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FROM THE EDITOR

This volume is a little late in getting to you, but I trust it will be just as interesting. Our issue has a
number of articles related to calibration. The first, by Hogg et al., studied differences in contempo-
raneous '“C in tree rings from the Northern and Southern Hemispheres. We also have some more
calibration work by McCormac and colleagues, as well as a preliminary report about INTCAL dis-
cussions. A refinement to the international radiocarbon calibration (INTCAL) will be discussed at
the 18th International Radiocarbon Conference in New Zealand this coming September. We also
have a paper about radiocarbon calibration software by Jones & Nichols, adding to the several com-
puter programs already in existence for calibration.

Applications papers focus on studies of natural levels of carbon isotopes in lichens, radiocarbon dat-
ing of an interesting religious artifact from an Italian radiocarbon group, artifacts from Palau by
Fitzpatrick and Boyle, and the hair of animals in the Altiplano of South America. To this diverse list,
we can also add a summary of ideas about the radiocarbon dating of iron artifacts (Craddock et al.),
archaeological studies in South America and discussion of isotope corrections. For discussion, Man-
ning et al. take up the many issues raised by an earlier article by Keenan in this journal.

I hope everyone finds this issue as interesting as most, and I am sure many are anticipating the
upcoming 18th International Radiocarbon Conference in New Zealand.

Best wishes,

A J Timothy Jull
Editor



QUATERNARY COMMUNITY LOSES GLENN GOODFRIEND

As scientists we each enjoy the genuine sense of discovery that comes from our daily work on earth systems and earth
history. For most of us, our love of fieldwork is complemented by selfless hours of laboratory work and the camara-
derie and inspiration that comes from collaborations with colleagues. The outgrowths of this process are the enduring
publications that pass on our knowledge to others. On October 15, 2002, just before the national Geological Society
of America annual meeting he rarely missed, Glenn A Goodfriend passed away prematurely at the age of 51—he was
one who had so much more to discover and pass on. Following serious health problems that apparently developed late
last spring, he died at George Washington University Hospital of pneumonia and serious complications from rhinoce-
rebral mucormycosis, a systemic fungal disease.

Glenn was a scientist with many talents across the fields of Quaternary stratigraphy, paleontology, zoology, bio-
geochemistry, geochronology, and paleoclimate. He also had interests in geoarcheology and was most widely known
for his specialties in land snail ecology and amino acid racemization studies.

Much like Louis Agassiz, Glenn came to geology via zoology. As a native of New Rochelle, New York, Glenn earned
his undergraduate degree in zoology from the University of Rhode Island in 1973. He later earned a Masters degree in
Evolutionary Biology from University of Chicago in 1978 and a PhD in zoology from the University of Florida in
1983. From 1983 to 1988 he worked as a post-doctoral fellow and research scientist in the Isotope Department at the
Weizmann Institute of Science in Israel, a top-ranking multidisciplinary research institution. His position there
changed to that of senior scientist in the then, renamed, Department of Environmental Sciences & Energy Research.
After returning to the USA, he became a Senior Research Associate in the Geophysical Laboratory of the Carnegie
Institution of Washington from 1990 to 1998 while also serving from 1993-1995 as an Adjunct faculty member at
Johns Hopkins in the Environmental Earth Sciences and Policy Program. In 1998, Glenn then joined the Department
of Earth and Environmental Sciences at George Washington University as a Research Professor until his death.

Glenn had published more than 40 scientific papers, not counting the ones he likely left unfinished on his computer
due to health problems in recent months. As a broad thinker in his work, he had collaborations with scientists across a
range of subdisciplines from taphonomy and paleontology to biogeochemistry. He is pictured below with Steven Jay
Gould just a month or so before Gould died last year.

Glenn Goodfriend (at left) with Steven Jay Gould about one month before Gould died last year (photo courtesy
of Bob Hazen, Carnegie Institute).

vii



Glenn most recently was the lead editor of a major volume on Perspectives in Amino Acid and Protein Geochemistry
(Goodfriend GA, Collins MJ, Fogel ML, Macko SA, Wehmiller JF, editors. 2000. New York: Oxford University
Press). At his untimely death, he had nearly $400,000 in funded grants from the National Science Foundation includ-
ing work on:

*  “Geochronology and paleoecology of eggshells in central Africa in the context of human evolution”

*  “Age mixing and taphonomy in Holocene shelf deposits, coastal Brazil”

*  “Evolution and ecology of Cerion, a land snail from the Bahamas” (in collaboration with Steven Jay Gould)

e “Measurement of absorbed amino acids on mineral surfaces and the selectivity of absorption of amino-acid enan-
tiomers”.

According to John Wehmiller, University of Delaware, the current plans are for several of Glenn’s colleagues, includ-
ing John, to carry on Glenn’s work and finish out the research he had started, something everyone is sure Glenn
would have wanted. What I will remember most about Glenn was his gift of sharing and his attention to scientific
detail. He allowed an eager senior honors student and I from the University of Massachusetts to pick his brain about
lab procedures for a few days in his Carnegie lab. He then took a few more days out of his industrious schedule to
visit me at the University of Massachusetts months later to follow up and help me troubleshoot a new lab instrument.

One of Glenn’s favorite hobbies included the tasting of fine wines. Having been more interested in quantity rather
than quality most of my life (a constant joke I had with him), I will never forget the night when Glenn, as a house
guest, presented my husband and I with a bottle of wine so classy that you actually had to filter it before you drank it.
On behalf of all of his many colleagues, let me summarize by saying that Glenn and his scientific creativity and con-
tributions will be sorely missed. Like a fine wine, he is gone too soon.

Glenn is survived by his father and stepmother, Morton and Teresa Goodfriend of Huntley, I1I.
Julie Brigham-Grette
Professor & Associate Department Head

Department of Geosciences
University of Massachusetts
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HIGH-PRECISION RADIOCARBON MEASUREMENTS OF CONTEMPORANEOUS
TREE-RING DATED WOOD FROM THE BRITISH ISLES AND NEW ZEALAND:
AD 1850-950

A G Hogg! * F G McCormac? * T F G Higham? ¢ P J Reimer* * M G L Baillie? * J G Palmer?

ABSTRACT. The University of Waikato, Hamilton, New Zealand and The Queen’s University of Belfast, Northern Ireland
radiocarbon dating laboratories have undertaken a series of high-precision measurements on decadal samples of dendrochro-
nologically dated oak (Quercus petraea) from Great Britain and cedar (Libocedrus bidwillii) and silver pine (Lagarostrobos
colensoi) from New Zealand. The results show an average hemispheric offset over the 900 yr of measurement of 40 + 13 yr.
This value is not constant but varies with a periodicity of about 130 yr. The Northern Hemisphere measurements confirm the
validity of the Pearson et al. (1986) calibration dataset.

INTRODUCTION

The radiocarbon ages of decadal (10 yr) samples of dendrochronologically dated wood from both
hemispheres spanning the AD 1850-950 interval have been measured to high-precision in the
Waikato and Belfast '“C laboratories. The decadal blocks of dendrochronologically dated oak (Quer-
cus petraea) from the British Isles and New Zealand cedar (Libocedrus bidwillii) and silver pine
(Lagarostrobos colensoi) from New Zealand were used to provide comparative measurements of the
14C content of the atmosphere in both hemispheres over a 900-yr period. This data also forms the
basis for a companion paper which recommends its use for calibration of Southern Hemisphere '“C
measurements (McCormac et al., this issue). The blocks of wood were pretreated to o-cellulose
(Hoper et al. 1997) thereby removing all mobile fractions, and the '“C dates for each were determined
by liquid scintillation counting of benzene (Hogg et al. 1987; McCormac 1992; McCormac et al.
1993; Higham and Hogg 1997). Given that the difference in AC between the hemispheres was
expected to be small, it was felt necessary, in experimental design, to replicate the oak, cedar, and
pine measurements in both laboratories, thereby creating 2 independent measurements of the offset
and, thus, negating the effects of individual laboratory bias on the value determined for the interhemi-
spheric offset. The results show a consistent “C depletion or older '“C ages in the Southern Hemi-
sphere over the period AD 950-1850. The results given here extend the Northern/Southern hemi-
sphere data sets from AD 1940 to 1720 presented in McCormac et al. (1998a, 1998b).

LABORATORY OFFSET

The 900 yr of data at decadal intervals allows us to determine the offset between the Waikato and Bel-
fast laboratories with some accuracy (Table 1). The Waikato and Belfast data sets show excellent
agreement with the Belfast—Waikato offset, being —4.5 yr for the British Isles oak series and —3.9 yr
for the New Zealand cedar/pine series. This offset compares very favorably with previous studies,
which resulted in offsets ranging from 10 to 21 yr (Table 2).

IRadiocarbon Dating Laboratory, University of Waikato, Private Bag 3105, Hamilton, New Zealand.
Corresponding author. Email: alan.hogg @waikato.ac.nz.
2School of Archaeology and Palaeoecology, The Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland.
30xford Radiocarbon Accelerator Unit, Oxford University, 6 Keble Rd, Oxford, OX1 3QJ, England.
4Center for Accelerator Mass Spectrometry L-397, Lawrence Livermore National Laboratory, PO Box 808, Livermore,
California 94550, USA.
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634 A G Hogg et al.

Table 1 Offsets between Belfast and Waikato measurements for the
interval AD 955-1945. o, is the average standard deviation based on
quoted laboratory errors and G, is the observed standard deviation in the
age difference. The error multiplier k = 6,/0;.

Samples Offset S1 S k N
Cedar/pine -39+25 253 23.6 0.9 100
Oak -45+2.6 25.9 243 0.9 100

Table 2 Laboratory '“C offsets on identical wood

Offset + G a5

Laboratories? Cal yrinterval ~ Trees N (C yr)
Belfast—Seattle® BC 7750-5260  German oak 181 10£2
Pretoria/Groningen—Seattle* BC 3910-1930  German oak 194 17+2
Heidelberg—Seattle® BC 7720-4080  German oak 128 213
Heidelberg—Seattle® BC 9670-8000  German pine 102 16+4
Belfast—Waikato AD 955-1945  British Isles oak 50 —45+2.6
Belfast—Waikato AD 955-1945  New Zealand cedar/pine 50 -39+25

aStuiver et al. 1998. Radiocarbon 40(3):1041-83, p 1045

NORTHERN HEMISPHERE MEASUREMENTS

Figure 1 shows the individual measurements from Waikato (Wk) and Belfast (UB) on decadal sam-
ples of oak from the British Isles for the period AD 950-1850 (see also Table 3). These measure-
ments essentially repeat, at higher temporal resolution, the Pearson et al. (1986, 1993) data pub-
lished in the '“C special calibration issues. The evolution of the Pearson data was a result of repeated
corrections, which were questioned by McCormac et al. (1995). Thus, the new data offer the oppor-
tunity to test which corrections are appropriate in light of changes made to the calibration data pub-
lished by Stuiver et al. (1998) and commonly known as INTCAL9S.

Decadal values of the new oak measurements were combined to form bi-decadal averages centered
on the intervals used by Pearson et al. (1986, 1993). The difference between the Pearson et al. (1986)
data and the new suite of 72 measurements made in Belfast is —7.5 + 2.8 yr with the new measure-
ments being slightly older. The Pearson et al. (1993) data, which is a corrected version of the Pear-
son et al. (1986) measurements, is 7.3 + 2.7 yr different from the new measurements. Although these
results are not conclusive, other evidence supports the consistency of the Pearson et al. (1986) data
(van der Plicht and McCormac 1995; van der Plicht et al. 1995).

A separate set of 7 sample pairs analyzed by the Belfast lab covering the period AD 610-730 gave
differences between the Pearson et al. (1986, 1993) data of —3.8 + 7.6 and 18.5 + 7.3, respectively.
In addition, a set of 8 University of Washington measurements of Irish oak from 505 to 655 BC
resulted in a 3.6 + 5.2 yr difference from the Pearson et al. 1986 results and —10.7 + 5.2 yr difference
from the 1993 dataset (Stuiver, personal communication 2002). We would therefore suggest that
future calibration data for the Northern Hemisphere incorporates Pearson et al. (1986) data for the
intervals beyond the range of data presented here.
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Figure 1 !'“C measurements on decadal samples of oak made in Queen’s University of Belfast and the
University of Waikato, New Zealand (AD 950-1850). AD 1855-1755 (Shane’s Castle, N. Ireland);
AD 1745-1505 (Sherwood Forest, England); AD 1495-1445 (Hillsborough Fort, N. Ireland);
AD 1435-1325 (Toome, N. Ireland); AD 1315-1195 (Blackwater, N. Ireland); AD 1185-995 (Trim
Castle, Ireland); AD 985-955 (Ballinderry, N. Ireland)

SOUTHERN HEMISPHERE MEASUREMENTS

Figure 2 shows the individual measurements from Waikato and Belfast on decadal samples of cedar
and silver pine covering the period AD 950-1850. These follow closely the temporal variations of the
oak measurements (Figure 1) and show again a very high degree of agreement between the measure-
ments made in the 2 laboratories. Because of the limited age range of available cedar, it was necessary
to change species to silver pine at AD 1405. The cedar trees grew in 2 sites in the middle of the North
Island of New Zealand (rings AD 1401-1720, Takapari Forest Park, 40°04’S, 175°59’E; rings AD
1721-1850, Hihitahi Forest Park, 39°32’S, 175°44’E), while the silver pines grew on the west coast
of the South Island (Oroko Swamp, 43°14’S, 170°17’E). Knox and McFadgen (2001) claim there is
a statistical difference between the North Island cedar data given in McCormac et al. (1998a) and the
South Island matai data given in Sparks et al. (1995) and, furthermore, suggest that the differences
might be the result of either geographic location or proximity to the intermittently active volcano,
Ruapehu. We consider it unlikely that volcanic emissions have affected the *C content of the cedar
wood (Rubin et al. 1987; Bruns et al. 1980), as Hihitahi Forest Park is 32 km away, and Takapari For-
est Park is 94 km away from the volcano. We have checked the consistency in A4C between silver
pine and Takapari Forest Park cedar by dating 5 wood samples of the same dendrochronological age
from both species. The results are shown in Table 4. The weighted mean difference between the 2
species is 9.4 + 7.6 yr based on 10 sample pairs. Using the student-t test for paired samples, there is
no difference between the measurements for cedar and silver pine at the 95% confidence level.



636 A G Hogg et al.

Table 3 Measurements on decadal samples of wood from the British Isles and New Zealand. Uncer-
tainties include both counting statistics and sample preparation. Cedar and pine measurements (C/P)
have been averaged over the interval AD 1405-1445. The SH offset is calculated from the average of
the difference in the New Zealand and British Isles measurements for each laboratory.

Year Wk C/P S13C Wk oak d13C Qub C/P d13C Qub oak S13C SH offset
AD (1“C BP) (%0) (4C BP) (%e) (CBP) (%e) (“CBP) (%0) (“Cyn)
955 1162 = 18 215 1100 = 18 258 1191 = 20 221 111 = 18 =259 71 == 19
965 1166 = 18 219 1116 =+ 18 251 1169 = 19 219 1134+ 18 -260 43 = 18
975 1157 = 18 220 1095 =+ 18 253 1149 = 17 223 1086 + 17 256 63 + 18
985 1165 = 18 217 1109 = 18 256 1119 = 17 219 1070 = 17 263 52 + 18
995 1051 = 18 221 1039 + 18 235 1105 = 19 221 1043 = 17 243 37 = 18
1005 1073 = 20 215 1046 = 20 232 1090 = 17 217 1064 = 17 -244 26 = 19
1015 1098 = 18 220 1082 =+ 18 229 1104 = 17 223 1056 = 17 -246 33 = 18
1025 1024 = 17 -21.7 990 =+ 17 -233 1072 = 19 -22.1 91 =+ 19 -232 55 == 18
1035 1008 += 16 219 95 + 16 233 1018 = 19 221 972 = 19 236 44 + 18
1045 1001 += 17 =219 929 + 18 234 1017 = 17 222 1006 =+ 17 238 41 = 17
1055 964 + 20 -219 916 + 18 -239 919 = 19 -224 886 =+ 19 244 40 = 19
1065 971 + 20 218 929 + 20 -239 983 + 20 221 928 + 20 -246 49 = 20
1075 949 + 20 218 921 = 20 -237 956 = 20 221 909 =+ 20 -238 38 = 20
1085 99 + 20 -222 959 + 18 -239 1001 =+ 17 -22.1 973 + 17 -238 32 =+ 18
1095 1003 = 20 219 929 + 20 238 1019 = 18 224 97 =+ 18 241 62 = 19
1105 1001 += 15 221 947 = 16 -233 1000 = 18  -222 958 + 20 241 49 = 17
1115 977 += 18 -219 964 = 18 -233 1001 = 19 -219 977 = 18 241 18 =+ 18
1125 982 + 20 216 922 + 18 234 1022 = 18 -219 943 = 20 -236 70 = 19
1135 971 = 18 215 956 + 18 250 1008 =+ 16 217 928 =+ 16 250 51 = 17
1145 966 =+ 18 218 928 + 18 254 99 =+ 16 -22.1 951 =+ 16 -258 42 = 17
1155 91 =+ 18 -220 918 + 18 255 937 = 16 -2238 911 + 16 =255 34 == 17
1165 927 + 17 -22.1 891 =+ 17 260 906 = 18 -226 901 =+ 18 256 21 = 18
1175 931 + 16 -220 877 = 16 254 950 = 17 224 872 + 17 255 65 = 17
1185 912 + 16 -220 870 = 16 241 87 = 17 -222 819 + 17 250 54 = 17
1195 930 + 18 222 883 =+ 18 267 87 == 20 226 834 + 20 271 41 = 19
1205 913 = 17 220 867 =+ 17 265 8% == 18 227 872 + 18 -26.7 36 = 138
1215 883 =+ 18 219 842 + 18 267 883 = 20 224 848 + 20 -26.6 38 = 19
1225 843 = 18 217 7714 = 18 261 846 =+ 18 221 794 = 18 266 61 = 18
1235 820 =+ 17 -215 807 =+ 17 269 818 = 20 221 813 + 20 269 10 = 19
1245 849 =+ 17 -220 797 £ 18 263 795 = 19 224 797 + 18 268 26 = 18
1255 848 =+ 18 213 816 = 18 260 838 = 17 216 782 = 17 -265 45 = 138
1265 811 = 18 215 775 = 18 261 850 = 17 218 768 + 17 267 60 =+ 18
1275 781 + 20 217 734 + 20 -263 809 = 19 217 726 = 19 262 66 = 20
1285 755 = 18 218 674 = 18 264 753 += 20 216 684 + 16 268 75 = 18
1295 722 + 18 218 660 = 18 264 722 + 18 217 665 =+ 18 265 60 = 18
1305 707 + 18 -21.8 639 + 20 -260 678 x 18 -216 650 = 18 262 47 = 19
1315 693 + 18 216 603 = 18 264 695 = 14 218 618 =+ 15 263 82 =+ 16
1325 632 + 18 215 560 = 17 262 646 = 18 220 582 = 20 264 68 =+ 18
1335 632 + 18 -21.1 596 + 18 261 649 = 18 214 577 += 14 270 56 = 17
1345 658 + 17 216 583 £ 17 266 638 = 17  -21.8 598 + 17 264 58 = 17
1355 675 = 17 212 596 = 17 266 686 = 17 212 599 = 18 263 83 = 17
1365 707 + 18 213 649 + 18 266 708 = 18 212 652 + 19 265 57 = 18
1375 710 = 18 218 660 = 18 264 722 = 19 214 660 =+ 19 262 56 = 19
1385 676 + 18 213 623 + 18 263 669 = 19 215 651 =+ 19 -263 36 x 19
1395 624 + 18 -214 588 + 18 264 629 = 21 -219 574 = 19 264 44 = 19
1405 592 = 13 221/ 556 = 18 260 583 = 13 _222/- 577 = 12 251 18 = 14
-21.3 21.1
1415 552 = 13 -22.1/ 536 = 18 259 574 =+ 12 -22.1/- 539 + 18 260 26 == 16

-214 215
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Table 3 Measurements on decadal samples of wood from the British Isles and New Zealand. Uncer-
tainties include both counting statistics and sample preparation. Cedar and pine measurements (C/P)
have been averaged over the interval AD 1405-1445. The SH offset is calculated from the average of
the difference in the New Zealand and British Isles measurements for each laboratory. (Continued)

Year Wk C/P d13C Wk oak d3C Qub C/P d3C Qub oak d13C SH offset
AD (1%C BP) (%0) (“CBP) (%0) (“CBP) (%0) (“CBP) (%0) (MCyn
1425 543 = 13 -22.0/ 499 =+ 18 -257 547 =+ 13 -22.3/ 511 = 19 =260 40 = 16
214 -21.7
1435 524+ 13 222/ 488 = 17 260 526 = 12 2272/ 484 = 17 -262 39 = 15
-21.3 -21.6
1445 492 x 13 220/ 457 = 20 266 506 = 13 220/ 463 =+ 23 -262 38 = 18
-21.1 21.6
1455 455 = 17 =219 377 = 17 261 455 = 17 230 415 = 21 258 61 = 18
1465 408 = 17 220 375 = 17 257 409 = 17 222 397 =+ 18 258 23 = 17
1475 435 = 18 215 367 = 17 253 424 = 20 231 350 + 19 251 71 = 19
1485 405 = 17 =218 363 £ 17 250 402 + 17 223 384 + 20 254 31 = 18
1495 401 = 18 221 359 = 18 254 417 = 18 -227 339 = 21 256 59 = 19
1505 380 = 17 -220 350 £ 17 246 374 + 18 223 327 =+ 18 -247 38 = 18
1515 338 = 17 -219 346 £ 17 250 349 + 18 221 325 + 18 249 7 = 18
1525 352 = 17 217 305 £ 18 249 336 = 18  -22.1 328 =+ 18 253 28 = 18
1535 362 = 17 215 333 £ 17 248 317 = 19 221 298 + 19 248 25 = 18
1545 359 = 18  -215 301 = 17 246 344 = 19 224 335 = 19 253 36 = 18
1555 361 = 18 214 333 £+ 18 248 368 = 18 216 308 + 18 254 44 = 18
1565 348 + 18  -21.0 335 £ 18 248 355 + 16 -21.1 299 x 16 251 37 = 17
1575 381 = 17 208 341 = 17 250 335 = 18 210 329 =+ 18 252 24 = 18
1585 380 = 17 -208 325 = 17 245 344 = 19 -208 314 = 18 249 44 =+ 18
1595 397 = 17 207 369 + 18 247 377 = 19 211 372+ 18 245 17 = 18
1605 414 = 17 205 346 = 17 248 391 = 18  -21.1 328 + 18 249 66 = 18
1615 391 = 17 -208 355 + 17 249 378 = 18 210 323 = 17 251 45 = 17
1625 369 = 17 207 355 £ 17 253 323 = 17 211 286 =+ 17 253 26 = 17
1635 350 = 17 205 323 £ 17 251 303 = 17 208 299+ 17 -252 16 = 17
1645 311 = 18 208 274 £ 18 249 284 = 17 208 250 = 17 -256 35 = 18
1655 260 + 18 —20.8 233 + 18 248 238 = 16 -210 232 = 17 253 16 = 17
1665 237 + 18 202 206 + 21 -24.7 261 = 16 -20.6 224 + 19 249 34 =+ 19
1675 212 = 18 -200 185 = 20 246 205 = 17 207 184 = 20 257 24 = 19
1685 198 = 18 —20.0 169 + 18 -250 18 = 21  -204 120 = 20 257 46 = 19
1695 147 = 18 —20.1 93 + 18 257 167 = 20 208 117 = 19 -258 52 = 19
1705 155 = 21 -199 113 £ 21 249 136 = 20 204 126 = 19 -254 25 = 20
1715 122 = 17 =205 115 = 21 246 129 = 16 -210 58 + 16 -251 45 = 18
1725 162 = 20 -19.7 130 = 20 245 135 = 19 207 135 = 20 252 16 = 20
1735 213 = 19 -197 184 £ 20 245 194 = 20 202 167 = 21 258 28 = 20
1745 232+ 19 -198 208 £ 19 245 224 = 19 204 200 = 20 252 24 = 19
1755 224 + 18 -19.8 208 + 18 238 249 = 19 205 161 = 18 246 51 = 18
1765 248 = 20 -19.8 208 £ 20 236 203 = 18 205 184 = 18 238 28 = 19
1775 218 = 19 -195 197 £ 18 235 192 = 18 203 170 = 18 242 22 x 18
1785 246 = 19 -198 226 + 20 233 234 = 18 202 209 + 18 236 23 = 19
1795 242 = 20 -200 212 £ 20 236 230 = 18 205 208 = 20 237 26 = 20
1805 176 + 19 -19.7 124 £ 20 240 164 = 19 202 121 = 19 -238 47 = 19
1815 129 = 20 -199 121 = 20 232 154 = 19 203 134 = 19 237 14 = 20
1825 140 = 20 —20.1 104 £ 19 234 151 = 19 209 110 = 20 219 39 = 20
1835 141 = 18 -197 112 £ 18 235 159 = 20 204 91 £ 20 239 46 = 19
1845 165 = 20 -198 144 £ 20 239 146 = 20 202 130 = 21 245 19 = 20
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Figure 2 '“C measurements on decadal samples of cedar and silver pine made in Queen’s Univer-
sity of Belfast and the University of Waikato, New Zealand; (cedar AD 1405-1855; Hihitahi &
Takapari Forest Parks, North Island, New Zealand; silver pine AD 955-1455, Oroko Swamp, South
Island, New Zealand)
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Table 4 '“C measurements on the overlap between cedar and silver pine
(AD 1405-1455)

Cedar Silver pine

Year Lab 14C BP 14C BP Difference

1405 Wk 584 = 16 602 == 16 18 = 226
1415 Wk 550 = 16 554 =+ 16 4 = 226
1425 Wk 5499 + 16 537 =+ 16 -12 += 226
1435 Wk 515 = 16 533 =+ 16 18 = 226
1445 Wk 477 = 16 506 =+ 16 29 = 226
1405 UB 577 = 21 587 =+ 17 10 = 270
1415 UB 569 = 17 580 =+ 18 11 = 248
1425 UB 553 + 17 538 = 20 -15 = 26.2
1435 UB 519 = 17 533 =+ 17 14 = 240
1445 UB 500 = 17 513 = 20 13 = 262

The combined measurements from the 2 laboratories on wood from the Southern and Northern
Hemispheres are shown in Figure 3. The fact that the Southern Hemisphere measurements give
older dates is clearly visible. The average value for the hemispheric offset over the 900 yr of mea-
surement is 40 + 13 yr. However, careful analysis shows that this value is not constant through time,
but varies with a periodicity of about 130 yr. McCormac et al. (this issue), deals more thoroughly
with this and make specific recommendations for the use of the data to calibrate 4C ages.
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Figure 3 Comparison of combined !“C dates of Southern and Northern Hemisphere wood measured
by QUB and Waikato

CONCLUSIONS

Two sets of 1“C measurements on decadal samples of oak, cedar, and silver pine are presented cov-
ering the period AD 950-1850. The offset between the Waikato and Belfast laboratories is signifi-
cantly lower than corresponding offsets presented in other studies. The Northern Hemisphere mea-
surements confirm the validity of the Pearson et al. (1986) data and suggest its use in future
calibration work.
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CALIBRATION OF THE RADIOCARBON TIME SCALE FOR THE SOUTHERN
HEMISPHERE: AD 1850-950

F G McCormac'? « P J Reimer? ¢ A G Hogg* « T F G Higham® « M G L Baillie! « J Palmer! »
M Stuiver®

ABSTRACT. We have conducted a series of radiocarbon measurements on decadal samples of dendrochronologically dated
wood from both hemispheres, spanning 1000 years (McCormac et al. 1998; Hogg et al. this issue). Using the data presented
in Hogg et al., we show that during the period AD 950-1850 the '“C offset between the hemispheres is not constant, but varies
periodically (~130 yr periodicity) with amplitudes varying between 1 and 10%o (i.e. 8—80 yr), with a consequent effect on the
14C calibration of material from the Southern Hemisphere. A large increase in the offset occurs between AD 1245 and 1355.
In this paper, we present a Southern Hemisphere high-precision calibration data set (SHCal02) that comprises measurements
from New Zealand, Chile, and South Africa. This data, and a new value of 41 + 14 yr for correction of the IntCal98 data for
the period outside the range given here, is proposed for use in calibrating Southern Hemisphere 'C dates.

INTRODUCTION

Regional radiocarbon offsets have been recognized in the past. Lerman et al. (1970), using wood
from about AD 1835, showed that trees from the Southern Hemisphere dated older by approxi-
mately 30 (C) yr compared to identically aged Northern Hemisphere trees. More recently, Vogel et
al. (1993) measured a 40-yr offset between hemispheres comparing data from the Netherlands and
South Africa (wood spanning the yr AD 1835-1890). McCormac et al. (1998) measured hemi-
spheric differences of 27 yr (British Isles/New Zealand; 18th to 19th century) and Stuiver and Bra-
ziunas (1998) measured differences of 23 yr (Western US/Chile; 19th century). Accepted theory
attributes the difference to the influence of the larger expanse of ocean in the Southern Hemisphere
and the atmosphere-ocean CO, exchange. Thus, “C is not uniformly distributed throughout the tro-
posphere but exhibits hemispheric differences as observed in terrigenous organic material. The
long-term question has been, do these differences vary temporally?

Small differences in the dates of wood from different locations are extremely difficult to detect. If
wood from different regions is measured in different laboratories, then small systematic differences
between laboratories can easily mask any signal that may exist (McCormac et al. 1995). For this rea-
son, we have measured replicates of the oak (Quercus petraea), cedar (Libocedrus bidwillii), and sil-
ver pine (Lagarostrobos colensoi) at the Queen’s University of Belfast and The University of
Waikato, New Zealand '“C dating laboratories Hogg et al. (this issue). Weighted means of the dif-
ferences in the wood measurements show consistent 4C depletion or older '“C ages in the Southern
Hemisphere over the period AD 950-1850. After these dates, i.e. in the period AD 1895-1935, the
results from both laboratories show a reversal such that the Northern Hemisphere is slightly
depleted. This reversal has been previously attributed to the burning of fossil fuel in the industrial-
ized Northern Hemisphere (McCormac et al. 1998; Stuiver and Braziunas 1998).

In Figure 1, the mean differences of the data from Hogg et al. (SH offset) are plotted along with a 3-
point moving average. A 120-130 yr periodicity with varying amplitude is clearly visible in the 3-
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point moving average. This periodicity is well above the red noise 95% confidence limit in the Fou-
rier spectral analysis (Mitchell et al. 1966) (Figure 2) and was confirmed as one of the principle
components of variation in the NS offset using singular spectrum analysis (Dettinger et al. 1995;
Vautard et al. 1992). Spectral analysis was carried out on the data excluding the period before AD
1400 and the 120-130 yr periodicity persisted. A large increase in the SH offset is seen between AD
1245 and 1355.
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Figure 1 Difference between combined Southern and Northern Hemisphere measurements with a
3-point moving average superimposed

Previous work to establish the Southern Hemispheric offset has produced several high-precision
datasets (Vogel et al. 1993; Sparks et al. 1995; Stuiver and Braziunas 1998). Although some of these
datasets are based on ring-counted sequences rather than precise dendrochronological dates, we
compared these results from the high-precision laboratories at the Universities of Washington (QL),
Pretoria and Groningen (Pta/Grn), and the Rafter Radiocarbon Laboratory (NZ) with the combined
measurements from Belfast and Waikato. The University of Washington data from Chile (previously
published in graphical form in Stuiver and Braziunas 1998) is given in Table 1. The other data has
been published previously. The offsets between the laboratories are shown in Table 2. There is a
high level of agreement between our dataset and the QL and Pta/Grn measurements in terms of both
the mean offset values and the spread of measurements. The mean offset value with the NZ mea-
surements is larger especially for the period from AD 1335-1445. The NZ measurements were
therefore not included in the Southern Hemisphere calibration dataset.

The combined Southern Hemisphere data are given in Table 3. Data have been combined by the
method used for IntCal98 and described in Stuiver et al. (1998). The error multiplier (k) is a conve-
nient measure of the degree to which the errors in measurement have been accounted for (Stuiver
and Pearson 1986) with a value of 1.0 indicating that all sources of error in the measurements have
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Figure 2 Spectral analysis of the difference between Northern and Southern Hemisphere measure-
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moving average. The 95% red noise confidence level is indicated by the dashed line.
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been included, whereas values below 1.0 indicate an overestimate of the error. An error multiplier
of 1.2 was used for the combined data from 1665 to 1955 based on the largest k value obtained for
the differences between labs (Table 2). No error multiplier was applied to the data prior to 1665 as
the k values indicate overestimates of the uncertainty were included in the Belfast and Waikato
datasets. Taking the SH offset determined by subtracting the data in Table 3 from IntCal98 (Figure
3), we obtain a mean offset of 41 + 1 yr with a standard deviation based on the spread in the differ-
ences of +14. This value is similar to that found by Vogel et al. (1993), but encompasses a much
longer time span. The offset may be used as a correction for Southern Hemisphere 4C measure-
ments beyond the range of the new data; however, past changes in the ocean-atmosphere regime
could and will almost certainly have altered the inter-hemispheric difference in 4C reservoirs espe-
cially beyond the Holocene. We therefore would suggest using this offset for Holocene samples only
and recommend the use of the standard deviation of £14 to encompass the time variation we observe
over the last millennium.

DISCUSSION

The ocean effect on atmospheric '“C gradients has previously been modelled (Stuiver and Braziunas
1998; Levin et al. 1987; Braziunas et al. 1995). The relative depletion of '“C in the Southern Hemi-
sphere atmosphere before 1885 can be attributed to the differences in ocean circulation and CO,
exchange between ocean and atmosphere in the 2 hemispheres. In the Southern Ocean, surface
ocean '“C is low, reflecting the exposure of old, deep waters at the surface. While there is a similar
but smaller depletion of '#C in the North Pacific, the “C in North Atlantic surface waters remains
high reflecting their origins in low latitudes and longer exposure time to the atmosphere. We used a
2-hemisphere ocean-atmosphere box diffusion model with our Northern Hemispheric 4C record as
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input to identify possible causes of the increased SH offset for this period. We found that, by using
the original parameters of Stuiver and Braziunas (1998), the model Southern Hemisphere atmo-
sphere fit the data exceeding well from AD 1400 to 1840, but was less depleted than the 4C values
of the preceding period. Increases in the air-sea CO, exchange rate and the eddy diffusivity did not
significantly alter the model output. Addition of an advection to the deep ocean and the subsequent
replacement by upwelling in the Southern Hemisphere or an increase in the tropospheric exchange
rate for the period AD 1200-1400 improved the fit considerably. This modelling work and discus-
sion of the periodicity in the SH offset is expanded in the forthcoming paper by Reimer et al.

Table 1 Measurements on Chilean wood samples (Notofagus dombeyi) at
the University of Washington. Uncertainties are based on counting statis-
tics. 14C ages are not given for samples later than AD 1958, after which
14C from nuclear testing makes '“C ages meaningless.

Year AD  Number d13C
(midpoint)  of rings l4C (BP) AMC (%0) (%0)
1665 10 271 = 17 08 = 21 =246
1671.5 3 205 = 20 83 = 25 =240
1674.5 3 219 + 13 61 = 1.7 =240
1677 2 200 = 10 82 =+ 13 =239
1679 2 192 = 13 90 = 1.6 =236
1681 2 178 = 13 105 = 17 =234
1683 2 177 = 13 104 = 16 =233
1685 2 171 = 15 108 = 19 =232
1687 2 196 =+ 13 75 = 1.6 =239
1688.5 5 163 = 15 115 = 19 =250
1689 2 172 = 15 103 = 19 =241
1691 2 165 = 15 109 = 19 =237
1692.5 1 173 = 20 98 = 2.6 237
1693.5 1 185 =+ 10 81 = 12 234
1694.5 1 135 = 17 142 =+ 21 =230
1695.5 1 18 + 14 74 = 1.8 =233
1696.5 1 159 = 9 11.0 = 12 =235
1697.5 1 161 =+ 13 107 = 16 =233
1698.5 1 177 = 13 85 = 16 232
1698.5 5 154 + 10 113 = 13 =244
1699.5 1 156 + 14 11.0 = 18 =233
1700.5 1 1499 = 9 11.8 = 12 234
1701.5 1 154 =+ 13 111 = 16 234
1702.5 1 151 = 14 112 = 18 =232
1703.5 1 152 = 13 11.0 = 16 228
1703.5 5 141 =+ 11 125 = 14 =242
1705 2 167 = 9 89 =+ 1.1 =230
1706.5 1 1388 = 9 124 + 1.1 =229
1707.5 1 149 =+ 13 109 = 17 =222
1708.5 1 178 + 10 72 = 13 227
1708.5 5 146 =+ 17 11.1 = 2.1 =240
1709.5 1 154 + 10 100 = 12 =231
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the University of Washington. Uncertainties are based on counting statis-
tics. 14C ages are not given for samples later than AD 1958, after which
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14C from nuclear testing makes '“C ages meaningless. (Continued)

Year AD  Number d13C
(midpoint)  of rings l4C (BP) AYMC (%o) (%0)
1710.5 1 145 =+ 13 111 = 16 =228
1711.5 1 144 =+ 15 111 = 18 =228
1712.5 1 140 = 13 114 = 16 =228
1713.5 1 149 =+ 15 101 = 1.8 =230
1713.5 5 149 =+ 15 102 = 19 =243
1714.5 1 136 = 13 11.7 = 16 =229
1715.5 1 127 + 7 127 = 09 =231
1716.5 1 144 =+ 8 105 = 1.1 -=23.0
1717.5 1 137 + 14 112 = 1.7 =231
1718.5 1 145 =+ 14 100 = 1.7 =227
1719.5 1 134 = 14 113 = 1.8 =223
1720.5 1 155 = 14 85 = 1.7 =216
1723 4 169 = 14 65 = 17 =223
1727.5 5 169 = 11 60 = 14 =228
1732.5 5 203 = 15 1.1 = 18 =220
1737.5 5 202 = 14 06 = 17 =21.7
1742.5 5 215 = 14 -1.7 = 1.7 =220
1747.5 5 215 = 14 =21 = 1.8 =218
1752.5 5 236 + 14 =54 == 1.7 =219
1757.5 5 190 = 14 -03 =+ 1.8 =220
1762.5 5 213 = 14 =37 =+ 1.7 =223
1767.5 5 235 = 14 =71 = 1.7 =218
1772.5 5 243 + 14 -87 = 1.7 =220
1773 5 206 = 12 41 == 15 =220
1776.5 3 207 = 10 -47 =+ 13 =215
1779 2 212 = 9 =56 =+ 1.1 =21.7
1781 2 224 + 14 =74 =+ 1.7 =215
1783 2 223 = 10 + -21.6
1785 2 208 = 15 -59 =+ 1.8 =212
1787 2 242 = 12 -103 = 14 =209
1789 2 226 = 15 -86 =+ 1.8 -=21.1
1791 2 253 = 14 -122 = 18 =21.1
1793 2 267 = 15 -141 = 1.8 =213
1795 2 224 = 10 -91 =+ 12 =213
1797 2 240 = 15 -113 = 1.8 =208
1799 2 198 = 11 -63 = 14 =206
1801 2 193 = 10 -60 == 12 -=21.1
1803 2 165 = 15 =27 =+ 1.8 =215
1804.5 1 170 = 14 -35 =+ 1.7 =215
1805.5 1 173 = 14 -40 =+ 1.8 =213
1807 2 185 = 14 =57 == 1.7 =216
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Table 1 Measurements on Chilean wood samples (Notofagus dombeyi) at
the University of Washington. Uncertainties are based on counting statis-
tics. 14C ages are not given for samples later than AD 1958, after which
14C from nuclear testing makes “C ages meaningless. (Continued)

Year AD  Number d13C
(midpoint)  of rings l4C (BP) AYMC (%o) (%0)
1809 2 160 = 12 28 = 14 =209
1810.5 1 149 =+ 16 -1.6 = 20 =211
1811.5 1 136 = 14 -01 = 1.7 -=21.1
1812.5 1 134 + 14 00 = 1.8 =212
1814 2 156 =+ 13 29 =+ 17 =206
1815.5 1 142 + 14 -13 + 17 =208
1816.5 1 131 = 14 -0.1 == 17 =207
1817.5 1 120 = 13 1.2 = 1.7 -=-20.7
1819.5 3 97 =+ 14 38 = 1.7 =209
1824 2 104 = 13 23 = 16 =216
1828 5 107 = 14 1.5 = 18 =218
1833 5 143 = 11 -36 =+ 13 =215
1838 5 156 = 13 -58 = 16 =212
1843 5 164 = 10 =73 = 12 =215
1847.5 5 170 = 14 -86 =+ 1.7 -21.8
1850.5 3 148 = 9 -64 = 1.1 =222
1853.5 3 132 = 15 -46 = 19 =226
1856.5 3 142 = 15 -63 = 1.8 =222
1862.5 3 110 = 14 -30 == 1.8 =226
1865.5 3 129 = 11 -58 =+ 13 =227
1868.5 3 119 = 14 -49 =+ 1.8 =227
1871.5 3 144 = 14 -84 = 1.7 =226
1874.5 3 169 = 10 -11.7 = 12 =225
1877.5 3 136 = 15 -8.1 =+ 1.8 -228
1880.5 3 134 = 14 -8.1 =+ 1.8 =231
1883.5 3 135 = 15 -87 =+ 1.8 =229
1886.5 3 115 = 15 -65 =+ 1.8 =229
1889.5 3 121 = 15 =77 = 1.8 =23.0
1898 5 110 = 10 -74 = 13 =214
1903 5 146 = 9 -124 = 10 =212
1908 5 133 = 10 -114 = 12 =21.1
1913 5 147 = 8 -137 = 10 -=20.6
1918 5 125 = 14 -11.6 = 1.8 =20.7
1923 5 133 = 14 -132 = 1.8 =20.0
1928 5 123 = 14 -126 = 1.8 =202
1933 5 158 = 14 -175 = 1.8 =20.7
1938 5 146 = 14 -166 = 1.7 =204
1943 5 162 = 14 -191 = 1.7 =206
1948 5 164 = 15 -200 = 1.8 =213
1953 5 177 = 15 -22.1 = 1.8 =208
1958 5 187 = 15 -240 = 18 =209
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Table 1 Measurements on Chilean wood samples (Notofagus dombeyi) at
the University of Washington. Uncertainties are based on counting statis-
tics. 14C ages are not given for samples later than AD 1958, after which
14C from nuclear testing makes '“C ages meaningless. (Continued)

Year AD
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Figure 3 Comparison of the combined Southern Hemisphere datasets with IntCal
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Table 2 Offsets between high-precision Southern Hemispheric datasets. ©; is the average stan-
dard deviation based on quoted laboratory errors and G, is the observed standard deviation in the
age difference. The error multiplier k = 6,/0;.

Laboratories Offset S] Sy k N Interval

UB - Wk -39x25 253 236 09 100 AD 955-1945
UB/Wk average — UW 55+28 155 183 1.2 29 AD 1665-1945
UB/Wk average —Pta/Grn =~ 1.4 +57 154 12.1 0.8 7 AD 1835-1895
UB/Wk average — NZ 162+35 231 313 14 41 AD 1335-1745
UB/Wk average — NZ 302+6.6 231 268 1.2 12 AD 1335-1445
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Table 3 Combined Southern Hemisphere data from
New Zealand, Chile, and South Africa (SHCal02)
covering the period AD 955-1955. An error multi-
plier of 1.2 was applied to the uncertainties from
1665—-1955, whereas no additional error term was
included prior to this.

