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STELLINGEN

1. Hoewel er de laatste jaren enige vooruitgang is geboekt, is de

U/Th niet-evenwicht datering van fossiele botten nog met zoveel

onzekerheden omringd dat de resultaten ervan uitsluitend in samen-

hang met onafhankelijke ondersteunende argumenten en slechts met

de nodige reserve en terughoudendheid mogen worden gepresenteerd

en gebruikt.

A.M. Rae and M. Ivanovich, Appl. Geochemistry 1: 419-426.
A.M. Rae et al., J. Arch. Sei. 14, 1987: 243-250.
Dit proefschrift.

2. Er bestaat een essentieel verschil in methodologie tussen de exac-

te en sociale wetenschappen: waar het in de exacte wetenschappen

een goed gebruik is om een gestelde hypothese te bewijzen door

experimenten uit te voeren die opgezet zijn om het tegendeel te

bewijzen, is het in de sociale wetenschappen juist vaak de uit-

zondering die de regel bevestigt.

3. Het bij radiometrische dateringen presenteren van onzekerheids-

intervallen die uitsluitend gebaseerd zijn op de standaarddeviatie

resulterend uit de bepaling van de radioactiviteit suggereert vaak

een te grote nauwkeurigheid en leidt tot verwarring en onzekerheid

bij archeologen.

2nd International Symposium on Archaeology and 1'*C, General discussion.
Groningen, September 7-11, 1987.

4. Het feit dat er, ondanks de daarvoor berekende extreem lage kansen,

leven is ontstaan uit niet-levende componenten en er in Tsjernobyl

een ernstig ongeluk met een kerncentrale is gebeurd, toont de ge-

ringe voorspellende waarde van kansberekening aan.

5. De druk die met een krijtje op een schoolbord moet worden uitge-

oefend om voldoende contrast te creëren is doorgaans groter dan die,

waartegen het krijtje nog juist bestand is.



6. De functie-aanduiding "Assistent in opleiding" voor promovendus

nieuwe stijl is misleidend en onjuist en dient vervangen te worden

door de functie-aanduiding "Assistent, in opleiding".

7. Een algemeen fysisch colloquium, bedoeld voor een breed fysisch

publiek, dient voorzien te zijn van een titel die op zijn minst de

suggestie wekt dat de inhoud begrijpelijk is voor een ieder met

een academische graad in de natuurkunde.

8. Het feit dat, naast uitgaven in andere talen, de maandbladen Play-

boy en Penthouse ook in de Nederlandse taal worden uitgegeven,

wekt de suggestie dat het (potentiële) kopers van deze bladen meer

om de tekst dan om de afbeeldingen zou gaan.

9. Door het bij het van overheidswege opgelegde bezuinigingsbeleid

consequent toepassen van het "kaasschaafmodel" snijdt de universi-

teit zich uiteindelijk zelf in de vingers.

A. van der Wijk

Groningen, 6 november 1987
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Time has left us older

And wiser I know I am

Carole Bayer Sager, 1975

Voor Anja
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I N T R O D U C T I O N

The discovery of (naturally occurring) radioactivity around the

end of the 19th century provided geologists with new methods to de-

scribe the history of the Earth in terms of absolute ages. These

radiometric dating methods are based on the fact that a given radio-

active isotope decays at a characteristic rate, represented by its

half-life. The vast variety in half-lifes of naturally occurring

radionuclides provides "geological clocks" for a wide range of time

scales in geochronology. The radionuclides in the naturally occurring
238U decay series alone, for example, enable dating the last few

decades of recent history (210Pb) as well as estimating the age of

the earth (U/Pb).

Such dating techniques are of great importance in understanding

processes that are governing the face of the Earth. For example,

fluctuations in the global climate over tens of thousands to millions

of years such as the ice ages may be explained by the Milankovitch

theory that correlates these fluctuations with precessions of the

Earth's axis and the geometry of its orbit around the sun. Such a

hypothesis can only be tested by reconstruction of the chronology of

climatic changes.

In our laboratory attention has been traditionally focussed on

the 11*C dating method applied to organic materials, following the work

of Libby etal. (1949) and De Vries and Barendsen (1952). In combination

with palaeobotanical methods (pollen analysis etc.) to reconstruct

climatological conditions from peat deposits, this method has been of

great value in reconstructing climatic variations over the past

50.000 years. However, as the palaeoclimatological records in various

peat deposits extend far beyond the dating limitations of 1!*C, there

is an obvious need for additional dating techniques that extend the
1I'C time scale. Applying artificial enrichment of lltC by thermal dif-

fusion (De Vries et al., 1958; Grootes, 1977) resulted in an expansion
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of the dating range by almost 20.000 years. Although this technique

has been successfully applied to dating the early Weichselian inter-

stadials, it became increasingly difficult to find sites where peat

or lignite layers were sufficiently massive to provide the large quan-

tities (a few kilograms) of sample material required for this method.

We therefore directed our attention to new possibilities offered by

elements of the uranium decay series.

Vogel and Kronfeld (1980) showed that disequilibrium between

naturally occurring 231*U and its radioactive daughter product 230Th,

both members of the 238U decay series, may in principle be used to

date peat to approximately 350.000 years. This so-called U/Th dis-

equilibrium dating method had been successfully applied earlier to

date corals, travertines, speleothem and shells, and is based on the

fact that U due to its high solubility with respect to Th is taken

up selectively by these materials. Therefore, the Th concentration at

the time of formation should be essentially zero so that the present-

day 230Th activity can be solely attributed to radioactive accumula-

tion from its precursor 231>U. Then the 23oTh/23I(U ratio is a good

measure of the age, provided the material acts as a geochemically

closed system with respect to U and Th.

Other members in the U decay series, such as 210Pb, provide the

possibility of dating environmental materials on different time

scales. For example, in the recent past the activity of man has had

great impact on our environment. Pollution and acidification of

waters and soils as a result of industrial and agricultural activi-

ties has become a subject of great concern in the western world. The

degree to which nature is capable of dealing with and adjusting to

such drastic transformations can only be understood by studying the

reactions of biocommunities to pollution during the industrialization

era. Lake sediments offer an easy way to reconstruct environmental

changes. Traces of such changes (pollutants, biocommunities, heavy

metals etc.) are often well preserved in sediments, whereas obtaining

an absolute chronology is possible with 210Pb. This dating method is

based on the decay of 222Rn-produced excess 210Pb of atmospheric

origin, brought to the sediment by both dry and wet fallout.

This thesis describes the introduction in our laboratory of the
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analytical and technical procedures that are required for routine

application of both the 23OTh/23"u disequilibrium dating method for

peat and the 210Pb dating method for lake sediments. Its principal

aim is to test, refine and discuss the reliability and validity of

these methods. On the other hand, the analytical procedures that were

introduced open a wide range of other interesting fields of research

that are not necessarily restricted to geological problems only.

Chapter 5 reports an obviously not foreseen application: detection

of alpha emitting nuclides released in the first weeks of May, 1986

during the accident with the nuclear power plant in Chernobyl, USSR.
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CHAPTER 1. THE DECAY SERIES AND ABSOLUTE CHRONOLOGY

1.1. INTRODUCTION

The dating techniques discussed in this thesis are based on the

fact that in a decay series isotope concentrations develop with time

according to the law of radioactivity to a state of secular equili-

brium, either by accumulation of deficient or by decay of excess nu-

clides. For any natural closed system (i.e. the concentrations of the

various isotopes are determined by processes of radioactive decay and

growth only) that contains nuclides from a decay series, the degree

of disequilibrium, combined with knowledge of initial conditions pro-

vides information on the age of the system. This chapter discusses

the underlying principles as well as the mathematics of such so-

called U series disequilibrium (USD) dating methods. Furthermore, the

principles of both the 23OTh/23ItU and the 210Pb dating method and

their applications, being the main subjects of this thesis, will be

discussed in detail.

1.2. DECAY SERIES AND RADIOACTIVE (DI3)EQUILIBRIUM

1.2.1. INTRODUCTION

A radioactive decay series is generated by a physically unstable

primordial nucleus, that decays through a number of intermediate

radioactive daughter products to a stable nucleus, the end member.

The four genetically independent decay series, initiated by 2 3 8U,
237Np, 235U and 232Th respectively, together represent all the alpha-

emitting nuclides. The two U and the Th decay series all have a

stable lead isotope as an end member while the 237Np series ends with
209Bi. The abundances of the isotopes of all elements with atomic

numbers varying between Z = 80 (Hg) and Z = 93 (Np), including the

actinides as the heaviest naturally occurring elements, are the result

of a combination of radioactive decay and growth processes.

Of the four decay series mentioned above the one initiated by
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237Np does no longer occur in nature due to the fact that the half

life of its longest lived member is only a fraction of the age of the

universe so that the entire series has decayed by now (although

negligible trace quantities of 237Np may still be found in uranium

ores due to neutron-induced transmutation reactions). Figure 1.1.

shows the three natural occurring series.

1.2.2. EQUILIBRIUM AND DISEQUILIBRIUM

When the production and removal of nuclei in a radioactive decay

series is the result of radioactive decay only, the time development

of the number of nuclides N. of any isotope i in the series is given

by competition between its radioactive decay (-A.N.) and by production

from the precursor (A._.N._ )

dN.
"dF = ~XiNi + Xi lNi-l (i=1,-..,n) (1.1)

with the boundary condition

N. (t = 0) = N° (i = 1,...,n) (1.2)

X. (s"1) is the decay constant of the i-th member in the series (i.e.

the probability per unit time that a nucleus will decay,related to

the half life t by the expression X. = ln(2)/tii). By definition

the n-th member (i.e. the end member) is stable, hence X =0. Further-
n

more, i = 1 denotes the primordial nucleus of the chain (which implies
that N does not exist).

o

Before going into details of the mathematical solution to the

set of n coupled linear differential equations represented by (1.1)

and (1.2), one may notice the following general properties of a decay

series:

(i) The number of nuclides of the primordial parent nuclide will

gradually disappear due to the negative sign of dN^/dt,

(ii) If for each daughter product in the series production from the
precursor balances radioactive decay, a steady-state (dN./dt = 0)
is reached. By definition the activity is given by A= XN. Hence
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a steady state implies that the activity of the daughter and its

precursor are equal and do not change in time. However, it is

easy to see that in a finite time interval such a state of so-

called secular equilibrium can only be approached and never be

reached due to the fact that the primordial nucleus can never

have a steady state (remark (i)). Asa result its daughter product

can never reach a steady state, etc. On the other hand, when

A. A . >> 1 a state of quasi equilibrium may be reached where

the activity ratio of mother and daughter nuclei, is given by

T-1" = T ^ d-3)

Wherever in the following the expression secular equilibrium is used

it should be understood that we refer to this state of quasi-equili-

brium. Furthermore, we prefer to express the abundances of nuclides

in terms of activity ratios rather than in concentration ratios. The

reason for this is that activity ratios can always be expressed as

convenient numbers (between zero and one in a developing decay series),

whereas the ratio between concentrations is proportional to the half

lives of the nuclides, often yielding inconveniently large or small

numbers.

1.2.3. MATHEMATICS OF A DECAY SERIES

Eqs. (1.1) and (1.2) describe the time development of the number

of nuclei of any isotope i in a radioactive decay series by means of

n coupled linear inhomogeneous differential equations. The general

solution of any of these equations is the summation of the general

solution of the homogeneous equation

dN./dt + X.N = 0 (1.4)

given by -At

N. = C. .e i (1.5)
i 1,1

and a particular solution of the inhomogeneous equation, for which we

use the trial function



N.(t) = z C.
3=1 l

(1.6)

Substituting expression (1.6) in eq. (1.1) and solving for the j-th

term yields

c. .
1 »"l

A. - A i--l ,3

CUi =°

while boundary condition (1.2) yields

C i , i = N i -

Hence the general solution to (1.1) is given by

(j < i)

(j > i)

N.(t) = C. .-v

(1.7a)

(1.7b)

.7c)

(1.8)

with C . . determined by the recursive relations in exps. (1.7). This

may be conveniently written in a matrix equation

N(t) = M«E(t); N(t=0) = N (1.9)

where

N(t) = {Nj(t),N2(t),...,Nn(t)}

-Axt -A2t -X t
E(t) = { e ,e ,...,e n }

= {NX(O),N (0), fNn(0)}

M

'1,1

'2,1 ~2,2

0

0

Cn-l,2'*--'Cn-l,n-l °
c c c c
n l n 2 '•*•' n,n-l n,n

c
n,2 '•*•'

(1.10a)

(1.10b)

(1.10c)
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A special case is obtained if the initial conditions are restricted

to N° = {N°,0,...,0} which reduces eq. (1.9) to the so-called Bateman

solutions (Bateman, 1910).

If the abundances of nuclides present in a decay series are only

subjected to the law of radioactive decay (no chemical or other phys-

ical processes are involved), the development in time to a state of

quasi-equilibrium is governed by eq. (1.1), no matter how complicated

the initial conditions are. If, for any reason, this state of equili-

brium has not yet been reached and the initial abundances, given by

eq. (1.2), of the various nuclides are known, the elapsed time can be

deduced from the degree of disequilibrium.

1.2.4. PROCESSES THAT CAUSE EQUILIBRIUM

If we consider the Earth as a closed system that has been formed

approximately one half-life of 238U (t = 4.47 * 109 a) ago, we may

use eq. (1.9) to show that all isotopes in the 238U series are in

secular equilibrium. However, in general we are only interested in

small "subsystems" in which a state of disequilibrium between radio-

active parent and daughter nuclides may exist as a result of differ-

ences in geochemical behaviour such as solubility (for example U and

Ra are soluble while Th is extremely insoluble). In the 238u series

one of the members is a noble gas (222Rn) that may easily escape from

the mineral matrix containing its parent (226Ra) and decay through a

few short intermediate steps to insoluble 210Pb. Such a state of dis-

equilibrium is always balanced by the complementary "rest of the

earth", which implies that excess of an isotope in one system results

in a deficit of the same isotope in another system.

Furthermore, additional physical phenomena such as alpha recoil

play an important role in disequilibrium between isotopes of the same

element (Kigoshi, 1971; Fleischer and Raabe, 1978; Fleischer, 1980).

For example, Z3kU, being the radioactive alpha decay product of 238U

(with two intermediate short-lived daughter products) occupies inter-

stitial positions or damaged lattice sites in the mineral matrix as a

result of recoil energy and displacement. Hence it is more effective-

ly leached from minerals than 238U which leads to widely varying ex-

cess Z3kU in natural waters and as a consequence to 231tU deficiency
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in the mineral matrix, resulting in an average 231*U/238U activity

ratio of 1.144±0.002 in the ocean (Chen et al., 1986).

1.3. 23oTh/23"u DISEQUILIBRIUM DATING

1.3.1. INTRODUCTION

The U/Th disequilibrium (UTD) dating method is based on disequi-

librium between 23ku (t = 2.48 x 105 a) and its daughter product
230Th (t, = 75.2 x 103 a) as a result of the vast difference in geo-

chemical behaviour of these two elements. It allows dating up to

350.000 years which is the time required for the 23oTh/23l<U activity

ratio to increase from zero to a value that within the analytical

uncertainty (3-5%) cannot be distinguished from the equilibrium value

of 1. The importance of U as a natural resource as well as its re-

presentativity for a class of nuclides that constitute the majority

of radioactive waste from nuclear power plants (actinides) has re-

sulted in detailed studies of its geochemical properties. After being

released from its mineral matrix through weathering, leaching and

subsequent oxidation and dissolution in water, U is mainly trans-

ported in the soluble ionic uranyl (UO2 ) form, or in the presence

of sufficient C02, as the uranyl carbonate complex (Osmond, 1980,

Gascoyne, 1982). The highly isoluble Th can only be transported by

Th-containing particulate matter (Gascoyne, 1982). Therefore, (ecolo-

gical) systems that incorporate (ground) water tend to take up U

selectively, which makes them suitable for UTD, provided they behave

as a closed system for U and Th. In that case the present-day activi-

ty ratio between 230Th and 231*U is given by (using eq. (1.9)):

1 \ 2 3 °1 2 \x :
2 3 "tn/2 3 8 n / 2 3 0 i 2 3 i» ••u/238u

1 - e ~ l A~ A J t J (1.11)

where the symbolic notation for the various isotopes represents their

activity, 231tX and 230X represent the decay constants of 23"*U and
230Th, respectively, and t denotes the time elapsed after formation.

Equation (1.11) may be conveniently represented in a so-called iso-
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0.0 0.2 0.4 0.6 0.8
23OTh/23AU activity ratio

1.2

figrure 1.2. Variation of 23kU/23SU and 23oTh/23'*U activity ratios with time in a
closed system with no initial 230Th. The near vertical lines are lines
of constant age (Isochrons, obtained from eg. (1.11)) while the near
horizontal lines show the change in nuclide activity ratio with time
for different initial 2 3V/2 3 8£/ activity ratios (after Ivanovich, 1982
and Schwarcz, 1979).

chron plot showing the relat ion between age, and 231*U/238U and
n o T h / 2 H U act ivi ty ra t ios (Fig. 1.2).

The presence of 232Th in supposedly dateable materials, however,

indicates contamination with Th, and thus 230Th, of other origin than

from the in-s i tu decay of 23kU. This may be at t r ibuted to the presence

of a de t r i t a l component (dust collected during formation) that con-

taminates the dateable material. Inadequate laboratory techniques to

isolate the pure dateable material from th is component as well as in-

s i tu mixing (e.g. by ion-exchange processes) between these components

then may resul t in introduction of "environmental" contaminating Th.

