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ABSTRACT. Varved sediments of the tropical Cariaco Basin provide a new 14C calibration data set for the period of degla- 
ciation (10,000 to 14,500 years before present: 10-14.5 cal ka BP). Independent evaluations of the Cariaco Basin calendar and 
14C chronologies were based on the agreement of varve ages with the GISP2 ice core layer chronology for similar high-res- 
olution paleoclimate records, in addition to 14C age agreement with terrestrial 14C dates, even during large climatic changes. 
These assessments indicate that the Cariaco Basin 14( reservoir age remained stable throughout the Younger Dryas and late 
Allerod climatic events and that the varve and 14C chronologies provide an accurate alternative to existing calibrations based 
on coral U/Th dates. The Cariaco Basin calibration generally agrees with coral-derived calibrations but is more continuous 
and resolves century-scale details of 14C change not seen in the coral records. "C plateaus can be identified at 9.6, 11.4, and 
11.714C ka BP, in addition to a large, sloping "plateau" during the Younger Dryas (-10 to 1114C ka BP). Accounting for fea- 
tures such as these is crucial to determining the relative timing and rates of change during abrupt global climate changes of 
the last deglaciation. 

INTRODUCTION 

Radiocarbon dating is an important tool for studying the natural variability of the global climate sys- 
tem. High-resolution paleoclimate records show that many large, abrupt changes occurred during 
the last deglaciation, and there is increasing evidence that some of these may have been global in 
scope (Bender et a1.1994; Lowell et al. 1995; Denton and Hendy 1994; Behl and Kennett 1996).14C 
dating is necessary for determining the relative timing of these changes and their propagation 
through the climate system, but its utility is limited by the fact that the 14C "clock" runs at different 
speeds depending on the atmospheric 14C inventory. Studies have shown that atmospheric 14C con- 
centration (014C) has varied significantly through time (Stuiver 1970; Linick et al. 1986; Stuiver et 
al. 1986; Bard et al. 1990; Stuiver et al. 1991; Becker 1993; Goslar et al. 1995), as a result of 
changes in 14C production rate (a function of variability in the Earth's geomagnetic field strength 
and solar activity), and redistribution of 14C between reservoirs (primarily a function of oceanic 
thermohaline circulation). Because of &4C changes, the 14C time scale departs from true calendar 
ages in a nonlinear fashion by as much as 3000 yr (Bard et al. 1990). 

The highest-resolution 14C calibration data set, based on tree-ring chronologies from German oaks 
and pines (Becker, Kromer and Trimborn 1991; Kromer and Becker 1993; B. Kromer, personal com- 
munication), currently begins Ca. 12 calendar ka BP, just prior to the abrupt termination of the 
Younger Dryas cold period, a dramatic climatic oscillation lasting from ca. 13 to 11.7 cal ka BP 

(Alley et a1.1993). Tree rings thus do not provide calibration during several of the other large and 
abrupt climate changes of the last deglaciation. Previous attempts to extend 14C calibration prior to 
the interval covered by tree rings have used paired 14C-UTh dates on corals (Bard et al. 1990; 
Edwards et al. 1993; Bard et al. 1993; Bard et al. 1996) as well as annually laminated sediment 
(varve) chronologies with 14C-dated macrofossils from European lakes (Hajdas et a1.1993; Hajdas 
et a1.1995; Goslar et a1.1995) and the Baltic Sea (Wohlfarth 1996). Each of these data sets agrees 
with the tree-ring calibration for the period later than ca. 12 cal ka BP. Prior to 12 cal ka BP, however, 
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the coral results disagree with the longer chronologies from Lakes Soppensee (Hajdas et a1.1993) 

and Holzmaar (Hajdas et al. 1995), as well as the Swedish varve chronology (Wohlfarth 1996). The 

lack of agreement between coral and varve data sets, together with the discontinuous or low-resolu- 

tion nature of these time series, introduces substantial uncertainty to 14C calibration prior to 12 ka BP. 

