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AMS C DATING OF EQUIPMENT FROM THE ICEMAN AND OF SPRUCE LOGS
FROM THE PREHISTORIC SALT MINES OF HALLSTATT

Werner Rom ¢ Robin Golser « Walter Kutschera ¢ Alfred Priller » Peter Steier » Eva M Wild

Vienna Environmental Research Accelerator, Institut fiir Radiumforschung und Kernphysik, Universitit Wien,
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ABSTRACT. This paper summarizes radiocarbon measurements of mainly botanical samples from the Iceman (“Otzi”) and
from his discovery site, an Alpine glacier at the Austrian-Italian border. The results were obtained by accelerator mass spec-
trometry (AMS) at 3 different laboratories (Vienna, Austria; Uppsala, Sweden; Gif-sur-Yvette, France) between 1992 and
1997. All the dates, except 2, are consistent with the time period 33603100 BC, as previously determined from bone and tis-
sue samples from the Iceman himself. The 2 exceptional dates from wooden artifacts suggest that the site of the Iceman was
used as a mountain pass for millennia prior to and after the lifetime of “Otzi”.

For a 2nd sample complex, we studied logs from the beginning of salt mining in the world’s oldest salt mines at Hallstatt in
Upper Austria. “C AMS measurements were performed in Vienna on spruce samples found in the prehistoric mines and from
alog-house on the surface. Data evaluation included “wiggle matching” of different sets of tree rings. The results suggest that
salt mining in the Hallstatt region took place in the 14th—13th century BC, well before the so-called Hallstatt period.

We discuss in some detail the chemical pretreatment of the samples and the data evaluation. We also present a comprehensive
survey of 14C dates available in the literature concerning both botanical remains from the vicinity of the Iceman and from the
earliest salt mining in Hallstatt.

INTRODUCTION

Recently, 2 sample complexes of considerable archaeological significance to the early history of the
Central European region were radiocarbon dated at the Vienna Environmental Research Accelerator
(VERA).

Equipment from the Iceman

On 19 September 1991, a mummified corpse was discovered accidentally by tourists at the “Tisen-
joch”, a high Alpine mountain pass near the Italian-Austrian border (3120 m asl). The find was
quickly nicknamed “The Iceman” or “Otzi” (after the site location in the Otztal Alps) and received
widespread attention (see e.g. Coghlan 1992; Jaroff 1992; Bahn and Everett 1993; Roberts et al. 1993;
Barfield 1994). 14C accelerator mass spectrometry (AMS) measurements performed on bone and on
tissue samples (Bonani et al. 1992, 1994; Hedges et al. 1992; Prinoth-Fornwagner and Niklaus 1994)
proved that the Iceman is world’s oldest known intact mummy. Many pieces of the Iceman’s equip-
ment and other materials associated with his location were recovered in several post-excavations (Lip-
pert 1992; Spindler 1993; Bagolini et al. 1995), taking place shortly after and during the cleansing of
the mummy at the Romisch-Germanisches Zentralmuseum in Mainz, Germany (Egg 1992). How-
ever, only a very small fraction of these additional findings has been dated and published so far
(Bonani et al. 1994; Prinoth-Fornwagner and Niklaus 1994). Botanical details of findings in connec-
tion with the Iceman are discussed in Bortenschlager et al. (1992) and Oeggl (1995). Here, we sum-
marize the 14C dating measurements performed at 3 different AMS laboratories on a representative
fraction of these mainly botanical samples (see also Kutschera et al. 1998).

Spruce Logs from the Prehistoric Salt Mines of Hallstatt

The salt mines of Hallstatt, the oldest in the world (Barth 1993; Lippert 1985), are probably the most
important prehistoric industrial sites in Europe. They provided the basis for the enormous wealth of
this region at that time. They lasted through 3 prehistoric periods (the (Late) Bronze Age, the Early
Iron Age, and the period around 1 AD, respectively), which are topographically associated with the
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so-called Northern, Eastern and Western mining groups (Schauberger 1960; Lippert 1985). Each of
these groups had its distinct salt production technology (Urban 1989; Barth 1993). The importance
of salt for this region is reflected in the syllable “Hall”, which is derived from the ancient Greek
word for salt.

The saliferous underground strata quickly closed up after the abandonment of an mine adit (passage-
way), excellently preserving materials that usually are not durable (Beckel 1983). Due to modern
salt mining, documented since 1311 AD, many prehistoric shafts were destroyed. However, numer-
ous others were rediscovered, thus uncovering many objects made of leather and wood, as well as
fabric remnants. “C AMS measurements were performed on spruce logs from 3 different rediscov-
ered mines to determine when salt mining began in Hallstatt.

SAMPLE PREPARATION

We describe below the sample preparation procedures at the 3 AMS laboratories involved in the Ice-
man measurements.

Vienna, Austria

First, the samples were cleaned mechanically by removing adherent particles with a scalpel and
cleansing with bidistilled water in an ultrasonic bath. Next, the AAA (acid-alkali-acid) method was
applied to the Iceman and Hallstatt samples (see e.g. Bonani et al. 1994; Wild et al. 1998). All the
samples except 2 were successively treated with 1 M HC1, 0.1 M NaOH and 1 M HCI. Each pretreat-
ment step was performed for 1 h at 60 °C; between each step, and at the end, the samples were
washed to neutral pH with bidistilled water. Our standard AAA method described above was slightly
modified for 2 Iceman samples to avoid dissolution of the sample material. VERA-0056, a hair sam-
ple from an ibex (wild goat; see Table 1), was kept at room temperature during the alkaline step, and
for VERA-0054 (leather, see Table 1), 0.01 M NaOH instead of 0.1 M NaOH was used and the
entire AAA method was performed at room temperature. The blanks (specular graphite containing
no ¥C) and the IAEA standard materials C-3 cellulose and C-5 wood were also subjected to our
standard procedure. The IAEA standard material C-6 sucrose was not pretreated.

