 767 £2.4 5683 + 18 BP 6459 | 5470 BC 828 £22 6570 16 BP 7419
4530 BC 77525 5696 + 18 BP 6479 | 5490 BC 814 25 6600 * 18 BP 7439
4550 BC 739 +25 5742 + 18 BP 6499 | 5500 BC 82.1£26 6605+ 19 BP 7449
4570 BC 75719 5748 + 14 BP 6519 | 5510 BC 828 25 6609 * 18 BP 7459
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TABLE 1. (Continued)

14C NC
Cal AD/BC__AMC %o age (BP) Cal BP_| Cal AD/BC__ AY™C %o age (BP) Cal BP
5520 BC 842 +£26 6608 =19 BP 7469 | 5740 BC 698 £1.6 6930+ 12 BP 7689
5530 BC 76024 6679 + 18 BP 7479 | 5760 BC 709 £ 1.6 6941 = 12 BP 7709
5540 BC 769 £ 2.6 6682+ 19 BP 7489 | 5780 BC 702 £ 1.7 6966 * 12 BP 7729
5550 BC 858 £22 6626+ 16 BP 7499 | 5800 BC 72116 6971 £12 BP 7749
5560 BC 89.4 22 6609 £ 17 BP 7509 | 5820 BC 72016 6991 =12 BP 7769
5570 BC 85.7+18 6646 =13 BP7519 | 5840 BC 742 17 6994 * 13 BP 7789
5580 BC 81.0x18 6691 =13 BP 7529 | 5860 BC 728 £2.5 7024 £ 19 BP 7809
5590 BC 78120 672215 BP 7539 | 5880 BC 721 +£25 7049 £ 19 BP 7829
5600 BC 73.5+19 6766+ 14 BP 7549 | 5900 BC 700 £23 7084 £ 17 BP 7849
5620 BC 744 £16 6778 £ 12 BP 7569 | 5920 BC 83.3+21 7004 15 BP 7869
5640 BC 72717 681113 BP 7589 | 5940 BC 793 27 7053 +£20 BP 7889
5660 BC 756 £ 1.6 6809 + 12 BP 7609 | 5960 BC 74125 7111 £ 19 BP 7909
5680 BC 738 £1.8 6842 + 14 BP 7629 | 5980 BC 69.5£23 7165 17 BP 7929
5700 BC 717 £17 6877 £13 BP 7649 | 6000 BC 693 +£23 7186 = 17 BP 7949
5720 BC 71.0 £2.0 6901 = 15 BP 7669
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INTRODUCTION

The sole purpose of this paper is to present a previously published C data set to which minor
corrections have been applied. All basic information previously given is still applicable (Pearson
& Stuiver 1986). The corrections are needed because “C count-rate influences (radon decay in
Seattle, a re-evaluation of the corrections applied for efficiency variation with time previously
unrecognized in Belfast) had to be accounted for in more detail. Information on the radon
correction is given in Stuiver and Becker (1993). The Belfast corrections were necessary because
the original correction for efficiency variations with time was calculated using two suspect
standards (these were shown to be suspect by recent observations) that overweighted the correction.
A re-evaluation (Pearson & Qua 1993) now shows it to be almost insignificant, and the corrected
dates (using the new correction) became older by about 16 years.

Systematic *C age differences between the current Seattle and Belfast data sets are 9.9, 16.6 and
2.4 MC yr for, respectively, the 1-1000 BC, 1001-2000 BC and 2001-3000 BC intervals. Repro-
ducibility can be expressed by an error multiplier, Kg,yye-ges> Which is defined as the ratio of the
actual standard deviation in the age differences and the average standard deviation of the
differences calculated from the quoted errors in the C determinations. K values for the above
intervals are, respectively, 1.3, 1.4 and 1.8. A detailed discussion of the offsets and K values for
the AD 1840-6000 BC interval is given in Stuiver and Pearson (1992, 1993). Here we note: 1) the
Table 1 Seattle-Belfast bidecadal conventional (Stuiver & Polach 1977) C age averages may be
subject to systematic errors of 5-8 *“C yr maximally; and 2) the standard deviations given with the
bidecadal “C ages are based on quoted errors multiplied with Ky, = 1.23 and Kgeawe = 1.6, and
thus account for 90-100% of the variance encountered in the Seattle-Belfast '“C age differences.
Details on K determinations can be found, e.g., in Stuiver and Pearson (1986).

Seattle-Belfast bidecadal '“C age averages for the AD 1840-500 BC and 2500-6000 BC interval are
given in a twin paper (Stuiver & Pearson 1993).
CALIBRATION INSTRUCTIONS

We recommend that users of '“C dates obtain additional information on reproducibility (and
systematic error, if any) from the laboratory reporting the C date. This information should lead
to a realistic standard deviation in the reported age. A systematic error has to be deducted from,
or added to, the reported “C age prior to age calibration.
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Only the calibration curve is given in Figure 1; the one-sigma (10; standard deviation) uncertainty
in the curve is not given. The actual standard deviation (averaging 12.9 C yr for the nearly 8000
cal yr bidecadal calibration curve of Belfast-Seattle **C age averages) is tabulated in Table 1 for
each bidecadal midpoint.

Cal BP ages are relative to the year AD 1950, with O cal BP equal to AD 1950. The relationship
between cal AD/BC and cal BP ages is cal BP = 1950 - cal AD, and cal BP = 1949 + cal BC. The
switch from 1950 to 1949 when converting BC ages is caused by the absence of the zero year in
the AD/BC chronology.

The conversion of a *C age to a cal age is as follows: 1) draw line A parallel to the bottom axis
through the “C age to be converted; 2) draw vertical line(s) through the intercept(s) of line A and
the calibration curve. The cal AD/BC ages can be read at the bottom axis, the cal BP ages at the top.

To convert the standard error in the C age into a range of cal AD/BC (BP) ages, determine the
sample standard deviation, o, by multiplying the quoted laboratory standard deviation by the “error
multiplier”. Unfortunately, information on error multipliers is often lacking. Here, the *C age user
should refer to K values given in Stuiver and Pearson (1992, 1993) or Scott, Long & Kra (1990).

Once the sample o is known, the curve o should be read from Table 1. The curve o and sample
o should then be used to calculate total o = ((sample 6)* + (curve o)?)* (Stuiver 1982). Lines
parallel to A should now be drawn through the “C age + total o, and 'C age - total & value. The
vertical lines drawn through the intercepts now yield the outer limits of possible cal AD/BC (cal BP)
ages that are compatible with the sample standard deviation.

The conversion procedure yields 1) single or multiple cal AD/BC (BP) ages that are compatible with
a certain "“C age, and 2) the range(s) of cal ages that correspond(s) to the standard deviation in the
"C age (and calibration curve). Here, the user determines the calibrated ages from the Figure 1
graphs by drawing lines, whereas an alternate approach would be to use the computerized
calibration (CALIB) program discussed elsewhere in this issue (Stuiver & Reimer 1993).

The probability that a certain cal age is the actual sample age may be quite variable within the cal
age range. Higher probabilities are encountered around the intercept ages. The non-linear transform
of a Gaussian standard deviation around a 'C age into cal AD/BC (cal BP) age is not a simple
matter, and computer programs are needed to derive the complex probability distribution. The
CALIB program incorporates such probability distributions.

The calibration data presented here are valid for northern hemispheric samples that were formed
in equilibrium with atmospheric *CO,. Systematic age differences are possible for the southern
hemisphere where “C ages of wood samples tend to be about 40 yr older (Vogel et al. 1993).
Thus, “C ages of southern hemispheric samples preceding our era of fossil-fuel combustion should
be reduced by 40 yr before being converted into cal AD/BC (BP) ages.

The Figure 1 calibration points are the midpoints of wood samples spanning 20 yr. Samples
submitted for dating may cover shorter or longer intervals. The decadal calibration results of the
Seattle laboratory (Stuiver & Becker 1993; Stuiver & Reimer 1993) provide a better time
resolution, whereas the CALIB program also has an option to use Figure 1 moving averages (e.g.,
a 5-point or 100-yr moving average of the bidecadal curve). The latter should be used for a sample
grown over a 100-yr interval. Samples formed over intervals longer than a decade or bidecade are
very desirable as the C “wiggles” of the calibration curve have less influence on the (midpoint)
cal age when a smoothed (moving average) calibration curve is used (Stuiver 1992).
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The calibration curve is valid only for age conversion of samples that were formed in equilibrium
with atmospheric CO,. Conventional “C ages of materials not in equilibrium with atmospheric
reservoirs do not take into account the offset in '“C age that may occur (Stuiver & Polach 1977).
This constant offset, or reservoir deficiency, must be deducted from the reported “C age before
any attempt can be made to convert to cal AD/BC (BP) ages.

The reservoir deficiency is time dependent for the mixed (and deep) layer of the ocean. For the
calibration of marine samples in this time domain, the reader is referred to Stuiver and Braziunas
(1993) and, of course, the CALIB program.

ACKNOWLEDGMENTS

The "C research at Seattle was supported by a National Science Foundation grant BNS-9004492,
and by a SERC grant in Belfast. We thank Dr. B. Becker of the University of Hohenheim, Stuttgart
for providing German oak (unified Donau/Main series) samples, Drs. J. R. Pilcher and M. G.
Baillie for the wood samples of the Irish chronology, and F. Qua, P. J. Reimer and P. J. Wilkinson

for crucial technical and analytical support.

REFERENCES

Pearson, G. W. and Qua, F. 1993 High-precision *C
measurement of Irish oaks to show the natural C
variations from AD 1840-5000 BC: A correction.
Radiocarbon, this issue.

Pearson, G. W., and Stuiver, M. 1986 High-precision
calibration of the radiocarbon time scale, 500-2500
BC. In Stuiver, M. and Kra, R. S,, eds., Proceedings
of the 12th International Radiocarbon Conference.
Radiocarbon 28(2B): 839-862.

Scott, E. M., Long, A. and Kra, R., eds. 1990 Proceed-
ings of the International Workshop on Intercompari-
son of Radiocarbon Laboratories: Radiocarbon 32(3):
253-397.

Stuiver, M. 1982 A high-precision calibration of the AD
radiocarbon time scale. Radiocarbon 24(1): 1-26.

1992 How accurate are our chronologies of the
past? I: Time warps caused by the transformation of
Y“C ages. Proceedings of the Dahlem Workshop on
Global Changes in the Perspective of the Past.
Chichester, John Wiley & Sons, in press.

Stuiver, M. and Becker, B. 1993 High-precision decadal
calibration of the radiocarbon time scale AD 1950-
6000 BC. Radiocarbon, this issue.

Stuiver, M. and Braziunas, T. F. 1993 Modeling radio-

carbon ages of marine samples back to 10,000 BC.
Radiocarbon, this issue.

Stuiver, M. and Pearson, G. W. 1986 High-precision
calibration of the radiocarbon time scale, AD 1950~
500 BC. In Stuiver, M. and Kra, R. S,, eds., Proceed-
ings of the 12th International Radiocarbon Confer-
ence. Radiocarbon 28(2B): 805-838.

1992 Calibration of the radiocarbon time scale
2500-5000 BC. In Taylor, R. E., Long, A. and Kra,
R. S,, eds., Radiocarbon After Four Decades: An
Interdisciplinary Perspective. New York, Springer
Verlag: 19-33.

1993 High-precision bidecadal calibration of the
radiocarbon time scale, AD 1950-500 BC and 2500~
6000 BC. Radiocarbon, this issue.

Stuiver, M. and Polach, H. 1977 Discussion: Reporting
of "“C data. Radiocarbon 19(3): 355-363.

Stuiver, M. and Reimer, P. J. 1993 Extended *C data-
base and revised CALIB radiocarbon age calibration
program. Radiocarbon, this issue.

Vogel, J. C., Fuls, A,, Visser, E. and Becker, B. 1993
Pretoria calibration curve for short-lived samples,
1930 BC-3350 BC. Radiocarbon, this issue.



28 G. W. Pearson and M. Stuiver

cal BP
3050 2950 2850 2750 2650 2550 2450 2350

3100 R LI 11.] LI ! LI LB l T1ii I T1T 11 !1 L L l] Tl l-
3000 r.. ............................................... _:
o 2900 F f ~
@ - : -
o . : .
> 2800 — : -
E,,J - ; .
< 2700 .:...~‘ .............................................. _..:
Z - -
8 2600 _._ .............................................. —
o n : ]
< - : -
8 2500 A ‘ ........................ s CRRET EERRREE: —
— N : : i
E% - ;
@ 2400 s L S S fernenenns . .................
2300 }muuz ......... froeseeens froveee oo g ......... R {
- PEARSON:AND STUIVER | ]

2200 llIIlllll'IllllIIIIlIlJIlIIIIIIIII-T
1100 1000 9S00 800 700 600 500 400

cal BC

Fig. 1A-D. “C calibration curve derived from bidecadal samples




MC Calibration, 500-2500 BC

cal BP

29

3550 3450 3350 3250 3150 3050 2950 2850

3500

3400

3300

3000

2900

RADIOCARBON AGE (YR BP)

2800

2700

2600

lllllllllllllllllllllllllllll1llll

llllIIlLllIIIIIIILJIIIIllllliIIII

p— L

p L

L : -
.

=3 . -
.

i I I I P —

p . -
.

o N -
.
.

pu . L

- . -
.

—

.

= . -
.

- . L
.

- o=
.

= . -
.

— —
.

=3 . -
.

p— . -

o * -
.
.

= . -

R N NI Iy R T S [

- . -
.

= -
Q

e o
.
.

= . -

pmmme s e ceeqeccscttseqecccccscngess e ofe\e et cttgectnarsasgeeccnns —
.

N o
.

- . -
.

p— M -
.

p— M L
.

R eeesnanns FE A SO - VT T —
.

p . L
.

=3 . L
.

= . -
.

= : -
.

e Seeennnnns Sevecanens R A teeeeeed

b .
.

=

= -

=3 -

e I R I R R E R R R RTINS Y —

- . . . . L

. . . .
= . . . . -
.
- PEARSON:AND STUIVER .
.
= -t

1600 1500 1400 1300 1200 1100 1000 900

cal BC

Fig. 1B



30

4050 3950 3850 3750 3650 3550 3450 3350

3900

3800

W
n
o
o

3100

3000

2100 2000 1900 1800 1700 1600 1500 1400

G. W. Pearson and M. Stuiver

cal BP

llllllll'llllllllll1llllll1lllll

................................................................

-

-

o

—

-

-

-t

-

—

- o

= -

=3 -

= -

I T R R R R R N R —

=3 -

= -

= -

- -

R Y AR R R S R R R I R R I R —

=3 -

=3 -l

- -

= -

T T T I T R I R ) R R N AR a—

= o

- o

= -

= -

o .

N R R R R I R R AR RR LR R R RN —
=3
=
-
=

——

=3
=
=
-

.....
R R I R L R R A N LR R

rll'

PEAHSON AND STUIVER

l]llllllIllllllllllllllllllll'lll

cal BC

Fig. 1C



™C Calibration, 500-2500 Bc

cal BP

31

4550 4450 4350 4250 4150 4050 3950 3850

4200
4100

a 4000
m

o
> 3900

E

O 3800

A

3700

3600

RADIOCARBON

3500

3400

3300

UL LI LU LI LI LILLL LELILIL
- ! ! ! ! ! ! .

PEARSON: AND STUIVER

IIIllllll]lIIl]lllllllll'llllllllLﬂI

2600 2500 2400 2300 2200 2100 2000 1900

cal BC

Fig. 1D



32

G. W. Pearson and M. Stuiver

TABLE 1. Weighted averages of University of Belfast and the University of Washington (Seattle)
4C age determinations. The cal AD/BC (or cal BP) ages represent the midpoints of bidecadal wood
sections, except as noted in the text. The standard deviation in the ages and A'C (defined in
Stuiver and Polach 1977) values includes lab error multipliers of 1.23 for Belfast and 1.6 for

Seattle.
14C 14C
Cal AD/BC_ A™C %o age (BP) Cal BP | Cal AD/BC A™C %o age (BP) Cal BP
510 BC -6.0+1.2 2438+ 10 BP 2459 | 1350 BC 17.6 £ 1.8 3066 = 14 BP 3299
530 BC -71 11 2466=% 9 BP2479 | 1370 BC 207 £+ 1.8 3061 = 14 BP 3319
550 BC -82+10 2495% 8 BP 2499 | 1390 BC 187+ 1.5 3096 = 12 BP 3339
570 BC -71+13 250511 BP2519 | 1410 BC 154 1.6 3141 =13 BP 3359
590 BC -39+13 2498 £ 11 BP 2539 | 1430 BC 12715 3182 %12 BP 3379
610 BC -40+12 2519=x10 BP 2559 | 1450 BC 11711 3210 9 BP 3399
630 BC 0612 2501z 9 BP 2579 | 1470 BC 119+x14 322711 BP 3419
650 BC 44+13 249010 BP 2599 | 1490 BC 171 +£1.6 3206 %13 BP 3439
670 BC 52+16 2503%13 BP2619 | 1510 BC 170+ 1.7 3226 =14 BP 3459
690 BC 112 1.8 2475+ 14 BP 2639 | 1530 BC 85+16 3313+13 BP 3479
710 BC 151 +£20 2464 =16 BP 2659 | 1550 BC 93+18 332615 BP 3499
730 BC 175 £ 1.5 2464 =12 BP2679 | 1570 BC 140+21 3308 17 BP 3519
750 BC 206 £ 1.7 2459 = 14 BP 2699 | 1590 BC 173+15 3301 x12 BP 3539
770 BC 13.1+20 2538=x16 BP2719 | 1610 BC 16.7+1.5 332612 BP 3559
790 BC 11713 2568 + 10 BP 2739 | 1630 BC 151216 3357 %12 BP 3579
810 BC 2316 2662 *13 BP 2759 | 1650 BC 163 13 3367 £10 BP 3599
830 BC -0.8+ 1.5 2707 %12 BP2779 | 1670 BC 20017 3357+ 14 BP 3619
850 BC -29+16 2743 +13 BP2799 | 1690 BC 142 +16 3423 12 BP 3639
870 BC -13+16 2750%13 BP2819 | 1710 BC 150219 3436+ 15 BP 3659
890 BC 3216 273313 BP 2839 | 1730 BC 211216 3407 £ 12 BP 3679
910 BC -01x15 277912 BP 2859 | 1750 BC 14916 347612 BP 3699
930 BC -21+17 2815%13 BP2879 | 1770 BC 161 +14 3486+ 11 BP 3719
950 BC -24+15 2837+12 BP 2899 | 1790 BC 128+ 14 3531 +11 BP 3739
970 BC 27+13 2815+£10 BP2919 | 1810 BC 18215 3508 12 BP 3759
990 BC 2814 283311 BP 2939 | 1830 BC 170+£19 353715 BP 3779
1010 BC 0511 2871+ 9 BP 2959 | 1850 BC 266 1.7 3481 +13 BP 3799
1030 BC 1.1x15 288612 BP2979 | 1870 BC 264 15 350212 BP 3819
1050 BC 12+13 2905=10 BP2999 | 1890 BC 203 +£1.6 3569 =12 BP 3839
1070 BC 27+13 2912 +11 BP3019 | 1910 BC 215219 357915 BP 3859
1090 BC 47 +13 2916 =11 BP 3039 | 1930 BC 222+15 359312 BP 3879
1110 BC 8414 2905=+11 BP 3059 | 1950 BC 21516 3618+ 13 BP 3899
1120 BC 6.6 x17 2930+ 14 BP 3069 | 1970 BC 231+18 3624 +14 BP 3919
1140 BC 38215 297212 BP 3089 | 1990 BC 196+14 3672 %11 BP 3939
1150 BC 8117 2947 + 14 BP3099 | 2010 BC 264 +1.7 3638 £13 BP 3959
1170 BC 6.6x17 297813 BP 3119 | 2030 BC 25315 3666+ 12 BP 3979
1190 BC 109 £ 1.7 2963 £ 14 BP 3139 | 2050 BC 20214 372511 BP 3999
1210 BC 105 +14 2986 x 11 BP 3159 | 2070 BC 21716 3733 +13 BP 4019
1230 BC 9416 3014 £13 BP 3179 | 2090 BC 30117 3687 x13 BP 4039
1250 BC 165+15 2977 +12 BP3199 | 2110 BC 324+16 3688 +13 BP 4059
1270 BC 99+ 1.8 3049 14 BP 3219 | 2130 BC 31819 3713 +15 BP 4079
1290 BC 140+ 1.8 3036+ 14 BP 3239 | 2150 BC 247 +13 3788 +£10 BP 4099
1310 BC 141 1.8 3054 £15 BP 3259 | 2170 BC 316 1.6 3753 %13 BP4119
1330 BC 104 £ 1.7 3103 %13 BP 3279 | 2190 BC 31912 3770+ 9 BP 4139
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TABLE 1. (Continued)

14c 14C
Cal AD/BC_ A¥C %o age (BP) Cal BP | Cal AD/BC  AYC %o age (BP) Cal BP
2210 BC 268 +1.4 3829 +11 BP 4159 | 2370 BC 372+15 3903 £11 BP 4319
2230 BC 30915 381712 BP 4179 | 2390 BC 436 17 3874 %13 BP 4339
2250 BC 337x14 381411 BP4199 | 2410 BC 399+14 392211 BP 4359
2270 BC 37519 3804 +15 BP 4219 | 2430 BC 44709 3904 = 7 BP 4379
2290 BC 33616 3853+12 BP 4239 | 2450 BC 480 %17 3899 +12 BP 4399
2310 BC 358+18 385614 BP 4259 | 2470 BC 388+15 3988 +12 BP 4419
2330 BC 363+15 3872+11 BP4279 | 2490 BC 395+15 400212 BP 4439
2350 BC 362+16 3892+13 BP 4299
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INTRODUCTION

The radiocarbon ages of dendrochronologically-dated wood samples, each covering 10 years, are
now available for the cal AD 1950-6000 BC age range. The decadal calibration curve constructed
from these data comprises 1) the previously published AD 1950-2500 BC portion (Stuiver & Becker
1986), to which minor 'C age corrections were applied, and 2) the new 2500-6000 BC extension.

The calibration error (standard deviation in *C age) is based on 1) an estimate of the reproducibi-
lity in the *C age determination in the Seattle laboratory, and 2) interlaboratory comparisons that
provide information on the sum total of uncertainty tied to the processes of wood allocation,
dendro-age determination, sample pretreatment, laboratory “C determination, regional “C
distribution and “C differences between individual trees of the same chronology (Stuiver &
Pearson 1992, 1993). The standard deviations of the Table 1 *C calibration data for the AD
1950-2500 and 2500-6000 BC intervals are, respectively, equal to 1.6 and 1.7 times the standard
deviation derived from the near-Gaussian counting statistics of the accumulated number of counts
for the sample and standards.

The "“C ages for the decadal wood samples (Table 1) were used to construct the bidecadal
Seattle-Belfast calibration curve reported in this issue (Stuiver & Pearson 1993; Pearson & Stuiver
1993). The *C age errors are substantially smaller for the bidecadal curve, as most bidecadal data
points were obtained by averaging 2 Seattle decadal *C ages, and 1 Belfast bidecadal C age.
Thus, the bidecadal curves should be used for most purposes. However, the decadal curve is more
important when accounting for the fine structure of C age calibration of samples formed during
intervals of a decade or less.

DENDROCHRONOLOGY AND SAMPLE TREATMENT

The trees used for the AD interval were mainly from the US Pacific Northwest or California (Table
2 in Stuiver & Becker 1986). Most of the BC material was dendrochronologically dated wood from
the German Main-Donau chronology (Becker 1993). Thirteen samples from the US bristlecone pine
chronology (Ferguson & Graybill 1983) were “C dated as well. A limited number of samples from
the Irish oak chronology (Pilcher et al. 1984) was used near 500 BC. Refer to Stuiver and Becker
(1986) for wood pretreatment procedures. Cellulose, isolated from the decadal wood samples, was
used for all 2500-6000 BC 'C determinations.

