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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
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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. 5A. Variations in model-calculated reservoir ages R(t) of the surface ocean (bottom curve and left axis) and deep ocean

(top curve and right axis) plotted by cal yr.
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Fig. 5B. Variations in model-calculated surface ocean reservoir age, R(t), plotted vs. model-defined conventional *C age
of surface-ocean waters. Each segment covers 2000 *“C yr. Multiple intercepts occasionally occur for individual *C ages.
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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.
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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.

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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China Sea data have been shifted 295 '“C yr; the East Pacific measurements of Shackleton et al. have similarly been shifted
by 230 '“C yr to normalize on current conditions. Shackleton et al. “C ages were calibrated using the Stuiver and Reimer
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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).

https://doi.org/10.1017/50033822200013874 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200013874

150

Minze Stuiver and T. F. Braziunas

15000

cal BP
10000

I

300 K .

200 -

AYC

100 .

ATMOSPHERE

0 =
[ A A L A ' A ' y A ‘ A - 1
15000 10000 5000 [0]
cal BC cal AD
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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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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Fig. 17A-X. Calibration curves to be applied for marine (surface ocean) samples. Applicable AR values are discussed in
the text, and depicted in Fig. 16.
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TABLE 1. Marine model “C ages (~460-10,600 “C yr BP) calculated from the bidecadal atmos-
pheric tree-ring data from AD 1950-9440 BC and a smoothing spline through coral data to 20,000
BC (Bard et al., 1993; Stuiver & Reimer 1993). The pre-10,000 BC part of the spline was only used
as a model start-up. The standard deviations in the ages and A™C values reflect the standard
deviations in the tree-ring and coral data.