Various models to correct for th i s contamination have been suggested

and will be discussed in deta i l in section 1.3.3.

The val idi ty of the basic assumptions of UTD has been establ ish-

ed for applications to a variety of environmental materials. Kaufman

and Broecker (1965) obtained satisfactory agreement between 1"c dating



23

and UTD of carbonate materials from lakes Lahontan and Bonneville,

U.S.A., applying correction for initial contamination with environ-

mental Th, based on comparison of 232Th activities in the dateable

and the detrital fraction. Following their approach, Ivanovich et al.

(1983) successfully dated molluscs from uplifted Holocene beaches in

the Persian Gulf. By correcting for environmental Th, assuming mixing

between a pure, dateable phase and a contaminating detrital phase,

Kaufman (1971) applied UTD to inorganically precipitated carbonates

in the Dead Sea Basin and found acceptable agreement with internal

stratigraphy and available lkC ages. Speleothem were dated by Lau-

ritzen and Gascoyne (1980) and Lauritzen and St. Pierre (1982), as-

suming a constant environmental 23OTh/232Th activity ratio of 1.50 at

the time of formation. Osmond et al. (1965) determined the age of

corals and oolites in Florida, assuming that no correction for envi-

ronmental Th need to be applied based on the absence of 232Th and
230Th in recent samples. Lawrence Edwards et al. (1986) obtained high

analytical precision UTD dates for corals in good agreement with ex-

pectations that these corals grew during high sea-level stands ap-

proximately 120 ka ago. Szabo (1982) studied fractionation of U

series isotopes at the Pomme de Terre Valley in southwestern Missouri

and dated organic sand samples in agreement with lhC ages, while se-

lected peat samples were shown to yield good agreement between 1'*C

and UTD deduced ages by Vogel and Kronfeld (1980), applying a con-

stant correction for environmental 230Th. By simultaneous determina-

tion of 23oTh/23l4U and 231Pa/235U activity ratios, Veeh (1982) showed

that marine phosphorites may be reliably dated by UTD, while Szabo

(1980) found good agreement between llfC and UTD ages of fossil bones.

1.3.2. APPLICATION OF UTD TO PEAT

In peats, very high U enrichments have been observed (Szalay,

1969; Halbach et al., 1980). These enrichments could not adequately

be explained by assuming that all U was removed from the ground water

by living plants. This is illustrated for example by Szalay (1969)

who assumes that the production of 1 g of dry plant material requires

500 g of water resulting in an enrichment factor of 500 for U in the

organic phase with respect to ground water (U concentration of the
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order of a few ppb). This is obviously insufficient to explain the

U concentrations of 10-100 ppm or more that are found in the organic

fraction of peat.

It was then found that certain products in the decomposition

process of organic material, the so-called humic and fulvic acids,

play an important role in the geochemical enrichment of U in peat

(Szalay, 1958; Borovec et al., 1979; Halbach et al., 1980) as indi-

cated in Fig. 1.3. These acids do not define a single chemical com-

pound but a class of plant decomposition products of varying chemical

structure, all characterized by coupled aromatic ring structures and

the presence of hydroxyl and carboxyl groups as shown in Fig. 1.4.

Humic and fulvic acids display a very high absorption capacity
2 "*"

for U in the U02 form, creating stable uranyl organic complexes

(Borovec et al., 1979; Kribek and Podiaha, 1980; Shanbag and Choppin,

1981). Therefore, the environmental mobility of U in humic sediments,

such as peat, is governed mainly by the mobility of these acids.
2 +

Though some authors state that complexes formed between UO2 and

humic and or fulvic acids are soluble (Szalay, 1969; Borovec et al.,

1979) this is not generally agreed upon (Kribek and Podiaha, 1980;

Halbach et al., 1980). In any case, the mobility of such U complexes

Weathering Transport"

URANIUM and
THORIUM
containing
ROCK

V, [Alpha recoil,leaching | Water
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Paniculate inorganic matter (Uand Th)

Inorganic

detritus

e g Wind blown sand)

Organic

detritus

(Humic and
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are 1.3. Schematic representation of the geochemical transport mechanisms
responsible for the presence of U and Th in peat.
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H OH
H

Figure 1.4. Detail of the chemical
structure of humic acid (Stevenson,
1982). The adsorbed uranyl ion is
drawn according to the observation
of Borovec et al. (1979) that
hydrogen ions, associated with the
carboxyl groups, are exchanged for
uranyl cations.

in clay containing organic substances will be strongly limited due to

the strong binding to clay minerals.

Furthermore it was found in the presence of humic and fulvic

acids Th as well as several other actinides behave very similarly to

U, implying low mobility of Th in peat as well (Nash and Choppin,

1980; Nash et al., 1981). These facts may lead to the conclusion that

the organic constituents behave as a closed system for U and Th,

which makes peat suitable for dating with UTD.

However, the presence of U and Th containing inorganic detrital

material introduces some uncertainties. For example, some minerals

may not be chemically inert in humic and fulvic acids. Hence ion ex-

change between the inorganic and the organic fraction is possible as

indicated by the presence of non-radiogenic 232Th in the organic

material. Schematically this is shown in Fig. 1.3 by two arrows con-

necting the organic and the inorganic detrital fraction. If the in-

organic fraction is relatively small and contains little U and Th,

this process will not seriously affect the concentrations in the or-

ganic fraction. However, in practice many peat samples have a rela-

tively high inorganic content (20-50% by weight or more) with unknown

U and Th activities. In that case ion-exchange processes may play an

important role in post-depositional geochemistry. Whether or not this

renders closed-system behaviour questionable will be investigated in
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detail in this thesis.

1.3.3. CORRECTION FOR ENVIRONMENTAL Th

1.3.3.1. Contamination by laboratory procedures

If contamination with environmental Th is merely the result of

inadequate laboratory extraction techniques and not of in-situ ion-

exchange processes, it can simply be corrected for by using the meas-

ured 2 3 2Th activities in both the extracted (supposedly dateable)

fraction, and the residual fraction as an index for the degree of

mixing of the both phases, assuming that during extraction neither

isotope fractionation between 2 3 0Th and 2 3 2Th nor chemical fractiona-

tion between U and Th has occurred:

230Th = 230Th _ (232Th /232Th j x 2 3 0 ^ (1.12)
E E R R

where the subscripts E and R denote the concentrations in the extract

and in the residue, respectively. For U a similar expression may be

written:

2 3 8U = 2 3 8 U E - (
232ThE/

232ThR) x
 2 3 8 U R (1.13)

2 » U = 23*U - (232Th / 2 3 2Th > x 2 3 V (1.14)
E E R R

Using these equations the activity ratios of the various isotopes in

the dateable phase can be calculated from any set of extracted

(either consecutive or separately) fractions (E1 and E2):

(2"U/232Thl 32( / , ( U / T h > o
2 3 " U / 2 3 8 U = — — ( 1 . 1 5 )

(238U/232Th) , - (238U/232Th) „
El E 2

(23°Th/232Th) - (2SOTh/232Th)
2 8 OTh/ 2 s*U = — Si (1.16)

( 2 H U / 2 3 2 T h ) p 1 - (
231tU/232Th) ,

This implies that plotting the measured activities, normalised to
2 3 2Th, from any extracted fraction should yield a straight line with

a slope that represents the activity ratio in the dateable phase.

Hence a single age is defined by this "mixing line" or "isochron"

and we refer to this method as isochron correction.
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1.3.3.2. In-situ contamination

If in-situ contamination with environmental Th as a result of

ion exchange between the organic (humic and fulvic acids) and the

inorganic constituents of peat has occurred, a correction for this

contribution is not straightforward. In that case we have to assume

that

(1) contamination directly following the formation of the peat has

lasted for a period of time that is relatively short compared to

the half-life of 2 3 0Th.

(2) U and Th isotopes have exchanged without fractionation. Subse-

quently both the organic and the inorganic fraction have remained

a closed system for U and Th.

If these requirements are fulfilled the influence of the initial con-

tamination with environmental Th can be deduced from the measured

present-day isotope ratios in both the organic and the inorganic

fractions according to the following equations (see e.g. Van der Wijk

et al., 1986):

2 3 "tI
2 3 « f—- -11'

L238y J

2 3 0 T h 2 3 a U 2 3 0Th =
 2 3 a U

2 3 0 A -

6t,\6t,\ 2 3 0 ), t

2)e X t (1.18)

where 230Th

(1.19)

The "age" t of the inorganic fraction is defined as the time elapsed

after formation of the peat, while f is equal for both fractions (in

accordance with the assumption of no isotope fractionation in the

initial j.on-exchange process). Hence, by analysing both fractions,

four equations determined by (1.17) and (1.18) are obtained to yield
238(

as in the inorganic fraction). Due to the fact that the equations are

a unique solution for t, f and 23"u /238U (in the organic as well
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non-linear there is no direct analytical solution and an iterative

calculation procedure has to be used.

1.3.4. VALIDITY OF DATING MODELS

The correction techniques for environmental Th discussed in the

preceding sections are not confined to a specific material such as

peat but can be generally applied to any system that is dateable with

UTD. The selection of the correction method in individual studies

should be guided by knowledge of the geochemistry of the system. Ob-

viously these techniques should only be applied in cases where the

U and Th concentrations in the dateable fraction exceed the concen-

trations in the contaminating fraction so that the age corrections

are not too rigorous. If this is not true, the correction techniques

will introduce large uncertainties because the relatively low U and

Th activities that determine the "age-signal" can hardly be distin-

guished from the large U and Th activities (the "noise") of the de-

trital component.

1.4.210Pb DATING

1.4.1. INTRODUCTION

Goldberg (1963) and Crozaz et al. (1964) were the first to use
210Pb as a geochronometer for determining accumulation rates of gla-

cier ice. Krshnaswamy et al. (1971) showed that the method could

easily be applied to sediments. Their approach was soon followed

by other investigators (see e.g. Koide et al., 19 73; Robbins and

Edgington, 1975; Appleby and Oldfield, 1978) so that nowadays the
210Pb dating method is routinely incorporated in paleolimnological

and near-shore marine environment studies to date recently (in the

past 150 years or so) deposited sediments (El-Daoushy, 1982; Chanton

et al., 1983; Simola and Liehu, 1985; Binford and Brenner, 1986; Van

der Wijk and Mook, 1987), although it has been used incidentally to

date sphagnum hummocks (El-Daoushy et al., 1982). In the years fol-

lowing the work of Goldberg (1963) many geochemical properties of
21DPb have been studied and the dating models have been refined. In

section 1.4.2 through 1.4.4 we will discuss these models and comment

shortly on their validity.
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1.4.2. CRS AND CIC AGE CALCULATING MODELS

Being a member of the 238U-decay series with a half-life of t^ =

22.3 a, 210Pb is brought into the sediment both by in-situ production

through radioactive decay of Z26Ra (supported 2 1 0Pb), as well as by

deposition of 222Rn-produced atmospheric 210Pb. As an inert gas in

the 2 3 8u series, radon escapes from the earth's crust at an average

rate of 7.0 to 7.5x 103 atoms m~2s~1 (Israel, 1951; Wilkening et al.,

1975). It decays through a series -,f short lived daughter products to
210Pb (Fig. 1.1) which, after an estimated atmospheric residence time

of approximately two weeks (the turn-over time of atmospheric vapour

(Moore et al., 1973; Turekian et al., 1977)), enters the land hydro-

sphere through either dry or wet precipitation (Fig. 1.5).

Although the estimation of the average adsorption rate of lead

isotopes to suspended material by Krishnaswamy et al. (1982) of ap-

proximately > 2.6x 10-3 min-l deviates almost two order of magnitude

from the estimations by Rama and Moore (1984) (> 0.1 min ) , this

does not violate the conclusion that in surface waters 2 10Pb is re-

moved by adsorption to suspended material on a time scale that is

much shorter than its half-life (210A = 1.3x 10~6 min"1). Hence it is

subjected to sedimentation with suspended sedimenting material as its

carrier.

Figure 1.5. Schematic re-
presentation of the natural
cycle of 2laPb.
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Other sources of 2 1 0Pb may or may not introduce significant

amounts of additional 2 1 0Pb to the sediment, depending on the local

conditions. If, for example, the local atmospheric deposition is low

and the concentration of dissolved 2 2 6Ra is relatively high, in-situ

produced 2 : oPb in the water column overlying the sediment may sig-

nificantly contribute to the total deposition. Furthermore, z l 0Pb

may be carried by rivers in dissolved or particulate form (weather-

ing of soil) and redeposited elsewhere. However, these sources are

extremely site-dependent and may be strongly fluctuating in time so

that in developing a mathematical model we will initially consider

only those cases where their contribution can be neglected with re-

spect to atmospheric deposition.

The Constant Rate of Supply (CRS) model assumes a constant aver-

age annual rate of deposition D (cm"^" 1) of atmospheric 2 1 0Pb. In

that case the excess activity21°Pb over the 226Ra supported acti-

vity 210Pb in the sediment layer formed t years ago at present sedi-

ment depth z cm can be calculated (see e.g. Appleby and Oldfield,

1978):

2 1 0 i n 2 1 0 % .
21°Pb = — ^ e" A t (1.20)

xs S(t)

where 210A is the decay constant of 210Pb (a"1) and s(t) is the sedi-

mentation rate dz/dt at the time of deposition t of the sediment

layer at corresponding depth z (cm.a"1). (Note that in eq. (1.20) we

express the activity in decay per year per cm"3. If the activity is

measured in Bq.cm"3 proper conversion factors have to be used).

The activity 210Pb cannot be obtained from direct measurements,
xs

but has to be calculated from the measured total 210Pb activity and

the estimated supported activity 210Pb . In general there are two ways

to estimate this activity:

(1) 2 1 0Pb is assumed to be in secular equilibrium with 2 2 6Ra and

thus taken equal to the measured 2 2 6Ra activity. This method ob-

viously requires a technique to measure the latter activity as

well as the 2 1 0Pb activity.

(2) Assuming a constant contribution of 2 1 0Pb throughout the sedi-

ment layers it is set equal to the measured total 2 1 0Pb activity
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at a depth older than approximately 150-200 years (where the
2 1 0Pb contribution has decayed).

xs *
Substituting S(t) = dz/dt in eq. (1.20) yields a differential

equation from which an expression is obtained for the total (integra-
ted) 2 1 0Pb activity over a sediment column of unit surface area to

xs J

a depth z after integrating both sides with respect to z and t, re-

spectively:

z tI(0fz) = I 2 1 0Pb (z')dz' = I 2 1 0 A D e ~ 2 1 ° X t l d t I = D(1 - e" 2 1° A t))fz) = f
 2 1 0 P b (z')dz' = [

J X S J (1.21)

As from (1.21) it follows that

D = I(0,cc) \ (1 .22)

\

the age t of the sediment layer at depth z is given by

\\

t = -1— ln(1 - I(0,z)/I(0,oo)) \ (1.23
2 1 0 y2 1 0 x y

v

which may be rewritten in the two independent variable^ I(0,z) and

I(z,co): \

t = — — ln(1 - I(0,Z)/T(Z,OO)) \ (1.24)
21 °X \

A special case of this so-called Constant Rate of Supply (CRs\ model

is obtained if the sedimentation rate S is constant, resulting\in a

Constant Initial Concentration (CIC) of 2 f oPb in the sediment ,\ In
xs

this model the 2 1 0Pb activity at arbitrary depth z is given by
X 5
2 1 0Pb (z) = — ^ e" A z / S (1.25)

yielding a straight line of slope - 2 1 0A/S on a semilogarithmic plot

of 2 1 0Pb against z.
xs
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1.4.3. OTHER MODELS

Complicating factors such as mixing of sediment due to e.g. bio-

turbation or redistribution of 21 °Pb as a result of diffusional pro-

cesses may result in deviations from the idealized CRS or CIC models.

Nevertheless such processes may be included in more generalized ex-

tended models such as discussed in detail by Robbins (1978). If sedi-

ment particle reworking is considered to be a random process, one is

tempted to model the process as a diffusion analogue. In that case

the specific 210Pb (z) activity at a depth z below the sediment-

water interface is governed by sedimentation, diffusion and radio-

active decay which can be described by a time-dependent second order

differential equation (Krishnaswamy and Lai, 1978):

M
3z\

K ~ 2 1 0 P b <z)\ - S £- 2 1 0 P b (z) - 2 1 0 A 2 1 0 P b (z) =d Z xs ' / dZ xs xs

= — 210Pb (z) (1.26)
dt XS

where K is the mixing coefficient (cm2.a"1). The first term in the

equation describes the rate of change of 210Pb as a result of dif-

fusive transport, while the second term describes the effect of

sedimentation. The third term accounts for radioactive decay. Assum-

ing that K and S have been constant and 3/8t21°Pb = 0 (steady state)
X S

eq. (1.26) can be solved using the boundary conditions 2 1 0Pb (0) = C
X S

and 2 1 0Pb (°°) = 0 :

2 1 oPb y s(z) = Ce a z (1.27)

where
a .

This result shows that even in the case of mixing, the 210Pb acti
xs

vity-depth profile shows exponential behaviour which indicates that

a straight line on a semi-log plot of the activity-depth profile is

a necessary but insufficient condition to infer undisturbed sedi-

mentation.
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By developing the square root in eq. (1.28) into a series, it is

easy to distinguish two extreme cases:

(1) K -> 0 (undisturbed sedimentation) yields a = - 2 1 0A/S which is

(obviously) equivalent to the CIC model as discussed in section

1.4.2.