35
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CORRECTIONS

At the start of our time-scale calibration efforts in 1973, the CO, samples were stored in pyrex
reservoirs for at least four weeks (Procedure 1). Radon decay took place during storage, and as a
result, no detectable o particles were present in our o channel. Having never detected tree-ring
radon in the a channels, we terminated their use some years later. Unfortunately, laboratory
procedures were changed in 1976. Since then, tree-ring samples, after storage for four weeks, were
purified on a self-circulating Cu oven (a pyrex reservoir filled with electrolytic copper wire and
silver ribbon) at 450 °C before being admitted into the counter (Procedure 2). Small amounts of
radon, most likely released from the walls of the heated reservoir, became part of the CO, sample.
Once the problem was recognized, we determined the count-rate differences (routinely four days
of counting) of samples subjected either to Procedure 1 or Procedure 2 for three of our counters
to be ARa = 0.274 + 0.090, 0.276 * 0.028 and 0.319 * 0.090 counts per minute (cpm) (weighted
average, 0.279 * 0.026 cpm). Our radon correction for tree-ring samples (those measured for the
1977-1987 interval) is based on the above incremental four-day sample count-rate increase. As we
kept Procedure 1 for routine (as opposed to high-precision) “C determinations, a radon correction
is not needed for these samples.

The radon contribution can also be estimated from a comparison of the first- and last-day count-
rate differences of 1) samples (ASa), and 2) oxalic acid and background standards (AOx and AB).
Routine sample counts lasted four days; standards were routinely counted for three days. Procedure
2 was followed for all samples during the 1977-1987 period, and Procedure 1 for the standards,
except for one counter where the oxalic acid CO,, after repurification, was subjected to Procedure
2. In this case, the radon contribution was also properly accounted for, but for simplicity, we
discuss only the results obtained for Procedure 1 standard counts.

Each counter completes about 50 sample runs per year, as well as 25 runs of oxalic acid and
background. Figure 1 gives the yearly averaged ASa and AB values of the counter longest in
operation (LC-4), together with AOx values of the LC-5 counter (for LC-4, the oxalic acid
treatments did not always follow Procedure 1).

Procedure 1 background runs for 1977-1987 yield AB = 0.025 + 0.017 cpm; Procedure 2 sample
runs over the same interval yield ASa = 0.189 + 0.049 cpm. As expected, lower ASa values (0.035
* 0.024 and 0.073 £ 0.081 cpm) are encountered for the 1973-1975 and 1989-1990 periods, when
only Procedure 1 was used. Further, oxalic acid runs with Procedure 1 only in counter LC-5 yield
a l4-yr AOx average of 0.012 * 0.070 cpm (Fig. 1).

First- and last-day sample count-rate differences, ASa, were converted to ARa, using the half-life
of radon of slightly less than four days. For our tree-ring counters, we determined ARa values of
0.285 £ 0.028, 0.247 = 0.029 and 0.295 * 0.030 cpm (LC4, S and 6, respectively). The weighted
average, 0.276 * 0.016 cpm, is in excellent agreement with the directly measured ARa values
averaging 0.279 * 0.026.

The above analysis not only confirms the validity of the radon correction, but can also be used as
a test of counting stability. For instance, for the four years, 1984-1987, the scatter standard
deviation in the first- to last-day count differences, ASa, AOx and AB (Counter LC-5) are 0.297,
0.315, 0.400 and 0.371 cpm for ASa; 0.468, 0.419, 0.459 and 0.372 cpm for AOx; and 0.090,
0.075, 0.072, and 0.070 cpm for AB. This gives a four-year average scatter standard deviation in
the count differences of 0.346 cpm for ASa, 0.430 cpm for AOx and 0.077 cpm for AB. The
(average) total counts accumulated during a counting day yields a Poisson standard deviation in
the difference of about 0.308 cpm for ASa, 0.400 cpm for AOx and 0.060 cpm for AB. Thus, we
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obtain error multipliers for the counting of samples and standards of 0.346/0.308 = 1.12(Kj,),
0.430/0.400 = 1.08(K,,) and 0.077/0.060 = 1.28(Kjy). Results for different years and different
counters yield similar results, demonstrating excellent long-term counting stability.

The relative radon count-rate contribution, as a percentage of the observed sample counting rate,
decreases when sample counts increase (younger samples). Correcting for the radon contribution
results in an age increase of 10 *C yr for tree-ring samples that are a few hundred years old, and
about 30 C yr for 4500 yr-old samples.

REPRODUCIBILITY AND SYSTEMATIC DIFFERENCES

The C ages reported are conventional “C ages (Stuiver & Polach 1977). As noted in the
introduction, the Poisson-derived standard deviation has been multiplied with an error multiplier,
K, of either 1.6 or 1.7. The justification of such a multiplier is given in Stuiver and Pearson (1992,
1993). The standard deviations shown in Table 1 reflect actual reproducibility. The CO, gas
proportional counters used for the previous study (Stuiver & Becker 1986) also were used for the
present one.

A comparison of Table 1 Seattle C ages to those obtained by other laboratories confirms the
validity of the choice of error multiplier. Systematic differences, although often confined to a
decade or less, are more problematic. For the nearly 8000-yr Seattle and Belfast series (nearly 400
bidecadal data points), we find an average offset of <1 'C yr, but this offset is not uniformly
distributed. The offsets found for individual millennia are in the 0-17 C-yr range, with the
exception of the 5180-5500 BC interval, where the “C ages differ by an unacceptable 54%5 yr
(Stuiver & Pearson 1993). Seattle and Heidelberg (Kromer et al. 1986) results differ by 41+4 yr
for the 4075-5265 BC and 5805-5995 BC intervals. The reasons for these offsets in the 40-50 yr
range are not clear. Several other comparisons, e.g., with Groningen (3210-3910 BC), Tucson
(5680-5810 BC), La Jolla (2500-5000 BC), Pretoria (1930-3350 BC) imply the lack of statistically
significant offsets (Stuiver& Pearson 1993). It is fair to conclude that systematic offsets in Table
1 are most likely confined to 1 or 2 decades, except for the 5180-5500 BC interval, where an offset
up to 54 yr is possible.

CALIBRATION INSTRUCTIONS

We recommend that users of “C dates obtain additional information on reproducibility (and
systematic error, if any) from the laboratory reporting the “C date. This information should lead
to a realistic standard deviation in the reported age. A systematic error has to be deducted from,
or added to, the reported *C age prior to age calibration.

Only the calibration curve is given in Figure 2; the one sigma (10; standard deviation) uncertainty
in the curve is not given. The standard deviation (averaging 24 **C yr) is tabulated in Table 1 for
each decadal midpoint. Table 1 standard deviations reflect the entire variance in the age
determination process.

Cal BP ages are relative to the year AD 1950, with O cal BP equal to AD 1950. The relationship
between cal AD/BC and Cal BP ages is cal BP = 1950 - cal AD, and cal BP = 1949 + cal BC. The
switch from 1950 to 1949 when converting BC ages is caused by the absence of the year zero in
the AD/BC chronology.

The conversion of a **C age to a cal age is as follows: 1) draw line A parallel to the bottom axis
through the C age to be converted; 2) draw vertical line(s) through the intercept(s) of line A and
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the calibration curve. The cal AD/BC ages can be read at the bottom axis, the cal BP ages at the top.

To convert the standard error in the '“C age into a range of cal AD/BC (BP) ages, determine the
sample standard deviation, o, by multiplying the quoted laboratory standard deviation with the
“error multiplier”. Unfortunately, information on error multipliers is often lacking. Here, the *C
age user should refer to K values given above, or to the Scott, Long and Kra (1990).

Once the sample o is known, the curve o should be read from Table 1. The curve o and sample
o should then be used to calculate total o = ((sample o)’ + (curve 0)%)* (Stuiver 1982). Lines
parallel to A should now be drawn through the *C age + total o, and C age - total o value. The
vertical lines drawn through the intercepts now yield the outer limits of possible cal AD/BC (cal BP)
ages that are compatible with the sample standard deviation.

The conversion procedure yields 1) single or multiple cal AD/BC (BP) ages that are compatible with
a certain '*C age, and 2) the range(s) of cal ages that correspond(s) to the standard deviation in the
'C age (and calibration curve). Here, the user has to determine the calibrated ages from the Figure
2 graphs by drawing lines, whereas an alternate approach would be to use the computerized
calibration (CALIB 3.0) program discussed elsewhere in this issue (Stuiver & Reimer 1993).

The probability that a certain cal age is the actual sample age may be quite variable within the cal
age range. Higher probabilities are encountered around the intercept ages. The non-linear transform
of a near-Gaussian distribution around a “C age into cal AD/BC (cal BP) age is not a simple matter,
and computer programs are needed to derive the complex probability distribution. The CALIB 3.0
program (Stuiver & Reimer 1993) incorporates such probability distributions.

The calibration data presented here are valid for northern hemispheric samples that were formed
in equilibrium with atmospheric *CO,. Systematic age differences are possible for the southern
hemisphere, where “C ages of wood samples tend to be about 40 yr older (Vogel et al. 1993).
Thus, *“C ages of southern hemispheric samples preceding our era of fossil-fuel combustion should
be reduced by 40 yr before being converted into cal AD/BC (BP) ages.

The calibration curve is valid only for age conversion of samples that were formed in equilibrium
with atmospheric CO,. Conventional “C ages of materials not in equilibrium with atmospheric
reservoirs do not take into account the offset in '“C age that may occur (Stuiver & Polach 1977).
A constant offset, or reservoir deficiency, must be deducted from the reported “C age before any
attempt can be made to convert to cal AD/BC (BP) ages.

The reservoir deficiency is time dependent for the mixed (and deep) layer of the ocean. For the
calibration of marine Holocene samples, the reader is referred to Stuiver and Braziunas (1993), and,
of course, the CALIB 3.0 program.
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TABLE 1. C age determinations made at the University of Washington (Seattle). The cal AD/BC
ages (or cal BP) represent the midpoints of 10-yr wood sections, except when 20-yr samples were
needed to obtain the quantity of treated wood used for a measurement (661.5, 696.5, 731.5, 751.5
and 771.5 BC). The standard deviation in the age and AC (defined in Stuiver & Polach (1977))
values includes a 1.6 or 1.7 error multiplier (see text). Overlapping decadal samples with midpoints
no greater than 1 yr apart were averaged. Single-year data were averaged with decadal data for the
AD 1515-1935 interval, and only single-year data were used for the AD 1945 data point.

14C 14C
Cal AD/BC  A“C %o age (BP) Cal BP_| Cal AD/BC  AMC %o age (BP) Cal BP
AD 1945 -237+ 8 199 + 7 5 AD 1535 115+ .7 312+ 5 415
AD 1935 -18.0=* .8 161 + 6 15 AD 1525 97+ 8 336 7 425
AD 1925 -15.0=% .8 146 = 6 25 AD 1515 77+.9 362 + 7 435
AD 1915 -98+ .6 113+ 5 35 AD 1505 98=+1.6 355 +13 445
AD 1905 -47+1.0 81+ 8 45 AD 1495 10.1 £ 2.0 362 + 16 455
AD 1895 -42 + 1.1 88+ 9 55 AD 1485 76 +26 392 + 21 465
AD 1885 -50+.7 104 + 5 65 AD 1475 72+28 404 + 23 475
AD 1875 -6.1+.7 122+ 5 75 AD 1465 79+29 409 + 23 485
AD 1865 -45+.7 119+ 6 85 AD 1455 10.5 £ 2.0 398 + 16 495
AD 1855 -39+.9 123+ 8 95 AD 1445 79+24 428 +19 505
AD 1845 -21+ .8 120+ 6 105 AD 1435 23+29 483 + 23 515
AD 1835 -0.7+ .7 117+ 6 115 AD 1425 0.0=+27 511 £ 21 525
AD 1825 26+ .6 101 £ 5 125 AD 1415 -0.8+2.8 527 + 22 535
AD 1815 1.7+ .8 118 = 7 135 AD 1405 -5.7+26 576 + 21 545
AD 1805 -39+ .8 173+ 6 145 AD 1395 -6.1 2.8 589 + 23 555
AD 1795 -84+ .8 219+ 7 155 AD 1385 -11.6 x2.0 643 + 16 565
AD 1785 -73% .8 219+ 7 165 AD 1375 =124 %22 659 + 18 575
AD 1775 -09+ .7 174 = 6 175 AD 1365 -59+2.1 616 + 17 585
AD 1765 02=+.8 175+ 6 185 AD 1355 -6.7+23 632 + 18 595
AD 1755 26+ .6 167+ 5 195 AD 1345 -0.9+23 596 + 19 605
AD 1745 30x .7 173+ 6 205 AD 1335 3.1+£20 573 + 16 615
AD 1735 55+ .8 161+ 6 215 AD 1325 =24 +21 627 + 17 625
AD 1725 120+ .6 122+ 5 225 AD 1315 -29+26 641 = 21 635
AD 1715 152+ 5 105 = 4 235 AD 1305 -1.6+1.6 640 + 13 645
AD 1705 152+ .5 116 = 4 245 AD 1295 -49 %29 676 + 24 655
AD 1695 148 + .5 129 + 4 255 AD 1285 -97+27 725 + 22 665
AD 1685 13.1 .7 152+ 6 265 AD 1275 -155=*29 782 + 24 675
AD 1675 104 = .7 185+ 6 275 AD 1265 -12.7+29 769 + 23 685
AD 1665 63+.7 227+ 6 285 AD 1255 -182=*27 823 + 22 695
AD 1655 45+ .8 251+ 6 295 AD 1245 -154+28 810 = 23 705
AD 1645 09+.7 290 + 6 305 AD 1235 -152*28 819 + 23 715
AD 1635 -1.7x.7 320+ 6 315 AD 1225 -12.7%20 808 + 16 725
AD 1625 -34+.7 344 =+ 6 325 AD 1215 -154=+28 839 £ 23 735
AD 1615 -51+.8 367+ 6 335 AD 1205 -19.5+2.8 883 + 23 745
AD 1605 -4.6 +.7 373+ 6 345 AD 1195 -16.9+*28 871 + 23 755
AD 1595 -0.7+£.9 351+ 7 355 AD 1185 -19.1*26 899 + 21 765
AD 1585 11+ .8 346 = 7 365 AD 1175 -17.6 +28 896 * 23 775
AD 1575 33+ .9 338+ 7 375 AD 1165 -13.2%20 870 = 16 785
AD 1565 43+ .8 340 £ 6 385 AD 1155 -174+28 914 +23 795
AD 1555 74 £ .8 325+ 6 395 AD 1145 -239+20 97716 805
AD 1545 94 + 8 319+ 6 405 AD 1135 -152=+22 915 + 18 815
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TABLE 1. (Continued)

14C 14C
Cal AD/BC__AMC %o age (BP) Cal BP | Cal AD/BC _AMC %o age (BP) Cal BP
AD 1125 -148 29 922 + 24 825 AD 655 -155%30 1384 %25 1295
AD 1115 -179=%21 957 £ 17 835 AD 645 -179+34 1414 +28 1305
AD 1105 -17.0+x19 958+ 16 845 AD 635 -234+23 1468 £19 1315
AD 1095 -155=zx2.1 956 = 17 855 AD 625 -20.8*3.1 145725 1325
AD 1085 -10.8+ 1.5 928 + 12 865 AD 615 -19.8+6.2 1458 +51 1335
AD 1075 =76 £15 911 = 12 875 AD 605 -194+29 1465 +24 1345
AD 1065 -91+17 93314 885 AD 595 -232+32 1506 =27 1355
AD 1055 -85+1.8 938 + 15 895 AD 585 -19.9+3.0 1488 +25 1365
AD 1045 -74 +2.0 939 + 17 905 AD 575 -21.7+34 151328 1375
AD 1035 -86 20 958 + 16 915 AD 565 -18.8+3.2 1499 x 26 1385
AD 1025 -10.8 2.8 986 + 23 925 AD 555 -19.8+x33 1517 %27 1395
AD 1015 -167+29 104424 935 AD 545 -18.1%22 1512+ 18 1405
AD 1005 -12.1+29 101624 945 AD 535 -246=+31 1575+26 1415
AD 995 -163*25 1060 =21 955 AD 525 -27.1x19 1606 % 16 1425
AD 985 -17.8=+25 1082=21 965 AD 515 -235=+28 1586+ 23 1435
AD 975 -234+29 1138x24 975 AD 505 -234+29 1595+23 1445
AD 965 -212+29 1130*x24 985 AD 495 -19.7x26 1574 +21 1455
AD 955 -20.8+3.0 113625 995 AD 485 -189=+*32 1577 %27 1465
AD 945 -193+30 1133*25 1005 AD 475 -17.1+x30 157325 1475
AD 935 -225+32 117026 1015 AD 465 -18.6*32 1595=*26 1485
AD 925 -193+21 115117 1025 AD 455 -17.6+3.2 1596 =26 1495
AD 915 -13.8+29 1118x23 1035 AD 445 -12.7x32 1566 %26 1505
AD 905 -10.3*1.8 1096 = 14 1045 AD 435 -11.8*+32 1568 %26 1515
AD 895 -153+30 115025 1055 AD 425 -174+24 162320 1525
AD 885 -17.5%x22 1175=%18 1065 AD 415 -20.1x32 1656 %26 1535
AD 875 -17.6+29 1188 +24 1075 AD 405 -21.8*x29 167924 1545
AD 865 -192 20 1207 =x16 1085 AD 395 -20.7%x24 1679 %20 1555
AD 855 =193 %22 1222 +18 1095 AD 385 -21.0x22 1692+ 18 1565
AD 845 -16.7+20 1206 %16 1105 AD 375 -236+18 172315 1575
AD 835 -13.9%x29 1196 %23 1115 AD 365 -182+29 1688 +24 1585
AD 825 -142+20 1206 =* 16 1125 AD 355 -205+32 1717%26 1595
AD 815 -11.8%x29 1198 +24 1135 AD 345 -186+30 171124 1605
AD 805 -126=+21 121217 1145 AD 335 -20.7*32 1738=*26 1615
AD 795 -152+17 1246+ 14 1155 AD 325 -193 %32 1736+ 27 1625
AD 785 -64+16 1181 =13 1165 AD 315 -25.0%x32 1792 +26 1635
AD 775 -147+22 126118 1175 AD 305 -235=%3.1 1790 %25 1645
AD 765 -172+17 1291+ 14 1185 AD 295 -16.1x3.0 174024 1655
AD 755 -183 =15 1310=x12 1195 AD 285 -19.8+3.1 1779 x25 1665
AD 745 -128+18 1275+ 14 1205 AD 275 -122+3.0 172624 1675
AD 735 -102=x16 1264 £13 1215 AD 265 -97+23 1716 = 18 1685
AD 725 -108=+17 1278+ 14 1225 AD 255 -172+17 1787 =14 1695
AD 715 -98 +21 1279 £ 17 1235 AD 245 -158=+*17 1785 %13 1705
AD 705 -109=%22 1299 17 1245 AD 235 -19.0%x23 182119 1715
AD 695 -6.1 33 1270 =26 1255 AD 225 -18.7+32 182826 1725
AD 685 -14.2+*35 1345=x28 1265 AD 215 -203=%32 1851 +27 1735
AD 675 -125+33 1340 x27 1275 AD 205 -20.1+x23 1860 % 19 1745
AD 665 -125*33 135027 1285 AD 195 -162+32 183726 1755
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TABLE 1. (Continued)
14C 14C
Cal AD/BC  AMC %o age (BP) Cal BP_| Cal AD/BC__ AMC %o age (BP) Cal BP
AD 185 -13.0+x29 182124 1765 285 BC -105+29 2256+ 24 2234
AD 175 -151+32 1848 +26 1775 295 BC -55+22 2225+18 2244
AD 165 -142*35 185028 1785 305 BC -25+31 221125 2254
AD 155 -13.6+*30 1854 +24 1795 315 BC -1.1£31 2210+ 25 2264
AD 145 -123+32 1854 +26 1805 325 BC 32+£22 2185+ 18 2274
AD 135 -102=+*21 1847 +17 1815 335 BC 49+31 2181 %25 2284
AD 125 -169=+*1.7 1911+ 14 1825 345 BC 50+£22 2189+ 18 2294
AD 115 -159*35 1913 +28 1835 355 BC -0.8+£22 2246 + 18 2304
AD 105 -155=+%33 191927 1845 365 BC -4.1+22 2282 +18 2314
AD 95 -106=%19 1888 16 1855 375 BC -23+22 2278+ 18 2324
AD 85 -11.5*32 1906 * 26 1865 385 BC -33+31 2295 +25 2334
AD 75 -133*22 1930+ 18 1875 395 BC -7.8+£23 2341 +19 2344
AD 65 -142+22 1947 =18 1885 405BC -126*18 2390 = 14 2354
AD 55 -152#*19 1965+ 15 1895 415BC -187*32 2449 * 26 2364
AD 45 -183+ 1.6 2000+ 13 1905 425 BC -16.0+3.3 2437 +27 2374
AD 35 -11.0%25 1950 %20 1915 435BC -189 3.1 2471 =25 2384
AD 25 -153+22 1995+ 18 1925 445 BC -178*53 2471 * 44 2394
AD 15 -159+18 201015 1935 455 BC -21.0x3.6 2507 =30 2404
AD 5 -126+1.6 1993 * 13 1945 465BC -133+4.0 2454 *33 2414
5BC -202=+*18 206315 1954 475 BC -74 £23 2416 + 19 2424
15BC -129=+16 2012+ 13 1964 485 BC -109 +3.3 2454 + 26 2434
25BC -156+21 2044 +17 1974 495 BC =73 %25 2434 +20 2444
35BC -112+12 2018+ 10 1984 505 BC -8.0+33 2450 + 26 2454
45BC -143=*17 205314 1994 515 BC -6.1+25 2444+ 20 2464
55BC -173+15 2087 12 2004 525BC -10.1+27 2487 +22 2474
65BC -180x18 210315 2014 535 BC -6.8 1.8 2469 + 14 2484
75BC -15.6+23 2094 + 19 2024 545 BC -8.6 17 2493 +13 2494
85BC -124+18 207615 2034 555 BC -7.1+£29 2491 +23 2504
95BC -15.1=%x22 2108 =18 2044 565 BC -7.0+3.6 2500 %29 2514
105 BC -123+2.0 2095 %16 2054 575 BC -6.7 £ 3.5 2508 + 28 2524
115BC -13.0*19 2111=x16 2064 585 BC -0.4 £ 3.5 2466 + 29 2534
125BC -142+19 2130z 16 2074 595 BC -72+28 2530+23 2544
135BC -10.7+23 2111 %19 2084 605 BC -51%£30 2524 +24 2554
145 BC -85+19 2103 *16 2094 615 BC -20x£26 2508 21 2564
155 BC -6.7+3.4 2099 * 27 2104 625 BC -1.9+27 2517 +22 2574
165 BC =77 +£22 2117+ 18 2114 635 BC 26 £23 2488 +19 2584
175 BC -142+3.3 2179 + 27 2124 645 BC 3623 2492 +19 2594
185 BC -12.6 £3.3 2176 * 27 2134 655 BC 49 21 2492 +17 2604
195 BC -8.0+£22 2149+ 18 2144 661 BC 11.6 £ 3.2 2444 = 25 2610
205 BC -12.6 +3.0 219525 2154 696 BC 12.7£53 2469 * 42 2645
215BC -174+ 17 2244 + 14 2164 705 BC 13.5+£54 2473 43 2654
225 BC -97%£24 2192 +20 2174 715 BC 14.0 £ 54 2479 * 43 2664
235 BC -166+18 2258+ 15 2184 731 BC 18.1 £23 2461 * 18 2680
245BC -141+24 2247+ 19 2194 751 BC 205 £3.4 2461 27 2700
255BC -11.6+32 2236 +26 2204 771 BC 9.9 £32 2565 *26 2720
265BC -15.8+3.1 228025 2214 785 BC 119+ 25 2563 +20 2734
275 BC -98+£22 2241 + 18 2224 795 BC 57+25 2622=+20 2744
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TABLE 1. (Continued)
14C 14C
Cal AD/BC__AMC %o age (BP) Cal BP | Cal AD/BC__ A¥C %o age (BP) Cal BP
805 BC 3.0+25 265420 2754 1275 BC 10.2 + 3.4 3053 £27 3224
815 BC -03 £33 2690 =27 2764 1285 BC 164 + 3.6 3013 =28 3234
825 BC 1.1 £26 2688 £21 2774 1295 BC 125 +3.5 3054 =28 3244
835 BC =57 %25 2752+20 2784 1305 BC 14.6 £ 3.7 3047 £ 29 3254
845 BC -58+25 276320 2794 1315 BC 143 £ 3.5 3059 + 28 3264
855 BC -4.1+33 2759 %27 2804 1325 BC 82+3.0 3117zx24 3274
865 BC -23+32 2755+26 2814 1335 BC 153 +3.5 3070 =27 3284
875 BC -14 +34 2757 27 2824 1345 BC 17.5 £ 3.6 3063 = 28 3294
885 BC 3.6 £34 2727 x£27 2834 1355 BC 153+ 3.5 3090 = 27 3304
895 BC 1.7 £33 2752 +27 2844 1365 BC 22.6 £33 3042 £ 26 3314
905 BC -23+£32 2793 +26 2854 1375 BC 16.6 + 3.2 3100 = 25 3324
915 BC -2.0=+33 280127 2864 1385 BC 173 £33 3104 £ 26 3334
925 BC -1.9 +33 2810 =27 2874 1395 BC 164 +24 3121 £19 3344
935 BC -09+£25 281120 2884 1405 BC 18.1 £33 3117+ 26 3354
945 BC -32+24 2840=x19 2894 1415 BC 10.8 £ 3.3 3184 £ 26 3364
955 BC -20x26 283921 2904 1425 BC 188 + 3.4 3131 %27 3374
965 BC 77 34 2772 27 2914 1435 BC 11.8+24 3196 £ 19 3384
975 BC -1.6 £24 2856+ 19 2924 1445 BC 13.8+24 3189+ 19 3394
985 BC 0.4 3.2 2849 =25 2934 1455 BC 116 +23 3216 + 18 3404
995 BC 36+32 283325 2944 1465 BC 99+24 3240 x19 3414
1005 BC 32+33 2847 +£27 2954 1475 BC 129 +24 3226 £19 3424
1015 BC -0.6 £3.2 2887 %26 2964 1485 BC 172 +£2.6 3202 £21 3434
1025 BC -22+35 2909 = 28 2974 1495 BC 12.8 + 3.7 3246 = 29 3444
1035 BC 0334 2899 + 27 2984 1505 BC 11.8 £33 3264 =26 3454
1045 BC 6.2 +35 2861 =28 2994 1515 BC 120+ 35 327228 3464
1055 BC -26 £32 2941 +26 3004 1525 BC 11.1 £ 3.2 3289 =25 3474
1065 BC 44 +36 289529 3014 1535 BC 72+34 3329 %27 3484
1075 BC 40+35 2908 % 28 3024 1545 BC 10.0 £ 3.5 3316 £ 28 3494
1085 BC 1436 2939 %29 3034 1555 BC 10.8 £ 3.3 3320 £ 27 3504
1095 BC 41+£23 292619 3044 1565 BC 8.8 +58 3346 = 46 3514
1105 BC 53225 292720 3054 1575 BC 13.2+58 3320 + 46 3524
1115 BC 0.4 +38 2976 + 30 3064 1585 BC 142 £ 3.6 3323 +28 3534
1125 BC 75+34 2928 27 3074 1595 BC 20.1 £2.8 3286 + 22 3544
1135 BC -23+23 3017 £ 18 3084 1605 BC 145+ 26 3340 20 3554
1145 BC 103 £ 3.4 2926 = 27 3094 1615 BC 15.1 £ 2.8 334522 3564
1155 BC 7.4 35 2959 + 28 3104 1625 BC 13.5£27 3367 £21 3574
1165 BC 8333 2961 %26 3114 1635 BC 13.5+ 3.6 3376 £ 28 3584
1175 BC 8442 2970 33 3124 1645 BC 113 +£2.0 3404 = 16 3594
1185 BC 16.0 + 3.5 2919 £ 28 3134 1655 BC 190+ 26 3353=x21 3604
1195 BC 49+32 301826 3144 1665 BC 11.5 £ 3.7 3422 £ 30 3614
1205 BC 16.1 £+ 3.6 2938 £ 28 3154 1675 BC 24.1 £ 3.5 3332 +128 3624
1215 BC 83+19 3009 15 3164 1685 BC 20.2 £ 3.5 3372 £28 3634
1225 BC 85+33 3018 £27 3174 1695 BC 11224 345320 3644
1235 BC 129 £ 3.6 2993 +29 3184 1705 BC 13.1 £3.6 3448 +28 3654
1245 BC 119 £ 35 3011 %28 3194 1715 BC 19.0 £ 3.5 3410 = 28 3664
1255 BC 145 2.7 3007 £22 3204 1725 BC 19.1 £ 3.5 3420 £ 28 3674
1265 BC 8.0+3.5 3061 +28 3214 1735 BC 173 £ 3.5 3443 =28 3684
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TABLE 1. (Continued)
14C 14C