After chemical pretreatment, the samples, standards and blanks (usually about 10 mg), together with
some Ag wire, were put into a quartz vial containing 1 g Cu(I)O rodlets. The evacuated and flame-
torch sealed vials were heated in an oven at 900 °C for 4 h. Following the method of Vogel et al. (1984)
the resulting CO, was transferred to a graphitization system where the CO, was catalytically reduced
with high-purity H, to elemental carbon on an iron powder catalyst (< 200 mesh) according to:

(Fe, 580 °C)
CO, + 2H, — C + 2H,0 (1)

The carbon-catalyst mixture of each sample was split up into 3 or 4 portions containing about 1 mg
of carbon. They were pressed into Al target holders (drill holes 1.1 mm in diameter) with a recess of
0.5 mm. Two or 3 of them (i.e., duplicates or triplicates of the same sample) were used for the AMS
measurements; the remaining targets were stored in an archive.

Uppsala, Sweden

Samples were cleaned mechanically first, removing visible particles, etc. Next, an AA (acid-alkali)
method was applied: 1) 1% HCI for 6-8 h kept below the boiling point, 2) washing in distilled water,
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3) 1% NaOH for 6-8 h kept below the boiling point, and 4) washing in distilled water. The remaining
insoluble fraction was combusted with Cu(II)O at 800 °C for 10 min and graphitized using Fe and H,
at 750 °C. Each of the 2 grass samples (Ua-2373 and Ua-2374) was pretreated uniformly, but 2 inde-
pendent combustions and graphitizations for each sample were done (G Possnert, personal communi-
cation 1992).

Gif-sur-Yvette, France

All samples were divided into 2 or 3 subsamples, to which 2 different pretreatment procedures were
applied: 1) an AAA method similar to the one applied in Vienna, and 2) a cellulose extraction method
for the wood samples replacing the last acid step in step 1) by bleaching in NaClO, at 80 °C. Each
subsample was also combusted and graphitized separately using Fe as a catalyst. The carbon-catalyst
mixture yielded 2 or 3 targets with 1 mm diameter (M Arnold, personal communication 1998).

14C AMS measurements

In this paper, only the measurements performed at the VERA 3 MV Pelletron® accelerator (Kut-
schera et al. 1997; Priller et al. 1997) in Vienna are described in detail. Datings of the 2 grass sam-
ples Ua-2373 and Ua-2374 (previously published in Prinoth-Fornwagner and Niklaus 1994, but
given here in much more detail in Table 1) were performed at the 7 MV EN tandem accelerator in
Uppsala, Sweden (Possnert 1984). Another grass sample, 1 tree leaf sample and 6 wooden samples
from the vicinity of the Iceman (see the GifA laboratory numbers in Table 1) were measured at the
3 MV Tandetron® accelerator in Gif-sur-Yvette (Arnold et al. 1987).

The datings at VERA comprised all the other Iceman samples specified in Table 1 as well as the
wooden samples from Hallstatt shown in Table 2a. Samples were loaded into the 40-position target
wheel of the Multi-Cathode SNICS sputter source (each position contains one target). 1*C/12C and
14C/12C ratios were obtained by using the 3+ charge state at 2.7 MV terminal voltage. For details of
the machine performance see Priller et al. (1997) and Rom et al. (1998).

The sample loading contained 9 samples from the Iceman (6 triplicates and 3 duplicates), 3 different
IAEA standard materials (C-6 sucrose triplicates, C-5 wood duplicates, and C-3 cellulose tripli-
cates) warranting a high level of quality control, 3 machine blank targets, i.e. “dead” graphite con-
taining no 4C, and a chemistry blank duplicate, i.e. a machine blank pretreated and processed in the
same way as the samples. The Hallstatt sample loading contained 10 samples (8 triplicates and 2
duplicates), C-6 sucrose and C-3 cellulose triplicates, 2 machine blanks and a chemistry blank qua-
druplicate. Each target was measured for 200 sec, 8 times. Two of the samples (VERA-0040 and
VERA-0041) were measured in 2 consecutive target wheels. The upper limit for the error on count-
ing statistics was about 0.5% for every target except blanks.

As a quality control of the chemistry processing and the machine setup in all the regular C dating
measurements performed so far at VERA, a C-6 Sucrose standard has been compared to a C-3 Cel-
lulose standard measured in the same target wheel (see Figure 4). The corresponding chemistry
blanks provide the absolute 4C dating limit 7,,,, for each laboratory. This limit is connected to the
scatter of the blank ApMCy,, given in percent modern carbon (pMC, see Stuiver and Polach
[1977]) via

(€))

m

2 ApMC
T,.. = -80331n (—u—")

100

(Compare with Mook and Streurmann [1983] or Donahue [1990a].)



W Rom et al.

186

*004¢ 0) PAJRNSI IO,
$oSURI 90USPLUOD %' G6 tAIND UOTIRIGI[ED 86 TVILNI W
yorym “apdures ayj jo so[dwresqns ¢ I0f S)WI] SOUIPYUOD %56 SuipuodsaLiod ‘san[eA-;

-(a8ue1 0 7) $66°0 £q Sutk[dnmuw £q paureiqo st Aiqeqoxd ainjosqe YL, -a8uer own aanadsar ot ut 93e onn oy Surpuy Jo Aiqeqoid AN, (O T)
pue suondo walsAs Jnejap yum g1°¢a [EDX0 £q uoneiqie)), ‘paznydeis pue pajeanaid L[[edrwayd Apuopuadoput arom
Xq “uounesnaid TOIDEN + HedN[e-pIoe = 3s0[n[[a)) ‘PIoe-I[EY[e-ploe = VVV ‘TEN[B-PIO = VVe