In this paper, we present a new 14C calibration data set from varved marine sediments of the Cariaco 

Basin that spans most of the last deglaciation. Several independent lines of evidence are used to 

demonstrate the accuracy of both Cariaco Basin calendar (varve) and 14C chronologies. These data 

extend a continuous 14C calibration an additional 3000 yr before the tree-ring record to the Glacial/ 

Bulling event boundary and resolve short-lived changes in 14C during the early Younger Dryas and 

Bo11ing/AllerOd periods that are not resolved by data sets based on corals (Bard et a1.1990; Edwards 

et a1.1993; Bard et a1.1993; Stuiver and Reimer 1993; Bard et a1.1996). 

VARVE CHRONOLOGY 

Laminated Sediments 

The Cariaco Basin is an anoxic marine basin off the coast of Venezuela (Fig. 1), separated from the 

open Caribbean Sea by shallow sills (<146 m), that possesses varved sediments with the potential 

for continuous, high-resolution AMS 14C dating due to high concentrations of planktonic foramin- 

ifera (Overpeck et a1.1989; Peterson et a1.1991; Hughen et a!. 1996a, 1996b, 1998). The climate 

cycle in the Cariaco Basin region consists of a dry season with strong trade winds and coastal 

Fig. 1. Location and bathymetry of the Cariaco Basin, off the coast of Venezuela in the southern Caribbean Sea. Shallow 

sills (arrows mark two channels to the west and east, 146 and 120 m deep, respectively) isolate deep waters, which are 

presently anoxic below 300 m, allowing preservation of finely laminated sediments. o = locations of piston cores PL07- 

39PC, -56PC, -57PC and -58PC. Contour interval is 200 m. 
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upwelling, alternating with a rainy season with weaker winds and no upwelling. This climatic 
regime results in the annual deposition of laminae couplets of light-colored, plankton-rich and dark- 
colored, terrigenous mineral grain-rich layers (Overpeck et a1.1989; Peterson et al. 1991; Hughen 
et al. 1996a). The annual nature of the laminae couplets was investigated in well-laminated surface 
sediments containing two distinct turbidites, using 210Pb dating and historical records of earthquakes 
(which would be expected to result in turbidity currents) in the neighboring region. The independent 
dating methods yielded ages of 58 ± 4 and 89 ± 5 yr e10Pb), vs. 61 and 90 yr (historical) for the two 
turbidites, in good agreement with paired-laminae counts of 60 and 90 yr, respectively. This agree- 
ment using multiple dating methods demonstrates that the laminae couplets are annually deposited 
varves (Hughen et aL1996a). 

The Cariaco Basin has distinct, thick laminae at depths corresponding to ages of 12.7-9.014C ka BP, 

after which they become thinner and less pronounced toward the surface. Four sediment cores were 
cross-correlated on the basis of distinct, millimeter-scale "marker laminae", and laminae couplets 

were counted to create a floating annual chronology 5500 varve-years long, covering the period of 
deglaciation from ca. 8.0 to 12.714C ka BP (Hughen et al. 1996b, 1998). AMS 14C dates were 
obtained on 60 samples of the planktonic foraminifer Globigerina bulloides, hand-picked from 1.5 

to 2 cm thick samples, each corresponding to 10-15 varve years. The samples were taken from cores 
PL07-56PC and PL07-39PC (Fig. 2; Table 1), over the same sediment interval in which the varves 
were counted. The floating varve chronology was anchored to absolute calendar age by "wiggle- 
matching" 14C vs. calendar age variations to those measured in the German pine dendrochronology 
(Kromer and Becker 1993; B. Kromer, personal communication; Hughen et a1.1998). Recently, the 
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Fig. 2.14C vs. calendar ages for two different Cariaco Basin sediment cores, PLO7-56PC and PLO7-39PC, and German pines 

