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ACCELERATOR MASS SPECTROMETRY AND ITSAPPLICATIONS IN ARCHAEOLOGY, GEOLOGYAND ENVIRONMENTAL RESEARCH�W. Krets
hmerUniversität Erlangen, Physikalis
hes Institut91058 Erlangen, Germany(Re
eived De
ember 21, 1999)A

elerator Mass Spe
trometry (AMS) is an ultra sensitive method forthe measurement of isotope ratios in the range of 10�12 to 10�15. Most fre-quently the 14C/12C ratio from biogeni
 samples is determined whi
h givesinformation on the age of the sample of up to 40 ka with a pre
ision of typ-i
ally 40�80 years. In this paper the radio
arbon method is dis
ussed andvarious appli
ations to interdis
iplinary resear
h are presented. A mainappli
ation at the Erlangen AMS fa
ility is the 14C dating of sedimentsamples whi
h together with simultaneous pollen analyses 
an establish abetter 
hronology of 
limate and vegetation during Holo
ene in Germany.For an enhan
ed reliability of sediment dating di�erent fra
tions like bulksediments, pollen grains, ma
rofossiles and humi
 a
ids have been mea-sured. For environmental resear
h the 14C 
ontent of volatile 
hlorinatedhydro
arbons 
an be used to disentangle the anthropogeni
 or biogeni
 ori-gin of these 
ompounds. Finally an interesting ar
haeologi
al sample isdis
ussed.PACS numbers: 07.75.+h, 91.65.�n, 89.60.+x1. Introdu
tionThe radionu
lide 14C is produ
ed in the atmosphere via the intera
tionof 
osmi
 radiation with nitrogen with a nearly 
onstant rate and de
aysweakly with a half life of 5730 years. Due to this interplay of produ
tionand de
ay an equilibrium 
on
entration of 14C in the atmosphere is estab-lished with an isotope ratio 14C/12C of about 10�12. Radio
arbon formsCO2 mole
ules and parti
ipates on the 
arbon bio-
y
le similar to the stable
arbon isotopes with the result that, ex
ept for some minor 
orre
tions, it� Invited talk presented at the NATO Advan
ed Resear
h Workshop, Krzy»e, Poland2�4 September 1999. (123)
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hmeris present in all living 
reatures and plants in equilibrium 
on
entration. Ifthe 14C intake is dis
ontinued e.g. by death of the organism, its 
on
entra-tion de
reases with the half life mentioned above. This fa
t 
an be used foran absolute dating of 
arbon 
ontaining samples by measuring either thespe
i�
 a
tivity, introdu
ed by Libby in 1946 [1℄ or by dire
t 
ounting a
-
omplished in a

elerator mass spe
trometry [2℄. Sin
e the produ
tion rateof radio
arbon is not exa
tly 
onstant, a 
alibration of the time s
ale hasto be performed by dendro
hronology, where the 14C 
ontent of single treerings is determined and the 
alendar age is dedu
ed from tree ring 
ounting.2. The methodology of a

elerator mass spe
trometryThe big advantage of AMS 
ompared to de
ay 
ounting is that the samepre
ision 
an be obtained in a mu
h shorter time with mu
h smaller samples
ontaining 
arbon of less than a milligram. This 
an be illustrated by thefa
t that a typi
al modern 
arbon sample of 1 g 
ontains 6�1010 atoms of14C resulting in only 14 de
ays per minute. Therefore with de
ay 
ountinga measurement time of about 50 h is ne
essary to a
hieve a statisti
al a
-
ura
y of 0.5 %, whereas the same pre
ision 
an be rea
hed in 10 minuteswith a modern AMS fa
ility. However, the measurement of an isotope ratio14C/12C of about 10�12 is an experimental 
hallenge sin
e it 
orresponds tothe dete
tion of one slightly heavier grain of sand in a living room �lled withsand. Conventional mass spe
trometry is not suitable for the measurementof su
h small isotope ratios sin
e the separation of 14C ions from intense�uxes of ions of the 14N isobar and mass 14 mole
ular ions su
h as 13CHand 12CH2 is not possible simultaneously with a high transmission of the ionbeam. The use of a tandem a