1oAamb  (saprouvpyd 430Y) [9Ss9A ToquId
001 0062-0SS€ — a8C— OLFOvSy VVV 8000  ouAquesupunog 301 o[dejy AemioN oy} woIj SIARYT  LYOE6-VHD  8¢/16°H
00'1 070€—0S€E  66'S/89°C 0E— OF F08vY aderone
2 T€~ OLF0Thy 9soIni3D TLEV6-VID
287~ 0S FOVSy 9sonieD pus uayolq  (pupjaap snjki0)) Jowued  940£6-VIID
27¢— OLF0ehv VVV 170 oW woxysaurds [°ZeH oy) woxy pooyy  SYOE6-VHD  LE/16°]
100 0267—086C
960 010€-0S€E  66'S/ 90 87— OV 09y o3eione
o LT— OLFO0Sty °so[nlx) youeq panrds TLEV6-VID
2ST— OLF00Sy 9so[nie) 33 Jo sapls Iouut (v10290q snxvL) yeys-oxe  $H0e6-VID
ale— 09 F0vvy vvvV 00 Y3 woly poom MK ay) woly poopy  €F0E6-VID  9¢/16°€
97°0 001€-0¥T¢E
8¢°0 01€€06¢€E
LEO 0I¥E—0TSE  66'S/ES°E 97— OF ¥ S6Sv o3eroAe
2€C— 08 F0£Sy °sonid) 0LEVO6-VID
oLT— OLF00LY 9soInii2D pus usyoiq (p1w20Dq snxvf) M0q  1Y0E6-VIO
2 LT— OLFOVSY VYV €10 opwoyurds LN oY) woly pooM  OY0E6-VID  S¢/16°€
86'0 0S£€-0TS¢e
200 009€-0C29¢  66'S/0V'V 0e— OF ¥ S¥ov ogeroe
o LT— 06F08vYy 9so[nfl3) wals jozey 69¢¥6-VID
2CE— 09 F0L9Y 2soInieD o jopusuayolq  (puvjjaav smpdio)) Joued  6£0£6-VIO
27¢— OLFO0ILY vvv 900 9} w01y poom [°ZeH oY) woly pOOM\  8E0E6-VID  ve/167€
00'1 006C0SSE  66'S/S0°6 97— OLFO0bsSy oeraAe
26I— 08 F00Sy 9so[n[aD wa)s [o7ey 3y} 89¢Y6-VIT
206~ 09 F089% 2so[ni[3) Jopusuayoiqayy  (pupjjaap snjkio)) uued  9¢0g6-VIID
20€— 09 F0ehy VvV 600 woly poompieH 19ZeH oY) woyy pooM,  SE0E6 VD  €¢/16°]
1o 001€-022¢
680 0T€€0TSE  66'S/T8Y 97— 0¥ ¥ S09% ogerone
oI¢— 08F09%y 9somix) L9EY6-VID
oLT— 09 F 079y 9so[nf3) yoou  (pupjjaap snjki0)) pAmb  pE0E6-VIID
67— 0L F 069V VYVV  $00 oy josued 1ouu] [°ZeH oyy jo Sutuayns  €€0€6-VID  TE/16°€d
©91/16-94
€60 0£0£—08EE adeo (av22v0d) ‘ou 0} oydures
L0°0 0€£¥€-00S€ - oCC— 09 F 0SSy VVV 600  dUj WOl sasseln sassel [ofered ‘soABdT  €IVI6-VHD  991/16°4
paduer A0d 1K) 1(%56) (%) (49 1K) Juou ) uoneZI[ed0] saroadg uonesyIdeds Iu qe] 1u putj
a8e jo soduerafe 191X/ X Da@ 988Dy -eonard  JySrom pareeg esrog
uonoery pawIqie) oY)y  AIg -0deyary
Juowidinbo s, uewao] oy woiy uaye) sajdwres 10§ synsar Junep Dy JO Arewwing | 9[qeL



187

Dating Equipment from the Iceman

"PAINSEIW JOU ‘PABWINS D¢ Q- "(93UeI 0-7) $56°0 Pim Suk[dninur £q paureiqo st Ayiqeqord ynjosqe oy 1, “a8ue sum Anvadsal sy ut a5e ann oy Jurpuy Jo A1iqeqoid sAne[RY,
"BuneiqIes 210§3q (L6 YORIOJ PUB IAIMS) 0) SUIPIOdSE Papunol A1am sage D), USAIL) "USALS dIe (O7) SOSURI 0USPUOD %" G6 YL “9AIND UOHRIQIEd TYILNI oY) pue suondo
wWolSAS J[NEJIp Yim 81 TA [EDXO Aq uoneiqieD), ojdures pazniyders pue payeanaid Aquiojiun e jo sya8re) [e1oass o ‘ofdures pajeanord A[uiojrun A[[eoTwayd ouwres oy Jo suon
~ezniydeid yuspuadopul oM} (; 10§ SHWI] IOUSPIUOD 9,66 Surpuodsarios pue sanjea-,X, Jusuneanald COIDEN + I[eY[e-PIOE = ISO[N[[)) ‘PIoe-I[EN[e-PIE = VYV ‘I[eN[e-PIo¢ = V'V,