Cal AD/BC__A%C %o age (BP)  Cal BP | Cal AD/BC__A™C %o age (BP) Cal BP
1745 BC 12.6 £ 3.6 3491 + 28 3694 2215 BC 272 %25 3832+20 4164
1755 BC 129 £ 25 3498 + 20 3704 2225 BC 32121 3804 17 4174
1765 BC 17.9 £ 2.8 3468 + 22 3714 2235 BC 26.6 +39 3857 * 31 4184
1775 BC 13227 3515+21 3724 2245 BC 292 +26 3846 * 21 4194
1785 BC 124 +£24 3531 +19 3734 2255 BC 349+25 381119 4204
1795 BC 152+24 3518+19 3744 2265 BC 37.0+£ 3.6 3805 + 28 4214
1805 BC 193 +24 3495 + 19 3754 2275 BC 346 £ 43 3833 + 34 4224
1815 BC 17.0+£ 25 3524 +20 3764 2285 BC 344 3.0 3844 x23 4234
1825 BC 19.7 3.6 3512 +28 3774 2295 BC 322 +£27 3871 +21 4244
1835 BC 13.6 £ 34 3570 =26 3784 2305 BC 36.5+4.0 3847 * 31 4254
1845 BC 22.6 £3.6 3509 28 3794 2315 BC 33.8+3.6 3878 28 4264
1855 BC 257 £ 3.6 3494 x 28 3804 2325 BC 36.8 2.6 3864 +20 4274
1865 BC 233 +£3.6 3523 +28 3814 2335 BC 359+3.6 388128 4284
1875 BC 24725 3522+19 3824 2345 BC 350+26 3898 %20 4294
1885 BC 192 +34 3575 +27 3834 2355 BC 34.6 +37 3911 £ 29 4304
1895 BC 18.1 £ 3.6 3593 +28 3844 2365 BC 345+26 3921 *20 4314
1905 BC 224 + 3.5 3569 * 28 3854 2375 BC 37.2+£3.6 3910 +28 4324
1915 BC 234 +35 3570 £ 28 3864 2385 BC 428 + 2.6 3876 *20 4334
1925 BC 199+ 27 3608 +22 3874 2395 BC 477 £ 4.1 3848 + 31 4344
1935 BC 21.0 £ 3.2 3609 =25 3884 2405 BC 405 £2.7 3914 + 21 4354
1945 BC 203 £ 3.7 3624 +29 3894 2415 BC 39.6 £2.9 3930 22 4364
1955 BC 203 £ 3.6 3633 +28 3904 2425 BC 442 £ 3.6 3904 * 28 4374
1965 BC 21.7+£35 3633 %28 3914 2435 BC 43419 3920=* 15 4384
1975 BC 205 3.5 3651 %27 3924 2445 BC 453 +£3.8 3915+ 29 4394
1985 BC 16.6 £ 3.5 3692 + 28 3934 2465 BC 448 + 3.7 3939 + 28 4414
1995 BC 259+ 35 3628 +27 3944 2475 BC 344 +£26 4029 20 4424
2005 BC 29.2 + 3.6 3613 =28 3954 2485 BC 38.1£27 4010+ 21 4434
2015 BC 235+ 3.4 3667 27 3964 2495 BC 32.7+£39 4062 * 30 4444
2025 BC 259+ 3.5 3658 =28 3974 2505 BC 30529 4088 23 4454
2035 BC 222 %22 3697 17 3984 2515 BC 382 %29 4038 22 4464
2045 BC 20.1£25 3723+19 3994 2525 BC 43.0£2.0 4011 * 16 4474
2055 BC 20.1£25 3732+20 4004 2535 BC 457 £ 27 4000 * 21 4484
2065 BC 255+ 3.5 3700 = 28 4014 2545 BC 459 £ 2.7 4008 + 21 4494
2075 BC 18925 3761 +20 4024 2555 BC 46225 4015+ 19 4504
2085 BC 29.5 £ 3.6 3688 +28 4034 2565 BC 448 £ 25 4036 * 19 4514
2095 BC 279 +£3.5 3710 £ 27 4044 2575 BC 408 £ 3.0 4077 =23 4524
2105 BC 326 £2.5 3684 +19 4054 2585 BC 38.1+£24 4107+ 19 4534
2115 BC 299 +35 3714 =27 4064 2595 BC 443 £ 27 4069 = 21 4544
2125 BC 322 +35 3706 * 28 4074 2605 BC 37.2+4.1 4133 +32 4554
2135 BC 299 +35 3733 +27 4084 2615 BC 47.1 £ 27 4067 £ 21 4564
2145 BC 25122 378117 4094 2625 BC 43.1£28 4108 + 22 4574
2155 BC 27323 3773+ 18 4104 2635 BC 420+24 4126 + 18 4584
2165 BC 29.6 + 3.6 3765 * 28 4114 2645 BC 36.0£4.0 4182 + 31 4594
2175 BC 33.0x24 3748 * 18 4124 2655 BC 475 +4.0 4101 + 31 4604
2185 BC 34620 3745+ 16 4134 2665 BC 472 +27 4113 21 4614
2195 BC 33.6 20 376316 4144 2675 BC 45.1+£27 4139 21 4624
2205 BC 28.1 £ 3.0 3816 24 4154 2685 BC 45928 4142 + 21 4634
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lAC 14C
Cal AD/BC__ A™C %o age (BP) Cal BP | Cal AD/BC__ AMC %o age (BP) Cal BP
2695 BC 450+ 4.1 4159 = 31 4644 3165 BC 623 +2.8 4484 +21 5114
2705 BC 446 22 4171 £ 17 4654 3175 BC 56.3+4.0 4539 %31 5124
2715 BC 422 +4.1 4200 =32 4664 3185 BC 60.8 29 451522 5134
2725 BC 487+ 4.1 4160 = 32 4674 3195 BC 602 +2.8 4529 +21 5144
2735 BC 472 +33 4182 26 4684 3205 BC 59.5+4.1 4544 = 31 5154
2745 BC 51.0 + 4.1 4162 = 31 4694 3215 BC 64.0 2.5 452019 5164
2755 BC 51.4+4.1 4169 = 31 4704 3225 BC 66.5 £ 4.1 4511 = 31 5174
2765 BC 442 + 43 4234 £33 4714 3235 BC 712 +4.1 4485 £ 31 5184
2775 BC 51.8+3.5 4185 27 4724 3245 BC 77.1 £ 42 4451 £ 31 5194
2785 BC 546 +28 4174 =21 4734 3255 BC 753 +4.1 4474 £ 30 5204
2795 BC 528 +28 419722 4744 3265 BC 73.1 £ 3.6 4500 = 27 5214
2805 BC 512 +3.8 4219 +29 4754 3275 BC 739+ 4.4 4504 + 33 5224
2815 BC 63.5+29 4135=+22 4764 3285 BC 77.8 +4.1 4485 = 31 5234
2825 BC 69.6 + 4.3 4099 = 33 4774 3295 BC 79.2 £ 4.1 4484 = 31 5244
2835 BC 64.4+39 4147 =30 4784 3305 BC 78.8 42 4496 * 31 5254
2845 BC 62.6 +3.8 4171 £ 29 4794 3315 BC 754 £3.0 453222 5264
2855 BC 63.5+4.0 4174 =30 4804 3325 BC 81.8 +2.9 4494 + 22 5274
2865 BC 63.8 +3.7 4181 =28 4814 3335 BC 77826 453320 5284
2875 BC 62.2 +2.7 4203 +21 4824 3345 BC 75.8 2.7 455720 5294
2885 BC 58.7+3.8 4239 £ 29 4834 3355 BC 72.6 £4.2 4591 £ 32 5304
2895 BC 519 +4.0 4301 =30 4844 3365 BC 69.3 £ 4.1 4625 + 31 5314
2905 BC 512 +4.0 4315+30 4854 3375 BC 66.0 £ 4.1 4660 = 31 5324
2915 BC 509 + 3.8 4328 + 29 4864 3385 BC 61.5 4.1 4704 = 31 5334
2925 BC 447 £ 4.0 4385+ 30 4874 3395 BC 58.7+3.1 473523 5344
2935 BC 445+ 4.4 4396 + 34 4884 3405 BC 64.1 +4.1 4703 = 31 5354
2945 BC 427 + 3.8 4420 = 29 4894 3415 BC 622 +4.5 4728 + 34 5364
2955 BC 50.0+27 4373 £21 4904 3425 BC 68.5 + 3.4 4690 = 26 5374
2965 BC 49.6 + 3.8 4386 = 29 4914 3435 BC 70.6 £ 2.9 4684 + 22 5384
2975 BC 48.1 £+ 4.0 4407 + 30 4924 3445 BC 70.7 £ 4.9 4693 £ 37 5394
2985 BC 542 2.7 4370 21 4934 3455 BC 70.6 £ 4.5 4703 £ 34 5404
2995 BC 56.5+4.0 4363 =31 4944 3465 BC 772 +3.0 4664 22 5414
3005 BC 56.3 +4.0 4374 £ 31 4954 3475 BC 843 +£29 4621 £21 5424
3015 BC 549 +£3.9 4395+ 30 4964 3485 BC 84.4+29 4629 =22 5434
3025 BC 56.7+39 4391 £ 30 4974 3495 BC 829+ 3.0 465023 5444
3035 BC 55.9+£4.1 4406 = 31 4984 3505 BC 76.4 £ 3.0 4708 £ 23 5454
3045 BC 53.3+26 4435+20 4994 3515 BC 73.5+£29 4740 £ 22 5464
3055 BC 522 +£2.8 4454 £ 21 5004 3525 BC 73.8+ 3.0 4748 £ 22 5474
3065 BC 53.9+4.0 4451 =31 5014 3535 BC 753 +£3.0 4746 £ 22 5484
3075 BC 61.0 £ 2.1 4407 = 16 5024 3545 BC 70.0 £ 3.0 4795 + 22 5494
3085 BC 555+ 4.1 4458 =31 5034 3555 BC 715+ 3.1 4794 £ 23 5504
3095 BC 58.7 4.1 4443 = 31 5044 3565 BC 76.8+ 3.0 4764 =22 5514
3105 BC 49.0 £ 4.1 4527 =31 5054 3575 BC 76.4 3.0 4777 £ 22 5524
3115 BC 54129 4498 + 22 5064 3585 BC 79.7 £ 3.0 4761 £ 22 5534
3125 BC 51.1 £4.0 4531 =30 5074 3595 BC 82.5+24 4751 £ 18 5544
3135 BC 52.5 3.9 4529 =29 5084 3605 BC 85.7+26 473720 5554
3145 BC 493 +4.0 4563 +30 5094 3615 BC 90.6 + 2.3 4710 = 17 5564
3155 BC 56.8 +4.0 4516 =31 5104 3625 BC 859+ 4.3 4754 + 32 5574
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TABLE 1. (Continued)
14c 14C

Cal AD/BC__ A¥C %o age (BP) Cal BP | Cal AD/BC_AYC %o age (BP) Cal BP
3635 BC 80929 4801 +22 5584 4105 BC 783 +42 5278 31 6054
3645 BC 75.8£3.0 4849 22 5594 4115 BC 69429 5353 +22 6064
3655 BC 71.7£2.9 4890 + 22 5604 4125 BC 80.1 £ 43 5284 + 32 6074
3665 BC 73829 4884 +22 5614 4135 BC 81.9+3.0 5280 23 6084
3675 BC 68.5 2.4 4933 +18 5624 4155 BC 85443 5273 +32 6104
3685 BC 734 +£2.9 4906 + 21 5634 4165 BC 80.0 + 42 5323 +31 6114
3695 BC 758 £2.9 4897 + 22 5644 4175 BC 752 44 5369 * 33 6124
3705 BC 73.1+£29 4928 22 5654 4185 BC 81243 533332 6134
3715 BC 69.9 £2.9 4961 +22 5664 4195 BC 84.7 £3.0 5318=+22 6144
3725 BC 68.6 £ 4.6 4980 * 35 5674 4205 BC 925 +4.1 5270 30 6154
3735 BC 744 +3.0 4947 +23 5684 4215 BC 93.9 44 5269 * 33 6164
3745 BC 73.8 2.6 4961 +20 5694 4225 BC 81.5+3.0 5370 +23 6174
3755 BC 762 +£29 4953 +22 5704 4235 BC 81.5+3.0 538022 6184
3765 BC 714 £29 4998 + 22 5714 4245 BC 86.4 £+ 3.0 5353 +22 6194
3775 BC 71.5£3.0 5007 =22 5724 4255 BC 788 £ 50 5419 * 37 6204
3785 BC 740 £2.4 4999 * 18 5734 4265 BC 74.8 £3.2 5460 * 24 6214
3795 BC 73.7+3.1 5011 =+23 5744 4275 BC 79.5 £50 5433 £ 37 6224
3805 BC 653 +28 5083 +21 5754 4285 BC 812 +3.0 5432 +23 6234
3815 BC 654 39 5092 * 30 5764 4295 BC 854 +4.5 5409 + 33 6244
3825 BC 713 £3.9 5058 +29 5774 4305 BC 91.5+43 5374 32 6254
3835 BC 73.0£ 4.1 5055 * 31 5784 4315 BC 920+ 44 5380 =33 6264
3845 BC 713+ 4.1 5077 + 31 5794 4325 BC 86.6 + 44 5430 * 33 6274
3855 BC 71724 5083 + 18 5804 4335 BC 80.8 £3.0 5484 +23 6284
3865 BC 78.0 £2.1 5047 + 16 5814 4345 BC 782 3.1 551223 6294
3875 BC 722 +£22 5099 =17 5824 4355 BC 739 +43 5553 +33 6304
3885 BC 85327 501120 5834 4365 BC 73.7 £ 42 5564 = 32 6314
3895 BC 823 £ 3.5 5044 £ 26 5844 4375 BC 688 43 5576 22 6324
3905 BC 82529 5052=+21 5854 4385 BC 78.6 £ 4.5 5547 +33 6334
3915 BC 819 2.8 5066 % 21 5864 4395 BC 753 +44 5582 +33 6344
3925 BC 844 +3.1 5060 %23 5874 4405 BC 775+ 44 5574 +33 6354
3935 BC 84.5 4.2 5066 = 31 5884 4415 BC 732 +44 5616 =33 6364
3945 BC 799 +2.4 5113 + 18 5894 4425 BC 845+ 46 5542 * 35 6374
3955 BC 80.9+£52 5113 +39 5904 4435 BC 878 +46 5527 +34 6384
3965 BC 763 +1.8 5159 + 13 5914 4445 BC 83544 5569 * 32 6394
3975 BC 729+26 519219 5924 4455 BC 79.6 £ 46 5608 + 34 6404
3985 BC 701 £2.7 5222 +20 5934 4465 BC 714 3.0 5679 =22 6414
3995 BC 69.3+3.0 5238+22 5944 4475 BC 73344 5675+ 33 6424
4005 BC 68.8 +3.0 5251 +23 5954 4485 BC 76.1 £ 46 5663 * 35 6434
4015 BC 719 £ 4.1 5237 +31 5964 4495 BC 754 +44 5678 =33 6444
4025 BC 773 £32 5207 +24 5974 4505 BC 763 £ 43 5681 + 32 6454
4035 BC 76.0 £ 2.7 5226 £20 5984 4515 BC 772 +44 5684 33 6464
4045 BC 72.0 4.2 5267 =31 5994 4525 BC 78.6 £ 47 5684 * 35 6474
4055 BC 80.7 £ 3.7 5211 28 6004 4535 BC 79.0 £ 42 5690 *+ 32 6484
4065 BC 85330 5187 *22 6014 4545 BC 72547 5748 £ 35 6494
4075 BC 790 £4.2 5243 +31 6024 4555 BC 728 +44 5756 33 6504
4085 BC 73.0 3.5 5298 + 26 6034 4565 BC 726 £32 5767 + 24 6514
4095 BC 745 £3.0 5296 =22 6044 4575 BC 759 +£3.0 5752 +23 6524
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TABLE 1. (Continued)