(B. Kromer, personal communication; Kromer and Becker 1993). Vertical shaded lines delineate boundaries between Prebo- 

real (PB), Younger Dryas (YD), and BOlling/Allerod (B/A) climatic events. Width of lines indicates duration of these transi- 
tions based on Cariaco Basin gray scale and varve chronology. Small arrows indicate locations of 14C dates from core PLO7- 

39PC, shown here to evaluate the reproducibility of Cariaco Basin 14C dating. All 14C errors are reported at la. 
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TABLE 1. Radiocarbon and Varve Ages for Cariaco Basin Sediment Samples 

Depth Varve age 14C age code 

Sample ID (cm) (yr BP) BP ±l a) ±la) 

PC56-269 268-269.5 9966 (+20 -20) (±70) (+9.7 -9.7) 

PC56-279 278-279.5 10,087 (+20 -20) (±60) (+8.5 -8.5) 
PC56-283 283-284.5 10,234 (+20 -20) (±60) (+8.6 -8.6) 

PC56-290 289-290.5 10,360 (+20 -20) (±60) (+8.5 -8.5) 

PC56-295 294-295.5 10,505 (+20 -20) (±70) (+9.8 -9.8) 

PC56-299 298-299.5 10,624 (+20 -20) (±60) (+8.6 -8.6) 

PC56-304 303-304.5 10,751(+20 -20) (±60) (+8.6 -8.6) 

PC56-306 306-307.5 10,880 (+20 -20) (±50) (+7.3 -7.3) 

PC56-311 310-311.5 11,026 (+20 -20) (±70) (+10.2 -10.2) 

PC56-319 318-319.5 11,112 (+20 -20) (±60) (+8.9 -8.9) 

PC56-3341 333-335 11,218 (+20 -20) (±60) (+10.7 -10.7) 

PC56-346 345-347 11,277 (+20 -20) (±60) (+8.7 -8.7) 

PC56-355 354-355.5 11,381(+20 -20) (±60) (+8.7 -8.7) 

PC56-368 367-369 11,533 (+20 -20) (±80) (+11.4 -11.4) 

PC56-384 383-384.5 11,655 (+24 -24) (±60) -9.2) 
PC56-401 401-402.5 11,742 (+27 -29) (±90) (+13.2 -13.3) 

PC56-426 425-426.5 11,911(+28 -31) (±60) (+9.6 -9.8) 

PC56-447 446-447.5 12,085 (+32 -32) (±60) (+9.9 -9.9) 

PC56-464 463.5-465 12,170 (+32 -32) (±50) -8.7) 
PC56-487 486-487.5 12,318 (+34 -34) (±50) (+9.0 -9.0) 
PC56-521 520-521.5 12,463 (+38 -36) (±50) (+9.5 -9.3) 

PC56-538 537.5-539 12,520 (+38 -36) (±60) (+10.6 -10.4) 

PC56-552 551-552.5 12,658 (+41-38) (±60) (+11.0 -10.8) 
PC56-560 559-561 12,802 (+41-38) (±70) (+12.5 -12.3) 

PC56-569 568-570 12,850 (+41-38) (±80) (+13.6 -13.4) 
PC56-575 574-575.5 12,904 (+43 -39) (±70) (+12.6 -12.3) 

PC56-596 596-597.5 13,014 (+46-41) (±70) (+12.6 -12.2) 

PC56-607 606-608 13,071(+46 -41) (±70) (+12.3 -11.9) 

PC56-616 615-617 13,146 (+51-45) (±70) (+13.0 -12.5) 

PC56-623 622-623.5 13,196 (+53 -47) (±80) (+14.0 -13.5) 

PC56-639 639-640.5 13,256 (+53 -47) (±60) (+11.7 -11.1) 

PC56-644 643-645 13,332 (+53 -47) (±60) (+12.0 -11.4) 

PC56-655 654-656 13,421(+53 -47) (±60) -11.4) 
PC56-662 661-662.5 13,536 (+53 -47) (±60) (+11.8 -11.2) 