14C 14C
Cal AD/BC_ AMC %o age (BP) Cal BP | Cal AD/BC A™C %o age (BP) Cal BP
AD 1950 -584+16 483+ 13 BP O AD 1090 -569=+ 9 1306+ 8 BP 860
AD 1930 -542 =% .5 467 = 4 BP 20 AD 1070 -562x 9 1320 7 BP 880
AD 1910 -513=* .6 462 = 5 BP 40 AD 1050 -572 10 1347+% 9 BP 900
AD 1890 -50.1+ .6 471+ 5 BP 60 AD 1030 -59.0x12 1383 %10 BP 920
AD 1870 -493 =+ .5 484 = 4 BP 80 AD 1010 -60.6 £1.2 1416 =11 BP 940
AD 1850 -482+ .5 494 = 4 BP 100 AD 990 -61.1%x1.1 1440 9 BP 960
AD 1830 -47.7+ .6 509+ 5 BP 120 AD 970 -61.5%+12 1462 *10 BP 980
AD 1810 -485=+ .5 535+ 4 BP 140 AD 950 -61.1=x15 1479 +12 BP 1000
AD 1790 -479=x .5 550« 5 BP 160 AD 930 -60.1 %14 1489 + 12 BP 1020
AD 1770 -453+ .5 547 = 4 BP 180 AD 910 -594 =12 1503 =10 BP 1040
AD 1750 -432=+ 4 549 + 4 BP 200 AD 890 -60.0zx12 1527 +*11 BP 1060
AD 1730 -413 =+ .5 553+ 4 BP 220 AD 870 -60.3 1.3 1549 +11 BP 1080
AD 1710 -41.1+ 3 570 £ 3 BP 240 AD 850 -594 =12 1561 £10 BP 1100
AD 1690 -43.0+ .4 606 = 3 BP 260 AD 830 -584=+13 157211 BP 1120
AD 1670 -459=* .5 649 = 4 BP 280 AD 810 -58.0x13 1588 =11 BP 1140
AD 1650 -48.0% .5 687 + 4 BP 300 AD 790 -582=*10 1609 * 9 BP 1160
AD 1630 -49.1+ .5 715+ 4 BP 320 AD 770 -589=*1.1 1634 +10 BP 1180
AD 1610 -483 % .5 728 = 4 BP 340 AD 750 -58.1x10 1647+ 8 BP 1200
AD 1590 -463+ .5 731+ 5 BP 360 AD 730 -572%x10 1659+ 8 BP 1220
AD 1570 -448 =+ .5 737+ 5 BP 380 AD 710 -57.6+1.1 1681 % 9 BP 1240
AD 1550 -43.7+ .5 747 £ 4 BP 400 AD 690 -584=+17 1708 =15 BP 1260
AD 1530 -439=+ 5 769 = 4 BP 420 AD 670 -604=*17 1744 + 14 BP 1280
AD 1510 -448+ .6 796 £ 5 BP 440 AD 650 -622*13 1779 +12 BP 1300
AD 1490 -456=+13 822=+11 BP 460 AD 630 -62.7+15 1803 +13 BP 1320
AD 1470 -472=+16 85513 BP 480 AD 610 -63.0x18 182515 BP 1340
AD 1450 -492+12 891 11 BP 500 AD 590 -63.0x16 1844 %14 BP 1360
AD 1430 -51.8+15 933 +13 BP 520 AD 570 -623+17 1858 14 BP 1380
AD 1410 -538 =14 969 12 BP 540 AD 550 -62.7x1.5 1881 +13 BP 1400
AD 1390 -555=+1.2 1003 £10 BP 560 AD 530 -629+13 1902 =12 BP 1420
AD 1370 -549+12 1017 £10 BP 580 AD 510 -61.7+15 1911 +13 BP 1440
AD 1350 -532=+13 1022 £11 BP 600 AD 490 -60.6=x15 1921 +13 BP 1460
AD 1330 -53.1+1.1 104110 BP 620 AD 470 -59.7+16 1933 *14 BP 1480
AD 1310 -554=+1.1 1080z 9 BP 640 AD 450 -59.7+16 195214 BP 1500
AD 1290 -584 +13 1125=%11 BP 660 AD 430 -60.6x15 1979 =13 BP 1520
AD 1270 -60.0 2.3 1158 =20 BP 680 AD 410 -614=*16 2005 =14 BP 1540
AD 1250 -60.1 £23 1178 +19 BP 700 AD 390 -613%13 2024 =11 BP 1560
AD 1230 -604 1.0 1200z 9 BP 720 AD 370 -60.8*13 2039 =*11 BP 1580
AD 1210 -60.8x1.5 1223 +13 BP 740 AD 350 -60.0x16 2052 =14 BP 1600
AD 1190 -603 * 1.4 1239 =+12 BP 760 AD 330 -60.1=x17 207214 BP 1620
AD 1170 -60.5%x1.0 1260+ 9 BP 780 AD 310 -594*16 2085 =14 BP 1640
AD 1150 -604 1.0 1278+ 9 BP 800 AD 290 -574 %16 2088 %13 BP 1660
AD 1130 -59.0%12 1285=+10 BP 820 AD 270 -56.8+14 2103 x12 BP 1680
AD 1110 -583 1.1 1299+ 9 BP 840 AD 250 -580*1.0 2132+ 9 BP 1700
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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
AD 230 -584 15 2155+13 BP 1720 710 BC -322+19 2846+ 16 BP 2660
AD 210 -579=+15 2170+ 13 BP 1740 730 BC -32.0x 1.5 286512 BP 2680
AD 190 -56.8=+1.6 2180 * 14 BP 1760 750 BC -333+1.6 2895+ 14 BP 2700