IAC 14C
Cal AD/BC_ A™C %o age (BP) Cal BP | Cal AD/BC AMC %o age (BP) Cal BP
4585 BC 77.1+31 5753 +£23 6534 5055 BC 893 +4.1 6119 33 7004
4595 BC 764 + 44 5768 + 33 6544 5065 BC 834 +40 6172 +32 7014
4605 BC 779 £ 43 5767 £ 32 6554 5075 BC 82.4 42 6189 + 34 7024
4615 BC 79.6 £ 4.7 5764 + 35 6564 5085 BC 803 £ 41 6215 +33 7034
4625 BC 747 +£27 581021 6574 5095 BC 869 29 6176 +24 7044
4635 BC 789 +3.7 5788 £ 28 6584 5105 BC 82941 621533 7054
4645 BC 819 +23 5775+17 6594 5115 BC 92.6 £ 4.0 6153 +32 7064
4655 BC 82.1+£3.1 5784 +23 6604 5125 BC 85.0£4.0 6219 +32 7074
4665 BC 87444 575432 6614 5135 BC 948 +3.9 6157 +31 7084
4675 BC 873 +4.8 5764 =35 6624 5145 BC 95.6 3.0 6160 + 24 7094
4685 BC 862 2.6 5782 +19 6634 5165 BC 92.6 £ 4.1 6202 + 33 7114
4695 BC 80.1 £3.2 583724 6644 5175 BC 99.0 + 4.0 6164 * 32 7124
4705 BC 83.6 £3.0 582123 6654 5185 BC 106.7+29 6118 +24 7134
4715 BC 79.8 £ 43 5859 +32 6664 5195 BC 106.7 £ 4.0 6128 + 33 7144
4725 BC 784 + 44 5879 + 33 6674 5205 BC 1089+ 43 6122 +34 7154
4735 BC 80.0 43 587732 6684 5215 BC 946 £ 42 6236 + 34 7164
4745 BC 87.1£44 5834 =+33 6694 5225 BC 89.7 + 43 6281 =35 7174
4755 BC 887+ 44 5832 +32 6704 5235 BC 98.1 +42 6230+ 34 7184
4765 BC 81.6 £ 43 589532 6714 5245 BC 96.0 29 6255 24 7194
4775 BC 83.7+ 44 5889 +33 6724 5255 BC 97129 625623 7204
4785 BC 843 43 5894 =32 6734 5265 BC 924 4.0 6300 = 32 7214
4795 BC 82.8 +43 5914 +32 6744 5275 BC 90.9 £ 2.7 6321 =22 7224
4805 BC 809 * 4.6 5939 + 34 6754 5285 BC 83.0+28 6389 23 7234
4815 BC 83.8 45 5926 +34 6764 5295 BC 89342 6352 +34 7244
4825 BC 80.5 £ 4.4 5961 =33 6774 5305 BC 86.7 £ 43 6381 =35 7254
4835 BC 82.6 +43 5955+ 32 6784 5315 BC 90.7 £ 3.0 6361 + 24 7264
4845 BC 81346 5974 + 34 6794 5325 BC 89.3 £3.0 6381 %24 7274
4855 BC 788 £3.1 6003 + 23 6804 5335 BC 85140 6422 +32 7284
4865 BC 813 +4.4 5994 +33 6814 5345 BC 85.7+3.0 6428 +24 7294
4875 BC 778 £ 45 6029 + 33 6824 5355 BC 824 +3.0 6462 * 24 7304
4885 BC 93.1 4.6 5926 34 6834 5365 BC 91.0 £+ 42 6408 = 34 7314
4895 BC 86.4 £33 5985+ 25 6844 5375 BC 947 £ 44 6390 + 36 7324
4905 BC 88.1 £2.6 5982+ 19 6854 5385 BC 93.1 £49 6412 +39 7334
4915 BC 85.0+35 601526 6864 5395 BC 96.0 £ 4.2 6400 = 34 7344
4925 BC 83.8 £45 6033 +33 6874 5405 BC 952 42 6416 + 34 7354
4935 BC 89.8 £3.2 5999 + 24 6884 5415 BC 1009 £ 3.0 6384 + 24 7364
4945 BC 84.4£23 6047 +17 6894 5425 BC 99.8 £ 3.1 6402 =25 7374
4955 BC 86.4 £ 3.1 6042 +23 6904 5435 BC 89.7 £ 4.1 6485 + 33 7384
4965 BC 848 £33 6065 + 24 6914 5445 BC 798 £3.1 6568 £ 25 7394
4975 BC 87.8 £3.1 6053 +23 6924 5455 BC 81.7 £ 43 6564 * 34 7404
4985 BC 883 £33 6058 +25 6934 5465 BC 87.1 3.0 6534 +24 7414
4995 BC 85.1 43 6092 +32 6944 5475 BC 83.7 43 6568 + 35 7424
5005 BC 83341 6115+33 6954 5485 BC 869 +4.4 6554 =35 7434
5015 BC 88.4 £ 42 6087 + 34 6964 5495 BC 83.0+43 6593 +35 7444
5025 BC 85641 6117 +33 6974 5505 BC 81.8 +43 6612 +35 7454
5035 BC 87243 6115+ 34 6984 5515 BC 87.0 £ 43 6583 + 35 7464
5045 BC 854 +£43 6138 +34 6994 5525 BC 755 +£42 6678 £ 34 7474



MC Decadal Calibration, AD 1950-6000 BC 65
TABLE 1. (Continued)
14C 14C

Cal AD/BC__AMC %o age (BP) Cal BP | Cal AD/BC__ AMC %o age (BP) Cal BP
5535 BC 794 + 44 6659 + 35 7484 5775 BC 69229 6969 * 22 7724
5545 BC 779 £ 44 6680 + 35 7494 5785 BC 728 £22 6953 17 7734
5555 BC 89.8 £ 3.3 6604 + 25 7504 5795 BC 751 24 6947 = 18 7744
5565 BC 90.7 £ 3.3 6606 % 25 7514 5805 BC 713 24 6982 + 19 7754
5575 BC 83524 6670+ 18 7524 5815 BC 699 21 7004 =17 7764
5585 BC 777 £33 6721 £ 25 7534 5825 BC 758 £2.5 6969 =20 7774
5595 BC 76.1 £3.4 6742 =26 7544 5835 BC 752 2.6 6983 =20 7784
5605 BC 708 £2.5 6793 +19 7554 5845 BC 768 +2.6 6981 =21 7794
5615 BC 749 £22 6774 + 17 7564 5855 BC 70.7 £ 47 7035 * 38 7804
5625 BC 749 £ 27 6780 + 21 7574 5865 BC 76.0 £ 3.9 7005 * 31 7814
5635 BC 708 +2.4 6822 +19 7584 5875 BC 763 42 7012 £ 34 7824
5645 BC 752226 6799 20 7594 5885 BC 689 42 7077 £ 34 7834
5655 BC 76.4 +2.8 6800 + 21 7604 5895 BC 68.0 + 4.6 7094 + 37 7844
5665 BC 758 +£2.1 681516 7614 5905 BC 748 £3.1 7053 =25 7854
5675 BC 752 +£27 6828 +20 7624 5915 BC 85.0 £32 6986 + 26 7864
5685 BC 71.7 £ 3.1 6863 + 24 7634 5925 BC 87.0 £3.0 6981 + 24 7874
5695 BC 712 £27 6875 21 7644 5935 BC 81552 703242 7884
5705 BC 709 £ 2.5 6885+ 20 7654 5945 BC 753 £ 42 7088 = 34 7894
5715 BC 69.5 £33 6907 =26 7664 5955 BC 753 41 7097 =33 7904
5725 BC 73.7 £3.1 6884 +24 7674 5965 BC 739 +44 7118 £ 35 7914
5735 BC 69.4 £25 6929 + 19 7684 5975 BC 702 5.0 7155 %40 7924
5745 BC 702 £23 6933 + 18 7694 5985 BC 67.8 28 7182 23 7934
5755 BC 70.8 £2.6 6938 +20 7704 5995 BC 652 +48 7212 %36 7944
5765 BC 73122 6931 +17 7714 6000 BC 75.6 £33 7141 £ 25 7949
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INTRODUCTION

Most data in this Calibration Issue are based on radiocarbon age determinations of tree-ring
samples with dendrochronologically determined calibrated (cal) ages. For high-precision
measurements, substantial sample amounts are needed, and the processed wood usually spans 10
or 20 tree rings. Thus, the calibration curve data points usually have decadal, or bidecadal, spacing.
These curves, to be used for the calibration of samples formed over 1 or 2 decades, may not be
fully applicable to samples (leaves, twigs, efc.) formed in a single growing season.

The determination of a calibration curve with single-year spacing over many thousands of years
requires an order of magnitude larger calibration effort than made so far. For instance, the counting
time for producing the 440-yr single-year series reported here is identical to that needed for a
8800-yr bidecadal chronology. Fortunately, the production of a single-year calibration curve for the
Holocene is not urgent, as the gains from such an effort are limited.

“C determinations of either the cellulose or de Vries component of Douglas and Noble fir wood
from the US Pacific Northwest (Table 1) form the basis for the Figures 1 and 2 calibration curves.
All measurements are for single-year samples, except for AD 1890.5-1910.5 (2-yr data) and AD
1913-1916 (3-yr data). The average laboratory standard deviation in the measurements is 12.8 C
yr. The AD 1510-1625 and AD 1820-1950 data, published previously (Stuiver 1982; Stuiver &
Quay 1981), have been corrected for minor amounts of radon in the counting process (Stuiver &
Becker 1993).

The time span over which a sample is formed is important in limiting the cal age uncertainty
introduced by wiggles in the calibration curve. The wiggles in a curve produced, for instance, by
a 100-yr moving average of decadal calibration data are smoothed relative to those of the original
decadal calibration curve. In areas of major cal age uncertainty (the horizontal portions of the
curve), the **C age conversion for a sample formed over 100 yr, using the 100-yr moving-average
curve, yields a cal age range smaller than the range obtained from the decadal (or single-year)
calibration curve. The cal age range derived for the 100-yr sample, of course, represents the
midpoint of the 100-yr time span. This approach is valid only when the growth rate of the
specimen is reasonably constant, as the amount of material formed during the first 50 yr must
approximate that of the second 50 yr.

Figures 1 and 2 detail the calibration curves for, respectively, single-year samples and 3-, 5-, and
10-yr moving averages. With an average standard deviation (for 1.0 error multiplier) in the single-
year calibration curve of 12.8 '“C yr, the uncertainties in the 3-, 5- and 10-yr moving averages are,
respectively, 7.2, 5.6 and 4.1 yr.

In Figure 3, we compare the cal ages and ranges derived for three high-precision "“C dates (120
+ 15, 180 £ 15 and 260 * 15 *“C yr BP). The calibration curves used are the Figure 1 single-year
curve, its derivatives obtained through moving averages (3-, 5- and 10-yr), and the decadal (Stuiver
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& Becker 1993) and bidecadal (Stuiver & Pearson 1993) curves. The 10-yr curves differ slightly,
as a 10-yr moving average produces a continuous curve, whereas the decadal Stuiver and Becker
calibration curve connects decadal midpoints by a straight line.

For regions of major cal-age uncertainty (**C ages of 120 and 180 yr BP), the number of intercepts
(Fig. 3) increases by an order of magnitude when moving from the decadal to the single-year
curve. The cal age ranges around most intercepts derived from the single-year curve overlap,
however, and do not improve time separation within the larger cal age ranges. Two-sigma cal age
ranges (Fig. 3) usually increase for single-year-curve calibration, and additional segments appear.
The calibration of a single-year sample against a single-year calibration curve leads to larger cal-
age uncertainty than the calibration of a 10-yr sample against a decadal curve.

Materials grown over decades will provide better cal-age control than single-year samples. Of
course, single-year samples may be the only ones available for a specific site. As the current
single-year calibration curve is only for the post-AD 1510 interval, the calibration of these samples
(against a decadal or bidecadal curve) will, in most instances, lead to underestimated cal-age
uncertainty.

Single-year “C age records may differ between regions. Pacific Northwest A™C values (derived
from the Fig. 1 '“C ages) contain an 11-yr cycle with an average amplitude of 1.40 * 0.16 %o (ca.
11 = 1 *C yr). This amplitude differs significantly from the 11-yr cycle amplitude of 4.8 * 0.6 %o
(ca. 39 £ 5 ™C yr) found in Russian trees (Kocharov 1992) between AD 1600 and AD 1950. Confir-
mation of the Russian data set would imply Pacific Northwest-Russia “C age differences of at least
20 'C yr for parts of the single-year record. *C age differences of about 10 **C yr appear to be
an upper limit for regional offsets in decadal or bidecadal calibration curves (Stuiver & Pearson
1992).
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Fig. 1. “C age vs. cal age for single-year samples (a) and 3-yr moving averages (b)
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TABLE 1. "C determinations of either the cellulose or de Vries component of Douglas and Noble
fir wood from the US Pacific Northwest

Year AD Tree Location Species Wood Treatment

1916-1954 C Olympic Peninsula Douglas fir CL*
(47°46'N, 124°06'W)

1820-1919 A Olympic Penninsula Douglas fir Dv**
(47°46'N, 124°06'W)

1690-1725 B Mt. Rainier, Washington Douglas fir DV

1755-1759 (46°45'N, 121°45'W)

1784-1822

1686-1781 DW Cougar, Washington Noble fir CL
(46°4'N, 122°17'W)

1510-1700 F Coos Bay, Oregon Douglas fir CL

(43°7N, 123°40'W)

*CL = cellulose
**DV = de Vries-treated wood
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The high-precision radiocarbon calibration curve for short-lived samples (1-4 yr) of the early
historical period (3rd millennium BC) presented previously (Vogel et al. 1986) has been further
substantiated and extended to link with a similar curve produced by de Jong for part of the 4th
millennjium BC (de Jong & Mook 1980). The precise dendrochronological age of the sample set
measured by de Jong has finally been fixed (de Jong, Mook & Becker 1989), so that the two sets
now cover the period 1930-3900 B, i.e., the Early Bronze Age and Late Chalcolithic periods of
the Middle East. The standard calibration curve for the two sets is presented by Vogel and van der
Plicht (1993).

In all, we analyzed 173 samples of 1-4 annual tree rings of the south-central European subfossil
oak sequence (Becker 1979). The method of pretreatment and measurement has remained the same,
as Vogel et al. (1986) briefly described previously. Table 1 lists the results. Because we made
certain retrospective adjustments to the 89 analyses presented in our previous paper (Vogel et al.
1986), we include them here. For the most part, the corrections are less than 4 yr, but in a few
cases, re-evaluation has resulted in larger changes.

The construction of a calibration curve from these data requires some discussion. On the one hand,
the individual data points, of necessity, have to scatter on both sides of the actual correlation curve
to the degree prescribed by the uncertainty of the measurements. A line connecting successive
points would thus show erratic variations that do not correspond to the actual changes in *C, and
some smoothing is necessary. On the other hand, the smoothing procedure should not dampen or
eliminate the real “wiggles” in the curve. We feel that the best compromise in this situation is to
use a spline curve with “tightness”, S = 1, i.e., a curve that passes within 1 o from 68% of all the
data points, but smooths out unsubstantiated variations (Talma & Vogel 1993).

The resulting calibration curve is presented in Figure 1A-C. In Figure 2, the Groningen data (de
Jong, Mook & Becker 1989) are added to the Pretoria measurements to show the compatibility of
the two sets for the region of overlap. The combined data produce a continuous curve for the
period, 1930 to 3900 BC, specifically for calibrating short-lived *C samples. We consider the 68%
confidence level of the curve to be better than the 1 o errors of individual points, because the
adjacent measurements contribute to the estimate of the spline at each point. The validity of our
data set has been checked in different ways:

1. We analyzed a set of 13 samples of the bristlecone pine dendrochronological series (Ferguson
1970) in the same counter to verify the tree-ring dating of our series. The samples were
chosen from a period when the *C level was changing rapidly (2830-2960 BC) to achieve
maximum sensitivity. Table 2 gives the results of the analyses. The comparison is made by
determining the distance on the x axis that the eight samples on the steep part of the
calibration curve between 2830 and 2930 BC deviate from the corresponding spline values
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through our South German data points. The average deviation is 1.124.1 yr, so that we can
safely accept that the South German tree-ring dates at 2900 BC correspond to those of the
bristlecone pine chronology.

2. It is especially difficult to achieve precise intercalibration among laboratories, and systematic
differences of 20-30 yr are probably not unusual between laboratories. With the present data
set, we can make very accurate comparisons with other high-precision laboratories. First, we
can assess the compatibility of the Groningen data set (de Jong, Mook & Becker 1989) with
ours for the period of overlap between 3200 and 3350 BC. By comparing the 25 points of our
set in this time range with the corresponding values of the spline through the Groningen data,
we find an offset of -7.1 * 6.4 yr. If the one apparent outlier of our set at 3342 BC is
excluded, the difference reduces to —-4.2 * 6.0 yr, i.e., our dates are, on average, 4.2 yr older
than those of Groningen. The two sets are thus highly compatible and can be joined without
reservation.

3. A similar comparison can be made with the newly adjusted and extended measurements of
the Seattle laboratory (Stuiver & Becker 1993). If the 173 points of the Pretoria series are
compared with the corresponding values of a spline (S = 1) through the Seattle data, we find
an offset of 2.9 £ 1.8 yr, o = 24.1 yr, indicating that our dates are, on average, 2.9 yr
younger than those of Seattle. This means that the calibration of the two laboratories is nearly
identical. The standard deviation of 24.1 yr shows that the fluctuations around the spline are
of the size to be expected for a sample error of just under 20 yr and an error of ~15 yr in the
spline.

We have made more analyses to quantify the difference in *C ages between the northern and
southern hemispheres (Vogel et al. 1986). In all, we made 14 comparisons of 1-2 annual rings,
covering the 19th century, of an oak grown in Norg, The Netherlands, and a pine grown in Cape
Town, South Africa. Table 3 lists the results. The average difference in C content between the
two sets is 5.1 £0.6 %o, which translates to 41 * 5 yr, a value slightly larger than that reported
previously. This value is now used to create a calibration curve for midlatitudes in the southern
hemisphere, using the data of Stuiver and Pearson (1993) for the northern hemisphere.

Finally, we measured more precisely the extent of the industrial dilution of C (Suess effect) in
southern Africa. For this, we secured two pine trees planted in the 1940s in state forests far
removed from local city pollution. One tree, planted in 1942, derives from the Jonkershoek forest
outside Stellenbosch (33°57'S, 18°57'E). The second, planted in 1947, is from the Mac Mac forest
in the eastern Transvaal (25°05’S, 30°47'E). For these measurements, we prepared pure cellulose
from the inner annual rings, according to the technique described by Tans, de Jong & Mook
(1978), because of the presence of mobile organic substances of later years contaminated by atomic
bomb *C. We also made two analyses on the horn of a Kudu antelope shot in the Erongo
Mountains, Namibia (21°39'S, 15°45'E) in 1952. These samples of horn core and horn sheath from
the base of the horn should accurately represent the *C level of vegetation grown in 1950-1952.
The C analyses of these samples are presented in Table 4. The average “C depletion, with respect
to NBS oxalic acid A"C, for the samples dating to 1950-1953, is A*C = -24.7 + 0.9 %o. This is
almost exactly equal to the value for annual tree rings of the years, 1950-1954, of a Douglas fir,
reported by Stuiver & Quay (1981). Because '“C in southern Africa during the 19th century was
5.1%o lower than in the northern hemisphere (Table 3), the *C dilution in the southern hemisphere
was only about 15%0 between 1860 and 1950, compared to the 20%0 obtained for the northern
hemisphere by Stuiver and Quay (1981).
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The high-precision calibration curves now available make it possible to produce remarkably accur-
ate age determinations with ¥C. However, to obtain the maximum benefit from the technique, great
care must be taken with the selection of samples. An accurate historic age can be obtained only
if the sample consists of material that is undoubtedly contemporaneous with the event to be dated.
This means that emphasis should be placed on short-lived organic matter, such as, e.g., charred
food remains associated with a specific destruction level. For the time being, the samples should
also be large enough, at least 25 g, so that thorough chemical pretreatment can be undertaken. Such
an approach, pursued with vigor, would lead to a new phase of '*C dating in which the early and
protohistoric periods could be provided with a more precise chronology.
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TABLE 1. Conventional ¥C ages and AC of tree-ring samples from the South German oak tree-
ring sequence

“C age d%C A¥C
Pta-no. Cal BC (yr BP) (%0) (%o)
Steinheim 7
2745 1935-36 3580+ 8 =253 +245 £ 0.9
2884 1942-45 3596 + 18 -25.2 4235 %22
2738 1955-56 3618 + 14 =259 4223+ 1.7
3333 1964-65 3639 + 20 -25.3 4207 £ 2.5
2734 1975-76 3608 + 14 -26.4 +259+ 1.7
3332 1982-83 3645 + 17 -25.8 +222 %20
2726 1995-96 3644 £ 15 -26.1 +23.8+19
Unterleiterbach 19
3328 2005-06 3619 + 19 -24.8 +282+24
2751 2015-16 3636 = 16 -25.8 +272 %20
3127 2025-26 3658 + 18 -24.7 +258 £22
2787 2034-35 3689 + 14 -25.8 +22.8 £ 1.7
4495 2044-45 3699 + 27 -24.9 4229 £33
2792 2056 3694 £ 15 =255 +248 £ 19
4510 2065 3760 + 21 =255 +17.7 £ 2.6
2799 2075-76 3707 £ 13 -25.4 +258 1.6
4503 2085-86 3738 + 20 -26.0 +23.0£ 24
Vohberg 19
2856 2093 3705 + 14 -25.2 +28.2 £ 1.7
3135 2105 3686 + 20 -26.0 +32.0x 25
2892 2115 3680 = 14 -25.5 +340 17
3132 2124 3698 + 18 -26.6 +32.8 £2.2
2900 2134-35 3707 £ 19 -24.9 4331 %24
3126 2145-46 3760 + 20 -243 +27.6 £ 2.6
4113 2149-50 3731 + 18 -24.5 +31.8 £22
2928 2155 3797 + 14 -24.4 +24.1 18
4096 2159-60 3768 + 19 -24.9 +285+24
3327 2165 3782 £ 16 -23.7 +273+*19
2983 2175 3779 + 16 -24.5 +288+19
3454 2180 3739 £ 16 -24.2 +348+19
3321 2185 3734 £ 15 -235 +358 %19
3469 2190 3713 £ 25 -24.2 +39.4 £ 3.0
2996 2195 3750 + 18 -252 4352 %22
3115 2205 3801 + 17 -25.3 +29.7 £ 2.1
3006 2215 3855 + 17 -23.9 +242 %21
Nersingen 40
4107 2220-21 3821 + 18 -24.8 +29.1+23
4101 2230-31 3832+ 16 -25.6 +29.0 £ 2.1
3014 2236 3840 + 16 =252 +28.7+19
4147 2239 3806 + 18 -25.4 +335+23
3338 2245 3867 £ 17 -245 +26.4 £ 2.1
3016 2255-56 3834 + 18 =253 +31.7+23
3303 2265 3806 + 20 -24.9 +36.7 £ 2.4
3120 2275 3808 + 19 -26.0 +375x24
Hochstadt-Staustufe 3
3769 2280-82 3830 + 20 -26.6 +35.5 %26

Nersingen 40
3335 2284 3810 + 18 =252 +385+23



TABLE 1. (Continued)

Pretoria Calibration Curve, 1930-3350 BC

77

C age d3C A¥C
Pta-no. Cal BC (yr BP) (%0) (%0)
Hochstadt-Staustufe 3
3846 2290-92 3850 + 19 -26.9 +342+24
Nersingen 40
3123 2295 3854 + 17 -24.4 +342 21
Hochstadt-Staustufe 3
3503 2300-02 3886 + 17 -26.6 +30.8 £ 2.1
4512 2310-12 3898 + 18 =274 +30.5 23
Vohberg 34
3532 2320-22 3900 + 21 -26.0 +31.4 +26
3496 2327-30 3857+ 13 -26.2 +38.0 £ 1.6
3502 2337-40 3870 + 14 =253 +375+18
3541 2350-52 3924 £ 15 -25.3 +322+18
4518 2360-62 3911 + 24 -25.5 +35.029
3599 2370-72 3905 + 15 -25.4 +37.1£20
4509 2380-82 3888 + 19 -26.1 +40.7 £ 2.4
3606 2390-92 3902 + 22 -26.0 +40.2 £ 2.8
Christiansworth 2
3514 2407-10 3895 * 19 -24.9 +43.1+24
3519 2417-20 3888 * 20 -24.6 +453 24
3525 2427-30 3904 + 16 -24.6 +445+ 1.9
3539 2437-40 3929 + 20 -25.6 +42.6 + 2.4
3552 2447-50 3913 + 17 -25.5 +459 + 2.1
3568 2467-70 3939 + 15 -25.6 +450+ 1.8
4524 2480-82 3987 + 20 =253 +40.4 £ 25
3593 2490-92 4014 = 17 -24.6 +383 21
4525 2500-02 4037 + 18 =252 +36.5+23
3607 2510-12 4055 + 21 -24.9 +353 26
3613 2510-12 4045 + 20 -24.5 +36.8 £ 2.5
4533 2520-22 4040 £ 21 -25.6 +38.5 2.6
3619 2530-32 4058 + 18 -25.6 +375+22
Pettstadt 48
4540 2540-42 3995 + 14 -24.2 +47.0+ 1.8
3626 2550-52 4031 + 19 -23.1 +43.6 £ 2.5
4545 2560-62 3982 + 21 =-23.9 +51.1 26
3630 2570-72 4051 + 19 -23.6 +43.5 25
4360 2580-82 4107 + 17 -23.7 +37.4 +£22
3638 2590-92 4112 + 15 -23.5 +379+18
3751 2600-02 4116 = 17 -23.8 +38.9 22
3644 2610-12 4069 + 18 -23.9 +46.1 £ 2.2
3776 2620-22 4113 + 18 -24.1 +41.7 £ 2.3
3657 2630-32 4092 £ 19 -24.3 +458 £ 23
4338 2640-42 4142 + 21 -24.0 +40.2 £ 2.7
Nersingen 51
3670 2652-55 4121 + 20 =252 +44.6 £ 2.5
4554 2662-65 4143 £+ 15 -26.0 +432 18
3676 2672-75 4131 £ 18 -26.0 +458 +2.2
4485 2682-85 4176 + 14 -26.3 +414+17
3681 2692-95 4148 + 18 -25.9 +46.4 £ 2.4
4371 2702-05 4175 + 16 -26.8 +44.1 £ 2.0
Blindheim 37
4011 2711-14 4145 + 18 =257 +49.1 £ 2.2
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TABLE 1. (Continued)