PC56-672 671.5-674 583("+61- , ±7 (+13.8 -12.9) 
PC56-685 684-685.5 13,8 +61-52) (±80) -14.4) 
PC56-697 696-697.5 13,998 (+66 -56) (±70) (+14.5 -13.4) 
PC56-711 710-711.5 14,108 (+66 -56) (±60) (+13.4 -12.3) 

PC56-725 724-725.5 14,206 (+71-60) (±80) (+15.7 -14.6) 
PC56-737 736-737.5 14,410 (+78 -65) (±100) (+18.6 -17.4) 
PC56-744 743-745.5 14,553 (+81-70) (±100) (+18.8 -17.8) 

PC39-293 293-295 10,390 (+20 -20) (±80) (+11.1-11.1) 
PC39-305 305-309 10,910 (+20 -20) (±60) (+8.7 -8.7) 
PC39-334 334-336 11,142 (+20 -20) (±100) (+14.3 -14.3) 

PC39-401 401-404 12,115 (+32 -32) (±120) (+18.1-18.1) 
PC39-441 441-444 12,200 (+32 -32) (±80) (+12.6 -12.6) 
PC39-462 462-465 12,493 (+38 -36) (±80) (+13.6 -13.5) 
PC39-521 521-524 13,044 (+46 -41) (±150) (+23.4 -23.2) 
PC39-573 573-576 14,028 (+66 -56) (±100) (+18.0 -17.2) 
PC39-621 621-622.5 14,440 (+78 -65) (±220) (+33.9 -33.2) 

#A11 14C analyses were made at CAMS, Lawrence Livermore National Laboratory. 14C measurements are AMS dates 

using conventional half-life of 5568 yr and reservoir correction of 420 yr.14C and A14C errors are reported at lo. 
t14C age of this sample is anomalously young-we have no explanation as to the cause. 
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German pines themselves have been securely anchored to German oaks (B. Kromer, personal com- 
munication) and thus now constitute an absolute and continuous calendar time scale. The Cariaco 
Basin and German pine 14C variations were matched by incrementally adjusting the calendar-age 
offset until the correlation between the data sets was maximized (r = 0.99), anchoring the varve chro- 
nology in absolute calendar time (Hughen et al. 1998). The uncertainty of the wiggle-match was 
determined by the amount of offset between the data sets that still yielded a correlation coefficient 
of at least r = 0.99. This resulted in an uncertainty of ±20 cal yr during the period covered by the 
match itself. Cumulative errors in varve counting were constrained to accrue only within the 3000 
yr older than tree rings and provide an additional 1-2% uncertainty during that period (Table 1). 

Paleoclimate Verification of Varve Chronology 

Records of relative reflectance, or gray scale, have been measured on fresh surfaces of split Cariaco 
Basin sediment cores. Gray scale values correlate well with records of light laminae thickness, 
which correspond to annual upwelling intensity, and therefore trade wind strength (Hughen et al. 
1996b). Gray scale and light laminae thickness both record large and abrupt changes during degla- 
ciation, including decade-to-century-scale variability during the Bolling/Allerod, Younger Dryas 
and Preboreal periods that correlates well with high-resolution terrestrial and marine paleoclimate 
records from the high-latitude North Atlantic region (Hughen et al. 1996b). In particular, annually 
dated records of light laminae thickness from the Cariaco Basin and 6180 in the GRIP ice core from 
Greenland (Johnsen et al. 1992) both show strikingly similar patterns and durations of abrupt events 
at the scale of a single decade. The brevity of these decade-scale events occurring in two widely sep- 
arated sites suggests that they were essentially synchronous (i. e., occurring within 10 yr) and caused 
by the same mechanism (Hughen et aL1996b). Atmospheric and coupled ocean-atmosphere general 
circulation model (GCM) results (Rind et al. 1986; Schiller, Mikolajewicz and Voss 1997) show that 
cooling in the high-latitude North Atlantic region produces an increase in trade wind intensity over 
the tropical North Atlantic, thus explaining the synchronous climate linkage between North Atlantic 
sea surface and air temperatures, and trade wind-driven upwelling in the tropical Cariaco Basin 
(Hughen et al. 1996b). 