(2) S •+ 0 (negligible sedimentation over the dating interval) yields

a = -( 2 1 0A/K) from which the mixing coefficient can readily be

determined.

1.4.4. VALIDITY OF MODELS

Krishnaswamy and Lai (1978) reviewed the annual deposition rate

of 2 1 0Pb for a variety of localities and concluded that it shows

significant geographical variations, most probably as a result of

radon exhalation rates strongly varying with soil composition. Also

the local rate of deposition of 2 1 0Pb from the atmosphere varies

within approximately 30% of the annual mean over ca. 5 years for the

reviewed stations, possibly due to meteorological conditions. There-

fore, it appears to be necessary to monitor the 2 1 0Pb deposition on

a regular basis to check the constant rate of supply assumption.

Both the CRS and the CIC model require the absence of post-

depositional transfer of 2 1 0Pb (closed-system behaviour). However,
X 5

the CRS model provides correct ages even when post depositional (con-

stant) lateral redistribution of 210Pb carrying sediment (sediment

focussing) has occurred, provided that the deposition rate D as cal-

culated from eq. (1.22) is used in the calculations. The same is

true if additional sources of 210Pb (such as production from dissolv-

ed 226Ra and riverine transport as discussed in section 1.4.2) con-

tribute to the total 210Pb deposition, provided they have been con-

stant over the dating range.

From measurements in acidified lakes Simola and Liehu (1985)

concluded that at low pH the adsorption constant for 210Pb to the

sediment may change due to its increased solubility. They found ano-

malously low 210Pb activities in sediment deposited in a more acidic

environment as deduced from fossil diatom inferred pH. Obviously

this results in an overestimation of the age. In this thesis we will

discuss the results of laboratory experiments to determine the ad-
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sorption/desorption rates for lead at a variety of pH values.

Summarizing we can conclude that many post depositional proces-

ses such as vertical transfer of 210Pb as a result of bioturbation,

increased solubility or molecular diffusion may invalidate closed

system behaviour. It is not always possible to obtain conclusive

evidence for such processes from the 210Pb activity-depth profile

alone as was discussed in section 1.4.3. Hence for reliable absolute

dating the zx°Pb-deduced ages should whenever possible be compared

with ages deduced from other independent (radiometric or alternative)

methods such as 137Cs dating, pollen analysis or historical informa-

tion.
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CHAPTER 2. ANALYTICAL TECHNIQUES'

2.1. INTRODUCTION

At the present state of the art the most convenient and reliable

way for routine quantitative measurement of alpha emitting nuclides

is by detecting the intensity and the energy of the emitted alpha

radiation, although recent developments have shown that these iso-

topes can also be extremely effectively measured by mass spectro-

metry (Chen et al., 1986; Lawrence Edwards et al., 1986). The first

method of total alpha counting, regardless of their energy is applied

for 222Rn measurements; the second, alpha spectrometry, registers

intensity as well as energy and is used for detection of U, Th and
210Po, a decay product of 210Pb.

For discrimination of isotopes by measuring the energy of the

emitted alpha particles an eight channel alpha spectrometer was in-

stalled, consisting of a Canberra® Quad 7404 commercially available

alpha spectrometer and a home-made system. Because energy loss of

alpha particles in matter due to straggling is high, high-resolution

alpha spectrometry requires the preparation of extremely thin radio-

active sources. Therefore, the elements of interest are extracted

from environmental materials and subsequently purified by chromoto-

graphical techniques. From the purified elements a radioactive source

is prepared by means of electrolysis. The fact that the chemistry is

largely determined by requirements of measuring technique renders it

useful to first discuss details of the alpha spectrometer before go-

ing into details of chemical procedures.

For detection of gaseous 222Rn, an extraction and purification

system was designed similar to the systems commercially available

* Part of the contents of this chapter has been accepted for publication:
Van der Wijk, A., Venema, L. and Steendam, S.P., (1987), The use of thin plastic

foils in low-level alpha spectrometry. International Journal of Applied Radia-
tion and Isotopes. To be published.
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CHEMICAL TECHNIQUES FOR DETERMINATION

OF LOW CONCENTRATIONS U, Th.Pb(Po) AND Ra IN

ENVIRONMENTAL SAMPLES

DISSOLVE THE SAMPLE

U,Th,Po

Add a known amount
of spike activity
( 2 3 2 U , 2 2 8Th,2 O BPo)

Co-precipitate with Fe(0H)3

I
U,Th

I
Po

Measure in alpha - spectrometer

Redissolve,
separate U,Th
and Fe by
ion - exchange

Prepare thin
source on stainless
steel by
electroplating

Redissolve,
add ascorbic acid

Prepare thin
source by sel f -
deposition on
silver

Ra

Store in gaswash
flask and clean
overlying
atmosphere

Leave for
about two weeks
to guarantee
secular equilibrium
between Ra and Rn

Transfer Rn
quantitatively
to scintillation
(LUCAS) bottle

Count Rn -
emitted alpha's
by scintillation
counting

Figure 2.1. General outline of the chemistry for separation, purification and
source preparation and subsequent measurement of the alpha activity for
a variety of isotopes in the U decay series.

from Applied Science of Piermont®.

Figure 2.1 shows the general ou t l ine of the a n a l y t i c a l techniques

that are used.

2 . 2 . ALPHA SPECTROMETER

2 . 2 . 1 . DESCRIPTION

The e ight channel alpha spectrometer c o n s i s t s of two aluminium

vacuum chambers of approximately 7 . 5 x 7.5 x 32 cm3, mounted in a NIM

rack. They are each divided by three th in v e r t i c a l aluminium p l a t e s

in to four small cub ic l e chambers ( 7 . 5 x 7 . 5 x 7 . 5 cm ) . Each of these

chambers contains a "saucer" that i s adjustable in height and sup-
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Figure 2.2. Photograph showing the interior of one of the two vacuum chambers of
the alpha spectrometer.

ports the radioactive source. A large area (450 mm2) solid state si-

licon alpha-particle detector is mounted by a micro-dot vacuum feed

through connection at the top of the chamber. Fig. 2.2 shows the in-

terior of one of the two aluminium vacuum chambers.

The vacuum chambers can be evacuated by means of a rotational

pump. When air pressure is sufficiently low (approximately 100 ym Hg)

pumping is taken over by a cryo adsorption pump. The latter consists

of a stainless steel cylinder (Fig. 2.3), for three quarters filled

with zeolite, kept in a 30 £ dewar containing liquid nitrogen. At

that temperature the air is effectively adsorbed by the zeolite and

the pressure can be kept as low as 20 ym Hg or less, which is suffi-

ciently lov; for alpha particles to travel the distance between source

and detector without serious energy straggling (the mean free path

for alpha particles at that pressure is approximately 0.4 cm while

the source detector distance is approximately 0.8-1.0 cm.

Eight detectors are used, four Si surface barrier, type ORTEC®

BA-21-450-100 and four Si ion-implanted type Enertec-Schlumberger®

IPE-450-100-20. Each detector is capacitively connected to a charge

sensitive preamplifier that produces a pulse of short rise time (ca.

0.5 ys) and long fall time (ca. 470 ys). The pulse height is propor-

tional to the energy of the detected radiation. The output signal
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Figure 2.3. Zeolite cryo-adsorption pump for evacua-
tion of the alpha spectrometer. The extremely clean
vacuum that can be reached with such pumps is less
than 20 \sm Hg.

from the preamplifier is directly fed into an amplifier in the same

compact unit (ca. 7.5 x 4 x 16 cm3) mounted directly on top of the va-

cuum chamber, where i t is amplified and reshaped to a symmetrical

Gaussian pulse (FWHM approximately 1 us) . Four commercially available

Canberra® model 7404-01 integrated amplifiers and four home-developed

integrated amplifiers were used.

Each of the four amplified signals (in the range 0-10 Volt) is

fed into an analog switch that registrates at which input the signal

enters. Subsequently the analog signal is transmitted to a Canberra®

model 8075 8K Analog to Digital Converter (ADC) where i t s height is
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Figure 2.4. Schematic block diagram of the electronics of the eight channel alpha
spectrometer.
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converted to a 10 bit binary number. The latter is fed back to the

analog switch where two (most significant) bits are added to identify

the input number of the signal. Subsequently the 12 bit digital num-

ber is stored in a 4096 (4K) channel memory where the channel number

corresponding to the digital number is increased by one. As a result

the signals from the first detector are stored in channel 0 to 1023,

the signals from detector two in channel 1024 to 204 7 etc. An Arends®

4K MCC card in combination with an Apple® lie compatible micro com-

puter and a 4K Canberra® series 40 MCA were used as memories.

This process may be summarized by observing that each event (i.e.

the registration of an alpha particle) is stored in a memory section

that corresponds to the energy of the alpha particle. Hence identi-

fication of isotopes by energy of the emitted alpha particles is

possible.

An electronic pulser, that can be used to produce signals at a

controlled rate to test the performance of the electronic system is

connected to each of the eight detection channels.

Figure 2.4 shows a schematic representation of the system elec-

tronics in a block diagram.

2.2.2. PERFORMANCE

2.2.2.1. Electronics

High-resolution low-level alpha spectrometry requires extremely

stable conditions. The electronic noise as well as shift due to e.g.

small changes in temperature of the spectrometer should be minimized

to guarantee good energy resolution, especially when long counting

times (typically 1 day or more) are required.

The electronic noise of the system at working conditions is 50 mV

corresponding to approximately 15 keV pulser resolution (Full Width

at Half Maximum, FWHM) in the calibrated set-upr largely due to the

300 pF capacitance of the detectors. Without these detectors being

connected to the preamplifiers, the electronic noise is reduced to

approximately one third of this value.

Shifts in the amplification factor due to temperature instabili-

ties may result in serious deterioration of the energy resolution.

Therefore, temperature sensitive components in the amplifiers were
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replaced by less sensitive components wherever possible. The extreme

temperature sensibility of the detector leakage current through the

detector serial resistance of "100 MOhm (Fig. 2.4) (the current

doubles if the temperature rises 10°C) results in instabilities in

the effective detector bias, charge collection and detector capaci-

tance. The resulting shift in the energy vs pulse height relation is

obviously stronger for the surface barrier (electrical resistance ap-

proximately 200-300 MOhm) than for the ion-implanted detectors (ap-

proximately 1 GOhm). The only way to solve this problem is by tempe-

rature stabilisation of the environment. Unfortunately we had to ac-

cept a room temperature fluctuation of approximately 7°C during the

analyses.

2.2.2.2. Detectors

The guaranteed energy resolution is 21 keV (FWHM) for the sur-

face barrier detectors and 20 keV for the ion implanted detectors at

15 keV contribution of electronic noise and a source detector dis-

tance of at least 5 cm. However, in order to reduce the measuring

time, low-level alpha spectrometry generally requires shorter dis-

tances between source and detector to obtain a sufficiently high

count rate. This results in peak broadening caused by increased ener-

gy straggling of alpha particles which do not penetrate the dead layer

of the detector surface under an angle of 90°. For example, if the

source is placed at 5 cm distance, the average angle under which the

alpha particles travel through the dead layer of the detector surface

decreases to approximately 80°, resulting in 1-2% increase of effec-

tive thickness. However, at 0.8 cm source-detector distance the aver-

age penetration angle is only 60°,which corresponds to approximately

15% increase of the effective thickness. For both the surface barrier

and the ion-implanted detectors the measured effect of the detector-

source distance on the energy resolution is shown in Fig. 2.5.

2.2.2.3. Background

One of the advantages of measuring alpha activity is the extreme-

ly low background radiation. Due to the limited penetration depth of

alpha particles in matter, the aluminium housing of the spectrometer
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is sufficient to stop all external alpha radiation. Furthermore, the

detectors are characterized by a very thin depletion layer ( i .e . the

actual active detection area) in the order of 100 ym, so that they

are almost completely insensitive to gamma radiation. Beta radiation

may be detected but fortunately there is no natural source that emits

significant amounts of beta particles in the energy range of interest

(> 3.5 MeV).

A more serious cause of detector background is formed by conta-
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mination of the detector surfaces by nuclei recoiling from the source.

The recoil energy of a daughter nucleus as a result of the emission

of an alpha particle by the mother nucleus is approximately 50-100 keV

which is several orders of magnitude larger than lattice bonding

energy (of the order of eV rather than keV). Kigoshi (1971) for

example observed for 23ItTh a recoil displacement of approximately

50 nm in zircon powder as a result of 238U decay. Hence, daughter

nuclei that are produced within this range from the source surface

may escape and accumulate at the detector surface giving rise to

peaks in the background spectrum due to their subsequent radioactive

decay.

To prevent this type of contamination we placed thin Formvar

foils (polyvinylformaldehyde, CioHi8Oi2/ specific mass 1.230 g/cm
3,

obtained from BDH® chemical Ltd., Poole, U.K.) between source and

detector to stop recoil nuclei. Such foils are routinely used in ex-

perimental nuclear physics e.g. for selective transmission of partic-

les (see e.g. Krist et al., 1984; Santy and Werner, 1984).

The foils were home-made (Van der Wijk et al., 1987), following

the method described by Revell and Agar (1955). A separation funnel,

consisting of a reservoir and a capillary separated by a valve, is

filled with a solution of known concentration of formvar in chloro-

form. A cleaned piece of thin glass (e.g. such as used for slide

mounting) is mounted into the reservoir (Fig. 2.6). By carefully ad-

justing the valve, the solution is allowed to escape at a controlled

flow rate. The solvent readily evaporates from the solution and a

thin formvar layer of high homogeneity sticks to the glass surface.

Before stripping the foils from the glass the layers are cut

into the desired size using a razor blade. Subsequently the glass

is lowered into water under an angle of approximately 45°. The foil

easily releases from the glass, starts floating and can be picked

up with a foil frame (Fig. 2.7).

The thickness of the foil is determined by the concentration of

the formvar solution and hence by the flow rate in the separation

funnel. The set-up used in this study was calibrated by carefully

weighing dried foils of known surface area, produced from solutions

of various formvar concentrations (Fig. 2.8).
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Figure 2.7a. The formvar layer is stripped
from the glass surface by lowering the glass
into the liquid under an angle of approxima-
tely 45°.

Figure 2.7b. The floating formvar is picked
up with a foil frame.

0
10 15

Flow rate (cm/min)

Figure 2.8. Calibration line for the separation funnel. Figures between brackets
indicate the formvar concentration in g/SL.
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Figure 2.9 shows the reduction in energy resolution as well as

the energy shift due to straggling of alpha particles in the foil,

measured as a function of foil thickness using a source produced from

a standard solution of 2 3 2 U , 2 2 8Th and 22IlRa in secular equilibrium

with each other (section 2.3.2).

In order to determine the stopping efficiency for recoil nuclei

a clean foil was exposed to the source. After a fixed exposure time

the source was removed and the 221*Ra (228Th daughter product) acti-

vity on the foil was measured. Assuming that

(1) a fraction k of the decaying 2 2 8Th nuclei actually recoils (for

the thin source used k is assumed to be unity).

(2) a fraction g of the escaping 221tRa nuclei actually reaches the

foil (geometrical efficiency) and

(3) of these a fraction f (stopping efficiency) is actually stopped

allows us to calculate the 22ItRa activity on the foil after a certain

exposure time T:
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Figure 2.10. Stopping efficien-
cy f as a function of foil
thickness.
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22*Ra = g«f«k^228Th(i - e'22^"1) (2.1)

where 22"X is the decay constant of 221*Ra (2.204 X10~ 6 s"1) and the

symbolic representation of the isotopes denotes their activity.

In the special geometrical configuration that was used (source

diameter 18 mm, foil diameter 22 mm, distance source to foil 1.2 ±

0.01 mm and distance source to detector 8 ± 1 mm) g is estimated to

be 0.44 ± 0.01. If the number of registered pulses originating from
228Th during the exposure time T is given by 228N (detection efficien-

cy 228Eff) and the number of registered pulses originating from
22I|Ra during the measuring time t by 22IfN (detection efficiency
221*Eff) , the following expression for the stopping efficiency f can

be calculated:

f =

g.k 228N

(2.2)

Figure 2.10 shows that at a foil thickness between 10 and 20 yg.

cm"2 full stopping of the recoiling nuclei is obtained. Therefore we

used the 20 yg.cm"2 foils throughout the measurements to prevent de-

tector contamination at the expense of approximately 20% reduction of

energy due to straggling of alpha particles in the foil.

2.3. CHEMICAL TREATMENT FOR ALPHA SPECTROMETRY

2.3.1. INTRODUCTION

Environmental materials generally consist of an inorganic (mine-

ral) and an organic phase of varying relative contributions. "Pure"

peats, for example, mainly consist of organic material with only minor

amounts of sand or clay, whereas in materials such as fossil bones or

carbonates the organic fraction contributes little or none to the

total sample material. Dissolution, destruction or chemical fractio-

nation of materials that vary so strongly in their composition re-

quires a variety of chemical approaches to match each type of sample.

On the other hand, once the fraction of the sample that has to

be analyzed for alpha activity is extracted from the total sample and
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subsequently dissolved, the procedures for purifying and separating

the various alpha-particle emitting nuclides are more or less standar-

dized. These techniques in general require the addition of a so-called

spike in the most early stage of the chemistry. This spike consists

of a known amount of activity of an artificially produced isotope of

the same element that has to be measured. The final yield of this

isotope is the indication for the overal recovery of the isotope of

interest during the chemical procedure.