elerator with a high voltage of several MeV
ombines an ex
ellent redu
tion of interfering ba
kground by many ordersof magnitude with high beam transmission and hen
e a high 
ount rate.2.1. Typi
al AMS set-upA typi
al AMS fa
ility 
onsists of a negative ion sour
e, an inje
tionspe
trometer, a tandem a

elerator, an analyzing spe
trometer and a heavyion dete
tor. These di�erent parts serve as e�
ient �lters for the separationof 14C from the abundant ba
kground. As an example the Erlangen AMSfa
ility [3℄ is shown s
hemati
ally in �gure 1. Negative ions are generatedfrom the sample in a high 
urrent sputter ion sour
e, pre-a

elerated to50 keV and inje
ted into the tanden a

elerator by a 
ombination of a 90Æele
trostati
 de�e
tor and a 90Æ magnet with fast isotope swit
hing for thesequential inje
tion of 14C, 13C and 12C ions. The use of negative ionseliminates isobari
 interferen
e sin
e 14N do not form negative ions. Themass analyzed ions are �rst a

elerated to the positive high voltage terminal
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The Erlangen AMS Facility
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Fig. 1. S
hemati
 view of the Erlangen AMS fa
ility.(5 MeV) of the EN tandem a

elerator where several ele
trons are strippedo� during a passage through a thin 
arbon foil. Mole
ular ba
kground iseliminated in this stripping pro
ess sin
e mole
ular ions are disso
iated andthe 
orresponding positive fragments have a di�erent energy 
ompared to
arbon ions emerging from negative atomi
 ions. In the se
ond stage of thetandem a

elerator the now positively 
harged ions are a

elerated furtherba
k to ground potential. They are analyzed due to 
harge state, energyand mass in a spe
trometer 
onsisting of a 15Æ ele
trostati
 de�e
tor, a 55Æanalyzing magnet (for 14C) and a 120Æ magneti
 split pole spe
trometer (forheavier ions). Finally the stable ions 13C and 12C are measured in FaradayCups and 14C is dete
ted in a �E�E gas dete
tor whi
h serves as a last�lter for the elimination of remaining ba
kground. Figure 2 shows �E�Espe
tra for a modern sample and for graphite demonstrating the su

ess ofba
kground elimination: the spe
trum for modern 
arbon shows a huge peakof 14C, whereas the graphite spe
trum only shows a few events. The beamtransport between inje
tion- and analyzing-magnet is 
ompletely performedby ele
trostati
 devi
es, whi
h ensures identi
al ion-opti
s for the di�erent
arbon isotopes. The parti
le transmission through the fa
ility amountsup to 80% taking into a

ount the 
harge distribution in the high voltageterminal. Thus even with 
onservative ion sour
e 
onditions of 25 �A 12C�
urrent, a 14C 
ount rate of 100 Hz 
an be obtained for an ANU su
rose
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alibration sample. Ma
hine ba
kground determined with graphite samplesis measured at 0.07 % modern 
arbon (pMC) 
orresponding to an apparentage of 58,000 years. The measurements are made in turns of one-minute-runs whi
h allows statisti
al analysis of the data and an on-line 
ontrolof the system via the parti
le transmission and the isotope ratios. In theroutine sequen
e of AMS measurements the quality of the whole fa
ility is�rst 
he
ked with 
alibrated samples of known 14C 
ontent. Then two tothree unknown samples are measured before another 
alibrated sample isused. In this way an a

ura
y in the range of 0.5-1% has been established.