The tight linkage between Cariaco Basin and Greenland ice core paleoclimate records was used to 
assess independently the accuracy of the anchored varve chronology. Cariaco Basin gray scale and 
accumulation from the GISP2 ice core (Alley et al. 1993) are plotted during the period of deglacia- 
tion, each versus its individual annual chronology (Fig. 3). In addition to the large changes at the 
Glacial/Bolling boundary and the beginning and end of the Younger Dryas (14.7,13 and 11.7 cal ka 
BP, respectively), the two records show similar events and patterns of change at decade to century 
scales. A least-squares procedure (Paillard 1996) allowing manual identification of similar, large cli- 
mate events as constraints (dashed lines, Fig. 3) was used to align the GISP2 accumulation and Car- 
iaco Basin gray scale records along their entire lengths. The resulting correlation between the two 
records is good (r = 0.69) and was used to assign the GISP2 layer-age chronology to the Cariaco 
Basin gray scale record. In this way, the two independently derived chronologies could be compared 
directly and differences between them quantified (Fig. 3). The two chronologies consistently agree 
within <0.7%. The pattern of increasing disagreement with age may reflect errors in either chronol- 
ogy compounding downcore, the direction in which the varves and annual ice layers were counted. 
For most of the period from 10-14.7 cal ka BP, the difference is <20 yr, and reaches 100 yr only in 
the oldest part of the chronology (i. e., the Glacial/Bolling boundary, Fig. 3). The Cariaco Basin ages 
meander randomly about the GISP2 ages, rather than remaining consistently offset, and always 
agree well within the combined independent errors (.-l-2%) of the two chronologies. This assess- 
ment of Cariaco Basin varve ages, independent of 14C considerations, provides strong evidence for 
the accuracy of the Cariaco Basin calendar chronology. 
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Fig. 3. Comparison of high-resolution paleoclimate records from Cariaco Basin and GISP2 Greenland ice core. 

Upper curve is Cariaco Basin gray scale. Shaded lines drawn from gray scale record indicate timing and durations 

of paleoclimate event transitions. PB, YD, B/A as in Figure 2. Center curve is GISP2 annual ice accumulation 

(Alley et a1.1993). Dashed lines from GISP2 to Cariaco Basin record indicate major climatic events used to con- 

strain correlation of the two records. This correlation was used to quantitatively compare the two independent 

chronologies. Lower curve shows the age difference as a function of time. The chronologies mostly agree within 

20 yr, and only differ by as much as 100 yr toward the beginning of deglaciation. 

14C CHRONOLOGY 

Sample Reproducibility 

In addition to possessing an accurate annual varve chronology, the Cariaco Basin sediments are also 

well suited for reliable 14C dating. The high sediment deposition rate and concentration of foramin- 

ifera provide high-resolution 14C sampling (10-15 varve years per 14C date, with no mixing artifacts 
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from bioturbation), at closely spaced intervals (one 14C date every -100 varve years). To test 
whether 14C dates thus obtained could be reproduced, 14C ages from cores PL07-56PC and -39PC 
are plotted together in Figure 2. Calendar ages for the two cores were assigned using detailed cross- 
correlations with individual millimeter-scale "marker" laminae and high-resolution gray scale 
records. The 14C dates for both cores show close agreement, demonstrating that Cariaco Basin 14C 

dates are reproducible and that 14C and calendar ages from one core can be readily applied to other 
cores from the basin. 