2.3.2. STANDARD SOLUTIONS AND SPIKES

Quantitative determination of the various alpha emitting isotopes

is only possible if the chemical recovery of separation and purifica-

tion is reliably determined. In order to achieve this, small amounts

of calibrated standard solutions containing artificially produced

isotopes (spikes) of the elements of interest were added to the sample

in the earliest stage of the chemistry (the so-called Isotope Dilution

technique). Such standard solutions have to meet the following re-

quirements:

(1) the artificially produced isotope should not occur in nature,

(2) its half life should be long with respect to the time that is re-

quired for chemistry and measurement, and

(3) its absolute specific activity should be accurately known, pre-

ferably calibrated against an internationally accepted standard.

For U/Th measurements a cone. HNOS solution of approximately

1 Bq/m£ 2 3 2U (t = 73.6 a) activity, in secular equilibrium with its

daugther 2 2 8Th (t = 1.913 a, kindly provided by the ZWO laboratory

for Isotope Geology, the Netherlands) was calibrated against a labo-

ratory master solution of uranyl nitrate (U02(N03)2.6H2O) in cone.

HNO3f coded for internal use as GMS-85-U2, and a laboratory master

solution of thorium nitrate (Th (NO 3K .H20) in cone. HNO3, coded for

internal use as GMS-85-T2. Both master solutions were calibrated at

the AERE in Harwell, UK, against a standard that was used for inter-

laboratory comparison measurements (Ivanovich et al., 1985). The

uncertainties in the 2 3 2U/ 2 2 8Th spike solution are 1-2% for the abso-

lute activity and 3-4% for the mother/daughter-activity ratio. The

slight disadvantage of using 2 2 8Th is that it occurs in nature as the
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daughter product of 2 3 2Th. This is however, partly balanced by the

fact that in environmental materials the activity of 232Th-produced
2 2 8Th by assumption equals the 2 3 2Th activity due to the short half

life of 2 2 8Th (secular equilibrium). Hence this contribution can be

corrected for by subtracting the 2 3 2Th activity from the total 2 2 8Th

activity to obtain the 2 2 8Th spike activity.

For 2 1 0Po measurements we used a spike solution of 2 0 8PoCl 2 (t

= 2.93 a, kindly provided by the NIOZ, the Netherlands) in 8 M HC1.

Due to the short half life of 2 0 8Po this solution needed regular re-

calibration by repeatedly (4 times) self-plating of a known amount of

the solution and measuring the activity on the silver disk in the

calibrated alpha spectrometer. The statistical spread of the separate

analyses and the 1a uncertainties from the counting statistics of the

single determinations were of the same order of magnitude (1.8%) .

indicating chemical recovery of 100% _for these "spike runs".

The performance of the 2 2 2Rn detection system (section 2.4) was

calibrated with a standard solution of 2 2 6Ra in HCl, kindly provided

by Dr. F. El-Daoushy, University of Uppsala, Sweden. The uncertainty

in the activity of this solution is approximately 5% (El-Daoushy,

personal communication).

2.3.3. MATERIAL OF HIGH ORGANIC CONTENT

2.3.3.1. U/Th analyses

As already indicated in section 1.3.2. the application of U/Th

disequilibrium dating to peat, which by nature is an environmental

material of high organic content, requires separation of U and Th of

organic (dateable) origin from U and Th of inorganic (contaminating)

origin. In a preliminary detailed study on closed system behaviour we

fractionated peat in 4 to 5 separate chemical phases, schematically

indicated in Fig. 2.11:

(1) Overnight extraction, using slightly acidic water (pH = 4.5 solu-

tion of HNO3:H2SO<, = 1:1), to separate the water-soluble part

(fraction E1).

(2) Overnight extraction, using 0.5 M HCl, to extract carbonate and

possibly some free acid-soluble fulvic acids (fraction E2).
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Extraction with a pH=4.2 solution (HN03 IHJSO^ =1:1)

Insoluble Soluble (fraction ED

Extraction with 0.5 M HC1

Insoluble Soluble (fraction E2)

Extraction with 1% NaOH at 60 C

Insoluble Soluble

Adjusting to pH=2

Insoluble
(fraction E3H)

Soluble
(fraction E3F)

Gentle boiling with cone. HN03 ( 6 5 % )

Insoluble Soluble (fraction E4)

Leaching with cone. HCI (36%)

Insoluble Soluble (fraction E 5)

Figure 2.11. Chemical fractionation procedure to separate various fractions from

peat.
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(3) Overnight extraction at 60°C, using a 1% NaOH solution, followed

by precipitation at pH 2. The soluble part (humic acids, frac-

tion E3H) and the insoluble part (fulvic acids, fraction E3F)

were separately analysed.

(4) Short gentle boiling with concentrated HNO3 (65%) to remove re-

maining humates and organic coatings on the inorganic detrital

fraction (fraction E4). It should be mentioned that in this step

some leaching of the inorganic fraction occurs as well.

(5) Overnight leaching of the remainder in concentrated HC1 (36%)

(fraction E5).

The organic material in the different extracted fractions is de-

stroyed by wet oxidation using hot cone. HNO 3, cone. H2SO4 and H 2O 2.

The conclusions from studying U and Th activities in these sepa-

rate fractions (see section 3.2.3) indicate that in general a two-

phase (organic/inorganic) separation may be sufficient. In order to

obtain these phases we use two chemical approaches.

In the first approach part of the organic phase (humic and fulvic

acids) is extracted from the sample by selective dissolution overnight

in a 1 % (by weight) NaOH solution at 60°C. The liquid is separated

from the remaining solids, consisting mainly of inorganic material,

by centrifugation at 3000 rpm for approximately half an hour and sub-

sequently oxidized in a Kjeldahl flask using cone. HNO 3, H 2O 2 and

cone. E2SOk . The organic substances that are still visible in the

residual inorganic material are destroyed by gentle boiling with

cone. HNO3 for approximately half an hour and subsequently decanted

from the flask. Obviously, some inorganic material will be lost in

this process as well, due to dissolution and severe leaching possibly

accompanied by isotope fractionation for U and Th. After repeated

washing with demineralized H2O this inorganic fraction is analysed

separately.

In the second approach the peat sample is combusted at a tempe-

rature of 700-800°C in a china crucible, either over a Bunsen flame

or in a muffle furnace. The ashes are mildly leached with dilute HNO3

to retrieve U and Th that are released from the organic material

during combustion and subsequently adsorbed to the inorganic fraction.

The leached residual ashes are analysed separately.



51

2.3.3.2. 210Pjb analyses
2l°Pb analysis in (organic) sediments requires determination of

concentrations of 210Pb and 226Ra in the total sample to establish

the excess of 210pb contribution as discussed in section 1.4.2.
is

Thereto the organic material in the sample is combusted in a china

crucible at a temperature of approximately 700-800°C, either in a

muffle furnace or over a Bunsen burner. Subsequently the ashes are

completely dissolved in a cone. HF/conc. HClOij (3:1) mixture.

In the initial stage of this study there was no facility to

measure 226Ra concentrations so that 210Pb activities had to be
X S

determined from comparison of the adsorbed 210Pb concentrations in

relatively young (< 150 years) and relatively old (> 150 years) ma-

terial (see section 1.4.2). Therefore, samples from both young and

old sediments were analysed by leaching the ashes of the combusted

sample overnight in cone. HNO3 and subsequent determination of the
210Pb activity in the extraction liquid.
2.3.4. INORGANIC MATERIAL

Samples containing no organic material were dissolved, either in

HC1 as in the case of calcareous material such as bones, shells, co-

rals etc. or in a cone. HF/HClOi, (3:1) mixture as in the case of si-

liceous materials such as sand or clay.

2.3.5. PURIFICATION AND SOURCE PREPARATION FOR U AND TJ-

Approximately 1 Bq of 232U spike solution, in secular radio-

active equilibrium with its daughter 228Th (section 2.3.2), is added

to the extracted fraction to serve as an internal yield tracer for

both U and Th. A few mg of iron (as a FeCl3 solution) is added so

that following equilibration by careful shaking, U and Th can be co-

precipitated with Fe(OH)3 upon addition of cone. NH^OH (25% solution).

Following redissolution of the precipitate in 8 M HC1, Th is separa-

ted from U and Fe on an anion exchange column filled with Bio Rad

AG1X8 (100-200 mesh) resin that has been pre-equilibrated with 8 M

HCl. After addition of a few mg of iron (as FeCl3 solution) to the

separated Th fraction and drops of cone. NHi,OH to both the Th/Fe and

U/Fe fractions, u and Th are separately coprecipitated with Fe(OH)3.
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Both precipitates are redissolved in 7 M HNO3 and U and Th are sepa-

rated from Fe by ion exchange on columns of slightly different dimen-

sions, filled with the same type of resin as used before, pre-equili-

brated with 7 M HNO3.

The purified U and Th solutions are brought in nitrate form by

repeated evaporation and redissolution in cone. HNO3 in a teflon

beaker on a hot plate. The residual salts (hardly visible with the

naked eye) are redissolved in 50 y£ 0.1 M HNO3 to which 50 p£ of a

solution of 0.1 \iq/\iH of Ca(NO3)2 is added as a carrier. With a micro

pipet the solution is transferred to the electroplating cell (Fig.

2.12a), rinsing the beaker with 10 mft 2-propanol. Finally U and/or

Th are electroplated onto a 2.5 cm diameter stainless steel disk

(Nuclear Supplies®) at a constant current of 5 mA and 100-200 Volt

TEFLON PLATING CEL

FOR U/Th PLATING

Stirrer rod (platinum)

b TEFLON PLATING CEL

FOR2l0Po S E L F - PLATING

Connector

Teflon cap

mercury drop for frictionless
—~-^ electrical contact

Teflon plating cilinder

fey

Stirrer rod (teflon)

Teflon cap

Teflon
plating cilinder

Stainless steel dsk

Brass knob
for disk support

Connector

Silver disk

Brass knob
for disk support

Figure 2.12a. Plating cell for U and Th source preparation. Applied voltage is ap-
proximately 100-200 V at a stabilized current of 5 mA.

Figure 2.12b. Plating cell for Po-source preparation.
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Figure 2.13. Typical spectra measured under normal working conditions (see text),
a: Uranium, b: Thorium, and c: Polonium.
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for approximately 45 minutes to produce a thin source. A typical U

spectrum obtained under working conditions from such a source in the

alpha spectrometer is shown in Fig. 2.13a, while Fig. 2.13b shows a

typical Th spectrum.

2.3.6. SOURCE PREPARATION FOR 210P£> DETERMINATION

Being a beta emitting nuclide (see e.g. Fig. 1.1), 210Pb can not

directly be measured by alpha spectrometry. Therefore, the 210Pb

activity is determined indirectly by measuring its alpha emitting

granddaughter 210Po (t = 138 d). Secular equilibrium between these

two nuclides is reached in approximately two years so that in older

natural systems such as most sediments of interest the 210Po activity

equals the 210Pb activity, provided the sediment acts as a closed

system with respect to Pb and Po.

For quantitative determination of 210Po essentially the method

as described by Flynn (1968) was applied. Approximately 1 Bq of a
208Po spike solution (section 2.3.2) is added to the extracted frac-

tion as an internal yield tracer. The solution is evaporated till dry

in a teflon beaker and the resulting dry salts are chlorinated by re-

peated redissolution in a few drops cone. HC1. The dried precipitate

is redissolved in 0.5 M HCl to which a few mg of ascorbic acid is

added in order to complexate Fe. The solution is transferred to the

self plating cell (Fig. 2.12b) while the beaker is rinsed with an-

other 10 ml of 0.5 M HCl.

At a constant temperature of 85°C, Po is allowed to precipitate

for two hours on the surface of a 2.5 cm diameter silver disk by ion

exchange with Ag to produce a thin Po source• A typical spectrum as

obtained from such a source is shown in Fig. 2.13c.

2.3.7. BLANKS, RECOVERY AND MEMORY EFFECTS

Chemicals used were all of analytical grade (pro Analysi), ob-

tained from Merck® Chemical Company, Darmstadt, FRG. Blank runs (ana-

lysis of demineralized water in order to determine the activity of

various isotopes that may be introduced in the chemical procedures)

showed no detectable activity. The chemical recovery of the methods

varied strongly for different types of samples but for U and Th
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averaged around 50-70% with occasional recoveries as low as 5% or as

high as 95%. For Po the recovery was 90-100%. The adapted glassware

cleaning procedures (leaching overnight in an RBS® soapy solution)

were sufficient to suppress memory effects to an undetectable level.

2.4. RADON MEASUREMENT

2.4.1. GENERAL OUTLINE OF THE METHOD

The radon detection system is used to determine 226Ra activities

indirectly by measuring the activity of its radioactive daughter
222Rn. In order to measure this activity, a sample is suspended in

approximately 100 to 200 m£ of demineralized water in a gas wash-

bottle. The overlying air, which possibly contains some 222Rn, is

replaced by helium to assure zero initial 222Rn concentration. The

bottle is then closed and stored for approximately two weeks to allow

growth of 222Rn. After this period the emanated 222Rn is transferred

from the bottle into a scintillation counting cell using a cooled

charcoal column in which the 222Rn is adsorbed. The scintillation

cell, that registers. an alpha particle by emission of a light pulse,

is connected to a photomultiplier. The total number of light pulses

is counted from which the 226Ra activity is calculated.

2.4.2. DESCRIPTION

2.4.2.1. Extraction system

Figure 2.14 schematically shows one of the extraction systems

(the actual system consists of two identical systems in mirror image).

Helium is circulated through the gas wash bottle containing the sus-

pended sample, a water-vapour trap, a carbon dioxide trap (ascarite)

and a liquid nitrogen-cooled charcoal column, successively.

The helium flow rate is monitored by a Brooks® flow meter (model

R2-15-B) and can be controlled by regulating the output voltage of

the power supply for the circulation pumps. These are home-made mem-

brane pumps driven by a 12 V DC miniature motor bought in a toy shop.

The pressure in the system is monitored with an electronic prfassure

meter.

The system contains three automatic valves (numbered 1 to 3 in

Fig. 2.14) that direct the main helium flow either through or by-pas-
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Figure 2.14. Schematic view of the radon extraction system. Figure 2.15. Schematic view of the
transfer section of the radon count-
ing set-up.
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sing the wash bottle. These valves are opened and closed by an elec-

tronic valve control unit to prevent liquid from the the wash bottle

to enter the gas system becaus of small differences in pressure

between the system and the bottle. When helium is being circulated

through the wash bottle, valves 1 and 2 are open and valve 3 is

closed. When the system is being evacuated, valves 1 and 2 are closed

while valve 3 is open.

The charcoal column is connected to the system with double end

shut-off Swagelok® Quick-Connects (#SS-QC6-10MD and #SS-QC6-B-1OMD)

and placed in a dewar containing liquid nitrogen. The glass connec-

tions of the water-vapour trap, placed in a dewar containing a water/

ice mixture, and the trap containing ascarite (to adsorpt CO2) and

silica (to adsorp H20) as well as the metal connections are designed

to be used in one way to assure the correct flow direction.

2.4.2.2. Radon transfer system

The transfer system (Fig. 2.15) is used to transfer 222Rn ad-

dorbed in the charcoal column to a scintillation (activated ZnS)

counting cell (Lucas, 1957). It is connected to a helium source and a

rotation pump to evacuate the scintillation cell and the charcoal

column.

In order to release the adsorbed 222Rn, the column is heated to

500°C. Helium carrier gas is flushed slowly by regulating with a

Nupro® (type #SS-4MG) fine metering valve (valve numbered 0 in Fig.

2.15) through the column to the scintillation counting cell. The cell

is connected to the system with a Swagelok® Quick-Connect (#SS-QC4-D-

400) .

An electronic pressure head monitors the pressure in the trans-

fer system.

2.4.2.3. Electronics

Opening of the counting box (Fig. 2.16) before the two photo-

multiplier (PM) tubes (type RCA® 6655A) are shielded from direct

light from outside is prevented by an electronic control unit. In

operation mode the scintillation counting cells are placed directly

over the PM tubes. A disk with two holes rotates between the counting
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Figure 2.16. Cross section of the
"Black Box" for scintillation
counting of radon.

cells and the PM tubes so that in the counting mode the PM tubes are

uncovered and actually "see" the scintillation cells. If the box is

to be opened for replacement of the scintillation cells, the disk

rotates over 90° to protect the PM tubes from direct light. The disk

position is controlled by a switch at the front of the counting box

and a microswitch on the disk. A green LED indicates that the box may

be opened to change the cells; a red LED indicates that the chamber

is locked an operating in the counting mode.

The bias for both PM tubes is provided by a Canberra® model 3002

High Voltage supply that is externally controlled by a microswitch on

the rotating disk in the counting box. The PM signal is transmitted

to a Canberra® Model 2012 amplifier connected to the input of a Can-

berra® Model 2072A dual counter with built-in discriminator to sup-

press pulses originating from electronic noise.
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2.4.2.4. Calculation of z22Rn and Z26Ra activities
2 2 2Rn (t = 3.82 d) decays through a series of relatively short-

lived daughter products to 2 l°Pb (t = 22.3 a) which may be consider-

ed stable over the period of time that is required for the chemistry

and measurement. Due to the fact that the scintillation counting

system is not energy-sensitive, the measured alpha activity is the

sum of the 2 2 2 R n , 2 l 8Po and 21<(Po (211tBi) activities. Although 21"*Bi

has two decay modes, the very short half-life of 21l*Po (t. = 1.64 *

lO"1* s) guarantees the emission of alpha particles at the same rate

for both branches.