AD 170 -558=+17 2191 +15 BP 1780 770 BC -36.0+19 2937 + 16 BP 2720
AD 150 -555=x1.6 220714 BP 1800 790 BC -38.4+12 2976 =10 BP 2740
AD 130 -56.0=%x1.2 223210 BP 1820 810 BC -41.0%1.6 301713 BP 2760
AD 110 -56.0=x1.7 2251 %15 BP 1840 830 BC -41.8+14 3044 =12 BP 2780
AD 90 -557=x14 2268=*12 BP 1860 850 BC -41.7+1.5 306213 BP 2800
AD 70 -563=+13 2293 +11 BP 1880 870 BC -40.6+1.5 3072 =*13 BP 2820
AD 50 -56.0x1.1 2309z% 9 BP 1900 890 BC -40.1+15 3087 13 BP 2840
AD 30 -553+13 2323 +11 BP 1920 910 BC -40.7+14 311212 BP 2860
AD 10 -554+1.0 2343+ 9 BP 1940 930 BC -40.7+ 1.6 3132+ 13 BP 2880
10BC -552=+*11 2360+ 9 BP 1960 950 BC -39.7+14 3143 +12 BP 2900
30BC -548= .9 2376+ 8 BP 1980 970 BC -385+12 3152+10 BP 2920
50BC -550=x10 2397+ 8 BP 2000 990 BC -384+1.4 3171 +11 BP 2940
70 BC -54.4 12 2411+ 10 BP 2020 1010 BC -384+10 3190 9 BP 2960
90 BC -53.4+12 2422+10 BP 2040 1030 BC -379+14 3205=*12 BP 2980
110 BC -529+1.1 2437+ 9 BP 2060 1050 BC -37.1+12 3218+ 10 BP 3000
130 BC -52.1%x12 2450+ 10 BP 2080 1070 BC -359+13 3228 +11 BP 3020
150 BC -51.4+13 2463 *11 BP 2100 1090 BC -34.7+ 13 3237 +11 BP 3040
170 BC -51.6 £1.2 2485+ 10 BP 2120 1110 BC -34.0+1.3 3250 =11 BP 3060
190 BC -522+12 2510=%11 BP 2140 1130 BC -33.8+ 1.5 3269 +13 BP 3080
210 BC -525+1.2 2531 %10 BP 2160 1150 BC -33.0+1.6 3281 * 14 BP 3100
230 BC -512+12 2540 %10 BP 2180 1170 BC -323+1.6 3295=*13 BP 3120
250 BC -50.2*14 2551 +12 BP 2200 1190 BC -31.2+1.6 3305+ 14 BP 3140
270 BC -48.8+ 1.4 2558 +12 BP 2220 1210 BC -309x 1.3 3322+ 11 BP 3160
290 BC -46.6 1.4 2559 =12 BP 2240 1230 BC -30.1+1.6 3334 +13 BP 3180
310 BC -450=x14 2565+12 BP 2260 1250 BC -29.3*15 3347+ 12 BP 3200
330BC -44.4*14 2579+ 12 BP 2280 1270 BC -29.7 £ 1.7 3370 + 14 BP 3220
350 BC -45.6 13 2609 + 11 BP 2300 1290 BC -28.8 1.7 3382 + 14 BP 3240
370 BC -47.6 12 2645*10 BP 2320 1310 BC -28.8 1.8 3401 =15 BP 3260
390 BC -50.0*1.4 2685=+12 BP 2340 1330 BC -28.2+1.6 3416+ 13 BP 3280
410 BC -51.7+13 2719=*11 BP 2360 1350 BC -26.4 + 1.7 3420 + 14 BP 3300
430 BC -50.7 13 273011 BP 2380 1370 BC -26.2 1.7 3439 + 14 BP 3320
450 BC -489 =15 2734+13 BP 2400 1390 BC -273+1.4 3467 12 BP 3340
470 BC -47.5+12 2742+ 10 BP 2420 1410 BC -28.5*1.5 3496+ 13 BP 3360
490 BC -46.6 + 1.3 2754 =11 BP 2440 1430 BC -29.0=*x1.5 352012 BP 3380
510 BC -459x12 2767 +10 BP 2460 1450 BC -289+1.1 3538+ 9 BP 3400
530 BC -457+1.0 2785+ 9 BP 2480 1470 BC -28.0+1.3 3550 + 11 BP 3420
550 BC -451+1.0 2799+ 8 BP 2500 1490 BC -272=*15 3563 *13 BP 3440
570 BC -43.7+13 2806+ 11 BP 2520 1510 BC -282 1.6 3591 + 14 BP 3460
590 BC -42.1x13 2813 +11 BP 2540 1530 BC -293+1.6 3619 =13 BP 3480
610 BC -40.6 12 2819+ 10 BP 2560 1550 BC -28.0+ 1.8 3628 + 15 BP 3500
630 BC -384+1.1 2820=* 9 BP 2580 1570 BC -26.2 2.0 3633 +17 BP 3520
650 BC -36.7+1.2 2826+ 10 BP 2600 1590 BC -254+1.5 3646+ 12 BP 3540
670 BC -351+15 2832=*13 BP 2620 1610 BC -25.5+14 3666 * 12 BP 3560
690 BC -332+17 2835=+14 BP 2640 1630 BC -254+15 3684 * 12 BP 3580
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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
1650 BC -24.6 £1.2 3698 = 10 BP 3600 2590 BC -7+12 4417 =+10 BP 4540
1670 BC -245+17 3716 + 14 BP 3620 2610 BC -3+17 4433 + 14 BP 4560
1690 BC -252*15 374112 BP 3640 2630 BC 1211 4449+ 9 BP 4580