Reservoir Age 

The ocean reservoir stores vastly more carbon than the atmosphere, particularly in deep waters. 
Depending on the rate of mixing from below, the surface ocean typically has 14C ages 400-1600 yr 
older than the atmosphere, reflecting the marine reservoir age (Broecker and Peng 1982; Stuiver et 
al. 1986; Ingram and Southon 1996). In any 14C-dated marine sediment record, the magnitude and 
stability of reservoir age with time is an important issue. The present-day Cariaco Basin reservoir 
age has been measured on two sediment samples of known recent age and averages 420 yr (Hughen 
et al. 1996a). This age is close to the open-ocean surface Atlantic value, despite the fact that the basin 
experiences variable seasonal upwelling. The good agreement with the open-ocean reservoir age is 
probably related to basin bathymetry. Shallow sills surrounding the basin limit entry to waters less 
than 146 m deep that are well equilibrated with the atmosphere. Furthermore, tritium profiles (Hol- 
man and Rooth 1990) as well as S13C and C02 profiles (Deuser 1973) within the Cariaco Basin 
indicate the presence of continual mid-depth ventilation with Caribbean Sea thermocline water and 
an estimated residence time of ca. 100 yr. Thus, only "young" water is ultimately available within 
the basin to replace surface water advected offshore during Ekman drift-induced upwelling. 

The reliability of Cariaco Basin 14C dates also depends on the stability of the reservoir age through 
time. Bard et al. (1994) used the Vedde volcanic ash layer (-10.314C ka BP on land) to identify ter- 
restrial and North Atlantic marine sediments deposited at the same time, and showed that, on aver- 
age, high-latitude 14C reservoir age increased during the Younger Dryas relative to the present value 
by ca. 300-400 yr. This was due to reduced northward advection of young, well-equilibrated surface 
waters into the high-latitude North Atlantic, together with increased sea ice, which isolated surface 
waters from the atmosphere and allowed a greater proportion of upward mixing of old, deep waters. 
However, this effect was probably limited to high latitudes and would not have affected the Cariaco 
Basin. At low latitudes, reservoir ages are less variable, due to a well-ventilated thermocline 
(Slowey and Curry 1992) and the lack of sea ice to act as a barrier to the atmosphere. 

Direct evidence for a stable Cariaco Basin reservoir age through time is seen in the close match 
between tree-ring and Cariaco Basin 14C ages from 10.0 to 11.8 cal ka BP (Fig. 4). The reservoir age 
remains the same, within errors, during a period of almost 2000 yr. More importantly, the reservoir 
age remains constant across the large change in upwelling at the Younger Dryas termination. This 
climate shift, representing one of the largest transitions in the Cariaco Basin record between periods 
of intense and reduced upwelling, occurred in less than a decade (Hughen et a!. 1996b). Cariaco 
Basin 14C dates overlap with the tree-ring 14C record immediately prior to the Younger Dryas-Pre- 
boreal transition (Figs. 2 and 4). If variable upwelling had influenced reservoir age, we would 
expect to see it here. However, there is no discernible shift to older 14C ages in Cariaco Basin dates 
during the Younger Dryas. In addition, high-resolution series of 14C dates from terrestrial macrofos- 
sils have been measured from Lake Krakenes, Norway (H. Birks, personal communication) and 
Lake Madtjarn, Sweden (S. Bjorck, personal communication). The Lake Krakenes and Lake Mad- 
tjarn records can be correlated to the Cariaco Basin at sediment transitions bracketing the Younger 
Dryas, clearly discernible in both records. The Cariaco Basin 14C ages show no offset from the ter- 

https://doi.org/10.1017/S0033822200018361 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200018361


490 K. A. Hughen et aL 

Cariaco Basin PL07-56PC 

Cariaco Basin spline 

o German pine 

10000 10500 11000 11500 

Calendar age (yr BP) 

-10400 

10000 

9600 

r 9200 

C) 
0) 
co 
CD 

w 

!- 8800 

12000 

Fig. 4. Interpolation spline (Stineman 1980) used to provide continuous calibration curve from Cariaco Basin core 