The short half-lives of 2 2 2Rn and its daughter products requires

careful bookkeeping of possible decay and growth processes during the

analysis. Therefore, we consider four time intervals in the calcula-

tion of the 2 2 2Rn and 2 2 6Ra activity:

(1) During the time interval t (the moment the air in the wash

bottle is replaced by helium) to tx (the moment
 2 2 2Rn has been

transferred to the charcoal column) the 2 2 2Rn/ 2 2 6Ra activity

ratio grows towards its equilibrium value (eq. (1.2)) as a result

of 2 2 2Rn production from 2 2 6Ra in the suspended sample.

(2) In the time interval t1 to t2 (filling of the scintillation cell)

there is no longer production from 2 2 SRa (as there is no 2 2 6Ra

available outside the wash bottle). Furthermore, it is important

to note that the non-gaseous 222Rn-daughter products are not

transferred to the counting cell.

(3) In the time interval t2 to t3 (start of counting) the decay of
2 2 2Rn as well as the production and subsequent decay of alpha

emitting 2 2 2Rn daughter products contribute to the total alpha

activity in the counting cell.

(4) During the counting interval t3 to ti* the total number of regis-

tered pulses is the sum of the integrated 2 2 2Rn, 2 1 0Po and 211*Bi

activities.

Furthermore, the following three instrumental effects have to be in-

corporated in the calculation:

(1) Due to noise effects in the electronic counting system as well as

to the presence of alpha emitting substances in the activated

ZnS, its support, the helium carrier gas or the quartz scintilla-
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tion cell itself, an apparent count rate is registered, even in

the absence of a sample. This is called system background (BKG).

(2) Only a fraction of the emitted alpha particles is actually re-

gistered in the scintillation cells. This fraction is expressed

as the efficiency EFP.

(3) The blank activity (BLK) (i.e. the activity measured from a de-

mineralized water sample) is not zero.

Taking all these effects into account and applying eqs. (1.9) through

(1.10c) the following expressions may be obtained for the 2 2 6Ra and/

or 2 2 2Rn activity:

2 2 2 « n ( t 2 ) = V T
B x K G

E F
X F T - BLK (2.3)

•Al ( t 2 - t ! )
2 2 6 R a ( t o ) = . •• j—rr r - r 2 2 2 R n ( t 2 ) ( 2 . 4 )

0 ~ A o ( t i ~ t o )
 e - A i ( t i - t )

where

" A i t s " A l t ii , -i -i . ~ A j t 3 ~~ \ i t i
1- 3 - e z u) . ^iXk{e - e -

A i { A 2 ~ "• X / ' 3 "~ ̂  1 / ' " *t ~ ^ 1 ) 1 ^ 1 ~* ̂  2 ) ' ̂ 3 "™ ̂ 2 ' ^ ' ^ 1 * ~~ ̂- 2 )

( X i - X 3 ) ( X 2 - X 3 ) ( A 4 - X 3 ) T ( X x - A , ) ( A 2 - A , ) ( A 3 - A , )

( 2 . 5 )

and the subscripts 1,.. ,4 denote 222Rn, 218Po, 211tPo and 214Bi re-

spectively.

It is important to note that in evaluating the statistical

counting error it is not appropriate to apply Poisson statistics di-

rectly because a large fraction of the registered alpha decays are

the result of coupled rather than independent events. A detailed

calculation (Sarmiento et al., 1976) shows that:
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FT EFF

A (t -t ) (2.6)

) ' I 222
- e

where BKG = background count rate (s"1)

ABKG = error in BKG

BLK = blank activity (Bq)

ABLK = error in blank activity

EFF = efficiency of the scintillation cell

AEFF = error in the efficiency

BE = EFF + EFF(1 - EFF) + EFF(1 - EFF)2

FT: see eq. (2.1)

N = number of counts

T = counting time (ti, - t3>

2.4.3. PERFORMANCE

2.4.3.1. Background and blank activity

The background is defined as the fraction of the count rate that

is due to any alpha-particle emitting substance in the activated ZnS,

its support, the helium carrier and, to a small degree, to the noise

inherent to the PM tube. It will be reported here in counts per

second (cps) .
mhe background is determined by evacuating a counting cell for

one hour and filling it with helium. The count rate is subsequently

registered. The cells show a background varying from ca. 0.5 to

2.5x 10"3 cps. This number may increase as a function of time due to

contamination with non-gaseous alpha emitting 222Rn daughter products

which accumulate on the wall of the counting cell during measurement.

Therefore, background should be regularly measured.

The blank activity is determined by applying the extraction and

transfer procedure to a wash bottle filled with demineralized water.

The initial blank activity was approximately 1 5 + 4 mBg, increasing
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to 30 ± 5 mBq during the measurements. Even after a complete revi-

sion of the system the blank activity could not be reduced. Therefore

we attribute this increase to deteriorating quality of the deminera-

lized water. Future efforts will have to be directed to an improve-

ment of this quality.

2.4.3.3. Efficiency

Almost full recovery of the extraction and the transfer of

radon from the charcoal column was found in a system similar to ours

(Mathiev ?t al., 1977). Therefore, the efficiency of the radon de-

tection system appears to depend solely on the efficiency EFF of the

counting cell.

The overall efficiency was determined by applying the extraction

and transfer procedure to a 226Ra standard solution (section 2.3.2).

It is expressed as the percentual fraction of the original 226Ra

activity that is actually measured and varies between 81% and 87% for

the counting cells used.

2.4.3.4. Memory effect

Incomplete removal of 222Rn from the charcoal column and/or the

counting cell may result in additional activity in the next analysis.

This memory effect was determined by measuring blank activity direct-

ly following a (highly radioactive with respect to natural activi-

ties) 226Ra standard measurement. With the adapted procedure there

was no detectable increase of blank activity and therefore memory

effects are considered to be negligible.



CHAPTER 3. U/TH DISEQUILIBRIUM DATING'

3 . 1 . INTRODUCTION

This chapter presents a systematic study of the application of

the 23OTh/231*U disequilibrium (UTD) dating method for peat, dealing

with closed-system geochemical behaviour of U and Th as well as pos-

s ib le mechanisms responsible for introduction of so-called environ-

mental or common Th. Based on th i s discussion the resu l t s and r e l i a -

b i l i t y of UTD dates of a variety of peat samples will be discussed.

Furthermore, these resu l t s allow a tenta t ive correlat ion of European

pollen diagrams from France and Greece with previously published

palaeo-temperature curves for North Western Europe and the marine

environment.

In addition section 3.3 discusses the resu l t s on four coral

samples. These analyses were intended as a preliminary t e s t of our

analyt ical methods. In view of the importance of re l i ab le coral dating

in reconstruction of past sea-level stands in palaeoclimatology, the

resu l t s are worthwhile presenting.

Section 3.4. deals with an attempt to date fossi l bones by UTD.

The dates presented are derived from analysis of bulk material in-

stead of material from the surface layer as recommended by Rae and

Ivanovich (1986). No study was made of the homogeneity of the U and

Th dis t r ibut ion through the cross section of the bones. However, in

* Part of the contents of this chapter has been or will be published in:

Van der Wijk, A., El-Daoushy, F . , Arends, A.R. and Mook, W.G., (1986). Dating
peat with U/Th d i sequ i l ib r ium: some geochemical c o n s i d e r a t i o n s . Chemical
Geology (Isotope Geoscience Section) 59: 283-292.

Van der Wijk, A., Mook, W.G. and Ivanovich, M., Correct ion for environmental
2 3 0Th in U/Th d i sequ i l ib r ium da t ing of p e a t . Science of the Tota l Environment,
Proceedings of the 5th Symposium on Environmental Radiochemical Ana lys i s .
Harwell, U.K., 1-3 October 1986. To be publ i shed .

B a r t s t r a , G . J . , Soegondho, S. and Van der Wijk, A., Solo stream sediments,
Ngandong Man and r i v e r - d r i f t p a l a e o l i t h i c of Java. Submitted t o Journal of
Human Evolut ion, 1987
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view of their archaeological importance, the results are sufficient-

ly encouraging to be presented, although more detailed research is

required to establish the reliability of the deduced ages.

3.2. PEAT

3.2.1. INTRODUCTION

The reliability of UTD dating of peat, as of any other environ-

mental material, is largely determined by closed-system behaviour.

Peat is a complicated material, consisting of a variety of organic as

well as inorganic components. Each of these may show different geo-

chemical behaviour with respect to U and Th. Hence, exchange of U and

Th between the various constituents is possible whereas peat as a

whole may still act as a closed system. In order to understand the

geochemistry and to investigate which fraction acts as a closed

system, a detailed study of the chemical speciation of U and Th in

various constituents of peat was carried out (section 3.2.3). The

results appear to be in good agreement with previous studies and can

adequately be explained by assuming that the most important mechanism

by which U and Th are adsorbed, exchanged and retained in peat is by

cornplexation with humic and fulvic acids.

This suggests that the organic fraction of peat, represented by

humic and fulvic acids, resembles a closed system and that contamina-

tion with environmental or common Th (indicated by the presence of
232Th) can be corrected for using eqs. (1.15) and (1.16). To investi-

gate this, peat samples selected from various localities were com-

busted over a Bunsen flame (section 2.3.3). U and Th were extracted

by leaching with various concentrations of HNO3. Subsequently the

residual mineral fractions were analysed. The results of these meas-

urements (section 3.2.4) surprisingly show that for the majority of

the investigated samples the best correspondence with other dating

methods is obtained without correction for environmental Th. To ex-

plain this apparent anomaly, a tentative geochemical model is intro-

duced (section 3.2.5) which predicts strong depletion of Z30Th in

environmental Th. Based on this model absolute ages were determined

of well documented peat layers deposited during warmer periods (so-

called interstadials) at the beginning of the last glaciation
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(Weichsel or Wurrn), starting approximately 100,000 to 90,000 years

ago. UTD dates were obtained for the end of the St-Germain I-C inter-

stadial as pollen analytically defined by Woillard (1978) at La

Grande Pile, France, and of the Elevtheroupolis and Drama intersta-

dials as defined by Van der Hammen et al. (1971) at Tenaghi Phillip-

pon, Greece.

3.2.2. SITE SELECTION

Peat samples were selected from a variety of geographical loca-

lities (Fig. 3.1). We will confine ourselves to a short description

of the samples and the geological periods they represent. For extend-

ed information on palynology, lithostratigraphy and geology we refer

to other authors.

1. Amersfoort de Liendert (52c09'N, 05c24'E, the Netherlands)

In 1967 four peat samples (AFII.1, AFII.2, AFII.3 and

AFIII) were taken from peat layers of approximately 20-80 cm thick-

ness, covered by coarse sand, in an artificial pit at Amersfoort,

which is the locality where both the Eemian Interglacial

Selected Sites
for

peat dating TENAGHI PH1LLIPP0N

Figure 3.1. Map showing the geographical distribution of the localities where peat
samples were selected for UTD dating.
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and the Amersfoort Interstadial were palynologically defined (Zag-

wijn,1961). A summary of the 1ithostratigraphy, pollen analysis and
1^C dating, applying thermal diffusion isotopic enrichment, is given

by Grootes (1977). The samples represent early Weichselian Inter-

stadials (probably Br^rup and Odderade), datei between 60,000 and

70,000 years ago.

2. Tenaghi Phillippon (41°10'N, 24°20'E, Greece)

Samples were obtained from two borings (TFII and TFIII) from the

Drama basin in Eastern Macedonia. For core TFII an extensive palyno-

logical description exists, which enabled a reconstruction of palaeo-

climatological conditions over the past 700 ka (Wijmstra and Groen-

hart, 1983). Core TFIII was taken only a few meters from TFII and is

assumed to show approximately the same stratigraphy (Wijmstra, pers.

comm.). Detailed information on site, stratigraphy as well as palyno-

logy is given by Wijmstra and Groenhart (1983).
1IfC dates are available for samples from the first 18-20 m in

the TFII core, corresponding to a maximum age of roughly 55 ka. Van

der Hammen et al. (1971) correlated the Pangaion, Doxaton, Drama and

Elevtheroupolis at Tenaghi Phillippon with the Eemian Interglacial

and the early Weichselian Interstadials Amersfoort, Br^rup and Odde-

rade in North West Europe, respectively.

3. La Grande Pile (47°44'N, 06°30'E, France)

Five samples were selected from four separate borings at La

Grande Pile, France. From this locality Woillard (1978) obtained a

continuous pollen record (Fig. 3.6). She tentatively correlated the

Eemian, St. Germain I-A, St. Germain I-C and St. Germain II at La

Grande Pile with the Pangaion, Doxaton, Drama and Elevtheroupolis at

Tenhaghi Phillippon, respectively. Furthermore, Woillard and Mook

(1982) used lltc ages for this pollen record to obtain a correlation

with deep-sea 18O stage boundaries after Hays et al. (1976) and

Kominz et al. (1979).

From the five samples studied in this thesis four were taken

from layers that represent the upper 15 cm of pollen stage St. Ger-

main I-C (a182, a183, a185 and a186). Hence they are expected to be
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too old for 1'*C dating. A sample from the top of St. Germain II has

been dated before by application of thermal diffusion enrichment of
lkC, yielding a minimum age of 69.5 ± ,*? ka (GrN-9187) for the end

of this interstadial. The fifth sample (a184) represents the third

interstadial during the Lanterne (Weichsel) II glaciation and is

dated by x*C at 40.0 ± 0.6 ka (GrN-8746).

4. Les Echets (45°54'N, 05°00'E, France)

Analysis of 39 m of sediment from a boring (G) in the ancient

lake of Les Echets, only 200 km from La Grande Pile, resulted in a

long, continuous pollen diagram covering the interval from Late Riss

to the Holocene (see e.g. De Beaulieu and Reille, 1984a; 1984b). Pa-

lynological correlation of three temperate post-Eemian episodes with

the St. Germain I-A, I-C and II interstadials at La Grande Pile as

well as with the Amersfoort, Br^rup and Odderade interstadials was

possible. Based on these correlations, De Beaulieu and Reille accept

the extrapolated dates proposed for the Grande File section. Sever .

samples from boring G were investigated in this study.

5. Valley of the River Dinkel (52°23'N, 07°00'E, the Netherlands)

Samples were taken from borings in sedimentary depo^xts in the

glacial Dinkel basin in the Eastern part of the Netherlands. These

samples represent the cold period between the early Weichselian and

the late Weichselian (the Pleni-glacial), approximately between 60,000

and 12,000 years ago. An extensive description of the stratigraphy and

lithology is given by Van Huissteden et al. (1986). As an independent

check 11*C dates obtained in our laboratory are available.

6. Tervola (66°05'N, 06"30'E, Finland)

Three samples (a113, a114 and a115) from a thin (5-50 cm) peat

layer in the Kauvonkangas section (North Finland), covered by coarse

sand, were provided by the Finnish Geological Survey. The geology, as

well as the results of XI*C dating on several other peat samples from

this site are discussed by Makinen (1979), who attributes the presence

of peat in this section to the slight warming during the Perapohjola

Interstadial, following the Weichsel I glaciation. Thermoluminescence
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(TL) dating was carried out on quartz sands from this section by Hiitt

et al. (1982).

7. Oerel (53°29'N, 09°04'E, Federal Republic of Germany)

Several samples from borings at this site were submitted by

Dr. K.-E. Behre from the Niedersachsisches Landesinstitut fur Mar-

schen- und Wurtenforschung, VJilhelmshaven, FRG. Five of these (boring

61: a50, a51, a52; boring 46: a142 and a143) were selected from a

peat layer that appears to represent an early Weichselian interstadi-

al, chronologically situated between the Glind and the Odderade

Interstadial. The lkC ages measured at our institute are available

for comparison.

8. Pitalito (01?51!N, 76°02'W, Colombia)

Eight samples from a 13 m deep boring (JBII) in the Pitalito

Basin, Colombia, were submitted by Dr. J. Bakker from the Agricultu-

ral University of Wageningen, the Netherlands, for UTD dating. Paral-

lel 1^C ages on 4 samples of the same material were obtained in our

laboratory.

3.2.3. CLOSED-SYSTEM BEHAVIOUR

3.2.3.1. Preliminary measurements

In a first attempt to study closed-system behaviour we assumed

that the organic fraction of peat contains essentially no initial Th

and behaves as a closed system for U and Th. Hence we followed the

approach of Vogel and Kronfeld (1980), who demonstrated that the

3 M HC1 leachate of ash of combusted peat samples may yield fair

agreement between UTD and ll4C ages. They applied a simple correction

for the contribution of inorganic detrital 23Oirh by assuming that the

initial 23OTh/232Th activity ratio is 0.7 or 1.0. The first value

(0.7) is the geometric mean of the 233Th/232Th activity ratios of Th

leachable from the sediment of 13 rivers in South Africa. Tables 3.1a

and 3.1b show the results of our measurements on samples from Amers-

foort and Tenaghi Phillippon (core TFII). To correct for environ-

mental Th we assumed a 23oTh/232Th activity ratio f = 1.0 in the

mineral fraction and subtracted the 232Th activity from the measured
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230Th activity before calculation of the age.