1710 BC -242+18 3752+ 15 BP 3660 2650 BC 1.6 £ 1.7 4456 * 14 BP 4600
1730 BC -23.6*1.5 3767 =12 BP 3680 2670 BC 2113 4471 =11 BP 4620
1750 BC -244+15 3793+ 12 BP 3700 2690 BC 3.0+ 1.4 4484 + 11 BP 4640
1770 BC -241+14 3810+ 11 BP 3720 2710 BC 39%13 4496 + 11 BP 4660
1790 BC -233+14 382311 BP 3740 2730 BC 6.3 %12 4496 + 10 BP 4680
1810 BC -21.7+1.4 382912 BP 3760 2750 BC 7115 4509 + 12 BP 4700
1830 BC -202+1.8 3836+ 15 BP 3780 2770 BC 7.8+ 1.8 4523 +14 BP 4720
1850 BC -18.3*1.6 3840 + 13 BP 3800 2790 BC 9.5+ 1.4 4529 + 11 BP 4740
1870 BC -19.1*1.4 3866 * 12 BP 3820 2810 BC  13.0x1.5 4521 +12 BP 4760
1890 BC -20.0*1.5 3892+ 12 BP 3840 2830 BC 146 + 1.1 4528+ 9 BP 4780
1910 Bc -19.4 1.8 3908 = 15 BP 3860 2850 BC  12.8 +1.4 4561 =11 BP 4800
1930 BC -19.0*1.4 3924 +12 BP 3880 2870 BC 9.4+14 4608 + 12 BP 4820
1950 BC -18.7*1.5 3940 = 13 BP 3900 2890 BC 6.6 1.6 4649 *+ 13 BP 4840
1970 BC -183 + 1.7 3957 + 14 BP 3920 2910 BC 52+15 4680 * 12 BP 4860
1990 BC -17.7+* 14 3971 +11 BP 3940 2930 BC 4.0+ 1.6 4709 = 13 BP 4880
2010 BC -164+1.6 3980 + 13 BP 3960 2950 BC 55215 4716 = 12 BP 4900
2030 BC -16.7+ 1.4 4002 =12 BP 3980 2970 BC 7.5+19 4720 =15 BP 4920
2050 BC -16.7* 1.4 4021 +11 BP 4000 2990 BC 9.5+15 4723 +12 BP 4940
2070 BC -14.6 +1.6 4024 + 13 BP 4020 3010 BC  10.4 = 1.7 4736 = 13 BP 4960
2090 BC -123 1.6 4024 + 13 BP 4040 3030 BC 99+ 1.6 4759 =13 BP 4980
2110 BC -119=+1.6 4040 = 13 BP 4060 3050 BC 102 £ 1.3 4776 = 11 BP 5000
2130 BC -12.6 +1.8 4065 = 15 BP 4080 3070 BC 11.7+1.4 4784 + 11 BP 5020
2150 BC -12.7+1.2 4086 = 10 BP 4100 3090 BC 113 +18 4807 = 15 BP 5040
2170 BC -11.1+1.6 4092 + 13 BP 4120 3110 BC 109+ 1.8 4829 + 15 BP 5060
2190 BC -112=*1.1 4112+ 9 BP 4140 3130BC 120+ 1.8 4839 + 14 BP 5080
2210 BC -11.0+14 4130+ 11 BP 4160 3150 BC 141 1.7 4842 + 13 BP 5100
2230 BC  -9.2+14 413512 BP 4180 3170 BC  16.4 + 1.7 4844 = 14 BP 5120
2250 BC  -7.8+13 4143 +11 BP 4200 3190 BC 174+ 15 4855+ 12 BP 5140
2270 BC  -72+18 4158+ 15 BP 4220 3210 BC 194+ 1.6 4859 12 BP 5160
2290 BC  -73+15 4178+ 12 BP 4240 3230 BC 221 +1.6 4857 +12 BP 5180
2310 BC  -64+18 4190+ 14 BP 4260 3250 BC 242 % 1.6 4860 = 13 BP 5200
2330 BC  -5.8*14 4205+ 11 BP 4280 3270 BC 244 +19 4878 + 15 BP 5220
2350 BCc  -5.1+1.6 4219+ 13 BP 4300 3290 BC 246 + 1.7 4896 + 14 BP 5240
2370 BC -3.7+x14 4227 =11 BP 4320 3310 BC 240+ 1.6 4920 = 12 BP 5260
2390 BC 2.6+ 1.6 4237 +13 BP 4340 3330 BC  23.1*x14 4946 = 11 BP 5280
2410 BC  -24*13 4255+11 BP 4360 3350 BC 209 £ 1.5 4983 + 12 BP 5300
2430 BC  -13=% 9 4265z 7 BP 4380 3370 BC 18920 5018 =16 BP 5320
2450 BC  -19=*1.5 4290z 12 BP 4400 3390 BC 186 £ 1.7 5040 = 14 BP 5340
2470 BC -3.6*14 4323 +12 BP 4420 3410 B 213 *20 503816 BP 5360
2490 BC -3.6+14 4342+ 12 BP 4440 3430 BC 23.6 1.7 5040 = 13 BP 35380
2510 BC -2.8+12 435610 BP 4460 3450 BC 254 2.0 5045 =+ 16 BP 5400
2530 BC -6+13 4357+10 BP 4480 3470 BC 270+ 1.6 5052+ 13 BP 5420
2550 BC d1+14 4371 11 BP 4500 3490 BC 264 +17 5076 +13 BP 5440
2570 BC =712 4397 +10 BP 4520 3510BC  245+1.7 5110+ 13 BP 5460
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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
3530 B 24117 5133 x13 BP 5480 4490 BC 27.5%19 6039 =15 BP 6440