PL07-56PC data set, compared to data from German pines (B. Kromer, personal communication); PB, YD and shaded 

line as in Figures 2 and 3. Correlation between spline and German pine data is excellent (r = 0.99). Cariaco Basin dates 

that overlap with tree rings and bracket the abrupt shift from intense to reduced upwelling at the Younger Dryas termi- 

nation show no systematic increase in 14C ages during the Younger Dryas. All 14C errors are reported at lo. 

restrial 14C dates throughout the Younger Dryas and during the late Allerod period. The weight of 

evidence clearly supports the conclusion that the Cariaco Basin reservoir age reflects open Atlantic 

values, and has not changed significantly through time due to variations in local upwelling. 

CALIBRATION 

Fitted Spline 

The evaluation of both Cariaco Basin varve and 14C chronologies provides independent evidence 

that the chronologies are accurate and can be used as an alternative data set for 14C calibration dur- 

ing the period of deglaciation. In order to provide continuous calibration coverage, an interpolation 

spline (Stineman 1980) was fitted to the Cariaco Basin data set (Figs. 4 and 5). This spline was cho- 

sen over other possibilities (for instance, cubic spline, linear interpolation) for several reasons. First, 

the spline approximates a linear interpolation between points, which is a simple interpretation and 

avoids the risk common to cubic splines of creating structure beyond the resolution of the data. Sec- 

ond, the spline has the advantage over a linear interpolation of providing a continuous curve which 

passes smoothly through the data points. The interpolation spline shows excellent agreement with 

the German pine data (r = 0.99) and preserves detailed century-scale variability, for example during 

the Preboreal period, Ca. 9.614C ka BP (Fig. 4). 

The interpolation spline was used to create a curve through the entire Cariaco Basin data set to 

extend continuous 14C calibration from 9.0 to 12.714C ka BP. This represents an objective treatment 

of the calibration in that no Cariaco Basin data points are excluded, and the same interpolation pro- 

cedure used to match the curve to tree rings is used to extend the curve further back in time. The full 
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Fig. 5. Interpolation spline extended through all of the Cariaco Basin data set and compared to coral 14C-U/Th data from 
Tahiti (Bard et al. 1996), Barbados (Bard et al. 1993) and New Guinea (Edwards et al. 1993). PB, YD, B/A and shaded 
lines as in Figures 2 and 3. Cariaco Basin curve shows close agreement with German pine data from 10-12 cal ka BP, and 
general agreement with coral data older than 12 cal ka BP. Cariaco Basin data set resolves considerable detail that is not 
resolved by the coral data, including plateaus at 11.7 and 11.4140 ka BP, and century-scale structure imposed on a grad- 
ually-sloping "plateau" during the Younger Dryas. All 14C errors reported at lo. 

Cariaco Basin calibration spline is plotted together with paired 14C-UI'Fh dates from Atlantic (Bard 
et al. 1990) and Pacific corals (Edwards et al. 1993; Bard et al. 1996), and agrees in general with 
corals throughout most of the record (Fig. 5). However, the data sets do show some large differ- 
ences, particularly during the Preboreal and Younger Dryas periods. The Cariaco Basin data set 
shows less scatter around the tree-ring data than corals (Fig. 5), suggesting greater reliability during 
the earlier period as well. The Cariaco Basin data also provide greater resolution and bridge the 
numerous gaps in the coral data. The new Cariaco curve resolves detailed changes prior to the 9.6 
140 ka BP plateau, including the precise timing of the beginning and end of a long sloping "plateau" 
with superimposed century-scale structure during the Younger Dryas. In addition, there are plateaus 
at 11.7 and 11.414C ka BP, and the possibility of a brief plateau or reversal immediately preceding 
the Younger Dryas at 11.114C ka BP. 