QU-}501 WIAYINOS

00T OVSY—08LF @66'S/TSS STF0IT— OvF0T8S VvV 700 ayi uo puno  (ds snurd) suig POOM  CS00-VIHA °67/6
8L0  OLEEOVSE A3 24Dnupxs
0 09Se0V9¢ @¥8E/620 9TFO0ET- OVFO00LY VVV 800 2y woljuswipag wnyorudjod SISO SS00-VIHA €87/T6
Ajn3 (x2q1 vadp))
00’1  060€09€E @66S/EI0 LTIFTTI— O0EFOISY VVV 60  Syiwoyjuswipag Xaq1 IreH  9S00-VIdA £80/C6
QU-)}O01 UISYINOS
ayyjoueduro  (s1praa snupy) [eLjew
00’1 0I+—008 @m66'S/SL0  8TF6VI— OV F00ST VVV  $0°0  -IS9m 3y) Ul punog 19pIY u2a1p Suipurq ‘poopy  8700-VIHA SLTIT6
Surysem opdures
00T  0T0E-0SEE @66'S/LSO VIFIT— OvFO08yy VVV  L00  Suump paoAoday - oyes]  $S00-VIdA 181/26
[suueyo 19} 8¢/16-94 "ou
-BMJ[OW ) WOl (saprouvipyd 0y o1dures [ajered
700  0V0E—090€ Surysem opdures 420Y) 991], ‘[osSaA JaquId
860 060€09¢€ @¥8E/II'0 STFTLI- OVFOISY VVV 900  3uunp pamaodsy  odejy AemION Oy WOY SOARYT  6400-VUHA 6€1/16
[ouueyd 19}
-eMI[oU JY) WO}
680  09€E—0PSE Surysem opdures [9SS9A IoqUID Y}
ST'0  08S€0£9¢ @¥8€/800 61F0€CT— OFF069% VVV  LT0  Suump paraoosy sIojruo) woy [eodreyn  £600-VIHA 6£1/16
Surysem opdures (vupjjaav -))
00T  00I€—09€€ @66'S/LI0 TIFTLI- O0€F0ISH VVV 900  Sulnp paroaoday [9ZeH POOM  [S00-VIHA 96/16
se/16-9
‘ou 0} 9[dues
Surysem ofdwres  (pypoopq snxvy) [o[rered ‘moq
00'T  060¢—0SE€E @¥8E/100 TIF6¥C— 0fF00SH vvv  — SuLInp paioA0day MIX 9y woly pooM  0S00-VIHA  Se/16-9
00'T  089¢—0See a¥8¢€/08°¢ 001 * evey
oS~ SL*0Svv adeo (av22v0y)
Sye- 0L ¥ 0S¢ty vV  L0OO oY) woly sasseln sasselD SaABY] vLET RN ®I1/16-9
00'T 00I€-0S9¢ ¥8'¢€/T00 ISFCI9Y Q0ys

ST~ 0L ¥ S09% ya[ s1y jo Sury (ap2000)

09— SL¥079% Vv €10 9y} woiy sasseln SosseID SoABY] €LET-®N) ¢/16-4
prBuer  ,(Og 1K) o(%56) %) (dd 14) Juow  (3) uonezi[eso| soroadg uoneoyadg luge]  Iupuy
ofejo saBuerole 1591 X/ X DerQ e D, -jeonord  jySrom pafrelaq [es1301

uonoel] paeIqIe) eotwoy)  A1Qg -09eyoIy
(panuyuo)) yudwdinbs s, uewras] oYy woiy udye) sajdwres 10§ synsa1 Sunep Dy, Jo Arewwing | JQEL



“(a8ue1 0-7) $S6°0 ynm Suikidninw £q paureiqo st Ayjiqeqoid synjosqe ayJ, -aSuel awmn 9ansedsar oy ut a5 ann oy Surpuy Jo Anpiqeqoid sAneray,
‘UoAIS aIe (O7) S93URI 90UIPYUOD %}’ G6 YL "SAIND UOHRIqIEd 86 TVI.LNI U1 pue suondo walsAs ynejap yiim §1-za [2DXQ Aq uoneiqie),
‘apdwes paznryde1d pue pajeonaid AjuLiojiun e Jo s1981) [RISAIS () (S[99YM 19518)
JuaIaJyIp ojur pajunour sfdures pareanaid AJuLojun A[[eorwayd Swes 9y} Jo s1051e) JO SIUSWAINSEIW JUapuadapur oM} (; I0J SIWI] DUSPPUO 9,66 Surpuodsariod pue sanfea-;Xq
‘(proe-1[exe-proe) jusuneanaid yyy paAredal sojdures [y,

W Rom et al.

188

00'1 0101-0611 (9€£00-VIIA PUE 8€00-VIHA WP 9# Fo]  Suryorew 9[331m,, 19158) 9¢00-VYIA
(08-0L) s3uu (06" IN:D
001 0v6—06C1 @66S/€00 €TFEVY— 0S+0C6C T690 oonud§  wio)seq  SUIW YISnY,  ISOULIOINO ‘9 30T €0/L661 WEIS[BH  9£00-VIHA
(S¥—9¢) s3uu ae (06 IN:D)
00'1 0001061 @66'S/1L0 Vv IF¥ET— Ov+0¥6T 9S1°0 oomudg  wiejsey  QUIW YOST,  -IPAULIOUI ‘9 0T $0/L661 WEIS[EH  LE00-VAHA
(8-1) s3un (06IN4)
001 0201-06C1 @66S/680 T'IFv¥l— SEFSP6C 9ST0 oomidg  wielsey  QuIwI yosn,  jsouuauul ‘g# 07T  GO/L661 WeIsleH  8€00-VIHA
001 OLTT-0LEL (Y€£00-VIHA PUB SE00-VIHAA WM G# Fof  Suryorew 9[331m,, 1015e) $£00-VIHA
(05-T1¢) s3un (DTv8Y)
00'1 0ETT0IYl @w66'S/€6TC €1+TTC— SYF0¥0E O¥VI0 sonidg  uroyuoN Surw poddy  Isoundino ‘G# 307 10/L661 WeISIEH  $€00-VIHA
€00 0ETT-OVI1 (01-1) s3uut (OTY8Y)
L6'0 091T-01¥I @66 S/LY0 TIF6ET- OFFSL0e ILEO sonudg  uwroypoN oumw poddy  jsounsauul ‘G4 30T ZO/L661 WEISIEH  SE00-VYHA
(08-1.) s3uu (OS6L89)
00'1 0611-0€Pl  @66'S/L8T LOFETT- OVF0L0E SE00 onudg — asnoy 3077 ISOULIAINO ‘p# F0T  OI/L66T WeISIEH  £400-VIIA
(9.-89) s3uu (L8888)
001 0TIT-00Vl @v8€/LTO S TF80CT- SP+0C0e CILO 9onid§  WISUMON  SUIW JSUMUD  ISOWLANO ‘g4 30T 90/L661 WEISIEH  6£00-VIHA
200 0ETI-0O¥I1 (6v—0p) sSuu (aceeeL)
860 09110171 @¥8€E/I¥'0 60 F60C— OV+0v0e <COI0 SonidS  UIRYUON  AUIW ISUMIOD  JSOULINO ‘T# 30T 60/L661 WeISIBH  TY00-VHHA
100 0€TT-0VI 1
660 0911-0€vl o ¥8€/8ST SO0+99C— Sv+090¢€
LOFV'8C— 09 +0L6T (01-1) s3uut (16€LL)
80F 8V~ SEF+080c €810 oonud§  WISYUON  SUIW ISURID  ISOULIAUUT ‘[4# 50T 80/L661 WEISIEH  1+00-VIHA
00'1 0Ev1-029T ¥8'€/ €90 SOFL6I— SEF09CE