3550 BC 247 17 514713 BP 5500 4510 BCc 27.6 £2.0 6057 £ 15 BP 6460
3570 Bc 27117 5148+ 13 BP 5520 4530 BC 276 £2.0 6077 £ 16 BP 6480
35900 BC 28715 515512 BP 5540 4550 BC 277 +£2.0 6096 = 16 BP 6500
3610 BC 28215 5178 +11 BP 5560 4570 BC 28.6* 17 6109 =13 BP 6520
3630 BC 25419 522015 BP 5580 4590 BC 292+ 18 612314 BP 6540
3650 B  23.6*17 5254 +13 BP 5600 4610 BC 29819 613815 BP 6560
3670 BC 23515 527312 BP 5620 4630 BC  309=*16 6148 =13 BP 6580
3690 BC 23.5*1.6 5293 13 BP 5640 4650 BC 32715 6154=x12 BP 6600
3710 BC 228 *1.6 5318 x13 BP 5660 4670 BC 32820 617316 BP 6620
3730 BC 23618 533114 BP 5680 4690 BC 32415 619512 BP 6640
3750 BC 244 %16 5345=x12 BP 5700 4710 BC 322 *17 6216 = 14 BP 6660
3770 BC 23.9+1.6 5368 +13 BP 5720 4730 BC  32.1 2.0 623616 BP 6680
3790 BC 229*15 539512 BP 5740 4750 BC 329 *20 6249 =16 BP 6700
3810 BC 22317 5419 +13 BP 5760 4770 BC 32320 627416 BP 6720
3830 BC 233+ 18 5430+ 14 BP 5780 4790 BC 31.5+21 630016 BP 6740
3850 BC 25713 5431 +10 BP 5800 4810 BC  31.6+2.1 6318+ 16 BP 6760
3870 BC 281 +12 5432+ 9 BP 5820 4830 BC 31.8+ 1.8 6336 = 14 BP 6780
3890 BC 295+ 1.4 5440 = 11 BP 5840 4850 BC 31.8+19 6356 =14 BP 6800
3910 BC 29213 5462 x11 BP 5860 4870 BC 33.1+£21 6365 =*17 BP 6820
3930 BC 28415 5488 x 12 BP 5880 4890 BC 34.1 19 6376 =15 BP 6840
3950 BC 265 %14 5523 +11 BP 5900 4910 BC 33.0+ 1.5 6404 = 12 BP 6860
3970 BC 247 x11 5555+ 9 BP 5920 4930 BC 32.6* 13 6427 =10 BP 6880
3990 B 23715 558312 BP 5940 4950 Bc  32.1x13 6450 = 10 BP 6900
4010 BC 24.0x16 5600 %13 BP 5960 4970 BC 328+ 14 6464 =11 BP 6920
4030 BC 25.0=x14 5612+ 11 BP 5980 4990 BC 338=* 15 6476 12 BP 6940
4050 BC 249+ 1.6 563213 BP 6000 5010 Bc  34.6+19 6489 = 15 BP 6960
4070 BC 26.1 1.6 564213 BP 6020 5030 BC 35421 6502 %16 BP 6980
4090 BC 26215 5661 =12 BP 6040 5050 BC 35020 652516 BP 7000
4130 BC 293 x 1.8 567514 BP 6080 5070 BC  34.1+17 655113 BP 7020
4150 BC 289 %33 5697 £26 BP 6100 5090 BC 34414 6568 =11 BP 7040
4170 BC 29719 571115 BP 6120 5110 BCc 363 =*15 657312 BP 7060
4190 BC 321 x19 571214 BP 6140 5130 Bc 372+ 15 658512 BP 7080
4210 BCc 32620 572715 BP 6160 5150 BC 374+ 17 6604 £ 14 BP 7100
4230 BC 30116 5766 =12 BP 6180 5170 Bc 398+ 1.5 6605 = 12 BP 7120
4250 BC 29318 579214 BP 6200 5190 Bc 402 * 18 6621 * 14 BP 7140
4270 BC  29.7+18 5808 14 BP 6220 5210 BC 38.1+20 665715 BP 7160
4290 BC 313+18 5815+14 BP 6240 5230 BC 36320 6689 %15 BP 7180
4310Bc 312 =*18 583514 BP 6260 5250 BC  353x16 671713 BP 7200
4330 BC 289+ 1.7 5873+ 14 BP 6280 5270 BC 336+ 17 6749 £ 13 BP 7220
4350 BC 265+ 1.7 5911+ 13 BP 6300 5290 BC  33.1*x17 6773+ 14 BP 7240
4370 BC 26.0 = 1.6 5934 * 13 BP 6320 5310 BC 33218 6791 = 14 BP 7260
4390 BC 27219 5944 %15 BP 6340 5330 BC 326+ 18 6816 14 BP 7280
4410 BC 28219 5956 15 BP 6360 5350 Bc 329+ 17 683313 BP 7300
4430 BC 29.6 £2.0 5965+ 15 BP 6380 5370 Bc 33820 6845=x 15 BP 7320
4450 BC 28319 5994 £ 15 BP 6400 5390 BC 33.7+x2.0 6866 % 16 BP 7340
4470 BC 268 1.7 6025 = 14 BP 6420 5410 BCc 342+ 18 6881 14 BP 7360
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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
5430 Bc 313=x18 6923+ 14 BP 7380 6370 BC 23.6*2.6 7897 20 BP 8320