Year AD AMC (%o0) l4C BP
955 =256 =+ 17 1175 =+ 13
965 258 + 16 1167 =+ 13
975 =252 = 15 1153 =+ 12
985 249 =+ 15 1141 == 12
995 -183 + 16 1077 =+ 13

1005 -203 = 16 1083 =+ 13

1015 =237 = 15 1101 == 12

1025 —-181 =+ 16 1045 =+ 13

1035 152 = 1.6 1012 =+ 12

1045 -16.0 = 1.5 1009 =+ 12

1055 -88 =+ 1.7 9240 =+ 14

1065 145 += 1.8 977 = 14

1075 -12.6 += 1.8 953 = 14

1085 -195 =+ 1.6 999 =+ 13

1095 -223 = 1.7 1012 =+ 14

1105 -22.1 = 1.5 1001 == 12

1115 -21.8 += 1.6 988 =+ 13

1125 249 =+ 1.7 1004 =+ 14

1135 246 = 1.5 992 =+ 12

1145 247 =+ 1.5 983 =+ 12

1155 -21.6 = 1.5 948 =+ 12

1165 -19.0 = 1.5 917 =+ 12

1175 230 = 1.5 9240 =+ 12

1185 -193 =+ 1.5 900 =+ 12

1195 -20.7 = 1.7 902 =+ 14

1205 223 = 1.5 9205 =+ 12

1215 -20.8 += 1.7 883 =+ 14

1225 -173 = 1.6 845 + 13

1235 154 + 1.6 819 += 13

1245 -173 += 1.6 825 =+ 13

1255 -20.6 = 1.5 843 + 12

1265 204 =+ 1.5 832 + 12

1275 -17.3 = 1.7 796 = 14

1285 -133 += 1.7 754 = 14

1295 -10.6 = 1.6 722 = 13

1305 -81 = 16 693 =+ 13

1315 96 =+ 14 694 =+ 11

1325 -39 + 16 639 =+ 13

1335 =53 = 16 641 =+ 13

1345 =75 = 15 648 = 12



Table 3 Combined Southern Hemisphere data from
New Zealand, Chile, and South Africa (SHCal02)
covering the period AD 955-1955. An error multi-
plier of 1.2 was applied to the uncertainties from
1665—-1955, whereas no additional error term was
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included prior to this. (Continued)

Year AD AMC (%0) l4C BP
1355 -12.7 = 1.5 681 = 12
1365 -172 += 1.6 708 = 13
1375 -193 =+ 1.6 716 =+ 13
1385 153 += 1.6 673 = 13
1395 -10.7 = 1.7 626 = 14
1405 72 = 12 587 = 9
1415 =55 = 1.1 564 = 9
1425 43 += 1.1 545 = 9
1435 =31 = 1.1 525 £ 9
1445 09 =+ 1.1 498 = 9
1455 32 = 15 455 = 12
1465 78 = 15 409 = 12
1475 39 = 1.7 430 = 14
1485 60 = 15 404 = 12
1495 41 = 1.6 409 = 13
1505 69 = 15 377 = 12
1515 99 =+ 15 343 = 12
1525 86 = 1.5 345 = 12
1535 77 = 16 342 = 13
1545 52 = 16 352 =+ 13
1555 24 = 16 365 = 13
1565 28 = 15 352 = 12
1575 06 = 15 35 = 12
1585 -12 += 16 364 + 13
1595 -54 =+ 16 388+ 13
1605 -84 =+ 15 403 = 12
1615 74 =+ 15 385 = 12
1625 -38 + 15 36 = 12
1635 =25 = 15 327 = 12
1645 00 = 15 297 = 12
1655 49 =+ 15 248 = 12
1665 25 = 15 257 = 12
1675 78 = 09 204 = 7
1685 97 = 038 179 += 6
1695 103 = 0.6 165 = 5
1705 10.7 = 0.5 153 = 4
1715 114 += 05 138 =+ 4
1725 73 = 1.0 161 =+ 8
1735 08 = 12 203 = 10
1745 25 = 12 220 = 10
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Table 3 Combined Southern Hemisphere data from
New Zealand, Chile, and South Africa (SHCal02)
covering the period AD 955-1955. An error multi-
plier of 1.2 was applied to the uncertainties from
1665—-1955, whereas no additional error term was
included prior to this. (Continued)

Year AD AMC (%0) l4C BP
1755 40 = 12 222 = 10
1765 54 = 12 224 = 10
1775 =53 = 07 212 = 6
1785 -88 = 08 232 = 6
1795 -10.0 = 0.8 231 = 6
1805 42 += 0.7 175 = 6
1815 02 = 07 134 = 6
1825 03 = 12 118 = 9
1835 46 = 09 148 + 7
1845 -65 = 09 154 =+« 7
1855 7.1 = 07 150 = 6
1865 -82 = 08 148 + 6
1875 -104 += 0.6 156 = 5
1885 99 =+ 07 142 + 6
1895 -84 = 09 119 = 7
1905 -11.6 = 0.8 137 = 7
1915 -12.6 = 09 136 + 8
1925 -148 + 1.2 144 =+ 10
1935 -173 = 1.2 155 = 10
1945 -20.7 = 12 173 = 10
1955 221 = 22 177 = 17

CONCLUSIONS

A comparison between 2 sets of '4C measurements on decadal samples of oak, cedar, and silver pine
is presented covering the period AD 955-1845. The results show a periodicity in the offset of about
130 yr with a large change in amplitude centered around AD 1300.

We propose the use of the Southern Hemisphere data presented in Table 3 for calibrating samples
from the Southern Hemisphere over the 2nd millennium AD. On the basis of the difference between
this and IntCal98, we suggest that the Southern Hemisphere offset value that should be used for cal-
ibration prior to AD 955 is 41 % 14. The '“C calibration program CALIB at www.calib.org includes
the new Southern Hemisphere data set and provides the option to calibrate Holocene Southern
Hemisphere data before AD 955 using the new recommended offset.

While our model study is still in the preliminary stages, it does point out that increased upwelling in
the Southern Ocean, caused by either increased deep water formation there or in the North Atlantic,
could be responsible for the increased difference in atmospheric “C around AD 1300-1400. What-
ever the cause of the variation in the inter-hemispheric difference, correction of Southern Hemi-
spheric “C ages with a constant offset could result in an error of up to 50 yr.
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PRELIMINARY REPORT OF THE FIRST WORKSHOP OF THE INTCALO04
RADIOCARBON CALIBRATION/COMPARISON WORKING GROUP
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ABSTRACT. The first meeting of the IntCal04 working group took place at Queen’s University Belfast from April 15 to 17,
2002. The participants are listed as co-authors of this report. The meeting considered criteria for the acceptance of data into
the next official calibration dataset, the importance of including reliable estimates of uncertainty in both the radiocarbon ages
and the cal ages, and potential methods for combining datasets. This preliminary report summarizes the criteria that were dis-
cussed, but does not yet give specific recommendations for inclusion or exclusion of individual datasets.

INTRODUCTION

Calibrated radiocarbon ages are the basis for comparison between many records in paleoclimatalog-
ical, geophysical, and archaeological studies. It is, therefore, necessary to have a standard '“C cali-
bration dataset for intercomparisons to be valid. The *C community has recognized this need and
hence has adopted an international standard for calibration, most recently IntCal98 (Stuiver et al.
1998a), which was ratified at the 16th International Radiocarbon Conference in Groningen (van der
Plicht and Mook 1998). The importance of the quality of the dataset used for calibration cannot be
overstated. As new data become available, careful consideration must be given to whether or not
they should be included in the official calibration dataset. A balance must be maintained between
accepting only true “calibration” datasets (i.e. those where the age on the cal axis is known very pre-
cisely such as dendrochronological dated tree rings and U/Th dated pristine corals) and incorporat-
ing all available datasets. A conservative approach has been followed in the past to avoid inclusion
of datasets with potential errors in the cal ages or other underlying assumptions. While this means
that some information about the details of the calibration dataset may be unavailable, the conserva-
tive approach assures that general trends are reliable. Therefore, we are advocating such a conserva-
tive approach for IntCal in the future.
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CRITERIA FOR ACCEPTANCE FOR CALIBRATION AND COMPARISON DATASETS

In general, for acceptance into the IntCal compilation, an individual dataset must pass certain crite-
ria that depend on the type of record and measurements made. In all cases, uncertainties in both the
14C age and the cal age must be quantified. A review of the datasets included in the IntCal98 calibra-
tion dataset and discussion of some problems with various “comparison” datasets are given by van
der Plicht (2000). While some otherwise good datasets may not meet all criteria for inclusion into
the calibration dataset, they may still be valuable for comparisons and for checking the magnitude
of atmospheric excursions and/or marine reservoir corrections.

Datasets with large analytical errors in either the cal age or the 4C age will only add noise and will
be excluded. New data must be as good as extant IntCal98 for the time period in question. We would
like input on what analytical errors would be considered acceptable for older samples where we
know it is difficult to obtain highly precise and accurate measurements. It is not likely that we will
develop a calibration record with £30 yr 4C errors to 50,000 yr!

Tree-Ring Criteria

Tree rings should be dendrochronologically dated and cross-checked where possible. In some cases,
trees with a known felling age may be used by ring counting, if rings are well developed and single
annual ring production in the species is known to be robust. For instance, the Douglas-firs (Pseudot-
suga menziesii) from the Pacific Northwest were ring counted back to AD 1320 (Stuiver 1982).
Uncertainty in single ring cal ages for dendrochronologically dated wood is on the order of 1 yr for
highly replicated and crosschecked chronologies. An additional small uncertainty in cal age exists
for 1C dates on multiple yr blocks of wood, because of an unequal amount of carbon in each ring.
In extreme cases, this could result in an uncertainty of several “C yr only. Floating tree-chronolo-
gies have been used in the past with a wiggle-matched connection to the dendrochronological
secured chronology (Stuiver et al. 1998a). While this approach could be problematic, we note that
the German pine wiggle-match ~10,000 cal BP used in IntCal98 was only 8 yr different from the
dendrochronological result as detailed in a later section.

Coral Criteria

X-ray diffraction measurements should be performed and should show <1% calcite as a check
against secondary calcite. The [U] of fossil corals should be within the range of living/modern sam-
ples taking into account differences between coral species and the natural variability expected from
sea surface temperature (SST) changes. In order to increase our confidence that the corals have not
been altered by diagenesis, 8*34Uj,ia Of fossil corals should be within +5%o of the accepted modern
seawater value. This criterion is based on current understanding that 3 234U in seawater is constant
over the last ~30,000 yr. Accuracy and precision should be checked by measuring and reporting the
8234U of recent corals and/or seawater (Delanghe et al. 2002). An alternative demonstration of accu-
racy and precision is to report 8 23U of an international standard with &234U similar to natural ura-
nium (e.g. SRM-U960 or —U010) (Bard et al. 1998; Edwards et al. 1993). External replicates of dif-
ferent parts of the same coral sample should be measured as often as possible to derive an estimate
of external reproducibility, which should be reported with the results. This demonstrates the overall
reproducibility of U-Th ages and is also a necessary requirement suggesting closed system behavior.
Interlaboratory comparisons of standards and coral samples are to be encouraged. New datasets
should be encouraged to include protactinium measurement in particular for samples that have been
subaerially exposed in the past. While it is impractical to measure protactinium for all previous coral
calibration datasets, if discrepancies arise, we would encourage reanalysis of a sub-set of the original
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samples. AMS-!4C coral samples need to be physically separated and subjected to partial dissolution
on the order of 30-50% with the degree of leaching necessary to be determined by experiment. Back-
ground correction must be applied and background errors included in the error analysis. External
replicates should be done wherever possible to derive a more accurate external reproducibility.

The error bar of U-Th ages should be on the order or less than that obtained by '“C measurement on
the same sample. Consequently, samples counted by alpha spectrometry do not have sufficient pre-
cision to be included in IntCal. Very precise measurements do not necessarily mean accurate—we
expect that there will be instances where there will be results that we cannot explain even if they
meet our geochemical criteria. In part, this is a consequence of the subtleties of diagenesis and it will
more likely impact those samples that have been subaerially exposed or have been recovered from
fast uplifting regions.

A site-specific reservoir correction should be estimated with a “reasonable” error, if at all possible,
although this may prove to be untenable for time periods of rapidly changing atmospheric “C. There
is a preference for future records to be developed from oceanographically “simple” regions to min-
imize reservoir age uncertainty. Coral datasets should have a well-described and published stratigra-
phy. The ages should be distributed in a logical manner along the stratigraphic sequence, taking into
account rates of sea-level changes, vertical movements (subsidence or uplift), the paleobathymetry
of the coral species and the topography of the reef substratum.

Non-Coral Carbonates Criteria

Records of non-coral carbonates, such as flowstones, stalagmites, and aragonite deposits, have addi-
tional uncertainties in both the U/Th ages and '“C ages. This is the result of possible incorporation
of detrital Th and old or dead carbon from carbonate dissolution processes (e.g. water-rock interac-
tion) or other sources of old carbon in lacustrine/marine environments. The initial conditions of the
carbon budget need to be confirmed by independent environmental indicators (e.g. '3C). The U/Th
age model should be verified by layer counting or '“C measurements of terrestrial macrofossils,
where possible. Appropriate corrections to measured values need to be applied. It is important to
evaluate these conditions for various growth/deposition periods as the relative contribution of detri-
tal Th and dead/old carbon may significantly change through time as a result of changes in the cli-
mate regime (e.g. ocean circulation, precipitation, temperature, vegetation). As with corals, partial
dissolution of carbonates may be necessary to remove contamination, but the degree of leaching
required should be determined for each particular material.

Non-Dendro Layer Counting Criteria (Terrestrial and Marine)

Multiple-core chronologies are critical in order to confirm that no sections are missing (e.g. from
core-breaks, erosional scour, etc.). A “multiple proxy” approach in counting should be used. Discus-
sion of errors should include uncertainty about the stability of the system producing layers through
climatic changes, the likelihood of unrecognized depositional hiatuses, and any ambiguities in layer
interpretation that are not resolvable by even “perfect” physical archive recovery (e.g. could lakes
have frozen over during colder climates?). It is not sufficient to report only counting statistics. For
both laminated sediments and ice cores, it is important that counting be replicated, whenever possi-
ble, by experienced individuals in independent laboratories (Hicks et al. 1991). Confirmation of the
counting should also be made with independent chronologies and/or tie-points. Ideally, individual
varves would be correlated across cores (Ralska-Jasiewiczowa et al. 1998). We acknowledge that
there will be some sets of data that might not have the possibility of physical replication via multiple
cores and in this instance independent chronologies and/or tie-points are increasingly important. An
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obvious example of this would be geochemical identification of precisely dated ash horizons (Gron-
vold et al. 1995).

There should be a minimal level of acceptable scatter in macrofossil 14C ages due to reworking or
delayed transport of old organic material, although this should be evaluated “piecewise”’. This means
that a particular varved record could still be useful even if it includes a section with relatively high
scatter. The type of macrofossils used will be undoubtedly vary, but should be reported for each sam-
ple, as itinfluences the interpretation of how long it takes the macrofossil from “creation” to deposition
in the sediment. Where possible, multiple macrofossils should be analyzed. For marine sequences,
the reservoir correction and the uncertainty in reservoir changes over time must be estimated.

Reconstructed Time Scales

Records with a calendar timescale based on correlation with signals in annually counted ice cores,
or sediments with assumed constant “C time/depth relationship and absolute time markers have
been used to reconstruct “comparison” curves. Many of these are marine records, and criteria for
minimum acceptable boundary conditions are needed. Hydrographically complex locations, such as
inside the polar front or in upwelling regions where we expect large variations in local reservoir age,
are not ideal. A site should have simple '“C systematics not requiring complex circulation or venti-
lation dynamics (i.e. to explain disparate benthic/planktonic data). Defendable and reasonable esti-
mates of minimal bioturbation should be made—for example using ash shard counts. As the chro-
nology of many of these records is based on correlation of one or more proxies to ice core properties
(GISP2 and GRIP), it is critical to identify the physical mechanism relating the proxy to the ice core
property, as well as the timescale of the linking mechanism. In addition, the errors in the ice core
timescales must be considered. We encourage the continued investigation of differences between
GISP2 and GRIP (and eventually NGRIP) timescales, as well as identification of radiometrically
dated tie-points (e.g. Laschamps geomagnetic excursion; Dansgaard-Oeschger climate events).

Geomagnetic and Cosmogenic Isotope Based Models

Models based on paleomagnetic intensity or '°Be and the global carbon cycle are useful correlation
tools and can be important indicators of the causes of “C variations. However, at present, our under-
standing of cosmogenic production and the global carbon cycle, as well as 1Be transport, deposition,
and post-depositional processes, is not sufficient to make such records suitable for “C calibration.

PROJECTIONS FOR INTCALO04

Refinements to IntCal98 for the period 012 ka BP were readily agreed upon by workshop partici-
pants and are presented below. These changes should result in only minor differences from IntCal98
through the Holocene. Between 12 and 15 ka BP, there is good agreement between datasets, several of
which meet the criteria laid out in the earlier section, therefore, a “calibration” curve can be given with
reasonable certainty, although there are some details which remain to be worked out. From 15 to 25 ka
BP there are important differences between some of the existing datasets with only coral data truly
meeting the established criteria. However, some additional detailed coral data should be available for
this time period (Cutler et al. forthcoming). These new data, together with an alternative statistical
technique to the spline fit of coral data used for IntCal98, will hopefully remove the very large uncer-
tainty at around 15 ka BP, which results in the feature known as the “pig-in-the-python” (Figure 1).

Although the working group is not yet ready to make specific recommendations for IntCal04 beyond
25 ka BP, there was much discussion about the need to provide some guidelines, if not calibration
datasets, for the entire 4C timescale.
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Figure 1 IntCal98 calibration curve and two-sigma error envelope. Individual data points

from coral and foraminifera (varved sediment) have errors and reservoir corrections as
reported in Stuiver et al. (1998a).

0-12 ka BP

The Holocene part of the “C calibration is based on several millennia-long tree-ring chronologies
providing an annual, absolute time frame, which was rigorously tested by internal replication of
many overlapping sections. Whenever possible, they were crosschecked with independently estab-
lished chronologies of adjacent regions. The German and Irish oak chronologies were cross-dated
until back into the 3rd millennium BC (Pilcher et al. 1984), and the German oak chronologies from
the Main River, built independently in the Gottingen and Hohenheim tree-ring laboratories, cross-
date back to 9147 cal BP (Spurk et al. 1998). The North American trees that form part of the C cal-
ibration curve prior to AD 1320 were cross-dated with either the Sequoiadendron master chronology
or with a Pacific Northwest Douglas-fir chronology (Stuiver 1982).

Before 9147 cal BP, we have to rely on single oak (back to 10,430 cal BP) and pine chronologies of
the Hohenheim laboratory, which are not replicated externally. However, for the earliest oak the
internal replication is high, and the trees cross-date with high statistical significance. Compared to
the state entered into IntCal98, the German pine chronology has undergone several corrections:

1. The “C wiggle-match of the floating pine to the absolute oak chronology is superseded by a
true dendro-synchronization of the 2 species, leading to a 8-yr shift of the pine with respect to
the 14C match (which had a £20 yr confidence interval) (Friedrich et al. 1999).

2. The earliest centuries (prior to 11,200 cal BP) in the pine chronology, marked as tentative in
Spurk et al. (1998), suffered severely from missing rings and a weak dendro-match. Using
ample new finds, this part of the chronology is now securely cross-dated and sufficiently repli-
cated. The tentative dendro-link as documented in Spurk et al. (1998) in the interval 11,200 to
11,370 cal BP is replaced by a statistically reliable match. The older part of the chronology
therefore was shifted 70 yr to older ages. The former start of the German pine at 9922 cal BC
(11,871 cal BP) (Spurk et al. 1998) is now shifted to 9992 cal BC (11,941 cal BP).
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3. Including additional new finds the German pine is prolonged into the Younger Dryas. It now
starts at 11,993 cal BP. A 20-tree pine chronology from Lake Neufchatel extends it further back
to 12,057 cal BP.

Thus, while most of the C calibration data as based on the German pine is affected only marginally
by the corrections (+ 8 yr), in the first century of the Preboreal, and in the final five centuries of
Younger Dryas the dendro-dates are shifted by 70 yr to older ages, compared to IntCal98. This inter-
val happens to fall on a gently sloping 4C age plateau (at 10,000-10,150 “C BP); hence the length
of the plateau and the range of calibrated ages increase accordingly.

Because of periodic narrow rings caused by cockchafer beetles some German oak samples were
excluded from IntCal98. Analysis of these tree-rings, with an understanding of the response of trees
to the cockchafer damage, may allow some of these measurements to be re-instated in the chronol-
ogy. Wood will be made available for measurement for any remaining gaps in the tree-ring '“C
record resulting from previous shifts.

Recent measurements of Belfast Irish oak over the past 1000 yr (Hogg et al. 2002) will be included
to increase precision during this time period. Comparisons of these and other measurements with the
1986 and 1993 Irish oak datasets resulted in the acceptance of the 1986 datasets over the 1993
datasets. A Southern Hemisphere specific dendro-calibrated record will be included using the mea-
surements of the New Zealand trees over the past 1000 yr (Hogg et al. 2002) and other Southern
Hemisphere datasets (McCormac et al. 2002). An offset of 41 £ 14 ¥C yr BP from the IntCal98
dataset from AD 950 to 1850 will be used to extend the record through the Holocene. The offset will
be recalculated for use with the new IntCal dataset. While this Southern Hemisphere '“C offset may
not be representative of the entire Holocene, we note that measurements for the early Holocene are
of the same order of magnitude (Kromer et al. 1998).

The Arizona Bristlecone pine chronology (Linick et al. 1986), which was not included in IntCal98,
was also discussed. Wiggle-matching the bristlecone pine dataset to IntCal98 suggests that there is
not a problem with the dendrochronology but there is an average offset of approximately 35 yr in the
14C ages with the bristlecone pine older. Part of this offset may be due to laboratory differences as
the offset between 15 decades of bristlecone pine measured in both Seattle and Arizona is 25 = 8 yr
with Arizona measurements being older. However, comparisons made in several laboratories of bris-
tlecone pine to German oak and Irish oak find the bristlecone pine consistently older. Furthermore,
measurements in Arizona of single yr rings of sequoia from the Sequoia National Forest averaged as
decades from AD 1065 to 1145 resulted in a difference of only —1.0 £ 2.1 “C yr BP compared to
Seattle measurements of Douglas-fir from the Pacific Northwest. Therefore, while a regional or
growing season difference during some time periods at least seems possible, more work is needed to
resolve the issue. The treatment of offsets between datasets, and the inclusion of the Arizona Bris-
tlecone pine measurements, will be discussed further at the next working group meeting. Additional
tree-ring records will be considered for inclusion if available by the time of the next workshop.

The marine model used to produce the IntCal98 marine dataset from 0 to 8800 cal BP (Stuiver et al.
1998b) will be further tested by checking the model response to the nuclear-testing 14C spike and to
centennial-scale variations. The variability in the marine reservoir observed in recent records will be
considered to better represent the uncertainty in the marine dataset for this period. Coral data (Bard
et al. 1998; Burr et al. 1998; Edwards et al. 1993) and the Cariaco Basin varve dataset will provide
the marine calibration from 8.8 to 12 ka BP. The high resolution Cariaco Basin dataset (Hughen et
al. 2000) will replace the older varve dataset in IntCal98. The cal time scale will be optimized using
appropriate coral tie-points within the error of the varve counting. As in previous versions of the
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marine calibration dataset, the time-dependent difference, AR(t), between the reservoir age of the
region where samples are derived and the “global” calibration dataset, will need to be considered
when calibrating marine samples.

12-15 ka BP

The coral datasets, including any new records meeting the IntCal criteria, and the Cariaco Basin
varve dataset will provide the marine calibration for this period. The varved records from Lake
Suigetsu in Japan (Kitagawa and van der Plicht 2000) and Lake Goscigz in Poland (Goslar et al.
2000) agree well with the “site-specific” reservoir corrected corals (T Goslar, personal communica-
tion 2000) and the new Cariaco Basin dataset but are not as high resolution as the Cariaco Basin and
exhibit larger variability. It is anticipated that the atmospheric dataset for this portion of the curve
will be based on the marine dataset with “site-specific” reservoir corrections and estimated uncer-
tainties. The extent to which the reservoir corrections may vary with time will be estimated by com-
parison to lake varve macrofossil data, floating tree-rings, and other suitable paleorecords.

15-25 ka BP

Coral data provide the only secure calibration for this portion of the timescale. Although there is rea-
sonable agreement between parts of the Bahamas speleothems (Beck et al. 2001) and the Lake
Suigetsu varve record for this time period, the '“C ages differ by up to 1200 yr at 20 ka BP suggesting
that there is an error in either the Lake Suigestsu varve ages or the assumption of a constant dead car-
bon fraction in the Bahamas speleothem or a combination of both. At present, other available paleo-
records either have cal age uncertainty that is too large or difficult to quantify, or require untested
assumptions about the stability of the system producing the records. If other records or additional sup-
port for current records become available, they will be reconsidered at the next IntCal workshop.

Beyond 25 ka BP

Great strides have recently been made towards generating '“C datasets beyond 25 ka BP with U/Th
measured cal ages (Beck et al. 2001; Kitagawa and van der Plicht 2000; Schramm et al. 2000;
Yokoyama et al. 2000) and with matches to the ice core timescales (van Kreveld et al. 2000; Voelker
et al. 2000). However, these records are not sufficiently coherent that we can recommend a single
calibration for this time period. Individually, many of these records reveal large and intriguing struc-
ture; however, differences of more than 5000 yr are observed amongst these records in some time
frames. The choice of a particular dataset could result in vastly different “calibrated” age ranges
(Bard 2001). The sources of these discrepancies are not currently understood, but may be due to
some combination of artifacts relating to varve counting, 23°Th dating, uncertainties in the GISP2
chronology or correlation with GISP2 8'80, unaccounted for variability in reservoir correction or
dead carbon fraction, or undetected overprinting from secondary alteration or authigenic mineral
growth. Combining these various records together into a composite calibration would result in such
a large error envelope as to make the calibration useless. Still, leaving the 4C user-community to use
“ad hoc” mixtures of 14C records without proper consideration of potential errors in timescale or res-
ervoir corrections is inadvisable, and could result in substantial confusion and misinterpretation. No
decision was made at the Belfast IntCal04 working group meeting regarding how to resolve this
problem, though it will be again addressed at the next workshop at Woods Hole Oceanographic
Institution (WHOI). At the very least, we can advise the user community of the danger of ad-hoc cal-
ibration without proper consideration of all sources of uncertainty. Alternatively, we could attempt
to provide a set of comparison curves that includes all quantifiable uncertainties in both the cal age
and the '%C age for these records, though these parameters may be difficult to assess for some cases.
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Ideally, we would provide tools for the statistical estimation of cal age ranges given the types of
information available to us. In any case, we recommend that no endorsement of a calibration in this
time range be made at the present.

Post-Bomb Data

It was suggested that IntCal provide a compilation of post-nuclear testing atmospheric records.
However, as the records are latitude dependent and many are not from clean air sites, it may be
impractical to combine datasets. It would however be useful to provide access to all known post-
bomb records in a single location with appropriate errors included. While some of this is already
done at the CDIAC (Carbon Dioxide Information Analysis Center) as well as the NGDC “Paleo”
database, we will attempt to provide an updated list of where post-bomb records can be found. We
encourage individual investigators to digitally archive their respective datasets at the appropriate
site, and this information should be provided in any original manuscripts.

Methods of Combining Data

In quantifying and reporting the error on the cal scale for the first time, we will need to reconsider
the methods by which the data are combined to form the calibration curve. Thus, as well as conven-
tional statistical methods of summarization, we will investigate the use of stochastic models for
building calibration curves.

PRESENTATION OF RESULTS

It is difficult for the working group to predict what uses will be made of the data once they are
released. As a result, and to provide as much flexibility as possible, the group agreed that it would
be important to make the raw calibration data available in a suitable form for use in spectral analysis
and curve modeling as well as to provide a recommended curve for immediate calibration purposes.
It is anticipated that the IntCal04 calibration dataset will be presented for ratification at the 18th
International Radiocarbon Conference in Wellington, New Zealand in 2003 prior to publication in
early 2004.
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ABSTRACT. We have developed a software utility, “DateLab”, for conventional radiocarbon age (CRA) calibration and
Bayesian analysis of CRAs. The current version has a smaller range of applicability than other similar utilities such as Bcal,
Oxcal, and Mexcal. However, it enables analysis of some common types of CRA datesets. The main advantages of DateLab
are its high quality sampling algorithm, the possibility of carrying out model comparison and hypothesis testing in a straight-
forward way, and the unbiased character of the summary statistics on which the analysis depends.

INTRODUCTION

A number of statistical packages for radiocarbon date calibration are freely available (see http://
www.radiocarbon.org/). Those in most widespread use include Calib, described in Stuiver and
Reimer (1993), which computes the likelihood! for each calibrated date, and OxCal, described in
Ramsey (1995), which implements sample based Bayesian inference. We present another package,
DateLab, implementing sample-based Bayesian inference. DateLab has, in some respects, a smaller
range of applicability than existing packages. However, where it can be used DateLab offers high-
quality, unbiased statistics and implements model comparison. This allows basic questions such as
“Do these dates observe superposition?” to be quantified and statistically evaluated. As it is almost
always the case that alternative models exist for Bayesian calibration this facility is a particularly
useful feature in DateLab.

Calibration of independent CRAs is now a well-established process and a number of software pack-
ages (in particular Calib; Stuiver and Reimer 1993) exist to perform this calculation. However, in
some cases it is useful to be able to calibrate CR As that are related, in a manner that incorporates prior
chronometric information into the calibration process. This is more complex than calibration by itself,
and is typically performed via Bayesian inference (see Buck et al. 1996 and Christen 1994a for an
overview of this type of application). Available packages include OxCal (Ramsey 1995), Beal (Buck
etal. 1999), and MexCal (Buck et al. 1999), all of which are designed to perform Bayesian calibration
of CRAs. These tools are more than adequate for the job at hand, if used correctly. However, it is dis-
tressingly easy for users who are not experienced statisticians to inadvertently bias their calibration
analyses. By restricting the class of models that can be applied and using more reliable algorithms to
analyze those models, we hope to steer the user away from some uninteresting technical statistical
problems that can otherwise invalidate their analysis. Here, we review the basic ideas of Bayesian
inference, and then explain what those “uninteresting technical statistical problems” might be!

Bayesian Calibration

Bayesian methods for '“C date calibration are now in widespread use (e.g. Naylor and Smith 1988;
Buck et al. 1991, 1992, 1994, 1996; Christen 1994a, 1994b; Christen and Buck 1998; Christen and
Litton 1995; Christen et al. 1995; Litton and Leese 1991; Nicholls and Jones 1998, 2001; Zeidler et
al.1998). These statistical methods are attractive, as they allow associated chronometric information

IThe likelihood is equivalent to the calibrated distribution of a CRA.
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to be taken into account, in an explicit way, in the chronometric analysis. For example, where arti-
facts are found in primary context, stratigraphic constraints can be applied to the calibrated dates.
Information of this kind is made explicit in the analysis via a probability distribution, called the
prior, which weights the calibrated dates toward values in line with our prior expectations. On the
other hand, the data act through a distribution called the likelihood. A calibrated value that makes
the observed CRA a likely outcome of the '“C observation process has a high likelihood. The prior
and likelihood distributions together determine a new probability distribution known as the poste-
rior. Sets of calibrated dates agreeing with the data, and at the same time plausible in the light of
prior information, yield a large posterior probability. In Bayesian calibration this posterior distribu-
tion is our analysis result.

Formally speaking, the un-normalized posterior distribution is given by:
posterior = likelihood X prior )

The likelihood is determined by the CRA data and the standard 'C observation model (e.g. Buck et
al. 1991). How do we summarize prior beliefs? An ideal approach is to try to specify a general “neu-
tral”, or non-informative prior probability distribution, that is, a type of prior that assigns equal
probability to any set of calibrated dates. However, a single neutral set of prior beliefs cannot exist
in archaeology or any other domain. Prior beliefs that are non-informative with respect to any one
hypothesis must be informative with respect to some other hypothesis. We must accept a prior that
is in some respects informative and check that the information is representative of knowledge avail-
able in the problem at hand. So, for example, Nicholls and Jones (1998, 2001) write a simple prior
model and check that it is non-informative for many (but not all!) situations of practical interest in
14C dating. Finally, when conflicting models are proposed, we simply ask, “Which prior model does
the data support?”. DateLab implements statistical tools that answer such questions.

The posterior distribution defined in Equation 1 is the joint probability of a number of event date
parameters. We summarize this multidimensional distribution by considering the distribution of
some meaningful statistic of direct interest (the span of calibrated ages might be one such salient sta-
tistic). We take the original joint posterior distribution of all parameters and integrate out the unin-
teresting parameters, in order to compute the “marginal distribution” for the remaining salient sta-
tistic. It is most often necessary to carry out the integration numerically, using a computer, as the
integrals involved cannot usually be done by hand.

Several software packages designed to perform Bayesian calibration already exist. DateLab differs
from these in terms of both functionality and in some aspects of the underlying mathematical frame-
work. In particular, the default prior probability distribution for calibrated dates used in DateLab fol-
lows that given in Nicholls and Jones (1998, 2001). This prior avoids an undesirable bias toward
more widely spread calibrated dates, which is imposed by the priors in common use?. A further
difference is the manner in which the marginal distributions are integrated out of the posterior.
These are typically calculated via some form of sampling procedure, which is usually based around
Markov chain Monte Carlo (MCMC) techniques. MCMC samples require careful checking to
ensure they really do represent the posterior distribution. It cannot be assumed that the typical user
of Bayesian calibration software is versed in this highly technical subject. DateLab offers an

2This prior is now also applied in OxCal. However, it should be noted that the prior outlined by Nicholls and Jones (2001) has
been explicitly developed for the limited phase model described in this paper. Application of their prior to more complex
phase models can give rise to biased posterior distributions.
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alternative to the MCMC sampling algorithm called the rejection sampling algorithm. Samples
generated by the rejection algorithm can be relied on to represent the posterior distribution.

In the following, we outline the functionality of DateLab and detail the mathematical framework
underlying the analysis process.
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Figure 2 DateLab analysis screen

DateLab Functionality

The basic operation of DateLab is via a simple graphical user interface (Figures 1 and 2 above) and
is detailed in the user manual (http://www.datelab.org). DateLab is user-friendly and produces high-
quality graphical output (for examples see Figures 3 and 4) and detailed reports. Examples of stan-
dard reports can be seen at http://www.datelab.org.



666

M Jones, G Nicholls

NZ-5325

C

ke “

=

(0]

2 p—ry

€ Nz-5324

—

[0]

9

[0

@) L__%
NZ-5326
NZ-5323 - ‘ ‘ - - -

1150 950 750 550 350 150
Years B.P.

Figure 3 Combined histogram output from DateLab for the likelihoods (standard cal-
ibrated distributions) of the CRAs given in Table 2

500

550

600-}

Years B.P.

— I

650

—EEE—

700

NZ 7758
NZ 7761
NZ 7757
NZ 7756
NZ 7755
WK 2589
NZ 7771

Determination

Figure 4 Posterior bar graph for the Shag Mouth data under X: The solid bars represent
the likelihoods (standard calibrated distributions) and the white bars represent the posterior
distribution.

DateLab is currently only available for Win-32 systems. Future versions of the full DateLab system
will be platform independent. The basic DateLab functionality is as follows:

1.

2.

Basic calibration of independent CRAs in the same fashion as found in packages such as Calib
or Oxcal.

Calibration of dates using correlated reservoir offsets as discussed in Jones and Nicholls (2001)
and Nicholls and Jones (1998, 2001).

. Bayesian calibration of serial phases of dates following the methodology outlined by Nicholls

and Jones (1998, 2001). Nicholls and Jones (1998, 2001) define a new class of prior models for
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Bayesian calibration that are in general more appropriate than those used in existing software
packages.

4. Sampling of the posterior via either rejection or MCMC analysis. As already discussed, rejec-
tion is an optimal sampling approach. However, rejection will be too slow for some problems
and in this case a Metropolis-Hastings MCMC analysis following that given in Nicholls and
Jones (1998, 2001) is implemented.

5. Model comparison via Bayes factors. In applying Bayesian analysis, it is often the case that a
number of plausible models could be used. DateLab offers a sound method to objectively com-
pare the relative likelihood of different models.

6. Results of analysis are summarized as intelligible documents in either HTML, RTF, or LaTeX
formats with multiple graphics formats supported.

In the following, we detail the mathematical framework underlying the analyses described above.

Models

The Bayesian Calibration model used in DateLab is a direct representation of the relative chrono-
metric information imposed by stratigraphic constraints in an archaeological excavation (see
Nicholls and Jones 1998, 2001 for a detailed description and motivation for this model). All dates
are treated as coming from one of a number of phases that occur as a single series. Within phases
there are no prior constraints on the relative age of any of the dates. However, we know a priori the
relative ordering of the phases and add a further constraint that there is no overlap of the phases.
While this can be extended to analyze multi-phase models where there is complete independence
between the phases, more general phase models, of the kind applied in Zeidler et al. (1998), cannot
currently be analyzed using DateLab.

For further discussion of the DateLab model it is necessary to define the following notation. Dates
are regarded as arising from a single series of M abutting phases. N,, !*C age determinations are
gathered from phase m, making K = 2. N,, dates in all. For ne {1,2... N,,} let y,, , denote the value of
the n’th '%C age measured in the m’th phase, reported with associated standard error o, ,. For all
quantities X, , let X denote the corresponding vector in the natural ordering, so that y = (y, i,...,
Yunm)s etc. Let 0, , be a calibrated date for specimen (m,n), with units calendar years AD, and
assumed to equal the context date associated with the (m,n)’th specimen. For me {0,1... M} let y,,
denote the boundary date at the lower boundary of phase m. We have a total K+M+1 unknown
parameters: the M+1 layer boundary dates ... y,;, and the K unknown object dates, 0 ;... 0y, s
Let P and 4, P< A be given termini, setting lower and upper bounds on the dates. Possible parameter
sets (y,0) take some value in a parameter space Q. This space is simply the set of all states (y,0) sat-
isfying the stratigraphic constraints:

Q={(y,0); P<yy <Oy <yy <. Sy <0 Syp<A}

Following the standard Bayesian inferential framework, the posterior distribution of ¥and & condi-
tional upon the observed dates y (with density # (% 8] y)) is defined in terms of an unnormalized
prior density /(¥ 6), and likelihood L (y, 6), as in Equation 1, as

h(G¥|»)=Ly|O)*xf(¥]O 2

We now outline the likelihood employed in DateLab and the family of prior models that DateLab is
presently able to analyze.
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Likelihood

The likelihood L (y | 6) used here follows the standard definition of the '“C likelihood (e.g. Buck et
al. 1991). The observation model for CRA y,, , is

Ymn ~ Normal (/u(em,n)s G(em,n)z )

where

o0, ) = o@,, Y + &
and w(6,,,) and & (6,,,) are standard, empirically determined '*C calibration functions (e.g. Stuiver
et al. 1998). For DateLab we use the INTCAL9S calibration data available from http://depts.wash-
ington.edu/qil/ in decadal tabulation. We spline these decadal values so that p and o2 are functions
piecewise linear by year. When a specimen (m,n) is of terrestrial origin, terrestrial calibration func-
tions are used. Otherwise, the marine calibration functions are used. Material type dependence is
implicit in our notation. Let /(y |6, ) denote the likelihood of parameter 9

1
l 6, )=————exp|— -6, ))/200,,)
(y m,n m,n) G(QM’" )\/E p( (ym,n /J( m,n )) ( m,n) )

Thus ¢(y,, .16, ) isadensity distribution normalized over y,, , values, and unnormalized over 6, ,

values. Observations are assumed independent, so the joint likelihood, L (v | 6), is

o0 =T1T[¢On

m=1 n=1

0”1 n )

In the case that a correlated reservoir offset (Jones and Nicholls 2001) is used the likelihood needs
to be modified. For details, see Nicholls and Jones (1998, 2001).

Prior

The prior density, f{y,0), summarizes our state of knowledge before the '“C determinations are
available. It is natural to model the object dates O conditional on the layer boundary dates v, so we
break our prior up in two pieces,

JW.0) = fou Ol fu(¥)

In the absence of “C age determinations, the age parameters 0, , might take any value between
V1., and y,, , with equal probability, a state of knowledge represented by the choice

1

2] =
f@‘w( |V/) 1.4_:[1 Vot ~¥on)

Nu

for (y,0) restricted to Q. What prior density fu(y) should we take for the set y of phase boundary
event dates? A set of y values is “legal” if P <y, <y ... Yo < 4. It seems natural to say “any
legal set of dates  is a priori equally likely”, and we will call this choice, fp(y) = 1, the uniform
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prior density. Surprisingly enough, the uniform density for y weights the prior in favor of more
widely spread sets of dates, and this can bias the whole analysis, though the effect is often slight. The
date span, 8(y) = yy—W,, Which measures the number of years spanned by dated strata, exhibits the
bias: it can be shown that, under the uniform prior density, a span of 2 d is favored over a span of &
by a factor of approximately 2! (the approximation is good when & « R, where R = A—P). Nicholls
and Jones (1998, 2001) give several reasons for favoring the choice

1 1
fly,0)= o
(R, =) Wo—W¥y) 3)

the most important being, that this is simply more representative of the typical state of knowledge
prior to the arrival of the data. It is non-informative for (¥, —V,, ), the span of events. The prior in
Equation 3 is akin to the prior belief that “any span value is equally likely, and then any legal set of
dates w is equally likely given the span”. Equation 3 can be motivated in a number of ways. It may
be derived by taking the simplest plausible physical model of the specimen deposition process,
assuming constant deposition rates in layers, and allowing random thinning of deposited specimens.
The suitability of the model choice expressed in Equation 3 over the constant prior may be tested,
for any particular data set, using the model comparison tools described below.

Note that the prior density is not normalizable when no ferminus post quem can be established, since
P = -0 in that case. A prior with no finite normalization is said to be improper. Sample-based Baye-
sian inference with an improper prior is meaningful if the posterior density is normalizable, which
is the case whenever o(0,,,,) < oo, under mild conditions on p, the calibration function. Rejection
sampling is infeasible when a very conservative P is asserted.

SAMPLING PROCEDURES

Sample-based inference is a numerical mode of analysis that allows us to form summarizing state-
ments from the posterior density, i.e. integrate out marginal posterior distributions of interest. The
inference is quite straightforward. The probability assertion X is the case, given the data and prior
knowledge represented in the posterior, is estimated by sampling parameter sets (y,0) from the pos-
terior distribution, and then calculating the proportion of samples in which the event X occurs.

For example, a scientist may propose that the number of yr spanned by the modeled phases,
O(W) = WV, is less than 100 yr. In that case, S is the set S = {(y,0): d(y) < 100)} and we are inter-
ested in Pr{(¥,®) € S| y}, which stands for the probability the scientist is correct, given the data,
and any other substantial knowledge quantified in the prior distribution. Let

7" = [ h(y,0p)d™ " pd Vo
Q

denote the normalizing constant for the posterior density h(y,0|y). Then, in terms of h(y,0]y), the
probability we have to estimate is

Pr{(\y,@))es|y}=ih [ hw,0p)d™ya®o
Z SNQ (4)
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Instead of calculating the integral given in Equation 4 in closed form, we estimate its value by Monte
Carlo integration. The posterior probability for “the span is less than 100 yr” is estimated by the pro-
portion of samples from the posterior distribution in which yy—y;, < 100. Similarly, histograms of
sampled parameter sets may be used to summarize marginal posterior probability distributions.

The problem then is to generate samples from the posterior. In general, this is done using Markov
chain Monte Carlo (MCMC) algorithms, which employ Gibbs sampling or some more general
Metropolis-Hastings algorithm. There is a problem here. The output of MCMC algorithms is not in
general guaranteed to have the desired (posterior) distribution. A sufficient condition for MCMC
convergence to equilibrium, which may readily be checked, does not exist. In many applications, it
can be established with reasonable confidence that the output is correctly distributed. Unfortunately,
in the case of 4C calibration, with a posterior density of the kind we have defined, it is particularly
difficult to get Markov Chain Monte Carlo algorithms to converge reliably.

Thus, close attention needs to be paid to the output from MCMC analyses to ensure that the results
are correct. However, for reasonably small data sets, the rejection algorithm given by Nicholls and
Jones (1998, 2001) is suitable. This sampling algorithm has the advantage that, when it returns a
sample, that sample is returned with a probability density that coincides with h(y,0 | y) up to
machine precision. Moreover, samples are independent, so estimation of standard errors is straight-
forward. The main disadvantage of rejection sampling, compared with MCMC in general, is that it
is very slow for certain types of calibration problems: roughly speaking, those in which the number
of dates is large. DateLab implements both the rejection and Metropolis-Hastings MCMC sampling
algorithms of Nicholls and Jones (1998, 2001). While the Metropolis-Hastings MCMC sampling
routine is much faster than rejection, rejection sampling is the preferred approach. Unfortunately,
under some sampling problems the rejection routine is too slow to be practical, and we are obliged
to fall back on less reliable MCMC methods.

Model Comparison

When we carry out Bayesian calibration, it is usual that there will be several prior models that we
may realistically apply to the data. In this case it is useful to be able to make a comparison between
the competing models. For example, this allows us to address questions such as do these dates actu-
ally come from sequentially ordered strata (i.c. are the dates from a primary context) or has the mate-
rial been mixed. In DateLab, model comparison is based around Bayes factors.

Methodology

Bayesian model comparison is based on a quantity called the Bayes factor. This quantity plays a sim-
ilar role, in Bayesian inference, to the p-value of frequentist inference. Suppose ¥ and X are 2 mod-
els, and the Bayes factor for Model §; over model X is some number B. The analysis is telling us
that model N is B times more probable than model X, in the light of the data. This statement may
be interpreted quite literally. See the examples below. Table 1, taken from Raftery (1996), gives a
standard interpretation of the Bayes factor (see Raftery 1996 for further discussion and references).

We now define the Bayes factor in more detail. For i € {0,1}, let f{y,0 | ;) be the unnormalized
prior density under model M, with normalizing constant Z/. Let {; denote the space of parameters
in the ith model. The mean likelihood, fy; (v | N;), for the data under model i is

1
P 018 = [ L/ O (.0 18,)d Dy 96
i Q
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DateLab uses the method outlined by Meng and Wong (1996) to calculate the mean likelihood.
Details of the algorithm employed are given in Nicholls and Jones (1998, 2001).

The Bayes factor for comparison of models is

POY[N)

On the basis of this, we can say Model 1 is B(1v.0) more times likely than Model 0. The level of sup-
port this indicates for Model 1 is shown in Table 1.

Table 1 Interpretation of Bayes factor B(1v.0),

from Rafterty (1996)
B(1v.0) Support for N
<1 Supports N
1to3 Barely worth mentioning
3to 12 Positive
12 to 150 Strong
>150 Very strong

Examples

To demonstrate the use of Bayes factors we consider 2 archaeological date sets in Tables 2 and 3.

Table 2 Charcoal dates from Dart River
Mouth, New Zealand (Anderson and Ritchie
1986; Simmons 1973). Column y,, , lists stan-
dard *C determinations, with no corrections.
Column (m,n) lists m, the layer index and n,
the specimen index within a layer. See text.

Table 3 Charcoal dates from Shag River
Mouth, New Zealand (Anderson et al. 1996).
The column y,, , lists standard '*C determina-
tions, with no corrections. Column (m,n) lists
m, the layer index and n, the specimen index
within a layer. See text.