80F¥0C— 09 +0CCe (99-8¢) s3uu (16€LL)

LOFO06l- SeF+SLCe  1L00 SonidS  UISYMON  SUIW JOUMMD)  ISOUIINO ‘[# F0T  LO/L661 VeISIEH  0¥00-VIHA
paduer A(D4d 14) 1(%56) (0%) (dg 1K) ®) saroadg (dno13 Mg uonedUIPI (1u K10)U9AUT) Iu qe]
o3¢ Jo sofuerofe 159X /X D61 a8e D,  1ySom Sururur) -oIpus(  Iu UONBOIIUIPI

uonoeL]  pareIqIe) uoneso| [es1Soj09eyoIy

JIRIS[[BH JO saurui i[es ay3 ur sSo[ woiy uaye) sojdures 10§ s3nsal D, JO Arewrwing ‘ez 9[qeL



Dating Equipment from the Iceman 189

DATA EVALUATION AND CALIBRATION

Although AMS measurements were performed at 3 different AMS laboratories, only the data eval-
uation at VERA shall be discussed in detail (see also Kutschera et al. (1997); Priller et al. (1997);
Rom et al. (1998)).

First, for each target j, the mean values of the 13C/12C (R13)) and '*C/'2C (R14)) ratios, respectively,
and the corresponding standard deviations of the mean (S13;, S14;) were computed:

m m
1 , 1
RI3; = r; Z 13; 3 R14; n_1 Z (3a, 3b)
2
2 2
Y (RI3;,~RI3) Y (RI4,,-R14)
S13; = k=1 ; SI4, = k=t , (4a, 4b)
! mj(mj“]) ! mj(mj—])

where R13; denotes the '3C/!2C ratio of the k™ measurement on the j*" target, R14;  the correspond-
ing 4C/!2C ratio, m; is the number of measurements performed at target j, S13; stands for the stan-
dard deviation of R13;, S14; for the standard deviation of R14;.

The error for each target originating in counting statistics only can be written as

m,

J

S (Sstat; )’

- ) RI4,
Sstat, = k=L with Sstat,, = |—2bFk (4c)
J m ik 12,3+
j Cj,k

where Sstat;; denotes the counting statistical error of the *C/!2C ratio of the k' measurement on the
ji target, 12C3*;  is the corresponding number of '2C3* jons.

In the next step, for all targets containing the same sample material, the weighted mean R of the 13C/
12C (R;3) and the '“C/'12C (R,,) ratios, respectively, and the corresponding internal and the external
errors (Sint and Sext) are computed. When calculating these weighted means, for the 13C/12C ratios
S;jin (5) is replaced by S13;, in the case of 1“C/!2C ratios S; is replaced by the larger of the two errors
S14; and Sstat;. n is the number of targets containing the same target material.

R=1=1L )

R.— R)? 2
ZI(S P Z,(S)2
J= = /L2 Sint (6a, 6b)

(n—-1)
(n—])z(s)z

j=1
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For the 8!3C corrections we use the following definitions

RI13,,—RI3ppp
RI3ppp

sample — RI3PDB

13
e RI3ppp

sample =

(R13

)1000%0; 8°c,,, = ( )1000%0 (7a, Tb)

where the subscript PDB denotes the PDB standard and std the standard material (usually C-3 cel-
lulose) to which our measurements are referenced. The 8!3C,,, is the recommended IAEA value of
this particular standard material.

Eliminating R13ppp results in

RI3

8¢ = ”'”P’e(z + 5%“") — 11000 %o 8)
sample R13std 1000 .

The corresponding error is obtained by using Gauss’s equation for propagation of errors considering
correlations.

Finally, the 14C3+/12C3+ ratios of the samples, standards and blanks are normalized to 8'3C = —25%o
(Stuiver and Polach 1977) by the quadratic form of the fractionation correction (see Stuiver and
Robinson 1974)

27
1000
RI4_,5 ., = RI4, —s6c | 9)
1+ =
1000
where the subscript x holds for sample, std or blank.
The following background correction was used:
(R]4sam le,~25 — R14blank —25)
pMCsam , = pMClredcommended ple, s ) (10)
pl ! (R145,, 25— RI14y0nk _25)

pMCregommended jg the pMC value recommended by the IAEA for the particular standard material.
The corresponding error again is obtained by using Gauss’s equation for propagation of errors con-
sidering correlations.

This correction is valid for the following assumptions: a) the carbon masses of the sample, the stan-
dard and the blank material are all the same, and the contamination is equal for all those materials (in
mass and in isotopic composition), or the carbon masses for all these materials may be different, but
the contamination is strictly proportional to the mass; b) the portion of extraneous modern carbon, i.e.
carbon with an 1“C/12C ratio of about 1.2 10712 or 100 pMC, introduced as contamination is small
compared to the sample, to the standard and to the blank size. This contaminating carbon is known to
be in the range of a few g (Vogel et al. 1987; Donahue et al. 1990b), compared to a few mg target
size. From the data shown in Figure 4c it can be deduced that for samples at the 5-mg level, typically
processed at VERA, the corresponding contamination amounts to about 15 pg modern carbon.
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It is interesting to note that equation (6b) can be rearranged as
.y

2
L (R-R)? = B 4y, 1
,E(sj)z( ’ sinp " v

Assuming that the R; are independent, normally distributed random variables with mean value R and
standard deviations S, the sum on the left side is x2-distributed with (n—1) degrees of freedom (see
e.g. Martin 1971; Ward and Wilson 1978). Therefore, one can use this sum in a y2-test for checking
the hypothesis Hy that the data R; stem from the same normally distributed parent population with
mean value R vs. the alternative hypothesis H;. The R; all can have different standard deviations S;
reflecting different levels of precision in measuring the data. If the limit for a given confidence level
(usually 95%) is exceeded by the sum in (11), H, is preferred to Hy. One should keep in mind that 14C
ages are in principle not normally distributed (like the pMC values), but if the ages to be averaged do
not differ too much the y2-test can be applied directly to the BP values (see Ward and Wilson 1978).