5450 Bc 28.8+ 1.8 6962+ 14 BP 7400 6390 BC 224 x23 7925+ 18 BP 8340
5470 BC 292+ 18 6978 + 14 BP 7420 6410 BC 21625 7951+ 19 BP 8360
5490 BC 29.1+2.0 6998 * 15 BP 7440 6430 BC 205+2.7 7979 =21 BP 8380
5510 BCc 28720 702115 BP 7460 6450 BC 199+ 26 8004 + 21 BP 8400
5530 BC 287 +2.0 704115 BP 7480 6470 BC 18.1+24 8037 =19 BP 8420
5550 BCc  30.0*18 7050 = 14 BP 7500 6490 BC 182 x 25 8056 =20 BP 8440
5570 BC 28415 7082 +12 BP 7520 6510 BC 19.5£2.0 8065 * 16 BP 8460
5590 BCc 259+17 712113 BP 7540 6530 BC 20.4 3.1 8077 +25 BP 8480
5610 BC 24615 7150+ 12 BP 7560 6550 BC 199 +32 8101 *25 BP 8500
5630 BC 24415 7171 +12 BP 7580 6570 BC 202+ 4.1 8117 +32 BP 8520
5650 BC 24414 7190 * 11 BP 7600 6590 BC 20.5+43 8135+ 34 BP 8540
5670 BC 24115 7212+12 BP 7620 6610 BC 195+4.1 8162+ 32 BP 8560
5690 BC 23416 7237 +12 BP 7640 6630 BC 19.7+4.1 8179 =32 BP 8580
5710 BC 229+ 16 7261 13 BP 7660 6650 BC  20.7 £ 3.5 8191 + 27 BP 8600
5730 B 227*16 7282+ 12 BP 7680 6670 BC 22.0+3.5 8200 =27 BP 8620
5750 B 228+ 1.4 7300+ 11 BP 7700 6690 BC 232+ 3.5 8211 =27 BP 8640
5770 B  230=x15 7318+ 11 BP 7720 6710 BC 23.5+ 3.5 8228 +27 BP 8660
5790 BC  235=*15 7334 +11 BP 7740 6730 BC 24.8+ 35 8237 =27 BP 8680
5810 BC  239+1.4 735011 BP 7760 6750 BC 26.4 £ 4.1 8244 + 32 BP 8700
5830 BC 242=*15 7367 +12 BP 7780 6770 BC 264 41 8263 +32 BP 8720
5850 BC 242 +18 738714 BP 7800 6790 BC 274 +41 827532 BP 8740
5870 BC 241 %21 7407 =16 BP 7820 6810 BC 29.0+4.1 8281 +32 BP 8760
5890 BC 246x20 7422 +16 BP 7840 6830 BC 31.4+4.1 8283 +32 BP 8780
5910 BC 26.0x19 7431 =+15 BP 7860 6850 BC 345+26 8278 +20 BP 8800
5930 BC  26.0*2.0 7450 =* 15 BP 7880 6870 BC 354+ 4.4 8291 + 34 BP 8820
5950 BC  24.0x2.1 7485=+17 BP 7900 6890 BC  36.6 £ 4.4 8301 + 34 BP 8840
5970 BC 221 +20 7519 =*16 BP 7920 6910 BC 38.1 +4.4 8309 + 34 BP 8860
5990 BC 21.0 1.9 7547 £ 15 BP 7940 6930 BC 40.1 4.4 8312+ 34 BP 8880
6010 BC 206+3.0 757124 BP 7960 6950 BC 412+ 4.4 8323 +34 BP 8900
6030 BC 20441 7592 +32 BP 7980 6970 BC 423+ 44 8334 +34 BP 8920
6050 BC 200+ 4.1 7614 =32 BP 8000 6990 BC 409 £ 4.4 8365+ 34 BP 8940
6070 BC 20.5+4.1 7629 =32 BP 8020 7010 BC 382 * 4.4 8404 + 34 BP 8960
6090 BC 22.5+33 7633 +26 BP 8040 7030 BC 36.7+ 4.4 8436 * 34 BP 8980
6110 BC 23.0+£2.8 7649 =22 BP 8060 7050 BC 34726 847120 BP 9000
6130 BC 225+£28 767222 BP 8080 7070 BC 35.8 £33 8481 +26 BP 9020
6150 BC 23.0+29 7687 +22 BP 8100 7090 BC 36.8 £33 8494 * 26 BP 9040
6170 BC 215227 7718 £ 21 BP 8120 7110 BC 38.3 £33 8501 26 BP 9060
6190 BC 202 +23 7749 + 18 BP 8140 7130 BC  40.6 £ 42 8502 + 32 BP 9080
6210 BC 203 *26 7767 21 BP 8160 7150 BC 40.6 £ 42 8522 * 32 BP 9100
6230 BC 20.0+2.6 7788 21 BP 8180 7170 BC 43242 8522 +32 BP 9120
6250 BC 206 +2.7 7803 +21 BP 8200 7190 BC 453 42 8524 32 BP 9140
6270 BC 22.0+23 7812+ 18 BP 8220 7210 BC 457 £ 4.2 8541 =32 BP 9160
6290 BC 239+26 781721 BP 8240 7230 BC  47.1+£42 8550 =32 BP 9180
6310 BC 24.6 £ 2.8 7830 %22 BP 8260 7250 BC 46.4 £ 4.0 8575+ 31 BP 9200
6330 BC 25928 7840 %22 BP 8280 7270 BC 459 £ 4.0 8598 * 31 BP 9220
6350 BC 25324 7864+ 19 BP 8300 7290 BC 46.1 £ 3.8 8616 + 29 BP 9240
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TABLE 1. (Continued)