1C age dBC A¥C
Pta-no. Cal BC (yr BP) (%o0) (%0)
Nersingen 51
3685 2712-15 4195 + 18 -26.2 +42.7 £ 24
Blindheim 37
4244 2721-24 4153 + 18 -26.9 +49.4 £+ 2.2
3909 2731-34 4149 + 20 -26.7 +51.1+25
Nersingen 51
3740 2732-35 4125 £ 15 -25.8 +543 £ 20
Blindheim 37
4498 2741-44 4129 + 27 -26.3 +55.1+34
3914 2751-54 4170 = 18 -25.9 +50.9 £ 2.2
Nersingen 51
3746 2752-55 4149 + 21 -25.8 +53.6 £ 25
Blindheim 37
4024 2761-64 4193 + 18 -25.7 4493 +22
3920 2771-74 4172 + 22 -26.2 +532+27
4031 2781-84 4214 + 17 =259 +48.9 + 2.0
4448 2786-89 4175 + 18 -25.8 +54.8 +24
3951 2791-94 4165 + 21 -26.1 +56.6 + 2.5
4387 2801-04 4180 + 14 =251 +56.1+19
3952 2811-14 4146 + 16 =245 +61.7 £ 2.0
4238 2821-24 4114 + 18 =245 +67.4 23
3953 2831-34 4124 + 18 -24.4 +67.4 23
4158 2836-39 4172 + 18 -24.0 +613 22
3963 2841-44 4163 + 15 =241 +63.2 + 1.8
4163 2851-54 4170 = 17 =242 +63.7 £ 2.2
3850 2861-64 4202 + 19 -24.9 +60.9 + 2.4
4490 2866-69 4181 £ 15 -24.4 +64.1+ 1.8
4460 2876-79 4222 + 15 -25.3 +59.9 £ 1.9
3856 2881-84 4300 + 21 =242 +50.3 £ 2.6
4294 2891-94 4284 + 15 -24.6 +53.7+19
3854 2901-04 4308 + 20 =253 +51.9 24
4397 2906-09 4342 + 19 =243 +48.0 £ 2.2
4181 2911-14 4350 = 17 -24.9 +47.7 £ 2.1
4561 2916-19 4358 + 18 -25.4 +472 22
Pettstadt 4
3861 2921-24 4371 + 21 -25.6 +46.1 £ 2.6
4175 2931-34 4377 + 19 =257 +46.9 + 2.4
3878 2941-44 4361 + 18 -25.6 +50.1+22
4130 2946-49 4383 + 20 =247 +47.9+ 26
4285 2956-59 4389 + 16 -25.1 +48.4 £ 19
3867 2961-64 4393 + 19 -25.4 +48.6 £ 2.2
4037 2971-74 4381 + 19 -25.5 +51.2+24
Bamberg 1
3885 2981-84 4395 + 25 -25.0 +50.6 + 3.1
4456 2986-89 4394 + 17 -24.7 +51.4 21
4058 2991-94 4376 + 20 -24.9 +54.4 £ 2.6
3888 3001-04 4382 + 16 -24.7 +55.1+21
4125 3011-14 4417 + 20 -24.5 +51.8+24
3901 3021-24 4423 + 19 =247 +52.0 24

4483 3026-29 4451 + 19 -24.9 +49.2 £+ 23
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“C age dBC A¥C
Pta-no. Cal BC (yr BP) (%0) (%o0)
Bamberg 1 (continued)
4119 3031-34 4511 £ 20 -24.7 +42.0+ 25
4415 3036-39 4451 + 16 =25.0 +503 £ 2.1
3904 3041-44 4459 + 19 -24.9 +500+24
4069 3051-54 4424 + 22 -24.7 +558+28
3968 3061-64 4414 + 19 -24.7 +58.4 £ 24
4073 3071-74 4407 £ 17 =249 +60.7 £ 2.1
3979 3081-84 4423 + 24 =251 +59.8£29
4089 3091-94 4439 + 19 -24.6 +589+23
3991 3096-99 4480 + 19 -24.1 +543+23
Pettstadt 123
4836 3106-09 4492 + 20 -25.6 +539+25
4933 3116-19 4494 + 19 -26.6 +55.1+£23
4830 3126-29 4521 + 18 -25.5 +525+23
4929 3136-39 4523 + 19 -25.5 +53.6+23
4825 3146-49 4528 + 18 -25.0 +542£23
4891 3156-59 4506 + 19 -24.8 +58.6 £ 2.3
4820 3166-69 4487 £ 19 -25.3 +623 24
4885 3176-79 4496 + 16 =251 +624 19
4787 3186-89 4505 + 20 =25.7 +625+£25
4870 3196-99 4544 + 19 -26.1 +585+25
Pettstadt 123 & 127
4934 3201-04 4527 + 19 -26.2 +61.4 +£23
4680 3206-09 4514 + 19 -25.7 +63.8+23
4963 3211-14 4511 + 17 -26.1 4649 £ 2.1
Pettstadt 123
4866 3216-19 4476 + 18 -25.5 +70.1 £ 2.3
Pettstadt 123 & 127
4966 3221-24 4481 + 11 -26.7 +703 14
Pettstadt 123 & Erlach
43
4715 3226-29 4551 + 21 =259 +61.5 £ 26
Erlach 43
5125 3231-34 4496 + 17 -24.8 +69.4 £ 2.1
4859 3236-39 4489 + 20 =25.0 +71.2£24
5130 3241-44 4474 + 19 -25.3 +73.6 £ 24
5135 3246-49 4479 + 17 -25.0 +73.4 £ 2.1
4709 3251-54 4471 £ 20 -25.7 +754 +£24
5147 3256-59 4449 + 19 -25.0 +789 24
4853 3261-64 4425 + 15 -25.0 +829+19
5142 3266-69 4492 + 18 -24.8 +745 %23
4691 3271-74 4528 + 20 -25.1 +70.5 £ 2.5
4810 3276-79 4498 + 17 -24.9 +75.0 £ 2.1
4848 3281-84 4482 + 15 -24.7 +77.7 £ 19
5152 3286-89 4502 + 16 -24.9 +758 19
4702 3291-94 4539 + 20 -25.2 +71.4 £ 25
4958 3296-99 4467 + 14 =251 +819+ 1.7
4781 3301-04 4495 + 18 =252 +788 +2.3
4774 3311-14 4490 + 20 -25.1 +80.6 £ 2.4
4840 3321-24 4490 + 19 =251 +81.7+24
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TABLE 1. (Continued)

1C age dC A¥C
Pta-no. Cal BC (yr BP) (%0) (%o)
Erlach 43 (continued)
4696 3331-34 4501 = 19 -25.1 +81.7 £23
4797 3341-44 4591 + 19 -24.6 +71.1 £ 23
4804 3346-49 4534 £ 20 -24.9 +793 £25

TABLE 2. Conventional C ages and A™C of decadal tree-ring samples from Stump TRL77-122
of the bristlecone pine tree-ring sequence, California, USA

“C age d”C A¥C
Pta-no. Cal BC (yr BP) (%0) (%o0)
3410 2830-40 4172 £ 17 -20.7 61.0 £ 2.2
3812 2860-70 4198 = 15 -20.7 61.6 £ 19
4216 2870-80 4210 + 18 -20.9 61.2+23
3826 2880-90 4232 + 20 -20.6 59.5+25
4295 2890-2900 4292 * 15 -20.8 53019
3817 2900-10 4326 = 20 -20.7 498 + 24
4315 2910-20 4358 + 14 -20.5 46.9 + 1.7
3831 2920-30 4329 + 25 -20.6 520+ 3.1
4194 2930-40 4391 * 16 -21.0 452 +20
4190 2940-45 4384 = 17 -21.2 47.0 £ 2.1
3415 2940-50 4400 * 18 -21.3 452 +23
4213 2950-60 4419 £ 15 -20.9 441+ 19

3830 2960-70 4373 £ 23 -20.7 514 +28
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TABLE 3. Comparison of the “C content of 19th-century wood grown in Norg, The Netherlands
and Cape Town, South Africa

Dutch oak Cape Town pine
Dendroyear A¥C Dendroyear A¥C Difference
AD (%o0) AD (%0) (%o0)
1835 24+14 1835 -1.5%1.7 39+22
1840 -4.6 +1.7 1840 -9.0%19 44 %26
1844-45 -27+17 1845 -50+19 23%26
1850 -39=+17 1850 -72x14 3322
1854-55 -17+17 1855 -69 13 5221
1860 -42+18 1860 -93 1.6 51=x24
1865 -3.8x12 1864 -108 + 1.7 7.0+21
1870 -25+15 1870 =127+ 14 10.2 + 2.1
1874-75 -39+19 1874-75 -13.0x 1.4 9.1+24
1880 -51=*1.6 1879 -102 £ 0.9 5118
1885 -44+1.6 1885-86 -11.6 + 1.8 72x24
1890 =72 % 1.6 1890 -11.8 £ 1.1 46 *19
1895 -39+20 1895 -79 1.6 40=*26
1900 -86+13 1900 -91+15 05+20
Average 5.14 £ 0.59
(41 £ 5 yr)
TABLE 4. *“C analysis of the industrial effect in southern Africa
Date “C age A¥C
Pta-no. Sample (AD) (yr BP) (%o0)
5643 Mac Mac pine 1950 198 = 21 -243 %26
5635 Jonkershoek pine 1950 201 = 19 -248+23
5639 Jonkershoek pine 1953 207 £ 21 =254 26
5564 Erongo Kudu horn core 1951 213 + 11 -26.1+14
5556 Erongo Kudu horn sheath 1951 184 + 13 =226+ 1.6

Average 201 =7 -24.7 + 0.9
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Fig. 2. Pretoria radiocarbon measurements, 3200-3350 BC, combined with those of Groningen for 3200-3900 BC. The
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CALIBRATION CURVE FOR SHORT-LIVED SAMPLES, 1900-3900 BC

J. C. VOGEL

Quaternary Dating Research Unit, CSIR, P. O. Box 395, Pretoria 0001, South Africa
and

JOHANNES VAN DER PLICHT

Centre for Isotope Research, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The
Netherlands

Both the Pretoria and the Groningen radiocarbon laboratories performed high-precision analyses
on 1-4 annual tree-ring samples made available by Bernd Becker from his South German oak
dendrochronological series (Vogel et al. 1986; de Jong, Becker & Mook 1986). The Pretoria
measurements were extended to overlap the Groningen set, and now cover the range from 1930
to 3350 BC (Vogel er al. 1993). The tree-ring dating of the Groningen samples has been adjusted
and now ranges from 3200 to 3900 BC (de Jong, Mook & Becker 1989). Taken together, the data
provide a calibration curve over two millennia, which is especially suitable for short-lived samples.
The curve is shown in Figures 1A-D.

Comparison of the overlap period shows that the activity standards used in the two laboratories are
nearly identical. On average, the Pretoria dates are 7.1 + 6.4 yr older than the Groningen dates, or,
if one apparent outlier is excluded, the difference reduces to 4.2 + 6.0 yr (Vogel et al. 1993).
Inclusion of this outlier, however, produces a better fit of the combined sets with the revised data
of Stuiver and Becker (1993), so that it is not discarded. The whole set is highly compatible with
the new and adjusted values of Stuiver and Becker (1993). For the range, 1900-3350 BC, the
Pretoria dates average 2.9 * 1.8 yr younger than the Seattle dates (Stuiver & Becker 1993). In
addition to demonstrating compatibility, this analysis shows that little detail is sacrificed by using
ten annual tree rings per sample, as was done in the Seattle laboratory.

REFERENCES
de Jong, A. F. M., Becker, B. and Mook, W. G. 1986 calibration of the radiocarbon time scale, AD 1950~
High-precision calibration of the radiocarbon time 6000 BC. Radiocarbon, this issue.
scale, 3930-3230 cal BC. In Stuiver, M. and Kra, Vogel, J. C., Fuls, A,, Visser, E. and Becker, B. 1986
R. S, eds., Proceedings of the 12th International C Radiocarbon fluctuations during the third millennium
Conference. Radiocarbon 28(2B): 939-941. BC. In Stuiver, M. and Kra, R. S., eds., Proceedings
de Jong, A. F. M., Mook, W. G. and Becker, B. 1989 of the 12th International *C Conference. Radiocar-
Corrected calibration of the radiocarbon time scale, bon 28(2B): 935-938.
3904-3203 cal BC. Radiocarbon 31(2): 201-210. 1993 Pretoria calibration curve for short-lived
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HIGH-PRECISION “C MEASUREMENT OF GERMAN AND IRISH OAKS TO SHOW
THE NATURAL “C VARIATIONS FROM 7890 TO 5000 BC

GORDON W. PEARSON", BERND BECKER? and FLORENCE QUA!

INTRODUCTION

The availability of absolutely (dendrochronologically) dated German oak has allowed the Belfast
laboratory to extend its published high-precision C measurements of Irish oak (Pearson et al.
1986) by 2680 yr. The samples were selected at contiguous 20-yr intervals, following a precedent
adopted and considered satisfactory in previous publications. All samples were measured for at
least 200,000 counts within the *C channel. The statistical counting error, together with the error
on standards, backgrounds and applied corrections, give a realistic precision quoted on each sample
of + 2.5%o (+ 20 yr). This error is considered high-precision for sample ages of 7000-8000 BP.

In May 1986, the Palaeoecology Centre at The Queen’s University of Belfast moved into a new,
specially designed building with ca. 300 m? of laboratory space, plus an additional 75 m? of under-
ground counting room (overhead shielding of 1.5 m of high-density concrete). The counting room
is temperature-controlled to + 1°C, and is isolated electrically from the main laboratory. Two LKB
Wallac Quantulus counters, modified to the authors’ specifications, were purchased in 1987, and
were used for the high-precision '“C measurements presented in this paper. Details of counter
adjustments, methods of quality control and the corrections applied to the “C measurements will
be discussed elsewhere; some relevant details are given below.

We performed duplicate analyses (Table 1) of six samples to confirm internal consistency. In 1986,
the University of Arizona Laboratory of Isotope Geochemistry, Tucson, presented high-precision
“C measurements of decadal bristlecone pine samples (Linick et al. 1986). Comparison of some
of the Arizona measurements, covering a period of 300 yr, to the Belfast data, shows no significant
bias between the mean values of the two data sets.

HIGH-PRECISION "C MEASUREMENT

The techniques used for the combustion of sample carbon and its conversion to benzene have
remained essentially the same in our new laboratory, although completely new, redesigned
combustion and synthesis lines have been installed. The methods are detailed in previous
publications (Pearson 1979, 1980, 1983; Pearson & Baillie 1983; Pearson et al. 1986). The
fundamental requirements for high-precision “C measurement do not change; they are to measure
only pure uncontaminated sample carbon under known stable and standardized counting conditions.
Many variables that had to be resolved by correction in our old laboratory, using a Phillips counter
(now > 15 yr old), have been reduced to an insignificant level, using LKB Wallac ‘Quantulus’
counters. The efficiency of the “C counting channel is approximately the same as before (ca.
70%), but the background for a 15-ml benzene blank has reduced from > 9 cpm to ca. 1.2 cpm,
using the same glass vials. This benefit has been achieved in proportion by ca. 2-3 cpm from the
increased overhead shielding, and the remainder from the advantageous design and critical
operation of the ‘Quantulus’ counters.

'Retired from Palaeoecology Centre, The Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland
Institute fiir Botanik, Universitit Hohenheim, D-7000 Stuttgart 70 Germany
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The ratio of modern to background count rate is ca. 100:1, which, together with long-term stability
necessary to give constant counting conditions, now makes high-precision *C measurement very
much easier than with the older system. Detailed analysis of background has shown that the
backgrounds used for 'C age calculations could be underestimated by ca. 0.10 cpm. This would
make all the Belfast dates a few years older at 8000 BC, but only 1 or 2 years different for modern
samples. Because this is a variable quantity, and presently not accurately quantifiable (due to
contamination of lithium metal used in benzene synthesis), we have not considered it in these age
calculations. We re-evaluated one correction (efficiency variation with time) used in the analysis
of previously published Belfast data, which significantly changes some dates (average is ca. 16 yr
older). The published dates presented earlier have been corrected accordingly. A full list of
corrected data is also presented (Pearson & Qua 1993).

TABLE 1. Full Replicate Analyses of Calibration Samples

Published dates —

Cal BC* Date measured 14C age BP** present dates (yr)
3130 Feb/Mar 1980 4506 * 15 =22
3130 Mar/Apr 1988 4528 * 20

3150 Dec 1976/Jan 1977 4553 + 14 28
3150 Mar/Apr 1988 4525 + 20

3170 Feb/Mar 1980 4496 + 18 21
3170 Mar/Apr 1988 4475 + 16

3190 Dec 1976/Jan 1977 4540 * 15 18
3190 Jan/Feb 1980

3190 Mar/Apr 1988 4522 + 20

3210 Dec 1976/Jan 1977 4560 * 16 35
3210 Mar/Apr 1988 4525 *+ 20

3230 Jan/Feb 1977 4528 * 12 2
3230 Oct/Nov 1979

3230 Mar/Apr 1988 4526 * 20

Mean difference = 13.6

*Cal BC = midpoint of bidecadal sample
**1C age BP = age of bidecadal sample + 1o

To help justify a claim to accuracy, and at the same time, help to determine a laboratory error
multiplier, both replicate analysis and interlaboratory comparisons are necessary. We measured six
contiguous samples to give an overall precision of + 20 yr on each sample. They gave a mean age
difference of ca. 13 yr, when compared to the same samples (some already duplicated) measured
some 8-11 yr before (Table 1). This difference is considered reasonable, although just at the
acceptable limit of statistical expectation. We compared recent replicate analysis of Irish oak
samples from 5170-5090 BC to German oak, and the mean values differed by <10 yr. A
comparison of German oak with previously reported Belfast data, corrected as above, suggested
a significant bias between both data sets. However, taking these new measurements into account,
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we now consider that both data sets are within statistical expectations. This is consistent with the
fact that both the German and Irish oak chronologies are absolute.

RADIOCARBON TIME-SCALE CALIBRATION

The longest single unbroken record of high-precision *C measurements of dendrochronologically-
dated wood was published in the special RADIOCARBON Calibration Issue (Pearson et al. 1986).
Some 7000 yr of decadal and bidecadal measurements of Irish oak were presented graphically, and
are used as a ‘Radiocarbon Time-Scale Calibration’. These curves are now extended by another
2680 yr, forming a complete sequence back to 7980 BC, giving almost 10,000 yr of high-precision
time-scale calibration.

At the Twelfth C Conference (1985) in Trondheim, it was agreed that definitive calibration would
be published by combining data for time periods that had been duplicated independently by
different laboratories, provided they showed agreement within statistical expectation. Two papers
resulted (Stuiver & Pearson 1986; Pearson & Stuiver 1986), which covered a time period of some
4500 yr between 2500 BC and the present. The mean difference between the Belfast and Seattle
data sets was 0.6 yr with a standard deviation of 25.6 yr (Stuiver & Pearson 1986).

When the data set errors were multiplied by their respective error multiplier of 1.23 (Belfast) and
1.6 (Seattle), the resultant standard deviation was found to be 22.9 yr. Thus, the laboratory
precision accounted for almost all variability between the data sets.

We compared data presented here with those of Linick et al. (1986) covering a 700-yr period. No
significant consistent bias is apparent between both data sets, although the agreement is outside of
statistical expectation, based on quoted errors. Thus, before these data can be combined, appropriate
error multipliers must be determined to provide realistic standard deviations. We hope that this can
be accomplished in the near future. The same conclusions are reached when Belfast data are
compared with those of the Heidelberg Laboratory (Kromer et al. 1986). However, because the
Heidelberg samples are not contiguous, and quite often only one annual growth ring has been
measured, it is much more difficult to compare realistically both data sets. More work is needed
before these data sets can be combined.

Figure 1A-F shows the natural “C variations over the time period, 7890-5000 BC. Table 2 gives
individual 'C ages in yr BP and A 'C values, together with respective precisions.

CONCLUSION

We consider the measurements carried out in our new laboratory with LKB Wallac Quantulus
counters as accurate as any of our previous measurements. We expect that the quoted precisions
underestimate the true standard deviation, because additional errors in background have not been
taken into account. We also expect that an error multiplier between 1.2 and 1.4 would be required
to provide a realistic estimate of the true standard deviation. If this is so, and if it is taken that the
dendrochronology is absolute, then some conclusions drawn by Linick et al. (1986), particularly
in the suggested positions of maxima and minima, are suspect, and give cause for re-evaluation.
However, because the comparison between Linick et al. (1986) and the Belfast data gives only a
small difference in the mean values, it supports an assumption of accuracy for each laboratory’s
measurements, albeit with erroneous precision. Further, if the accuracy (i.e., no significant bias)
is assumed genuine, and if additional laboratory cross-checks on identical material (to establish
meaningful error multipliers) can explain the observed larger-than-statistically-valid differences,
then we must conclude that the German oak and bristlecone pine chronologies are in agreement
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over this period. The agreement between Irish and German oak measurements also supports this
conclusion. The six replicated analyses of identical samples in the Belfast lab showed good
agreement and consistency in analysis.