Date nr (m,n) Y O Date nr (m,n) Ymn Om.n
NZ 5323 (1,1) 337 55 NZ 7758 (1,1) 580 47
NZ 5326 (1,2) 442 41 NZ 7761  (2,1) 600 50
NZ 5324  (3,1) 587 56 NZ 7757 (3,1) 537 44
NZ 5325 (3,2) 723 57 NZ 7756  (4,1) 670 47
NZ 7755  (5,1) 646 47
WK 2589  (5,2) 630 35
NZ 7771 (6,1) 660 46

In Table 2, we list a set of K=4 charcoal dates from the Dart River Mouth site (Anderson and Ritchie
1986; Simmons 1973), southern New Zealand. Anderson and Ritchie (1986) suggest that 2 discrete
occupation phases are represented in the Dart River archaeological record, with 2 of the dates pre-
sented in Table 2 deriving from each of these proposed phases. A real question is, do the dates sup-
port this model? A graph of the calibrated date distributions (Figure 3) does not make it obvious that
2 phases of occupation would necessarily be favored over a single longer-term phase of activity. We
will compare the model where the phase structure suggested by Anderson and Ritchie (1986) is
imposed () with the model in which the dates are regarded as arising from a single phase of occu-
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pation (Xy). The form of the prior density is the non-informative density f{y,0) specified above.
Under model 8= N, M=3, and the parameter space is

Q ={(y.0);P<y,<0, <y,<y <0, <y <4}

while under model X=X, we have M =1, and

Q, ={(y,0):;P<y, <6, .6, KO <y, <4

M,> " M-1°

Computing the mean likelihood under each model with 4 = 100 BP and P =1000 BP we report
P(y|Ny)=1.1(1)x107" P(y[N)=5.2(2)x107"

Throughout this report, the quantity quoted in brackets is a standard error for the last reported digit.
Here, the mean likelihoods have been estimated sufficiently accurately to determine their relative
magnitude. B(1v.0) = 4.7(2), which means that the occupation phase sequence described by Ander-
son and Ritchie is around 5 times more likely in light of the available dates than the suggestion that
there is simply a single phase of occupation. From Table 1, we can state that the Bayes factor anal-
ysis provides positive support for the two occupation phase model described by Anderson and
Ritchie (1986) in contrast to a single occupation phase model.

In the 2nd example, we consider a set of 7 dates from a single series of strata (Table 3, Figure 4). Do
the dates support the assertion that the strata are primary context for the dated artifacts? Many strati-
graphic models might be constructed. Each model constrains the 6 in different ways. We will com-
pare the model with the full set of stratigraphic constraints & with the model in which all strati-
graphic constraints have been removed : a result significantly in favor of &, would be sufficient
grounds to reject I, and thereby reject the strata as primary context. The form of the prior density
is the non-informative density f{\,0) specified above. Under model &= N, M=6, the N,, m=1,2... 6
are given by the data in Table 3, and the parameter space is
Q ={y.0;P<y, <0, <y, <0 <K w, <0, <y <A}

M-1—
while under model 8= X, we have M=1, N;=K=7 and

Q,={(y.0;P<y, <6, .0, KO <y <4

M,> " M-1’

Computing the mean likelihood under each model with 4 = 100 BP and P = 1000 BP we report
P(y[R,)=1.3(1)x107" P(y[N)=1.7(2)x107"*

Since B(1v.0) = 1.3(2), there is evidence in favor of ;. Thus, the data provides some support for the
proposed stratigraphic sequence, however it is inconclusive. Certainly, there is no reason to reject
the notion that the observed stratigraphic sequence observes temporal superposition.

DATELAB OUTPUT

DateLab produces a standard output report of each analysis run. This is produced as an HTML doc-
ument by default, however LaTeX and RTF versions can also be produced. The reports are self-
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explanatory, and consist of a number of pages of summary analysis and output depending upon the
type of analysis that has been performed. All reports contain:

* Details of the Analysis Models that have been applied.
* Summary reporting of analysis statistics (such as the mean Likelihood, HPDs etc.).
* Graphical output of analysis results in a range of formats.

Readers are encouraged to view the examples on the DateLab website (www.datelab.org).
Graphics

DateLab produces 2 basic forms of graphics, histograms (e.g. Figure 3) and bar graphs (e.g.
Figure 4), which can be combined or presented individually. Histograms are a standard graphic for
presentation of calibrated distributions and are well understood. However, histograms are not
entirely suitable for presenting large numbers of calibrated distributions in a combined graph. While
combined histograms such as those given in Figure 3 are useful, this type of graph rapidly becomes
unmanageable for a large number of dates. Combined bar graphs, such as Figure 4, are more satis-
factory for this type of data. In these plots the boxes represent the 68% highest posterior density
(HPD) for the distribution (roughly analogous to the 1-sigma interval) and the lines represent the
95% HPD. Other types of graph are produced where a different format is more appropriate.

All images can be output to GIF, EMF, EPS, TIFF, or BMP versions. Full details are given in the
manual.

CONCLUSION

DateLab is a simple software package that offers a limited range of Bayesian calibration models.
However, DateLab can analyze many common CRA datesets and has been designed to produce
robust, high-quality results and output. DateLab will be a useful tool for researchers wishing to per-
form simple calibration of CRA data or Bayesian calibration of serially ordered date sets, especially
when the problem allows rejection sampling to be performed at a reasonable speed.

The DateLab software may be obtained via the internet from http://www.datelab.org.
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NATURAL ABUNDANCES OF CARBON ISOTOPES ('“C, '3C) IN LICHENS AND
CALCIUM OXALATE PRUINA: IMPLICATIONS FOR ARCHAEOLOGICAL AND
PALEOENVIRONMENTAL STUDIES

Melanie J Beazley! ¢ Richard D Rickman! ¢ Debra K Ingram? » Thomas W Boutton? ¢ Jon Russ!+#

ABSTRACT. Radiocarbon ages of calcium oxalate that occurs naturally on rock surfaces have been used recently in archae-
ological and paleoenvironmental studies. Oxalate rock coatings are found globally, with most appearing to be residues from
epilithic lichens. To explore the source(s) of carbon used by these organisms for the production of oxalate we measured the
natural abundances of '*C and '3C in 5 oxalate-producing lichen species, 3 growing on limestone in southwestern Texas and
2 on sandstone in Arkansas. We also examined the distribution of the isotopes between the calcium oxalate and lichen tissues
by separating these components and measuring the '3C/C independently. The results demonstrate that the limestone species
were slightly enriched in '“C, by 1.7%o, relative to the sandstone species, which suggests that “dead” carbon from the lime-
stone substrate does not constitute a significant source of carbon for the production of oxalate. The calcium oxalate produced
by the lichens is also enriched in 13C by 6.5%0 compared to the lichen tissues, demonstrating that there is a large carbon isotope
discrimination during oxalate biosynthesis. These results support the reliability of '“C ages of calcium oxalate rock coatings
used for archaeological and paleoclimate studies.

INTRODUCTION

It is becoming increasingly evident that the calcium oxalate minerals whewellite (CaC,0,-H,0) and
weddellite (CaC,04-(2 + x)H,0) are common on rock surfaces worldwide (Table 1). The oxalate
generally occurs as thin (<1 mm) rock patinas with most appearing to be deposits from epilithic
lichens (Del Monte et al. 1987; Edwards et al. 1993; Russ et al. 1996; Hofmann and Bernasconi
1998), although unlichenized microbes (Bonaventura et al. 1999) and organic acid aerosols (Watch-
man 1991) have been proposed as sources of some oxalates on rock surfaces. Recently, radiocarbon
dates of oxalates that cover, encapsulate, or are incorporated within prehistoric rock paintings (pic-
tographs) have been used to constrain or estimate the ages of the artifacts (Watchman 1993; Hedges
et al. 1998; Russ et al. 1999; Watchman et al. 2000; Steelman et al. 2001). Oxalate '“C ages have
also been used in paleoclimate reconstructions that are based on the assumption that temporal vari-
ations in oxalate production can be correlated to fluctuations in lichen productivity in response to
climate change (Russ et al. 1996; 2000).

The source(s) of carbon that leads to the formation of oxalate coatings is unknown, although
assumed to be ambient CO,. Here we report a study of the relative abundances of '“C and stable car-
bon isotopes in living, oxalate producing (pruinose) lichens that allowed us to address (1) whether
lichens incorporate significant levels of limestone (carbonate) carbon for the production of oxalate
and (2) the distribution of carbon isotopes between the lichen tissues and oxalate coating (pruina).

Lichens are symbiotic associations between fungi (mycobiont) and photosynthetic microbes (photo-
biont) integrated within the fungal matrix (thallus). Calcium oxalate is the most common lichen
byproduct, which generally occurs as a coating on the upper/outermost surface of the organism. The
production of oxalate might benefit lichens by removing excess calcium ions and/or providing an
external source of water stored in the calcium oxalate crystal lattice (Wadsten and Moberg 1985).
After the death of the organism, the oxalate pruina can remain stable on the rock surface for millen-
nia (Watchman 1993; Russ et al. 1996).
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2Department of Mathematics and Statistics, Arkansas State University, Arkansas 72467, USA.
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Table 1 Summary of occurrences of calcium oxalate rock coatings

Location Association Proposed origin S3C (%)  Reference
Italy Coatings on ancient monu- Lichens NA Del Monte et al. 1987
ments, old buildings &
rock surfaces
Australia Natural coatings on picto-  Organic acids in rain NA Watchman 1991;
graphs & rock surfaces Watchman et al. 2000.
Italy Encrustations on Renais- Lichens NA Edwards et al. 1993, 1997
sance frescoes
California Natural coatings on picto- None proposed NA Scott and Hyder 1993
(USA) graphs & rock surfaces
Utah (USA) Natural coating on asingle  None proposed NA Chaffee et al. 1994
pictograph
SW Texas Natural coating on picto-  Lichens —10.6 £ 1.9 Russ et al. 1996; 2000
(USA) graphs & rock surfaces (18)2
Northern Coatings on ancient monu- Various mechanisms NA Various authors 1996
Mediterranean  ments, buildings & rock
surfaces
Argentina Component in pictograph  Cacti used in paint recipe —10.3 (1)*  Hedges et al. 1998
paint
Argentina Natural rock coating None proposed —26 (27)* Hedges et al. 1998
Arizona (USA) Natural rock coating Lichens —11.8 (1)* Hofmann and Bernasconi 1998
Switzerland Natural rock coating Lichens —11.7 (1)* Hofmann and Bernasconi 1998
Italy Stone monuments Microbes NA Bonaventura et al. 1999
Brazil Natural coating on picto-  None proposed —11.67 (1)* Steelman et al. 2002

graph

4Number of individual analyses

The reliability of 14C ages and stable carbon isotope ratios (8!3C) from oxalate deposits from lichens
depends largely on whether or not inorganic carbon (carbonate or bicarbonate ions) from the basal
rock is incorporated in the oxalate. Native carbon in ancient carbonate rocks such as limestones is
completely depleted in “C, and enriched in '3C by ~8%o compared to atmospheric CO, (Craig 1953;
Degens 1969). If such “dead” carbon from the substrate is included in the oxalate, either via biosyn-
thesis, exchange reactions, or reactions of oxalic acid at the rock surface, then oxalate “C ages
would be anomalously old and 8!3C values would represent a 13C enrichment independent of meta-
bolic processes.

Indirect evidence that lichen mycobionts can metabolize carbonate/bicarbonate ions was
demonstrated by Lapeyrie et al. (1987; Lapeyrie 1988) by showing that oxalate ion production by
the fungus Paxillus involutus was greater when grown on calcareous soil compared to acidic soil,
and that this particular fungus incorporated bicarbonate ions from a growth medium for the
biosynthesis of oxalic acid. Additional evidence of a possible bicarbonate effect is that calcium
oxalate rock coatings are significantly enriched in '3C compared to living lichens (Table 1). For
example, Hofmann and Bernasconi (1998) reported 8'3C values of —11.8%0 and —11.7%o from
analyses of oxalate rock crusts in Arizona (USA) and Valais, Switzerland, respectively, while
Steelman et al. (2001) reported an oxalate 8'3C value of —11.67%o from a coating in Toca do Bastina,
Brazil. Furthermore, 18 calcium oxalate crust samples from 12 sites in southwestern Texas yielded
amean 8!3C value of —10.6 = 1.9%o (Russ et al. 2000). Reported 6'3C values of living lichens, on the
other hand, range from —35%o to —14%o (Lange et al. 1988), indicating a significantly lower '3C
content compared to the oxalate coatings. This isotope discrepancy might be due to utilization of
carbonate in the rock substrate that would cause “C measurements to be unreliable, or other
metabolic processes for which corrections can be made. The latter is the case for the intracellular
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calcium oxalate in cacti which is enriched in 13C by ~5%0 compared to the cactus tissues (Rivera and
Smith 1979).

To investigate whether lichens incorporate substrate carbonate and/or bicarbonate ions for the pro-
duction of oxalate we measured the relative abundances of the carbon isotopes (A'*C and 8'3C val-
ues) in 5 living, pruinose lichen species collected from limestone and sandstone surfaces in Texas
and Arkansas, respectively (Table 2). We sampled areas on the specimens that appeared to have
recent growth—edges and areas with fruiting bodies—and so expected A!“C values that reflected
contemporary atmospheric CO,. Then, if substrate carbon was incorporated in the oxalate the “C/C
of the limestone species would be lower (smaller A'*C values) and the '3C/C higher (less negative
813C values) compared to the lichens growing on the sandstone. However, as Bench et al. (2001,
2002) recently demonstrated, there is considerable internal carbon recycling and/or carbon turnover
in the 2 lichens they studied. Such processes would cause a discrepancy between the contemporary
atmospheric 1#C record and the *C content of the organisms, and limit our ability to predict the rel-
ative amount of carbonate carbon, if any, included for the production of oxalate.

Table 2 Radiocarbon (A!4C) and stable carbon isotope (8'3C) results from pruinose lichens
in southwestern Texas and northeastern Arkansas

Species Location Substrate  AMS lab nr AMC 813C (%o)
Flavoparmelia baltimorensis NE Arkansas Sandstone 50964 1153+5.0 -23.65
Dirinaria frostii NE Arkansas Sandstone 50970 1427+49 -22.13
Caloplaca saxicola SW Texas Limestone 50966 206.6 +5.6 -17.07
Caloplaca saxicola SW Texas Limestone 50967 219.1+57 -17.76
Caloplaca saxicola SW Texas Limestone 50968 189.9+55 -20.33
Lecania Sp. SW Texas Limestone 50969 1623+54 -17.92
Lecania Sp. SW Texas Limestone AA42664 1925+7.1 -18.22
Lecidea Sp. SW Texas Limestone AA42662 163.6 6.3 —18.93

We also explored the distribution of the stable carbon isotopes between the lichen tissues and oxalate
pruina by separating these components and measuring the 8'3C values of each. There is greater vari-
ability in 8!3C values reported for lichens than for higher plants—including both C; and C,4 plants—
despite all lichen photobionts using the C; metabolic pathway. The 8'3C of lichens is governed pri-
marily by moisture conditions, specifically the amount and phase of water required to activate and
maintain photosynthesis. Three categories of lichens have been identified based on carbon isotope
compositions, and which is related to the water requirements of the different photobionts whether
cyanobacteria (cyanobionts), green algae (phycobionts) or a combination of both (photosymbio-
demes). Phycobionts, for example, can initiate photosynthesis and reach maximum activity with
lower water contents and when the water source is vapor alone (high humidity, dew or fog). Cyano-
bionts, on the other hand, require considerably more water and in the liquid phase (Lange et al.
1986; Lange et al. 1988). Fractionation of the carbon isotopes is induced by diffusion resistance of
CO, through water-filled membranes (Lange et al. 1988) and/or structural changes in the photobiont
and mycobiont cells caused by hydration and dehydration processes (Scheidegger et al. 1995). The
presence of a carbon concentrating mechanism (CCM) employed by cyanobionts and some phyco-
bionts has also been deduced, and that influences the overall isotopic composition of these particular
organisms. Thus, lichens with cyanobionts (and phycobionts with a CCM) are “C,-like” with 8'3C
values >—23%o; phycobionts without a CCM are more “Cs-like” with 8'3C values < —24%o; and pho-
tosymbiodemes have the lightest isotopic composition, with 8!3C values ~ —33%0 (Méguas et al.
1993, 1995; Smith and Griffiths 1996).
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MATERIALS AND METHODS

Lichen samples were collected from southwestern Texas (29°53’N, 100°54’W) and northeastern
Arkansas (92°45’N, 36°12’W) by removing a portion of the basal rock with the lichens intact. Sub-
samples were sent for identification to B Ryan (Arizona State University). To prepare for the analy-
ses the sample surfaces were rinsed using E-pure (18.2 Mega Ohm/cm) water to remove loose detri-
tus then dried in a 90 °C oven. A small (~1 mg) aliquot of the specimen was removed and analyzed
using Fourier transform infrared analysis (FTIR) to establish the presence of oxalate.

AMS A'C and §'3C Analyses

I4C and stable carbon isotope ratio analyses were performed on 5 lichen species, 3 collected from
limestone surfaces in southwestern Texas and 2 growing on sandstone in northeast Arkansas (Table
2). Samples were prepared by removing ~2 cm? of the lichen from the substrate with a dental pick,
followed by grinding using an agate mortar and pestle. Approximately 150 mg of the powdered sam-
ple was placed in a Teflon beaker and 40 mL of dilute phosphoric acid (pH ~2.4) added to remove
carbonates. The solution was maintained at pH <3.0 by.drop-wise addition of concentrated phos-
phoric acid, and allowed to stand for ~48 hr with intermittent stirring. The sample was filtered using
a micropore glass filter (1015 wm) and the filtrate consisting of the lichen tissue and calcium
oxalate pruina dried at 90 °C. Each sample was split, with one aliquot used for the accelerator mass
spectrometry (AMS) '“C measurement and the other for the stable carbon isotope analysis.

The AMS measurements were performed at either the Center for Accelerator Mass Spectrometry
(CAMS) at Lawrence Livermore National Laboratories or the University of Arizona NSF-Arizona
AMS Facility. Samples were further processed for the AMS assay by combusting the powder to CO,
at 950 °C in the presence of CuQO, and graphite targets produced using standard protocol (Vogel et
al. 1987). The 8!3C analyses were performed using a Finnigan Delta Plus isotope ratio mass spec-
trometer (IRMS) interfaced with a Carlo Erba EA-1108 elemental analyzer; samples were com-
busted to CO, in the elemental analyzer, and the isotopic composition of the CO, was determined by
continuous flow IRMS. 8!3C values are expressed relative to the V-PDB standard, and precision was
<0.1%o.

013C Analysis of Separated Oxalate Pruina and Lichen Tissues

As above, the lichens were removed from the substrate using a dental pick and ground in an agate
mortar and pestle. Approximately 100 mg of the powdered lichen was placed in a Teflon beaker
along with 30 mL of 1.5 N HCI to remove carbonates and dissolve the calcium oxalate. The solution
was stirred at 80 °C for 2 hr, then allowed to stand overnight to completely dissolve the calcium
oxalate. The acid insoluble tissue, mainly thallus, was isolated from the solution by filtering through
a micropore (10—15 pum) glass filter, and the solid residue dried at 90 °C.

We precipitated the calcium oxalate from the solution under a stream of N, to prevent contamination
from atmospheric CO, by first neutralizing the mother liquor with boiling 3 N NaOH then adding
3 mL of saturated CaCl, solution. The calcium oxalate precipitate was filtered using a micropore
(4— 8 um) glass filter and dried at 90 °C. The stable carbon isotope ratios of each component was
measured as described above. This method was tested via 5 separate trials of a single homogenized
lichen (Lecania sp.) sample, measurements of 3 different areas of a single Lecania specimen, and
experiments using a calcium oxalate standard.
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RESULTS AND DISCUSSION

All lichens used in this study had calcium oxalate pruina, as established using FTIR. Another com-
mon feature was that each species contained green algal photobionts.

A'C Values of Lichens Growing on Limestone and Sandstone

The AMS !4C results show that the mean A'“C value of the sandstone species (A*C = 129.0 +
19.4%o) is similar to that of contemporary atmospheric CO, (Nydal and Lovseth 1983; Levin and
Kromer 1997), while the mean A'*C value of the lichens growing on limestone (A'#C = 189.0 +
22.8%o) is enriched in *C by 60%. compared to the sandstone species (Table 2). Moreover, the “C
values from the limestone samples are consistently greater than values obtained by Bench et al.
(2001; 2002) from analyses of Caloplaca trachyphylla (mean '“C = 175.8 + 70.5%¢) growing on
sandstone and Rhizocarpon geographicum (mean A“C = 152.6 + 19.8%0) growing on siliceous
rocks (Table 3). Thus, the limestone specimens have more atmospheric carbon that must have been
incorporated during an earlier period when the atmospheric '#CO, concentration was higher (due to
bomb “C production). This could be due to inclusion of older portions of the lichens during the
sampling/scraping process or that the recent growth includes considerably more recycled carbon, a
phenomenon demonstrated by Bench et al. (2001; 2002) for the 2 lichen species they studied.

Table 3 Average radiocarbon (A!4C) data from lichens analyzed in this study and reported by
Bench et al. (2001, 2002).

Nr of Nr of Mean Standard
Substrate species measurements  A4C (%0)  deviation (%o)
Limestone (this study) 3 6 189.0 22.8
Sandstone (this study) 2 2 129.0 194
Siliceous rocks (Bench et al. 2001) 1 24 152.6 19.8
Sandstone (Bench et al. 2002) 1 44 175.8 70.5

The comparison of the stable carbon isotope ratios between limestone and sandstone species, how-
ever, gives evidence that the 8!3C values for lichens growing on limestone are greater than those for
lichens growing on sandstone. One interpretation is that the evident enrichment in '3C for the lichen
growing on limestone could be due to incorporation of carbonate from the substrate, but the “C
results indicate this interpretation is unlikely. Instead, the difference in the 8!3C values might be
attributed to differences in the moisture conditions in which these lichens were collected. Lichens
growing in more moist conditions are depleted in 13C compared to lichens growing in relatively drier
environments (Shomer-Ilan et al. 1979; Teeri 1981). Because the collection sites in Arkansas (mean
annual rainfall ~1200 mm/yr) are considerably wetter than the sites in Texas (mean annual rainfall
~ 450 mm/yr), this difference in the 8!3C values could be expected.

Two-sample t-tests and Wilcoxon rank sum tests were performed to determine if a statistical differ-
ence is present in the A*C and 8'3C values for lichen species growing on limestone and lichen spe-
cies growing on sandstone. A summary of these results follows, with p-values and observed test sta-
tistics appearing in Table 4. It should be pointed out that the statistical power of these tests is
hindered by the small sample sizes. When sample sizes are small, the size of the effect must be large
for it to be evident.

First, the A*C and 8'3C data from the Caloplaca saxicola and Lecania lichen species growing on
limestone were compared. The results suggest there is not a statistically significant difference in the
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A™C and 8'3C values among different lichen species growing on the same substrate. This proposi-
tion is further supported by comparing the 6'3C values for the different limestone species contained
in Table 5. The data provides no evidence of a significant difference between the 6'3C values for the
Caloplaca and Lecania species when comparing their isolated calcium oxalate pruina separated
from the lichen tissues, the lichen tissues themselves, nor the 8'3C;, — 8'3C,, differences for the 2
species. This suggests we can pool the A*C and 6'3C values from the different lichen species grow-
ing on the same substrate and focus our attention on comparing the limestone values to those from
other substrates.

Table 4 Results of statistical analyses: Two-sample t-tests and Wilcoxon rank sum test

Test statistic p-value
Comparisons between different lichen t-test Degrees of t-test
species growing on limestone Location of data Wilcoxon freedom Wilcoxon
Al%C Table 2 t=1.6062 1.645 0.275
w=11 NA 0.4
d13C Table 2 t=-0.3157 2.09 0.781
w=10 NA 0.8
813C for isolated calcium oxalate Table 5 t=-0.2378 3.37 0.826
W =50 NA 0.7989
813C for lichen tissues Table 5 t=-0.3362 7.40 0.7460
W=50 NA 0.7986
J13Cy; - 813C,, Table 5 t=0.0551 9.57 0.957
W=55 NA 0.6711
Test statistic p-value
Comparisons after pooling values from t-test Degrees of t-test
different lichen species Location of data Wilcoxon freedom Wilcoxon
AMC limestone vs. A*C sandstone Table 2 t=-3.6253 2.044 0.9669
W=33 NA 1
AC limestone vs. A4C silica Table 2 and t=3.60 7 0.009
Bench et al. (2001) — — —
AMC limestone vs. AC sandstone Table 2 and t=0.94 22 0.359
Bench et al. (2002) — — —
813C limestone vs. 6'3C sandstone Table 2 t=5.076 1.831 0.0219
W =33 NA 0.0357

The two-sample t-test and Wilcoxon rank sum test did not provide any statistical evidence that the
AM™C values for lichens growing on limestone are less than the values for lichens growing on sand-
stone. In fact, the data contained in Table 2 suggest that the average A4C values for lichen growing
on limestone is at least 11.7%o higher than the average A*C for lichen growing on sandstone. A
comparison of the A!*C values for the limestone species (Table 2) with those for Rhizocarpon geo-
graphicum growing on siliceous rocks (Bench et al. 2001) and Caloplaca trachyphylla growing on
sandstone (Bench et al. 2002) was carried out utilizing two-sample t-tests with a Bonferroni correc-
tion (Bonferroni 1936; Miller 1981). The results suggest that the average A'*C values for lichen
growing on limestone is at least 12.5%o higher than the average A!4C for lichen growing on silica,
and that there is no significant difference between the A*C values for the limestone and sandstone
substrates.

The mean A'4C value for the lichens growing on limestone is consistent with atmospheric CO, as the
sole carbon reservoir if the lichen material was produced within the last 20-25 yr. However, we can-



Carbon Isotopes in Lichens 681

not rule out that even older material was present in the samples, produced when the atmospheric “C
abundance was even greater, and that this was combined with “dead” carbon from carbonate sub-
strate to yield the observed A'#C values.

814C Values of Isolated Calcium Oxalate Pruina and Acid-Insoluble Lichen Tissues

One purpose for separating the pruina from living lichens and measuring the 6'3C of the calcium
oxalate and lichen tissues independently was to explore why the 8!3C values of calcium oxalate
rock coatings are enriched in 13C compared to the values reported in the literature for living lichens.
The separation procedure was tested using a calcium oxalate standard, with a mean 8!3C value =
—17.42 % 0.02%0. The mean &'3C value of the processed standard (—17.72 + 0.06%¢) indicated a
0.30%o shift in the isotope composition of the treated calcium oxalate.

The results of the analysis of 5 aliquots from a single homogenized Lecania sample (oxalate pruina
mean 8!3C value = —15.62 + 0.08%o; lichen tissue mean value = —22.50 + 0.37%0) demonstrated the
method was reproducible (Table 5). The oxalate 8!3C values of the second Lecania sample, in which
3 separate areas from the same lichen specimen were removed and analyzed, also confirms the
reproducibility of the method (oxalate pruina mean 8'3C value —14.83 + 0.03%; lichen tissue mean
value = —22.50 + 0.14%o).

The calcium oxalate pruina proved to be consistently enriched in 13C compared to the lichen tissues.
Specifically, the oxalate pruina (mean 8'3C = —15.19 + 0.92%0) was estimated (with 95% confi-
dence) to be enriched in 13C by between 5.7%o and 7.3%o relative to the lichen tissue (mean 8!3C =
—21.66 + 1.15%0). This is even greater than the 5%o difference between the tissues and intercellular
calcium oxalate in cacti reported by Rivera and Smith (1979). It also shows that the 8!3C values of
calcium oxalate rock coatings (8!3C ~ —11.5%o) are consistent with lichen sources with 8'3C values
~ —18%o, well within the 8'3C range reported for lichens (from —35%o to —14%o; Lange et al. 1988).

Table 5 Stable carbon isotope ratios of lichen oxalate pruina and tissue separates

Oxalate 8!3C Tissue 8!3C S13C,x — 813C s

Species Sample location ~ Substrate (%0) (%0) (%0)
Lecania SW Texas Limestone -15.62 +£0.08%  -22.50 +0.37% 6.88
Lecania SW Texas Limestone —14.83+0.03> —22.50+0.14° 7.67
Lecania SW Texas Limestone -15.05 -23.42 8.37
Lecania SW Texas Limestone -15.45 -21.06 5.61
Lecania SW Texas Limestone -14.96 -22.61 7.65
Lecania SW Texas Limestone -16.04 -19.52 3.48
Lecania SW Texas Limestone -16.37 -20.44 4.07
Lecania SW Texas Limestone -15.00 -21.90 6.90
Caloplaca SW Texas Limestone -15.22 -21.16 5.94
Caloplaca SW Texas Limestone -14.98 -21.61 6.63
Caloplaca SW Texas Limestone -13.37 -20.36 6.99
Caloplaca SW Texas Limestone -17.30 -22.90 5.60
Verrucaria SW Texas Limestone -13.99 -21.57 7.58
Verrucaria SW Texas Limestone -14.30 -22.20 7.90
Unidentified  SW Texas Limestone -15.45 -20.00 4.55
Lecanora Arizona Quartzite -15.03 -22.87 7.84
breccia
-15.19 £0.92 -21.66 £1.19 6.48 +1.47

2Average +1 ¢ of 5 aliquots from 1 homogenized lichen sample
bAverage +1 © of 3 different regions of a single lichen sample treated independently
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CONCLUSIONS

We measured the “C content of what appeared to be recent growth of 5 oxalate-producing lichen
species, 3 of which were growing on limestone in southwestern Texas and 2 on sandstone in north-
eastern Arkansas. The A'3C values of the sandstone species were consistent with contemporary
atmospheric “CO, levels, while the limestone species were enriched in *C by approximately 60%o
compared to those growing on the sandstone. This result is opposite of what was expected if sub-
strate carbonate was a significant source of carbon.

While it might be reasonable to expect that little or no “dead” carbon from the limestone was incor-
porated by the lichens growing on this substrate, these results do not provide definitive evidence that
this is the case. Without knowing the true age of the sampled areas, and thus the actual amount of
atmospheric *C incorporated by organisms, the amount of carbon from the limestone, if any,
remains ambiguous.

The stable carbon isotope composition of the calcium oxalate pruina produced by these lichens is
6.5%o0 enriched in '3C compared to lichen tissues. Calcium oxalate rock coatings thought to be
byproducts of past lichen activity have 8!3C values that range from —6.8 to —13.7%o (Table 1), and
thus produced by lichens with 8'3C values that range from —13.3 to —20.2%c. These values are con-
sistent with the stable carbon isotope composition of lichens that have cyanobacterial photobionts,
or green algal photobionts that employ a CO, concentrating mechanism.
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14C DATING OF THE ‘TITULUS CRUCIS’

Francesco Bella! ¢ Carlo Azzi
Dipartimento di Fisica “E. Amaldi” — Universita di Roma “Roma Tre”, Via della Vasca Navale, 84-00146 Rome, Italy.

ABSTRACT. The authors study the radiocarbon dating of a relic believed to be the tablet that was placed on the cross of Jesus
Christ at the time of his crucifixion.

INTRODUCTION

The scope of the present work was the dating of a religious relic preserved in the Basilica of “Santa
Croce in Gerusalemme” in Rome, Italy. This relic is believed to be the tablet that was placed on the
cross of Jesus Christ. Dating was performed in a new radiocarbon (!*C) laboratory (“E. Amaldi”
Physics Department of “Roma Tre” University) using 2 highly sensitive liquid scintillation spec-
trometers. Control measurements were performed on samples of known historical dates. A compar-
ison between the '“C dates and the historical dates of the control samples indicates the good opera-
tion of the analytical system and validates the calculated age of the “Titulus Crucis”.

SAMPLE DESCRIPTION

The sample studied is a religious relic preserved in the Basilica of “Santa Croce in Gerusalemme”
in Rome (Italy). This relic is believed to be the tablet that was placed on the cross of Jesus Christ,
following the practice of the Roman penal code for every condemned prisoner. Inscribed on the tab-
let (Rigato 1999, 2001) is the phrase “Jesus of Nazareth, King of the Jews”, written in Latin, Greek,
and Hebrew.

The irregularly shaped tablet is approximately 26 x 14 x 4 cm in size, weighs about 687 g, and con-
sists of a single piece of walnut wood (species Juglans Regia L) (E Corona, personal communication
2001). A sample for “C dating was collected from the lower central part of the back of the “Titulus
Crucis”, an area characterized by surface alteration of about 4 mm that covers wood that is com-
pletely intact, very compact, and perfectly preserved. Six samples were collected from different
locations in and around a knot in the wood.

SHIELDING AND ELECTRONIC REGISTRATION

Dating was performed in the new '4C laboratory located in the E Amaldi Physics Department of
Roma Tre University. The laboratory has 2 independent, highly sensitive liquid scintillation spec-
trometers (A and B) as well as the capability to synthesize benzene. The characteristics of this lab-
oratory are very similar to those of the 4C laboratory at La Sapienza University of Rome, of which
dates are prefixed by the letter R (Radiocarbon 1964 and successive years) and both laboratories
were designed and constructed by the same researcher (Bella et al. 1960; Alessio et al. 1970; Alessio
et al. 1973). Each spectrometer consists of the following:

1. A system for shielding the soft component of cosmic rays, consisting of iron, borate paraffin
and lead;

2. Two photomultipliers which, in coincidence, monitor the benzene-filled sample vial;

3. A vial holder. The watch-shaped vial is constructed of low-sodium glass and has a volume of
2 cm?, an external diameter of 3 cm and a depth of 0.6 cm. A small tube is fused onto the outer
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surface of the vial and closed with a flame using a technique adopted by the laboratory (Alessio
et al. 1978);

4. A system for shielding the penetrating component of cosmic rays, consisting of a plastic scin-
tillator with 8 photomultipliers that surround the coincident detector and which, through a Fan-
in/Fan-out, create a classic anti-coincident system.

The new registration system is different from its predecessor at La Sapienza University because:

1. Highly stable electronic components, which allow for resolved real times within 6 ns, have been
used;

2. For more control, it allows calculating 1“C dates directly from the coincidence between the two
photomultipliers monitoring the sample, in addition to that from the anticoincidence.

CHEMICAL PREPARATION OF THE SAMPLES

Sample preparation was conducted very carefully, as the quality of the dating depends greatly on the
mechanical and chemical pretreatment. The preparation of benzene was performed following the
well-tested suggestions of Prof H A Polach (Polach et al. 1967). The small amounts of non-coeval
contamination were eliminated first by unaided visual examination and then by using a stereoscopic
microscope. The fragmented samples were then subjected to chemical treatment, including hot 5%
HCI to eliminate carbonate contamination and 2% NaOH to remove secondary humic acids. A final
5% HCl treatment completes the cleaning procedure. After each acid treatment, the samples were neu-
tralized with successive washing and boiling in distilled water and then desiccated in an oven at 70 °C.

The production of benzene is relatively complex, and is based on the 4 fundamental steps that are
summarized below.

1. Combustion of the sample in a flux of O,, followed by purification and storage of the produced
COy;

2. Fluxing of the CO, in a titanium catalytic reactor containing metallic Li at 700 °C to obtain
Li,C,. The exothermic reaction is completed at 900 °C in 1 hr, after which the sample is cooled
to room temperature and distilled H,O is injected in the vessel to convert the Li,C, into C,H,;

3. The acetylene is transformed into benzene in the presence of an aluminum silicate catalyst acti-
vated with potassium-bichromate. Benzene is produced when the acetylene adsorbed on this
material is heated to 150 °C and then collected in a small cryogenic oxygen trap.

4. Finally, a stoichiometric amount of PBD scintillator (Fluka) is added to the obtained benzene.

There was little problem in preparing the benzene for this study because the 4 samples were well-pre-
served. Notably, the weight of the wood treated from the “Titulus Crucis”, sample 43, was 5.8 g before
chemical and mechanical treatment and 5.1 g before combustion.

DATING

The activity of our “modern standard”, consisting of wood that grew near Rome between 1949 and
1953, was checked repeatedly with 95% of the counting rate of NBS oxalic acid and was found to
be within 1 6. All dates are reported in conventional 4C yr, using the Libby half-life of 5568 + 30
yr, with AD 1950 as the standard yr of reference. The dating of the studied samples was performed
under different background conditions by varying the discriminator thresholds and the voltage of the
photomultipliers. Besides the accurate count checks, each series included *C age measurements of
the following samples:
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Sample 43. “Titulus Crucis” (see Tables 1-3)

Sample 29. A piece of a wooden lintel from a small storeroom in the attic of the Basilica of “S.
Croce in Gerusalemme” where the “Titulus Crucis” may have been kept (Rigato 1999)

Radiocarbon age? t = 960 £ 260 BP

Sample 31. Part of the wooden plank, on which the body of Giovanni de Alessandro de Medici was
laid when he was buried around AD 1360, taken from the center of the nave in the Florence Duomo
(Azzi et al. 1973, 1974).

Radiocarbon age t=650173 BP

Sample 40. Wood from Roman ships housed in the “Museo delle Navi Romane” in Nemi (Italy).
This sample was 1 of 3 distributed among many !4C researchers in order to perform the first inter-
laboratory cross-check. The average value calculated using all of the values was 1990 + 85 BP
(Alessio et al. 1964). Historically, construction of the ships occurred during the reign of Caligula,
from AD 37 to 41.

Radiocarbon age t =1943 + 40 BP

The following 3 tables give the results of the datings performed.

Table 1 Dating of wood samples from the Nemi ships and the “Titulus Crucis” using spectrometers
A and B under different conditions by varying the discriminator thresholds and the voltage of the
photomultipliers. Measurements were collected directly by coincidence of the 2 photomultipliers
that monitor the vial. The errors of the single age are calculated as experimental errors.

Age measurements using only coincidence

Background Nemi wood (BP) “Titulus Crucis” wood (BP)
Counter C/min sample 40 sample 43
A 21.6x0.1 2063 £ 163 973 £115
225+0.2 1676 =199 1084 + 157
21.1+£0.2 1907 £90 1051 £ 123
B 3.77 £0.07 2340 £ 240 986 + 135
47+0.1 1919 £ 152 1073 £210
4.37+0.03 1985 £ 307 999 +208
4.80+0.03 1937 £133 970 + 96
Weighted mean: 1941 £ 56 1006 £ 50

2This sample is subject to a large error due to the uncertainty of the volume of benzene used for the radioactivity counting and
by the imperfect closure of the vial.



688 F Bella, C Azzi

Table 2 Dating of wood samples from the Nemi ships and the “Titulus Crucis” using spectrome-
ters A and B under different conditions. The measurements were acquired by the anticoincidence
between the coincidence of the 2 photomultipliers monitoring the benzene-filled vial and the fan-
in/fan-out system. The errors of the single age are calculated as experimental errors.

Age measurements using anticoincidence

Background Nemi wood (BP) “Titulus Crucis” wood (BP)
Counter C/min sample 40 sample 43
A 2.47 £0.03 2030+ 155 951 £90
2.20 £0.03 1898 + 232 1052 £ 214
2.43+0.03 2012+ 152 1162 £ 110
2.43 £0.03 1959 £ 87 1026 £ 51
B 0.97 £0.03 1893 £ 173 991 £ 103
1.13£0.03 1611 £ 269 1063 £ 219
1.10£0.03 1859 + 163 1025 + 154
1.30 £0.03 1948 + 122 915+ 193
Weighted mean: 1945 + 51 1023 + 36

Table 3 Comparison between the historical and “C dates of the reference samples, with the latter
being calculated with a half-life of T = 5568 yr, the value agreed upon at the 5th Conference on
Radiocarbon Dating (Cambridge 1962)

Sample nr  Sample description Historical dates (BP) Radiocarbon dates (BP)

29 Attic lintel ~1000 960 + 260

31 Burial plank ~600 650 £ 73

40 Roman ship wood ~1990 1943 £ 40

43 Wood from the “Titulus Crucis” - 1020 =30
CONCLUSION

The experimental confirmation of the known historical dates of the control samples indicates a good
operation of the analytical system and validates the calculated age of the “Titulus Crucis™:

Radiocarbon age of the “Titulus Crucis” = 1020 + 30 BP

Calendar age of the “Titulus Crucis” = AD 996-1023 (1 6)
AD 980-1146 (2 o)

The calendar age has been calculated using the INTCAL98 program (Stuiver et al. 1998). This dat-
ing permits one to consider alternative hypotheses regarding the origin of the tablet, such as the pos-
sibility that it is a copy of the original, as discussed by Rigato (2002).
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THE ANTIQUITY OF PEARL SHELL (PINCTADA sp.) BURIAL ARTIFACTS IN
PALAU, WESTERN MICRONESIA

Scott M Fitzpatrick! « Jenna E Boyle
Department of Anthropology, University of Oregon, Eugene, Oregon 97403, USA.

ABSTRACT. Pearl shell was an important and highly valued resource for producing tools and ornaments in Oceania. One
pearl shell artifact type that is quite rare in Micronesia, however, is the crescent-shaped scraper/grater. These artifacts have
recently been found in 2 burial caves in Palau, Western Caroline Islands, suggesting they may have played important social
and symbolic roles in society. The first direct accelerator mass spectrometry (AMS) dating of this tool type, found in associ-
ation with an in-situ female burial at the Chelechol ra Orrak site, provides a date of AD 150-270, while associated dates range
from 770 BC-AD 180. These dates help contextualize human burials and associated artifacts from one of the earliest and most
diverse burial sites in Austronesia.

INTRODUCTION

Prehistoric peoples in the Pacific used pearl shell (Pinctada sp.) for producing a variety of tools and
ornaments over a period of 3000 yr or more. In Melanesia, early Lapita settlers in the Mussau
Islands (Kirch 1997:213-4) and late preceramic inhabitants in the northern Solomons (Wickler
2001:200) used whole valves of pearl shell as vegetable or coconut peelers and produced trolling
hook shanks (Wickler 2001:199). Pearl shell “crescents”, often considered wealth or status items,
are also worn today as neck ornaments in parts of New Guinea (Sillitoe 1988:396) and Vanuatu
(Speiser 1990:165). Pearl shell is known archaeologically and ethnographically in Polynesia for
manufacturing fishhooks (Davidson 1968; Sinoto and McCoy 1974; Emory 1975:199-205; Bell-
wood 1978; Kirch 1979:176; Walter 1989, 1990; Kirch et al. 1992; Allen 1994), and sometimes har-
poon points (Sinoto 1968). In Micronesia, pearl shell was used for making fishhooks (Intoh and
Leach 1985:100-4), trolling lures (e.g. Pohnpei, Kosrae, and the Marshall Islands; Ayres 1990:191—
7; Intoh 1998), and various other objects (Sinoto 1984:36; Intoh and Leach 1985:101; Shun and Ath-
ens 1990:236-37; Carucci 1992:94). Pearl shell scraper/graters, similar to ones found outside Micro-
nesia, were also recently recovered in archaeological investigations. All are from Palauan burial
caves (Rieth and Liston 2001; Fitzpatrick 2003), but their chronology and function are poorly doc-
umented.

With the advent of accelerator mass spectrometry (AMS) radiocarbon dating, archaeologists can
now date smaller samples of artifacts with a higher degree of accuracy than using conventional tech-
niques. This is especially crucial in contexts that may be disturbed, contaminated, or have only asso-
ciated dates (e.g. Rick 2001). In addition, direct dating of artifacts using AMS can refine artifact
chronologies with relatively high precision (Vellanoweth 2001).

In this paper, we describe the first direct dating of this tool type at the Chelechol ra Orrak site in
Palau using AMS. Our goals include: 1) determining the antiquity of burials and grave goods at the
site, and 2) developing a chronology for these important artifacts throughout the Pacific. We first
provide a brief background on archaeological research at Chelechol ra Orrak and discuss the prove-
nience and significance of the pearl shell scraper/grater tools found in association with early human
burials. Four additional '“C dates from strata that contained the artifacts and human skeletal remains
are used to assess the importance of directly dating artifacts in complex cultural deposits.

ICorresponding author. Email: malthus @darkwing.uoregon.edu.
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BACKGROUND

Palau is located in the Western Caroline Islands of Micronesia approximately 600 km equidistant
from the Philippines to the west and New Guinea to the south. Recent archaeological investigations
indicate that the archipelago was probably settled by at least 1000—1400 BC (Liston et al. 1998;
Wickler 2001; Fitzpatrick 2002a), although paleoenvironmental data suggest that colonization could
have occurred even earlier (Athens and Ward 2001). Despite the increase in archaeological research
in Palau, and especially on the large volcanic island of Babeldaob, dated contexts that extend past
500 BC are rare (Wickler 2001; Fitzpatrick 2003).

The Chelechol ra Orrak (“beach of Orrak”™) site is located along the western fringe of Orrak, a small
“Rock Island” approximately 1 km east of Babeldaob’s southeastern tip (Figure 1). This raised lime-
stone island has rough karst topography and numerous caves and rockshelters. Blaiyok (1993) orig-
inally identified the site as a stone money quarry used within the last few hundred yr by Yapese
Islanders (Fitzpatrick 2001, 2002b). Earlier cultural deposits (~1000 yr BC) were discovered at the
site during recent excavations and produced the pearl shell artifacts discussed here (Fitzpatrick
2002a, 2003).