14C ldc
Cal AD/BC__AMC %o age (BP) Cal BP | Cal Ap/BC_AMC %o age (BP) Cal BP
7310 BC 457+ 4.0 8638 =31 BP 9260 8250 BC 472 +55 9540 +43 BP10200
7330 BC 46.6 £ 4.4 8651 + 34 BP 9280 8270 BC 475+ 4.7 955836 BP10220
7350 BC 485 4.4 8655+ 34 BP 9300 8290 BC 49.6 £ 3.8 9560 +29  BP10240
7370 BC  50.0 £ 4.0 8663 = 31 BP 9320 8310 BC 522 * 4.8 9560 +37 BP10260
7390 BC 50.4 + 4.4 8680 = 34 BP 9340 8330 BC 51.7%51 9584 +39 BP10280
7410 BC 49.5+3.8 8706 =29 BP 9360 8350 BCc 502 +5.6 9615+ 43 BP10300
7430 BC 47238 8744 29 BP 9380 8370 BC 50.6 £5.6 9631 +43  BP10320
7450 BC 46.9 £ 3.8 8766 + 29 BP 9400 8390 BC 509 + 4.8 9648 +37 BP10340
7470 BC 47.0+3.8 8783 +29 BP 9420 8410 BC 503 +5.7 9672 +43  BP10360
7490 BC 442 3.8 882529 BP 9440 8430 BC 50.0 £ 4.6 9694 +35 BP10380
7510 BC 427+ 4.0 8856 =31 BP 9460 8450 BC 50.7 2.9 9708 +22  BP10400
7530 BC 41.8 x40 8882 =31 BP 9480 8470 BC 51.6 £5.0 9720 +38 BP10420
7550 BC 39955 8916 +43 BP 9500 8490 BC 52.6 6.0 9732 £46 BP10440
7570 BC 395+ 4.0 8939 =31 BP 9520 8510 BC 53.4+5.0 9746 +38  BP10460
7590 BC 389 %40 8963 = 31 BP 9540 8530 BC 53.8+ 6.6 976250 BP10480
7610 BC  40.0 £ 4.0 8974 + 31 BP 9560 8550 BC  55.1+7.6 9772 58  BP10500
7630 BC 41.1+40 8985 =31 BP 9580 8570 BC 56.6 +7.6 9779 £ 58  BP10520
7650 BC 424 4.0 8994 = 31 BP 9600 8590 BC 56.7+ 6.0 9798 +46  BP10540
7670 BC  43.8 4.0 9003 + 31 BP 9620 8610 BC 56.6 £5.0 9818 +38  BP10560
7690 BC  43.6 £ 4.0 9024 = 31 BP 9640 8630 BC 573 +4.4 9832 =33 BP10580
7710 BC 428 £ 4.4 9049 % 34 BP 9660 8650 BC  58.6 # 3.8 9842 +29  BP 10600
7730 BC 43.6 £ 44 9063 + 34 BP 9680 8670 BC 602 £ 4.4 9849 +33  BP10620
7750 BC 45144 9071 = 34 BP 9700 8690 BC 62.0 £3.6 985527 BP10640
7770 BC 47.8 £ 4.4 9069 = 34 BP 9720 8710 BC 63.6 2.9 9862 +22  BP10660
7790 BC 49744 9074 % 34 BP 9740 8730 BC 653 £33 9869 +25 BP10680
7810 BC 52.6 4.0 9072 =31 BP 9760 8750 BC  67.4+4.0 9873 +30 BP10700
7830 BC 54540 9076 x 31 BP 9780 8770 Bc 70.2+ 4.6 9871 £35 BP10720
7850 BC 544 x40 9097 = 31 BP 9800 8790 BC 740+ 47 9862 +35 BP10740
7870 BC 53.8+4.0 9121 £31 BP 9820 8810 BC 77.6+ 6.2 9855 +46  BP10760
7890 BC 527 +£4.0 9149 = 31 BP 9840 8830 BC 785+ 6.4 9867 +48  BP10780
7910 BC 51342 9179 %32 BP 9860 8850 BC  77.7+ 43 9892 +32  BP10800
7930 BC  50.0 + 4.4 9208 = 34 BP 9880 8870 BC 783 + 4.4 9908 +33  BP10820
7950 BC 48.8 £4.6 9237 35 BP 9900 8890 BC 79.5+54 9918 x40 BP10840
7970 BC 479 48 9263 + 37 BP 9920 8910 BC 79.6 5.1 9937 +38  BP 10860