Fig. 2. �E�E-spe
tra for a modern su
rose sample (left) and a graphite sample(right). 2.2. Determination of 
alendar ageThe isotope ratio 14C/12C is obtained from the integrated 14C eventsshown in �gure 2 and the 12C 
urrent measured in the Faraday Cup behindthe analyzing magnet. This ratio has to be 
orre
ted for an isotopi
 fra
tion-ation depending on the spe
i�
 assimilation pro
ess for the intake of CO2by the plants. This fra
tionation, 
aused by mass dependent di�usion pro-
esses, 
an be dedu
ed from the ratio of the stable 
arbon isotopes 13C/12Cmeasured independently. The 
orre
tion for 14C/12C is obtained under theassumption that its fra
tionation is twi
e as mu
h as for 13C/12C. After a
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orre
tion for the ma
hine ba
kground obtained from graphite mea-surements, the 14C/12C ratio from the unknown sample is 
ompared to thatof a 
alibration sample from 1950. Assuming a 
onstant formation rate andthe exponential de
ay with known half life, the so 
alled �radio
arbon age� inyears before present (BP), i.e. before 1950, is derived. Sin
e the assumptionof 
onstant formation rate is only approximate, the radio
arbon age of singletree rings is 
ompared to the 
alendar age dedu
ed from tree ring 
ounting.The result of numerous dendro
hronologi
al studies is that the true age de-viates up to 10 % from the radio
arbon age, where the gross stru
ture ofthis deviation 
an be related to variations of the earth magneti
 �eld and�ne stru
ture may be due to solar a
tivity. Thus for a determination of the
alendar age the use of 
alibration 
urves is essential.2.3. Sample preparationIn this se
tion the 
onversion from the raw sample (soil, bones et
.) toa sputter target suitable for an e�
ient formation of negative 
arbon ionsis des
ribed. In a �rst step the sample has to be 
hemi
ally pretreated toremove 
arbon 
ompounds, whi
h are not representative for the age of thesample. Then the remaining material is oxidized to CO2 whi
h is �nallyredu
ed 
atalyti
ally to 
arbon.2.3.1. Pretreatment of sediment samplesTwo major 
omponents may obs
ure the 14C results: 
arbonates arisingfrom the erosion of limestone 
ould be 
onsiderably older than the investi-gated layer and humi
 a
ids 
ould be younger due to their high mobility.A fast and e�
ient me
hani
al separation of the sample material in organi
and inorgani
 
omponents is possible due to their di�erent density. The sed-iment material is dissolved in a zin
 
hloride solution of density � = 2 g/
m3and after ultra-
etrifugation with 3000 
y
les per minute the material is di-vided into the light organi
 fra
tion with � = 1.3�1.5 g/
m3 and the heavyinorgani
 fra
tion with � = 2.65 g/
m3. Subsequently the organi
 fra
tionis treated by the usual a
id-alkali-a
id (AAA) method, where HCl is usedto remove still remaining 
arbonates and NaOH to remove humi
 a
ids. Fi-nally the pretreatment is �nished by heating in HCl, washing in deionizedwater and drying the remaining material in an oven. The organi
 residue is
alled bulk sediment, sin
e up to now no separation due to the size of theobje
ts has been performed and sin
e it represents a mixture of the remainsof water plants, algae, pollen and di�erent ma
rofossils. Sin
e it is the aimof our proje
t to dedu
e the vegetation history from the pollen distributionin the sediment 
ore, a dire
t dating of the pollen is highly desirable. Theextra
tion of pollen material is mainly a

omplished by additional sieving
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e the average size of pollen rangesfrom 20 to 100 �m. The 
ellulose is removed with H2SO4 and �nally for thede�o

ulation of amorphous organi
 material a treatment with NaOCl isperformed. Details of the sample pretreatment are dis
ussed in [4℄ and [5℄.2.3.2. Pretreatment of bonesFor the dating of bones we modi�ed the pro
edure proposed by Lon-gin [6℄, whi
h is based on the removal of the inorgani
 fra
tion and theextra
tion of 
ollagen. In an ultrasoni
 treatment the bone is 
leaned withdeionized water. Then the 
arbonates 
an be removed in two alternativeways: either the dried and ground bone or the 
omplete bone is treatedwith 0.5�1 N HCl. The grinding a