Human remains were found in all 4 test units in stratified deposits usually deeper than 60 cm. Pre-
liminary osteological analysis by Nelson et al. (2002) indicates that at least 25 individuals were bur-
ied in the cave, 14 of which were recovered in Test Unit 1. Human remains include neonates,
prenates, adolescents, and adults of both sexes, comprising one of the largest, earliest, and most
diverse burial assemblages in the Pacific Islands.
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Due to the sandy nature of the deeper deposits and the likelihood that burial activity took place over
at least a 1000-yr period (with later burials disturbing earlier ones; Fitzpatrick 2003), the skeletal
assemblage was highly fragmented and rather poorly preserved. However, 2 undisturbed in-situ
burials were discovered a meter deep in Test Unit 1. Three pearl shell scraper/graters were located
directly above the left femur of a supine female burial in Layer 9 and are the only definitive burial
goods discovered at the site. Two other fragments of similar tools were also found in Test Unit 1
(Layer 7) and one in Test Unit 2 (Layer 5; Table 1).

A variety of artifacts such as unworked marine shell, shell ornaments, shark teeth, bone tools, and
ceramic vessels have been reported from burial sites in Palau (Beardsley 1998; Liston et al. 1998;
Rieth and Liston 2001), but only Ngermereues Ridge and Chelechol ra Orrak have produced pearl
shell artifacts. To determine the antiquity of these artifacts and their associated burial contexts in
Test Unit 1, 5 samples, including a small piece from a pearl shell scraper/grater tool were submitted
for AMS 4C dating.?

Table 1 Pearl shell scraper/grater artifacts from Chelechol ra Orrak
Length Width ~ Thickness  Weight

TU Layer cmbs (mm) (mm) (mm) (2)
1 7 50-60 47.5 36.1 2.5 5.6
1 7 50-60 19.8 10.1 2.0 0.5
1 9 ~110 126.2 75.4 4.8 50.7
1 9 ~110 71.6 68.5 2.8 17.5
1 9 ~110 94.6 69.1 3.5 23.0
2 5 40-50 62.9 49.4 2.6 11.7

METHODS

All specimens submitted for !“C dating were recovered from the site in situ, cleaned of extraneous
soil using distilled water, air dried, and individually bagged in airtight containers for transport. The
pearl shell tool (OS-33447) and charcoal (OS-33568) sample were submitted to the National Oce-
anic Sciences Accelerator Mass Spectrometry (NOSAMS) facility at the Woods Hole Oceano-
graphic Institution for AMS !4C dating. Laboratory preparations were conducted using standard
techniques, details of which can be found at the NOSAMS website <www.nosams.whoi.edu>.
Three additional samples (two human bone [AA-40957, AA-43054] and one burned fishbone [AA-
43050]) were submitted to the NSF—University of Arizona AMS Facility. Pretreatment and analysis
procedures for the bone are outlined in Fitzpatrick (2002a). All samples were calibrated at 1 ¢ using
Calib 4.3 (Stuiver and Reimer 1993)3. A local AR for shell in Palau has not yet been determined, so
the mean global reservoir correction (~ 400 4C yr) was used (Stuiver and Reimer 1993)*.

2See Fitzpatrick (2003) for a complete list of AMS dates from Chelechol ra Orrak to date, including those discussed here.

3Because the prehistoric diet is unknown but is presumed to contain both marine and terrestrial flora and fauna, the human
bone samples were calibrated as 50% marine and 50% terrestrial to better reflect a mixed diet of shellfish, fish, and aroids
(Hunter-Anderson 1991; Weisler 1999, 2000) common to the region. It should be noted that Ambrose et al. (1997) suggest
marine protein consumption in the Mariana Islands (western Pacific) was around 20-50% and would thus make human bone
dates in Palau slightly older if recalibrated.

4See Kennett et al. (1997), Phelan (1999), Guilderson et al. (2000), Kuzmin et al. (2001), Yoneda et al. (2001), and Hideshima
et al. (2001) for recent attempts to determine AR correction values in other parts of the Pacific.
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RADIOCARBON DATES

14C dates from the basal layers of Test Unit 1 revealed a range of human activity spanning over a
1000-yr period from cal 970 BC to AD 270 (Figure 2). The earliest date was cal 970-840 BC from
charcoal in Layer 8 (OS-33568). That this date was earlier than the others was not surprising con-
sidering the deposit was truncated by later burial episodes (Layer 9). The 4 bone and shell samples,
all from Layer 9, dated from cal 770 BC to AD 270. The broad age range in this deposit can be
attributed to one of the bone samples (AA-40957) dating to cal 770-550 BC; the other 3 dates fall
within the range of cal AD 80-270. The earlier date in Layer 9 can probably best be explained as
resulting from soil disturbance due to subsequent periods of burial activity (Fitzpatrick 2003). The
later date of cal AD 150-270 obtained from the pearl shell scraper/grater lends support to this con-
clusion due to its direct association with the burial in Layer 9, as does the fragmentary nature of
other skeletal remains recovered in Layers 7-9.
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Figure 2 Stratigraphic profile from the east wall

in Test Unit 1 (b =human bone; ¢ = charcoal; BC 970- 840 (c)

f = fishbone; s = shell scraper grater)

PEARL SHELL ARTIFACTS

Pearl shell is found in tropical or subtropical waters throughout the Indo- and western Pacific.
Pinctada maxima (silver or golden-lipped pearl oyster), Pinctada margaritifera (black-lipped pearl
oyster), and Pinctada radiata (Ceylon pearl oyster, also known as P, imbricata) are the most common
species found in the western Pacific. P. maxima has a restricted range, commonly found around Aus-
tralia’s north coast, the Arafura Sea, and the Aru Islands in eastern Indonesia. It has a silver-yellow
nacre with greenish tint and is the largest species, with lengths of up to 30 cm. P. margaritifera’s nacre
is arich silver gray with blue, green, or rose overtones edged with grayish-black and is slightly smaller
with maximum lengths around 20 cm. P. radiata are smaller, generally brownish with shades of red,
and reach lengths ranging from 5 to 10.5 cm (sometimes misidentified as P. margaritifera; Dance
1974; Wye 1991). Pinctada sp. typically attach themselves to hard substrata (e.g. under stones, in
crevices of rocks) in intertidal and subtidal environments at depths ranging from very shallow to 190+
m in depth. Today, all 3 species are prized for their pearls and commercially cultivated.

Judging from the size and coloration of the pearl shell scrapter/grater tools from Chelechol ra Orrak
and comparative specimens from Ngermereues Ridge (Rieth and Liston 2001), they appear to be
made from P. margaritifera (Linnaeus 1758). The artifacts exhibit no external lamellae that would
prove more useful in identifying the particular species. However, nearly all other pearl shell refuse
found at the site have a grayish-green exterior, typical of P. margaretifera.
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This tool type appears to be rare in Micronesia. Somewhat surprisingly, a review of the literature
reveals only 1 other example of these tools found in archaeological sites in the region, also from
Palau (Rieth and Liston 2001:44-8), despite pearl shell having been used throughout Micronesia for
producing other objects. The artifacts found associated with the burial in Test Unit 1 at Chelechol ra
Orrak range from 6.9 cm to 7.5 cm in width and 7.2 to 12.6 cm in length. All 3 are roughly half-
moon in shape and retain the natural curvature of the shell (Figure 3). Serrations are present on one
side of each tool to create a grating or scraping edge useful for peeling vegetables, grating coconut,
or some other cutting function (Figure 4).

Figure 3 Pearl shell scraper/grater (drafted by Jenna Boyle)

Figure 4 Photo of the serrated edge from a pearl shell scraper/grater
(photo courtesy of Brian D Diveley)

DISCUSSION

14C dates indicate that pearl shell grater/scraper tools were used at least 2000 yr ago as burial goods
at Ngermereues Ridge (Rieth and Liston 2001) and Chelechol ra Orrak. They are similar to ones
described as coconut graters in early ethnohistoric accounts (Adams et al. 1997), suggesting these
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artifacts have a long antiquity in Palau. Rieth and Liston (2001) did not directly date any of these
tools, but 14C dates of human bone from burial chambers dated from cal 470 BC to AD 780 (2 ©) and
are within the range of the pearl shell artifacts from Chelechol ra Orrak.

Rieth and Liston (2001:49) note that “[t]he association of marine shell with the burials most likely
represents the need to supply the soul with subsistence and tools to carry with them on their journey
to the afterlife.” Although this is speculative, the question remains as to what role these tools played
in Palauan social systems, since grave goods are often indicators of an individual’s gender, status, or
occupation (Pearson 2000).

In ethnographic references (Adams et al. 1997:49), pearl shell is listed as a form of women’s money
(chesiuch) and often associated with female tasks such as grating taro or coconut. These tools were
also apparently added along with food to a basket prepared for pregnant women by their parents as
part of the birth ritual (Adams et al. 1997:31). Of the 6 pearl shell scraper/graters found by Rieth and
Liston (2001), 3 were associated with a single individual from Chamber 7A, 2 with individuals in
Chamber 4 (MNI=4), and 1 with an individual from Chamber 9 (Rieth and Liston 2001:71).
Although sexing of the skeletons was difficult and could not be determined for most of the assem-
blage, Rieth and Liston (2001:31) report that at least 1 of the burials from Chamber 4 may be female.
The Layer 9 burial at Chelechol ra Orrak is also female, suggesting the distribution of these partic-
ular pearl shell tools may be indicative of gender and status.

This research is the first direct dating of a pearl shell scraper/grater tool in Palau, a rare documented
use of Pinctada sp. shell for this artifact type in Micronesia. AMS !4C dating of shell artifact, bone,
and charcoal samples from burial deposits at Chelechol ra Orrak indicates that burial activity at the
site began around 3000 yr ago, with pearl shell scraper/graters used as grave goods roughly 1000 yr
later. The interment of these tools with female burials is indicative of the high status some women
attained in early Palauan society. This also supports ethnohistoric and ethnographic accounts stating
that pearl shell was a gender and probably a status marker used almost exclusively by women for
processing coconuts and starchy root crops like taro (Colocasia sp.) and giant swamp taro
(Cyrtosperma sp.). Additional fieldwork in western Micronesia is expected to supply a greater vari-
ety of pearl shell artifacts in which better comparisons can be made with those found in other parts
of Oceania. Our data support the findings by other researchers suggesting that directly dating arti-
facts using AMS is a critical step for developing and refining artifact chronologies, especially in
sites with complex stratigraphic relationships.
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ARCHAEOLOGICAL SAMPLES

(0S-33447. Chelechol ra Orrak 2140 + 50

d1BC=0.36%

This determination was obtained from a fragment of a pearl shell (Pinctada sp.) scraper/grater
(1.6 g) tool recovered from Test Unit 1, Layer 9, at a depth of 100—110 cmbs. The artifact was one
of three found directly above the left femur of burial 1. Calibrated date range at 1 6: AD 150-270.

0S-33568. Chelechol ra Orrak 2770 = 30

dBC=-25.9%

This determination was obtained from wood charcoal (0.1 g) recovered from Test Unit 1, Layer 8,
at a depth of 100-110 cmbs. Calibrated date range at 1 6: 970-840 BC.

AA-40957. Chelechol ra Orrak 2680 + 40

d13C =-15.7%

This determination was obtained from a human cranial bone fragment (3.0 g) recovered from Test
Unit 1, Layer 9, at a depth of 90-100 cmbs. Calibrated date ranges at 1 6: 890-800 BC (100% ter-
restrial) and 770-550 BC (50% marine and 50% terrestrial).

AA-43050. Chelechol ra Orrak 2220 = 40

813C =-12.6%

This determination was obtained from an unidentified burned fish bone (1.1 g; probably pelagic)
recovered in Test Unit 1, Layer 9, 100-110 cmbs. Calibrated date range at 1 ¢: AD 80 (130) 180.
Petchey and Higham (2000) suggest that reliable *C dating of fish bone (barracouta — Thyrsites
atun) may be accomplished if the reservoir conditions of fish are similar to those of locally collected
shellfish. This, however, has not been tested in Palau.

AA-43054. Chelechol ra Orrak 2030 + 40

813C =-15.4%

This determination was obtained from a human left navicular bone fragment (0.8 g) from Test
Unit 1, Layer 9, 80-90 cmbs. Calibrated date range at 1 6: 90 BC—AD 50 (100% terrestrial) and AD
90 (140) 230 (50% marine and 50% terrestrial).
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MARINE CARBON RESERVOIR AGE ESTIMATES FOR THE FAR SOUTH COAST
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ABSTRACT. In order to estimate the apparent age of seawater (R) and the corresponding local offset from the global marine
radiocarbon calibration curve (AR) on the far south coast of Peru for 2 periods in the past, 6 pairs of associated marine shell
and unburned wood samples from archaeological excavations at Loreto Viejo were '“C dated. Three pairs from about cal AD
1280-1380 indicated larger and more variable AR estimates than have been obtained for other periods in nearby regions, sug-
gesting that AR may vary considerably over space and/or time. Three pairs from about 1870-1680 cal BC yielded consistent
shell dates, but only one reasonable terrestrial date and AR estimate, probably due to stratigraphic mixing in antiquity. The one
early AR estimate falls slightly outside the range of the later ones, suggesting either still greater spatial variability in AR, or
some temporal variability.

INTRODUCTION

In order to calibrate radiocarbon ages from archaeological marine shell excavated near Ilo, Peru
(17°37’S, 71°20'W) (Figure 1), and to estimate how much a partially marine diet could have per-
turbed the apparent “C ages of human bones and tissue from this area, it is necessary to know the
apparent age of local sea water (R) and the corresponding local offset from the global marine carbon
calibration curve (AR) at the time of interest (Beavan and Sparks 1998; Beavan-Athfield 2001;
Ingram 1998; Kennett et al. 1997, 2002; Molto et al. 1997; Stuiver et al. 1986; Stuiver and Braziunas
1993; Tauber 1983). Taylor and Berger (1967) assayed 4 shells collected at known times in the early
20th century on the coast of Peru and northern Chile, from about 10°S to about 33°S. The local res-
ervoir ages indicated by 3 of these shells were in rough agreement, yielding AR estimates from

171 + 34 to 307 + 77. The shell from closest to Ilo (a gastropod collected around 15°S) indicated a
much greater reservoir age (AR = 664 + 45). This value, while not unprecedented, is very high and
was excluded by Stuiver et al. (1986: Table 1) from their survey of regional AR estimates. The shell
may have provided a false estimate because it was old when collected or was affected by geological
carbonate (Dye 1994), or it may reflect a correct localized extreme value due to fluvial water deple-
tion (Little 1993) or other factors.

Southon et al. (1995) estimated AR for a region south of Ilo (around 20°S) during roughly cal AD
200-900, reporting 4 tightly clustered values that were close to Stuiver et al.’s (1986) regional mean.
This finding suggested that the regional value was correct, and that it was relatively constant during
the last two millennia. Estimates by Southon et al. (1995) were based on composite archaeological
artifacts made from marine bird tissues and terrestrial plant fibers, ensuring excellent contempora-
neity of the samples. Because marine birds are mobile, their tissues may average out small-scale
spatial variations in the marine carbon reservoir. This could contribute to the good agreement among
the estimates, but might mask localized extremes.

Kennett et al. (2002) tried to estimate AR for the Ilo region during the Late Archaic Period (about
6000—4000 cal BC) using associated shell and charcoal samples from the site of Kilometer 4, but
were thwarted because the ancient inhabitants apparently collected very old wood for fuel.

MATERIALS AND METHODS

Six pairs of marine shell and terrestrial plant samples were '“C dated. Each pair was from a single
archaeological stratum at the site of Loreto Viejo (17°36’8”S, 71°13’45”W) in the coastal Osmore
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valley, about 13 km inland from Ilo (Owen 1993). The samples were collected from 1/4 inch screens
in the course of stratigraphic excavations. Extreme aridity and salty soil contribute to extraordinary
preservation of plentiful desiccated plant material. Three sample pairs were from domestic middens
that contained Chiribaya style ceramics and dated to cal AD 1280-1380 (1 o; Table 1). The other 3
pairs were from a cooking area in a preceramic and early ceramic sector of the site, dating to 1870-
1680 cal BC (1 o; Table 1). Strata selected for sampling were well-defined by changes in soil texture
and color, in order to reduce the chance of conflating samples from different depositional events.
The selected strata were of low volume (Table 1), in order to ensure that each pair of samples was
probably deposited within a relatively short period.
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Figure 1 AR estimates for the Andean coast at various periods (with 40-yr Southern Hemi-
sphere correction)

SAMPLES

Five of the 6 terrestrial samples were small unburned twigs of Schinus molle (California pepper tree,
or molle) with bark. The remaining sample included twigs of both molle and unidentified species.
The twigs ranged from 1 to 3 mm in diameter, which should ensure that they contain atmospheric
carbon fixed during a period of no more than 2 or 3 yr. Such small twigs are unlikely to be “old
wood” that was curated or collected from long-dead sources.

The marine samples were all fragments of Choromytilus chorus (choro mussel, or purple mussel)
shell. Subtidal shellfish are preferable for marine carbon reservoir studies, because they are not
exposed to atmospheric carbon during life (Goodfriend and Rollins 1998). Sandweiss et al. (1989)
classify archaeological C. chorus from the nearby Ring Site as subtidal, and other sources treat C.
chorus as primarily or entirely subtidal (Hancock 1969; Jaramillo et al. 1992; Soot-Ryen 1955).
Intertidal Choromytilus are reported, but they are scarce, small, and of poor quality (Hancock 1969;
Lasiak 1991). The archaeological specimens tend to be gigantic by modern standards, and they are
ubiquitous in archaeological deposits, suggesting subtidal sources. If any of the samples were inter-
tidal, AR estimates from them would be incorrectly low. Some grazing gastropods metabolize old
carbon from seafloor minerals, exaggerating AR estimates based on their shells (Dye 1994; Phelan
1999). As a sessile bivalve, C. chorus should be less subject to this source of error. Since C. chorus
shells in this region were rarely, if ever, worked, the mussels were probably collected live for food,
making them contemporary with young twigs in the same contexts.



Table 1 Marine-terrestrial date pairs from Loreto Viejo (see notes on page 705)

Apparent  Cal AD Model Cal AD Model
Sample pair Sample ID Material and context ®C  "Cage® ageof £1¢° marine age’ AR’ +l¢° marine age’ AR’
(%) seawater”  No SHC* No SHC® No SHC°  With SHC® With SHC®  With SHC®
Chiribaya midden, cal AD 1280-1380 (10)
Unit 2505-5-6 Beta 51073 Small twigs of Schinus  -26.3 730 £60 1220-1390 1270-1390
midden, near top molle and other species
(279 liters) AA37160 Choromytilus chorus 0.3 1358 +46 628 £76 640-770 1100 +85 258 £97 660-770 1070 £70 288 £84
shell
Unit 2505-11-17 AA37161 Small twigs of Schinus  -27.7 701 £38 1270-1390 1285-1390
midden, near molle
bottom AA37162 Choromytilus chorus 0.4 1428 £56 727 68 560-665 1070 £70 358 £90 600—690 1060+60 368 +82
(48 liters) shell
Unit 2503-6-6 AA40291 Small twigs of Schinus  -26.3 662 £34 1285-1390 1300-1395
midden molle
(44 liters) AA40292 Choromytilus chorus 0.0 1530 £40 868 £52 430-600 1060 +60 470 £72 535-620 1040 160 490 £72
shell
Weighted means” 772 £36 384 +49 393 £45
Means w/ std dev' 741 £121 362 £106 382 £102
Early cooking area, 1870-1680 cal BC (1a)
Unit 2513-5-4 AA37163) Small twigs of Schinus ~ -27.3 1895 +28/ 65-135 125-220
around hearth, near molle
top AA37164 Choromytilus chorus 0.8 3936155 2041 62% -2560- 2250 £30 1686 +63%  -2470— 2190 £35 1746 65
(36 liters) shell -2310 -2300
Unit 2513-14-33 AA40293! Small twigs of Schinus  -25.7 151943 1 440-610 540-620
pit fill, middle molle
(9 liters) AA40294 Choromytilus chorus 0.1 3951 +46 2432 £55%  -2560- 1885 £75 2066 £88%  -2470— 1840 £33 2111 £57%
shell -2340 -2310
Unit 2513-11-18 AA37165 Small twigs of Schinus  -26.7 3439 +43 -1870- -1750-
ashy surface, near molle -1680 -1620
bottom AA37166 Choromytilus chorus 0.1 396147 522464 -2570- 3790 £70 171 84 -2470- 3725 45 236 65
(75 liters) shell -2350 -2310
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Table 2 Marine-terrestrial date pairs from neighboring regions (see notes on page 705)

0L

Apparent  Cal AD Model Cal AD Model AR'
Sample pair Sample ID Material and context 8®C MCage® ageof £1¢° marine age’ AR’ £1¢° marine age’  With
(%0) seawater” _ No SHC* No SHC* No SHC®  With SHC®*  With SHC®* SHC® g
Composite artifacts from Caserones, northern Chile, cal AD 200-900 (Southon et al. g
S
CAS572 CAMS 10320 Plant fiber -23.5 1270 +60 660-860 690-890 S
CAMS 10321 Fishvertebraand skin  -12.8 1770 £35 500 £69 220-340 1640 +95 130 £101  250-390 1610 £95 160 £95
and 10322 or stomach (mean) -14.5
CAS512 CAMS 9372  Wool yam (mean of -20 1580 +40 430-540 430-600
and 9373 two samples) (est.)
CAMS 7610  Bird-skin cape (mean -13.4 2060 x40 480 £57 -160-1 1925 £45 135460  -90-60 189575 160 +80
and 9374 of two samples)
CASTr6/7 CAMS 10314 Wool yarn -20.2 1690 £60 250-430 260-530
CAMS 10315  Feather and bird skin -11.5 2225450 535478 -380—200 204575 180 £90  -360—170 2000110 24585
and 10316 (mean of two samples)  -12.2
CAS93.031 CAMS 10317 Wool yarn -20.4 1850 £70 80-250 120-330
CAMS 10318 Bird-skin cape (mean -13.1 229550 445486 -410—210 2195470 100 £86  -400—~200 2145 +85 135 £110
and 10319 of two samples) -13.6 ;
Weighted means” 490 £35 136 40 180 +45
Means w/ std dev’ 490 £38 136 +33 175 +48
Historical shells, early 20™ century (Taylor and Berger 1967; Stuiver et al. 1986, table 1)
“Northern Peru” UCLA 1282  Strombus peruvianus 0.2 700 +49 685 +49 463 £10 237 £50
shell collected 1930—
1940
“Peru” UCLA 1279  Oliva peruviana shell 1.2 1127 +44 1112 +44* 463 £10 664 +45*
collected 1930-1940
“Antofagasta, UCLA 1277 Concholepas 0.1 626 +£34 601 £34 4554 171 £34
Chile” concholepas shell
collected 1925
“Valparaiso, UCLA 1278  Tegula aler shell 1.3 770 £76 755476 463 =10 307 £77
Chile” collected 1930-1940
Weighted means” 643 £26 206 £27
excluding 1279
Means w/ stddev’ 680 £21 238 £21

excluding 1279
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Table notes:

2Conventional radiocarbon age BP, including 8'3C adjustment, no Southern Hemisphere correction.

bApparent age of seawater is the difference between the conventional '*C ages of the marine and terrestrial samples (Stuiver
and Braziunas 1993:137). The error estimate is (Gparine> + Oterresurial”) - This value is in “C yr and is independent of the
Southern Hemisphere correction.

Calibrated +1 ¢ date range calculated by OxCal v3.5 (Ramsey 2000), atmospheric calibration data from Stuiver et al. (1998).

9The model marine age is the hypothetical age and error estimate that, when calibrated using OxCal v.3.5, the marine calibra-
tion curve (Stuiver et al 1998), and AR=0, produces the associated terrestrial calibrated 1 ¢ date range.

¢“No SHC” indicates that no Southern Hemisphere correction has been included in the calculation.

fAR is the difference between the measured marine '“C age and the model marine age. The +10 error estimate is
(Gmeasured2+6m0delz)%-

£“With SHC” indicates that the Southern Hemisphere correction suggested by Stuiver and Braziunas (1993) has been included
in the calculation by subtracting 40 yr from the conventional 4C age of the terrestrial sample prior to calibration and deter-
mination of the model marine age.

"Weighted means and error estimates after Bowman (1990:59).

iArithmetic mean and standard deviation of values.

IWeighted mean of one measurement on each of 2 graphite targets prepared from the same sample (Bowman 1990:59).

XUnreasonably large, presumably erroneous value.

"'Weighted mean of 2 measurements on 1 graphite target and 1 measurement on a second target prepared from the same sample
(Bowman 1990:59).

Eleven of the 12 samples were pretreated and assayed at the NSF-University of Arizona AMS Facil-
ity under the direction of George Burr. The remaining sample was measured conventionally by Beta
Analytic. The wood samples were given AAA pretreatment. The shell samples were pretreated with
an HCl bath to remove surface layers that could contain recrystalized calcium carbonate.

ANALYTICAL METHODS

AR is calculated here as outlined by Stuiver et al. (1986) and Stuiver and Braziunas (1993), except
that instead of a graphical intercept method (Southon et al. 1995; Facorellis and Maniatis 1998), a
probability distribution method is adopted, using OxCal v3.5 (Ramsey 2000) with atmospheric and
marine calibration data from Stuiver et al. (1998). The model marine age and error estimate are
determined by successive approximations as the values that, when calibrated with the marine cali-
bration curve, produce the same 1-G date range as the terrestrial sample produces when calibrated
using the atmospheric calibration curve. The smooth shape of the marine calibration curve ensures
that there is almost always a unique solution.

Stuiver and Braziunas (1993) recommend subtracting a 40-yr Southern Hemisphere correction
(SHC) from the terrestrial date before calibration. Marine dates calibrated with the resulting AR are
comparable to terrestrial dates that incorporate the 40-yr SHC. However, few Andean archaeologists
apply the SHC. Using a AR that includes the SHC would produce calibrated marine dates that are
biased 40 “C yr younger than terrestrial dates calibrated without the SHC. On the other hand, most
AR estimates are based on historically dated marine shells, the age of which is independent of any
SHC. Marine dates calibrated with AR estimates from historical shells are comparable to calibrated
terrestrial dates only if the terrestrial dates are correctly adjusted for hemispheric and other reservoir
offsets—whatever those actually are. Moreover, the appropriate value for the SHC is still under dis-
cussion (Stuiver and Braziunas 1998; McCormac et al 1998). Given these uncertainties, AR is cal-
culated here both with and without a 40-yr SHC.
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Multiple values are summarized as weighted means of the values and error estimates (Bowman
1990:59) and as simple means and standard deviations of the values. Following Stuiver et al. (1986:
982), the method that results in the larger error estimate in any given case is adopted.

RESULTS AND DISCUSSION

The results of the 6 date pairs are given in Table 1. Data from Southon et al. (1995), Taylor and
Berger (1967), and Stuiver et al. (1986) are recalculated in the same manner in Table 2. The recal-
culated values differ only slightly from the originally published results.

The weighted mean terrestrial conventional age for the 3 Chiribaya contexts is 687 + 23 BP, or cal
AD 1280-1380 (1 o) without SHC. This range is as expected for the Chiribaya ceramic style. The 3
AR estimates are of credible magnitudes and are roughly consistent, averaging 363 + 106 without
SHC or 382 + 102 with SHC. These estimates are considerably higher and more variable than those
from previous studies (Table 2).

The tight clustering of the terrestrial dates suggests that the archaeological deposits accumulated
over a brief period, so the variability is probably not due to poor contemporaneity of the paired sam-
ples, nor to temporal variations in AR. If the variation reflects spatial clines in AR, these must occur
over very small distances, since all the shell probably came from within walking distance of Loreto
Viejo. Such small-scale variation might be caused by the contribution of fluvial water at the river’s
mouth (Little 1993).

Estimated AR near Ilo about cal AD 1330 is high compared to the general region in the early 20th
century (Taylor and Berger 1967; Stuiver et al. 1986) and to northern Chile around cal AD 200-900
(Southon et al. 1995). This could indicate temporal or spatial variability in AR. Alternatively, some
of the new or previous AR estimates could be inaccurate.

The results from the 3 earlier date pairs were erratic. The 3 shell dates were very close, suggesting
that they correctly date the deposits. The weighted mean of the conventional 4C ages of the marine
shell is 3951 + 28 BP, or 1860-1680 cal BC (1 o) without SHC using the single AR estimate dis-
cussed below. The 3 terrestrial dates were wildly variable. Two were over 2000 yr younger than the
shells, indicating such extreme reservoir ages that they must be in error. The third indicates a believ-
able AR estimate of 171 + 84 without SHC or 236 + 65 with SHC.

Both anomalous terrestrial dates were re-measured using new graphite targets prepared from
remaining portions of the samples. One dated within 1 ¢ of the first target, and the other agreed
within 2 ¢, but both still suggested unreasonable reservoir ages. The twigs had been inspected under
10x magnification, and no decay or mold were noted. The discrepancy is probably not due to diage-
netic changes or contamination of twigs that were contemporary with the shells, because an unrea-
sonably high percentage of the carbon in the samples would have to be recent or modern to shift the
apparent ages this much. The samples are unlikely to include post-occupation twigs, because the
excavated area is on a barren desert hillside, over 200 m from the nearest irrigable land capable of
sustaining a tree and 40 m above it. This is not an “old wood” problem, because the wood appears
too young. It is unlikely to be an “old shell” problem, not only because the shell would have been
collected fresh for food, but also because old shells collected on three different occasions would be
unlikely to have such close C ages.

The tightly clustered shell dates and the shallow cultural layers suggest that the entire sequence of
deposits accumulated in a brief period, so there is no obvious source for drastically younger archae-
ological material. However, the stratum (2513-11-18) with a twig that gave a reasonable date is
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stratigraphically the earliest and best isolated from later deposits (Figure 2). The other 2 strata could
contain twigs from a much more recent occupation, mixed in antiquity with shells from the earlier
deposits that were brought up by digging the pit of 2513-14-33. Unfortunately, the material culture
of this period is too simple and conservative to indicate on stylistic grounds whether the strata differ
so significantly in time. This explanation implies exceedingly bad luck in sample selection, but it is
possible. If it is correct, the sample pairs from 2513-5-4 and 2513-14-33 are not contemporary and
cannot be used to estimate AR. On the other hand, this explanation gives no reason to reject the pair
from 2513-11-18, providing one usable estimate of AR for the early period.

0 10 20 30
ey
Occupation
LV 2513-5-4

!

Terrace
fill

LV 2513-14-33
(arbitrary subdivision
of pit fill)

Figure 2 Strata sampled in the early cooking area at Loreto Viejo; north profile of unit LV 2513.

CONCLUSIONS

AR near Ilo, Peru, around cal AD 1280-1380 (1 &) was about 362 = 106 with no Southern Hemi-
sphere correction, or 382 + 102 with a 40-yr Southern Hemisphere correction. These values are
higher than previous estimates for nearby regions at different times (Taylor and Berger 1967; Stuiver
et al. 1986; Southon et al. 1995). This disagreement suggests that estimates of AR for this region
should be used with caution, since there may be considerable spatial or temporal variation in marine
14C reservoir depletion, or errors in some of the estimates.

One sample pair suggested a AR estimate for around 1870-1680 cal BC (1 6) of about 171 + 84 with
no Southern Hemisphere correction, or 236 + 65 with the 40-yr Southern Hemisphere correction.
This estimate should be regarded as tentative, because 2 similar date pairs from nearby contexts
gave erroneous results. While its lower magnitude is more in line with previously published esti-
mates, it falls slightly outside the range of the other estimates reported here, accentuating the appar-
ent variability of AR over short distances and/or over time.
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ABSTRACT. The use of stable carbon isotopes as dietary tracers is an application that is widening its scope within the fields
of ecology and paleoecology. Although hair is potentially one of the most favorable animal tissues for isotopic measurement
for dietary studies, this tissue is rarely included in research works. This may be due to the fact that many aspects related to hair
tissue are not fully understood, especially in the case of wild animals whose diets consist of plants with contrasting '3C/!2C
ratios, their abundance depending on seasonality. The present isotopic study of hair from animals inhabiting the Andes in
northwestern Argentina, at heights ranging from 3500 to about 5000 m above sea level (asl) shows that 1) 8'3C values mea-
sured on hair from herbivores with a mixed and isotopically contrasting diet, and from their carnivorous predators, differ in
their respective trophic levels, 2) in primary consumers, different types of hair from the same individual have different 8'3C
values, whereas hair values are homogeneous in carnivores, and 3) some types of hair from rodents, such as whiskers, show
813C values similar to those of less metabolically active tissues such as bone collagen.

INTRODUCTION

Although the isotopic signatures that can be correlated with mammals’ diets can be measured on any
type of material from the organism, several circumstances have contributed to make bone the material
preferred by researchers. The physical and chemical pretreatment for obtaining bone collagen or bone
gelatin, on which measurements are generally made, involves strong acid and alkaline reagents, and
temperatures ranging from —70° to 90° C. The features involved in this process may create doubts
about the validity of some of the results obtained. In modern environments, and also under excep-
tional conditions in prehistoric environments, in order to carry out isotopic measurements, any other
animal material is preferable to bone. Moreover, 8!3C values measured on bone collagen average the
isotopic values of the food eaten and, thus, mask the dietary variations that could have taken place
during the life of human or animal individuals. Therefore, seasonal variations in the carbon isotopic
composition of the diet cannot be established using collagen due to its slow turnover rate. Information
about variations in diet can be very important when studying food chains that involve isotopically
contrasting plants, such as C; and C,. Other tissues with faster turnover rates can provide information
on the food eaten during short periods of time prior to death (Schwarcz and Schoeninger 1991).

The use of hair for isotopic measurements has several advantages. Individuals under study do not
have to be sacrificed and, thus, can be re-examined over long periods of time under either constant
or varying environmental and dietary conditions. Sampling is quick and, after surveying the samples
under a microscope to verify their state of conservation and the absence of parasites, eggs, or dejec-
tions, pretreatment consists only of washing them with extremely volatile solvents. Also, the turn-
over rate of all the dietary isotopes is fast. The isotopic enrichment factor relative to diet, which is
slightly over 5%o in collagen, decreases to 1%o in hair (Minson et al. 1975; DeNiro and Epstein 1978;
Jones et al. 1981; Tieszen et al. 1983). In the case of natural feeding, fractionation has been greater,
around 1.3 and 3.4 (Nakamura et al. 1982; Schoeller et al. 1986; Katzenberg and Krouse 1989;
White 1993; Fernandez C et al. 1999).

Deceased 24 December 2001.
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Despite the important information provided by hair analysis, the use of this tissue is limited. It has
been used mainly for comparison almost exclusively during the initial stage of dietary research
using isotopic tracers. This research was carried out with laboratory animals and under controlled
and isotopically constant diets (Minson et al. 1975; DeNiro and Epstein 1978; Jones et al. 1981;
Tieszen et al 1983). Therefore, little is known about what happens in natural settings where animals
fill their energy needs freely and completely. We aim here to contribute to the knowledge of these
wild environments and to provide a better understanding of the way in which stable carbon isotopes
are transferred following the energy flux from plants to animals, both herbivores and carnivores,
belonging to different trophic levels, living in the remote and unpolluted environment of the Andes

in northwestern Argentina.

NATURE AND PROVENANCE OF SAMPLES

The Puna of Jujuy is a high, arid plain located between the western and eastern Andes (Figure 1). It
shows remarkable ecologic variability, possibly due to its relief, which includes heights ranging
from 3500 to over 6000 m asl. The increases in height occur within short horizontal distances, influ-
encing plant and animal distribution. The distribution resembles a complicated biological chess-
board, changing within short distances due to factors determined by altitude.

A remarkable aspect of the animal community of this region is the strong predominance of herbivores
in spite of the scarcity and discontinuity of vegetal cover. Out of this variety of plants and animals,
the small sample presented in this work corresponds to 3 well-defined ecosystems, for both its alti-
tude and its biological content. These ecosystems constitute strips of land with an E-W alignment
and with a latitude almost coinciding with the Tropic of Capricorn.
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The first ecosystem occurs on the sides of isolated mountains, at heights varying from 4000 to about
5000 m asl, where annual rain, concentrated in the summer months, is 300 mm. In spite of the latitude,
height makes night temperatures reach glacial values. The vegetation of this semi-arid region consists
of a succession of scrub and grass steppes which follow the C; photosynthetic pathway, with the
exception of Muhlenbergia. The large herbivores that inhabit this ecosystem are 2 wild camelids, the
guanaco (Lama guanicoe), and the vicufia (Vicugna vicugna). Regarding their feeding habits, both
camelids are indistinctly grazers and browsers. The puma (Puma concolor) is their main predator.

The second environment is characterized by the intense diaphaneity and great luminosity of its sky
and corresponds to the mountainsides with heights ranging from 3600 to 4000 m. There is a marked
difference between day and night temperatures. The land is covered by rock detritus and dunes, on
which shrubs and mats grow forming discontinuous groups. Most of the monocotyledon plants fol-
low the C; photosynthetic pathway, but there are also localized grasslands of Pennisetum chilensis
and Sporobolus rigens, both C, species. This is the habitat of a digging rodent, Ctenomys sp., a type
of mole that lives in underground burrows and feeds on roots.

The third ecosystem is found at lower heights (3500 m), in the Altiplano itself. It is hyper-arid, the
sky is clear and luminous, and annual rain values barely reach 100 mm. Nights are extremely cold.
The relief consists of rocky outcrops where some shrubs and cacti grow in cushion-like shapes. Col-
onies of medium-size herbivorous rats, the chozchori (Octodontomys gliroides), live in this rocky
habitat. Because there is little information about these rats in specialized literature, we will discuss
some of their biological characteristics in more detail below.

Apparently due to the dangers posed by its feathered (owl, eagle, falcon) and terrestrial predators
(fox, Dusicyon sp.; wildcat or oscollo, Felis sp.), the octodontic rat chozchori cannot have direct
access to water. Its habitat being limited to cracks and holes in the rocks, this species seems to have
developed strategies to cope with this lack of water availability by 1) developing the ability to reg-
ulate water consumption by means of urine concentration, 2) building shelters with available mate-
rials consolidated with indurated urine, and 3) feeding on vegetal species that accumulate water
excess, such as cacti. In some aspects, the behavior of the chozchori rat is similar to that of the North
American packrat (Neotoma), whose middens occasionally reach “C ages over 20,000 BP. They
represent a primary source for the reconstruction of the climatic and biological past in arid regions.
Taking into account the paleoenvironmental and paleoclimatic information that could be potentially
preserved in the indurated middens of the Octodontomys, this species has been chosen for the
present study.

Each of the animal species inhabiting the 3 environments considered can, to a certain extent, modify
the composition of its diet mainly due to seasonal availability of food rather than by their own free
will. Some of the vegetal species disappear completely during the toughest seasons and herbivores
are forced to replace them by other species. This change in diet does not modify the isotopic values
of the tissue of the herbivore, as long as it does not imply the consumption of plants that follow dif-
ferent photosynthetic pathways.

Direct field observation shows that the guanaco and the vicuiia seasonally modify the vegetal com-
position of their diet, browsing more during winter (Table 1 A-B). But this change does not imply an
intake of plants with a different photosynthetic pathway. The same applies to the rodent (Ctenomys)
living in the environment at intermediate heights.
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On the other hand, field observations concerning the dietary habits of the chozchori (Octodontomys)
show important seasonal changes. During winter, there is a marked dependence on cacti of the genus
Maihueniopsis that is a CAM-type plant (crassulacean acid metabolism) photosynthesizing as C,
and during summer, there is a supplementary intake of C; fresh grasses (Table 1C).

Table 1 8'3C values of plants from environments at different altitudes in the Argentine Altiplano
Altitude (m) 813C %o (PDB)

Species Common name

A) Plants eaten by camelids (guanaco and vicuiia)

Ephedra breana Paraguay 4000-5000 -21.6
Trifolium amabile Paja blanda 4000-5000 -25.5
Poa juyensis Suico 4000-5000 -26.4
Tagetes multiflora Cebadilla 4000-5000 -27.3
Poa anua Pasto blando 4000-5000 -25.9
Poa lilloi Cienego 4000-5000 -250
Cotula mexicana Pasto cebadilla 4000-5000 -27.8
Bromus catharticus — 4000-5000 —285
Poa jujuyensis — 4000-5000 -26.7
Festuca orthophylla — 4000-5000 -27.5
B) Plants eaten by tojos (Ctenomys sp.)

Nassauvia axillaris — 3600-4000 -26.8
Ephedra breana Pingo-pingo 3600-4000 -21.6
Nassauvia axillaris — 36004000 -26.8
C) Plants eaten by chozchoris (Octodontomys gliroides)

Maihueniopsis glomerata Espina binacilla 3500 —-15.3
Maihueniopsis boliviana Quepo 3500 —-15.5
Maihueniopsis sp. Pushcaia 3500 -13.1
Tarassa sp. Malva 3500 -23.7
— Oreja-oreja 3500 -26.1
Gnaphalium lacteum Vira-vira 3500 -31.6
Senecio graveolens Canchalagua 3500 -22.4

METHODS AND MATERIALS

With the exception of chozchori (Octodontomys) specimens 3 and 4, none of the animals considered
in this study has been intentionally sacrificed for the experiments. Therefore, in some cases we have
not been able to get and analyze perishable parts of the animals.

The bodies of the large Andean herbivores (guanaco, Lama guanicoe; vicuia, Vicugna vicugna)
inhabiting the highest ecosystem (3500-5000 m) are covered by an animal “fiber” similar to wool
and possibly sharing the same physical and chemical properties. Therefore, sampling was limited to
the short hair present in the inner side of the thigh.

Since the hair of the rodent from the second ecosystem (tojo, Ctenomys sp.) is very short in the ven-
tral part and on the tail, samples were taken only from the dorsal part.

In the case of the chozchori (Octodontomys sp.), we found 3 types of hair that can be differentiated
both for its location as for its functionality and possibly also for its physical and chemical character-
istics: 1) whiskers, extremely long, as in all rodents, 2) hair on the tip of the tail, which forms a kind
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of tuft or brush, and 3) snowy-white hair that covers the animal’s belly. To establish the grade of
homogeneity of the carbon isotopic distribution in the chozchori (Octodontomys gliroides), we col-
lected samples of these 3 types of hair from each individual analyzed. The same procedure was fol-
lowed in the case of the identified chozchori carnivorous predators from the same locality and eco-
system: the wildcat or oscollo (Felis sp.) and the fox (Dusicyon sp.).

Hair samples were examined under a microscope and magnifying glass to remove any possible con-
taminants (dirt, parasites, or eggs) and later washed with sulfuric ether and dried in a stove.

Parts of diaphysary bones were obtained from the animals’ skeletons. The remaining tissues were
removed with a scalpel and the bone fraction was defatted in a Soxhlet with sulfuric ether. The
decalcification organic residuum was extracted following the method of Sealy (Sealy and van der
Merwe 1986), with modifications. The product resulting from the bone decalcification treatment
described is informally referred to as collagen in this paper.

In order to calibrate the 13C/!2C ratios both in the bone decalcification organic residuum and in
mammals’ hair, samples of plants conforming their diet were taken along a height and humidity gra-
dient from the low lands at 3500 m inhabited by the chozchori (Octodontomys), up to the snow line,
at almost 5000 m, the height reached by the camelids (guanaco and vicuiia) in the region. We were
not able to compare the feeding habits observed with what was actually eaten by the animals. Mate-
rials such as stomach contents and dejections, which would make this control possible (Jones et al.
1979), cannot always be easily identified and collected in the case of small animals living in burrows
in rough areas. Plants were identified by species and, on the basis of leaf anatomy and 8'3C values,
were grouped according to their photosynthetic pathway in Cs, C4, and CAM (Table 1, A-C).

d13C analyses were done at the Instituto de Geocronologia y Geologia Isotopica (INGEIS) in Bue-
nos Aires, Argentina following the technique described by Panarello (1987). About 8 mg of each
sample of hair, bone decalcification residuum, and vegetal matter was mixed with 100 mg V,Os in
a Pyrex vial and flame sealed under a vacuum of about 102 Pascal. The sample was combusted for
8 hr at 550 °C in an electric furnace. CO, gas was then purified by cryogenically removing water
and non-condensable gases, trapped with liquid nitrogen, and transferred to a Micromass 602-D
McKinney type mass spectrometer. Results are expressed as , defined as follows:

[13C/12C]S _[13C/12C:|
[13C/12C]R

R %o

§"°C=1000

()

where:

&= 8'3C isotopic deviation in per mil, %o
R = 13C/12C isotopic ratios

S = sample

R = reference standard

The standard is V-PDB as defined by Gonfiantini (1984) on the basis of PDB (Craig 1957). The
standard measurement error is 20.1%o. Table 1 shows the stable carbon isotopic values from the
plants that compose the diet of the chozchori (Octodontomys gliroides) and of the other groups of
animals we have selected for comparison. Table 2 shows the 8'3C values measured on hair and col-
lagen of camelids and of Ctenomys sp., and on the different types of hair and on the bone decalcifi-
cation residuum of the chozchori (Octodontomys gliroides) and of its predators: 2 carnivores inhab-
iting the same locality, the wildcat or oscollo (Felis sp.) and the fox (Dusicyon sp.).
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Table 2 8'3C values of different types of hair and of bone collagen from Octodontomys gliroides,
from its predators (Felis sp. and Dusicyon sp.), and from other animals from the Andean Altiplano

Altitude Hair (§"°C %o PDB) Collagen

Species Common name (m) Whiskers ~ Tail  Belly  (8'3C %o)
Octodontomys gliroides  Chozchori 3500 -12.5 -15.8 -16.2 -12.3
Octodontomys gliroides ~ Chozchori 3500 -13.0 -15.2 -17.7 -12.0
Octodontomys gliroides ~ Chozchori 3500 -12.4 -16.7 -14.2 -12.2
Octodontomys gliroides ~ Chozchori 3500 -13.2 -12.4 -13.8 -10.9
Felis sp. Wild cat 3500 —-15.5 -152 -159 -13.6
Dusicyon sp Fox 3500 — — — -13.8
Ctenomys sp. Tunduco 3700 — — -19.8 -13.8
Lama guanicoe Guanaco 4500 — — —21.7 —20.1
Vicugna vicugna Vicuia 4500 — — —22.1 -20.0
Puma concolor Puma 4000 — — -17.0 -16.1
Puma concolor Puma 4300 -19.1 —-18.0
RESULTS

313C values of plants from the mountain slopes between 4000 and 5000 m (Table 1A), grazed or
browsed by the camelids (guanaco and vicuifia), average —26.2%o. All these plants correspond to C;
species. Assuming that 8!3C values of collagen from animals of the size of those considered in this
study show an enrichment of 5.1-5.3%o relative to diet (van der Merwe 1982, 1986), we find that
813C values of collagen from camelids (guanaco = —20.1%o and vicufia = —20.0%o) agree with the
expected values. 8'3C values of hair are more positive than those of diet by up to 1%o (DeNiro and
Epstein 1978), but this is not seen in the case of camelids. On the contrary, !3C values of hair from
camelids are similar to those measured on collagen, possibly because the “hair” that covers these
animals (pelage) has characteristics that are more similar to wool than hair, with its resulting chem-
ical differentiation.