7990 BC 474 +52 9286 % 40 BP 9940 8930 BC 78.8*59 9962 +44  BP10880
8010 BC 463 %53 9314 +41 BP 9960 8950 BC 78.0+ 6.8 9988 +51  BP10900
8030 BC 444 %46 9348 36 BP 9980 8970 BC 773 £ 4.6 10012 + 34  BP 10920
8050 BC 43.2*3.6 9377 £28 BP10000 8990 BC  76.1 £ 3.2 10041 + 24  BP 10940
8070 BC 422+ 3.5 9403 =27 BP10020 9010 BC 739 £ 3.2 10077 £ 24  BP 10960
8090 BC  40.9 £ 4.5 9434 +35 BP10040 9030 BC 709 + 3.0 10118 £ 23  BP 10980
8110 BC 409 £ 4.8 9452 +37  BP10060 9050 BC 67.9 £ 49 10160 £ 37  BP11000
8130 BC 421 +40 9463 +31 BP10080 9070 BC 67.0 £ 5.6 10186 =43 BP11020
8150 BC 43337 9473 £29 BP10100 9090 BC 68.2 £52 10197 £ 39 BP11040
8170 BC 445+ 45 9483 +35 BP10120 9110 BC 69.5 + 5.9 10207 + 44  BP 11060
8190 BC 45.0%x52 9499 + 40 BP10140 9130 BC 70.1 £ 54 10222 =41 BP11080
8210 BC 457 %55 9513 +43 BP10160 9150 BC  70.7 £ 4.6 10237 £ 35 BP11100
8230 BC 46.8+55 9524 +43 BP10180 9170 BC 719+ 4.4 10247 £33 BP11120
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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
9190 BC 73.5£5.0 10254 = 37 BP 11140 9550 BC 101.2 £ 7.9 10400 * 58 BP 11500
9210 BC 76.2+4.6 10254 +34 BP11160 9570 BC 102.4 £ 8.0 10410 + 58 BP11520
9230 BC 792 £5.2 10250 +39 BP11180 9590 BC 103.7 £ 8.0 10420 + 58 BP 11540
9250 BC 80.5 £ 5.5 10260 + 41  BP11200 9610 BC 105.1 £ 8.0 10429 + 58 BP 11560
9270 BC 81.0 £ 4.5 10276 £33  BP11220 9630 BC 106.7 £ 8.1 10438 +59 BP11580
9290 BC 82.7+£4.9 10283 +36 BP11240 9650 BC 108.3 + 8.1 10445 +59  BP 11600
9310 BC 84.8 £ 6.1 10287 +45 BP11260 9670 BC 110.1 + 8.2 10452 +59 BP11620
9330 BC 872+ 72 10288 +53 BP11280 9690 BC 1119 +8.2 10458 + 59 BP11640
9350 BC 89.8 + 7.8 10289 * 57 BP 11300 9710 BC 113.0 £ 8.2 10469 * 59 BP 11660
9370 BC 90.9 £ 6.5 10300 + 48 BP11320 9730 BC 114.1 £ 83 10481 + 60 BP11680
9390 BC 91.6 £ 5.7 10314 + 42  BP11340 9750 BC 1153+ 8.3 10492 + 60 BP11700
9410 BC 93.5 £ 6.0 10320 * 44 BP 11360 9770 BC 116.4 * 8.3 10503 + 60 BP 11720
9430 BC 95.5 £ 6.5 10325 + 48 BP 11380 9790 BC 117.5 + 8.4 10515 = 60 BP 11740
9450 BC 96.4 = 7.8 10338 = 57 BP 11400 9800 BC 118.0 * 8.4 10521 = 60 BP 11750
9470 BC 97.2 £ 7.8 10351 * 57 BpP 11420 9850 BC 122.6 * 8.5 10537 * 61 BP 11800
9490 BC 98.1 £ 7.8 10364 = 57 BP 11440 9900 BC 126.9 + 8.6 10554 = 61 BP 11850
9510 BC 99.0 £ 7.9 10377 +58 BP11460 9950 BC 131.1 £ 8.7 10573 + 62  BP 11900
9530 BC 100.0 * 7.9 10389 =58 BP11480 | 10000 BC 135.0 + 8.8 10594 = 62  BP 11950
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