elerates the pro
edure, but if the bone
ontains only a small amount of 
ollagen it may be lost. In a next stephumi
 a
ids are dissolved with 0.25�1 N NaOH and �nally the 
ollagen isextra
ted by dissolving the residues in a
idi
 water (pH = 1�3) at 58Æ C for16 hours. Remaining insoluble residues are separated by 
entrifugation and
an be dated for a 
omparison. By drying the solution at 80Æ C all 
ollagen
an be obtained in form of gelatine. There is also the possibility to get rid ofsome remaining 
ontamination by an additional ultra-spin-ma
ro�ltration.In this way the gelatine fra
tion with mole
ule masses > 30 kD 
an be ex-tra
ted and then dried as des
ribed above. After ea
h step the residues arewashed with deionized water.2.3.3. Combustion to CO2 and redu
tion to 
arbonFor a higher sample throughput both the 
ombustion to CO2 and theredu
tion to 
arbon have been simpli�ed, similar to the Groningen targetpreparation [7℄. Therefore we developed a new sample preparation system
onsisting of an newly installed element analyzer (EA) in 
ombination witha stable mass spe
trometer (MS) and a suitable multi-sample redu
tion fa-
ility des
ribed in detail by Morgenroth [8℄. The element analyzer produ
espuri�ed CO2 in a fast �ash 
ombustion, a small part (10%) of the CO2 istransferred to the stable isotope magneti
 mass spe
trometer for a high pre-
ision measurement of Æ 13C and Æ 15N and 90% to the liquid nitrogen 
ryotrap, where CO2 is 
olle
ted for further treatment.For a 
onversion to sputter targets the 
ryo traps are now 
oupled to anewly built multi-sample redu
tion fa
ility, where graphitization takes pla
eby heating an appropriate mixture of hydrogen and 
arbon dioxide at 625Æ Cwith iron powder of 10 �m as a 
atalyst. Details of the redu
tion pro
edureare des
ribed elsewhere [4℄. Ex
ept for the �ttings, the new redu
tion appa-ratus is made of glass, the verti
al 
ooling traps are 
ooled by liquid nitrogenfor the 
olle
tion of the CO2. During the redu
tion pro
ess they are 
ooled
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ed during redu
tion.The gas pressures are monitored by pressure sensors and are re
orded in a
omputer. The heating for the horizontal redu
tion vessel and the ele
tri
power supply for the Peltier elements are automati
ally swit
hed o� in 
aseof interruption of the water 
ooling for the Peltier elements. In this way upto ten redu
tions 
an be performed simultaneously without any supervision.3. Appli
ations of radio
arbon measurements tointerdis
iplinary resear
h3.1. Sediment datingDue to a worldwide dis
ussion about possible global 
limate 
hange thereis an in
reasing interest to predi
t the future development by 
limati
 mod-els. The key for verifying these models is situated in the di�erent 
limati
ar
hives of the earth, whi
h supplies us with information about the 
limati
development of the past. Terrestrial sediments and peat pro�les are oneof these ar
hives representing the main material to investigate the 
limate
hange in Central Europe. The 
urrent resear
h program in Erlangen is
on
entrated on 14C measurements with spe
ial fo
us to the investigation ofsediment pro�les [4℄. Sin
e the last gla
ial period the temperature in Ger-many has in
reased by about 10ÆC and vegetation has developed from onlyfew spe
ies to a huge variety. In that time period of in
reased warming bothanimals and men have in�uen
ed the vegetation 
onsiderably. To establisha better 
hronology of 
limate and vegetation sin
e the last gla
ial periodin Germany the resear
h program �
hange of geo-biosphere during the last15.000 years� has been started in Germany. Sediment 
ores of several meterslength from di�erent lo
ations have been taken mainly from bog sites. Ra-dio
arbon dating of these pro�les together with 
orresponding pollen analy-ses allows the dedu
tion of vegetation history in Holo
ene. To obtain morereliable results, the dating of pollen grains and ma
rofossils is performed inaddition to that of the bulk sediments. In this paper we dis
uss the resultsof two sediment 
ores from bog sites 
lose to Klein Oelsa and Altliebel, inthe Upper Lausitz northeast of Dresden, where also prehistori
 settlementshave been found. The results of other sediment 
ores from Southern Bavariaare dis
ussed in Ref. [4℄ and [5℄.The results of 14C AMS dating for both 
ores is shown in �gures 3and 4: the 
alibrated age is displayed as a fun
tion of 
ore depth. Forthe Klein Oelsa 
ore the 
omplete age pro�les for three di�erent fra
tionsof the sediment, for pollen, humi
 a
ids and bulk and in addition fromthree layers small pie
es of wood have been determined. For a depth below2.5 m the amount of pollen is de
reasing, resulting in a very small amountof extra
ted 
arbon and therefore in
reasing error bars. As demonstrated
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h other isperfe
t within the errors. The results for the Altliebel 
ore shown in �gure 4indi
ate a pronoun
ed 
hange in sedimentation rate at a depth of 1.50 m
orresponding to an age of 8,200 BP. Both 
ores 
over the time range ofthe last 14,000 years and together with the simultaneously performed pollenanalysis (about 40 di�erent pollen spe
ies) a reliable absolute 
hronology ofvegetation history for the Upper Lausitz 
an be dedu
ed.3.2. Ar
haeologi
al samplesPart of our samples are of ar
haeologi
al interest ranging from Romanand Kelti
 re-mains to samples from Yu
atan. As an example a Chinesebanknote is shown in Fig. 5 whi
h has been dated to be from Ming dynasty:the 14C AMS measurement yields a radio
arbon age of 619 � 22 BP andafter 
alibration a 
alendar age of 1.350 � 48 AD (2� probability).