The plants eaten by the tojo (Ctenomys sp.) in the intermediate environment of the Altiplano, at
heights of 3700 to 4000 m (Table 1B), include a C, gramineae (Sporobolus rigens); therefore, the
average 8'3C value of the diet is estimated at —20.1%o. This value is reasonably reflected in the 8'3C
values of the tojo collagen (—13.8%o) and hair (—19.8%o).

The cacti eaten by the chozchori (Octodontomys), in the Altiplano itself, are CAM species that pho-
tosynthesize following the C, pathway. They show a mean 8'3C value equal to —14.6%o. The 8'3C
value of the C; species on which the chozchori complementary feeds averages —26%o. The differ-
ence between both ends of the combined diet is —11.5%o. Taking an enrichment of 1%o, these dietary
values will be fixed in the hair of animals feeding on either 100% C; or 100% CAM plants with val-
ues equal to —25.0 and —13.5%o, respectively. If we compare this last value with the isotopic values
measured on ventral hair of chozchori specimens 3 and 4, captured at the beginning of winter, we
can see that their diet was exclusively formed by CAM plants. On the other hand, specimens 1 and
2 reflect the mixed summer diet, with up to 20-35% of C; plants (Table 2). This seasonality in diet
cannot be detected by the isotopic composition of collagen (—12.2 and —10.9%o).

If we compare 8!3C values of white hair from the belly with that of the whiskers and tail, we can see
that 8'3C values of whiskers are generally the most positive, reaching values similar to those of col-
lagen, whereas hair from the tail shows intermediate values between those of the belly and whiskers.



Measurements of Hair from Wild Animals 715

The differences mentioned above are not observed in any of the types of hair (whiskers, tail, or
belly) of the oscollo (Felis sp.), the carnivorous predator of the chozchori rodent, which allows us to
conclude that the distribution of 8'3C values of the animal pelage is homogeneous.

CONCLUSIONS

Hair is generally considered a short-term animal product, that is, a product of a short-term absorp-
tion of nutrients. Therefore, it should be expected that knowing the!3C/!2C ratio of hair tissue, it
would be enough to subtract 1%o from this value to estimate the approximate percentile composition
of the original plant diet.

Nevertheless, we find that this statement is not true in all the cases analyzed. For instance, the
woolly hair of the guanaco and the vicuiia, 2 mammals inhabiting the same environment at the upper
heights of the Andes, shows 8'3C values that are about 5%o more positive than those of diet, which
means that 8'3C values of hair are more similar to those of bone collagen. This difference is worth
studying in a larger number of cases due to its potential use in archaeology. Archaeological cloth
made with this same type of animal fiber is often found in prehistoric burial sites, and is sometimes
used for 4C dating. The measurement of 8'3C values in archaeological cloth with known '“C ages
would allow one to obtain information about the type of pasture (C; or C,) grazed upon by the pre-
historic animals, and would thus be valuable as a paleoenvironmental indicator.

The rodents studied (Octodontomys) represent the first active link of the local food chain. Rough
seasonal conditions affect the composition of their predominant diet, which changes from cacti in
winter to an apparently graded mixture of CAM species with a proportion of up to 30% of C; grasses
in summer.

The analytical results of the present study show that the passage or fixation in hair tissue of the iso-
topic values of a typically contrasting diet (C3/CAM photosynthesizing as Cy) is not verified with
equal speed and homogeneity in primary consumers. Some types of hair seem to be more metabol-
ically active than others or, at least, hair from different parts of the body of the same individual can
have significantly different isotopic values.

Apparently, the factor that determines the distribution of carbon isotopes in hair is the residence time
of hair in the living individual. Hair on the rodent’s belly, which is directly related to reproductive
functions, appears to have the shortest life-span, since it shows faster turnover rates. Nevertheless,
sampling of free animals necessarily involves the inclusion of hair from different growth stages,
ages or seasons, which results in a mixture of isotopic values. Therefore, it is only relatively true that
813C values of hair can give information about the food eaten during a short period prior to death.

Other types of hair, such as whiskers, whose function is important to rodents throughout their lives,
remain on the individual for a longer period of time and, thus, tend to accumulate isotopic values
corresponding to older components of the diet. Therefore, whiskers tend to have a slower turnover
rate than hair and their 8'3C values become similar to those measured on bone collagen of the same
individual.

The remarkable shift in isotopic composition between diet and hair is only verified in the first link
of the food chain, in our case, the large (camelids) and small herbivores (rodents).

In those animals that do not significantly modify their diets throughout the year, such as the puma,
who eats camelids, and the wildcat or oscollo and the fox, who eat chozchoris (Octodontomys), 8'3C
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values are relatively constant no matter the type of hair (with long or short residence time) on which
the measurement is done, and these values coincide with those of collagen.

Taking into account the relevance of the facts observed and the dietary and paleodietary interest of
the results obtained on a small number of cases, together with the possible paleoenvironmental
implications and their potential use in archaeology, it would be interesting to extend this research to
a larger number of individuals and their respective microenvironments.
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THE RADIOCARBON DATING AND AUTHENTICATION OF IRON ARTIFACTS

P T Craddock! e M L Wayman? e A J T Jull3

ABSTRACT. The continuing improvements in accelerator mass spectrometry (AMS) dating technology mean that it is pos-
sible to work on ever smaller samples, which in turn, make an ever wider range of sample potentially available for dating. This
paper discusses some of the difficulties arising with the interpretation of AMS dates obtained from carbon in iron. The over-
riding problem is that the carbon, now in chemical combination with the iron, could have come from a variety of sources with
very different origins. These are now potentially an iressolvable mixture in the iron. For iron made over the last millennium,
there are the additional problems associated with the use of both fossil fuel and biomass fuel in different stages of the iron
making, leading to great confusion, especially with authenticity studies.

INTRODUCTION

The radiocarbon dating of the carbon contained within smelted iron was first proposed and accom-
plished by Nikolaas van der Merwe (1969). But the radioactive decay was perforce measured by the
beta-counting methodology of the day that required approximately 1 kg of wrought iron to provide
the necessary carbon and this precluded its serious practical application. Thus, the *C dating of iron
seemed destined to linger in the limbo of good ideas that are fatally brought down by practical dif-
ficulties. The introduction of accelerator mass spectrometry (AMS) '“C dating, capable now of oper-
ating on mg-sized carbon samples have transformed the possibilities of obtaining dates from smelted
iron (Cresswell 1991, 1992; Harbottle et al. 1993; Kusimba et al. 1994; Cook et al. 2001, 2003). This
is an exciting and important extension of '4C dating generally and the recent review by Cook et al.
(2003) shows that the dates obtained are very often commensurate with the age estimates made by
other methods. However, the very fact that tiny sample weights are now dateable has raised dangers
of serious misinterpretation. It is always potentially hazardous to work on samples when one can no
longer identify the original form of the material that was the source of the carbon. Sometimes, even
when it is apparently possible to identify the material, there are problems because it has been chem-
ically modified, as exemplified below.

The rationale behind the feasibility of the “C dating of iron is that the carbon in the iron originates
from the fuel of the smelting process, and for most ancient iron this fuel will have been charcoal.
There seems to be an implicit assumption that the use of fossil fuel can be unambiguously recog-
nized because of the geological age of the carbon (although the possibilities of Neanderthal iron
smelting have been raised, apparently seriously, by Sherby and Wadsworth 2001). The potential
dangers of serious misdating arising because of the intermixing of carbon from charcoal- and fossil
fuel-smelted iron seem not to be appreciated (see Cook et al. 2003, discussed below).

It has been recognized that there is a possibility of contamination where limestone or other carbon-
ate rocks have been used as a flux in the smelting process (Cresswell 1992), or where the iron is
extensively corroded (Cook et al. 2003), and Eylon (2002) has documented the reuse of solid
wrought iron, that was sometimes centuries old, welded to pieces of much more recent iron. How-
ever, it still seems that there has been insufficient attention paid to the potential problems arising
from the carbon used in the actual smelting and other processes. This is probably due to a failure to
fully realize the complexities of iron-smelting and how much the processes have changed over time.
It also seems to be assumed that the histories of the various iron-making processes in use around the
world are all known, and that evidence of the production stages to which any iron artifact will have
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been subjected will be preserved in its structure. In reality, the processes of iron production are both
complex and very far from being understood, and very often the later stages of processing the iron
will have completely removed the evidence of the earlier stages from the iron of an artifact, while the
carbon they introduced remains unaffected but anonymous (Tylecote 1976; Rostoker and Bronson
1990; Craddock 1995:234-83, 1998, 2003).

The problems of the 4C dating of iron were brought home to the authors when trying to get mean-
ingful dates from a lump of iron, found at the village of Churchdown in Gloucestershire, England
(Figures 1 and 2). The piece, apparently still containing lumps of its smelting fuel, is described in
detail below. To anticipate the discussion of the piece, dates of both 35,000+ BP, and, more specifi-
cally, of 2800 BP, have led us to finally conclude that the piece is almost certainly of the late 18th to
early 19th centuries AD. Clearly the interpretation of the AMS “C dates obtained on the carbon in
iron is not a straightforward exercise!

g 19 "

T
Centimetres

Figure 1 Half-sectioned lump of iron from Churchdown, Gloucestershire. It is a product of
the fining of cast iron to make wrought iron. Note the rectilinear black areas exposed in the
section. These turned out to be highly pyrolized hard wood charcoal upon which carbon
from the coke-smelted cast iron had deposited. (Photo. British Museum / A. Milton)

This paper will explore some of the problems of interpreting '4C dates obtained from iron, and the
confidence with which they can be used. There are 2 rather different scenarios to consider:

1. When the age of the iron artifact is approximately known, stylistically or because the piece is
from excavation, and in this case something should be known about the contemporary technol-
ogy by which the iron is likely to have been produced.

2. When the age of the iron is completely unknown, or where there are 2 or more very different
possibilities, such as with an authenticity determination.

In the first case, it is at least possible to predict likely problems arising from the technology, but in
the second there will usually exist a bewildering range of possibilities, such that without additional
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Figure 2 Detail of Figure 1 showing one of the highly pyrolized lumps of char-
coal. (Photo. British Museum / A. Milton)

metallurgical or compositional information, any date is possible or explicable no matter what the
real age of the object.

First, it is necessary to outline the smelting processes used through the last 3000 yr, as far as they are
known, concentrating on the potential sources and ultimate disposition of the carbon present in these
processes.

IRON AND STEEL PRODUCTION: CARBON IN—CARBON OUT

The iron ores themselves could well contain significant quantities of carbon in the form of carbon-
ates; siderite, FeCOs, was one of the more common ores used in the past (Pounds 1971), and other
ores are often intermixed with limestone. For example, siderite was the main ore used by the
Wealden iron industry in southern Britain from the Iron Age to the Industrial Revolution (Cleere and
Crossley 1985:11-5). Carbon present in carbonates is expected to be of geological age.

Iron Production by the Direct Process

Because of its high melting point (about 1550 °C), iron was traditionally made by solid state pro-
cesses often referred to as direct processes. In these, the fuel and reductant was invariably charcoal.
In antiquity it is likely that wood of any age would often have been used as a source of the charcoal,
and this state of affairs continued until at least the Renaissance in Europe, as illustrated in Biringuc-
cio’s Pirotechnia (Smith and Gnudi 1942:177-9), published in 1540, on all aspects of metallurgy and
which contains a woodcut illustration showing a woodman about to place a venerable tree bole into
the charcoal-making pit (Figure 3). Eylon (2002) has drawn attention to the traditional preference for
old oak trees to make charcoal for metallurgical purposes in Lebanon. If these sources of charcoal
were used to smelt or carburize iron, then the carbon date could predate the iron by centuries.
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Figure 3 Tllustration from Biringuccio’s Pirotechnia of 1540, showing an old
tree bole being converted into charcoal for use as a metallurgical fuel, the carbon
from which could have been laid down centuries earlier.

However, in the post-Medieval period in Europe, and probably much earlier in the Roman period
(Fiqueiral in Fulford and Allen 1992) and also in China, production of iron on an industrial scale
required a regular supply of charcoal on a large scale. This could only realistically have been met
from properly managed woodland producing timber from pollarded trees that were unlikely to have
been growing for more than a very few decades when converted to charcoal. In these instances, the
carbon date would be close to the date of the metallurgical operations.

It was common practice to roast the ores before smelting, which should have converted most of the
carbonates present to oxides (Maréchal 1985; Rostoker and Bronson 1990:52-3). Once the ore was
charged into the furnace, further roasting could be expected in the upper or outer reaches of the reac-
tion zone (depending on the furnace type), which were more oxidizing before the ore entered the
lower or central region of the furnace where the reduction took place. It seems, however, very likely
that some unroasted ore would have dropped straight into the reaction zone where the CO produced
by its decomposition could enter the forming iron in the same manner as the CO from the burning fuel.

In the reaction zone of the furnace, the iron minerals were reduced to tiny platelets of metallic iron
protected from reoxidation by the slag. This is where the nascent iron began to coalesce into a solid
mass which inevitably contained quantities of the slag in which it had formed. The resulting solid
lump of iron, known as the bloom in English, had to be hammered to weld the iron into a more
coherent mass and to expel as much of the slag as possible. In order to keep the slag molten, the
bloom had to be kept at red heat which required frequent reheating on a hearth. Once an acceptable
iron billet had been produced, it could then be forged, that is hammered to shape, an operation once
again necessitating that it be frequently returned to the hearth. The hearths were normally fueled
with charcoal, but mineral coal, often in conjunction with charcoal, has been found on metalworking
hearths, dating from the last 2000 yr at least, all over the Old World in areas where coal abounds
from Roman Britain (Webster 1955) to Han China (Wagner 1993).

These processes produced wrought iron with highly variable carbon contents, normally ranging
between about 0.01% and 0.1% carbon. However, sometimes the carbon content was appreciably
higher and there were a very few direct processes in various parts of the world that could regularly
produce bloomery iron with a carbon content in region of 0.1 to 1.0%; that is, the iron was produced
as a steel.
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Otherwise, steel was produced by carburization of the smelted iron, that is, by prolonged heating of
the solid iron billet or artifact in a charcoal hearth, where under intensely reducing conditions some
of the CO gas from the burning charcoal would have been decomposed to deposit elemental carbon
on the surface of the iron into which it could dissolve and diffuse. In addition to the charcoal, a vari-
ety of other carbonaceous materials, scraps of leather, horn, rags, etc., were recommended by vari-
ous authorities on iron-making to encase the iron, and all of them were materials that are likely to
have been growing very shortly before their use as carburizing agents. The process, sometimes
referred to as case hardening if performed on the forged artifact, was slow, laborious, and the results
uncertain and heterogeneous.

The obvious solution was to produce iron and steel in liquid forms, and this was achieved at earlier
dates and was far more widespread than is presently credited (Craddock 1998, 2003). The implica-
tions of this for the viability of “C dating iron are disturbing.

Iron Production by the Indirect Process

In the so-called blast furnace, or indirect process, the iron was produced in liquid form known as pig
iron or cast iron (irrespective of whether or not it was destined to be a casting). The blast furnace
process operated at a higher temperature under markedly more reducing conditions than the
bloomery process, such that the forming iron could dissolve the elemental carbon that was deposited
on it. Even small quantities of carbon dissolved in iron reduce the melting point by several hundreds
of degrees centigrade such that the product was molten iron that could be run from the furnace as pig
iron, typically containing between about 3% and 5% of carbon. The very reducing conditions meant
that separate fluxes had to be added to form the slag and limestone has always been a popular flux
mineral. The limestone was not calcined before being charged to the furnace (Tylecote 1976:119).

For the blast furnace process, charcoal was the usual fuel initially, and has remained in use on a lim-
ited scale to the present day in countries such as Brazil where timber resources are perceived to be
inexhaustible. Fossil fuel in the form of coke or anthracite, seems to have been used in China from
the mid-1st millennium AD, developing into a major industry by the beginning of the 2nd millen-
nium AD (Hartwell 1966, 1967). In the Far East, charcoal-smelting of iron continued on an indus-
trial scale alongside fossil fuel-smelting and is still practiced today to a limited extent, with the obvi-
ous potential for confusion when scrap iron made by the 2 processes is mixed. Examination of a
selection of Chinese iron castings showed that both charcoal- and coke-smelted iron was being used
through the last thousand yr (Craddock et al., forthcoming). In the West, smelting with fossil fuel
began in the 18th century and coke was the pre-eminent fuel by the 19th century (Tylecote 1976:
105-20), although, even in Europe and North America (Gordon 1996:90-124) charcoal-smelting
continued on a limited scale well into the 20th century.

Cast iron is a rather intractable material such that the majority of it, in Medieval Europe for example,
was converted into wrought iron by burning out the carbon in a process known in English as fining.
Usually this was achieved by remelting the iron on a charcoal-fired hearth exposed to the air, and
stirring. The iron became progressively more pasty as the carbon content fell and the melting point
rose. Some of the iron oxidized and this was removed as a slag by adding fluxes that could them-
selves contain more limestone, as exemplified by the calcium-rich inclusions in the iron plate found
on the Gizeh Pyramid (Craddock and Lang 1993). In the post-Medieval period in Europe, coal was
sometimes used on a separate hearth to keep the metal at red heat, but conditions in this hearth were
unlikely to have permitted much, if any carbon (or sulphur), to enter the metal. The wrought iron
produced by fining is presently indistinguishable from bloomery wrought iron (Rostoker and
Dvorak 1990; Starley 1999), and to no small degree this is the reason why the use of the blast furnace
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process over much of Eurasia in the distant past is so little appreciated. This exemplifies the problem
prevalent with so much iron production, namely, that the final processes will have removed evidence
of the putative earlier stages that potentially could have introduced carbon of geological age.

A variant process used in 18th and 19th century Europe, and possibly also in China at much earlier
dates, is known as puddling. Here, the cast iron was melted by heat supplied indirectly by coal and
the decarburization was achieved in part by the addition of iron oxide. The puddling was carried out
in a reverbatory furnace where there was no direct contact between the coal and the metal. The gases
burning over the metal would have been carbon monoxide from the coal, but this should not have
entered the iron in any quantity as the whole point of the operation was to burn out the carbon the
iron already contained, rather than introduce more.

The production of cast iron began in China early in the 1st millennium BC, and was probably used
initially just for castings, but soon became the usual method of producing iron whether for castings,
for fining to wrought iron, or for partial decarburization to steel (Wagner 1993).

In Europe, this sequence of developments seems to have been reversed, with all the early cast iron
being turned into wrought iron. There is now archaeological evidence of iron-smelting sites where
the blast furnace process was developing from the beginning of the 2nd millennium AD. These
smelting sites have calcium-rich slags, and are always associated with fining hearths, and predate the
first iron castings in Europe by several centuries (Magnusson 1985; Gassman et al. 1995; Knau and
Sonnecken 1994). Note, the evidence is all from the smelting sites, there is presently no way of rec-
ognizing the fined iron produced by these furnaces in the surviving iron artifacts.

The situation in central and southern Asia and in the Middle East is not clear. Contemporary docu-
mentary evidence would seem to suggest that the blast furnace process may have been widely used
throughout Islamic lands (Allan 1979:72-5) and India (Craddock 1998), but as yet there is no arti-
factual or archaeological evidence.

Steel

Steel could be produced from cast iron by controlled de-carburization, stopping just short of the total
removal of the carbon, although this was only practiced to a minor extent. The usual practice was to
start with wrought iron and subject it to a carburization process. In addition to the case hardening
processes mentioned above, a number of other processes developed.

One method of exposing the wrought iron to carbon that it could easily absorb was to soak solid
wrought iron in liquid cast iron, so that some of the carbon transferred to the wrought iron convert-
ing it to steel. The best description of this process is given by Biringuccio (Smith and Gnudi 1942:
67-70). It was practiced in Renaissance Italy, where it was known as the Brescian process, but it
seems likely that the process was fairly widely used across Eurasia. In Biringuccio’s description, the
bath of molten cast iron, which would have been smelted with charcoal, was protected from oxida-
tion by a slag formed from marble chips. This would have decomposed releasing the carbon from the
geological-age carbonates, some of which could have dissolved into the cast iron. As with many
other processes, the Brescian process is known mainly from a very few contemporary descriptions,
the history and extent of the technology is completely unknown.

In post-Medieval Europe the cementation process was developed for the production of steel. Here,
bars of wrought iron were packed into large stone chests with charcoal and heated for periods of up
to several weeks before being removed and forged to bars, often referred to as shear and double shear
steel (Barraclough 1984a). By the 19th century, there is the possibility that some of the wrought iron
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bars could have been smelted with coke, and after the cementation process with charcoal, the residual
coke-derived carbon from the original iron-smelting process together with the charcoal-derived car-
bon could combine to make the iron appear some centuries older than it actually was.

Bulk steel production began with the Bessemer process in the 1850s, followed by the open hearth
process in the 1880s (Barraclough 1990:39-56, 137-63). Both of these made steel by burning the
carbon out of pig iron at very high temperatures. Usually the pig iron was freshly made metal,
smelted with coke. Such fuel as was used in the open hearth process was coke and, thus, all the car-
bon was of geological age, and this could not be confused with charcoal-smelted iron. However, this
was bulk steel, and a fair amount of the charge was often made up of scrap, which could of course
include charcoal-smelted iron, Sweden, for example, was still a major producer of charcoal-smelted
iron well into the 20th century. The remnant carbon from such a mixture could give a wide range of
carbon dates.

Crucible Steel

Steel could also be produced as a liquid, and this technology has a long history, the extent of which
is only now being fully realized (Bronson 1986; Craddock 1998, 2003; Allan and Gilmour 2000).

In Asia, 2 very different crucible processes for the production of liquid steel evolved from the latter
part of the Ist millennium BC (Craddock 1998, 2003; Lang et al. 1998). In 1 process, wrought iron
and carbonaceous materials were strongly heated in small crucibles, causing some of the carbon to
enter the iron, forming a steel typically with about 1 or 2 percent of carbon. The carbonaceous mate-
rial came from a variety of wood and other plant sources that are unlikely to have been of any great
age at the time of their use in the crucible steel process. Alternatively, a mixture of wrought iron and
cast iron could be melted together in the crucibles to give a steel once again typically containing
between 1 and 2 percent of carbon. Little is known of the production of cast iron for the crucible
steel process; if Chinese cast iron were used, then clearly it could contain carbon from fossil fuel.
The Indian crucibles were regularly heavily tempered with straw, probably coming chiefly from the
use of dung as a temper, and it is suggested that some of the carbon from these tempers could have
entered the iron.

By the early Medieval period, crucible steel was in common use throughout the Middle East and
South Asia as the usual quality steel for a wide range of tasks, well beyond the more familiar Dam-
ascus-patterned blades, as the recent study of Allan and Gilmour (2000) has demonstrated.

In Europe, a very different approach to the crucible steel process was developed utilizing cementa-
tion steel. This was melted to homogenize it and to remove the slag. The process was introduced by
Benjamin Huntsman in Sheffield in the 1740s and by the early 19th century it was the usual method
of producing crucible steel in Europe and North America. A recent report suggests that liquid steel
was being produced in Saxon England almost a thousand yr earlier, although nothing is presently
known about the process that could have produced it (Mack et al. 2000). This does, however, serve
to illustrate how incomplete our knowledge is of the various ironmaking processes.

Latterly, the Huntsman process was largely supplanted in Europe and in North America by other
crucible processes. The co-fusion process was quite widely used in the 2nd half of the 19th century,
and in-situ carburization of the iron in the crucible with charcoal became general by the end of the
19th century (Carnegie 1913:51; Craddock and Wayman 2000).

Although the carbon in the cementation iron was derived from charcoal, and the reductants, where
used, were also of charcoal, it was common practice to add either graphite, or latterly coke dust to
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the clay from which the crucibles were made, and this increased the carbon content of the steel (Bar-
raclough 1984b: Table 1, p 54; Freestone and Tite 1986). Also, from the end of the 19th century at
the latest, the wrought iron feedstock in all of these crucible processes would normally have been
coke smelted.

Thus, overall, there are strong possibilities of intermixing carbon from recent and ancient sources,
especially from charcoal and fossil fuel, and where charcoal- and fossil fuel-smelted cast iron exist
together to be mixed as scrap. The problems created by multi-stage processes using carbon from dif-
ferent sources are well-exemplified by the following case history.

THE CHURCHDOWN LUMP

The lump of iron shown in Figure 1 was found buried in the surface of pasture land in the village of
Churchdown in Gloucestershire, where it had clearly lain for some time. There were no other indi-
cations of iron production in the immediate vicinity, although Churchdown lies only a few km from
the traditional iron-smelting area of the Forest of Dean, from where the lump very possibly came.
From its shape and the vitreous material on the surface, the iron had clearly been very hot, and the
finder, Mr Michael Hynd, initially wondered if it could be a sideritic meteorite, and cut a large slice
from the center of the lump. This revealed the presence of numerous subrectangular areas, which
although very ferruginous, were also very dark and had an open, somewhat pyrolized structure. Mr
Hynd took his find to the Natural History Museum in London, where they were able inform him
straight away that it was not a meteorite but could be an iron bloom, and suggested that he take it to
the British Museum.

On first seeing the sectioned lump, the rather pyrolized structure of the black areas suggested that
they were coke. If this was the case, then the iron could either have been a lump of cast iron, which
had been coke-melted in a cupola furnace at some foundry and would have been of little interes,t or
it could be a piece of cast iron in the process of being fined with coke, an unusual but not impossible
scenario, and a rare if not unique survival of an intermediate stage of wrought iron production from
the time of the Industrial Revolution. The other method of converting cast iron to wrought iron, pud-
dling, was unlikely as that process used coal out of contact with the iron and the forming wrought
iron has a distinctive slag content that was entirely absent here. However, expert examination by
Caroline Cartwright, of the Department of Scientific Research, British Museum, showed that the
black pieces had in fact once been charcoal, now heavily pyrolized and infiltrated with iron, such
that it was impossible to determine the species of wood, beyond that it was likely to have been a hard
wood (Figure 2). Also, at this stage, preliminary metallographic examination showed that the iron
was predominantly of ferrite with a little heterogeneously distributed pearlite, that is a wrought iron.
Given the size, shape, unconsolidated appearance, and the inclusions of charcoal, it now seemed
very likely that this was a bloom of iron straight from the direct process furnace. This would also be
a very rare survival indeed, and one that the Museum would wish to acquire and study (It is hoped
that the metallographic report on this piece be published in the Journal of the Historical Metallurgy
Society). This immediately raised another more practical problem, the lump was without any imme-
diate context but found near to the Forest of Dean where iron had been smelted from the Iron Age
to the 20th century (Hart 1971:1-209), and, thus, we had no idea at all of the date. We did not even
know which was the appropriate Department in the British Museum to access it!

Thus, a selection of the iron-rich black pieces was sent to Arizona for AMS “C dating. The sample
was pretreated in 1N HCI for several days and a considerable amount of Fe was dissolved. The
remaining material was combusted at 900 °C with CuO. Two separate combustions were made. The
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sample CO, was then reduced to graphite over iron powder and the graphite was pressed into an
AMS target. The sample target was mounted in a sample wheel with other samples and 8 standards
(oxalic acid I and II, NIST SRM-4990B and 4990C). The measurements were made as described by
Donahue et al. (1990a, 1990b).

The results were:
AA -42636A16.0% C 35,940 V 760
AA -42636B9.4% C 36,230 V 800

This showed that fossil fuel had been used, seemingly suggesting that the black pieces were coke as
originally thought. Caroline Cartwright once again examined the pieces and was adamant that,
although severely modified, the pieces were, or had been, charcoal. This time she actually took a
small sample of the material that she believed was charcoal, and that was not in contact with the iron
(this was not as easy as it might seem, as the iron and carbonaceous material are in very intimate
contact). This sample (4.5 mg) was sent to Arizona and pretreated with the standard acid-alkali acid
pretreatment. The result was as follows:

AA - 44357 66.5% C2,798 V 43

The high C content of this sample clearly indicates that it is charcoal. Since this represents the age
of the wood, it is clearly a better estimate of the time of firing of the iron than the earlier date.

In the meantime, further metallography done on the lump itself showed that the iron had significant
quantities of iron sulphide inclusions, which together with the geological age of the first sample,
strongly suggested that the iron had indeed been smelted with fossil fuel.

The possibilities were either to take the dates at face value and argue that this was coke-smelted iron
which was being fined with charcoal made from ancient bog timber, or to seek other explanations.
The first option is extremely unlikely, there is no record of the use of bog timber for making charcoal
or indeed for its use in industrial processes generally, and there is no known source of such material
within the Forest of Dean area.

It is more likely that the intense reducing conditions within the burning charcoal can provide the
explanation. The overall purpose of the fining was to burn the carbon out of the putative coke-
smelted cast iron as gaseous CO and CO,. The function of the charcoal was to provide the heat to
melt the iron and energy necessary. Thus, the original AMS “C date showed that the small amount
of carbon left within the iron was the original carbon from the smelting process. This was to be
expected as the whole purpose of the fining process was to create conditions where carbon left the
iron, not entered it. However, where the gases had permeated into the intensely reducing conditions
inside the burning charcoal, some of the CO, and CO had been reduced back to elemental carbon
and deposited on the charcoal. Thus, the charcoal, produced from timber that had very likely been
growing recently, was coated with carbon of geological age, coming ultimately from the coke used
in smelting. This process could also explain the anomalous early date of the charcoal lump in one of
the Frobisher blooms (see below).

If in the first instance, the carefully selected 2nd sample of charcoal had been sent to Arizona, there
is a possibility that the Churchdown ingot could now be hailed as an important survival of early Iron
Age iron production technology in Britain. As it is the combination of the AMS “C date of geolog-
ical age from the iron itself, the much younger date from the charcoal and the numerous sulphide
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inclusions allows us to identify the lump as belonging to the charcoal-fining of coke-smelted iron
(NB as described below the distinctive sulphur contents are only found in early coke-smelted irons).

As explained above, the use of coke to smelt iron only became general in Britain after the mid-18th
century and the charcoal-fining process was finally superseded by the puddling process by the early
19th century. Thus, the AMS !C dates of geological age for the carbon in the iron and 2800 BP for
the charcoal really do allow us to confidently assign this piece to between the late 18th and early
19th century.

DISCUSSION

There are clearly a number of potential contributions to the smelted iron from carbon other than that
contained in the charcoal of the smelting process, which may itself have been made from wood of
some age. It is proposed to review these in technological sequence, discussing some of the inherent
problems in recognizing the presence of old carbon, from whatever source.

1. Atevery stage there is the possibility of carbonates associated with the ore surviving a putative
roasting process.

2. The blast furnace process regularly used limestone as a flux. Cresswell (1992) has already
noted that the presence of calcium in the slag inclusions in the iron is a danger signal that the
carbon may be contaminated with carbon from the flux. However, blast furnace iron should
retain few, if any, slag inclusions from the primary smelting, and if the iron has been fined to
wrought iron then it will be impossible to establish even that it had been blast furnace iron, let
alone whether or not it was fluxed with limestone. The inclusions that are present will be asso-
ciated with the secondary fining process, but the majority of the remaining carbon will be from
the original smelting, by whatever process. Given that the history of the blast furnace process
commences very early in China, and that it is of very uncertain, but potentially early use in the
rest of Eurasia, this puts the 4C dating of wrought and cast iron on a very uncertain basis for
most places at most times through the last 1000 yr or so. Any piece of wrought iron from a large
part of the Old World over the last 1000 yr or so potentially may have been made by fining cast
iron smelted with a limestone flux, or it might not—we presently have no way of telling from
the iron itself.

3. Inthe fining of the iron, limestone was sometimes added as a flux, and coal was used on a minor
scale in the hearths.

4. Old wrought iron was sometimes re-used by welding it together with other pieces of recycled
or newly smelted iron.

5. Once iron was being melted, then part of the feedstock could be scrap iron. The danger here is
two-fold. There is a danger of old charcoal-smelted iron forming part of the feedstock along
with more recent charcoal-smelted iron. However, the problem becomes much worse if char-
coal- and coke-smelted scrap is mixed. Where such mixed scrap is used, then the carbon from
the resulting wrought or cast iron could give any '4C date across the entire range covered by 4C
dating, and there is no warning or way of ascertaining that such admixtures are present in the
iron. Qui Shihua and Cai Lianzhen (1986, quoted in Wagner 2001:52-3), turned the question
round and used AMS !4C dates of between 11500 BP and 13800 BP obtained from 3 artifacts
of cast iron belonging stylistically to the Song and Yuan periods in China, and thus in reality
rather under 1000 yr old, to calculate the relative proportions of charcoal- and fossil fuel-
derived carbon that was likely to be present in these castings. They assumed that the carbon all
derived from a single operation and from the figures that they had obtained, calculated the pro-
portions of charcoal and coke that were likely to have been present in the original smelting



Dating and Authentication of Iron Artifacts 727

charge. Given the other imponderables such as the possible of use of limestone fluxes etc., the
precise figures quoted of a furnace charge of 30% charcoal and 70% coal seem a little optimis-
tic. In fact, the use of a mixed charcoal-fossil fuel mixture is otherwise unknown. The more
likely scenario is that the mixture arose from melting together charcoal- and coke-smelted scrap
iron. It must be of concern that there is no way of determining the real explanation.

6. Recognition of the presence of fossil fuel in the iron. It might seem that it would be relatively
easy to spot iron that has been smelted with fossil fuel, even if the carbon date was equivocal,
because of the high sulphur content, as was the case with the Churchdown lump, described
above, for example. The first Chinese irons smelted with fossil fuel do indeed have recogniz-
ably higher sulphur contents than those smelted with charcoal (Han Rubin 1996; Craddock et
al. in press), as does the first coke-smelted iron from England, which has given the impression
that all iron smelted with fossil fuel has elevated sulphur contents. This is simply not so, as even
trace levels of sulphur result in serious embrittlement during hot working of the metal, every
effort was and is made to keep the sulphur content in iron to a minimum. The much higher tem-
peratures achieved in the iron-making processes from the mid-19th century effectively reduced
the sulphur content in the pig iron down to levels similar to those found in earlier charcoal-
smelted iron.

7. The problems of establishing the origin of the carbon in steels are basically similar to those for
iron generally. With crucible steels there is the special problem of the widespread use of graph-
ite or coke as a constituent of the crucibles that held the molten charcoal-smelted cementation
steel.

As noted in the “Introduction”, the material for dating is likely to fall into 1 of 2 categories, those
pieces where there is some chronological or typological indication of the likely age of the piece, and
those where there is none.

DATING MATERIAL FROM EXCAVATED, OR AT LEAST KNOWN, CONTEXTS

Even where there is some indication of period, and so that the processes behind the iron should be
understood, there can still be problems of interpretation. The Frobisher blooms provide an interest-
ing example.

The story behind the voyages of Martin Frobisher, who in the 1570s initially went in search of the
North West passage around North America, before becoming side-tracked into an equally fruitless
search for gold, is long and complex and has been told many times (McFee 1928; Kenyon 1975;
Fitzhugh and Olin, editors 1993). Not least of the conundrums left by the expedition are the famous
Frobisher blooms. A 19th century expedition to Frobisher’s base on Kodlunarn Island in Frobisher
Bay off Baffin Island came back with several iron blooms, one of which was subsequently 14C dated
by Sayre et al. (1982) by gas counting using miniature counters. This gave a date of 679 V 133 BP,
calibrated to AD 1240-1400 at 10, using the calibration curve of Stuiver and Pearson 1986 (this and
the following dates are taken from Harbottle et al. 1993:Table 10.1). The date is apparently much too
old for the iron to be associated with the Frobisher expedition. The 1981 Smithsonian Expedition to
Kodlunarn Island found 3 more blooms in association with a smithy. Two of the recently discovered
blooms have been AMS “C dated (Harbottle et al. 1993). Once again, they gave dates that were
apparently too old to have been associated with the Frobisher expedition. Suggestions had been put
forward many years ago that the blooms discovered in the 19th century could have been made by the
Vikings who were in the area centuries before Frobisher. However, the discovery of mineral coal at
the smithy in association with the blooms raised other possibilities, and further complicated the mat-
ter. The main dating interest centers on Bloom 2, which was sectioned and samples taken from sev-
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eral locations. In 1991, Cresswell reported a date of 1340 ¥ 70 BP, (calibrated to 640-760 AD at 16)
for a sample taken from the outside of Bloom 2, and a date of 920 V 60 (calibrated to 10061150 AD
at 10) for a small inclusion of charcoal found beneath when the section was cut. At this stage,
although admitting the possibility of an earlier Viking origin, Cresswell seemed to have supported
the explanation of Elizabethan smelting using a mixture of charcoal and mineral coal, but stated that
additional dates from deeper within the bloom were necessary to resolve the problem. In 1992,
Cresswell duly reported on 2 more dates on Bloom 2, 1 taken about 2 cm into the metal, which gave
a date of 550 V 60 BP (calibrated to AD 13071355 at 16), and one of 500 ¥V 60 BP (calibrated to
AD 1400-1442 at 106), from about 5 cm depth (which was about the center of the sectioned bloom
at that point). Cresswell noted the obvious, the further in the younger the age, but added, “These
dates are closer to Elizabethan in origin, and suggest multiple sources of carbon used for the smelt-
ing.” Thus, he still seemed to have believed the blooms to be Elizabethan. Yet, 1 yr on Harbottle et
al. (1993) (with Cresswell as one of the authors) concluded on the basis of the same carbon dates that
the blooms were after all likely to be Viking. A separate metallographic examination of all the met-
allurgical debris on the site including the blooms had concluded that although there was possible evi-
dence of attempted smelting, the blooms were likely to have been earlier (Unglik 1993). Citing sup-
porting documentary evidence (see below), both Harbottle et al. (1993) and Wayman and Ehrenreich
(1993:213, fn) suggested that the Frobisher expedition had picked up the blooms locally, and had
heated Bloom 2 strongly with coal, which had carburized the surface with geological age carbon.

The evidence supporting this interpretation is quite strong. It would seem to make no sense at all for
the expedition to bring out half-formed iron as blooms from England when space on board the ships
must have been at a premium (although there is an inventory of the materials carried by the expedi-
tion which lists “osmondes” of iron, and the word osmonde was sometimes used in Tudor England
to denote ingots of iron) (Fitzhugh and Olin 1993:24). There is, however, another significant refer-
ence in the journal of Edward Fenton, captain of one of the expedition’s ships on the third Frobisher
expedition, that they had found “divers osmondes of iron”, in the vicinity of Kodlunarn Island (Har-
bottle et al. 1993:174). These could be osmondes brought out on the previous expeditions, or the
Frobisher expedition could have stumbled across an old Viking iron-making site, where unsuccess-
ful blooms had been abandoned, which was common practice. So it could be that the expedition col-
lected and tried to work them using some of the considerable quantity of mineral coal and charcoal
brought out for the projected gold mining and working operations. Laeyendecker (1993) raised yet
another possibility, namely that the expedition had smelted the iron locally, using old driftwood as a
source of the charcoal.

However, our concern here is not primarily with the real origin of the Frobisher blooms, but merely
to comment on the disparity of the dates. Bloom 2 has 4 dates spanning almost 1000 yr in the space
of about 10 cm. If one takes the dates of the 2 inner samples as representing the age of the charcoal
that was used for the near contemporary smelting of the iron, then there are still problems. The dates
of the 14th and 15th centuries are rather too young for the Viking settlements that had shrunk away
to almost nothing by this time, but conversely are still too old for the Elizabethans, unless some
allowance is made for the possibility of some old carbon in the ore/flux, and for old wood being used
for the charcoal or for coal being used on the hearth. Another problem is the discrepancy in the date
of the charcoal inclusion in Bloom 2 and the dates of the 2 interior samples. The charcoal inclusion
is apparently several centuries older than the carbon of the iron which it smelted. A possible expla-
nation is that the later putative heat treatment with coal as well as carburizing the surface of the
bloom also deposited some geological-age carbon on the charcoal, with a mechanism somewhat
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similar to that postulated for the charcoal in the Churchdown lump, described above, only with the
carbon coming from the fuel rather than the iron.

Overall, the small counter and AMS “C dating of the Frobisher blooms has produced a lot of seem-
ingly contradictory data, sometimes on the same bloom, without producing a firm “right” date or
even consensus on the origin of the iron. It does exemplify again the problems of AMS “C dating
of iron, especially where the possibility exists of both fossil fuel and charcoal being involved,
together or at different stages in the operation.

DATING OF IRON WHICH HAS NO CONTEXT

In the 2003 paper by Cook et al. on the AMS '“C dating of rusty iron, the opportunity was taken to
publish the AMS !4C dates obtained on some (unrusty) samples taken from 6 pieces of body armor
that purport to be German or Italian of the 15th to 17th centuries AD, and are now in the collections
of the Metropolitan Museum of Art, New York. Only 1 of the 6 dates was in broad agreement with
the art historical dates, the other 5 had AMS '“C dates varying from 570 BP back to 4250 BP. The
authors suggest that some carbon could have come from the ore/ flux, the use of old charcoal (Figure
2), and the possible use of coal in the smithing hearths, which would all have tended to increase the
apparent age and thereby explain some of the discrepancies. However, most of the discrepancies are
very large, indicating to Cook et al. that a considerable percentage of the carbon in the iron must be
of geological age. The explanation offered was that the iron was smelted with a mixture of charcoal
and coal, and that the previously held view, that smelting iron with fossil fuel began later in Europe,
would have to be revised.

There is, of course, a much more plausible explanation to accommodate the use of fossil fuel in the
production of the iron that does not necessitate rewriting the history of metallurgy, namely that the
armors are not of the age suggested by their typology, but are, in fact, 19th century copies. The car-
bon content of the iron could then be explained as either coming from the mixing of charcoal- and
coke- smelted scrap iron, or by the carburizing of coke-smelted iron with charcoal.

There are a number of disturbing factors here. It is especially worrying that, no matter what the real
date of the iron, the AMS '“C dates show the general frequency of the admixture of carbon derived
from both fossil fuel and charcoal in the iron. It is also disturbing that though the range of proffered
AMS 4C dates is very wide (from 230 to 4850 BP), with one exception they still manage to lie out-
side the almost equally wide range of realistic dates, which lie from 50 to 500 BP.

CONCLUSIONS

Overall, there is a strong possibility that iron submitted for '“C dating will have been subjected to
several processes involving heat, reduction, oxidation and carburization with a variety of fuels and
fluxes containing carbon in a variety of forms, and this is likely to cause problems in the interpreta-
tion of the 14C date.

In the examples quoted above of some Viking(?) blooms, “Medieval” armor, and the Industrial Rev-
olution lump from Churchdown, one could have predicted that the carbon would have been from
charcoal in the first 2 cases and coke in the 3rd. In reality, all turned out to be mixtures of unknown
and unknowable proportions, fatally compromising the possibility of obtaining real dates by “C dat-
ing alone. That having been said, it must be stated that in each case the radiocarbon determinations
did provide valuable information which, used in conjunction with other information, helped to elu-
cidate the possible histories of the irons concerned, even if it could not provide a direct date as such.
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However, the detailed and quite destructive sampling of the Frobisher bloom and the Churchdown
lump, which was necessary, is clearly not possible on the majority of artifacts.

For authenticity investigations, an AMS !4C date of many hundreds or thousands of yr for an iron
artifact could be the result of charcoal-smelting at that time, or the fortuitous (or even possibly delib-
erate) mix of charcoal- and coke-smelted irons.

Where there is no independent indication of age, there are major and probably insurmountable dif-
ficulties in producing not just a reliable date, but even convincing evidence of age. This is due in the
main to the possibility of unquantifiable intermixes of carbon of geological and recent age in the iron
smelted or cast in the last couple of centuries being mistaken for charcoal-smelted iron of much
greater age. For many classes of artifact, knowing that this possibility existed, it would be possible
to offer a series of equally plausible explanations for almost any date from the recent past to the
Upper Paleolithic.

For many periods and places, we simply do not know the basic technology by which the iron was
produced. Even more worrying, in most instances the last process such as fining or crucible melting
will have removed all tangible evidence of the earlier processes having taken place. Without the evi-
dence of the original form of the carbon the various possible interpretations of the AMS “C dates
obtained would be impossible either to refute or confirm.
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THE ANTIQUITY OF THE PREHISTORIC SETTLEMENT OF THE CENTRAL-SOUTH
BRAZILIAN COAST

T A Lima! « K D Macario? * R M Anjos?3 « P R S Gomes? * M M Coimbra* « D Elmore?