Identifying features such as plateaus in the 14C calibration curve, and determining their relationships 
to abrupt climatic events occurring at the same time, is crucial for a wide range of paleoenvironmen- 
tal studies. Calculating rates of change or sedimentation rates in 14C-dated sediment cores depends 
greatly on whether, and how, the 14C dates are calibrated. For example, a sediment age-depth curve 
based on uncalibrated 14C dates will introduce error into rate-of-change and proxy flux calculations. 
A linear age-depth model that uses uncalibrated 14C ages (upper curve, Fig. 6a) will change signifi- 
cantly when those 14C ages are calibrated (lower curve, Fig. 6a). Using uncalibrated 14C ages to cal- 
culate sedimentation rates creates large anomalies, artificially increasing values during plateaus 
when the 14C "clock" is running more slowly than calendar time, and decreasing values when 14C is 
running faster (Fig. 6b). Uncalibrated 14C chronologies can result in substantial, abrupt changes in 
sedimentation rate (and rate of change) calculations that coincide with, but do not necessarily relate 
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Fig. 6. Modeled age-depth curves and sedimentation rate calculations (for a hypothetical core) 

resulting from calibrated vs. uncalibrated 14C ages. (a) Upper curve, linear age-depth curve 

based on constant sedimentation rate and using uncalibrated 14C ages (assumed to equal calen- 

dar age). Lower curve, age-depth curve based on constant sedimentation rate and using cali- 

brated 14C ages. Detailed structure and large divrgences from linear age-depth model result 

from using calibrated 14C age-depth model. (b) Sedimentation rate anomalies resulting from 

differences between upper and lower curves in a above. Periods when 14C age changes slower 

than calendar age (14C plateaus) result in significant positive anomalies in sedimentation rate. 

Conversely, periods of rapid 14C change result in negative anomalies. Dashed line indicates 

"background" sedimentation rate resulting from linear age-depth curve. Timing of Younger 

Dryas and century-scale climatic events during the Bo11ing/Allerod intervals (defined using 

Cariaco Basin gray scale) are indicated by shaded rectangles. The timing of sedimentation rate 

anomalies resulting solely from lack of 14C calibration is very similar to the timing of true pale- 

oclimatic events. All 14C errors reported at la. 

to, paleoclimate change. For example, the large, sloping 14C "plateau" from 10 to 10.614C ka BP and 

smaller plateaus at 11.4 and 11.714C ka BP defined by the Cariaco Basin data occur close to the tim- 

ing of the climatic Younger Dryas and century-scale cold events during the Bolling/Allerod, respec- 

tively (Fig. 6b). Several previous studies have investigated rates of environmental change during the 

last deglaciation, and show increased rates of change occurring ca. 10-11 14C ka BP, as well as 

smaller events before this time (Jacobson, Webb and Grimm 1987; Overpeck 1987; Overpeck, Bar- 

tlein and Webb 1991). As suggested here, however, at least a part of these signals may be artifacts 

resulting from the lack of accurate 14C calibration. Ironically, this problem appears to be com- 

pounded by high-resolution sampling for 14C dating, as a limited number of 14C dates will tend to 
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smooth over the sharp bends in the calibration curve and thus produce a smaller, smoothed anomaly 
during the Younger Dryas. 

CALIBRATION PROGRAM 

The new 14C calibration data set from the Cariaco Basin is available online for use as an alternative 
deglacial calibration beyond tree-ring based calibrations. The data are available in a look-up table 
and program for converting files of 14C dates to calendar dates at http://www.ngdc.noaa.gov/paleo/ 
paleo.html. Details of the program and its use are available at this site as well. The Cariaco Basin 
spline data are presented at decade resolution for ease of calculation on the part of the user, because 
14C dates are typically reported to the nearest decade. However, it should be noted that the resolution 
of the actual calibration data is ca. one date per 100 yr and does not resolve decade-scale changes in 
14C that may have occurred. The Cariaco Basin calibration is intended to serve as a higher-resolu- 
tion alternative to curves based on coral 14C-U/Th dates during deglaciation (11.5-14.5 cal ka BP), 

and as a complement to longer curves based on corals that extend back to 30 cal ka BP. 
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