Tables 1 and 2a show the results for all measurements of the Iceman and the Hallstatt samples. Table
2b gives a comprehensive summary of already published dates from the beginning of salt mining in
Hallstatt. Conversion of all the 4C ages to calendar ages given in this paper and also the “wiggle
matching” of the spruce log samples from Hallstatt have been performed via the calibration program
OxCal v2.18 (Ramsey 1995a, 1995b) using the default system options (cubic smoothing of the cal-
ibration curve, rounding off of the calibrated age ranges, etc.) and the INTCAL98 !4C calibration
curve (Stuiver et al. 1998). 14C ages were rounded off according to Stuiver and Polach (1977) before
calibrating. The so-called “wiggle matching” (referring to “wiggles” in the calibration curve, which
originate in the varying !“C content of the atmosphere) is a useful procedure in combining dates
from several pieces of wood stemming from the same log. Since the difference in calendar age
between this pieces is known via the tree-ring sequence, this additional information can be used to
obtain more accurate dates (Ramsey 1995b).

Table 2b. Summary of already published !“C results for samples taken from the oldest parts of the
salt mines of Hallstatt

Location Calibrated  Fraction
(mining  Specific 14C age age ranges  of age
Lab nr Site group) description (yr BP) Reference (yr BC)? range®
GIN-19975  Griiner mine Northern — 3077 £ 13 Barth (1993-94) 1410-1260 1.00
GIN-6047  Griiner mine Northern — 295035 Barth (1974) 1300-1020 1.00
VRI-345 Griiner mine Northern Pick handle 2810 £ 90 Barth (1974) 1260-1240 0.01
1220-800  0.99
GrN-19842  Griiner mine Northern — 2880 + 35 Barth (1993-94) 1210-920 1.00
VRI-267 Flechner mine Northern  Fire-sticks 2920+ 100  Felber (1973) 1400-800  1.00
GIN-19840 Tusch mine Eastern — 2980 = 50 Barth (1993-94) 1380-1020 1.00
GrN-19973 Tusch mine Eastern — 2966 + 16 Barth (1993-94) 1260-1120 1.00
VRI-558¢ Kaiser-Josef-adit Eastern Twigs 2990+ 100  Felber (1973) 1450-900 1.00
(Kilb mined)
VRI-258 Kaiser-Josef- Eastern ~ Wooden frag- 2810+ 90 Felber (1973) 1260-1240 0.01
Querschlag I ment of a tool 1220-800 0.99

2Calibration by OxCal v2.18 with default system options. The 95.4% confidence ranges (2 ©) are given. Given !4C ages
were rounded according to (Stuiver and Polach 1977) before calibrating.

PRelative probability of finding the true age in the respective time range. The absolute probability is obtained by multiplying
with 0.954 (2-c range).

“Marked as unexpectedly high in (Felber 1973) and discarded as a statistical outlier in (Barth 1993—-1994).

dSee Barth (1993-1994).
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All except 1 of the averaged '4C ages shown in Table 1 are weighted averages. The corresponding
errors for the Gif-sur-Yvette samples are internal errors, only if the 95% confidence limit of the
above-mentioned x2-test is exceeded the unweighted mean and the corresponding standard devia-
tion is given (see archaeological find number B-91/33 in Table 1). The averaged !4C ages of the
samples measured at Vienna and also of those measured at Uppsala were determined as described
above using the larger of the internal and external errors.

' ' 'E A ' ' "| AMS 1ab and sample material
! Uppsala:
B-91/3 |- !l*l# -1 Leaves, Grasses (Poaceae)
B-91/16a | - < Leaves, Grasses (Poaceae)®
Gif-sur-Yvette:

5 B-o1i6b | by -] Leaves, Grasses (Poaceae)')
= B-91/32 |- s < Sstiffening of the quiver, Hazel (Corylus avellana)
£ B-91/33 |- - Wood from the pannier, Hazel (Corylus avellana)
g B-91/34 |- L <4 Wood from the pannier, Hazel (Corylus avellana)

B-91/35 |- s - Wood from the bow, Yew (Taxus baccata)
'E B-91/36 |- = - Wood from the axe-shaft, Yew (Taxus baccata)
= B-91/37 |- ke < Wood from the pannier, Hazel (Corylus avellana)
= B-91/38 |- t - Leaves from the ember vessel,
R3] : Norway Maple Tree (Acer platanoides)
1) [ -
° | Vienna:
=) B-91/35 |- H - Wood from the bow, Yew (Taxus baccata)
& 91/96 |- - - Wood, Hazel (Corylus avellana)
= 91/139 |- u - Charcoal from the ember vessel, Conifers
2 91/139 |- < Leaves from the ember vessel,
< I Norway Maple Tree (Acer platanoides)

92/181 | = 4 Leather

92/275 - I e - Wood, binding material, Green Alder (Alnus viridis)

92/283 |- - - Hairs, Ibes (Capra ibex)

92/283 |- - - Mosses (Polytrichum sexangulare)

92/292 - == . -1 Wood, Pine (Pinus sp.)

et vty yy | Pparaliel samples

5000 4000 3000 2000 1000 O
Calendar age (years BC)

Figure 1 The “Iceman” samples. Horizontal bars indicate 95.4% confidence ranges (20), the dashed vertical lines
show the 2-6 range obtained from tissue and from bone samples measured at the AMS laboratories of Zurich, Swit-
zerland and of Oxford, England (see text).