Furthermore, we investigated the speciation of U and Th in a

variety of extracted fractions (4 to 5, designated as E1, E2, E3H

and/or E3F, E4 and E5 in section 2.3.3.1) from Tenaghi. Phillippon

(core TFII) and Tervola peat. Table 3.2 shows the radiometric re-

sults. We assumed that environmental Th was introduced into the date-

able phase shortly following formation and we calculated corrected

ages from eqs. (1.17) through (1.19).

3.2.3.2. Preliminary discussion: geochemistry of U and Th

With the exception of a2 79 the Tenaghi Phillippon samples show

high 2 3oTh/2 3 2 T h activity ratios in the 3 M HC1 leachates. This indi-

cates that (post-formation) Th contamination has been limited. As a

result the ages are rather insensitive to the correction factor f.

Furthermore, the uncorrected UTD ages show similar trends as a func-

tion of depth in the core as 1'tC ages (Table 3.1a and Fig. 3.5a).

Hence it appears that U and Th specific activities are largely deter-

mined by radioactive decay and growth. However, the relatively large

statistical uncertainties result in large uncertainties in age.

On the other hand, samples from Amersfoort appear to be extreme-

ly sensitive to the correction index (Table 1.3b). This is likely due

to the fact that U and Th concentrations appear to be low (less than

1 ppm) so that slight contamination with environmental Th may be suf-

ficient to introduce large uncertainties. Unfortunately an uncalibra-

ted spike was used at the time of these measurements so that the ab-

solute U and Th concentrations could not be accurately determined.

However, the data show that in this case the relatively simple ap-

proach as suggested by Vogel and Kronfeld is insufficient to obtain

reliable dates for peat.

Table 3.2 shows that U ard Th are not uniformly distributed over

the extracted fractions but that the majority is contained in the

humic and fulvic acids (fractions E3H and E3F). These observations

are in good agreement with studies showing that humic and fulvic

acids are responsible for U and Th accumulation by the formation of

insoluble organo-actinide complexes (Szalay, 1958; Borovec et al.,

1979; Kffbek and Podlaha, 1980; Halbach et al., 1980; Nash and Chop-



Table 3.1a. Radiometric data obtained from analyses of peat samples from Tenaghi Phillippon, core TF II

Sample % loss* on Analysis no. U c o n e * ' " 0 / ;1*U r3;Th/"'1"u ''3 " Th/'' ?Th Leachate age (ka)
(depth m) ignition (ppm) Expected** Corrected Uncorrected

(f=1-0) (f=0)

.276

( 4 . 5 - 4 . 7 )

,279

( 7 . 6 - 8 . 1 )

•280

( 1 2 . 5 - 1 3 .

• 281

( 1 3 . 0 - 1 5 .

>282

( 1 6 . 0 - 1 6 .

•283

( 1 6 . 5 - 1 " ' .

•284

( 1 7 . 5 - 1 8 .

,287

( 2 4 . 0 - 2 4 .

0)

5 )

5)

0)

0)

5)

81 G-81026

75

2.8 0.92±0.08 0.12±0.04 1 1 ±6

G-810491

G-8400iJ

88 G-81025

70 G-81037

80 G-81032

70 G-81043

1.9 1.02±0.08 0.25+0.03 1.5+0.2

8.0 1.16+0.09 0.23+0.07 6.0+1.9

6.4 1.15+0.15 0.45±0.07 12 + 5

8.49±0.06 13± 4

(GrN-5719)

17.58+0.10 11+2

(GrN-5722)

32.41+0.34 20+ 2

(GrN-5723)

11.0 0.85+0.07 0.40+0.04 13+4 43.8 +1.5 48+

(GrN-5724)

46.7 ±1-8 5i±]?-

(GrN-5783)

19.n 1.04+0.12 0.40±0.05 67+38 51.5 +4.02.7
(GrN-5784)

67 G-81017/34/35 8.0 0.94+0.09 0.34+0.05 8.7+2.3 49.1 -
3.0
2\

(GrN-5781)

56 +
10

± 7

84 G-81033 2.5 0.87+0.12 0.68±0.19 5.2+1.5 64-125 102+
33
25

* Related to air-dry weight of the total sample

**Basod on l"C measurements in Groningon

14± 5

31 +

28±

56 +

10

64±

55±
10

130 +
56



Table 3.1b. Radiometric data obtained from analyses of peat samples from Amcrsfoort, do Llondert

Sample % loss* on Analysis no. n cor.c. *
(depth m) ignition (ppm)

AFII. 1

(6.61-6

AFII. 2

(6.98-7

AFII.3

(7.27-7

AFIII

(8.50

.69)

.10)

.37)

79

93

86

G-81061

G-81060

G-81062

G-81059

Tii/ 'Li ' Th/ • Th Leachate age (ka)
Expected** Correction Corrected

factor f

n.05" 1.61+0.31 0.61+0.14 1.69+0.53

0.03 0.90 + 0.40 2 . 3 '<* 0.8 9 1.44+0.44

b.d.l.

60.1+
0.9

63.8+ -7

63.5+ 1 .5
'1.2

(GrN-689 3)

1.00 + 0.33 1.72+0.47 1.02+0.18 67.5±!|!|"8

O.f"0.8
(GrM-6884) 1.0

2.0L1 .4
(GrN-7040) 1.

1 .3

: .4

58

49

61

52

58

73

* Related to air-dry weight of the total sample.

- Only the 3 ;i HCl leachate was measured.

tt An uncalibrated spike was used so U conci-nt rat ion:; arc ->nlv •:•" '",•• inliT ar the qiver. n

** Based on !'C measurements at Groningen, using thermal diffusion isotope enrichment.
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Table 3.2. Results from U/Th measurements on extracted fractions of different peat samples

Sample Inorganic* Fraction U cone* ''"U/ 'eU •' ' Th/-'"U •:'Th/?Inorganic* Fraction U cone* ??"U/:''aU : ' ~Th/: ? UU
content (ppm)
(wt.%)

Th Age according Fractions ('" '
to other for dating
methods (ka)

Th/' ;Th)** U/Th age**
(ka)

Tenaghi Philippon, Greece

.279
(7.60-8.10)

.284
(17.50-18.00)

• 287
(24.00-24.50)

Tervola, Finland

• 1 1 4
(3.50)

• 1 1 3
(3.65)

15

60

10

47

55

E2
E3H
E3F
E5

E2
E3H
E3F
E5

E2
E3H
E3F
E5

E2
E3H+E3F
E4
E5

E2
E3H+E3F

0
2
0
0

2
1 1
21
0

7
6
2
0

18
4
0
0

1 1
8

.69

.16

. 16

. 12

.07

.4

.1

.37

.37

.43

.09

.07

_ 7

.42

.92

.07

. 1

.1 1
E4 0 .6 5
E5 0 . 0 2

E1
E3F
E3II
E4
E5

0 .19
5 .79
3 .72
2 . 6 4
1 . 7 5

1.12±0.10 0.13 ±0.04
1.01+0.06 0.47 +0.03
1.33+0.27 0.17 +0.03
0.82+0.10 2.49 +0.26

1 . 0 2 + 0 . 0 4 0 . 1 4 3 + 0 . 0 0 8
1 . 0 8 ± 0 . 0 4 0 . 7 9 + 0 . 0 4
0 . 9 3 + 0 . 1 3 0 . 0 2 7 + 0 . 0 0 9 1 1 . 1 ± 1 . 4
1 . 0 5 + 0 . 1 1 1 . 9 2 + 0 . 1 5

0 . 9 8 ± 0 . 0 7 0 . 0 1 5 + 0 . 0 0 8
0 . 9 9 + 0 . 0 5 1 . 1 0 t O . 0 5
1 . 1 3 + 0 . 0 9 0 . 2 1 ± 0 . 0 5
1 . 1 5 + 0 . 4 4 8 . 2 i 2 . 2

1.20+0.02 O.13O+O.OO8 12.2 +1.8
1 . 14 + 0.03 4.4 +0.21 12.9 +0.5
1.13+0.04 4.01 +0.14 4.77+0.13
1 .09 + 0.15 1.76 tO.22 5.4 +1.0

1.91+0.92
1.34+0.06
2.08+0.41
0.93+0.05

4.34+0.43
8.78+0.38
1.1 ±1.4
2.17+0.09

0.60+0.44
7.05±0.40
2.26+0.61
1.82±0.23

17.58±0.10"'
(GrN-5722)

49.1±3;^»

(GrN-5727)

64-125 '>

E3H
E3H+E3F

E3H
E3H+E3F

E3II
E3H+E3F

1
1

4
2

4

.04+0

.04±0

.55 + 0

.52 + 0

.61+0

.03

.03

.19

.11

.20

«o o 4.6
19-8*4.3
.. -.5.2
l9-1±5.0

»« \l
31-5±2.6

1 . 19±
1.19 +
1 .08 +
1 . 14+0.59 1.85 +0.

0.02 0.102+0.005 13.5 +1.9
0.01 1 .98 +0.06 10.5 +0.3
0.05 3.42 +0.18 2.67+0.18

1 . + 0 . 9

1 . 0 8 +
0
1

0 . 0 9 0 . 0 7 + 0 . 0 2
0 . 0 8 0 . 3 0 1 0 . 0 3
0 . 2 1 3 . 39 ± 0 . 4 8
0 . 0 2 1 . 2 8 ± 0 . 0 4

3.2 +1
11.0 +0
11.6 ±040±C

0.16+0.02 1.28 ±0.04 4.88+0.10
1.22+0.03 O.136±O.O1O 2.08+0.24

(Su-688)
TL 55

48.0 + ^

(Su-688)

48.1 +

to

3.5
2.4

(Su-689)
T L 5 5 •

Uncertainties are based on 1: counting errors. U/Th ages are calculated according to eq. 1.17-1.10 (set- text) using cither
traction E3H or E3H + E3F. Fraction E5 was used fur environment.a 1 Th corrections.
* Related to air-dry weight of the total sample.
** Calculated according to eqs. 1.17-1.19
;) No fractions could be found to yield ages between 0 and 350 ka
•) Age determined from c.
') Estimated by Wijmstra and Groenhart (1983) from comparison of deep-sea !"o-stage boundary ages and pollen zone boundaries.
) Thermoluminescence dates (TL) from Hiitt et al. (1982).
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pin, 1980; Nash et al., 1980; Shanbag and Choppin, 1981). Further-

more, in some cases the 0.5 M HC1 (pH = 0.3) extract also contains

a vast amount of U but considerably less Th. This can be adequately

explained by the observation of Szalay (1969) that U may be almost

entirely released from humic or fulvic acids in a pH = 0.6 HCl solu-

tion and may be regarded as indirect evidence for the existence of

such complexes.

The presence of 232Th in the 3 M HCl leachates of the peat ash

need not be associated with the organic fraction but can be attribu-

ted to partial dissolution or leaching of the inorganic fraction.

However, the presence of 232Th in the 1% NaOH extracted fractions

(Table 3.2) can only be explained if 232Th is associated with the

organic fraction because the leaching capacity of a 1 % NaOH solution

for the inorganic phase is low. This we established by leaching the

ash of combusted Tervola peat (ct115) with 1% NaOH, yielding < 2% of

the U activity and < 0.01% of the Th activity in the 1% NaOH soluble

fraction of the total sample. We assume that the acid environment, a

result of the formation of humic and fulvic acids, is responsible for

dissolution of 232Th originally associated with the inorganic mate-

rial. Following its dissolution it is immobilized by the formation of

stable Th-humic/fulvic complexes. This obviously raises the question

whether closed-system behaviour may be invalidated by the introduc-

tion of 230Th into the organic fraction by the same mechanism.

In section 1.3.3.2 we assumed that in-situ contamination of the

organic fraction with environmental Th as a result of ion-exchange

processes occurs on a time scale relatively short with respect to

the 230Th half-life. If the combined humic and fulvic acid fractions

are assumed to be dateable, UTD and 1'*C are in good agreement for

Tenaghi Phillippon sample cx279. The a284 appears to be too young,

indicating that the amount of contaminating 2 3 °Th is overestimated.

The agreement between UTD and the expected age for a28 7 is good

(Table 3.2).

On the other hand, for Tervola no reliable UTD dates could be

obtained. From the high U concentration and the relatively low
23oTh/231*U activity ratio in E2 we conclude that U is preferentially

extracted. This leaves the remainder of the sample depleted in U,
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which is confirmed by the high 23OTh/23"u activity ratios in E3 and

E4. This clearly shows that the chemical binding of U (and probably

Th as well) is different for Tervola samples than it is for Tenaghi

Phillippon samples. We therefore re-analyzed a113 without applying

the 0.5 M HC1 extraction. In that case we observe that most of the U

and Th is still contained by humic and fulvic acids (Table 3.2). How-

ever, U concentrations in E4 and E5 are higher in this case. We at-

tribute this to incomplete separation of phases. This is of particu-

lar importance when (organic) fractions of high U and Th concentra-

tions are not completely separated from (inorganic) fractions of low

U and Th concentrations and results in a relatively large memory ef-

fect of the U-rich fraction in the U-poor fraction. Hence, the meas-

ured activity ratios do not necessarily represent the true value for

the fractions and therefore a qualitative interpretation of these

data is preferred.

3.2.3.3. Preliminary conclusions

The fair agreement between UTD and lhC dates for Tenaghi Phil-

lippon is in accordance with closed-system behaviour. Furthermore,

the observed speciation of U and Th among various constituents of

peat supports the conclusions of other investigators that ion-exchange

is dominant in U and Th geochemistry in organic sediments. Apparently

the formation of (insoluble) actinide-humic/fulvic complexes strongly

limits the mobility of these nuclides.

We found evidence that in situ ion exchange occurs as a result

of dissolution of Th and/or U from the inorganic phase and subsequent

complexation with organic acids. However, our data are still too

limited to conclude either on the rate of exchange or on possible

isotope fractionation processes.

Nevertheless, the combined humic and fulvic acid fractions con-

stituting the majority of the organic peat fraction, appear to act as

a closed system with respect to U and Th. They may be considered

dateable if in-situ ion exchange with the inorganic fraction has been

limited which is indicated by a relatively high 23OTh/232Th activity

ratio. In that case the chemistry can be simplified to a two-phase

separation: a dateable organic phase and a contaminating inorganic
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phase. In the next section we compare various chemical approaches

used for separation. Furthermore, we will discuss the implication of

relatively high 232Th activity in the organic phase.

3 . 2 . 4 . TWO-PHASE SEPARATION

3.2.4.1. Measurements

Samples from La Grande Pile, Tenaghi Phillippon (core TFII),

Tervola, and Oerel were separated into two phases by leaching the

sample ash. The leachate and the residual material were analysed

separately. Two samples from La Grande Pile, four from Tenaghi Phil-

lippon, two from Tervola, and two from Oerel were repeatedly analysed

by using an increasing concentration of HNO3 in the leaching step.

This yields a number of extracted fractions for which the U and Th

specific activities, normalised to the specific activity of 232Th,

are plotted in Figs. 3.2a through 3.2j.

For samples from La Grande Pile another separation was carried

out by selective dissolution of the organic phase in a 1 % NaOH solu-

tion. The residual material, containing visible organic remains which

indicates incomplete separation of phases, was rejected from further

analysis.

3.2.4.2. Discussion

If peat shows closed-system behaviour while exchange of environ-

mental Th between the inorganic and the dateable organic phase is un-

fractionated, the plots in Figs. 3.2a-3.2j should produce straight

lines according to eqs. (1.15) and (1.16) with slopes representing

the activity ratios in the pure dateable phase. A straight line fits

the plotted points excellently as indicated by the high correlation

factors. However, Table 3.3 shows that for all samples the corrected

ages are systematically much lower than those expected. This implies

that, based on the 232Th activity, the applied correction technique

overestimates the amount of common Th (or at least common 2 3 0Th).

This is consistent with our previous observation (section 3.2.3.2)

that at least part of the 232Th should be associated with the date-

able organic phase. Supporting evidence is provided by the presence

of substantial amounts of 232Th in the 1% NaOH extracted fraction



Figure 3.2. Isochron plots showing normal-
ized activities with respect to 23ZTh for
various extracted fractions from peat
samples. If Th is a good measure of
the degree of contamination with envi-
ronmental Th, each set of plotted
points should produce a straight line
(eqs. (1.15) and (1.16)) with a slope
representing the activity ratio in the
pure dateable fraction.
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Figure 3.2. (continued)
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from samples of La Grande Pile (Table 3.4). In addition to this, the

UTD ages deduced from the uncorrected activity ratios in both the 1%

NaOH extract and the 2 M HNO3 peat ash leachate show excellent agree-

ment with the expected ages for the three samples from the St. Ger-

main I-C interstadial (Fig. 3.3). Hence, we arrive at the important

conclusion that "Th cannot reliably be used as a correction index.

The fair agreement between expected and UTD ages deduced from

the activity ratios in the mildest leachate indicates that the latter

represent U and Th associated with the organic material fairly well,

although the absolute concentrations can be much lower (Tables 3.3

and 3.4). However, additional environmental Th may be introduced

during the laboratory treatment. Stronger leaching of the sample ash

(using a higher HNO3 concentration in the leaching agent) results in

deterioration of the correspondence between deduced and expected ages.