Fig. 5. Chinese banknote from Ming dynasty: 
alendar age of 1,350 � 48 AD.
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es of 
hloroa
etates in the environment are partly known. Pho-todegradation of volatile 
hlorinated hydro
arbons have been suggested asanthropogeni
 sour
es [9℄. In the last few years, natural produ
tion of
hloroa
etates has also been proposed [10℄. In a 
ollaboration with Prof.Frank, University Bayreuth, we intend to provide an experimental approa
hto di�erentiate between the anthropogeni
 and biogeni
 
ontributions basedon radio
arbon determinations (14C/12C ratio) of haloa
etates isolated fromenvironmental samples. This 
an be a
hieved with a

elerator mass spe
-trometry whi
h has been used to determine the biogeni
 
ontribution of e.g.atmospheri
 methane [11℄ and 
arbonyl 
ompounds [12℄.The main assumption behind the method is that materials, derived fromassimilation of atmospheri
 
arbon dioxide, i.e. plant materials of all kinds,
ontain the equilibrium 
on
entration of 14C typi
al for modern 
arbon. Onthe other hand, fossil materials do not 
ontain 14C due to the relatively shorthalf life 14C, as 
ompared to diageneti
 pro
esses of several hundred millionyears. One problem with this method is that the 
on
entration of haloa
eti
a
ids in natural samples is very low: e.g. mono
hloroa
eti
 a
id (MCA) asthe most abundant one in rain water has a 
on
entration of about 0.2 �g/l.Thus an amount of about 500 litre rain water has to be 
olle
ted to extra
t50 �g 
arbon used for AMS measurements, assuming 100 % e�
ien
y for GCseparation and 
onversion to sputter target. With this tiny amount of 
arbonthe problem of possible 
ontamination with modern 
arbon during ea
h stepof sample preparation is very important. Sin
e sediment samples also 
ontainmostly small amount of pollen, the Erlangen sample preparation has alreadybeen optimized for sub-mg samples [5℄. First tests were performed withhaloa
eti
 a
ids MCA and DCA produ
ed in Bayreuth using modern 
arbon(equilibrium 
ontent of 14C) or using 
arbon from petro
hemi
al produ
ts(no 14C). In this way we simulated samples produ
ed either by biogeni
 andanthropogeni
 sour
es. The results showed the expe
ted 14C/12C ratio evenfor samples with a 
arbon 
ontent of only 50 �g.4. Con
luding remarksSin
e the �rst demonstration in 1977 that 14C 
ould be dete
ted at nat-ural level using a tandem a

elerator as part of a mass spe
trometer, the�eld of AMS has expanded into many areas of s
ien
e. As shown in this
ontribution, radio
arbon measurements with AMS 
an be used in ar
haeol-ogy, geology and environmental resear
h even for samples 
ontaining 
arbonin the 50 �g range whi
h makes AMS superior to de
ay 
ounting. Whereasthe time range of 14C measurements is limited to about 40 ka due to itsrelatively short half life, other long-lived isotopes su
h as 10Be,26Al, 36Cland 129I 
an be used by AMS with emerging appli
ations [13℄.
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