ABSTRACT. We discus here the prehistoric settlement of the central-south Brazilian coast, and, more specifically, 1 old
radiocarbon date obtained for a costal shellmound, as well as its implications concerning the chronology attributed to the set-
tlement process. The accelerator mass spectrometry (AMS) technique was used to determine the '“C age of charcoal from a
shellmound on the southern coast of Rio de Janeiro. The resulting age was 7860 + 80 BP, an unexpected result that reinforces
2 similar previously obtained dates for the same region. Brazilian archaeologists, however, have questioned those 2 dates,
because they would predate by some 2000 yr the antiquity consensually accepted for the settlement of the central-south Bra-
zilian littoral.

INTRODUCTION
Prehistoric Settlement of the Central-South Brazilian Coast and Shellmound Chronology

This paper focuses on a phenomenon that happened in Brazilian prehistory: the settlement, in the
central-south coast, of populations specialized in the exploitation of shellfish that reached a degree
of social complexity that was unusual among hunter-gatherers (Lima 1997, 2000). The environmen-
tal characteristics of the Brazilian central-south coast, in association with socio-cultural factors,
seem to have favored the emergence of the shellmound builders.

The dominant physiographic features of Brazil’s south-southeast coast landscape are an abrupt,
steep, forest-covered escarpment running parallel to the coast, reaching heights greater than 2000 m
within a few km of the shoreline. There is also a narrow, quite irregular strip of coast, displaying a
nearly continuous sequence of bays and lagoons edged with vast mangroves, as well as countless
islands that are extensions of the continental relief.

Typical of estuarine systems where 2 neighboring ecosystems meet—land and sea—these ecotones
comprise subsystems linked by the ebb and flow of tide and river waters, providing high nutrient
influx, and displaying one of the highest productivity rates among marine ecosystems. These waters
are veritable vivaria and one of the most fertile natural environments in the world.

Especially rich in mollusks, crustaceans, and fish, these ecosystems favored the settlement of pre-
historic hunter-gatherers proceeding from inland highlands who arrived at the coast and became
fishers and shellfish gatherers, shellfish being one of the most abundant and easily caught marine
resources. These resources came to play a role of prime importance within their social system, as it
was the search for greater proximity to mollusk beds that determined their settlement choices.

In these circumscribed landscapes, there is usually a high density of shellmounds, built by these
fisher-gatherers, that stand out against the landscape. In some places, these mounds are as tall as
30 m. The most conspicuous and dense concentrations of shellmounds are found in the state of Santa
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Catarina. As one moves north through the states of Parand, Sdo Paulo, Rio de Janeiro, and Espirito
Santo, they thin out progressively and disappear, as Brazil’s straight northeastern coast does not
offer the lagoonal areas with environmental conditions that favor this way of life. These shell-
mounds, dated in general between 6000 and 2000 BP, are the result of the intentional accumulation
of food remains—notably shells and bones—and sediments. The material culture recovered in these
shellmounds consists essentially of artifacts made from shells and bird bones, fish, sea and land
mammals, including projectile points, ornaments, and other tools and weapons. Axes, milling
stones, anvils, and hammer-stones made with basic rocks, together with abundant vein quartz flakes,
make up the lithic industry, common to practically all shellmounds. These industries were simple in
general, commonly crude, reflecting no great technical skill. Hearths, as well as human burials, are
also found in the midst of this chaotic midden of shells, sediments, and bones.

Around 4000 BP, Santa Catarina was apparently the heartland of the phenomenon of progressive
complexity between fishers-gatherers. As we move away from this core, there is a progressive
diminishment in the evidence of emergent complexity among the shellmounds. In Sdo Paulo and
Rio de Janeiro, the concentrations of shellmounds are less dense and the mounds considerably
smaller, having an average height of only 2 or 3 m.

The 4C dating of shellmounds is crucial for the understanding of the rise, maintenance, and collapse
of these socio-cultural systems that flourished in the course of 4000 yr, until the beginning of the
Christian era, when their vestiges disappear. By this time, the bold and well-succeeded inland horti-
culturalists arrived at the littoral. Economically more powerful—since they were able to produce
their own food—socially organized in more solid and concrete structures, technologically more
advanced, and more expressive numerically, they ended up determining the absorption or extinction
of the fisher-gatherers, in such a way that by the threshold of the 16th century, with the arrival of the
Europeans to the Brazilian territory, those populations had long disappeared from the central-south
coast.

There are currently some 290 !4C dates available for Brazilian shellmounds, which attest to the initial
occupation of the coast at around 6500 BP (Lima 2000). The frequency distribution of such dates
shows that these cultures seem to have reached their peak between 5000 and 3000 BP (see Figure 1).
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Figure 1 Histogram of average 4C dates for the coastal shellmounds
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Three very old 4C dates were obtained decades ago for 2 different shellmounds; nevertheless, since
they were considerably out of the average age range for these sites, they have been harshly contested
by the professional community. In 1956, French archaeologists Joseph e Anette Laming Emperaire
obtained 2 dates of 7803 + 1300 BP and 7327 £ 1300 BP in Gif-sur-Yvette, France, for the Sambaqui
de Maratud, located in the region of Santos, Sdo Paulo (Emperaire and Laming 1956). The dates
were refuted due to the reason given above (Garcia 1979).

Twenty-four yr later, in 1981, while researching the Sambaqui de Camboinhas, in Rio de Janeiro
(22°58’S 43°3’W), Lina Maria Kneip obtained a 2nd and slightly older date: 7958 + 224 BP (SPC
207) (Kneip et al. 1981). Such a dating was also contested by the same reasons and by the supposi-
tion—which turned out to be mistaken (Muehe and Kneip 1995)—that the sand straps over which
the shellmounds stood were more recent and would have been formed after the presumed date of the
site. Until the present, both dates were viewed with strong distrust.

The Dating of the Sambaqui do Algodao

This paper is concerned with the dating of charcoal samples from the Sambaqui do Algodao.
Located in a small island in the Ribeira Bay, in Angra dos Reis, Rio de Janeiro (22°55748”'S,
44°20°48”W), this site integrates a group of 7 shellmounds built very close together in different
islets in the small Ariré Cove.

This site presents 2 distinct stratigraphic levels: the inferior, where an abundant capture of mollusks
took place, and the superior, where there was a clear increase in fishing as a means of compensating
the smaller availability of mollusks (see Figure 2). The superior level of the site has been dated pre-
viously as 3350 £ 80 (WSU 3359), in a study by Andrade Lima in the mid-1980s (Lima 1991). This
result is compatible with the time range of occurrences for the shellmounds. The inferior level dat-
ing is reported in the present paper.

The accelerator mass spectrometry (AMS) technique was used for the 4C dating of the charcoal
sample, at the PRIME Lab of the Purdue University.

The charcoal sample was removed from the inferior level of the Sambaqui. The cleaning process
began with the sample examination under microscope, where the gross impurities were removed.
The usual chemical pretreatment for organic samples was performed. The sample was taken to
PRIME Lab, where it was reduced to 1 to 2 mm thickness through the use of a razor blade. After
being rinsed with ultra-pure water, the sample was treated with hydrochloric acid to remove the
inorganic fraction. A base treatment, with sodium hydroxide, was done in order to remove the fulvic
and humic fractions. Finally, another acid treatment removed the inorganic carbon that could have
been incorporated to the sample during the base treatment. The entire chemical processing was per-
formed at 95 °C. The sample was then dried and combusted at 900 °C in an evacuated quartz tube.
Copper oxide was used as an oxidizing agent and a silver foil to remove sulphur compounds
released during the oxidation process.

As carbon dioxide was obtained by combustion of the organic sample, the gas was injected into a
vacuum line in order to be purified and transferred to the graphitization tube. A mixture of dry ice
and ethanol was used to trap water from the gas and a liquid nitrogen trap froze the carbon dioxide
while other gases were discarded. The graphitization tube consisted of a long quartz tube with a
small tube, with iron, inside. A dimple in the bigger tube prevented the small one to touch its bottom,
where the zinc was placed. In a vacuum, only the small tube was heated to 725 °C to remove any
contaminants in the iron. The zinc was then heated to 550 °C to be distilled from the bottom to form



736 T A Lima et al.

a surface area layer in the upper part of the big tube. The bottom was sealed and removed. The CO,
was transferred to the graphitization tube with a liquid nitrogen trap. Finally, the tube was sealed and
heated in the oven for 700 °C for 10 hr. It was left to cool and heated again to 700 °C for 10 more hr.
At this temperature, the CO, was reduced to CO by a reaction with Zn. Then, the CO decomposed,
forming graphite by the iron-catalyzed reaction. After the process, the graphite was deposited into
the inner tube with the iron and they were both pressed into the sample holder to be measured in the
accelerator.

The 7.5 MV FN Tandem accelerator of the PRIME Lab was used for the measurement. The terminal
voltage used was 4MV, and !314C beams, with charge state of 3+, were selected by the high-energy
magnetic analyzer and detected. The age was calculated as in Donahue et al. (1990) and the oxalic
acid standard used was the NBS SRM 4990 C.
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Figure 2 Stratigraphic levels of the Sambaqui do Algodao
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RESULTS AND DISCUSSION

The results of the charcoal AMS measurements lead to 7860 = 80 BP (PLID T00-0677) or cal AD
7050—-6500 (2 o) (OxCal Version 3.5; Oxford University). This result confirms and reinforces the 2
other dates previously considered dubious. This fact reopens the discussions about the antiquity of
the settlement of the Brazilian coast.

What is interesting when we analyze the 3 occurrences together is the remarkable temporal proxim-
ity of the dates, practically contemporaneous—7958 + 224 BP (Camboinhas), 7860 = 80 BP
(Algodao), 7803 £+ 1300 BP (Maratua)—as well as the geographical proximity between the sites, in
the axis Rio de Janeiro/Sao Paulo. We are not dealing with dates obtained in distant points of the
coast, but among very close sites, concentrated in the same area of the southeast region, and very far
from the area of Santa Catarina.

CONCLUSIONS

In the context of the prehistory of the Brazilian central-south coast previously described, it would be
admissible to assume that the oldest dates would be found among the shellmounds of Santa Catar-
ina. Nevertheless, it is surprising that the oldest dates appear in Rio de Janeiro and Sao Paulo. This
demonstrates that the initial settlements occurred in an area that does not coincide with the one in
which those cultures reached their highest degree of expression.

The origin and routes through which the hunter-gatherers reached the coast and became the littoral’s
oldest fisher-gatherers are still questions to be answered, as there is no evidence of hunter-gatherers in
the highland region of Rio de Janeiro. If we were to consider the Ribeira Valley, in Sao Paulo, as 1 of
the few possible routes of communication between the coast and the countryside in the extensive bar-
rier constituted by the Serra do Mar mountainous range, and still, the existence of sites with fluvial
mollusks along the Ribeira River course, 1 of which dated 9000 BP (Blasis 2001), we could say that
those fisher-gatherers could have originated in the Sao Paulo plateau, above all because the Sambaqui
do Algodao, in the southern coast of Rio de Janeiro, is very close to the coast of Sdo Paulo.

This 3rd date compels us to consider the 2 previously questioned dates, predating the traditionally
accepted chronology for the settling of the coast by at least 2000 yr.
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NO SYSTEMATIC EARLY BIAS TO MEDITERRANEAN “C AGES: RADIOCARBON
MEASUREMENTS FROM TREE-RING AND AIR SAMPLES PROVIDE TIGHT LIMITS
TO AGE OFFSETS

Sturt W Manning' « Mike Barbetti? * Bernd Kromer3 ¢ Peter Ian Kuniholm* ¢ Ingeborg Levin® ¢
Maryanne W Newton® ¢ Paula J Reimer’

ABSTRACT. Existing data and theory do not support a recent assertion that upwelling of old carbon has led to systematically
100-300 yr too old radiocarbon ages for the Mediterranean region. Similarly, the prehistoric tree-ring record produced over
3 decades by the Aegean Dendrochronology Project is shown to provide robust, well-replicated data, contrary to a recent
unfounded assertion. “C and dendrochronology provide an accurate and precise chronometric framework for the Mediterra-
nean region.

INTRODUCTION

In a recent paper, Keenan (2002) asserted that radiocarbon ages from the Mediterranean region from
“earliest historical times (sic) until the mid-second millennium BC” are too old. He then put forward
a hypothesis (upwelling of old carbon from the stagnant Mediterranean) to explain his initial asser-
tion. Finally, he claimed that Anatolian dendrochronological evidence did not disprove his assertion
or hypothesis. Further, he stated that the “Anatolian dendrochronology should be regarded as suspect
and in need of independent scrutiny.”

We respond as this paper is seriously flawed. We briefly review the evidence to show that:

1. There is no basis to his initial claim or starting point of systematically too old “C ages of
“between one and three centuries”, and instead good evidence to the contrary.

2. Keenan’s review of literature in support for his theory is highly selective; there is, in fact, no
sound database to support his claims.

3. The Anatolian dendrochronology, and in particular the key Bronze-Iron Age master sequence,
is built on robust and well-replicated data using standard dendrochronological techniques.

4. Significantly, and inexplicably ignored by Keenan, !“C research reported in 2001 using the
Anatolian dendrochronology, in fact, demonstrates over long time intervals that there is no sys-
tematic distortion of Mediterranean '“C ages versus those from the rest of the mid-latitude
Northern Hemisphere. And, even at times of dramatic and rapid change in solar activity when
a small short-lived offset has been detected between '“C data on contemporary wood from the
Mediterranean and Germany (and in turn Ireland), this is an order of magnitude less than
Keenan’s claim of disparities of between “one and three centuries.”
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1. SYSTEMATICALLY TOO EARLY “C DATES IN THE EAST MEDITERRANEAN? NO

Keenan (2002:225) claims that 4C ages are too old for the Mediterranean region from the “earliest
historical times until the mid-second millennium BC” (sic—the earlier Holocene is meant). He makes
this assertion not on the basis of unambiguous evidence, but instead, by the rather selective citation
of some assorted publications. A few of these studies do report !“C ages for some contexts older than
the dates previously best estimated by archaeologists and ancient historians from little hard evidence
through interpretation of various partial (2nd millennium BC) to largely non-existent (3rd millen-
nium BC and earlier) proto-historical records and cultural associations, or speculative astronomical
conjecture (e.g. Spence 2000; Rawlins et al. 2001), but none actually demonstrate “C ages system-
atically 100-300 yr older than any historically fixed date. The other literature cited consists of state-
ments by archaeologists expressing concern that scientific dating techniques (most often '4C) are
sometimes yielding ages earlier than those conventionally assumed or best estimated but not known.
Again, in no case, do any of these studies demonstrate '4C ages significantly earlier than any actually
known date. Moreover, in all cases careful and rigorous analysis of materials dated, and their asso-
ciation with the contexts for which dates are sought, would be necessary to support Keenan’s asser-
tion (cf. Bruins et al. 2003 and literature cited).

The major data resource is the study of Bonani et al. (2001), which reports 4C ages for fragmentary
organic samples obtained (with difficulty, in many cases) from a number of major Egyptian monu-
ments. There are wide spreads of ages in several of the sets, which the team involved suggests to be
partly accounted for by an “old wood” issue. All available trees in the region, of widely varying
ages, were consumed by the pyramid builders and as older settlement debris was recycled in fires
(Lehner et al. 1999); and the association of measured age for the sample (biological age unless other
contaminating processes were involved) versus the date for monument construction is not demon-
strated or clear in a number of instances (e.g. “charcoal” from mudbricks or from mortar [see Bonani
et al. 2001:1297-98]—may easily represent “old” tree rings). Interestingly, the 2 secure datasets
from early 2nd millennium BC Middle Kingdom monuments (Pyramid of Senusret II at Illahun and
Pyramid of Amenembhet III at Dashur) yielded calibrated ages compatible with historical estimates
(Bonani et al. 2001:1320 and Figure 1). This indicates no a priori problem with the 2nd millennium
BC “C dates in the Mediterranean region, and, thus, negates Keenan’s suggestion that other 2nd
millennium BC “C series from the region may be too old. For the 3rd millennium BC Old Kingdom,
Bonani et al. do report 17 date sets as older than the historical estimate, 6 as compatible, and 4 as
more recent than the historical estimate. But, apart from noting that the historical age estimate is
commonly regarded as +100 yr for this period. The interpretation of Bonani et al. is based on the
inappropriate use of average values for the '“C age of sample sets, which contain significant internal
variation, and is thus misleading. For example, an examination of Bonani et al. (2001:Figure 1)
shows the Khafre Pyramid (object number 16) to yield one of the apparently tighter calibrated age
ranges and to be some 2 centuries older than the estimated historical age. But examination of the 25
14C data from charcoal samples from the monument (Bonani et al. 2001:1306) reveals ages varying
by 536 !4C yr! As we show in Figure 1, a number of the individual samples do, in fact, offer cali-
brated ages compatible with the estimated historical age of 2558-2532 BC (Bonani et al. 2001:
1316), and only some are older—*“old” wood would appear the obvious 1st hypothesis (see Lehner
et al. 1999). Such a pattern—younger ages corresponding to, or close to, context date and older ones
reflecting old wood—is quite common and expected when dealing with wood/charcoal samples (for
an example from Troy II, see Kromer, Korfmann and Jablonka 2002:48 and Figure 4). Similar obser-
vations may be made about the datasets for: Step Pyramid of Djoser at Saqqara, Temple Complex
associated with the Step Pyramid, Pyramid of Sekhemkhet at Saqqara (Bonani et al. 2001:1303),
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Pyramid of Khufu at Giza (p.1305), Pyramid of Djedefre at Abu Roash, Sphinx Temple of Khafre at
Giza (p.1306), Pyramid of Menkaure at Giza, Mortuary Temple of Shepseskaf at South Saqqara
(p-1307), Mortuary Temple and Pyramid of Sahure at Abusir (p.1309), and Pyramid of Teti at
Saqgqara (p.1310). In contrast, it is notable that the 4C ages from a modern excavation at the Royal
Production Centre at Giza offer both a reasonably consistent set and calibrated ages more recent
than the surrounding Old Kingdom datasets from the monuments (Bonani et al. 2001:Figure 1,
object 12, contrasted with other objects 10—19). Similarly, the Pyramid of Snefru at Meydum offers
interesting evidence (Bonani et al. 2001:1304). Six of the 7 dates are closely comparable (SMU-
1412 on a “log” is either aberrant or very old wood nothwithstanding the stated dating of its “outer
rings”) and 5 of the determinations date outer rings from wood from the burial chamber or shaft
thereto. The calibrated age range of the average of these 6 similar “C ages is entirely compatible
with the historical age estimate (Bonani et al. 2001:1314). Thus, with appropriate samples or good
contextual association, there is no evidence of any systematic “C offset of 100-300 yr as argued by
Keenan (2002).

Meanwhile, Keenan has carefully avoided citing any of the other studies that have found that, in gen-
eral, Mediterranean region 4C dates usually agree perfectly well with the relatively secure early his-
toric dates (e.g. Bruins et al. 2003; Hassan and Robinson 1987; Weninger 1990, 1997; Betancourt
and Lawn 1984). Thus, for example, in the 14th—12th centuries BC, when vast numbers of material
culture linkages tie the east Mediterranean regional chronologies together very tightly with a fairly
solid Egyptian proto-historical chronology, '“C evidence yields wholly compatible and mutually
reinforcing data (e.g. Manning et al. 2001; Manning and Weninger 1992). Similarly, where there is
reasonable to good proto-historical evidence for the date of the destructions in Palestine at the close
of the Middle Bronze Age, a significant set of data (Jericho) yields consonant data (Bruins and van
der Plicht 1995). Nor does Keenan note that detailed studies of *C evidence from, for example, the
3rd millennium BC Aegean region yield dates both consistent with conventional views and, in fact,
sometimes younger than pre-existing archaeological opinion (e.g. Korfmann and Kromer 1993;
Kromer, Korfmann and Jablonka 2002; Manning 1995, 1997). In contrast, the couple of well-known
“problem” areas where “C and previous archaeological interpretation disagree, such as the start of
the Aegean Late Bronze Age, are notable as periods where the conventional archaeological evidence
for chronology is widely recognized as ambiguous and capable of alternative interpretations (e.g.
Kemp and Merrillees 1980; Betancourt 1987, 1998; Hallager 1988; Manning 1999; Manning et al.
2002). These debates offer no support to the hypothesis of Keenan.

The test for Keenan’s hypothesis would be '“C data on independently and securely dated samples.
Are they too old as he suggests, or not? Such material is not plentiful. Egypt is the obvious place to
look, as here there is an historical chronology, with mutually reinforcing linkages with the indepen-
dent Assyrian chronology, known within small errors back to the mid-2nd millennium BC, at least
(Kitchen 1996a, 1996b, 2000, 2002; von Beckerath 1994, 1997). However, although analyses of
available 4C data from the 2nd millennium BC have found that dates are generally compatible with
historical chronology (Shaw 1985; Hassan and Robinson 1987; Weninger 1990, 1997), much of the
data employed is less than ideal or even appropriate. Most of the samples employed did not derive
from modern archaeological excavation or they derived from monuments or objects not necessarily
offering biological ages contemporary with the supposed historical connection. However, 1 suite of
data from Egypt demands attention. These are 5 dates on a range of materials (bone, horn, skin,
wood, and charcoal) collected specifically and carefully for a high-quality program of 1“C dating
(Switsur, in Kemp 1984:178-188) from modern excavations at Tell el-Amarna (Akhetaten) (Kemp
1984). Amarna was the short-lived capital of Egypt during the “Amarna Age.” Construction began
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Figure 1 Calibrated age ranges for the '“C ages reported from the Pyramid of
Khafre at Giza by Bonani et al. (2001). The historical age estimate employed by
Bonani et al. (2001) is 2558-2532 BC, indicated by the grey bar above the arrow.
Samples are all of charcoal; they offer termini post quos ranges for human use.
Eleven of the 25 samples—the more recent ones—offer ages compatible with this
historical age estimate within their 20 calibrated age ranges. The other older ages
may, in most cases, be considered likely to reflect “old wood” or re-used material.
The upper and lower lines under each histogram indicate, respectively, the 16
(68.2%) and 26 (95.4%) calibrated age ranges. Calibration and analysis employ-
ing OxCal 3.5 (Bronk Ramsey 1995; 2001 and later versions, with curve resolu-
tion set at 4) and INTCAL98 (Stuiver et al. 1998).

in year 4 of Amenhotep IV (Akhenaten) and the city became the capital by year 9; it was then no
longer capital from about year 2 of Tutankhamun, and was being destroyed by the reign of Harem-
hab (Kemp 1984, 1987; Murnane 1995; Aldred 1988). The accession of Amenhotep IV is dated at
about 1355-1351 BC and the accession of Haremhab about 1323-1319 BC by Kitchen and von
Beckerath (Kitchen 1996a, 1996b, 2000, 2002; von Beckerath 1994, 1997). Letters preserved on
clay tablets from the site (Moran 1992) provide synchronisms with Assyria and Babylonia and these
confirm and require the dates given above within very narrow margins (Kitchen 1996a, 1996b, 2000,
2002; von Beckerath 1994, 1997). The specific context of the dated samples was a midden probably
deposited early within the site’s (very short) history and “thus during the reign of Akhenaten rather
than that of Tutankhamun” (Switsur, in Kemp 1984:182-183). Hence, the historical date range
might be narrowed to between about 1351/47 BC to 1338/34 BC. The Amarna “C ages on both
known shorter-lived samples (skin, bone, and horn) and on the wood and charcoal samples tested,
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offer a tight and coherent set of results entirely consistent with the historical dates and very clearly
provide no evidence at all for any systematic bias towards 100-300 yr too old 'C ages as proposed
by Keenan (2002) (see Figure 2).
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Figure 2 A) Calibrated calendar ages for the '“C data reported from Tell el-
Amarna, Egypt (Switsur in Kemp 1984:178-188) compared to the historical
date for the context (see text—indicated by grey bar). The upper and lower lines
under each histogram indicate, respectively, the 16 (68.2%) and 26 (95.4%) cal-
ibrated age ranges. B) Sequence analysis (solid histograms) of the Amarna data
(with the individual probabilities from (A) indicated by the hollow histograms)
as a phase within calculated boundaries. The Amarna data are entirely consistent
with the historical age for the context and exhibit no evidence for any systematic
bias for '“C ages 100-300 yr older than real age as asserted by Keenan (2002)
(indeed, if there is any scope for movement, it is in the opposite direction). Cal-
ibration and analysis employing OxCal 3.5 (Bronk Ramsey 1995; 2001 and later
versions, with curve resolution set at 4) and INTCAL9S (Stuiver et al. 1998). Q-
2401, wood; Q-2402, charcoal; Q-2403, skin; Q-2404, horn; Q-2505, bone.
Weighted average of all 5 data: 3050 + 16 BP (1), weighted average of just the
3 definitely shorter-lived samples 3054 + 20 BP (2), 26 (95.4%) confidence cal-
ibrated ranges respectively (1) 1388-1331 BC (46.6%), 1322-1260 BC
(48.8%), and (2) 1393-1260 BC (94%), 1228-1222 BC (1.4%).
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In sum, there is no body of evidence indicating systematic significantly too old “C ages compared
with any robust historical dates for the east Mediterranean (and there is no proto-historic evidence
prior to the mid-1st millennium BC for the central-west Mediterranean). But, rather than merely
continuing to cite examples from the vast archaeological and archaeometric literature where the evi-
dence is heavily weighted against Keenan’s assertions, we instead offer a clear empirical test for his
claim, and thereby, demonstrate that it is incorrect: see Section 4 below.

2. OLD SEA AND OLD AIR? REALITY

No one doubts that the reservoir age of the Mediterranean surface water has changed over time, nor
that surficial sediments in deltaic plains, including in the Mediterranean, can yield significantly old
14C ages due to erosion and transport of old carbon-bearing materials (Stanley 2000; Stanley and
Hait 2000). The reservoir age of the modern pre-bomb Mediterranean, based on “C measurements
of known-age shells, is on the order of 400 yr (Siani et al. 2000; Reimer and McCormac 2002).
Unfortunately, there are currently no measurements of the marine reservoir age for the Mediterra-
nean between the 19th century AD and about 3800 “C yr BP. Comparison of “C ages of planktonic
foraminifera to those of associated tephra layers and of paired shell and charcoal samples support a
reservoir age comparable to that of the modern pre-bomb measurements from about 38006000 'C
yr BP (Facorellis et al. 1998; Siani et al. 2001). Between about 7400-8800 !“C yr BP reservoir ages
were larger at around 515 + 22 '4C yr (Facorellis et al. 1998). These increased reservoir ages are
coincident with the S1 sapropel formation (Siani et al. 2001). Sapropel events are observed in sedi-
ment cores throughout the Mediterranean as 1 or 2 dark bands of high organic carbon content, which
are formed during periods of summer insolation and monsoon intensification. These wet periods
may increase water column stability, increase surface productivity and decrease ventilation of the
deep water, which could result in increased surface reservoir ages (Mercone et al. 2000). Ba/Al ratios
provide a more persistent criterion than organic carbon content or color for defining productivity
pulses (Thomson et al. 1999). Ba/Al in 7 cores taken throughout the Mediterranean increases from
background levels starting around 10,000 “C yr BP (marine, uncorrected) with peak levels between
~9000 to 6500 “C yr BP and ending ~5300 '“C yr BP (Mercone et al. 2000). After that, Ba/Al ratios
remain near background levels to the present day and no sapropel event more recent than S1 is
observed in the Eastern Mediterranean cores (Mercone et al. 2000). The Mediterranean stagnation
ended by ~5000 '“C yr BP with increased overflow to the Atlantic as observed in the sedimentology
and in the planktonic 8!3C of a series of cores east and west of the Gibraltar sill (Vergnaud-Grazzini
et al. 1989), not the 1000—0 BC quoted from this same study by Keenan, and surface reservoir ages
returned to near modern values by 6000 “C yr BP (Siani et al. 2001). All available evidence indi-
cates approximate equivalency of the Mediterranean surface reservoir with the mid-Atlantic reser-
voir (Siani et al. 2001:1918 and refs.) with the exception of the sapropel event ~8500 yr B.P.

However, even if the Mediterranean surface reservoir age had been older than has been observed,
there is little evidence that a large ocean reservoir age translates into a large air reservoir age. We
presently lack recent marine-terrestrial data from the Mediterranean to demonstrate this, but an anal-
ogy exists from the North Atlantic. Here, we may compare data on the sea surface “C reservoir from
sea shells against 1C ages for tree rings growing “downwind” in the British Isles from the 19th-20th
centuries AD (Figure 3). It is apparent that changes in sea surface reservoir age do not translate into
changes in air reservoir 4C ages as recorded by oaks in the British Isles. In general, regional differ-
ences have been difficult to observe in tree rings because they are of the order of the measurement
error and may be masked by laboratory differences (McCormac et al. 1995). For instance, if we
compare decadal “C measurements of tree rings from the northwest coast of the United States with
those from the British Isles, we find an average offset from AD 950-1850 of just 4 + 2 14C yr despite
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the upwelling of old water along the west coast of the United States (Stuiver et al. 1998; Hogg et al.
2002). Other regional differences of up to a few tens of yr in multi-ring and single-ring samples are
summarized by Stuiver et al. (1998) and Stuiver and Braziunas (1998).
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Figure 3 Comparison of 4C ages for decadal samples of oak from the British Isles measured
at the Queen’s University Belfast (QUB) and Waikato (Wk) Laboratories (McCormac et al.
1998) versus the North Atlantic marine reservoir age as determined from measurements of sea
shell data from <65 °N (and hence not potentially affected by changing ice cover) as tabulated
from cited sources by Siani et al. (2000:Table 2 with refs. in text p 276). There is no correlation
of sea surface reservoir age and air reservoir age as recorded in these downwind trees.

Turning now to the 5 specific examples cited by Keenan, we find that they appear to be highly selec-
tive and none of them actually provides support for systematic offsets of 1-3 centuries.

Keenan incorrectly states that trees in the northwestern United States, Olympic Peninsula, increased
in 1%C age by 125 yr during 1868. This jump in 4C age was observed in single-ring samples from
trees growing on thawing permafrost in the MacKenzie River area of the Northwest Territories of
Canada, in a particularly warm summer (Damon et al. 1996), not in trees from the Olympic Penin-
sula (Stuiver and Braziunas 1993; Stuiver et al. 1998). Thawing may have released CO, from centu-
ries-old reservoirs of organic matter in close proximity to the location of tree uptake. This situation
is not applicable to the scenario proposed by Keenan.

Hua et al. (2000a) gave A'“C results for single-ring samples from a cross-dated Pinus kesiya tree in
northwestern Thailand which indicated depletions equivalent to 100-200 yr in 1953 and 1954, and
stressed the need for confirmation of those results. Preliminary results from a longer series of data
(1938-1951) were subsequently presented in a poster by Hua et al. (2000b) and showed depletions
no greater than those for northwestern USA (Stuiver et al. 1998). This small depletion was observed
despite air mass movement during the monsoon growing season from a potentially significant
source of oceanic CO, outgassing in the Indian Ocean between 20° N and 5° S, where excess partial
pressure of CO, in the surface ocean is up to 30 patm (Keeling 1968) and the A'“C of surface water
is low (~100%o0 in 1977-1978, compared with ~140%o at 30°S: Stuiver and Ostlund 1983; 19th—early
20th century AD coastal reservoir ages of about 400-650 yr, equivalent to depletions of 50-80%o:
Dutta et al. 2000a, 2001; Southon et al. 2002).
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Bhushan et al. (1997) found an old 4C age of air collected during the season of maximum upwelling
in the Arabian Sea in only 1 of 8 sampling sites and concluded that “upwelling effects have to be
very localized and time specific.” Dutta et al. (2001b) reported variable '“C in maritime air over the
Bay of Bengal, but the abstract does not give details of locations and times.

We observe some further issues with respect to Keenan (2002). In Levin et al. (1987) the difference
in atmospheric A'*C between the Northern Hemisphere and Neumayer Station on the Antarctic
coast of the Weddell Sea was reported as —11%o (equivalent to 88 yr, not 175 as claimed by Keenan).
It was hypothesized that, based on unpublished South African data, the offset from equatorial lati-
tudes could be greater. Meanwhile, however, a rich dataset exists and has been published (Levin and
Hesshaimer 2000) but ignored by Keenan. The recent data result in a difference of A“C between
subtropical and Southern Ocean/Antarctic stations of about 3—5 %o (Levin and Hesshaimer 2000:
Figure 3b), despite a more than 200%o difference in surface water A*C (Levin and Hesshaimer
2000:Figure 3c) (see Figure 4). We consider the Southern Ocean, and especially the Weddell Sea,
the closest modern analogue of the scenario proposed by Keenan, as the surface waters are substan-
tially depleted in '“C and wind speeds are high, leading to enhanced gas exchange. Yet, the atmo-
spheric memory of the old CO, is barely measurable (in fact, part of the difference may be caused
by remnant bomb (1“C still being released during the 1990s from the tropical biosphere, as the dif-
ference has decreased in more recent years). On the other hand, Northern Hemisphere A4C was
higher in pre-industrial times and has been depressed relative to the Southern Hemisphere in the
20th century due to fossil fuel burning (Stuiver and Braziunas 1998; McCormac et al. 1998); the dif-
ference between the Southern Ocean and the subtropical Northern Hemisphere may, therefore, have
been a little more than the current value of 3—5%o.

We disagree with Keenan’s interpretation of the Rozanski et al. (1995) data as showing an atmo-
spheric response to outgassing of old Pacific waters during an El Nifio event. The very transient
depletion occurred over a period of July to September in 1992. One of us operates a 4CO, sampling
station in the equatorial region at Llano del Hato, Merida, Venezuela (early data shown in Rozanski
etal. 1995), which, after more than 6 yr of monitoring to date, has not shown any '“C depletion when
compared with subtropical sites. One may argue that atmospheric diffusion acting in the transport of
air from Ecuador to Venezuela masks the “C depletion, yet based on our measurement precision we
would expect to be able to detect any significant systematic large-scale signal if there was one (the
Ecuador site is about 250 km from the coast, and about 3000 m altitude; the Venezuela site is about
1000 km from the coast, and about 3600 m altitude).

In summary, there is currently little evidence anywhere for a sustained large-amplitude regional
depletion of C in terrestrial samples due to the influence of old CO, from the surface ocean and
maritime air carried onshore. A limited number of measurements directly on maritime air show
highly localized and variable results (Bhushan et al. 1997; Dutta et al. 2000b); such small-scale
depleted air parcels would be expected to dissipate rapidly over short distances with atmospheric
mixing, as is observed in air-sampling stations in the Southern Ocean/Antarctica (Figure 4). Where
differences of up to a few %o (or a few tens of “C yr) do occur in tree-rings, they appear to vary on
a relatively short timescale and may be partly or wholly due to other causes (McCormac et al. 1995;
Damon 1995; Stuiver et al. 1998; Knox and McFadgen 2001; Kromer et al. 2001; Hogg et al. 2002;
Hua et al. 2002). Even in extreme instances, such as in the Southern Ocean, where deep ventilation
does occur, and some effect is observed in the air reservoir “C age as noted above, the terrestrial
impact is nonetheless significantly less than required for Keenan’s hypothesis. There is no evidence
for such processes in the Mediterranean since the S1 sapropel episode.
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Figure 4 After Levin and Hesshaimer (2000:Figure 3). Mean meridional profiles 1993—-1994
of a) CO, concentration (data from the NOAA/CMDL global network [Tans et al. 1996]) and
b) A'#C in CO, in the atmosphere (Heidelberg unpublished data). Plotted in (a) and (b) are the
deviations ACO, and 8A'“C from the global mean values; (c) A*C of CO, (Dissolved Inor-
ganic Carbon) in surface ocean water derived from cruises of the TTO experiment (Broecker
et al. 1995) together with unpublished Heidelberg data collected in 1986 in the South Atlantic
Ocean during the Polarstern cruise ANT III. The solid line represents a spline through the
1986/1988 data.

3. ANATOLIAN DENDROCHRONOLOGY

Keenan states that there is “no dendrochronology for the region downwind from the Mediterranean”
(2002:232)—exactly where such a “downwind” area lies is not defined, and it should be noted that
his diagram (2002:Figure 1) reflects winter wind directions and not those for the key spring-summer
growing season. He then turns to what he describes as “nearby” Anatolia—surely as Mediterranean
as anywhere else he lists! Here there is an extensive dendrochronological record: the Aegean Den-
drochronology Project (Kuniholm 1977, 1993, 1994, 1996; Kuniholm and Striker 1982, 1987; see
also annual reports 1990-2001 at <http://www.arts.cornell.edu/dendro/>). This ADP work com-
prises absolute sequences from the present backwards (longest to the 4th century AD) for several
tree species, then various floating sequences backwards over parts of 9 millennia, also in several tree
species. Although the ADP began with the study of junipers from Anatolia, and in particular Gor-
dion (Kuniholm 1977), for many years it has also investigated other species from much of the central
and eastern Mediterranean and the Near East. In particular, and noted but essentially dismissed by
Keenan, there is an extensive 1500-yr floating dendrochronology covering the late 3rd through ear-
lier 1st millennia BC (Figure 5 and see Section 4 below). The core chronology comprises juniper
(contra his assertion that different species are mixed); sequences for several other tree species also
exist and correlate well to offer independent verification for much of this period. All crossdating
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employs established dendrochronological techniques (Cook and Kairiukstis 1990); the ADP in pub-
lished reports has followed the European standards established by the laboratories in Belfast, Bir-
mensdorf, and Hamburg. The statistics used include the standard student’s t-test as modified by
Baillie and Pilcher (1973) and trend coefficient (cf. Eckstein 1969:38-55), though, again following
standard practice, priority is given to visual matching based on experience with given groups of sam-
ples (by species). Although Keenan devotes much of his “excursus on dendrochronology” to a cri-
tique of the exploratory D-value (Schmidt 1987), he mischaracterizes any use of this value in deter-
mining accepted crossdates.
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Figure 5 Aegean Dendrochronology Project Bronze-Iron Master Chronology as of AD
2002, shown in terms of the 20-yr moving average of the percent variation in ring-widths
around normal (defined as 100) from all constituent data by yr (the “Index Values”—grey
line). The number of securely cross-dated samples, an average of 32 trees per yr, which
comprise this chronology is shown by the black line. The calendar date scale shown is the
near-absolute dating proposed in Manning et al. (2001). For the specific trees from this
chronology employed in the '“C wiggle-match dating, see Figure 6. Although sample
numbers are not especially large in the mid-16th century BC, we note that for the '*C wig-
gle-match we employed a long-lived tree, GOR-161 with 861 tree rings, which grew from
the 18th—10th centuries BC. It is securely cross-dated on the early end against dozens of
juniper trees from Porsuk (Kuniholm et al. 1992 and on-going work since), and then
against, progressively, dozens, scores, and finally over 100 trees from Gordion and envi-
rons. In addition to the data summarized above, newly developed juniper and pine dendro-
chronologies from the Hittite site of Kusakli match and so reinforce the earlier 17th to later
16th century BC interval. There is, thus, no possibility of dendrochronological error in the
placement of the data shown in Figure 6.

In his “Excursus” Keenan purports to throw considerable doubt on the validity of the 30 yr of ADP
work and sequences (of >10 million measurements from 9 millennia) through reference to the dating
of 1 case—a “gateway.” Keenan does not name the site—it is Tille Hoyiikk—and he merely repeats
previous misinformed claims by Porter, and repeated by Rohl (1985:389, with citations). Keenan
fails to display a reading of the text by Kuniholm et al. (1993), where they explain what the samples
comprise, and the other factors apart from simple statistics—the standard student’s t-test and trend
coefficient in addition to an excursus on the exploratory D-value—that were taken into account
when offering a most likely fit for these undated samples against the Master Chronology. No one
claimed this was an exact “scientific” fit for these samples—rather a best interpretation given all the
available evidence. But, the fundamental point is that this discussion (Keenan:232, paragraphs 2—4)
has nothing to do with invalidating the underlying Master Chronology, contrary to his assertion. At
this time the ADP Bronze-Iron Age Master Chronology is a solid strongly-replicated set of—in total
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Figure 6 High-precision '“C data, including 6 new data centered around the 1325 BC
“wiggle” in the '“C calibration curve, from 10-ring samples of the Aegean Dendro-
chronology Project Bronze-Iron tree-ring series (Manning et al. 2001 and refs.; Man-
ning et al. 2003) compared at best fit placement against the current internationally
recommended INTCAL98 '“C calibration dataset (Stuiver et al. 1998). Samples were
taken from 3 of the constituent trees of the well-replicated Gordion area dendrochro-
nology forming 1 of the ADP floating sequences for the prehistoric Mediterranean
and Near East. Data indicated by solid squares come from tree GOR-161, data indi-
cated by hollow circles come from tree GOR-2, and data indicated by solid triangles
come from tree GOR-3. All '“C measurements were made at the Heidelberg 4C lab-
oratory (see Kromer et al. 2001; Manning et al. 2001 for details). The Heidelberg data
include an error enlargement to allow for the likely maximum unexplained inter-lab-
oratory error for the Heidelberg measurements versus Seattle data on similar German
oak (Kromer et al. 2001:2530). Inset shows the derivation of the best fit placement for
the data series shown under analysis using OxCal (Bronk Ramsey 1995; 2001 with
curve resolution set at 1) versus the INTCAL9S8 dataset (Stuiver et al. 1998). The 3¢
fit ranges and specific best fit points are shown versus the quality of fit (Agreement
Score, with the horizontal bar across each column indicating the minimum 95% con-
fidence threshold value). A: all data, n = 58. B: set with no 9-8th C BC data (see
Kromer et al. 2001; Manning et al. 2001), n = 53. C: set excluding significant outliers
from B (values under half the 95% agreement score), n = 49. D: set excluding the one
significant outlier in analysis C, n = 48. E: set excluding all data from D, not exceed-
ing an individual 95% agreement value, n = 42. The real errors on the fit described
should also include a decade mis-matching allowance (estimated at an additional 2
calendar yr in Manning et al. (2001:2535 n.17), and an additional error for the likely
average range of differences between relevant Northern Hemisphere '“C calibration
datasets (and possible other such datasets, were they in existence).
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(continued) Data on Douglas-fir from the prevailing leeward side of the North Pacific
Ocean versus British Isles oak from the prevailing leeward side of the North Atlantic
Ocean should plausibly indicate a likely maximum factor (e.g. average difference AD
1720-1940 is calculated at 19 + 3 C yr by Knox and McFadgen 2001:98); of avail-
able individual datasets the bi-decadal British Isles oak data of Pearson et al. (1986)
yields the largest divergence of best fit: +14 calendar yr (all data, n = 58, but poor
agreement) or +12 calendar yr (n = 44 with no 9-8th century BC data (see Kromer et
al. 2001; Manning et al. 2001) and significant outliers excluded—values under half
the 95% agreement score). For the present case, however, comparison of much more
proximate central European wood versus Turkish wood is likely to be rather closer in
the absence of major ocean input or extreme altitude difference (e.g. for German oak
versus Turkish pine the mean absolute difference over 23 paired data from AD 1420—
1649 is only 1.4 '*C yr: Kromer et al. 2001:2530). Two-thirds of the relevant part of
the INTCALOS calibration curve already consists of such wood. If the one-third Bel-
fast component is removed, not surprisingly the wiggle-match range against just the
Seattle laboratory data for oak from southern Germany (Stuiver, Reimer and Braziu-
nas 1998) offers very similar best fits and total error ranges: the best fit across the
same analysis models A-E above varies from +1 to +2 calendar yr and the overall 36
fit ranges are within +1-2 calendar yr. Thus, it is likely that overall real total errors
will be only a little larger than those indicated in the inset. The choice of wiggle-
matching approach employed (here Bayesian using OxCal) is not a significant vari-
able as all current methods for fixed sequence '“C curve fitting determine very similar
to identical results (Bronk Ramsey et al. 2001)—demonstrated for the data in Figure
6 in Manning et al. (2001) and Manning et al. (2003).

at present—444 trees. The chronology is based around a core of many dozens of trees from the Gor-
dion area, supported and verified by good juniper, pine, and cedar sequences from other sites.

4. 1C AND ANATOLIAN DENDROCHRONOLOGY

We have an empirical test for whether there are systematic offsets to older '“C ages for the east Med-
iterranean. We took an internally secure and extensively replicated long tree-ring record from the
Mediterranean region covering the 2nd through earlier 1st millennia BC (Figure 5), and determined
14C ages for long sequences of decadal samples from this chronology. The data closely match the
standard international calibration dataset (Stuiver et al. 1998) comprised of analyses of German and
Irish wood for this period, and do not indicate disparities of 100-300 yr (Kromer et al. 2001; Man-
ning et al. 2001). Subsequent work further confirms these findings, notably picking up the sharp
mid-14th century BC “wiggle” in the INTCALO98 calibration dataset (Stuiver et al. 1998), and, over-
all, offering a strong correlation for a total span of nearly 1000 calendar yr: see Figure 6. These
data—>58 high-precision '*C determinations on wood from 3 securely cross-dated trees selected
from a robust dendrochronology of 444 trees and 56,232 annual rings—and derived dendrochrono-
logical dates coordinate well with available proto-historical information (Manning et al. 2001; Veen-
hof 2000)—with any range for debate an order of magnitude less than the claimed 100-300 yr dis-
parity asserted by Keenan. It is, thus, not possible that we have found a statistically “viable”, but
incorrect, wiggle-match. In further support of this assessment, we may note that the quality of fit
achieved between the 14C series from the BC period Bronze-Iron dendrochronology (Figure 6) is
very similar to the fit observed when comparing “C measurements on known-age AD period Ana-
tolian wood versus INTCALO98 (Figure 7). Thus, if there is no 100-300 yr disparity in the AD period
(Keenan admits this, and plentiful evidence confirms this view), then there also cannot have been
one in the 2nd through 1st millennia BC either, given both the quality and constancy of the fit, and
the agreement of the BC period Bronze-Iron fit with secure historical dating at the recent end (espe-
cially 9th—7th centuries BC: see summary in Manning et al. 2001:2534).
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In conclusion, available data from a variety of sources are incompatible with claimed systematic
regional disparities of 100-300 yr. The only, and interesting, attested offset for the east Mediterranean
is a short-lived, and much smaller one (albeit significant), in the 9th—8th century BC during a dra-
matic solar irradiance minimum (Kromer et al. 2001; Manning et al. 2001; van Geel et al. 1998). But
this in no way supports the theory of Keenan (2002), and, in fact, rather demonstrates the opposite.