Fig. 3.4 shows a general trend of an increase of the uncorrected

leachate age with the leaching strength. For Tervola and Tenaghi

Phillippon the slope of the fitted line is relatively small and of

the same order of magnitude. For samples from La Grande Pile the slope

is larger, but again of the same order of magnitude for both samples

that were analysed. The samples from Oerel show an extremely steep

rise of the uncorrected leachate age as a function of leaching. These
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Figure 3.3. Comparison of deduced
ages (expressed in thousands of
years, ka) obtained from two dif-
ferent laboratory treatments for
peat samples from La Grande Pile,
France. The squares show the region
of expected age (lower left square:
the third interstadial during the
Lanterne (Weichsel) II glaciation,
dated with lhC at 40.0 ± 0.6 ka,
upper right square: St. Germain I).
Error bars are based on lo counting
statistics.
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Table 3 . 3 . Radiometric

Sample % los s* on

(depth (m)) i gn i t i on

La Grande P i l e

(9.05-9.25)

1186
(12.44-12.59)

c.183
(13.38-13.53)

1185
(13.43-13.57)

•-.182
(13.93-14.08)

22

36

38

37

38

data obtained .

Analysis**

H-3826 L
H-3826 R

Ii-3825 L
H-3825 R

H-3822 L
H-3822 R

H-3823 L
H-3823 R

H-3824 L
H-3824 R

Tenaqhi Ph i l l i ppon , Core TF I I

.280
(12.5-13.0)

,284
(17.5-18.0)

,285
(21.5-22.0)

,287
(24.0-24.5)

Tervola

(3.65)

.115
(3.80)

69

66

85

74

61

66

G-87001 L
G-87013 R

G-87004 L
G-3 7016 R

G-87007 L
G-87019 R

G-87010 L
G-87022 R

/G-86404\L

/G-85134vL
(G-86408 )
VG-864 1 5-R

T O E

leaching
agent

(M Htio )

2 .

2 .

2 .

2,

2.

2

2

2

2

3

3

0

.0

.0

.0

.0

.0

.0

.0

.0

. 5

. 5

v a n .ous

U cone
(ppm)

0.
1 .

0.
0.

0.
0.

0.
0.

0.
0,

26
14

8
2.

6
0

4
1

19
10

12

6

29
25

12
69

.07
,55

,08
.57

.12

.69

.6

.9

. 5

.3

.2

.0

p e a t samples
* ?

1
1

1
1

1
1

1
1

1
1

0
1

1
1

1
0

0
1

1
1

1

1

. 0 9 + 0 .

. 0 7 ± 0 .

. 1 7 + 0 .

. 0 7 + 0 .

. 2 4 + 0 .

. 1 0 + 0 .

. 1 8 ± 0 .

. 0 9 + 0 .

. 10 + 0 .

. 0 4 + 0 .

. 9 9 + 0 .

. 0 2 + 0 ,

. 0 4 + 0 .

.0.1 + 0.

. 1 2 + 0 .
.94 + 0

.94 + 0

. 0 0 + 0

. 16 + 0

. 2 2 + 0

. 18 + 0

. 0 9 + 0

"U

06
04

07
05

13
03

15
05

09
03

.01

.01

.03

.02

.03

.07

.05

.04

.15

.03

.09

.25

0.
0.

0.
0.

0.
0 .

0 ,
0,

0 .
0.

0
0

0
0

0
1

n
0

0
1

0

i

0 Th/-

48+0
.97 + 0

.59±0
87 + 0

.60 + 0

.76 + 0

.66 + 0

.96 + 0

. 6 5 i O

.96 + 0

. 1 7 + 0

. 37 + 0

. 30 + 0

. 6 2 + 0

. 53 + 0
. 3 8 + 0

. 5 0 + 0

.74 + 0

. 3 1 + 0

. 5 7 + 0

. 3 3 + 0

. 0 5 + 0

• J - u

.04

.06

.05

.05

.08

.03

.07

.04

.06

.04

.02

.02

.02

.03

.03

.12

.04

.05

.05

. 19

.05

.28

0
0

1
0

1
0

1
0

1
0

° T h / ' '

.96±0.

.81+0.

. 0 3 + 0 .

. 8 9 + 0 .

. 0 8 + 0 .

. 8 9 + 0 .

. 1 4 + 0 .

. 9 0 + 0 .

. 2 9 + 0 .

. 9 3 + 0 .

11 + 2
1 3+1

7 . 7 + 0 ,
4 . 9 + 0 .

21 + 2
5 . 6 + 0

6 . 2 + 0
3 . 8 + 0

11+2
9 + 1

7 . 7 + 1

7 . 3 + 2

? Th

07
03

08
03

15
03

1 1
03

12
03

.5

.3

. 7

.5

. 3

.4

.8

Leachte age (ka)
expected uncorrected cor rec ted

40.0+0.6
(GrN-8746)

95-115"'

95-115 ? )

95-1 15"'

9 5-115 ; )

13.41+0.34
(GrN-5723)

49 1+3-0

2.1
(GrN-5781)

• 52
(GrN-5784)

6 4 - 1 2 5 ' 1

(Su-688)

(Su-689)

70+6

94*J«

"tl

20.5 + 1 .8

3 8 - 8 ± U 8

8 1 . 0 ± J ; 6

' K 6 ± 5 . 8

4o.4±
7

7 ;6

17+71 '

24 .0±3.5

39.0±9.0

38.5±7.0

2 ^ +

19.4±1 .2 '>

2 2 . S i 3 / 3 / '

7 . 8 1 '

9 + 3 l )

8 + 4 '

Oerel
• 50
(2 .76-2 .79)

.51
( 2 . 9 5 - 2 . 9 9 )

.52
(3 .94-3 .97)

67

14

81

H-522 L
H-522 R

H-523 L
H-523 R

H-524 L
H-524 R

0 . 5

0 . 5

0 . 5

0 . 3 3 1 . 1 3 ± 0 . 0 7 0 . 4 3 + 0 . 0 3
0 . 9 9 1 . 0 4 + 0 . 0 3 0 . 9 0 + 0 . 0 3

0 . 0 9 1 . 0 0 + 0 . 1 2 0 . 3 8 + 0 . 0 4
0 . 6 7 1 . 0 4 + 0 . 0 2 0 . 6 3 + 0 . 0 2

1 . 5 7 + 0 . 1 3 5 0 . 2 + 0 . 7
1 . 0 4 + 0 . 0 3 ( G r N - 1 2 3 7 2 )

61 + 16

1 . 1 3 + 0 . 1 1 5 0 - 5 6 5 2 . 8 + 5 . 6
n . 7 1 + f t .O2 ( G r N - 1 2 3 7 2 / 3 )

0 . 2 3
0 . 5 3

0 . 8 4 + 0 . 1 0 0 . 7 0 + 0 . 0 8
1 . 1 1 + 0 . 0 4 0 . 9 4 + 0 . 0 4

1 . 13 + 0 . 0 9
1 . 0 3 + 0 . 0 3

5 7 . 3 + 1 .9
1.3

(GrN-13037)

138 +53
30

22.2

2 9 . 9

i)



.142
(1.S9-1.67)

a14 3
(1 .67-1.76)

72

87

H-520 L
H-520 R

H-521 L
H-521 R

0.5

0.5

0 .
1 .

0 .
0 .

26
32

28
51

1.26+0.11 0.27±0.03
1.15+0.03 0.63+0.02

1 .36 + 0.13 0.40 + 0.04
1.16+0.06 1.38+0.07

0.94+0.09
n.87 + 0.02

1.21+0.12
0.92+0.03

41 .6±0.3
(GrN-12314)

42.5+0.4
(GrN-12315)

33±15

54 + 18

2.9

* Related to air-dry weight of the total sample
** "H" denotes analysis in Harwell, "G" in Groningen, "L" corresponds to leachate, "R" to residue
:" Correction according to eqs. 1.15 and 1.16.
M Based on Isochron-plots in Fig. 3.2
2) Based on correlation of deep-sea ' r'O-stage boundary ages with pollen zone boundaries after Woillard and Mook (1982)
') Like 7 ) , Wijmstra and Groenhart (1983). Other expectations based on l l 4C.

All errors quoted are 1 * statistical uncertainties due to nuclear counting only.

Table 3.4. Radiometric data obtained from the 1% NaOH soluble fraction of peat samples from La Grande Pile

Sample Analysis no. U c o n e * 2 3 * u / 2 3 S U 23°Th/2**U 2 3 c T h / 2 3 : T h Leachate age (ka)
(depth mi (ppm) Expected Uncorrected

a184 G-86426 ca. 0.40 1.113+0.05 0.517+0.022 1.13±0.05 40.010.61' 78± 5

(9.05-9.25) (GrN-8746)

a183 G-86425

(13.38-13.53)

0.54 1.14±0.03 0.685+0.023 1.07±0.04 95-115 2) 121 + 8

a185 G-86427

(13.43-13.57)

a182 G-86424

(13.33-14.08)

0.56 1.20±0.04 0 .628+0.021 1.05+0.03 95 -115 2

0.58 1.24+0.04 0.721+0.027 1.04+0.04 95-1152 )

103+ 6

130±10

* Related to a ir-dry sample weight.
1) Based on " C measurements in Groningen
21 Based on corre la t ion of deep-sea l eO-stage boundaries and pollen zones (Woillard and Mook, 1981).

CD
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trends can be explained as follows. The U and Th containing minerals

soluble in the leaching agent introduce "environmental" U and Th of

relatively high 23OTh/231*U activity ratio. The result is a net in-

crease of the 23OTh/23I1U ratio (and therefore the apparent age) with

increasing strength of the leaching agent. The amount of soluble

minerals ii the peat ash strongly depends on the composition of the

inorganic i action after ashing and hence on the locality of the

peat origin.

3.2.4.3. Conclusions

The results discussed in sections 3.2.3 and 3.2.4 confirm that

in peat (part of the) 232Th is associated with the dateable organic

phase. The source of environmental Th appears to be in-situ ion ex-

change between the inorganic matrix and the dateable phase. Although

this violates the principle of zero initial Th in general, it appa-

rently does not always violate the principle of zero initial 230Th,

considering the fair agreement between uncorrected UTD and expected

ages. This apparent anomaly obviously raises the question whether

such agreement is fortuitous or the result of closed-system behavi-

our and previously overlooked geochemical or physical mechanisms

that allow 232Th to be taken up by peat in much larger amounts than
230Th. In the next section we will discuss a possible mechanism that

predicts such a phenomenon.

3.2.5. MECHANISMS FOR SELECTIVE UPTAKE OF 232Th

3.2.5.1. Recoil effect: depletion of the grain surface

So far the geochemistry of U and Th in pt=at can be adequately

explained in terms of closed-system behaviour with the exception of

one detail: the apparent selective uptake of 232Th with respect to
230Th by the organic fraction of peat. In this section we will specu-

late on the origin of such a phenomenon, realizing that the good to

excellent agreement between uncorrected UTD dates and independent

evidence requires some explanation.

Based on the results obtained so far we assume that the conver-

sion of organic matter to humic and fulvic acids leads to increased

leaching and dissolution of U and Th from the inorganic matrix. Sub-
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sequent complexation with these acids strongly limits the mobility of

U and Th in the organic fraction of peat.

Furthermore, we assume that the inorganic grains can be divided

into a leachable surface layer and the bulk material• The depth of

the surface layer is defined by the recoil displacement of 2dl)Th. of

the order of 55 nm or more, depending on the type of material (Ki-

goshi, 1971). Before the inorganic detritus enters the peat as a re-

sult of erosional processes and subsequent transport by water and

wind induced movement (Fig. 1.3), its surface is exposed to (contin-

uous) removal of Th by leaching in natural waters. The relatively

high age of the mineral guarantees that most 230Th is the result of

in-situ decay of 23kU. Hence the majority of 230Th is located at

interstitial or damaged lattice sites as a result of the alpha recoil

displacement which renders it more vulnerable to leaching than 232Th.

As a result it is preferentially removed from the grain surface

(Fleischer, 1980). Furthermore, Z3I*U that occupies lattice sites

within the recoil distance from the surface gives rise to 25% of the

produced 230Th escaping from the grain. This can be simply derived

from the fact that the flux of recoiling nuclei, F , from an in-

finitely large solid is given by (see e.gu Kigoshi, 1971)

Frec = X p R / 4 (3.1)

where A represents the decay constant of the parent nucleus, p is

the density distribution of the parent nucleus and R is the recoil

distance of the daughter.

As a result of these two processes the surface of the inorganic

material is depleted in 230Th with respect to the bulk of the grain.

Similar processes (alpha recoil ejection of the 238U daughter 23ltTh

from mineral grains (Kigoshi, 1971)) appear to be responsible for the

observed depletion of 2ih\5 with respect to 238U in minerals (see also

section 1.2.4 and Osmond, 1982; Fleischer, 1983) and enrichment of

the same in waters (Fronfeld, 1974; Szabo, 1982).

3.2.5.2. Leaching of the inorganic fraction: steady state

When mineral grains become incorporated in peat their surface is
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subjected to stronger leaching by agressive humic and fulvic acids.

Because of the limited presence of 230Th as a result of the previous-

ly discussed recoil effect, this initially results in a selective

transfer of 232Th to the organic fraction. For example, consider a

spherical mineral grain of 1 ym radius and a homogeneous distribution

of 232Th. Assume that the surface layer of 0.06 um is totally deplet-

ed in 230Th. Then simple calculation shows that by dissolving the

total surface layer the amount of 23OTh-free Th that becomes incorpo-

rated in the organic fraction is as much as (1 - 0.943 =) 17% of the

total.

When Th in the surface layer has disappeared the bulk will be

leached by humic and fulvic acids. This can be modelled as a first

order linear process:

dTh /dt = -ATh + kTh. (3.2)
or or in

where the subscripts "or" and "in" denote the organic and the inor-

ganic fraction, respectively, X represents the decay constant of the

Th isotope and k is a chemical removal constant that determines the

rate of transfer of Th from the inorganic to the organic fraction.

Its value is by definition the same for all Th isotopes. A large

value for k implies instantaneous, and a small value continuous ex-

change of Th.

Under steady-state conditions (dTh /dt = 0), which implies that

the transfer of Th from the inorganic to the organic fraction balanc-

es its decay in the latter fraction, the ratio between the Th activi-

ties in the organic phase and the inorganic phase is given by

Th /Th. = k/A (3.3)
or in

If the isotope enrichment factor a is defined as

a = 2L
in

then by substitution of (3.3) in (3.4), we calculate for a steady

state a = 2 3 2A/ 2 3 0X = 5.3 x 10~6. Hence, if such conditions prevail
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in peat, the amount of 230irh that becomes incorporated in the organic

phase is 5 to 6 orders of magnitude smaller than the amount of 2 3 2Th,

even with equal transfer rates of 2 3 0Th and 2 3 2Th from the inorganic

matrix to the organic phase.

We now consider three different values for the chemical removal

constant k.

(1) k >> 2 3 0A implies instantaneous transfer of all Th. It requires

extremely high to infinite 2 3 2Th / 2 3 2Th. activity ratios which

we have never observed. Hence we reject this possibility.

(2) k s 2 3 0A implies a steady-state 2 3 2 T h Q r /
2 3 2 T h i n activity ratio of

approximately 10 5. Furthermore, it requires that steady-state con-

ditions are reached during approximately the range of UTD dating.

None of our measurements show such high activity ratios, not even

at higher age (100 ka or more). Therefore, we conclude that k can

not be of the order of 2 3 ° A.

(3) k << 2 3 0A (k ~ 2 3 2 A ) . In this case steady-state implies a 2 3 2Th /
2 3 2Th. activity ratio of the order of unity which we frequently

observe. However, if 2 3 2Th is zero initially, a much longer time

than the UTD dating range is required to establish a steady state.

Nevertheless, it is likely that the selective transfer of 2 3 2Th

from the inorganic to the organic fraction provides the proper

initial 2 3 2Th for a steady state if k is of the order of 2 3 2A.

This does not necessarily imply that a steady state is reached

for 2 3 0Th as well. However, if initial 2 3 0Th is essentially zero

as a result of the processes discussed before, the above condi-

tions imply that 2 3°Th o r/
2 3°Th i n activity ratio can only be less

or equal to the steady-state value of the order of 10~5 to 10~6 .

We conclude that the most likely explanation for the unexpected agree-

ment between uncorrected UTD and expected ages is provided by assuming

that the surface of the inorganic material in peat is strongly deple-

ted in 2 3 0Th as a result of recoil ejection from the grains before

deposition. Hence environmental Th transferred from the grain surface

to the organic fraction on a relatively short time scale with respect

to the 2 3 0Th half-life consists mainly of 2 3 2Th. Subsequent leaching

of the bulk of the inorganic fraction is a delayed process which in-

troduces only minor amounts of Th to the organic fraction. Further-
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more, in the latter process the ?30Th transfer is 5 to 6 orders of

magnitude smaller than the 232Th.

3.5.2.3. Experimental observations

Recoil ejection of Th may indirectly be verified by laboratory

experiments that determine recoil supply of 230Th from mineral to

liquid. Such experiments were performed by Kigoshi (1971) who measur-

ed a significant 231(Th increase with time in the aqueous phase of a

system consisting of fine zircon powder (particles about 1 to 10 pm

in diameter) and dilute nitric acid. Basically the 238U to 231*Th

decay does not differ from the 231|U to 230Th decay so that his re-

sults can directly be applied to our problem. Hence we may conclude

that the experimental observations of Kigoshi are consistent with the

existence of a grain surface that is depleted in 230Th.