There appears to be nothing unusual about this 2680-yr extension to the Radiocarbon Time Scale
Calibration. Quite small calendrical band-width increases will be encountered when calibrating
conventional “C ages over much of this 2600-yr extension of the 'C timescale; however, a
flattening of the curve between 6700 and 7000 BC presents substantial increases in the calendrical
band-width of calibrated dates.
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TABLE 2. C Ages Over the Time Period, 7890-5000 BC

14C 14C
Cal AD/BC__AMC %o age (BP) Cal BP | Cal AD/BC  AYC %o age (BP) Cal BP
5010 BC 83122 6122%16 BP 6960 | 5842 BC 67.6 +2.4 7046 = 18 BP 7792
5030 BC 902 +25 6089 =18 BP 6980 | 5862 BC 71524 7036 + 18 BP 7812
5050 BC 89.9 +2.4 6110 17 BP 7000 | 5882 BC 716 £24 7055 £ 18 BP 7832
5070 BC 862 £17 6157 %13 BP 7020 | 5902 BC 649 +24 7125+ 18 BP 7852
5090 BC 80515 621911 BP 7040 | 5922 BC 756 £2.5 7064 £ 18 BP 7872
5110 BC 84315 621011 BP 7060 | 5942 BC 81.8+2.5 7037 +18 BP 7892
5130 BC 93415 616211 BP 7080 | 5962 BC 735+£25 7118+ 18 BP 7912
5150 BC 85115 6243 +11 BP 7100 | 5982 BC 73.6+26 7137x19 BP 7932
5170 BC 926 15 6207 =11 BP 7120 | 6002 BC 62.1 £2.6 7243 £19 BP 7952
5190 BC 95122 6208 =16 BP 7140 | 6022 BC 66.7 2.6 7228 £19 BP 7972
5210 BC 946 22 6231 +16 BP 7160 | 6042 BC 683 26 7235+19 BP 7992
5230 BC 89922 6285=*16 BP 7180 | 6062 BC 629 +£26 7295+ 19 BP 8012
5250 BC 87722 632116 BP 7200 | 6082 BC 614 £26 732619 BP 8032
5270 BC 83.6 £22 637116 BP 7220 | 6102 BC 727 £2.6 7260 £ 19 BP 8052
5290 BC 83.7+22 638916 BP 7240 | 6110 BC 774 £26 7233 +£19 BP 8060
5310 BC 846 +22 6402 16 BP 7260 | 6130 BC 672 +£26 732919 BP 8080
5330 BC 82722 643616 BP 7280 | 6150 BC 759 +£26 7283 *19 BP 8100
5350 BC 784 £22 6487 £ 16 BP 7300 | 6170 BC 725+23 732817 BP 8120
5370 BC 879 +22 6436 16 BP 7320 | 6190 BC 688 £23 737517 BP 8140
5390 BC 784 22 6526 =16 BP 7340 | 6210 BC 62523 7442 17 BP 8160
5410 BC 89.1 £22 6466 = 16 BP 7360 | 6230 BC 61.1 £23 7472 17 BP 8180
5430 BC 86.6 £22 6504 + 16 BP 7380 | 6250 BC 639 +23 7470 £ 17 BP 8200
5450 BC 740 £22 6617 £ 16 BP 7400 | 6270 BC 628 £+2.4 7498 + 18 BP 8220
5470 BC 76522 6618 16 BP 7420 | 6290 BC 723 24 7446 £ 18 BP 8240
5490 BC 773 £22 663116 BP 7440 | 6310 BC 689 £24 7491 £ 18 BP 8260
5502 BC 81925 6609 18 BP 7452 | 6330 BC 73924 7473 £ 18 BP 8280
5510 BC 809 £22 6624 =16 BP 7460 | 6350 BC 71724 7509 = 18 BP 8300
5522 BC 898 +2.5 657018 BP 7472 | 6370 BC 67224 7562 18 BP 8320
5530 BC 744 £22 6692 + 16 BP 7480 | 6390 BC 71.7 £ 2.4 7548 £ 18 BP 8340
5542 BC 747 24 6701 £18 BP 7492 | 6410 BC 669 £24 7603 £ 18 BP 8360
5550 BC 86822 6619 +16 BP 7500 | 6430 BC 56724 7700 £ 18 BP 8380
5562 BC 87.0 £3.4 6629 £25 BP 7512 | 6450 BC 68.0 +2.8 7634 21 BP 8400
5570 BC 86.6 £2.2 6640 = 16 BP 7520 | 6470 BC 588 £24 7723 £18 BP 8420
5582 BC 79.5+25 6704 £ 18 BP 7532 | 6490 BC 604 24 7730+ 18 BP 8440
5590 BC 81.1£22 670016 BP 7540 | 6510 BC 53924 7799 18 BP 8460
5602 BC 785+25 6731 £18 BP 7552 | 6530 BC 632 +27 7748 £ 18 BP 8480
5622 BC 738 2.4 6786 =18 BP 7572 | 6550 BC 61.0+27 7784 £ 19 BP 8500
5642 BC 73.1£24 681018 BP 7592 | 6570 BC 61227 7802+ 19 BP 8520
5662 BC 76.7 £2.5 6803 £ 18 BP 7612 | 6590 BC 65.8 27 7786 20 BP 8540
5682 BC 749 + 2.4 6836 =18 BP 7632 | 6610 BC 602 26 7848 19 BP 8560
5702 BC 745 +24 6858 +18 BP 7652 | 6630 BC 58426 7881 %19 BP 8580
5722 BC 68.8 +2.4 6920 =18 BP 7672 | 6650 BC 594 £22 7893 %16 BP 8600
5742 BC 713 £24 6921 +18 BP 7692 | 6670 BC 603 22 7906 £ 16 BP 8620
5762 BC 66.4 £24 6977 £ 18 BP 7712 | 6690 BC 64422 7894 £ 16 BP 8640
5782 BC 662 +2.4 6998 £ 18 BP7732 | 6710 BC 62.7 £22 7926 £ 16 BP 8660
5802 BC 67.6 £ 2.4 7007 =18 BP 7752 | 6730 BC 619+22 795216 BP 8680
5822 BC 714 £24 6998 + 18 BP 7772 | 6750 BC 731 +26 7887 19 BP 8700
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TABLE 2. (Continued)

ldc 14C

Cal AD/BC  A™C %o age (BP) Cal BP | Cal AD/BC  AMC %o age (BP) Cal BP
6770 BC 704 £2.6 7927 +19 BP8720 | 7370 BC 999 +25 8291 +18 BP 9320
6790 BC 68.8+2.6 7958 +19 BP8740 | 7390 BC 101.5+2.8 8299 +20 BP 9340
6810 BC 719 +£26 7954 +19 BP8760 | 7410 BC 1053 £2.4 8291 +17 BP 9360
6830 BC 70.1 £2.6 7987 £ 19 BP 8780 | 7430 BC 979 24 8364 +17 BP 9380
6850 BC 828 1.7 791212 BP 8800 | 7450 BC 927 +24 8422 +17 BP 9400
6870 BC 81527 7941 £20 BP8820 | 7470 BC 103.1 £24 8365 * 17 BP 9420
6890 BC 84.1 £2.7 7941 £ 20 BP 8840 | 7490 BC 954 +24 8441 £ 17 BP 9440
6910 BC 83227 7967 20 BP 8860 | 7510 BC 88.8+25 8509 + 18 BP 9460
6930 BC 909 £2.8 7930 20 BP 8880 | 7530 BC 93.0 £25 8497 £ 18 BP 9480
6950 BC 91528 7945 +20 BP 8900 | 7550 BC 82534 859425 BP 9500
6970 BC 97.7+£28 7919 + 20 BP 8920 | 7570 BC 852 +25 8594 =18 BP 9520
6990 BC 101.0+2.8 791420 BP 8940 | 7590 BC 782 25 8665+ 18 BP 9540
7010 BC 89.7 £ 2.8 8016 =20 BP 8960 | 7610 BC 803 £2.5 8669 =18 BP 9560
7030 BC 922 +£28 8017 20 BP 8980 | 7630 BC 81725 8678 +18 BP 9580
7050 BC 744 £ 1.7 8169 = 12 BP 9000 | 7650 BC 823 +£25 8693 +18 BP 9600
7070 BC 764 £20 817315 BP 9020 | 7670 BC 873 +25 867518 BP 9620
7090 BC 79.0 2.1 8173 £15 BP 9040 | 7690 BC 89.9 2.5 8676 +18 BP 9640
7110 BC 743 £2.0 8228 +15 BP 9060 | 7710 BC 82.5+27 8750 £20 BP 9660
7130 BC 879 +26 814619 BP 9080 | 7730 BC 83.7+2.7 8760 = 20 BP 9680
7190 BC 946 £2.6 815519 BP9140 | 7750 BC 81.0 £2.7 8800 =20 BP 9700
7210 BC 886 2.6 821919 BP9160 | 7770 BC 889 28 8761 =20 BP 9720
7230 BC 975+£26 817319 BP9180 | 7790 BC 89.5+28 8776 £20 BP 9740
7250 BC 95.8£25 8205+ 18 BP 9200 | 7810 BC 95025 8755 +18 BP 9760
7270 BC 92.1+25 825118 BP9220 | 7830 BC 1043 £2.5 8706 + 18 BP 9780
7290 BC 945 +24 8253 +17 BP9240 | 7850 BC 1044 %25 8725+18 BP 9800
7310 BC 913 +£25 8296+ 18 BP9260 | 7870 BC 105.0 £2.5 8740 + 18 BP 9820
7330 BC 89.7+2.8 832720 BP9280 | 7890 BC 104.0+£25 8767 =18 BP 9840
7350 BC 939+28 831620 BP 9300
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HIGH-PRECISION “C MEASUREMENT OF IRISH OAKS TO SHOW THE NATURAL
“C VARIATIONS FROM AD 1840-5000 BC: A CORRECTION

GORDON W. PEARSON and FLORENCE QUA

Retired from Paleoecology Centre, The Queen’s University of Belfast, Belfast BT71NN, Northern
Ireland

We present here C data representing previously published material (Pearson et al. 1986) with
minor corrections. All corrections used for calculations published in Pearson et al. (1986) have
been re-evaluated, and only one was found to be significantly different. This correction, namely,
‘the variation of efficiency with time’, being additional to all other corrections for changes in
efficiency, was more subjective; the others could be checked and accounted for by experimentation.

The initial correction derived from standards measured between 1981 and 1986, and involved
relatively few measurements. Two standards gave a much more pronounced variation than the
others, which, taken alone, suggested very little variation. These two standards accounted for
practically all the evaluated correction. Subsequent standard analysis, including work on the more
sensitive Quantulus counter, supported the hypothesis that this correction was probably
unnecessary. The efficiency correction was recalculated, omitting the two suspect standards and
using more recent information; this correction was found to be insignificant. Thus, it was removed,
and the dates were recalculated. Shifts averaging 16 yr older were obtained for the samples
reported in 1986.

It is impossible to account for the losses observed in the two standards omitted, but it is probable
that scintillant leakage occurred through the tin foil used for vial sealing. This was not detected as
a weight loss, since scintillant was absorbed in other vial cap components. No such change has
been observed since the vial caps were sealed with indium foil. It is also possible that samples
measured with a tin foil seal were subject to a similar loss, possibly giving an error of up to 20
yr. It cannot be determined if, or to what samples, this happened.

Other basic information previously given is still applicable. The corrected data set (Table 1) is
plotted as a C age calibration curve in Figure 1A-N.

REFERENCE
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oaks to show the natural *C variations from AD 1840-5210 BC. In Stuiver, M. and Kra, R. S., eds., Proceedings of the
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TABLE 1. **C Ages Over the Time Period, AD 1840-5000 BC

14C 14C
Cal AD/BC__ AM™C %o age (BP) Cal BP_| Cal AD/BC__A™C %o age (BP) Cal BP
AD 1840 05+13 11110 BP 110 900 -122+18 1119x14 BP 1050
AD 1810 1.0£22 140% 18 BP 140 880 -212=+18 1212+14 BP 1070
AD 1790 -73+23 214+18 BP 160 860 -169=+21 1196 =17 BP 1090
AD 1770 -45+23 211+18 BP 180 850 -193+21 1225=%17 BP 1100
AD 1750 23+20 17616 BP 200 830 -145+21 120617 BP 1120
AD 1730 12121 11716 BP 220 810 -16.1%2.0 123816 BP 1140
AD 1710 181+ 1.6 89 + 12 BP 240 790 -157x20 1254 *16 BP 1160
AD 1690 18922 10217 BP 260 770 -141+£20 1261 x16 BP 1180
AD 1670 34+20 245=+16 BP 280 750 -15.6+x20 1292 =16 BP 1200
AD 1650 1415 280=x12 BP 300 730 -93+15 1260 % 12 BP 1220
AD 1630 -7.0+22 367=x17 BP 320 710 -11.0x15 1294+ 12 BP 1240
AD 1610 -54+20 374=x16 BP 340 690 -83+23 1291 x18 BP 1260
AD 1590 -09+18 357x14 BP 360 670 -12.0x23 1341 x18 BP 1280
AD 1570 -12+£20 37916 BP 380 650 -19.8+15 1424 *12 BP 1300
AD 1550 82+14 32311 BP 400 630 -163+23 1414 =18 BP 1320
AD 1530 12813 30610 BP 420 610 -213=x22 1475+18 BP 1340
AD 1510 7612 36709 BP 440 590 -263+22 1536=*18 BP 1360
AD 1490 13.0£22 343+ 17 BP 460 570 -19.5+22 1499 =18 BP 1380
AD 1470 79+23 40318 BP 480 550 -22.7+23 1545+ 19 BP 1400
AD 1460 8113 41110 BP 490 530 -205+24 1546+ 18 BP 1420
AD 1450 21222 469 =17 BP 500 510 -203=x21 1564 =17 BP 1440
AD 1430 -0.7+24 51119 BP 520 490 -22.6=x21 1602 %17 BP 1460
AD 1410 00+18 525+14 BP 540 470 -159=+x21 1567 =17 BP 1480
AD 1390 -9.0x17 617%13 BP 560 450 -157+21 1585=+17 BP 1500
AD 1370 -152+18 68714 BP 580 430 -214=x21 163117 BP 1520
AD 1350 -83+20 65016 BP 600 410 -20.0x21 1659 x17 BP 1540
AD 1330 1.7+£18 58914 BP 620 390 -22.1+21 169517 BP 1560
AD 1310 2418 603+14 BP 640 370 -22.6+21 171917 BP 1580
AD 1290 -97+17 72013 BP 660 350 -169+23 1692 =18 BP 1600
AD 1260 -150%x13 79210 BP 690 330 -202+%22 1738 +18 BP 1620
AD 1230 -154=*13 82410 BP 720 310 -206=x21 1761 =17 BP 1640
AD 1215 -19.7+23 87418 BP 735 290 -159+21 1742 +17 BP 1660
AD 1195 -133x23 841+18 BP 755 270 -12.6+23 1734 =18 BP 1680
AD 1170 -158+12 886+ 09 BP 780 250 -94+23 1728 £18 BP 1700
AD 1150 -208 1.1 946 £ 09 BP 800 230 -174+23 1812+ 18 BP 1720
AD 1130 -14.0x15 91012 BP 820 210 -162+23 1822 +18 BP 1740
AD 1110 -148=+15 936+ 12 BP 840 190 -213+22 1883 +18 BP 1760
AD 1090 -11.6x14 92911 BP 860 170 -149+23 1850 = 18 BP 1780
AD 1070 -6.1x13 90410 BP 880 150 -94+23 1825=x18 BP 1800
AD 1050 -5.6+x15 92012 BP 900 130 -10.6+23 1854 =18 BP 1820
AD 1030 -108=+*15 98112 BP 920 110 -16.7+23 1923 =18 BP 1840
AD 1010 -17.0x14 105111 BP 940 90 -15.6%+23 1934 =18 BP 1860
AD 990 -166=*13 1067 =10 BP 960 70 -20.0x2.0 1990 * 16 BP 1880
AD 970 -17.0%x13 1090 =10 BP 980 50 -159+23 1975+18 BP 1900
AD 955 -20.7%18 1135+ 14 BP 995 30 -13.0x20 1971 =16 BP 1920
AD 940 -177x20 112416 BP 1010 10 -164+21 2018 +17 BP 1940
AD 920 -162=x18 1132+ 14 BP1030 | 10BC -14.0%23 201818 BP 1960

ELLoLEEBbEEEEEE 5588555585885 88888888858
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TABLE 1. (Continued)
14C 14C

Cal AD/BC__A™C %o age (BP) Cal BP_| Cal AD/BC__ AMC %o age (BP) Cal BP
30BC -15.0+23 2045+ 18 BP 1980 970 BC -3.6+14 280611 BP 2920
50BC -150x21 2065 =17 BP 2000 990 BC 3615 282812 BP 2940
70BC -141+20 2077 %16 BP 2020 1010 BC 05+11 2872+ 8 BP 2960
90BC -133+2.0 2090 =16 BP 2040 1030 BC 2415 2876 +12 BP 2980
110 BC -141+18 2116+ 14 BP 2060 1050 BC 1.3+13 2905+ 10 BP 3000
130 BC -13.1+2.0 2127+16 BP 2080 1070 BC 23+13 2916+ 10 BP 3020
150 Bc -114%2.0 2133 +16 BP 2100 1090 BC 64*16 2903 12 BP 3040
170 BC -94+15 213612 BP 2120 1110 BC 122+ 1.6 2876 12 BP 3060
190 BC -10.6+1.5 2165 %12 BP 2140 1120 BC 8819 2913 x15 BP 3070
210 BC -15.0x1.6 2220+ 13 BP 2160 1140 BC 71+£19 2946 = 15 BP 3090
230 BC -97+21 219717 BP 2180 1150 BC 75+£20 2952 +16 BP 3100
250 BC -88 +£2.0 2209 * 16 BP 2200 1170 BC 56+x18 2987 + 14 BP 3120
270 BC -33+£20 2265=*16 BP 2220 1190 BC 122 2.0 2954 * 16 BP 3140
290 BC -3.5%x23 2205+ 18 BP 2240 1210 BC 127220 2969 % 16 BP 3160
310 BC -34x17 2223 +13 BP 2260 1230 BC 8.8+ 1.8 3020+ 14 BP 3180
330 BC -0.1x£23 2216+ 18 BP 2280 1250 BC 20.6 £ 1.8 2946 *+ 14 BP 3200
350 BC 40=+20 2203 *16 BP 2300 1270 BC 113 £22 3039 * 17 BP 3220
370 BC 1.8+14 224013 BP 2320 1290 BC 13.8+22 3038 +17 BP 3240
390 BC -2.6*19 2295=*15 BP 2340 1310 BC  14.1 £22 3055 =17 BP 3260
410 BC -20.2x22 2457+ 18 BP 2360 1330 BC 95+20 311116 BP 3280
430 BC -154=x14 2437+ 11 BP 2380 1350 BC 192 +£2.0 3054 + 16 BP 3300
450 BC -92+15 2406 %12 BP 2400 1370 BC 22923 3044 + 18 BP 3320
470 BC -89*14 2423 11 BP 2420 1390 BC 22219 3069 * 15 BP 3340
490 BC -7.6 £1.7 2432 %13 BP 2440 1410BC 166 £1.8 3133 + 14 BP 3360
510 BC -53+13 243310 BP 2460 1430 BC 112 +£20 3195+ 16 BP 3380
530 BC -5.9+£13 2457+10 BP 2480 1450 BC 111 +13 3215%10 BP 3400
550 BC -84%12 2497+ 9 BP 2500 1470 BC 134 x19 321615 BP 3420
570 BC -7.1+£13 250610 BP 2520 1490 BC 191 x20 3191 +16 BP 3440
590 BC -32%214 2494 +11 BP 2540 1510 BC 229 %20 318016 BP 3460
610 BC -42+13 2521 +10 BP 2560 1530 BC 7919 3318=*15 BP 3480
630 BC 0613 2502+10 BP 2580 1550 BC 82+23 3335+18 BP 3500
650 BC 50+1.8 2486 = 14 BP 2600 1570 BCc 152 x2.0 3299 + 16 BP 3520
670 BC 2715 2524 +12 BP 2620 1590 BC 172 £ 1.8 3303 =14 BP 3540
690 BC 112 1.6 2476 + 12 BP 2640 1610 BCc 199 *19 3301 *15 BP 3560
710 BC 158 £ 1.6 2459 £ 15 BP 2660 1630 BC 173 +£19 3341 %15 BP 3580
730 BC 173 £ 1.7 2466 + 13 BP 2680 1650 BC 199+ 1.7 3340 =13 BP 3600
750 BC 192 1.7 2458 £ 13 BP 2700 1670 BC 219*19 3344 %15 BP 3620
770 BC 152 £21 2522+16 BP 2720 1690 BC 15.0%x2.0 3417 +16 BP 3640
790 BC 152 +£1.6 2541 %12 BP 2740 1710 BC 13724 3447 £ 19 BP 3660
810 BC 35+23 2654 +18 BP 2760 1730 BC 23317 3391+13 BP 3680
830 BC 33+£23 2675+18 BP 2780 1750 Bc 18119 3451 %15 BP 3700
850 BC 06x20 2716 16 BP 2800 1770 BC 172+ 18 3478 =+ 14 BP 3720
870 BC -05+18 2744 + 14 BP 2820 1790 BC 11.0£22 3546 + 17 BP 3740
890 BC 39+x13 2728+ 14 BP 2840 1810 BC 189 +24 3503 19 BP 3760
910 BC 1.8+ 1.7 2765+13 BP 2860 1830 BC 182 *24 3528+ 19 BP 3780
930 BC -32+24 2824=*19 BP 2880 1850 BC 28718 3465 + 14 BP 3800
950 BC -14x24 2829+ 19 BP 2900 1870 BC 294 18 3479 * 14 BP 3820
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TABLE 1. (Continued)

14C 14C
Cal AD/BC__A™C %o age (BP) Cal BP_| Cal AD/BC__ AMC %o age (BP) Cal BP
1890 BC 21.6 +1.7 3560 £ 13 BP 3840 2830BC 699 =11 4102+ 8 BP 4780
1910 BC  20.0+23 3592 +18 BP 3860 2850BC 73.0x15 4098 =11 BP 4800
1930 BC  245+18 3576+ 14 BP 3880 2870 BC 62518 4176+ 13 BP 4820
1950 BCc  225+17 361113 BP 3900 2890 BC 52918 4289+ 13 BP 4840
1970 BC 259 +23 3604 + 17 BP 3920 2910 BC 545*16 429 =12 BP 4860
1990 BC 19.0x14 367711 BP 3940 2930 BC 427 £ 1.7 4406 * 13 BP 4880
2010 BC  27.0+20 363415 BP 3960 2950 BC  43.1 %17 4422 +13 BP 4900
2030 BC 30021 3631=*16 BP 3980 2970 BC 46.7 £ 2.4 4414 * 18 BP 4920
2050 BC 209 x2.1 3721 +16 BP 4000 2990 BC 50.8 £22 4402 * 14 BP 4940
2070 BC 23.7+23 3718+ 18 BP 4020 3010 BC 58419 4364+ 14 BP 4960
2090 BC 31721 3675+*15 BP 4040 3030 BC 554 +£18 4406 13 BP 4980
2110 BC 341 +24 3676+ 18 BP 4060 3050 BC  48.6 £ 1.7 4477 + 13 BP 5000
2130 BC  33.1%£23 3703 +18 BP 4080 3070 BC 564+ 19 4437 + 14 BP 5020
2150 BC 225+ 17 3805+ 13 BP 4100 3090 BC 583 £22 4442 + 16 BP 5040
2170 BCc 31824 3752+ 18 BP 4120 3110 BC 51527 451320 BP 5060
2190 BC 27.1+18 3808 + 14 BP 4140 3130 BC 53.6 £2.0 4517+ 15 BP 5080
2210 BC 263 +1.8 3834 * 14 BP 4160 3150 BC 53219 4539+ 14 BP 5100
2230 BC  30.7+2.1 3819+*16 BP 4180 3170 BC 628 £2.4 4486 + 18 BP 5120
2250 BC  36.0+1.7 3797 +13 BP 4200 3190 BC 594 +£20 4531 =+15 BP 5140
2270 BC 389 *21 3794 * 16 BP 4220 3210 BC 60.4 £22 4543 = 16 BP 5160
2290 BC 350=%2.1 384416 BP 4240 3230BC 649+ 1.6 4527 +12 BP 5180
2310 BC 368 +2.1 3849+ 16 BP 4260 3250 BC 757 £ 1.8 4467 = 13 BP 5200
2330BC 36217 3873 +13 BP 4280 3270 BC  75.0 £ 2.3 4491 = 17 BP 5220
2350 BC 382 *21 3877+16 BP 4300 3290BC 77919 4489 * 14 BP 5240
2370 BC 39.1 1.7 3890 + 13 BP 4320 3310 BC 758 £1.9 4524 £ 14 BP 5260
2390 BC 40721 3882 =+16 BP 4340 3330BC  76.8+19 4536+ 14 BP 5280
2410 BC  399=x16 3922+ 12 BP 4360 3350BC 714 %19 4596 * 14 BP 5300
2430 BC 45610 3898+ 7 BP 4380 3370 BC 68724 4636+ 18 BP 5320
2450 BC 480+ 1.4 3899 10 BP 4400 3390 BC 57122 4743 £ 16 BP 5340
2470 BC 40.1 £ 1.7 3979 *+ 13 BP 4420 3410 BC  65.1 24 4702 + 18 BP 5360
2490 BC 42417 3981 =13 BP 4440 3430 BC 70824 4678 +18 BP 5380
2510 BC 357 +13 4052=+10 BP 4460 3450 BC 732 %23 4680 * 17 BP 5400
2530 BC 38620 4049 + 15 BP 4480 3470 BC 755 %25 4682+ 18 BP 5420
2550 BC  485+19 3992+ 14 BP 4500 3490 BC 805 %26 4664 =19 BP 5440
2570 BC 449 *15 4039+ 11 BP 4520 3510BC  739+26 4733+ 19 BP 5460
2590 BC  415+15 4085+ 11 BP 4540 3530BC  70.1 £2.6 4781 * 19 BP 5480
2610 BC  43.6 2.4 4088 =18 BP 4560 3550 BC  66.7 £ 2.6 4826 =19 BP 5500
2630 BC 363 +13 4164 + 10 BP 4580 3570 BC  72.7 £ 2.7 4800 + 20 BP 5520
2650 BC 482 +19 4092+ 14 BP 4600 3590 BC  83.5x27 4739 +20 BP 5540
2670 BC 399 +1.6 4175* 12 BP 4620 3610 BC 834 %27 4759 +20 BP 5560
2690 BC 479%16 4133+ 12 BP 4640 3630 BC 785 %27 4815+*20 BP 5580
2710 BC 38516 4225+12 BP 4660 3650 BC 72727 4878 +20 BP 5600
2730 BC  515%12 4144+ 9 BP 4680 3670 BC 762 £2.7 4871 =18 BP 5620
2750 BC 509 *1.6 4168 + 12 BP 4700 3690 BC 775 *24 4881 +18 BP 5640
2770 BC  550x21 4156+ 16 BP 4720 3710 BC  67.8£24 4973 + 18 BP 5660
2790 BC 43617 4263 +13 BP 4740 3730 BC 68.6 +2.4 4986 + 18 BP 5680
2810 BC  59.0+£18 4165 =13 BP 4760 3750 BC 754 £2.5 4955+ 18 BP 5700
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TABLE 1. (Continued)