EDD T T T T T
(i) 'C data from Turkish pine at known
"-g correct dendro-fit (see Kromer et al. 2001:
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1\1 efined Sequence best fit as calculated

against INTCAL9S. (ii) is just 1 yr differ-

| i %\# ent from (i)
400 - l\ﬂ\ﬁ \f ]

i
D RS BEEg '
o 4 Ba-l
Poand o« \g”ﬁ}}: i
[ =
I }\H
E ——
1o, 26 and 30 fit ranges for cen- \6
200 ter of first decade as calculated
T by OxCal versus INTCAL9S. _\'
e
INTCALOE
100 - J
L B e e B S B I e e s m S S B e o S e e e
1400 1450 1500 14550 1600 1650

Calendar Date AD

Figure 7 “Wiggle-match” fit of the AD period '“C series on decadal samples of Turkish pine
(Kromer et al. 2001:Fig.2) versus the INTCAL98 !“C dataset using OxCal (Bronk Ramsey
1995; 2001, with curve resolution set at 1), compared with the verified/absolute tree ring
ages. The '*C wiggle-match best fit is just 1 calendar yr different from the correct date. Very
similar results occur if the separate Douglas-fir dataset of Stuiver, Reimer and Braziunas
(1998) or the separate Belfast British Isles oak dataset of Pearson et al. (1986) are employed,
with the best fits again at AD 1426, just 1 year from the known dendro age. The 10, let alone
the 20 and 30, ranges around the best fit point include the correct age. Since the Turkish pine
decades were cut to match INTCAL98, decade mis-matching is not an issue in this case. We
observe a broadly similar quality of fit for the wiggle-match of the floating BC period Turk-
ish wood against the INTCAL98 dataset in Figure 6.
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ON CORRECTING “C AGES OF GASTROPOD SHELL CARBONATE FOR
FRACTIONATION
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ABSTRACT. Correcting the “C age of a sample for fractionation is straightforward if the measured carbon was derived
entirely from the atmosphere, either directly or through chemical and/or biological reactions that originated with atmospheric
carbon. This correction is complicated in the case of gastropods that incorporate carbon from limestone or secondary carbon-
ate (e.g. soil carbonate) during shell formation. The carbon isotopic composition of such gastropod shells is determined by
fractionation, as well as mixing of carbon from sources with different isotopic values. Only the component of shell carbonate
derived from atmospheric carbon should be corrected for fractionation. In this paper, the author derives a new expression for
correcting the measured '“C activity of gastropod shells for fractionation, and describe an iterative approach that allows the
corrected 4C activity and the fraction of shell carbonate derived from atmospheric carbon to be determined simultaneously.

INTRODUCTION

Carbon isotopes (12C, 13C, '4C) fractionate along biological pathways because of differences in the
rates of reaction for different molecular species (Clark and Fritz 1997). Typically, the lighter carbon
isotope is taken up preferentially to the heavier isotope and, therefore, the stable and radiogenic iso-
topic ratios of biological products are lower than that of the reactants. For example, the isotopic
composition of carbon in C; plants is nearly 20%o0 lower than the atmospheric CO, from which it is
derived. If the effects of fractionation were ignored, the '“C age of material with a low 8'3C value
would appear older than contemporaneous material with a high 8'3C value.

The effect of fractionation on 14C is about twice the effect on 13C (Wigley and Muller 1981), and
therefore the 8!3C value of a sample can be used to correct the measured 4C/13C ratio (A easured)-
The A cacureq Value is determined by accelerator mass spectrometry (AMS), and is standardized to a
d13C value of —25%o,,q, (by convention) using the equation

1000 - 25
A recte = Ameavure T o3 1
corrected X d 1000+513C ( )

(Linick et al. 1986; Donahue et al. 1990). Note this equation is the correct form for AMS measure-
ments of the !“C/13C ratio. The term in parentheses on the right side of the equation should be
squared for AMS measurements of the 14C/!2C ratio. The corrected ratio (A o precteq) 18 Used to calcu-
late the '4C age of a sample.

Equation 1 is valid only if the measured carbon was derived entirely from the atmosphere, either
directly or through chemical and/or biological reactions that originated with atmospheric carbon.
For example, carbon fixated in plants by photosynthesis or in skeletal material by metabolic pro-
cesses originates in the atmosphere. Similarly, carbon in shells of gastropods that do not incorporate
limestone during shell formation is derived from the atmosphere, either directly or via consumption
of plants. Any difference between the isotopic composition of these materials and atmospheric car-
bon is due entirely to fractionation, and Equation 1 can be applied.

CORRECTING FOR FRACTIONATION AND SOURCE MIXING

Correcting the A c.sureq Value of shell carbonate for gastropods that incorporate limestone or sec-
ondary carbonate is more complicated. Stable and radiogenic isotopic values of gastropod shell car-
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bonate are determined by fractionation, as well as mixing of carbon from sources with different iso-
topic values (Goodfriend and Hood 1983). Only the component of shell carbonate derived from
atmospheric carbon should be corrected for fractionation. Goodfriend and Hood (1983) previously
derived an expression to correct the !4C activity of this component for fractionation. However, their
initial correction equation was in error (Equation 14; Goodfriend and Hood 1983), and, thus, their
derived expression was also incorrect. The proper form of the correction equation for shell carbon-
ate is

1000 - 25

ACO"reCte = A’neasure T <3~ 2
’ ‘| 1000+8°C,, @

where the subscript n/c denotes the component of shell carbonate derived from non-limestone car-
bon. 813C,,,. is related to the 8!3C value of the shell carbonate (8!3Cg,) by
613C = f;calsclc + f;zlcawc (3)

shell nle

where fis the fraction of shell carbonate derived from limestone (/c) and non-limestone (nlc) carbon.
Goodfriend and Hood (1983) stated that the 8'3C,, value for gastropods should be 0% (identical to
limestone), and, thus, the ,,6'3C,, term could be dropped. This is incorrect because carbon isotopes
are fractionated during dissolution of limestone, which is composed of calcite, and the subsequent
precipitation of shell carbonate, which is composed of aragonite. Laboratory experiments have
shown the 8'3C value of synthetic aragonite precipitated from a bicarbonate solution is enriched by
~1.8%o (1.8 £ 0.2%0—Rubinson and Clayton 1969; 1.7 + 0.4%0. —Romanek et al. 1992) relative to
calcite precipitated from an identical solution. The magnitude of enrichment is independent of tem-
perature between 10 and 40°C (Romanek et al. 1992). If these experimental results can be applied
to biogenic aragonite, and assuming equilibrium conditions prevail (i.e. no vital effects), the 813C,,
term in Equation 3 equals the 8'3C value of limestone (typically 0%o) plus the amount aragonite is
enriched relative to calcite (denoted as A,_.) during the dissolution-precipitation process, or simply
A, Substituting A, for 8'3C,; and (1-f,;,) for fj. in Equation 3 gives

613Cmeu = [(1 - fn/c )Aa—c ] + ~fnlc6l3cn/c )

which can be simplified and solved for 8!3C,,

13
513C — 5 Cshell _Aa—c +A (5)

nlc a—c
j;ﬂc

Equation 5 can then be combined with Equation 2 to give

1000 -25
corrected = Ameasured 613C A (6)
1000 + | ——shetl — Za=e |4 A

nlc
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Equation 6 cannot be solved directly because the f,;. value cannot be determined independently of
the A omecieq Value. However, an iterative approach described below can be used to solve for both
parameters for live and fossil gastropods.

Application to live gastropods

The uncorrected 4C activity of gastropod shell carbonate (Ag,) is related to the C activity of the
non-limestone carbon source by

Ashell = f;c Alc + fnlc Anlc (7)

where the non-limestone component consists of carbon obtained via the atmosphere and live plants
(they can be grouped together because their 4C activities are identical). The fi A term can be
dropped because the “C activity of limestone (A,.) is zero. Rearranging gives

A4,,
f;zlc = éh%ﬂc (8)

For gastropods that consume only live vegetation, the A, value can be quantified either through
measurement of the atmosphere or live plants. In 2001, the C activity of live plants was

1.0919 £ 0.0039 (n = 2; Pigati et al. submitted). Equations 6 and § can be solved iteratively as fol-
lows:

1. Begin by assuming f,;. = | and solve Equation 6 for A g ected-

2. Substitute the calculated A qpecied Value from step 1 for Ay, in Equation 8, and solve for f.

3. Substitute the calculated f,;. value from step 2 into Equation 6 and solve for Ay rected-

4. Repeat steps 2 and 3 until the A recteq and £y terms converge. This is usually achieved in 3—4
iterations.

An additional step is required for gastropods that include plant detritus (decaying leaves, wood, etc.)
in their diet. The '“C activity of plant detritus may be different from that of live vegetation because
the 14C activity of the atmosphere has decreased exponentially since cessation of aboveground test-
ing of nuclear weapons (Manning et al. 1990; Meijer et al. 1995). The '4C activity of homogenized
plant detritus can be measured by AMS, which can then be used to estimate the mean !4C activity of
all plants (live and detritus) consumed by the gastropod by using

plants Aliveplants »f;ive'plants + A (9)

detritus fde'tritus
The calculated A,y value can then be combined with the I4C activity of the atmosphere (A ;o) 1O
calculate the A, value in Equation 8§ using

nle Apltmts fplants + Aatmos fatmos

(10)

There is disagreement regarding the relative contribution of plants (f,ja) and the atmosphere

(fatmos) toward the carbon isotopic composition of shell carbonate. Goodfriend and Hood (1983)
suggested that 25-40% of inorganic carbon in gastropod shells is derived from plants, and 30-60%
is derived from the atmosphere. Stott (2002), however, found that atmospheric CO, plays little to no
role in determining the isotopic composition of gastropod shell carbonate. Until this is resolved,
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Equation 10 may be solved using a range of atmospheric (0-60%) and plant (25-100%) values to
determine a range of corrected 14C activities.

Application to fossil gastropods

There are 2 approaches for correcting '“C ages obtained from fossil gastropod shells for fraction-
ation. One is to measure the '“C activity of live specimens collected from geologic settings that max-
imize the potential for ingestion of limestone. Equations 6 and 8 can then be solved to determine a
species-specific, worst-case f;, value for the live specimens, which is assumed to be invariant
through time. This should be done using the same species that are to be used for '*C dating in the
fossil record. Equations 6 and 8 can then also be solved using an f,; value of 1 (i.e. no limestone cor-
rection) to determine a range of possible A g ecieq Values.

For cases in which measuring the '“C activity of live specimens is not possible, Equations 6 and 8
can be solved using f,;. values of ~0.6 and 1 to calculate a range of possible A gy ecieq Values. The
lower f,;, value is the minimum observed by Goodfriend and Hood (1983) and Pigati et al. (submit-
ted). The upper value assumes limestone and/or secondary carbonate are not incorporated by the
gastropod during shell formation. The difference in the A . .ceq Values between those corrected
using a f,; value of 0.6 and those corrected using a f,;. value of 1 is 1.1% for gastropods feeding
exclusively on C; biomass, and 0.1% for those feeding on C, biomass. These corrections are quite
small compared to age anomalies due to incorporation of limestone during shell formation.

PROPOGATION OF UNCERTAINTIES

The uncertainty associated with the A g ecieq term in Equation 6 is given by

Ay = (47 + B>+ C*+ D’ )% (11)
where
975
A - 613C _ A measured
1000+ Aa_c 4| = Tshell  Ta-c
»fnlc
-9754 (1 - % )
B =1 nle 2 >A(Aa_()

13 _ A
1000+ A 4| oo T2
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where the delta (A) symbol at the end of each equation denotes the uncertainty associated with the
individual parameter.

The uncertainty associated with the f;, term in Equation 8 is given by

2 24
— Ashe[l nlc
A 2

nlc

AA

shell

A

Aﬁzlc = ( ! 2)

nlc

where Ay, 1S the same as A .,qureq in Equation 11. Equations 11 and 12 can be solved iteratively in
a spreadsheet simultaneously with Equations 6 and 8. The magnitude of these uncertainties is cer-
tainly small compared to other sources of error in the '“C age calculation, but nonetheless can be
propagated for completeness.

SUMMARY

Correcting the measured 'C activity of gastropods that incorporate limestone or secondary carbon-
ate during shell formation is complicated by the fact that the isotopic composition of the shell car-
bonate is a function of fractionation and mixing of carbon from sources with different isotopic val-
ues. Only the component of shell carbonate derived from atmospheric carbon should be corrected
for fractionation. The equations presented here can be used to determine the corrected 4C activity
of gastropod shell carbonate, as well as the fraction of the carbonate derived from non-limestone
sources. For gastropods that do not incorporate limestone during shell formation (i.e. f;;. = 1), Equa-
tion 6 simplifies to the standard correction equation (Equation 1).
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RADIOCARBON UPDATES

Glenn Goodfriend Symposium

A symposium to honor Glenn Goodfriend has been approved for inclusion in the Geological Society
of America’s (GSA) annual meeting in Seattle, 2—5 November 2003.

Details about the symposium are forthcoming. Further information is available at http://www.geoso-
ciety.org/meetings. The session is jointly sponsored by GSA’s Archaeological Geology Division,
GSA’s Quaternary Geology and Geomorphology Division, the Geochemical Society, the Paleonto-
logical Society, and the people who vet the Marine geoscience abstracts.

Interested participants are invited to submit abstracts for their posters or talks using the abstract sub-
mission system on the GSA website. This system will be operational from late May until the abstract
deadline, which is usually in late June. For more details on abstract submission, please check the
GSA website. If you have other questions, please contact symposium organizer Bonnie Blackwell
(bonnie.a.b.blackwell@williams.edu).

New CalPal Edition

A new edition of CalPal (Cologne Radiocarbon Calibration & Paleoclimate Research Package) can
be downloaded from http://www.calpal.de. Along with a number of refinements in graphic output,
there are two main new features in the new edition, both supporting archaeological and palaeocli-
mate research in the Holocene and Glacial periods.

First, the CalCurveComparer is completed. This is a twin-window dialog with easy-to-use functions
(e.g Add & Remove files) to study the properties of all 14C data sets and climate proxies that may be
of interest in refinement and Glacial extension of the 1#C-age calibration curve. A climate box sup-
ports the synchronisation and visual fine-tuning of climate proxy age models (e.g. ice cores) and
corresponding (e.g. marine, lacustrine) 4C-data sets.

Second, beginning with this edition of CalPal, all calibration programs are equipped with a slider, by
which we have fingertip control over the shape of the calibration spline. This feature will be useful
when studying the influence of the calcurve shape on radiocarbon age models.

Additional details can be taken from the update-log: http://www.calpal.de/calpal/update.htm.
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RADIOCARBON LABORATORIES

This is Radiocarbon’s annual list of active radiocarbon laboratories and personnel known to us.
Conventional beta-counting facilities are listed in Part I, and accelerator mass spectrometry (AMS)
facilities in Part II. Laboratory code designations, used to identify published dates, are given to the
left of the listing. (See p 787 ff. for a complete list of past and present lab codes.)

Please notify us of any changes in staff, addresses, or other contact information.

I. CONVENTIONAL #C COUNTING FACILITIES

ARGENTINA
AC Héctor Osvaldo Panarello
Pabellon INGEIS

Ciudad Universitaria

1428 Buenos Aires, Argentina

Tel: +54 11 4783 3021/23; Fax: +54 11 4783 3024
Email: hector@ingeis.uba.ar

LP Anibal Juan Figini
Laboratorio de Tritio y Radiocarbono-LATYR
Facultad de Ciencias Naturales y Museo-UNLP
Paseo del Bosque S/N°
1900 La Plata, Argentina
Tel/Fax: +54 21 270648

AUSTRALIA

ANU Rainer Griin
Quaternary Dating Research Centre
Australian National University
Research School of Pacific Studies
Canberra ACT 0200 Australia
Tel: +61 6 249 3122; Fax: +61 6 249 0315
Email: rainer.grun@anu.edu.au

SUA Mike Barbetti
The NWG Macintosh Centre for Quaternary Dating
Madsen Building FO9
The University of Sydney
NSW 2006 Australia
Tel: +61 2 9351 3993; Fax: +61 2 9351 4499
Email: m.barbetti@emu.usyd.edu.au

AUSTRIA

VRI Edwin Pak
Institut fiir Radiumforschung und Kernphysik
Universitdt Wien
Boltzmanngasse 3
A-1090 Vienna, Austria
Tel: +43 1 4277 51764; Fax: +43 1 4277 51752
Email: pak@ap.univie.ac.at

Franz Schonhofer

Federal Institute for Food Control and Research
Kinderspitalgasse 15

A-1090 Vienna, Austria

Tel: +43 1 40491 520; Fax: +43 1 40491 540
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IAEA

Laboratories

Manfred Gréning

International Atomic Energy Agency (IAEA)
Isotope Hydrology Laboratory

Wagramerstrasse 5

P.O. Box 100

A-1400 Vienna, Austria

Tel: +43 1 2600 21740/21766; Fax: +43 1 20607
Email: M.Groening@iaea.org

Roland Tesch

Austrian Research and Testing Centre Arsenal
Environment Division

Faradaygasse 3

A-1030 Vienna, Austria

Tel: +43 1 79747 516

Fax: +43 1 79747 587

Email: tesch.r@arsenal.ac.at

BELGIUM

ANTW

IRPA

LAR

R. Vanhoorne

Department of General Botany
State University Centre Antwerp
Groenenborgerlaan 171

B-2020 Antwerp, Belgium

M. Van Strydonck

Royal Institute for Cultural Heritage

Jubelpark 1

B-1000 Brussels, Belgium

Tel: +32 2 739 67 11 (institute), +32 2 739 67 02 (lab)
Fax: +32 2 7320105

Email: mark.vanstrydonck@kikirpa.be

L. Moens, K. Vandeputte

University of Ghent—Department of Analytical Chemistry
Proeftuinstraat 86

B-9000 Ghent, Belgium

Tel: +32 9264 65 25

Fax: +32 9 264 66 99

Email: vdputte@inwchem.rug.ac.be

Jean Govaerts

Lab. d’Application des Radioéléments
Chimie B6, Sart Tilman

Liege, Belgium

BELARUS

IGSB

BRAZIL
FZ

N. D. Michailov
Institute of Geological Sciences of the

National Academy of Sciences of Belarus
Kuprevich Street 7
Minsk 220141 Belarus
Tel: +375 0172 63 81 13; Fax: +375 0172 63 63 98
Email: mihailov@ns.igs.ac.by

M. F. Santiago

Departamento de Fisica - UFC

Campus do Pici - Cx. Postal 6030

60455-760 Fortaleza-CE, Brazil

Tel: +55 85 288 9913; Fax: +55 85 287 4138
Email: marlucia@fisica.ufc.br



Laboratories

CENA Luiz Carlos Ruiz Pessenda
Radiocarbon Laboratory
Centro de Energia Nuclear na Agricultura
Universidade de Sao Paulo
Avenida Centenario 303
Caixa Postal 96 — CEP 13400-970
Piracicaba, Sdo Paulo, Brazil
Tel: +55 19 429 4656; Fax: +55 19 429 4610
Email: lcrpesse@pira.cena.usp.br

BULGARIA

Yanko Yanev

Department of Chemistry
Radiochemical Laboratory
University of Sofia

1, A Ivanov Ave

1126 Sofia, Bulgaria

CANADA

GSC Roger N. McNeely
Radiocarbon Dating Laboratory
Geological Survey of Canada
601 Booth Street
Ottawa, Ontario K1A 0E8 Canada
Tel: +1 613 995 4241; Fax: +1 613 992 6653
Email: meneely@gsc.nrcan.gc.ca

BGS Howard Melville
Department of Earth Sciences
Brock University
St. Catharines, Ontario L2S 3A1 Canada
Tel: +1 905 688 5550 ext. 3522; Fax: +1 905 682 9020
Email: hmelvill@spartan.ac.BrockU.ca

WAT Robert J. Drimmie
Department of Earth Sciences
Environmental Isotope Laboratory
University of Waterloo
Waterloo, Ontario N2L 3G1 Canada
Tel: +1 519 888 4567 ext. 2580; Fax: +1 519 746 0183
Email: rdrimmie@sciborg.uwaterloo.ca

UuQ Serge Occhietti and Pierre Pichet
Radiocarbon Laboratory
GEOTOP
University of Québec at Montréal
P.O. Box 8888, Succursale Centre Ville
Montréal, Québec H3C 3P8 Canada
Tel: +1 514 987 4080; Fax: +1 514 987 3635
Email: occhietti.serge@uqam.ca

CHINA

CG Yijian Chen and G. Peng
Radiocarbon Laboratory
Institute of Geology
State Seismological Bureau
P.O. Box 634
Beijing 100029 China
Tlx: 6347

Qiu Shua

Radiocarbon Laboratory

Institute of Archaeology, CASS

27 Wangfujing Dajie

Beijing, China 100710

Tel: +86 010 65135532; Fax: +86 010 65135532
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HL

Laboratories

Wu Xiaohong

Archaeometry & Archaeological Dating Laboratory
Peking University

Beijing, China 100871

Email: wuxh@pku.edu.cn

Li Xingguo

Institute of Vertebrate Paleontology and Paleoanthropology
Academica Sinica

Beijing, China

Guan San Yuan

Beijing Nuclear Instrument Factory
P.O. Box 8800

Beijing, China

Chen Yijian

Radiocarbon Laboratory

Institute of Geology

State Seismological Bureau
Beijing, China

Li Chongling

Changchun Institute of Geography
Academica Sinica

Changchun, China

Yunzhang Yue

Second Institute of Oceanography

State Oceanic Adminstration

P.O. Box 1207

Hangzhou, Zheijiang 310012 China

Tel: +86 571 8076924 ext. 328; Fax: +86 571 8071539
Tlx: 35035 NBOHZ CN; Cable: 3152

Dai Kaimei

Department of Physics

Nanjing University

Nanjing 210024 China

Tel: +86 25 3596746

Fax: +86 25 307965; Tlx: 34151 PRCNU CN
Email: postphys@nju.edu.cn

Wang Jian

Department of Geography
Nanjing Normal University
Nanjing 210093 China

Tel: +86 25 3303666 ext. 3202
Fax: +86 25 3307448

Gao Zhonghe or Chen Xiaoming
Seismological Bureau of Jiangsu Province
3 Weigang

Nanjing 210014 China

Tel: +86 25 4432919 ext. 3028

Fax: +86 25 4432585; TIx:77777, Nanjing

Ruan Chengwen, Director

Seismological Bureau of Xinjiang Uygur Autonomous Region
42 South Beijing Road

Urumgji, Xinjiang 830011 China

Tel: +86 991 3838126; Fax: +86 991 3835623

Email: xjdzj@mail.wl.xj.cn

Shen Chengde

Institute of Geochemistry

Chinese Academy of Sciences

Wushan, Guangzhou 510640 China

Tel: +86 20 85519755 ext. 2179; Fax: +86 20 85514130
Email: cdshen@public.guangzhou.gd.cn
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Laboratories

Zhou Weijian

Institute of Earth Environment

XiYing Lu 22-2

Xi’an 710054, Shaanxi, China

Tel: +86 29 5512264 (work); 86 29 5256429 (home); Fax: +86 29 5522566
Email: weijian@loess.llqg.ac.cn; weijian@public.xa.sn.cn

Huang Qi

Radiocarbon Laboratory, Insitute of Salt Lakes
Academia Sinica

6 Xiying Road

710043 Xi’an, Shanxi Province, China

Tel: +86 29 5520397 (H)

Liang Qinsheng

Radiocarbon Laboratory, Institute of Salt Lakes
Academic Sinica

810008 Xining, Qinghai Province, China

Tel: +86 971 6301414; Fax: +86 971 6306002
Email: gingsheng.liang@jisl.ac.cn

CROATIA

Z

CZECHR
Cu

Drs. Bogomil Obeli¢ and Nada Horvatinc¢i¢

Ruder Bogkovi¢ Institute

P.O.B. 1016, Bijenicka 54

10001 Zagreb, Croatia

Tel: +385 1 4680 219; Fax: +385 1 4680 239

Email: Bogomil.Obelic@irb.hr and Nada.Horvatincic@irb.hr
WWW: http://www.irb.hr/zef/c14-1ab/

EPUBLIC

Jan Silar

Department of Hydrogeology

Charles University

Albertov 6

CZ-12843 Prague 2 Czech Republic

Tel: +42 2 21952139 or +42 2 21951111
Fax: +42 2 21952180

Email: silar@prfdec.natur.cuni.cz

DENMARK

K

ESTONIA
Tln

Kaare Lund Rasmussen

14C Dating Laboratory

National Museum

Ny Vestergade 11

DK-1471 Copenhagen K, Denmark

Tel: +45 33 47 3176; Fax: +45 33 47 3310
Email: kaare.lund.rasmussen@natmus.dk

Enn Kaup

Radiocarbon Laboratory

Institute of Geology at Tallinn Technical University
Estonia pst 7

10143 Tallinn, Estonia

Tel: +372 645 4679; Fax: +372 631 2074

Email: kaup@gi.ee; rajamae@isogeo.gi.ee

Jaan-Mati Punning

Institute of Ecology

Kevade 2

Tallinn 10137, Estonia

Tel: +372 2 451 634; Fax: +372 2 453 748
Email: mati@eco.edu.ee
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Ta Volli Kalm and Arvi Liiva
Radiocarbon Laboratory
Institute of Geology
University of Tartu
Vanemuise St. 46
51014 Tartu, Estonia
Tel/Fax: +372 7 375 836
Email: geol@ut.ce

FINLAND

Su Tuovi Kankainen
Geological Survey of Finland
P.O. Box 96

FIN-02151 Espoo, Finland
Tel: +358 205 50 11; Fax: +358 205 50 12
Email: tuovi.kankainen@gsf.fi

Hel Hogne Jungner
Dating Laboratory
P.O. Box 11, Snellmaninkatu 3
FIN-00014 Helsinki University, Finland
Tel: +358 9 191 23436; Fax: +358 9 191 23466
Email: hogne jungner@helsinki.fi

FRANCE

Gif Michel Fontugne
Centre des Faibles Radioactivités
Laboratoire mixte CNRS-CEA
F-91198 Gif sur Yvette, Cedex, France
Tel: +33 1 69 82 35 25; Fax: +33 1 69 82 35 68
Email: Michel. Fontugne@cfr.cnrs-gif.fr
and
Laboratoire Souterrain de Modane
Laboratoire mixte IN2I 3-CNRS/DSM-CEA
90, Rue Polset
F-73500 Modane, France

Ly Jacques Evin
CDRC - Centre de Datation par le RadioCarbone
Université Claude Bernard Lyon I, Batiment 217
43, Boulevard du 11 Novembre 1918
F-69622 Villeurbanne Cedex, France
Tel: +33 472 44 82 57; Fax: +33 472 4313 17
Email: jacques.evin@cismsun.univ-lyonl.fr

GEORGIA

TB S. Pagava
Radiocarbon Laboratory
I.Javakhishvili Tbilisi State University
I.Chavchavadze av., 3
Thbilisi 380008 Georgia
Tel: +995 32 222105
Email: spagava@access.sanet.ge

GERMANY

Bln Jochen Gorsdorf
Deutsches Archiologisches Institut
Eurasien-Abteilung
Postfach 330014
14191 Berlin, Germany
Tel: +49 01888 7711 339: Fax: +49 01888 7711 313
Email: 14c@dainst.de



Fra

Fr

HAM

Hd

KI

KN

Lz

Laboratories

Reiner Protsch von Zieten

Radiocarbon Laboratory

J. W. Goethe-Universitit

Siesmayerstrasse 70

60323 Frankfurt am Main, Germany

Tel: +49 69 798 24764 / 24767; Fax: +49 69 798 24728

Detlef Hebert

Institut fiir Angewandte Physik

Technische Universitit Bergakademie Freiberg

09596 Freiberg/Sa., Germany

Tel: +49 3731 39 2371 /2594; Fax: +49 3731 39 4004
Email: hebert@tu-freiberg.de

Peter Becker-Heidmann

Institut fiir Bodenkunde

Universitdt Hamburg

Allende-Platz 2

20146 Hamburg, Germany

Tel: +49 40 42838 2003; Fax: +49 40 42838 2024

Email: PBeckerH@Uni-Hamburg.de

WWW: http://www.geowiss.uni-hamburg.de/i-boden/tt14c.htm

M. A. Geyh

Niedersédchsisches Landesamt fiir Bodenforschung
Postfach 510153

30655 Hannover-Stillweg 2, Germany

Tel: +49 511 643 2537; Fax: +49 511 643 2304
Email: Mebus.Geyh@BGR.de

Bernd Kromer

Heidelberger Akademie der Wissenschaften

c/o Institut fiir Umweltphysik

Universitiat Heidelberg

Im Neuenheimer Feld 229

69120 Heidelberg, Germany

Tel: +49 6221 546 357; Fax: +49 6221 546405
Email: Bernd. Kromer@iup.uni-heidelberg.de

Helmut Erlenkeuser and Pieter M. Grootes

Leibniz-Labor

Christian-Albrechts-Universitét

Max-Eyth-Str. 11

24118 Kiel, Germany

Tel: +49 431 880 3894 (P.M.G.); +49 431 880 3896 (H.E.)

Fax: +49 431 880 3356

Email: pgrootes@leibniz.uni-kiel.de; herlenkeuser@leibniz.uni-kiel.de
WWW: http://www.uni-kiel.de:8080/leibniz/indexe.htm

Bernhard Weninger

Labor fiir 14C-Datierung

Institut fiir Ur-und Frithgeschichte

Universitit zu Koln

Weyertal 125

50923 Koln, Germany

Tel: +49 221 470 2880 /2881; Fax: +49 221 470 4892

Achim Hiller

UFZ-Umweltforschungszentrum Leipzig-Halle GmbH
Sektion Hydrogeologie

Arbeitsgruppe Paldoklimatologie
Theodor-Lieser-Strasse 4

06120 Halle, Germany

Tel: +49 345 5585 226; Fax: +49 345 5585 559
Email: hiller@hdg.ufz.de
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GREECE

DEM Yannis Maniatis
Laboratory of Archacometry
Institute of Materials Science
National Centre for Scientific Research “Demokritos”
153 10 Aghia Paraskevi Attikis
Greece
Tel: +30 1 6503389 or +30 1 6524821; Fax: +30 1 6519430
Email: maniatis@ims.demokritos.gr
WWW: http://www.ims.demokritos.gr/archae

LIH Nicolaos Zouridakis
Laboratory of Isotope Hydrology
Institute of Physical Chemistry
National Centre for Scientific Research “Demokritos”
153 10 Aghia Paraskevi Attikis
POB 60228
Greece
Tel: +30 1 6503969; Fax: +30 1 6511766
Email: nizouri@cyclades.nrcps.ariadne-t.gr

HUNGARY

Deb Zsusa Szanto
Institute of Nuclear Research of the Hungarian Academy of Sciences
H-4026 Bem tér 18/c,
P.O. Box 51
H-4001 Debrecen, Hungary
Tel: +36 52 417266; Fax: +36 52 416181
Email: aszanto@moon.atomki.hu

ICELAND

Pall Theodérsson

Science Institute

University of Iceland

Dunhaga 3

IS-107 Reykjavik, Iceland

Tel: +354 525 4800; Fax: +354 552 8911
Email: pth@raunvis.hi.is

INDIA

PRLCH R. Bhushan, S. Krishnaswami and B. L. K. Somayajulu
Physical Research Laboratory
Chemistry Department
Oceanography and Climatic Studies Area
Navrangpura
Ahmedabad 380 009 India
Tel: +91 79 6462129; Fax: +91 79 6560502
Email: bhushan@prl.ernet.in; swami@prl.ernet.in; soma@prl.ernet.in

PRL M. G. Yadava
Radiocarbon Dating Research Unit
Oceanography and Climate Studies Area
Earth Sciences and Solar System Division
Physical Research Laboratory
Navrangpura
Ahmedabad 380 009 India
Tel: +91 79 462129; Fax: +91 79 6560502
Telegram: “Research”
Email: myadava@prl.ernet.in



Laboratories

JUBR S. D. Chatterjee, R. C. Sastri and Haradhan De
Biren Roy Research Laboratory for Archaeological Dating
Department of Physics
Jadavpur University
Calcutta 700 032 India
Tel: +91 33 473 4044; Fax: +91 33 473 4266; Tlx: 21-4160 (VC JU IN)

BS G. Rajagopalan
Radiocarbon Laboratory
Birbal Sahni Institute Palacobotany
PO Box 106, 53 University Road
Lucknow 226 007 India
Tel: +91 522 32 4291; Fax: +91 522 37 4528, +91 522 38 1948
Email: bsip@bsip.sirnetd.ernet.in

INDONESIA

Mr. Wandowo

Section Hydrology

National Atomic Energy Agency
Pasar Jumat, P.O. Box 2
Kebayoran Lama

Djakarta, Indonesia

Wisjachudin Faisal

Staff of Research and Development Center for Advance Technology
National Nuclear Energy Agency

J1. Babarsari PO Box 1008

Yogyakarta 55101 Indonesia

Tel: +62 274 515435; Fax: +62 274 561824

Email: p3tm@indo.net.id or wisya@batan.go.id

IRAN

TUNC A. Mahdavi
Tehran University Nuclear Centre
P.O. Box 2989
Tehran, Iran

IRELAND

UCD Peter I. Mitchell and Edward McGee
UCD Radiocarbon Laboratory
Department of Experimental Physics
University College Dublin
Belfield, Dublin 4, Ireland
Tel: +353 1 706 2220 /2225 /2222
Fax: +353 1 283 7275
Email: Peter.Mitchell@ucd.ie; Edward.Mcgee@ucd.ie
WWW: http://www.ucd.ie/~radphys

ISRAEL
RT Israel Carmi, Elisabetta Boaretto
Department of Environmental Sciences and Energy Research
Weizmann Institute of Science
76100 Rehovot, Israel
Tel: +972 8 342544; Fax: +972 8 344124
Email: cicarmii@wis.weizmann.ac.il; elisa@wis.weizmann.ac.il
ITALY

ENEA Agostino Salomoni
ENEA Radiocarbon Laboratory
Via dei Colli, 16
1-40136 Bologna, Italy
Tel: +39 51 6098168; Fax: +39 51 6098187
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Laboratories

Salvatore Improta

Dipartimento di Fisica

Universita “La Sapienza”

Piazzale Aldo Moro, 2

1-00185 Rome, Italy

Tel: +39 6 49914208

Fax: +39 6 4957697

Email: Salvatore.Improta@romal.infn.it

and

Giorgio Belluomini

Radiocarbon Laboratory

Istituto per le Tecnologie Applicate ai Beni Culturali
Consiglio Nazionale delle Ricerche

Area della Ricerca di Roma

CP 10 — Via Salaria Km 29,300

1-00016 Monterotondo St., Rome, Italy

Tel: +39 06 90672469; Fax: +39 06 90672373
Email: belluomi@mlib.cnr..it

Gilberto Calderoni

Department of Earth Sciences

University of Rome “La Sapienza”

Piazzale Aldo Moro, 5

1-00185 Rome, Italy

Tel: +39 6 499 14580; Fax: +39 6 499 14578
Email: calderoni@axrma.uniromal.it

Piero Anichini, Valerio Barbina, per.ind. Ennio Virgili
Azienda Speciale Servizi Laboratorio e CRAD

Via Nazionale, 33

1-33040 Pradamano UD, Italy

Tel: +39 432671061; Fax: +39 432671176

Email: laboratorio@azservizi.cciaa-ud.xnet.it

Yoshimasa Takashima

Kyushu Environmental Evaluation Association
1-10-1, Matsukadai, Higashiku

Fukuoka 813-0004, Japan

Tel: +81 92 662 0410; Fax: +81 92 662 0990
Email: kawamura@keea.or.jp

Osamu Yamada

Faculty of Science

Kyoto Sangyo University
Kita-ku, Kyoto 603 Japan

Setsuko Shibata

Research Center of Radioisotopes

Research Institute for Advanced Science and Technology
University of Osaka Prefecture

1-2, Gakuen-cho, Sakai, Japan

Tel: +81 722 36 2221; Fax: +81 722 54 9938

Email: shibata@riast.osakafu-u-ac.jp

Kunihiko Kigoshi

Radiocarbon Laboratory

Gakushuin University

Mejiro Toshima-ku, 1-5-1, Faculty of Science

Tokyo 171, Japan

Tel: +81 3 3986 0221 ext. 6482; Fax: +81 3 5992 1029
Email: kunihiko.kigoshi@gakushuin.ac.jp
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PAL Shigemoto Tokunaga
Radiocarbon Laboratory
Palynosurvery Co.
Nissan Edobashi Bld.
1-10-5 Honcho, Nihonbashi
Chuoku, Tokyo, Japan
Tel (office): +81 3 3241 4566; (lab) +81 274 42 8129
Fax: +81 3 32414597
Email: palynoa@blue.ocn.ne.jp

TK Kunio Yoshida
C-14 Dating Laboratory
The University Museum
The University of Tokyo
7-3-1 Hongo, Bunkyo-ku
Tokyo 113 Japan
Tel: +81 3 3812 2111
Fax: +81 3 3814 4291
Email: gara@um.u-tokyo.ac.jp

NU Kunio Omoto
Radiocarbon Dating Laboratory
Department of Geography
College of Humanities and Science
Nihon University
25-40, 3 Chome, Sakurajosui
Setagaya-ku, Tokyo 156 Japan
Tel: +81 35317 9273 or +81 33303 1691
Fax: +81 35317 9429 or +81 33303 9899
Email: omoto@chs.nihon-u.ac.jp

JGS Hajime Kayanne
Department of Geography
University of Tokyo
Mongo 113-0033, Tokyo, Japan
Tel: +81 3-5841-4573
Fax: +81 3-3814-6358
kayanne@geogr.s.u-tokyo.ac.jp

PLD Hideki Yamagata
Paleo Labo Co., Ltd.
63, Shima 5-chome Oguma-cho
Hashima, Gifu 501-6264 Japan
Email: pal@usiwakamaru.or.jp

KOREA

Jung Sun Ahn

Advanced Atomic Energy Research Institute
150, Duk-Jin Dong, Seo-Ku

Daejeon, Chung Nam, Korea

KCP Hyung Tae Kang and Kyung Yim Nah
Archaeological Studies Division
National Cultural Property Research Institute
1-57 Sejongno Chongno-gu
Seoul, Korea 110 050
Tel: +82 2 735 5281 ext. 323; Fax: +82 2 735 6889
Email: vvyckhtl@chollian.net

LATVIA

Riga V. S. Veksler and A. A. Kristin
Institute of Science - Application Research
Riga 50 Merkelya 11
Riga 226 050, Latvia
Tel: +371 7 212 501 or +371 7 213 636
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LITHUANIA

T. Bitvinskas

Institute of Botany

Lithuanian Academy of Sciences
Laieves Str. 53

Kaunas 233000 Lithuania

Jonas Matieika

Radioisotope Laboratory

Institute of Geology

Sevcenkos 13

Vilnius 2600 Lithuania

Tel: +370 2 236103; Fax: +370 2 236710
Email: jonmaz@geologin.It

R. Krenyavichus

Institute of Physics and Mathematics
Lithuanian Academy of Sciences

K. Pozelos Str. 54

Vilnius 232 000 Lithuania

Tel: +370 2 641836

MONACO

TAEA- Pavel Povinec (see also Slovakia)
MEL International Atomic Energy Agency
Marine Environmental Laboratory
4 Quai Antoine 1¢°
MC-98012 Monaco
Tel: +377 979 77216; Fax: +377 979 77273
Email: p.povinec@iaea.org

THE NETHERLANDS

GrN J. van der Plicht
Centre for Isotope Research
University of Groningen
Nijenborgh 4
NL-9747 AG Groningen, The Netherlands
Tel: +31 50 3634760; Fax: +31 50 3634738
Email: plicht@phys.rug.nl

NEW ZEALAND

Wk A. G. Hogg and T. F. G. Higham
Radiocarbon Laboratory
University of Waikato
Private Bag

Hamilton, New Zealand

Tel: +64 7 838 4278; Fax: +64 7 838 4192

Email: ahogg@waikato.ac.nz, or thigham@waikato.ac.nz
http://www.radiocarbondating.com

NZ Rodger Sparks
Rafter Radiocarbon Laboratory
Institute of Geological and Nuclear Sciences, Ltd.
P.O. Box 31-312
Lower Hutt, New Zealand
Tel: +64 4 570 4671; Fax: +64 4 570 4657
Email: R.Sparks@gns.cri.nz
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Steinar Gulliksen

Radiological Dating Laboratory

Norwegian University of Science and Technology
N-7491 Trondheim, Norway

Tel: +47 73 593310; Fax: +47 73 593383
Email: Steinar.Gulliksen@vm.ntnu.no

Anna Pazdur and Tomasz Goslar
Radiocarbon Laboratory

Silesian University of Technology

Institute of Physics

Krzywoustego 2

PL-44-100 Gliwice, Poland

Tel: +48 32 2372254; Fax: +48 32 2372488
Email: pazdur@zeus.polsl.gliwice.pl

Tadeusz Kuc

Krakow Radiocarbon Laboratory

Environmental Physics Department

University of Mining and Metallurgy

PL-30-059 Krakow, Poland

Tel: +48 12 6172979 or 6333740, Fax: +48 12 6340010
Tlx: 0322203 agh pl

Email: kuc@novell.ftj.agh.edu.pl

Pawet Trzeciak and Ireneusz Borowiec
Radiochemical Laboratory

Archaeological and Ethnographical Museum in Lodz
P1. Wolnsci 14

PL-91-415 Lodz, Poland

Tel: +48 42 6328440 or +48 42 6334307

Fax: +48 42 6329714

Email: jotmol@krysia.uni.lodz.pl

PORTUGAL

Sac

A. M. Monge Soares

Laboratoério de Isétopos Ambientais

Instituto Tecnologico e Nuclear

Estrada Nacional 10

P-2686 Sacavém Codex, Portugal

Tel: +351 1 9550021; Fax: +351 1 9441455
Email: amsoares@itnl.itn.pt

REPUBLIC OF CHINA

NTU

RUSSIA
KRIL

Tsung-Kwei Liu

Department of Geology

National Taiwan University

245 Choushan Road

Taipei, Taiwan, Republic of China
Tel/Fax: +886 2 3657380

Email: liutk@ccms.ntu.edu.tw

E. Starikov

Radiocarbon Dating Laboratory
Krasnoyarsk Institute of Forest and Wood
Russian Academy of Sciences

Prospect Mira 53

Krasnoyarsk 660036 Russia
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MAG Anatoly V. Lozhkin
Quaternary Geology and Geochronology Laboratory
Northeast Interdisciplinary Scientific Research Institute
Russian Academy of Sciences, Far East Branch
16 Portovaya St
Magadan 685000 Russia
Email: lozhkin@neisri.magadan.su

GIN L. D. Sulerzhitsky
Geological Institute
Russian Academy of Sciences
Pyzhevsky 7
Moscow 109017 Russia
Tel: +7 095 230 8136
Email: suler@geo.tv-sign.ru, suler@ginran.msk.su

IEMAE L. Dinesman
Institute of Ecology and Evolution
Russian Academy of Sciences
Leninsky Prospect 33
Moscow 117071 Russia
Fax: +7 095 954 5534
Email: sevin@sovamsu.sovusa.com

IGAN O. A. Chichagova
Institute of Geography
Russian Academy of Sciences
Staromonetnyi 29
Moscow 109017 Russia
Tel: +7 095 230 8366; Fax: +7 095 959 0033
Email: ochichag@mtu-net.ru

IORAN V. Kuptsov, Chief of Isotope Group
P.P. Shirshov Institute of Oceanology
Russian Academy of Sciences
Nakhimovsky Prospekt, 23
Moscow 117851 Russia
Fax: +7 095 1245983

WP Yu. A. Karpytchev
Isotope Laboratory
Institute of Water Problems
Russian Academy of Sciences
13/3 Sadovo-Tschernogryazskaya
Moscow 103064 Russia
Tel: +7 095 208 5471

MSU P. A. Kaplin and O. B. Parunin
Laboratory of Recent Sediments and Pleistocene Paleogeography
Moscow State University
Vorobyovy Gory
Moscow 119899 Russia
Email: g1 706@mail.ru

M. Alekseev

Russian Section, INQUA
Pyshevsky 7

Moscow 109017 Russia
Tel: +7 095 230 8026 / 8188

V. Polyakov

All-Union Hydrogeological Institute
Moscow District

Zelyonyi

Noginskyi Rayon 142452 Russia
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Laboratories

L. Orlova

United Institute of Geology, Geophysics and Minerology (UIGGM SB RAS)
Universitetsky pr. 3