THE ICEMAN

Table 1 and Figure 1 show the results of the Iceman samples that originate from 2 excavations in the
vicinity of “Otzi” in 1991 and 1992 (Lippert 1992; Bagolini et al. 1995). The grass samples were
taken at the Institute for Forensic Medicine at the University of Innsbruck 1 week after the salvage of
the Iceman; all the other samples were taken at the Romisch-Germanisches Zentralmuseum in Mainz
in 1991 and 1997. The samples consist mainly of wooden material, but also mosses and leather were
dated. The bulk of these samples confirms the time period of 3360-3100 BC previously determined
from bone and tissue specimens from the Iceman (Bonani et al. 1992, 1994; Hedges et al. 1992;
Prinoth-Fornwagner and Niklaus 1994)!. However, for 2 wooden samples, clearly deviating dates
were found: 790-410 BC (VERA-0048) and 4790-4550 BC (VERA-0052). These samples provide
evidence that the site of the Iceman was used as a mountain pass 1500 yr earlier, i.e. at the transition
of the Mesolithic to the Neolithic period, confirming an archaeological presumption expressed earlier
(Bagolini et al. 1995), and 2000 yr later, i.e. in the Hallstatt period (Figure 1, Table 1). Especially
interesting is the younger sample, showing clear working traces (K Oeggl, personal communication
1998). It is the first artifact from the Iron age found in this Alpine region (Kutschera et al. 1998).
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AR RARA S RALRE RAR AL R RS RAREE RAREE REREE B

Dendro-identification Lab number
) (?)
log #1, outermost rings (58-66) |- e—————— -1 VERA-0040
log #1, innermost rings (1-10) = ——— - | Griiner| - VERA-0041
log #2, outermost rings (40-49) |- = | _mine - VERA-0042
log #3, outermost rings (68-76) |- ———— - VERA-0039
log #4, outermost rings (71-80) |- —— - VERA-0043
log #5, innermost rings (1-10) - - - VERA-0035
: Appold
log #5, outermost rings (41-50) |- . ——— -] VERA-0034
. mine
log #5, "wiggle matched" - <. -
log #6, innermost rings (1-8) - —— -1 VERA-0038
log #6, intermediate rings (36-45) |- Tusch | =————— - VERA-0037
log #6, outermost rings (70-80) |- MINE | comm— - \IERA-0036
log #6, "wiggle matched" = L. E
ITETY IR FUTRE FRETE FRETY FUTEY FUTYY FreTe i

1700 1600 1500 1400 1300 1200 1100 1000 900
Calendar age (years BC)

Figure 2 Hallstatt samples from the earliest salt mining period. The measured samples originate
from different salt mines (Griiner, Appold, Tusch) at Hallstatt, and from a log cabin found nearby. 2-
© ranges of single calibrated '4C dates from tree-ring samples averaging about 10 consecutive years
are shown. The somewhat reduced time ranges (1-6 and 2-6 ranges given) were obtained by “wiggle
matching” of these dates for log #5 and #6, respectively, using the calibration program OxCal v2.18
(Ramsey 1995b). They represent the calibrated ages for the respective outermost tree rings being
closest to the event to be dated. For log #1 no “wiggle matching” was performed (see text).

The first dates on botanical remains were published in Egg and Spindler (1992). However, informa-
tion on these findings (e.g. botanical specification) is incomplete. Also, no reference to the calibra-
tion curve used and the calibration procedure is given. 1*C ages are not given either. This makes it dif-
ficult to include these dates in a general comparison. Nevertheless, for completeness, we list these
results here: Uppsala/S 3053-2931 BC (1 6) corresponds to Ua-2374 (G Possnert, personal commu-
nication 1992) (see Table 1), Paris/F 3365-3106 BC (1 0) is likely to be GifA-91413 (Table 1), Cam-
bridge/Mass. USA 3362-3136 BC (1 ©), 3492-3049 BC (2 ©) presumably is GX-18504-AMS (see
Prinoth-Fornwagner and Niklaus 1994 and below).

Sample GifA-91402 published in Prinoth-Fornwagner and Niklaus (1994) should be discarded,
since according to M Arnold (personal communication 1995) the sample burnt was very small and

the contamination was certainly larger than normal. A re-calibration of 2 further grass samples,
ETH-8345.3 (4535 + 60 BP, 8!3C = (-25.4 + 0.9)%o0, 1.5 mg sample size, AAA pretreatment)

A combined calibration of the weighted means for tissue (4523 + 27 BP) and bone samples (4576 + 27 BP) determined at
the AMS laboratories of Zurich and Oxford was performed using a time shift of 20 yr for the mean carbon turnover time in
bone collagen (see Bonani et al. 1992; Hedges et al. 1992). Calibration yields time ranges of 3350-3320 BC (0.72), 3190-
3170 BC (0.12), 3140-3120 BC (0.17) for the 68.2% confidence interval, and 3360-3310 BC (0.63), 3200-3100 BC (0.37)
for the 95.4% confidence interval; the numbers in brackets denote the relative probability of finding the true age in the
respective time range.
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(Bonani et al. 1994) and GX-18504-AMS (4555 + 48 BP, 8!*C = —25.5%o) (Prinoth-Fornwagner and
Niklaus 1994), yields 3500-3460 BC (0.03), 3380-3020 BC (0.97) and 3500-3460 BC (0.06),
3380-3090 BC (0.94) for the 95.4% confidence intervals; the numbers in brackets following cali-
brated age ranges denote the relative probability of finding the true age in the respective time range.