14C IAC
Cal AD/BC_ AMC %o age (BP) Cal BP | Cal AD/BC  A™C %o age (BP) Cal BP
3770 BC 819 2.3 4926 + 17 BP 5720 4390 BC 759 %22 5573 +16 BP 6340
3790 BC 685 *24 5045z 18 BP 5740 4410 BC 73.8+2.2 5608 + 16 BP 6360
3810 BC  72.6 £23 5034 =17 BP 5760 4430 BC 81.1*22 557316 BP 6380
3830 BC  61.6*2.0 5136 =15 BP 5780 4450 BC 844 +22 5568 + 16 BP 6400
3850 BC 703 +15 5090 + 11 BP 5800 4470 BC 752 %+22 5656 + 16 BP 6420
3870 BC 756+ 1.8 5070 = 13 BP 5820 4490 BC 774 22 5659 + 16 BP 6440
3890 BC 843 *+1.8 5034 %13 BP 5840 4510BC 76823 5683 +17 BP 6460
3910 BC 828+ 1.7 5055 %12 BP 5860 4530 BC 759 +23 5709 + 17 BP 6480
3930 BC  85.0+1.7 5058 +12 BP 5880 4550 BC 759 23 5728 +17 BP 6500
3950BCc  81.0*17 510712 BP 5900 4570 BC 81.0x25 5710+ 18 BP 6520
3970 BC 781 +1.7 5148 +12 BP 5920 4590 BC 77423 5756 17 BP 6540
3990 BC 761 21 518315 BP 5940 4610 BC 777 %22 577316 BP 6560
4010 BC 669 *1.9 5271+ 14 BP 5960 4630 BC 778 %22 5792+ 16 BP 6580
4030 BC 76.0x1.8 5222 +13 BP 5980 4650 BC 892 %26 5727 +19 BP 6600
4050 BC 640+ 1.8 5332+13 BP 6000 4670 BC 84. £23 5781 =17 BP 6620
4070 BC 69.8+19 5308 =14 BP 6020 4690 BC 829 22 5812+16 BP 6640
4090 BC 70.6 +19 532114 BP 6040 4710 BC  88.0+22 5794 + 16 BP 6660
4110BC 741 2.5 5314 +18 BP 6060 4730 BC  81.6+25 5861 +18 BP 6680
4130 BC 82025 5275+18 BP 6080 4750 BC 845 +2.5 5859 + 18 BP 6700
4150 BC 78.7x29 5319 +21 BP 6100 4770 BC 88.6 *2.5 5848 +18 BP 6720
4170 BC 73922 537016 BP 6120 4790 BC 80.4 2.6 5928 +19 BP 6740
4190 BC 784 +2.6 5360+ 19 BP 6140 4810 BC 79725 5953 +18 BP 6760
4210 BC 925+24 5275+ 17 BP 6160 4830 BC 84.0=*19 5940 + 14 BP 6780
4230 BC 842 22 535616 BP 6180 4850 BC 81.8 25 5976 + 18 BP 6800
4250 BC 763 2.2 5434 + 16 BP 6200 4870 BC 813 x2.6 5999 + 19 BP 6820
4270 BC 78.1 £23 5440+ 17 BP 6220 4890 BC 912 %25 5945 + 18 BP 6840
4290 BC 85.0=*23 5408 =17 BP 6240 4910 BC 802 +21 6046 + 15 BP 6860
4310 BC  87.0.x21 5413 +15 BP 6260 4930 BC 83814 6039 +10 BP 6880
4330 BC  88.0+22 5425=*16 BP 6280 4950BC 75.6*1.6 6119 =12 BP 6900
4350 BC 759 +21 5507 +15 BP 6300 4970 BC 773 *1.6 6126 +12 BP 6920
4370 BC 709 *19 5591 + 14 BP 6320 4990 BC 81.7*1.6 611312 BP 6940
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GERMAN OAK AND PINE “C CALIBRATION, 7200-9439 BC
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and

BERND BECKER
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INTRODUCTION

Radiocarbon calibration data derived from German oak chronologies, ranging back to 7200 BC,
have been published in the previous Calibration Issue (Stuiver & Kra 1986). In recent years, the
German oak chronology has been extended to 7938 BC (Becker, this issue). For earlier intervals,
tree-ring chronologies must be based on pine, because oak re-emigrated to central Europe at the
Preboreal/Boreal transition, at about 8000 BC. We have established a 1784-yr pine chronology
centered in the Preboreal, and have linked it tentatively to the absolutely dated oak master. We
present here calibration data based on this link, for the age range, 7145-9439 BC.

CHRONOLOGIES

The age range, 7145-7875 BC, is represented by the oak chronology, ‘Main 9. The *“C analyses
are spaced unevenly, as some of them were performed on floating sections, which later were
integrated into the absolute chronology. The age range, 7833-9439 BC, is covered by the 1784-yr
pine chronology. In an earlier publication, we derived a minimum absolute age of this series with
respect to the absolute oak master by inspection of the century-type C oscillation at the respective
ends of the chronologies (Becker, Kromer & Trimborn 1991). Since then, a tentative link based
on ring-width pattern has been found (see Becker 1992) leading to a shift of 74 yr toward older
ages with respect to the minimum position. We calculated the calibration data based on this
tentative link (Fig. 1, Table 1).

WOOD PRETREATMENT

All wood samples were chopped to 2-4 mm pieces and pretreated using the acid-alkali-acid (AAA)
procedure; for the pine samples, resins were removed prior to the AAA treatment by an overnight
soxhlet extraction (cyclohexane/methanol 2:1). Our adaption of the AAA sequence is as follows:
4% NaOH solution at 80°C overnight, 4% HCI at 80°C for 30 min, rinsing with hot water, 4%
NaOH at 80°C for 30 min (rinsing and NaOH steps repeated up to three times until the solution
becomes sufficiently transparent), 4% HCI at 80°C for 30 min and, finally, rinsing to pH 7. The
yield of this procedure is between 40 to 60% by weight. Generally, we used 2-10 rings for a
sample.

MEASUREMENTS

The samples (4g C) were counted in CO, proportional counters for 7-10 days. All ages are
normalized to oxalic acid and are corrected for isotope fractionation (Stuiver & Polach 1977).
Generally, the 1 o error is between 20 and 30 yr.
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CALIBRATION CURVES

Calibration curves based on the German oak and pine chronologies are shown in Figure 1A-E. As
explained above, the calibrated ages prior to 7800 BC are tentative, as more trees are needed to
improve the link of the two chronologies.

Throughout the age interval covered by the series, strong 14C oscillations are apparent; the
corresponding C age plateaus occur at 8250, 8750, 9600 and 10,000 BP. The latter corresponds
to the end of the Younger Dryas event, preventing an accurate calibration of this important tran-
sition to the Holocene. However, from stable isotope measurements of the pine series (Becker,
Kromer & Trimborn 1991) and based on the link discussed above, we obtain an age of 11,050 cal
BP for the beginning of climatic amelioration in central Europe.
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TABLE 1. Calibration data for the age range, 7200-9400 BC. The calibrated ages prior to 7800 BC
are tentative (see text).

Lab. no. Cal BC 14C Bp * A¥C *
13511 -9439 10051 32 135 4
13512 -9429 10039 24 135 3
13525 -9409 10090 28 125 4
13526 -9389 10023 28 132 4
10567 -9385 10033 33 130 4
10568 -9355 10009 35 129 4
12888 -9323 10065 30 117 4
12945 -9309 10040 33 119 4
12959 -9304 10017 32 121 4
12960 -9289 10069 27 112 3
12964 -9279 10049 29 113 4
12987 -9259 9931 35 127 4
14220 -9254 10046 23 110 3
12988 -9239 9963 29 120 4
14159 -9229 10055 25 106 3
12999 -9219 10023 23 109 3
13000 -9199 10058 31 101 4
12967 -9194 10012 36 107 5
12968 -9184 10030 29 103 4
12981 -9174 10017 28 104 4
9097 -9159 9950 26 111 3
12982 -9159 10055 27 96 3
9098 -9144 9993 22 103 3
9118 -9127 9934 26 109 3
9119 -9107 9963 26 102 3
9126 -9087 9939 20 103 3
9127 -9067 9939 30 100 4
9134 -9047 9837 26 111 3
9810 -9042 9816 23 114 3
9969 -9038 9749 20 122 3
9811 -9026 9780 22 117 3
9135 -9022 9751 31 120 4
9970 -9015 9738 20 121 3
9807 -9007 9665 26 130 3
9153 -9002 9739 27 119 3
9808 -8991 9680 26 126 3
13009 -8989 9673 30 126 4
9836 -8983 9670 22 126 3
13010 -8974 9690 31 122 4
9837 -8972 9665 26 125 3
13059 -8954 9662 27 123 3
13087 -8936 9631 33 125 4
9844 -8925 9637 27 123 3
9853 -8911 9564 26 131 3
9864 -8891 9576 26 127 3
13088 -8866 9605 31 119 4
9865 -8855 9613 20 117 3
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Lab no. Cal BC 1C P * A¥C +
13094 -8844 9529 21 127 3
13016 -8829 9509 35 128 4
13017 -8809 9579 35 115 4
13018 -8794 9584 23 112 3
14231 -8784 9630 22 105 3
9005 -8728 9623 16 98 2
8826 -8723 9603 23 100 3
8835 -8708 9576 19 102 2
8836 -8693 9601 18 97 2
8867 -8678 9609 19 93 2
8868 -8663 9587 20 94 3
8876 -8648 9585 20 93 3
8877 -8633 9595 20 89 3
8889 -8618 9559 25 92 3
8890 -8603 9540 20 93 3
8911 -8573 9474 34 98 4
8904 -8558 9506 34 92 4
8905 -8543 9520 34 88 4
8977 -8525 9462 25 93 3
8957 -8508 9463 34 91 4
8978 -8495 9458 24 90 3
8970 -8473 9455 34 87 4
9026 -8468 9410 19 93 2
8971 -8458 9405 34 92 4
9007 -8453 9456 15 85 2
8989 -8435 9428 18 86 2
9064 -8433 9454 27 82 3
9154 -8418 9394 26 88 3
9160 -8403 9348 25 93 3
9161 -8388 9309 25 96 3
9191 -8373 9336 26 90 3
9192 -8358 9354 32 86 4
9199 -8345 9307 30 91 4
10001 -8335 9266 24 95 3
10002 -8315 9191 27 102 3
10191 -8305 9293 29 87 4
10003 -8295 9285 20 87 3
10191 -8285 9274 28 87 4
10004 -8275 9342 22 77 3
10010 -8255 9254 25 86 3
10011 -8235 9220 25 88 3
10035 -8215 9243 25 82 3
10036 -8195 9222 25 82 3
10090 -8175 9186 22 85 3
10091 -8145 9220 22 76 3
10097 -8135 9179 21 80 3
10098 -8115 9164 21 80 3
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TABLE 1. (Continued)

Lab no. Cal BC 14C Bp * AMC *
10115 -8095 9191 23 73 3
10337 -8085 9065 25 89 3
10116 -8075 9086 25 85 3
10338 -8065 9021 25 92 3
10127 -8050 9097 25 80 3
9031 -8061 9067 23 86 3
9035 -8044 9083 26 81 3
8676 -8034 8991 28 92 4
9036 -8024 8963 23 95 3
9067 -8004 8936 25 96 3
9088 -7981 8932 22 93 3
11354 -7875 8883 48 86 6
14065 -7871 8770 22 101 3
12920 -7850 8875 40 84 5
9769 -7833 8856 22 84 3
9513 -7875 8820 30 95 4
14075 -7868 8884 20 85 3
9502 -7863 8887 30 84 4
14076 -7858 8820 21 92 3
9501 -7853 8832 30 90 4
14077 -7848 8842 26 88 3
9492 -7843 8762 30 98 4
14079 -7838 8827 23 89 3
9491 -7833 8760 30 97 4
14112 -7828 8860 21 83 3
9486 -7823 8755 30 97 4
9273 -7812 8889 30 77 4
9264 -7798 8816 30 85 4
14088 -7793 8819 22 84 3
9258 -7783 8813 30 83 4
14106 -7778 8814 23 83 3
9257 -7768 8863 30 75 4
14171 -7758 8822 23 79 3
9256 -7753 8765 30 86 4
9255 -7743 8801 30 80 4
14160 -7738 8799 23 79 3
14172 -7728 8772 22 82 3
8510 -7705 8721 30 86 4
8511 -7697 8721 30 85 4
8518 -7689 8648 30 94 4
8519 -7682 8710 30 84 4
8524 -7667 8733 30 79 4
8525 -7657 8708 30 81 4
8544 -7647 8735 30 76 4
8141 -7622 8719 30 75 4
8140 -7606 8727 33 72 4
8144 -7582 8696 30 73 4
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Lab no. Cal BC 14C Bp * A¥C *
8091 -7578 8739 30 67 4
8286 -7571 8736 30 66 4
8145 -7561 8746 30 64 4
8295 -7552 8577 30 85 4
8244 -7550 8608 30 81 4
8127 -7546 8528 30 91 4
8151 -7536 8474 30 97 4
7758 -7528 8439 30 101 4
8171 -7516 8509 30 89 4
7759 -7499 8455 30 95 4
8273 -7481 8458 30 92 4
5768 -7454 8424 34 93 4
5173 -7438 8375 35 97 4
5429 -7432 8347 34 100 4
8304 -7431 8371 30 97 4
5453 -7424 8374 35 96 4
5430 -7420 8370 35 96 4
7760 -7418 8279 30 108 4
5057 -7412 8278 39 107 5
5058 -7401 8299 44 103 6
8086 -7381 8315 30 98 4
7757 -7379 8300 30 100 4
8306 -7366 8382 30 87 4
5469 -7355 8366 33 88 4
8117 -7348 8380 30 85 4
5494 -7334 8344 34 88 4
5400 -7331 8412 34 78 4
5115 -7318 8429 41 74 5
5170 -7297 8408 37 75 5
8247 -7288 8275 25 91 3
5121 -7286 8281 36 90 5
5264 -7266 8293 37 86 5
8248 -7257 8338 25 79 3
8190 -7247 8303 25 82 3
8191 7229 8254 25 86 3
8689 ~-7226 8296 30 80 4
8285 -7220 8243 25 87 3
8717 -7219 8251 30 85 4
8718 -7209 8198 30 91 4
8719 -7199 8239 30 84 4
8720 -7189 8232 30 84 4
8248 -7182 8338 30 69 4
8750 -7179 8277 30 77 4
8751 -7168 8271 30 76 4
8181 -7145 8254 30 75 4
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MODELING ATMOSPHERIC *“C INFLUENCES AND *C AGES OF MARINE SAMPLES
TO 10,000 BC

MINZE STUIVER and THOMAS F. BRAZIUNAS

Department of Geological Sciences, Quaternary Research Center, and Joint Institute for the Study
of the Atmosphere and Ocean (JISAO), University of Washington, Seattle, Washington 98195 USA

INTRODUCTION

The detailed radiocarbon age vs. calibrated (cal) age studies of tree rings reported in this Cali-
bration Issue provide a unique data set for precise '“C age calibration of materials formed in
isotopic equilibrium with atmospheric CO,. The situation is more complex for organisms formed
in other reservoirs, such as lakes and oceans. Here the initial specific '*C activity may differ from
that of the contemporaneous atmosphere. The measured remaining *C activity of samples formed
in such reservoirs not only reflects “C decay (related to sample age) but also the reservoir *C
activity. As the measured sample 'C activity figures into the calculation of a conventional *C age
(Stuiver & Polach 1977), apparent "“C age differences occur when contemporaneously grown sam-
ples of different reservoirs are dated.

A correction for the apparent age anomaly is possible when the reservoir-atmosphere offset in
specific '“C activity is known. The offset (e.g., “C age of marine sample - “C age of atmospheric
sample) is expressed as a reservoir *C age, R(t), which need not be constant with time. When
constant, however, the reservoir sample e age, A, can be reconciled with the atmospheric one by
deducting R(t) from A. Similar reservoir age corrections would be possible for a variable R(t), but
complications arise because information on R time dependency usually is lacking. However, R(t)
can be accounted for in the world oceans by using a marine calibration curve derived from carbon
reservoir modeling (Stuiver, Pearson & Braziunas 1986). In these calculations, atmospheric “C
change is attributed to solar- and geomagnetic-induced *C production change. Climate-induced
changes in global carbon reservoirs, which may repartition '“C among reservoirs, are not accounted
for in these calculations.

Measuring a marine calibration curve is complicated because most marine samples lack the
continuity and fine structure of tree rings. The **U/*Th dating of corals (Bard et al. 1993)
provides a good cal age equivalent, but measuring errors in the 24U/*°Th ratio and "C accelerator
mass spectrometry (AMS) determinations are such that the (bi)decadal chronological detail
achieved for tree rings is not possible. Such detail, however, can be realized by calculating the
response of the world oceans to tree-ring derived atmospheric *C changes.

The long-term trend of the “C age vs. cal age curve for the world oceans parallels that of the
atmosphere. Short-term (century) variations, however, are smoothed in the oceans. Thus, whereas
a constant, R, could be used for long-term variations, the shorter-term variations cannot be
accounted for in this manner. Use of constant, R, and the atmospheric calibration curve assumes
that the features of the marine and atmospheric curves are identical. The consequences of the
constant R approach are obvious when the cal ages of a marine and atmospheric sample with
identical (reservoir-corrected) “C age + standard deviation are evaluated. Calibration of both vs.
the atmospheric curve yields identical results, whereas, in fact, the cal age range (and average
number of intercepts) should be less for most marine samples because of the smoothed nature of
the marine curve.
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Fig. 1. The atmospheric A*Crecord as derived from: dendrochronologically calibrated bidecadal tree-ring '“C measurements
(— from 9440 BC to AD 1950), a cubic spline through the ?*U/*’Th-calibrated coral *C averages corrected by 400 **C
yr (— from 20,000 to 9440 BC), and a smooth transition from an assigned pre-25,000 BC steady-state value of 500%o
(=-). The coral measurements (Bard et al. 1993) are shown as circles with 2 o error bars. For the detailed coral/tree-ring

comparison in the inset, the coral ages (1 o error bars) were converted to cal ages using the marine calibration curve (Fig.
17) with AR = 0.

Secular “C variations in the marine environment are represented by the modeled world ocean
marine curve, but a world average curve does not account for the regional oceanic differences in
specific C activity; this is caused in part by regional variations in upwelling of '*C-deficient
waters. Here we define a region-specific AR term that represents the “C activity differences (in
“C yr) of regional and world ocean surface layers. To a first order, the regional difference, AR,
reflects oceanic mixing processes that contribute to the offset between regional and world ocean
“C ages. Exchange with the atmosphere influences AR as well when regional atmospheric **C
activity differs from the observed “global” 'C activity. The AR term thus comprises two com-
ponents: the portion of the shift in regional marine “C age attributable to a regional atmospheric
“C age difference, and an additional shift in regional marine *C age, which reflects regional
oceanic processes that differ from the parameters in the simulated global ocean.
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Fig. 2. Atmospheric A“C (bidecadal values) as used for the model calculations and calculated surface ocean (0-75 m),
thermocline (75-1000 m), and deep ocean (1000-3800 m) AC values

The R(t) term (incorporated in the global marine curve) accounts for secular changes, whereas AR
represents the time-independent (as a first approximation) regional offsets from the world ocean
"C age. The AR term corrects for regional activity differences in the calibration process, and can
be determined from “C ages of marine samples of known historical age (Stuiver, Pearson &
Braziunas 1986). A regional reservoir age, R'(t), on the other hand, represents a difference in “C
age between the regional atmosphere and regional surface ocean. Thus, R'(t) = global R(t) + AR
- ARa, in which ARa is the *“C age difference between the regional atmosphere and our “global”
(northern hemisphere tree-ring-based) atmospheric data base.

Previously, we did not consider regional variations in atmospheric “C activity. Then, ARa is zero,
and the region-specific shift in marine “C age, AR, is equivalent to the regional reservoir agg
offset. For southern hemisphere samples, ARa = 40 C yr (Vogel et al. 1993); in the northern
hemisphere, ARa = 0. The atmospheric *C variations within each hemisphere representing decade-
scale age differences have been neglected. These relations do not affect the calibration process; but
the calculation of regional reservoir ages of the southern hemisphere entails the 40-"C-yr
adjustment.

The history of '“C variations in the surface layer of the world ocean was previously modeled to
about 7000 BC (Stuiver, Pearson & Braziunas 1986). We now use the extended and improved
atmospheric record (Stuiver & Reimer 1993; summary of data from Bard er al. 1993; Kromer &
Becker 1993; Pearson & Stuiver 1993; Pearson, Becker & Qua 1993; Stuiver & Pearson 1993) to



140 Minze Stuiver and T. F. Braziunas

cal BP
10000 8000 6000 4000 2000 0

12000 ] LI A E: ¥ T v E: L] T T E: T T T g T T T E: T T T
% 10000
[an
=

8000
wl
(@)
<t
—~ 6000
o
m
=
& 4000
o
—
<
= 2000

10000 8000 6000 4000 2000 [0]
cal BC cal AD

Fig. 3. “C ages of atmospheric samples (bidecadal values) and calculated conventional 1C ages of the surface (0-75 m)
and deep ocean (1000-3800 m)

generate the world ocean marine variations to 10,000 BC (~10,200 “C yr BP). Because minor cor-
rections had to be applied to the previously used tree-ring record, the model results are given for
the entire AD 1950-10,000 BC interval.

THE GLOBAL CARBON MODEL

The global box-diffusion model, described originally in Oeschger et al. (1975), produces globally
integrated depth-dependent marine 'C variations in response to changes in atmospheric '“C activity,
as represented by the tree-ring (and coral) record. As previously indicated (Stuiver, Pearson &
Braziunas 1986), we treat as constant the climate-influenced mixing parameters of the model (F,
the air-sea CO, gas exchange rate; K,, the oceanic vertical diffusion coefficient; and B, the
air-land biospheric carbon uptake and release). We attribute the observed atmospheric A'C (defined
in Stuiver & Polach 1977) variability of at least the last 11,650 cal yr to solar (heliomagnetic) and
geomagnetic modulation of the '*C production rate, Q, induced by the cosmic-ray flux.