630090 Novosibirsk 90 Russia

Tel: +7 3832 352 654; +7 3832 357 363; Fax: +7 3832 352692

Email: vitaly@uiggm.nsc.ru; Tlx: 133 123 KORA SU

O. A. Braitseva, S. N. Litasova

I. V. Melekestev and V. N. Ponomareva
Institute of Volcanology

Bul Piipa 9

Petropavlovsk-Kamchatsky 683006 Russia
Tel: +7 5 9194

Ganna Zaitseva

Institute of the History of Material Culture
Russian Academy of Sciences

Dvortsovaya Naberezhnaya, 18

191186 St. Petersburg, Russia

Tel: +7 812 311 8156; Fax: +7 812 311 6271
Email: ganna@mail.wplus.net

Kh. A. Arslanov

Geographical Research Institute
St. Petersburg State University
Sredniy Prospect 41

St. Petersburg 193004 Russia
Tel/Fax: +7 812 218 7904
Email: kozyrev@mail.nevalink.ru

G. E. Kocharov

A. F. Ioffe Physico-Technical Institute
Russian Academy of Sciences
Polytechnicheskaya 26

St. Petersburg 194021 Russia

Tel: +7 812 247 9167; Fax: +7 812 247 7928
Email: Grant.Kocharov@pop.ioffe.rssi.ru

Barbara Yakheemovich or E. K. Latypova
Institute of Geology

Russian Academy of Science

October Revolution 10

Ufa 450025 Russia

Tel: +7 3472 220712; Fax: +7 3472 223569

A. Korotky

Institute of Geography
Russian Academy of Sciences
Radio 7

Vladivostok 690032 Russia

Yaroslav V. Kuzmin

Pacific Institute of Geography

Far Eastern Branch of the Russian Academy of Sciences
Radio St. 7, Vladivostok 690041 Russia

Fax: +7 423 2312159

Email: ykuzmin@tigdvo.marine.su

V. Kostyukevich

Permafrost Institute, Siberian Branch
Russian Academy of Sciences
Sergelyakh

Yakutsk 677010 Russia
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SLOVAKIA

Ba Pavel Povinec (see also Monaco)
Department of Nuclear Physics
Comenius University
Mlynska dolina F1
842 15 Bratislava, Slovakia
Fax: +42 7 725882

SOUTH AFRICA

Pta S. Woodborne
Quaternary Research Dating Unit (QUADRU)
c/o Enviromentek, CSIR
P.O. Box 395
0001 Pretoria, South Africa
Tel: +27 12 841 3380; Fax: +27 12 349 1170
Email: swoodbor@CSIR.co.za

SPAIN

UBAR  Dr. Joan S. Mestres and Prof. Gemma Rauret
Laboratori de Datacié per Radiocarboni
Departament de Quimica, 3a. Planta
Universitat de Barcelona
C/. Marti i Franques, 1-11/Avda. Diagonal, 647
08028 Barcelona, Spain
Tel: +34 3 403 4688; Fax: +34 3 402 1233
Email: jmestres@d3.ub.es

UGRA M. Purificacién Sanchez and Elena Villafranca
Laboratorio de Datacion por C-14
Centro de Instrumentacion Cientifica
Campus Fuentenueva, Ed. Mecenas
Universidad de Granada
E-18071 Granada, Spain
Tel: +34 58 244229; Fax: +34 58 243391
Email: mpsansan@goliat.urg.es and jlazuen@goliat.urg.es

CSIC Fernan Alonso and Antonio Rubinos
Geochronology Laboratory
Instituto de Quimica-Fisica Rocasolano - CSIC
Serrano, 119
28006 Madrid, Spain
Phone: +34 91 561 9400
Fax: +34 91 564 2431
Email: f.alonso@iqft.csic.es or rubinos@iqft.csic.es

SWEDEN

Lu Goran Skog
Radiocarbon Dating Laboratory
University of Lund
Tornavigen 13
SE-223 63 Lund,
Tel: +46 46 222 7885; Fax: +46 46 222 4830
Email: Goran.Skog@c14lab.lu.se

U Ingrid U. Olsson
Department of Physics
Uppsala University
Box 530
SE-751 21 Uppsala, Sweden
Tel: +46 18 4713571; Fax: +46 18 4713524
Email: ingrid.olsson@fysik.uu.se
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SWITZERLAND

B

Thomas Stocker

Climate and Environmental Physics

Physics Institute, Sidlerstrasse 5

CH-3012 Bern, Switzerland

Tel: +41 31 631 44 64; Fax: +41 31 631 44 05
Email: stocker@climate.unibe.ch
http://www.climate.unibe.ch

THAILAND

TURKEY

METU

Director

Chemistry Department

Office of Atomic Energy for Peace
Vibhavadi Rangsit Road

Anabang, Bangkok, Thailand

Mustafa Ozbakan

Radiocarbon Dating Laboratory

Middle East Technical University, Department of Physics
06531 Ankara, Turkey

Tel: +90 312 210 32 76; Fax: +90 312 210 12 81
Email: ozbakan@metu.edu.tr

UKRAINE

Ki

URCRM

Nikolai N. Kovalyukh and Vadim V. Skripkin

National Academy of Sciences and Ministry of Extraordinary Situation of Ukraine
State Scientific Centre of Environmental Radiogeochemistry

Kyiv Radiocarbon Laboratory

Palladin 34

Kyiv-142

252680 Ukraine

Tel/Fax: +38 0 44 444 0060

Fax: +38 0 44 444 1465

Email: kyiv14c@radgeo.freenet.kiev.ua

Michael Buzinny

Ukrainian Research Center for Radiation Medicine

Academy of Medical Sciences of Ukraine

04050, Melnikova str. 53

Kiev, Ukraine

Tel: +380 44 2445874; Fax: +380 44 2137202

Email: buzinny@bigfoot.com; buzinny@hotmail.com; http://bigfoot.com/~buzinny

UNITED KINGDOM

Birm

BM

R. E. G. Williams

Department of Geological Sciences
P.O. Box 363

University of Birmingham
Birmingham B15 2TT England

Janet Ambers

Department of Scientific Research

The British Museum

London WC1B 3DG England

Tel: +44 207 323 8332; Fax: +44 207 323 8276
Email: Jambers@thebritishmuseum.ac.uk

779



780 Laboratories

Q Roy Switsur
Cambridge Radiocarbon Dating Research Laboratory
Environmental Sciences Research Centre
East Road
Cambridge CB1 1PT England
Tel: +44 1223 363271 x2594
Email: vrsl@cam.ac.uk

RCD R. L. Otlet / A. J. Walker
RCD - Radiocarbon Dating
The Old Stables
East Lockinge, Wantage
Oxon OX12 8QY England
Tel/Fax: +44 1235 833667

UB Gerry McCormac
Radiocarbon Dating Laboratory
School of Archaeology and Palacoecology
The Queen’s University of Belfast
Belfast BT7 INN Northern Ireland
Tel: +44 2890 335141; Fax: +44 2890 315779
Email: f.mccormac@qub.ac.uk
http://www.qub.ac.uk/arcpal

GU G. T. Cook
SURRC Radiocarbon Dating Laboratory
Scottish Universities Research & Reactor Centre
Scottish Enterprise Technology Park
East Kilbride G75 0QF Scotland
Tel: +44 13552 23332 or +44 13552 70136; Fax: +44 13552 29898
Email: g.cook@surrc.gla.ac.uk

SRR A. E. Fallick
NERC Radiocarbon Laboratory
Scottish Enterprise Technology Park
Rankine Avenue
East Kilbride, Glasgow G75 0QF Scotland
Tel: +44 1355 260037; Fax: +44 1355229829
Email: radiocarbon@nercrcl.gla.ac.uk
http://www.gla.ac.uk/nercrcl

E. M. Scott

Department of Statistics

University Gardens

University of Glasgow

Glasgow, G12 8QW, Scotland

Tel: +44 141 330 5125; Fax: +44 141 3304814
Email: marian@stats.gla.ac.uk

SWAN  Quentin Dresser
Department of Geography
University of Wales, Swansea
Singleton Park, Swansea
West Glamorgan SA2 8PP Wales
Tel: +44 1792 295148; Fax: +44 1792 295955
Email: P.Q.Dresser@swansea.ac.uk

UNITED STATES

A Austin Long
Laboratory of Isotope Geochemistry
Geosciences Department
The University of Arizona
Tucson, Arizona 85721 USA
Tel: +1 520 621 8888; Fax: +1 520 621 2672
Email: along@geo.arizona.edu



ucI

UCLA

UCR

Beta

UGA

ISGS

NIST

GX

Ellen Druffel and Sheila Griffin

Radiocarbon Laboratory

Department of Earth System Science

University of California, Irvine

PSRF 207

Irvine, California 92697-3100 USA

Tel (Druffel/office): +1 949 824 2116

Fax: +1 949 824 3256; Email edruffel@uci.edu

Rainer Berger

Institute of Geophysics and Planetary Physics
University of California

Los Angeles, California 90024 USA

Tel: +1 310 8254169; Fax: +1 310 206 3051

R. E. Taylor

Radiocarbon Laboratory

Department of Anthropology

Institute of Geophysics and Planetary Physics
University of California, Riverside

Riverside, California 92512 USA

Tel: +1 909 787 5521; Fax: +1 909 787 5409
Email: retaylor@citrus.ucr.edu

M. A. Tamers and D. G. Hood

Beta Analytic Inc.

4985 SW 74 Court

Miami, Florida 33155 USA

Tel: +1 305 667 5167; Fax: +1 305 663 0964
Email: beta@radiocarbon.com

John E. Noakes

Center for Applied Isotope Studies

The University of Georgia

120 Riverbend Road

Athens, Georgia 30602-4702 USA

Tel: +1 706 542 1395; Fax: +1 706 542 6106

Chao-li Liu and Hong Wang

Isotope Geochemistry Section

Illinois State Geological Survey

615 E. Peabody Drive

Urbana, Illinois 61820 USA

Tel: +1 217 333 9083; Fax: +1 217 244 7004
Email: jliu@geoserv.isgs.uiuc.edu

Lloyd A. Currie and George A. Klouda
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A

AA
AAR
AC
AECV

AERIK*
ALG*
ANL*
ANTW
ANU

ANUA
AU*

BC*
Beta
BGS
Birm
Bln

BM
BONN*
BS

C*
CAMS

CAR*
CENA

CG
CH
CRCA
CSIC

CSM*

CT*
CU
D*
Dak*

DAL*
DE*
Deb
DEM
DIC*

DRI*
ENEA
ETH

Fr

Fra
FSU*
FZ
G*
GAK
Gd

Arizona

NSF-Ariz. AMS Facility
University of Aarhus
Ingeis

Alberta Environmental
Center of Vegreville
Atomic Energy Res. Inst.
Algiers

Argonne Nat. Lab., I11.
Antwerp

Australian National
University

ANU Accelerator
University of Alaska
Bern

Bratislava

Brooklyn College
Beta Analytic

Brock University
Birmingham

Berlin

British Museum
Universitit Bonn
Birbal Sahni Institute
Chicago

Center for Accelerator
Mass Spectrometry
Univ. College, Cardiff

Centro Energia
Nuclear na Agricultura

Institute of Geology
Chemistry Laboratory
Cairo

Geochronology Lab,
IQFR-CSIC, Madrid

Cosmochemistry Lab.

USA
USA
Denmark
Argentina
Canada

Korea
Algeria
USA
Belgium
Australia

Australia
USA
Switzerland
Slovakia
USA
USA
Canada
UK
Germany
England
Germany
India
USA
USA

Wales
Brazil

China
India

Egypt
Spain

USSR

USSR Academy of Sciences

Caltech, Calif. Inst. Tech.

Charles University
Dublin, Trinity College
Univ. de Dakar

Dalhousie University
USGS, Denver
Debrecen

NCSR Demokritos

Dicar Corp and Dicarb
Radioisotope Company

Desert Research Institute
ENEA, Bologna
ETH/AMS Facility
Florence

Freiberg

Frankfurt

Florida State University
Fortaleza

Goteborg

Gakushuin University
Gliwice

USA

Czech Republic
Ireland
République du
Sénégal
Canada

USA

Hungary
Greece

USA

USA

Italy
Switzerland
Italy
Germany

Germany
USA
Brazil
Sweden
Japan
Poland

GD*
Gif
Gif A
GIN
GL*
Gro*
GrN
GrA
GSC
GU

GX
H*
HAM
HAR*
Hd
Hel
HIG*
HL

HNS*

IAEA
TAEA-
MEL
ICEN
IEMAE
IGAN
IGS*
r*
IOAN

IORAN
IRPA

ISGS*

IVAN
IVIC*
Iwp

JGS

JUBR

KAERI*

KCP

KEEA

KI

Laboratories

Gdansk

Gif sur Yvette

Gif sur Yvette and Orsay
Geological Institute
Geochronological Lab.
Groningen

Groningen

Groningen AMS
Geological Survey
Scottish Universities
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Poland

France

France

Russia

England

The Netherlands
The Netherlands
The Netherlands
Canada
Scotland

Research & Reactor Centre
(formerly Glasgow University)

Geochron Laboratories
Heidelberg

Hamburg

Harwell

Heidelberg

Helsinki

Hawaii Inst. of Geophys.
Second Institute of
Oceanography

Hasleton-Nuclear,
Palo Alto, California

Hannover
Teledyne Isotopes

International Atomic
Energy Agency

Marine Environmental
Laboratory

Instituto Tecnologico
e Nuclear

Institute of Evolutionary
Morphology and Animal
Ecology

Institute of Geography
Inst. of Geological Sci.,
Isotopes, Inc., Palo Alto
Institute of Oceano-
graphy

Institute of Oceanology

Royal Institute of
Cultural Heritage

Illinois State
Geological Survey

Institute of Volcanology
Caracas

Institute of Water
Problems

Max-Planck-Institut
fiir Biogeochemie, Jena
Geological Survey of
Japan

Biren Roy Research
Laboratory

National Museum
Korean Atomic Energy
Research Institute
National Cultural
Property Research
Institute

Kyushu Environmental
Evaluation Association
Kiel

USA

West Germany
Germany
England
Germany
Finland

USA

China

USA

Germany
USA
Austria

Monaco
Portugal
Russia
Russia
Sweden

USA
Russia

Russia
Belgium

USA

Ukraine
Venezuela
Russia

Germany
Japan
India

Denmark
Korea

Korea

Japan

Germany

* Indicates laboratories that are closed, no longer measuring '“C, or operating under a different code designation.
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KIA
Ki (KIEV)

KN
KR
KRIL
KSU
L*
LAR
LE
LIH
LJ*
LOD

MAG
MC*
METU

ML*
Mo*

MOC*

MP*
MRRI*

MSU

NIST
NPL*
NS*
NSRL
NSTF*
NSW*
NTU

NU
Ny*

NZ

Laboratories

Kiel AMS Germany
Institute of Radio- Ukraine
Geochemistry of the

Environment

Kéln Germany
Krakow Poland

Krasnoyarsk Institute Russia
Kyoto Sangyo University Japan

Lamont-Doherty USA
Liége State University ~ Belgium
St. Petersburg Russia
NCSR Demokritos Greece
Scripps (UCSD) La Jolla USA
Lodz Poland
La Plata Argentina
Lund Sweden
St. Petersburg State Russia
Univesity

Louvain-la-Neuve Belgium
University of Lyon France
Umweltforschungs- Germany

zentrum Leipzig-Halle

University of Michigan USA
University of Winnepeg Canada
Quaternary Geology and Russia
Geochronology Laboratory

Centre Scientifique de ~ Monaco
Monaco

Middle East Technical =~ Turkey
University

Miami USA
Verdanski Inst. of USSR
Geochemistry, Moscow

Archaeological Institute, Czechoslovakia

Czechoslovak Acad. of Sci.
Magnolia Petroleum USA

Marine Resources USA
Research Institute

Moscow Russia
Nishina Memorial Japan

National Institute of USA
Standards and Technology

National Physical England
Laboratory, Middlesex
Nova Scotia Research Canada

Foundation
INSTAAR — University USA
of Colorado

Nuclear Science and USA
Technology Facility,
State Univ. of New York

U. of New South Wales  Australia

National Taiwan

University

Nihon University Japan
Nancy, Centre de France

Recherches Radiogéologiques
New Zealand

Republic of China

New Zealand

NZA

o*
OBDY
ORINS*

Oowu*
OoXx*

OxA
P*

PI
PIC*
PITT*
Poz
Pr*
PSU*
PKU
PL

PRL

Pta

QL*

Qc*
QuU*

RCD
RI*
RIDDL*
Riga
RL*
Rome

RT
RU*
gk

Sac

SFU*
Sh*
ST*
SL*
SM*

SMU*
SNU
SOAN

SR*

New Zealand
Humble Oil & Refining
ORSTOM Bondy

Oak Ridge Institute
of Nuclear Studies

Ohio Wesleyan Univ.

USDA
Oxford, Mississippi

Oxford Radiocarbon
Accelerator Unit

Univ. of Pennsylvania
Pisa

Permafrost Institute
Packard

University of Pittsburgh
Pozan

Prague

Pennsylvania State Univ.
Peking University

Purdue Rare Isotope
Measurement Laboratory

Physical Research
Laboratory

Pretoria
Cambridge

Quaternary Isotope
Laboratory

Queens College

Centre de Recherches
Minérales, Québec

Rome

Radiocarbon Dating
Radiochemistry, Inc.
Simon Fraser Univ.
Institute of Science
Radiocarbon, Ltd.

Department of Earth
Sciences, Rome

Rehovot

Rice University
Saskatchewan

Saclay, Gif-sur-Yvette

Instituto Tecnologico
e Nuclear

Simon Fraser Univ.
Shell Development Co.
Smithsonian Institution
Sharp Laboratories

Mobil Oil Corp., Dallas
(formerly Magnolia &
Socony Mobil Oil)

Southern Methodist Univ.

Seoul National Univ.

Institute of Geology
and Geophysics

Salisbury, Rhodesia

New Zealand
USA

France

USA

USA
USA

England

USA

Italy

Russia

USA

USA

Poland
Czechoslovakia
USA

China

USA

India

South Africa
England
USA

USA
Canada

Italy
England
USA
Canada
Latvia
USA
Italy

Israel
USA
Canada
France
Portugal

Canada
USA
USA
USA
USA

USA
Korea
Russia

Rhodesia
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St*
Su
SUA
SWA

TA
TAM*
TB
TBNC*

TEM*
TF*

TK
TKU
Tln

TO
TUNC*

Tx*

UB
UBAR
UCD

ucl

UCLA

UCR

NERC Radiocarbon
Laboratory

Stockholm

Finland

Sydney University
Swansea

Trondheim

Tartu

Texas A & M University
Thblisi

Kaman Instruments

Scotland

Sweden
Finland
Australia
Wales
Norway
Estonia
USA
Georgia
USA

(formerly Texas-Bio-Nuclear)

Temple University

Tata Institute of
Fundamental Research

University of Tokyo
Turku

Tallinn

IsoTrace Laboratory

Tehran University
Nuclear Centre

Texas

Uppsala

Uppsala AMS

Belfast

University of Barcelona
University College,
Dublin

University of California,
Irvine

University of California,
Los Angeles

University of California,
Riverside

USA
India

Japan
Finland
Estonia
Canada
Iran

USA

Sweden

Sweden
Northern Ireland
Spain

Ireland

USA
USA

USA

UD
UGa
UGRA
UM*
uQ

URCRM

URU
USGS*
utC

UW*

Vi

VRI

W*

WAT
WHAMS

WIS
Wk
WRD*

WSU*
XLLQ
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Udine

University of Georgia
University of Granada
University of Miami

University of Quebec
at Montreal

Ukrainian Research Ctr.

for Radiation Medicine
University of Uruguay
USGS, Menlo Park

Utrecht van de Graaff
Laboratorium

Italy
USA
Spain
USA
Canada

Ukraine
Uruguay

USA
The Netherlands

University of Washington USA

Melbourne, Victoria

Vienna Radium Institute

USGS, National Center
University of Waterloo

National Ocean Sciences

AMS Facility
Wisconsin
University of Waikato

USGS Washington, D.C.
Water Resources Division

Washington State Univ.

Xian Laboratory of
Loess and Quaternary
Geology

Whitworth College
Yale University
Yale University
Zagreb

Australia
Austria
USA
Canada
USA

USA
New Zealand
USA

USA
China

USA
USA
USA
Croatia



790 Laboratories



AUTHOR INDEX
VOLUME 44, 2002

Achyuthan H. Coastal Response to Changes in Sea Level
Since the Last 4500 BP on the East Coast of Tamil
Nadu, India, 137

Adkins JF. Radiocarbon Dating of Deep-Sea Corals, 567

Aguilar DGP. Novel Statistical Model for a Piece-Wise
Linear Radiocarbon Calibration Curve, 195

Akazawa T. See Yoneda M, 549

Allan W. See Lowe DC, 149

Alon D. The Use of Raman Spectroscopy to Monitor the
Removal of Humic Substances from Charcoal: Quality
Control for '*C Dating of Charcoal, 1

Ambers J. Letter to the Editor (on Dating the Vinland
Map Parchment), 599

Anderson RF. See Zheng Y, 123

Andresen O. See Becker-Heidmann P, 63

Anjos RM. See Lima TA, 733

Arnold TG. Radiocarbon Dates from the Ice-Free Corri-
dor, 437

Azzi C. See Bella F, 685

Bae K. Radiocarbon Dates from Paleolithic Sites in Ko-
rea, 473

Baillie MGL. See Hogg AG, 633. See also McCormac
FG, 641. See also Reimer PJ, 653

Baker VR. See Achyuthan H, 137

Barbetti M. See Manning SW, 739

Bard E. See Reimer PJ, 653

Barratt P. See Reimer PJ, 653

Beazley MJ. Natural Abundances of Carbon Isotopes
(C, 13C) in Lichens and Calcium Oxalate Pruina:
Implications for Archaeological and Paleoenviron-
mental Studies, 675

Beck JW. See Zheng Y, 123. See also Reimer PJ, 653

Becker-Heidmann P. Carbon Dynamics in Vertisols as
Revealed by High-Resolution Sampling, 63

Bella F. Radiocarbon Dating of the “Titulus Crucis”, 685

Bestland EA. See Krull ES, 93

Boaretto E. See Alon D, 1

Boutton TW. See Beazley MJ, 675

Bowman S. See Ambers J, 599

Boyle EA. See Adkins JF, 567

Boyle JE. See Fitzpatrick SM, 691

Broni¢ IK. See Obeli¢ B, 601

Buck CE. See Reimer PJ, 653

Burney DA. Late Quaternary Chronology and Stratigra-
phy of Twelve Sites on Kaua i, 13

Carmi 1. Are the 1*C Dates of the Dead Sea Scrolls Af-
fected by Castor Oil Contamination?, 213

Cheng H. See Adkins JF, 567

Cheoun MK. See Park JH, 559

Chernet T. See Gibert E, 75

Cohen I. See Alon D, 1

Coimbra MM. See Lima TA, 733

791

Cordero R. INGEIS Radiocarbon Laboratory Dates IV,
181

Craddock PT. The Radiocarbon Dating and Authentica-
tion of Iron Artifacts, 717

Damon PE. See Reimer PJ, 653

De Jong AFM. See Rutgers LV, 541

Dementiev VN. See Vasil’ev SA, 503

Donahue DJ. Determination of the Radiocarbon Age of
the Parchment of the Vinland Map, 45

Druffel ERM. See Adkins JF, 567

Dunbar RB. See Grumet NS, 581

Eastoe CJ. Reservoir Corrections for Marine Samples
from the South Atlantic Coast, Santa Catarina State,
Brazil, 145

Edwards RL. See Adkins JF, 567

Elder KL. See Key RM, 239

Elmore D. See Lima TA, 733

Fernandez J. See Panarello H, 709

Fiedel SJ. Initial Human Colonization of the Americas:
an Overview of the Issues and the Evidence, 407

Fish P. See Eastoe CJ, 145

Fish S. See Eastoe CJ, 145

Fitzpatrick SM. AMS Dating of Human Bone from Palau:
New Evidence for a Pre-2000 BP Settlement, 217; The
Antiquity of Pearl Shell (Pinctada sp.) Burial Artifacts
in Palau, Western Micronesia, 691

Fontugne M. See Southon JR, 167

Friedrich M. See Reimer PJ, 653

Froelich PN. See Zheng Y, 123

Gallagher D. 4 Radiocarbon Age Calculation Program
for Windows, 223

Gaspar MD. See Eastoe CJ, 145

Gates WP. See Krull ES, 93

Gibert E. AMS-1#C Chronology of a Lacustrine Sequence
from Lake Langano (Main Ethiopian Rift): Correction
and Validation Steps in Relation with Volcanism, Lake
Water and Carbon Balances, 75

Gillespie R. Dating the First Australians, 455

Gomes PRS. See Lima TA, 733

Gorsdorf J. See Nikolova L, 531

Griffin S. See Adkins JF, 567

Grumet NS. Pre-Bomb Radiocarbon Variability Inferred
from a Kenyan Coral Record, 581

Guilderson TP. See Zheng Y, 123. See also Grumet NS,
581. See also Reimer PJ, 653

Harbottle G. See Donahue DJ, 45

Higham TFG. See Hogg AG, 633. See also McCormac
FG, 641

Hirohota M. See Yoneda M, 549



792 Author Index

Hogg AG. High-Precision Radiocarbon Measurements
of Contemporaneous Tree-Ring Dated Wood from
the British Isles and New Zealand: AD 1850-950,
633. See McCormac FG, 641

Horvatin¢i¢ N. See Obeli¢ B, 601

Hughen KA. See Reimer PJ, 653

Ingram BL. See Kennett DJ, 53
Ingram DK. See Beazley MJ, 675

Jones M. New Radiocarbon Calibration Software, 663
Jull AJT. From the Editor, v(1); From the Editor, v(3).
See Craddock PT, 717

Kalmar D. See Becker-Heidmann P, 63

Kashgarian M. See Southon JR, 167. See also Adkins JF,
567

Keenan DJ. Why Early-Historical Radiocarbon Dates
Downwind from the Mediterranean are Too Early, 225

Kennett DJ. Differences in 1*C Age Between Stratigraph-
ically Associated Charcoal and Marine Shell from the
Archaic Period Site of Kilometer 4, Southern Peru:
Old Wood or Old Water?, 53

Key RM. WOCE Radiocarbon IV: Pacific Ocean Re-
sults; P10, PI3N, P14C, P18, P19 & S4P, 239

Kim ES. See Park JH, 559

Kim IC. See Park JH, 559

Kim JC. See Park JH, 559

Kromer B. See Reimer PJ, 653. See also Manning SW,
739

Krull ES. Soil Organic Matter Decomposition and Turn-
over in a Tropical Ultisol: Evidence from §C, §°N
and Geochemistry, 93

Kudo Y. See Ono A, 477

Kuniholm PI. See Manning SW, 739

Kuzmin YV. Introduction, 403. See Vasil’ev SA, 503

Lanzelotti S. See Cordero R, 181

Levin I. See Manning SW, 739

Lima TA. The Antiquity of the Prehistoric Settlement of
the Central-South Brazilian Coast, 733

Litton CD. See Aguilar DGP, 195

Liu YH. See Park JH, 559

Long A. See Eastoe CJ, 145

Lowe DC. A4 Simple Procedure for Evaluating Global
Cosmogenic *C Production in the Atmosphere Using
Neutron Monitor Data, 149

Ludwig KR. Comment on “Determination of the Radio-
carbon Age of Parchment of the Vinland Map”, 597

Macario KD. See Lima TA, 733

Manning SW. No Systematic Early Bias to Mediterra-
nean '*C Ages: Radiocarbon Measurements from
Tree-Ring and Air Samples Provide Tight Limits to
Age Offsets, 739

Massault M. See Gibert E, 75

McCormac FG. Calibration of the Radiocarbon Time
Scale for the Southern Hemisphere AD 1850-950,
641. See Reimer PJ, 159. See also Hogg AG, 633. See
also Reimer PJ, 653

McGee EJ. See Gallagher D, 223

McNichol AP. See Zheng Y, 123. See also Key RM, 239

Metivier B. See Southon JR, 167

Mintz G. See Alon D, 1

Mitchell PI. See Gallagher D, 223

Morimota M. See Yoneda M, 549

Mueller K. Correcting for Contamination in AMS #C
Dating, 591

Muzikar P. See Mueller K, 591

Nelson DE. See Takahashi CM, 59

Newton MW. See Manning SW, 739

Nicholls G. See Jones M, 663

Nikolova L. New Radiocarbon Dates firom the Balkans
(Dubene-Sarovka) (Approach to the Early Bronze Ab-
solute Chronology in the Upper Thrace), 531

Obata H. See Takamiya H, 495

Obeli¢ B. Rudjer Boskovi¢ Institute Radiocarbon Mea-
surements XV, 601

O’Hagan A. See Aguilar DGP, 195

Olin JS. See Donahue DJ, 45

Ono A. Radiocarbon Dates and Archaeology of the Late
Pleistocene in the Japanese Islands, 477

Orlova LA. Radiocarbon Dating of Buried Holocene
Soils in Siberia, 113. See Vasil’ev SA, 503

Ostlund HG. See Key RM, 239

Owen BD. Marine Carbon Reservoir Age Estimates for
the Far South Coast of Peru, 701

Palmer JG. See Hogg AG, 633. See also McCormac FG,
641

Panarello H. Stable Carbon Isotope Measurements on
Hair from Wild Animals from Altiplanic Environments
of Jujuy, Argentina, 709. See Cordero R, 181

Park JH. C Levels at Mt Chiak and Mt Kyeryong in Ko-
rea, 559

Pigati JS. On Correcting '*C Ages of Gastropod Shell
Carbonate for Fractionation, 755

Quay PD. See Key RM, 239

Ramsey CB. See Reimer PJ, 653

Reimer PJ. Marine Radiocarbon Reservoir Corrections
for the Mediterranean and Aegean Seas, 159; Prelim-
inary Report of the First Workshop of the IntCal04 Ra-
diocarbon Calibration/Comparison Working Group,
653. See Hogg AG, 633. See also McCormac FG, 641.
See also Manning SW, 739

Reimer RW. See Reimer PJ, 653

Remmele S. See Reimer PJ, 653

Rickman RD. See Beazley MJ, 675



Russ J. See Beazley MJ, 675
Rutgers LV. Radiocarbon Dates from the Jewish Cata-
combs of Rome, 541

Sato H. See Ono A, 477

Scharpenseel H-W. See Becker-Heidmann P, 63

Schlosser P. See Key RM, 239

Schneider RJ. See Key RM, 239

Shen C-C. See Adkins JF, 567

Shibata Y. See Yoneda M, 549

Southon JR. Marine Reservoir Corrections for the Indian
Ocean and Southeast Asia, 167. See Kennett DJ, 53.
See also Reimer PJ, 653

Southon JS. See Takahashi CM, 59

Stuiver M. See Key RM, 239. See also McCormac FG,
641. See also Reimer PJ, 653

Takahashi CM. Radiocarbon and Stable Isotope Analy-
ses of Archaeological Bone Consolidated with Hide
Glue, 59

Takamiya H. Peopling of Western Japan, Focusing on
Kyushu, Shikoku, and Ryukyu Archipelago, 495

Tanaka A. See Yoneda M, 549

Tiercelin J-J. See Gibert E, 75

Travi Y. See Gibert E, 75

Author Index 793

Tsutsumi T. See Ono A, 477
Uchida M. See Yoneda M, 549

van der Borg K. See Rutgers LV, 541

van der Plicht J. See Reimer PJ, 653

Vasil’ev SA. Radiocarbon-Based Chronology of the Pa-
leolithic of Siberia and its Relevance to the Peopling
of the New World, 503

von Reden KF. See Key RM, 239

Wayman ML. See Wayman ML, 717
Weiner S. See Alon D, 1
Wise K. See Kennett DJ, 53

Yaalon DH. See Becker-Heidmann P, 63

Yim W W-S. See Southon JR, 167

Yoneda M. Radiocarbon and Stable Isotope Analyses on
the Earliest Jomon Skeletons from the Tochibara
Rockshelter, Nagano, Japan, 549

Youn M. See Park JH, 559

Zheng Y. Challenges in Radiocarbon Dating in Opal-
Rich Marine Sediments, 123
Zykina VS. See Orlova LA, 113



The Institute :
Of Fleld i Igsl-gﬁlé;eologljilsilsd
Archaeologists oo o

Yearbook

The Institute of Field Archaeologists was
founded in 1982 to advance the practice
of archaeology by promoting professional
standards and ethics for the conservation,
management and study of the archaeological
resource. It is the sole body providing
professional accreditation for United
Kingdom archaeologists.

The IFA Yearbook has been designed to

be very useful both for IFA members

as a ready source for key specialist

products and services, and for the

UK's top specifiers of archaeology work to
help them locate just the right specialist for
the job. It also features a wide range of
colour illustrated technical articles from the
top experts.

For Yearbook subscription information
please contact Gillian Phillips

by e-mail on

gillian.phillips1 @virgin.net

To receive Yearbook advertising information
please contact Gordon Sorensen
by e-mail on
gordon@cathcomm.demon.co.uk

SETTING STANDARDS IN ARCHAEOLOGY




Reserve for b/w
GEOCHRON ad

Files 1n Quark,
sent to JCI June 2002



RADIOCARBON

is available free online v

with a print
subscription.

Benefits include:

* Document to document linking via references

* Fully searchable across full text, abstracts, titles,
TOC, and figures

* Links to and from major Abstract and
Indexing resources

* Full text searching across multiple journals

* Fast download, browsing and printing times

* TOC alerting service

* Multi-format delivery options including PDF

All you need to do is go to:
http://www.catchword.com/titles/00338222.htm

and follow the instructions.

With free software and free support, viewing your
journals online has never been so easy.

CatchWord Enquiries: support@catchword.com




ADVERTISE IN RADIOCARBON

REACH YOUR TARGET AUDIENCE
EFFECTIVELY & AFFORDABLY

Prices good through March 1, 2003
Display Ads

Inside page Inside back cover Back cover®

$350/issue $500/issue $600/issue

$900/volume $1250/volume $1500/volume
aReserved through 2003.

Color Ads and Folded Inserts?

Color ad (inside page) Folded inserts
$1600/issue $300/issue
$4500/volume $700/volume

2The prices above are for prepared inserts and ads provided by the customer.
Call for estimates on typesetting, design, duplicating and folding services.

Radiocarbon reaches libraries, labs, individuals, and institutions in
North America, South America, Europe, the Middle East, Asia,
Africa, and Australasia. We can help you reach your target market,
wherever it is.

We publish three issues per volume year. Advertise in two consecutive
issues and get the third at a significant discount (must reserve all three
ads at once for discount to apply).

We accept full-page and multipage advertisements in black and white
or full-color. You may send camera-ready copy, film negatives, or dig-
ital files. Or, for a small fee, we will create an ad from your supplied
text and graphics.

For more information, please contact Managing Editor
Kimberley Elliott at editor @radiocarbon.org.




14, RADIOCARBON
53 $5 Back Issues Clearance Sale

Write in the number of copies Calculate Payment
desired for each issue y
" N NR 1 __ copiesx$5ea.=$
EAR OL.
1980 22 Subtotal: $
1981 23
Shipping via surface mail:
1982 24 (Contact us for other shipping methods)
1983 25 Add $2 ea. book for US
1984 26 Add $3 ea. book outside US
1985 27 ___copiesx$__ea.=$
1986 28 Shipping total: $
1987 29
1988 30
1989 31 Total due: $
1990 32
1991 33
1992 34
Payment & Shipping Address U MasterCard U Visa
U Check enclosed [ Please bill me
Name:
Address:
Fax: E-mail:

For Credit-Card Orders

Card number: Expiration date:

Signature: Phone:

For online Contents see: http://www.radiocarbon.org/Pubs/contents.html

Prices good while supplies last. Mail or fax this form to:

RADIOCARBON, 4717 East Fort Lowell Road, Room 104, Tucson, Arizona 85712-1201 USA
Phone: +1 520 881-0857; Fax: +1 520 881-0554; orders @radiocarbon.org



The University of Arizona

Department of Geosciences
RADIOCA RBON 4717 E. Fort Lowell Rd, Rm. 104

Tucson, AZ 85712-1201 USA

An International Journal of
Cosmogenic Isotope Research E-mail: orders @radiocarbon.org
http://www.radiocarbon.org/

2003 PRICE LIST

Proceedings of the 17th International Radiocarbon Conference $75.00*

(Vol 43, Nrs 2A, 2B and 3, 2001)
Proceedings of the 16th International Radiocarbon Conference 50.00

(Vol 40, Nrs 1 and 2, 1998)
INTCAL98 (1998 Calibration issue; Vol 40, Nr 3, 1998) 40.00
Calibration 1993 (Vol 35, Nr 1, 1993) 40.00
Proceedings of the 15th International Radiocarbon Conference (Vol 37, Nr 2, 1995) 50.00
Liquid Scintillation Spectrometry 1994 (1SBN: 0-9638314-3-7; 1996) 20.00
Liquid Scintillation Spectrometry 1992 (1SBN: 0-9638314-0-2; 1993) 10.00
(1SBN: 0-9638314-0-2; 1993)

Special offer—LSC 92 and LSC 94 package—save $5.00 25.00
Tree Rings, Environment and Humanity (1ISBN 0-9638314-2-9; 1996) 20.00

(Proceedings of the International Tree-Ring Conference, Tucson, Arizona, 1994)

SUBSCRIPTION RATES VOLUME 44, Nrs 1-3, 2003 (subscriptions include free online access)

Institution 175.00
Individual 80.00
Lifetime Subscription—Institutional 2500.00
Lifetime Subscription—Individual 1000.00
BACK ISSUES (except conference proceedings and special issues) Single issue 40.00
VOLUMES 1-9 each volume 40.00
VOLUMES 10-21 each volume 65.00
VOLUMES 22-43 each volume 100.00
Radiocarbon Conference Proceedings 50.00
SPECIAL FULL-SET OFFER—Volumes 1-43 (1959-2002) 1200.00

Big savings. Includes bound copies of 35 out-of-print issues. Take $50.00 off for each additional set.

2002-03 POSTAGE & HANDLING Surface mail rates are listed here. Please con-
tact us for airmail or express delivery rates.

U.S. Foreign

Subscription - $10.00 Orders must be prepaid. We accept payments

- - by Visa and MasterCard, or by check or money

Single back issue $2.00 $7.00 order payable in US$ to Radiocarbon. Bank

Book or Proceedings $4.00 $13.00 funds transfers are also accepted. Please con-
tact us for instructions.

Full set $65.00 | $200.00 Federal tax ID 86-6004791

*Postage will be added; see above chart. Subscription rates and book prices are subject to change.



THE REVIEW OF

ARC.

1AOLOGY

The Review of Archaeology publishes reviews and commentary by distinguished scholars

covering a wide range of subjects with the aim of advancing our knowledge

of prehistory and stimulating discourse on its various aspects.

H.-G. BANDI (Palaeolithic Art; Arctic)
OFER BAR-YOSEF (Old World)
PETER BELLWOOD (SE Asia; Pacific)
AMILCARE BIETTI (Mediterranean)
JouN R. E BOWER (Africa)
JEFFREY P. BRAIN (Historical; SE U.S.)
WARWICK BRAY (Isthmus; S America)
Roy L. CARLSON (W Canada)
PAuL A. COLINVAUX (Palynology)
DENA E DINCAUZE (Northeast U.S.)
WILLIAM R. FARRAND (Geoarchaeology)
RICHARD I. FORD (Environ. Archaeology)
GAI PEI (N China)

JoserH H. GREENBERG (Hist. Linguistics)
R. DALE GUTHRIE (Palaeontology)
FEKRI A. HASSAN (N Africa)

CONTRIBUTING EDITORS

JoHN E HOFFECKER (Russia, Beringia)
ARTHUR J. JELINEK (Palaeolithic)
DaviD H. KELLEY (Mesoam.; Epigraphy)
MARY ELIZABETH KING (7Zextiles)
C.C. LAMBERG-KARLOVSKY (Central Asia)
STEVEN L. KUHN (Hunter-Gatherers)
YAROSLAV V. KUZMIN (Siberia; Geoarch.)
PAUL LANE (Africa)

SARAH MILLIKEN (W Europe)
MICHAEL E. MOSELEY (S America)
HANSJURGEN MULLER-BECK (W Europe)
MICHAEL J. O’BRIEN (Mississippi Valley)
STANLEY J. OLSEN (Zooarchaeology)
MEHMET OZDOGAN (Neolithic)

D. T. POTTS (Near East)

G. PHILIP RIGHTMIRE (Palaeoanthro.; Africa)

DEREK A. ROE (W Europe)

DANIEL H. SANDWEISS (S America)
DAVID SANGER (Northeast U.S.)
RALPH S. SOLECKI (Near East)
RoSE L. SOLECKI (Near East)
MATTHEW SPRIGGS (Pacific; SE Asia)
MARY STINER (Zooarchaeology)
JAMES B. STOLTMAN (Central U.S.)

R. E. TAYLOR (Archacometry)

PAUL TOLSTOY (Mesoamerica)
CHRISTY G. TURNER II (Physical Anthro.)
PAOLA VILLA (Palaeoanthropology)
MICHAEL WALKER (W Mediterranean)
FREDERICK H. WEST (Beringia)

J. PETER WHITE (Australia; Pacific)
W. RAYMOND WoOOD (Great Plains)
WILLIAM B. WORKMAN (NW N America)

Articles in the Fall 2002 issue (Volume 23, No. 2) include two invited reviews
in addition to those by Contributing Editors:
A. Bietti and A.M. Bietti-Sestieri on Prehistory of Sicily; W.R. Farrand on Geoarchaeology;
R.L. Lyman on Zooarchaeology; S. Milliken on Early Hominid Dispersals;
S. Schroeder on Mississipian Political Economy; P. Stahl on Revising Amazonian Prebistory;
and C.G. Turner Il on Human Skeletal Remains in the Southwest.

Subcriptions:

I year $25.00; 2 years $45.00; 3 years $60.00
For a descriptive brochure, subscription information, and a list of available back issues, please write to:

Dept. RC
Post Office Box 430

Williamstown, MA o1267 USA

www.reviewofarchaeology.com




RADIOCARBON The University of Arizona

Department of Geosciences

An International Journal of 4717 E. Fort Lowell Road

Cosmogenic Isotope Research Tucson, AZ 85712-1201 USA
A.J.T. Jull, Editor Tel: +1 520 881-0857
J. Warren Beck, Associate Editor Fax: +1 520 881-0554

George Burr, Associate Editor
E-mail: editor@radiocarbon.org
Kimberley T. Elliott, Managing Editor http://www.radiocarbon.org

May 14, 2003
ORDER OF MATERIALS

Radiocarbon Vol. 44, Nr. 3, 2002
PDF files sent on CD-R

Order of File name

appearance | (in .ps) File type & first author

1. 000_Spine-443 Spine

2. 001_Cover-front Front cover

3. 002 _i-ii “Contents” section

4. 003 _iii “Editorial Board” section [page iv blank]

5. 004 v “From the Editor” section [page vi blank]

6. 005 vii-viii Obituary: Glenn Goodfriend

7. 633-640 Article: Hogg

8. 641-651 Article: McCormac [page 652 blank]

9. 653-661 Article: Reimer [page 662 blank]

10. 663-674 Article: Jones

11. 675-683 Article: Beazley [page 684 blank]

12. 685-689 Article: Bella [page 690 blank]

13. 691-699 Article: Fitzpatrick [page 700 blank]

14. 701-708 Article: Owen

15. 709-716 Article: Panarello

16. 717-732 Article: Craddock

17. 733-738 Article: Lima

18. 739-754 Article: Manning

19. 755-760 Article: Pigati

20. 761 Radiocarbon Updates section [page 762 blank]

21. 763789 List of Laboratories [page 790 blank]

22. 791-793 Author index [page 794 blank]

23. 795-796 Subject index

24, Z-Adl1-IFA Ad: TFA. Start on right side page. (page 797)

25. Z-Ads2 Ads:
1) Geochron [on file at JCI from Vol. 44-2],
2) Catchword, 3) Radiocarbon ad rates, 4) Radiocarbon
back issues, 5) Radiocarbon price list

26. Z-Ad2-RevArch Ad: Review of Archaeology [inside back cover]




	azu_radiocarbon_v44_n3_cover_front_m.pdf
	azu_radiocarbon_v44_n3_i_ii_m.pdf
	azu_radiocarbon_v44_n3_v_m.pdf
	azu_radiocarbon_v44_n3_vii_viii_m.pdf
	azu_radiocarbon_v44_n3_editorial_board_m.pdf
	azu_radiocarbon_v44_n3_spine_443_m.pdf
	azu_radiocarbon_v44_n3_795_796_m.pdf
	azu_radiocarbon_v44_n3_633_640_m.pdf
	azu_radiocarbon_v44_n3_641_651_m.pdf
	azu_radiocarbon_v44_n3_653_661_m.pdf
	azu_radiocarbon_v44_n3_663_674_m.pdf
	azu_radiocarbon_v44_n3_675_683_m.pdf
	azu_radiocarbon_v44_n3_685_689_m.pdf
	azu_radiocarbon_v44_n3_691_699_m.pdf
	azu_radiocarbon_v44_n3_701_708_m.pdf
	azu_radiocarbon_v44_n3_709_716_m.pdf
	azu_radiocarbon_v44_n3_717_732_m.pdf
	azu_radiocarbon_v44_n3_733_738_m.pdf
	azu_radiocarbon_v44_n3_739_754_m.pdf
	azu_radiocarbon_v44_n3_755_760_m.pdf
	azu_radiocarbon_v44_n3_761_m.pdf
	azu_radiocarbon_v44_n3_763_789_m.pdf
	azu_radiocarbon_v44_n3_791_793_m.pdf
	azu_radiocarbon_v44_n3_z_ad1_ifa_m.pdf
	azu_radiocarbon_v44_n3_z_ad2_m.pdf
	azu_radiocarbon_v44_n3_z_ad2_revarch_m.pdf
	azu_radiocarbon_v44_n3_order_of_materials_m.pdf