1 1 1 v 1 1 1 1 T Lab number

VERA-0041
GrN-19975
VERA-0042
VERA-0039
GrN-6047
VRI-345
GrN-19842

e =

Griiner mine

s

- R e [og-cabin -1 VERA-0043

o e~ == il -1 VERA-0034
Ap p old mine (after "wiggle matching")

- J— e ——— - e A 1R R

L B — . 4 GiN-19840
= S Tusch mine - GIN-19973
R ... - VERA-0036

(after "wiggle matching")

A CTET=T 20 [ X-1] Cuum——— - 4 VRI-258

Querschlag |

1 1 1 1 1 1 1
1400 1300 1200 1100 1000 900 800 700 600

Calendar age (years BC)

Figure 3 Comprehensive survey of '“C dates of wooden objects from the beginning of salt mining in Hallstatt.
Both 1-6 and 2-6 ranges for single calibrated '“C dates are shown. VRI-558 and VERA-0040 have been omitted
from this figure as outliers (see footnotes in Table 2b and text, respectively). VRI = Vienna Radium Institute,
GrN = Centrum voor Isotopen Onderzoek, Groningen.

THE SALT MINES OF HALLSTATT

The !4C dating of objects presumably originating from the beginning of salt mining in Hallstatt,
comprised spruce logs from 3 different prehistoric salt mines and a nearby log cabin on the surface.
Two of these mines, the “Appold” and the “Griiner”, were rediscovered in 1879 and 1910, respec-
tively (Barth 1993; Barth and Neubauer 1993). They are located in the Northern mining group,
which is considered to be the oldest part of the salt mining field of Hallstatt.

The 3rd mine, the “Tusch”, was first discovered in 1748 and then rediscovered in 1991 (Barth 1993—
1994). Two further samples shown in Figure 3 from the “Flechner” mine and the “Kaiser-Josef-
Querschlag I” also belong to the oldest objects found in the salt mines of Hallstatt. The wane (Wald-
kante) of all logs shown in Figure 2 and Table 2a was still preserved. This enables a direct dating of
the felling of the trees without any age offset. Usually, the timber was used only once (presumably)
without any preceding storage (P Stadler, personal communication 1999). For all the other samples
from Hallstatt (Table 3) no information concerning the trimming of the timbers or the presence of
bark or sapwood has been published.

The 14C dates from the “Tusch” mine (Figures 2 and 3, Table 2a) including “wiggle matching” with
OxCal v2.18 (Ramsey 1995b) set the beginning of the extraction of salt to the Late Bronze Age, i.e
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the Early Urnfield period. This agrees with data from the same mine published earlier in Barth
1993-94 (see Table 2b, Figures 2 and 3). However, from the 4C dates of findings in the Northern
mining group (including “wiggle matching”) one can infer that salt mining had already started in the
Northern mining group in the 14th-13th century BC (see the “Griiner” and “Appold” mines in
Figures 2 and 3, and Tables 2a and 2b). This corresponds to the transition of the Middle to the Late
Bronze Age, i.e. the transition from the Tumulus to the Urnfield period (Lippert 1985). Sample GrN-
19975 (see Figure 3) from the “Griiner” mine, which has been discarded as a statistical outlier in
Barth 1993-1994, is now well confirmed by the dates obtained at VERA. Therefore, the beginning
of salt mining in Hallstatt has to be set 1 to 2 centuries earlier than supposed so far (Barth 1993-94).
The even higher age of 1 tree-ring set (see VERA-0040 in Figure 2) remains unexplained, but may
reflect some non-removable contamination and therefore resists a reliable “wiggle matching”.

- 3 - TAEA C-6 Sucrose a)’]
O 152 BT e 0 Q= el O 1
E}Eg [SAce) Q;gu XTO0 gl xo s
o, _ 4
146 [ Q i recommended IAEA value: (150.61 +0.11)pMC
144 - : measured value: (150.42 + 1.09)pMC -
-~ Of IAEA C-6 Sucrose b) -
X S5r Y E -
= .10 X S Wy W el S
MU -15 -I 5 -
o -20 - ! recommended IAEA value: (-10.80 + 0.49)%o .
25 I : measured value: (-9.2 + 2.6)%. .
15[ % . Chemistry blanks 0+
§ 10} f 4
ﬁ'g'g: ”0*4*40,¢,=¢,00¢##4¢000
: : measured value: (0.30 + 0.05)pMC

1996 | 1997 ! 1998
Year of measurement

Figure 4 Performance of standards and blanks in regular “C-dating measurements. a) and b) over
12 months (April 1997-March 1998, symbols left of the vertical dotted line), the values measured
for C-6 sucrose relative to C-3 cellulose agree well with the values recommended by the IAEA. The
mean values shown are unweighted means, the corresponding errors are the standard deviations
from that mean. c) Chemistry blank values. Taking the standard deviation of all the chemistry blank
values of the last year (symbols left of the vertical dotted line) from the unweighted mean, our dating
limit 7,,,,, (see equation 1) now amounts to 55 ka. For clarity, an equidistant representation of data
points is given in the figure, since the actual time spacing would tend to cluster the data.

CONCLUSION

Botanical remains from the vicinity of the Iceman, including his equipment, were dated at 3 different
AMS laboratories. They show reasonable agreement with dates previously obtained on the tissue and
bones of the Iceman himself. Two clearly deviating “outliers” indicate that the discovery site of Otzi
had been used as a mountain pass 1500 yr before the lifetime of the Iceman, and also 2000 yr later.
The latter date is particularly interesting, because it constitutes the first artifact from the Iron Age in
the entire Otztal region. Spruce logs from the world’s oldest salt mines at Hallstatt, Austria were sub-
ject to 14C dating with AMS. The results from VERA provide evidence that salt mining at Hallstatt
started 1-2 centuries earlier than previously supposed, i.e. in the 14th to the 13th century BC.
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A current project at VERA carried out in cooperation with the Institute for Botany in Innsbruck,
Austria deals with more than 50 additional samples from the site of the Iceman discovery. Besides
leather and droppings from animals, the samples include mainly botanical remains such as mosses,
grasses, and saxifrages. 14C dating of high Alpine plants may give information about glaciation and
possible deglaciation periods at the rock depression where the Iceman died. From these dates, indi-
rect evidence for the climate of the last 5000 yr may be obtained.
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