The parameter values and all reservoir CO, values remain as described for the earlier model
version (Stuiver, Pearson & Braziunas 1986). Ocean exchanges (F = 19 moles m™ yr™! and K, =
1.26 cm? sec™) are again calibrated to produce a surface ocean A™C close to -50%o (R = 400 yr)
and deep ocean (below 1 km) A™C of ~190%o (R = 1700 yr) for the bidecade centered at AD 1830.
We arbitrarily chose the AD 1830 bidecade to use for model calibration; however, the model
surface ocean A™C of -46%o for AD 1700 to AD 1900, which may better represent recent average
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Fig. 4. The calculated deep ocean-surface ocean '*C age differences (—) compared to benthic-planktonic foraminifera
differences measured by Andrée et al. (1986) for the South China Sea (x = Core V35-6, A = Core V35-5). The deep water
in the South China Sea is more C deficient than our model ocean, causing a shift between the ventilation scales of 1585
(latest pre-anthropogenic age difference in Andrée et al. 1986) minus 1290 **C yr (model AD 1830 value), both indicated
by (= = —). Ventilation calculations end in AD 1830, as fossil fuel CO, influences the latter part of the A“C record. The
planktonic foram age determinations were calibrated by using our marine calibration curve with AR = 0.

natural conditions, also coincides with the observed “pre-industrial” estimate of -45 * 15%o
(Broecker er al. 1979; Lassey, Manning & O’Brien 1990).

Emphasis here is on the Holocene time interval, i.e., the last 10,000 *C yr. The beginning of this
interval corresponds to an uncertain cal age, because the atmospheric calibration curve flattens near
10,000 C yr BP. Prior to 9440 BC, our model ocean responds to a 10,560-yr history of atmos-
pheric A¥C derived from the **U/**Th-calibrated coral “C activities (Bard et al. 1993; Stuiver &
Reimer 1993). The spline through the coral-based atmospheric A™*C determinations (coral dates are
corrected by 400 '“C yr) is extrapolated to a pre-25,000 BC steady-state value of 500%o (Fig. 1).
The global model starts at 30,000 BC with this initial atmospheric AC condition, and calculates
both a "*C-production-rate history and an oceanic A™C response curve compatible with the coral
and tree-ring "C time series.

The reliability of the coral vs. tree-ring derived atmospheric A™C values was verified by Bard er
al. (1990) using a constant 400-yr reservoir age correction. More detailed reservoir age corrections
are incorporated in the calibration curves of Figure 17. Although application of these curves
minimizes coral/tree-ring differences (see Fig. 1 inset), a crucial offset near 11,100 cal BP remains.
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Fig. 6. A. A™C of the atmosphere and surface ocean. B. Surface ocean reservoir ages from AD 1600 to 1950.

As a first approximation, the model exchange parameters are constant during our 32,000-yr
simulation, despite significant changes in atmosphere, ocean and terrestrial biosphere dynamics that
occurred before 10,000 “C yr BP; these changes were associated with the glacial-interglacial
climate transition (Adams et al. 1990; Broecker & Denton 1989). Three lines of evidence suggest
that the differences among glacial, deglaciation and interglacial conditions had secondary effects
on atmospheric (and oceanic) AC after 10,000 BC.

First, the model-derived **C production history agrees with the Q trend expected from documented
changes in the geomagnetic dipole over the past 30,000 cal yr, such that no major climatic
(oceanic) explanation for millennium-scale atmospheric AC variations is required (Bard et al.
1990; Stuiver et al. 1991; Mazaud et al. 1991).

Second, carbon model sensitivity tests show that the global-scale **C reservoirs respond relatively
quickly to changes in ocean mixing processes, such that Holocene atmospheric and oceanic A%C
levels will have recovered substantially after 2000 cal yr (ocean turnover time) from any pre-
Holocene climatic divergences (Braziunas 1990). Such model studies also show that surface ocean
HC closely tracks changes in atmospheric **C, and that variations in reservoir age for much of the
ocean surface generally will not exceed = 100 *C yr (Bard 1988). Greater surface-ocean reservoir
age variations, up to 200 **C yr, may also occur in response to sharp Q-induced shifts in atmo-
spheric C activity.
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Fig. 7. *C production rate variations Q back to 10,000 BC. Q was calculated by using atmospheric A*C variations (Fig.
1) as carbon reservoir model input. Triplet episodes (Stuiver & Braziunas 1989) are identified as T1-T4. The long-term
spline approximates a 2000-yr moving average. The input for the first 500 yr is based on the coral spline, the remaining
portion on the tree-ring record.

o

Finally, the available *C age differences between contemporaneous deep- and surface-dwelling
foraminifera, as measured by AMS, suggest a relatively constant oceanic mixing rate over the past
12,500 ™C yr (see below).

Several factors complicate the simple calculation of global oceanic *C responses. Distinctions in
oceanic mixing between high- and low-latitude ocean regions may lead to dissimilar trends in
surface-ocean AMC (Toggweiler & Sarmiento 1985; Bard 1988), contrary to our notion of parallel
‘oceanic calibration curves. Also, although the model-derived Q record fits with first-order
geomagnetic forcing, uncertainties in the geomagnetic dipole record allow for significant climatic
contributions to the atmospheric A™C record. We do consider these to be of second-order
importance for the Holocene, and note that measurements of pre-Holocene coral (Bard et al. 1993)
establish a directly measured marine calibration curve for the 10,000-20,000 BC interval.

Despite an identical calibration procedure, our current marine simulation yields A™*C = -47.7%o
(R =402 *C yr) for AD 1830, instead of -49.7%0 (R = 409 *C yr) reported in Stuiver, Braziunas
and Pearson (1986). This difference is related to: 1) slight changes to the atmospheric '“C data
base; and 2) an explicit incorporation into the model of reservoir *C/2C distinctions, rather than
simple application of fractionation-corrected *C activities. Our choices for air-sea and terrestrial
fractionation factors (Siegenthaler & Miinnich 1981; Keeling 1973) fix 8"°C of the atmosphere at
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Fig. 8. Relative detrended model calculated “C production rate variations (for AQ/Qyy;,, definition, see text) for the last
12,000 yr. Triplet episodes are identified as T1-T4. The input for the first S00 yr was based on the Fig. I coral spline, that
of the remaining interval on the tree-ring record (see Fig. 1).

~7%o, and of the ocean at 0.92%o, with 8*C of the terrestrial biosphere set at -25%o. Relative to
the simpler modeling approach without explicit fractionation, absolute rates of “C production and
decay are elevated ~ 5%, and ocean A™C levels are affected by 1%o, because absolute oceanic *C
activities are enhanced. The surface-ocean reservoir age of 402 yr also reflects the non-zero
atmospheric A™C value of 1.2%o in AD 1830.

MODEL CALCULATIONS

Figure 2 shows the post-10,000 BC atmospheric (tree-ring) A*C bidecadal record and the model-
derived global marine response for surface (0-75 m depth), thermocline (75-1000 m), and deep
(1000-3800 m) waters. The corresponding *C age vs. cal age plots are depicted in Figure 3. The
10,000-9440 Bc portion of the atmospheric curve derived from the pre- and early Holocene spline
representing the coral-based A'™C trend (Figure 1). As discussed above, our simulation produces
marine A™C and "C-age time series in response to changes in “C production rate, rather than
climatic variations, because changes in climate during the last deglaciation are not considered in
the model. Uncertainties in our model-based ocean reservoir ages that are related to the measure
ment standard deviations, o, i.e., * 1-8%o for tree-ring data and * 10-25%o for coral data, were
estimated by adding % 1 o to the Figure 1 data. The later Holocene portions of the oceanic curves
generated by the model differ between these extremes (+ 1 o) by generally <20 *C yr.
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Fig. 9. Correlation coefficient, r, of a 700-yr sliding portion of the *C production rate with the curve generated from Eq.
(1) of Stuiver and Braziunas (1989), as discussed in the text. The 700-yr sliding window results in a loss of 350 yr at either
end of the curve.

AMS "C age measurements on contemporaneous benthic and planktonic foraminifera (Andrée et
al. 1986; Shackleton et al. 1988) suggest that major changes in the rate of deep-ocean ventilation
occurred prior to (but not after) 12,500 “C yr BP. The 8"C record from a sediment core in the
deep Southern Ocean is also consistent with a sharp transition in the influx of *C-enriched North
Atlantic Deep Water at ca. 12,500 “C yr BP, followed by essentially modern conditions for deep-
water ventilation (Charles & Fairbanks 1992). In Figure 4, the modeled 'C age differences (ven-
tilation ages) between deep ocean and surface ocean are compared to foraminifera *C data for the
post-12,000 BC era. The foraminifera '“C data were calibrated using the marine calibration curve
(part of which is shown in Figure 17, explained below) with AR = 0. Such an approximate calibra-
tion is needed; otherwise, calendar foraminifera dates may be too young by up to 2000 cal yr. The
agreement shown in Figure 4 supports the validity of our modeling approach.

Model reservoir ages are plotted vs. cal age in Figure 5A; Figure 5B gives more detail of surface-
ocean reservoir ages vs. conventional '“C ages. The century-type variations in deep-ocean reservoir
ages (Fig. 5A) reflect the atmospheric AC change relative to a “constant” deep-ocean A“C level;
the corresponding surface-ocean reservoir age changes are smaller, because the surface ocean can
react on this time scale to the atmospheric A™C change.

For the past 7000 cal yr, the new surface-ocean-model reservoir ages differ by only two decades
from those calculated in Stuiver, Braziunas and Pearson (1986). A difference in input for the older
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Fig. 10. Atmospheric A™C (coral-derived for the first 500 yr, see Fig. 1) for the past 12,000 yr. The long-term A™C spline
was calculated from the Fig. 7 Q spline, but resembles a 2000-yr A™C moving average as well.

part of the record (steady-state in 1986 paper vs. coral-based on long-term atmospheric AMC
decline now) results in surface-ocean reservoir age discrepancies of generally less than 50 but up
to 140 yr for the 7000-9000 cal yr BP interval.

Surface-ocean A™C and reservoir age from AD 1600-~1950 are depicted in Figure 6. Alternative
pre-Holocene conditions do not change this recent portion of model ocean history. The AD 1950
“bidecade,” in effect, does not consider post-aD 1954 nuclear bomb “C activity changes. It should
be noted that the new atmospheric *C data base and the treatment of the terrestrial biosphere,
as well as mixed reservoirs, modifies the results of our calculations compared to earlier studies
(e.g., Stuiver et al. 1991; Oeschger et al. 1975). A change to a model with increased carbon storage
in the terrestrial biosphere and ocean (e.g., Damon 1988), balanced by increased (from 1.6 to 2.15
"C atoms cm™*sec™ averaged over the Holocene) equilibrium Q values more reflective of present
neutron flux measurements (e.g., Lingenfelter & Ramaty 1970), yields only slightly different (<15
YC yr) calibration curves. The calculated Q history does not change in fine structure, and displays
only a nearly uniform shift throughout the last 12,000 cal yr.

SPECTRAL PROPERTIES AND MODEL-DERIVED “C PRODUCTION RATE VS. OCEANIC VARIATIONS

Model calculations yield information on atmospheric AC values, production rates, Q, and alter-
native changes in oceanic mixing rates K,, and demonstrate the validity of the production
modulation approach to calibration.
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Fig. 11. Residual A™C obtained by deducting the Fig. 10 long-term trend. The A™C trend of the first 500 yr was estimated
from coral determinations, the remaining A'C values were derived from tree-ring measurements (see Fig. 1). Lowest
residual AMC value following the YD (Younger Dryas) climate oscillation is at 9190 BC (11,140 cal BP); the rapid change
(duration ca. 150 yr) to Holocene AC conditions starts at 9060 BC (11,010 cal BP).

In Figures 7 and 8, we present for the AD 1950-10,000 BC interval, respectively, the calculated
absolute production rate, Q, and the detrended AQ/Qy;, record. Here AQ is the difference between
Q and the Figure 7 Qg (the latter approximates, but is not equal to, a 2000-yr moving average).

One interpretation of this record is that solar modulation of the cosmic-ray flux causes a substantial
part of the detrended AQ variance. Triplets (three successive cycle episodes), T, to T,, are
especially notable solar features, and are identified in the figures. These episodes were identified
previously, and a best-fit equation was obtained describing these triplet segments (Eq. 1, Stuiver
& Braziunas 1989). Figure 9 represents the correlation coefficient, r, between sliding 700-yr
portions of the Eq. 1 curve and the detrended C production rate record. Although substantial
correlation coefficients (0.6-0.7) are found for the T,-T, triplets (Stuiver & Braziunas 1989), the
newly added pre-7800 BC part evidently does not contain triplets of the same character, because
its correlation coefficients are appreciably lower. Whereas century-type variations of the later part
of the *C record presumably relate mainly to solar forcing (and are dominated by the periodicities
of Eq. 1), climate (oceanic) forcing may well have prevailed during the earlier (pre-7000 BC) part
of the record.

The oceanic influence has not been accounted for in our marine calibration curves, because the
entire atmospheric A*C variablilty was attributed to **C production rate, Q, change. Whereas Q-
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related atmospheric A“C perturbations are attenuated in the oceans, oceanic A*C changes must be
at least as large as atmospheric changes when oceanic circulation is the cause. The difference in
mixed-layer response for century-type variations approaches a factor of two for these scenarios (ca.
60 “C yr, see Stuiver et al. 1991). These differences will be less for perturbations of longer
durationas the system approaches equilibrium. The postulated oceanic influence is confined to
relatively low periodicities (500-3000 yr, see below). Therefore, the impact of our Q-forcing
assumption on calibration calculations will be restricted to a few decades.

Figures 10 and 11 depict, respectively, absolute atmospheric A'*C and residual A'C. The long-term
trend in the A™C record can be determined in various ways (sine equations, moving averages,
splines, etc.). In this instance, we took the Figure 7 production rate spline and calculated the
corresponding Figure 10 atmospheric A™C trend; the calculated trend also strongly resembles the
2000-yr A™C moving average. Residual A'C values were obtained by subtracting the Figure 10
long-term trend.

“C production rate variation induced by change in the geomagnetic dipole intensity appears to
cause most of the long-term A™C trend (Bard ez al. 1990; Stuiver et al. 1991; Mazaud et al. 1991).
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Fig. 12B. Atmospheric A"C compared to decay of excess “C (- — —, see text).

The incompatibility of the long-term A™C trend with oceanic forcing as an alternative can also be
seen in Figure 12A. Here we compare “ventilation indices”, representing observed “C age dif-
ferences between the deep and surface ocean, to a ventilation history resulting from the ocean
circulation changes required to explain the observed long-term atmospheric AC trend. This ven-
tilation history was calculated using the carbon reservoir model by fixing the *C production rate
at the post-AD 1000 average of the Figure 7 curve. The long-term A'*C trend can be explained only
by drastic reduction of deep-water formation during the glacial period (K, about 1/7th of Holocene
values), which resulted in a ventilation index value exceeding 6000 *C yr.

Lower geomagnetic dipole intensity before ca. 15,000 yr BP (Mazaud et al. 1991) evidently was
responsible for elevating A™C up to 50%. The A™C decrease after 15,000 yr BP may be largely the
decay of “excess” “C. The decay curve (dashed line) given in Figure 12B is compatible with a
sudden change in steady-state C production rate (a reduction by 1.3) at 15,000 BC.

The steep decline in AC (Fig. 11) between 10,000 and 9190 BC (11,950-11,140 cal BP) is
associated with the 10,000 “C-yr plateau in *“C age vs. cal age plots. The termination of the
Younger Dryas (YD) interval is not necessarily near the end of this plateau. Although Becker,
Kromer and Trimborn (1991) suggest it to be near 11,140 cal BP, annual counting of the Greenland
GISP core indicates an age of 11,650 * 250 cal BP (Alley 1993). Laminated sediments from a
Polish lake (Rozanski et al. 1992) yield a comparable 11,000-11,700 cal BP range, with a preferred
value of 11,200 cal BP. Lehman and Keigwin (1992) place the YD termination near 10,500 “C Bp
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(ca. 12,420 cal BP, Stuiver & Reimer 1993). We consider the oldest Fig. 11 residual A™C changes,
starting with the 12,000-11,140 cal BP decline, to be caused by fluctuations in North Atlantic Deep
Water (NADW) formation and transport. The initial A'C decline would be due to an increased rate
of upwelling of water relatively low in C. Specific details will be published elsewhere.

Adding freshwaters to the surface ocean lowers densities, which, in turn, reduces the potential for
sinking of higher-density waters to abyssal depths. A reduced deep-water formation rate agrees
with our vertical diffusivity coefficient (K,) calculations, whereby, according to the carbon
reservoir model, K, values must be reduced by nearly 40% to generate the A*C maximum near
10,900 cal BP (see Fig. 1 inset). However, the timing of the AC maximum differs from the 11,300
cal BP meltwater pulse discussed by Fairbanks (1990).

In the earliest part of the record, residual A™C amplitudes are among the largest, and durations of
the A™C variations among the longest; these lengthened durations are also observed in the spectral
properties of the AC and Q records (both without trend removal). Figures 13A and 13B depict
normalized spectral power for three subintervals, each lasting 3.5-4 millennia. We used the maxi-
mum entropy method (MEM) or autoregressive (AR) model for AR order n/4, where n = number
of data points. The periods where spectral power of atmospheric A*C exceeds the 2 & significance
level, or falls in the 1.5-2.0 ¢ range (Mitchell et al. 1966), change from 60, 126 and 207 yr for
the 2000 BC-AD 1840 interval to 49, 55 and 509 yr for the 9440 BC-6000 BC interval. High- and
intermediate-frequency production rate variations result in substantially attenuated A'*C variations
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Fig. 13B. MEM power spectrum (AR order ca. 50) of the Fig. 7 calculated "“C production rate variations, Q. Starred
periodicities have spectral power exceeding the 2 o significance level, the others fall in the 1.5-2.0 o range. Periodicities
for the intervals listed above are, respectively, 105, 126 and 208 yr, 75, 89 and 149 yr, and 49, 55, 108, 217 and 509 yr.

in the atmosphere, resulting in a loss of frequencies relative to the Q spectrum. Periods where
spectral power of Q exceeds or approaches the 2 o level are 105, 126 and 208 yr for the 2000
BC-AD 1840 interval, and 49, 55, 108, 217 and 509 yr for the 9440-6000 BC interval.

After removal of the long-term trend, the complete detrended A™C record reveals periods with
spectral power density exceeding the 2 o level at 46, 49, 87, 148, 206 and 512 yr. A 2860-yr per-
iodicity was found to be significant in the 1.5 to 2.0 o range. While the 512- and 2860-yr peri-
odicities may well relate to oceanic (and climate) changes, several higher frequencies appear to be
solar-induced. These findings will be discussed elsewhere.

RADIOCARBON AGE AND AR DETERMINATION

Figure 14 presents model surface-ocean conventional “C ages vs. calendar ages for the post-AD
1500 period. An independent estimate of the calendar age of a sample from a particular location
allows the user to determine a model-generated *C age. This age can be compared to the
conventional marine C age of the sample from this location. The difference constitutes AR, an
assumed time-constant offset in '“C ages for that particular region, that should be removed from
sample “C ages before application of the marine calibration curve (see Figs. 16 and 17). The time
dependency of reservoir age, R(t), is included in the marine calibration curve.

In some instances, such as with a pair of contemporaneous wood and shell samples from a single
location, the reservoir deficiency may be calculated without a direct calibration to the calendar time
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Fig. 14. Post-AD 1500 surface ocean '“C yr vs. cal yr

scale. In this case, one can use Figure 15, in which model marine conventional **C ages are plotted
against atmospheric conventional “C ages. The atmospheric (wood) sample can be initially
calibrated using the atmospheric calibration curves (Stuiver & Reimer 1993), and its cal age
subsequently applied to the calculation of AR by using Figure 14 (or Figure 17); however, one
canavoid the middle step in this process by applying Figure 15. The measured wood “C age is
converted through Figure 15 to a model marine *C age, which, when deducted from the measured
shell *C age, yields AR. A 40-yr correction must be applied to the **C ages of southern hemisphere
atmospheric samples before using this figure.

Figure 15 illustrates obvious multiple marine '“C age intercepts for a specific atmospheric *C age.
Similar multiple marine ages (and thus multiple AR choices) would also result from using Figure
14 or 17, and by using the cal age derivation of the wood *C age from the Stuiver and Reimer
(1993) atmospheric calibration curves; again, deduct 40 *C yr for southern hemispheric samples.

A survey of independently calibrated shell *C samples approximates the geographic distribution
of AR values for oceanic regions in both hemispheres. A summary of AR values, given in the 1986
paper, is augmented in Figure 16 with AR data from New Zealand (McFadgen & Manning 1990),
South Africa (Talma 1990), Portugal (Soares 1989) and the North American east coast (E. Little,
personal communication, 1992). It should be noted that AR values for the coast of California, given
as 225 MC yr in Figure 16, are controversial, because recent work indicates values of about 300
+ 35 MC yr (Terry Jones, personal communication, 1992) and 500 * 100 *C yr (Bouey & Basgall
1991).
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Complications may arise (e.g., increase in AR) in estuaries, where a mixture of marine and riverine
materials are incorporated in the shell. For example, estimated local AR values within Long Island
Sound (E. Little, personal communication, 1992) vary greatly from the average Sound value of
about 120 * 55 C yr; this average value also is distinctly different from the value of -85 + 75
“Cyr listed for a single sample in our 1986 paper. Open ocean values from the Massachusetts coast
yield AR = =95 + 45 "C yr (E. Little, personal communication, 1992).

Complications also occur when rates of regional upwelling vary. For example, Soares (1989)
determined AR of 280 * 35 "C yr (38°N - 41°N) and 235 * 35 “C yr (37°N) for the coast of
Portugal, for samples with conventional “C ages less than 2000 “C yr BP. A ca. 250-C-yr
reduction in AR value is encountered for the earlier part of the Holocene. Such an increase may
be related to reduced upwelling of deeper (older) water. Southon, Nelson and Vogel (1990), on the
other hand, find, except for one outlier, only minor changes in AR for five Holocene determinations
from the west coast of British Columbia. Talma (1990) reports, for 15 charcoal-shell sample pairs
from the west coast of South Africa (1000 BC-AD 1500 cal age range), that “the spread of AR
values with age seems fairly random and is probably only the result of measurement imprecision
and some natural variability”. Figure 16 AR values are based on the 1986 calibration curves, with
global R(1830) = 409 yr, whereas current calculations yield global R(1830) = 402 yr. No attempt
was made to update the regional AR determinations, because minor changes in calibration results
for the last few centuries would result in corrections about equal to the rounding error (up to 5 yr)
of the original data set.
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A corresponding tabulation of reservoir ages for the AD 1830 bidecade can be derived from the
Figure 16 AR values by adding 402 and 362 'C yr for the northern and southern hemispheres,
respectively. Such a tabulation gives oceanic “C levels at one single point in time, and applies to
both hemispheres (the southern hemispheric atmosphere was assumed to be 40 yr older than the
“global” tree-ring record).

Figure 17 should be used to calibrate surface ocean samples. For such calibration, AR must be
selected (or, to a first approximation, assume AR = 0). The CALIB 3.0 program (Stuiver & Reimer
1993), which incorporates Figure 17 data, also can be used. For marine samples older than 10,500
C yr, the Bard et al. (1993) calibration curve is applicable. These data are also part of the CALIB
3.0 program, where a smoothing spline is used to approximate the Bard et al. information.

To reduce an offset (from 120 to 35 yr at 11,700 cal yr) between the two marine segments
(smoothing spline through coral measurements vs. our model-calculated part), we changed the
pre-tree-derived (Fig. 1) atmospheric A'*C model input slightly. This second-order correction allows
our model ocean to operate more realistically, in that coral-assigned model reservoir deficiencies
prior to 11,700 cal yr BP were allowed to deviate (by 120 yr maximally) from the constant 400-yr
reservoir deficiency initially imposed as a simplifying assumption. Specifically, the two marine
segments (pre-11,750 cal yr BP smoothing spline through coral measurements vs. post-11,650 cal
yr BP model-calculated part) are connected by a short (100-yr) linear interpolation to smooth their
35-yr offset.
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