Obviously the degree of depletion depends on a variety of condi-

tions. The geological history of the mineral grains, the rate of

weathering as well as the composition of the mineral grains are all

important factors that determine to what degree fractionation between
230Th and 232Th will occur. Therefore, based on our present limited

knowledge of these processes, it is impossible to establish a simple

general model that predicts the proper factors to correct for conta-

mination with environmental Th. It can be concluded, however, that

conventional correction models that assume unfractionated transfer of
230Th and 232Th from the inorganic to the organic fraction overesti-

mate the 230Th contamination and hence underestimate the true sample

age.

3.2.6. DISCUSSION OF UTD DATES ON VARIOUS PEAT SAMPLES

We have attempted to determine the absolute ages of various

samples from different sites as described in section 3.2.2. The re-

sults of the radiometric U and Th determinations not yet discussed

are given in Tables 3.5 through 3.8 and are discussed in the follow-

ing. The (simplified) pollen diagrams of Tengahi Phillippon and La

Grande Pile, dated with xllC and UTD (Fig. 3.6), are used for a tenta-

tive correlation with deep sea 18O stage boundaries as originally de-

fined by Emiliani (1955) and dated by Kominz et al. (1979), who used
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sults. The dashed line represents extrapolation of the dates from three
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(b) Uncorrected UTD dates from samples from Tenahgi thillippon, core
TFIII. Error bars are based on la counting statistics.

the 230Th excess dating method and constant accumulation of aluminium

to extend the TUNE-UP time scale by Hays e t a l . (1976). In Fig. 3.7

t h i s cor re la t ion i s visual ized by using "stretched" pollen diagrams

from Tenaghi Phillippon and La Grande Pile to obtain a l inear time

sca le . Furthermore, Fig. 3.7 includes the paleo-temperature curve ob-

tained by Grootes (1977), based on lkC dates of various pollen d ia-

grams from North Western Europe.

1 . Amersfoort, de Liendert (Table 3.1b)

The low concentrations of u and Th in samples from Amersfoort

render UTD ages questionable. Nevertheless, their importance in

Western European palaeoclimatological research {e.g. in defining the
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last interglacial (Eemian) and the Amersfoort Interstadial (Fig. 3.7)

justifies future efforts to obtain better UTD results.

2. Tenaghi Phillippon (Tables 3.1a, 3.2, 3.3 and 3.5)

The results on Tenaghi Phillippon core TFIII contain some uncer-

tainties because we are not absolutely certain about the palynology

for reasons mentioned in section 3.2.2.(2). Comparison with ll4C and

UTD dates on core TFII shows fair agreement to approximately 20 m

depth. Below that depth the UTD ages on core TFIII appear to be sys-

tematically younger (Fig. 3.5b). Therefore, future palynological

analyses of core TFIII and comparison with core TFII is required to

provide more information on the reliability of the ages.

So far, the results on samples from core TFII appear to be the

most reliable, considering the agreement between various UTD dates

and llfC. UTD dates hardly depend on the strength of the leaching

agent (Fig. 3.4), with the exception of a287. The age of 81 i 5 ka

for a285 (G-87007), taken from the middle of Elevtheroupolis (21-23 m,

Fig. 3.6), suggests correlation with deep-sea 18O stage 5a (Fig. 3.7a

and c). Tentative extrapolation of the ages of a280 (G-87001, a284

(G-87004) and cx285 (G-87007) (the open squares in Fig. 3.5a) yields

an age of approximately 100-115 ka for a287, taken from the top of

the pollen zone representing the Drama interstadial (24-27 m, Fig.

3.6), corresponding to the average of the three ages obtained from

three different leaching procedures (72, 180 and 84 ka, Fig. 3.4).

This suggests correlation of the Drama with i8O stage 5c (Fig. 3.7a

and c). Hence the Pangaion correlates most likely with stage 5e,

which is in agreement with the observations of Wijmstra and Groenhart

(1983). However, the ages obtained in this thesis appear to be too

old to support the proposed correlation (Van der Hammen et al., 1971)

of the Pangaion to Elevtheroupolis sequence with the North West Euro-

pean Eemian to Odderade sequence as dated by Grootes (1977).

Figure 3.6. Simplified pollen records from La Grande Pile (left, redrawn from
Woillard and Hook (1982)) and Tenaghi Phillippon (right, redrawn from
Wijmstra and Croenhart (1983)). The depth scale is linear and corre-
sponds to the original depths in the cores. Available 1'*C and UTD ages
are given in thousands of years (kaj .



91

0 POLLEN {%) 100

10

15

20
Trees \ Herbs

2 5 -

30 L

- 9.75 *. 0.04

V>r
Age (Ka)

UTO UTO

10.18 i 005-
H.17*. 0.10"

20.05*0X18,
"-2O.12iO.lO,

34J • 0.3

40.0* 0.6 <

30.65 * 0.32
28.8B±0.23
29.09*. 0.25
2a96±0.20
29.74 i 0.26
3O.S210.21 31.0-*S

8.49 ±0.06

9.58 ±0.06

-16.36iO:O9
- 17.6O*-O.1O

-78*5

69.5, \\

20.5t1.8

2S.0t'S
32.41*0.34

56.0 i l 43.80*1.50

46.70* )

45.0,9
• 4 9 . 1 0 1 lJQ

a

81.0J

ca 130 ^

1l2.0±21'

POLLEN (%) 100
' i LJ i i I

Trees/Herbs

GRANDE PILE TENA6HI PHILLIPPON



to

Pollen (%)
100

Pollen (%)
100

6 ie0
-1 -2 5 10 15 20° C

50

OJ

100

Elevtheroupolis

Drama

Doxaton

Ji Pangaion

Trees/Herbs

Tenaghi Phillippon

St. Germain E

St. Germain I-C

St. Germain FA

Eemian

Trees/Herbs

La Grande Pile Deep-sea

1 )

Altered
Billing

Denekamp

Hengelo

Moershoofd

Odderade
Brtfrup
Amersfoort

• Eem

50

IB

Hioo

North-West Europe

van der Hammen et al. 1971

van der Wijk 1987

Woillard and Mook 1981

van der Wijk 1987

Hays e t a l . 1976

Kominz et al . 1979

Grootes 1977



9 3

3 . La Grande Pile (Tables 3.3 and 3.4)

Comparison of 1"c and uncorrected UTD ages for sample a184 from

La Grande Pile shows that the la t te r is too old, pointing at contami-

nation with 230Th. Isochron correction on the other hand, yields an

UTD age that is too young. Nevertheless, the UTD age calculated from

the leachate of the sample ash is in good agreement with the age cal -

culated from the 1% NaOH extract. Hence the sample must have been

contaminated in-si tu with an unknown amount of 230Th, rendering i t

unsuitable for UTD dating.

For the end (the top 15 cm) of the St. Germain I-C interstadial

at La Grande Pile an average UTD age of 110± 13 ka was obtained. In-

cluding the uncertainty i t could represent both the end of l 8 0 stage

5c as well as the end of 5e. However, comparison with the deep-sea

chronology (Fig. 3.7c) reveals that i t most l ikely represents the end

of stage 5c which is in agreement with the chronology proposed by

Woillard and Mook (1982). Furthermore, i t is not unlikely that the

continental environment reacts faster to climatic changes than the

marine environment. Hence, in spite of the relat ively low U and Th

concentrations in these peat samples the UTD age agrees with the ex-

pected age. Based on th is result we accept the correlation between

Figure 3. 7. Tentative correlation between various climatological records; of the
past 130 ka, based on lkC dates and UTD dates obtained in this thesis.
(a) Simplified pollen record from Tenaghi Phillippon. A linear time
scale was obtained by "stretching" the linear depth scale in Fig. 3.6
wherever necessary. Stretching is based on the dates in Fig. 3.6 where
lhC is used for the first 18 meters. For deeper sections the available
UTD dates were used. Over the whole sequence it was assumed that deeper
layers are older.
(b) Simplified pollen record from La Grande Pile, constructed from Fig.
3.6 by "stretching" the linear depth scale wherever necessary to obtain
a linear time scale. Stretching is based on the dates in Fig. 3.6 where
11>C is used for the first 13 meters and UTD for the upper 15 cm of St.
Germain I.
(c) Generalized deep-sea 180 record after Emiliani (1955). Stage-boun-
dary dates after Hays et al. (1976) and Kominz et al. (1979).
(d) Estimated mean July temperature in the Netherlands. Chronology ob-
tained by 1*C dating (Grootes, 1977).
The correlation between pollen records at Tenaghi Phillippon, La Grande
Pile and the deep-sea 18O record is obvious. The available ages do not
allow a correlation of la0 stages 5e, 5c and 5a with the Eemian, Amers-
foort and Brffrup and Odderade, respectively.



Table 3.6. Radiometric data obtained from peat samples from Les Echets, France

Sample
(depth m)

loss* on Analysis Leaching D cone' ;3tU/238U 2!r'Th/'!*U ?3°Th/2!?Th
ignition agent (ppm)

(M HNO3)

Leachate age (ka)
Expected** Uncorrected Corrected

a194

(24.40)

14 G-87025 L 2.0

G-87026 L 4.0

G-87027 L 7.0

0.5 1 .04+0.07

1 .00 + 0.10

1.11+0.25

1.30+0.11

1.47+0.16

1.72+0.29

1 .00 + 0.07

1 .05+0.10

1.04+0.06

30-40

(25.47)

16 G-87028 L 2.0

G-87029 L 4.0

G-87030 L 7.0

0.5 1.04+0.11 1.56+0.16 0.98+0.09

1.05+0.14 1.45+0.19 1.13+0.13

0.88+0.22 2.06+0.40 1.02+0.07

50 60+110

«196

(28.91-28.93)

12 G-87031 L 2.0

G-87032 L 4.0

G-87033 L 7.0

0.6 1.1910.13 1.03+0.11 0.77+0.07

1.01±0 . 13 1.20 + 0.17 0.74 + 1.09

1.15+0.13 1.24+0.14 0.78i0.07

62 11+ 26

a 197

(29.50-29.52)

29 G-87034 L 2.0

G-87035 L 4.0

G-87036 L 7.0

0.6 1.21+0.10 1.06+0.10 1.00+0,08

1.20+0.15 1.21+0.16 0.92+0.11

1.06±0.16 1.27+0.16 0.93+0.06

69 48 +
32
18

Related to air-dry sample weight.

Do Beaulieu, pers. commun.

Table 3.7. Radiometric data obtained from analysis of peat samples from the valley of the Dinkel, the Netherlands

Sample
(depth m)

% loss* on Analysis**
ignition

Leaching
agent

U cone.*
(ppm)

UU/M"U 1'Th/:i:Th Leachate age (ka)
Expected Uncorrected Corrected

Witstaart I

. 117 3
(3.00-3.10)

•i174
(3.10-3.16)

G-85142 L
G-85142 R

G-85143 L
G-85143 R

1% NaOH

1% NaOH

0.35
0.40

0.38
0.30

1.47±0.08 0.60+0.04
0.97+0.04 0.89+0.06

1.41+0.07
0.81+0.03

1.06+0.04 0.80±0.05 1.29+0.06
1.02+0.04 0.86+0.06 0.76+0.03

ca. 42 1'

42-451*

93 +

169+23

55± 8

136 +22
17



a176
(5.52-5.60

u178
(6.70-6.73)

31

G-85144 L
G-G5144 R

G-86669 L
G-86670 L
G-86671 L
G-86681 L
G-86682 L

1% NaOH

G-86683 L

M HNO 3
M HNO 3
M HNO,
M HNO 3
M HNO 3
M HNO,

0.20
0.40

0.39
0.51
0.44
0.49
0.46
0.50

1.2110.08 0.9110.08 1.22+0.10
0.95+0.06 0.9710.11 0.70+0.06

1.35+0.11
1.35+0.18
1.1010.10
1.05+0.10
1.2110.06
1.0310.11

0.73+0.06
0.7610.10
0.9110.09
0.9210.19
0.9410.07
1.19+0.13

1 .13 + 0.06
1.11+0.15
1.13+0.08
1 .24 + 0.33
1.3610.11
1.0810.09

46-48'>

48-551'

2 2 3 ±

1 3 0 i

93
48

24
19 ca. 2-\?

Witstaart II

n181
(2.35-2.41)

G-85145
G-85145

L
R

1% NaOH 0
0
.24
.44

1
0
.10 + 0
.95 + 0

.05

.03
0
1
.75 + 0
. 13±0

.05

.08
1
0
.35 + 0
.75 + 0

.07

.03
42 144 + 78 +

13

Scholtenhave

o203
(11.45-11.52)

;<204
(13.22-13.37)

^302
(14.51-14.58)

38

85

89

G-86660
G-86661
G-86662
G-86672
G-86673
G-86674

G-86663
G-86664
G-86665
G-86675
G-86676
G-86677

G-87066
G-87067

L
L
L
L
L
L

L
L
L
L
L
L

L
R

2
4
7
2
4
7

2
4
7
2
4
7

2

M
M
M
M
M
M

M
M
M
M
M
M

M

HNO,
HK3,
H N O T

HNO,
HNO,
HNO,

HNO-,
HNO,
HNO,
HNO,
HNO,
HNO,

HNO,

1 '
• * )

• )

• )

1 )

1 . 1
0.7
0.8
1.4
1 .4
1 .4

1 .0
1.0
1 .0
2.0
1.7
1.9

0.96
0.05

1.18+0.05
1.39+0.11
1.22+0.09
1.22+0.07
1.40+0.07
1.30+0.10

1.20+0.08
1.05+0.14
1 .19 + 0.11
1 .0710.08
1 . 1510.07
0.99+0.07

1 .1610.05
1 . 15+0.44

0.69+0.04
0.68+0.05
0.84+0.07
0.7310.07
0.7810.06
0.65+0.07

0.57+0.04
0.75+0.09
0.7110.09
0.46+0.06
0.65+0.06
0.68+0.10

1 .17 + 0.08
0.87+0.25

1 .2510.05
1 .18+0.05
1 .09+0.07
1 .2110.12
1 .02 + 0.07
1 . 23J0.14

2.95+0.22
3. 13+0.39
2.83+0.49
3.29+0.68
3.46+0.45
3. 55 + 0.90

1 .16 + 0.06
1.58+0.31

ca. 51'

55

70

1 )

1)

122 + 10

891 8

441

14 +

ca. 75 2>

a303
(20.60-20.67)

27 G-87068 L
G-87069 R

2 M HNO, 0.
0.

42
30

1
1
.26+0
.13 + 0

.06

.06
0
0
.62+0
.67 + 0

.05

.04
2
1
.04+0
. 1 1+0

.20

.07
100 1 1001 87± 62

34

* Related to air-dry total sample weight.
** "L" denotes leachate, "R" stands for residue.
+ 1% NaOH: selective dissolution of humic and fulvic acids; x M HNO,: leaching of the ashes of the combusted peat sample.
M based on estimates by J. van Huissteden, pers. comm. 1986/1987.
2) Uncertainty over 100%.

3) Leaching during ca. 15 hours. All other leachates are obtained from leaching during 30 minutes.

All errors quoted are based on 1o uncertainty due to nuclear counting only.
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Eemian and 1 B0 stage 5e and St. Germain I and 1 80 stage 5a as sug-

gested by Woillard and Mook, resulting in the "stretched" pollen dia-

gram in Fig. 3.7b. In addition, the ages support the correlation

between Eemian, St. Germain I-A, I-C and II with the Pangaion, Doxa-

ton, Drama and Elevtheroupolis stages at Tenaghi Phillippon, respect-

ively (Fig. 3.7a and b ) .

The conclusion is that within the rather large uncertainties the

measurements support the proposed correlation between La Grande Pile

and Tenaghi Phillippon (Woillard, 1978). However, more detailed work

will have to confirm and refine the absolute UTD chronology of the

early Weichselian interstadials and the Eemian Interglacial.

4. Les Echets (Table 3.6)

Unfortunately we have not yet been able to obtain reliable dates

for samples from boring G at Les Echets, due to the extremely low U

and Th concentrations associated with the organic phase. In such

cases one may expect isochron corrections to yield better results.

Although the corrected UTD dates for a195, a196 and a197 correspond

within error limits with the expected ages, the associated uncertain-

ties are too large to put any trust in the chronology. The importance

of the sequence justifies future efforts to arrive at a better sepa-

ration between isotopes associated with the inorganic and the date-

able phase.

5. Valley of the river Dinkel (Tables 3.3 and 3.7)

U concentrations in these samples were extremely low. Two samples

from Scholtenhave yield a corrected UTD date in agreement with 11*C.

However, the uncertainties are large and the consistency may well be

fortuitous. All other samples are questionable with respect to their

reliability, although often the UTD dates do not actually contradict
lkC results. Nevertheless, this site appears to be unsuitable for ap-

plication of UTD to peat samples due to limited U supply during for-

mation.

6. Tervola (Tables 3.2 and 3.3)

The Tervola samples show high U concentrations. Their mineral
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fraction appears to be rather insensitive to the strength of the

leaching agent. As a result UTD deduced from a two-phase separation

(Table 3.3) is in good agreement with 1<*C.

7. Oerel (Table 3.3)

Samples from Oerel may yield correct ages, but in general the

extremely low U and Th activities in the organic fraction and the

high sensitivity of the mineral fraction to the strength of the

leaching agent require a very mild leaching agent to obtain a reli-

able age.

8. Pitalito (Table 3.8)

From four samples that were analysed ages of the two deeper

samples show excellent agreement with those expected. One sample con-

tains no U/at all so that no age could be obtained. The deduced age

of the upper sample appears to be too old and indicates contamination

with environmental Th. Future mineral analysis and UTD analysis of

the 1% NaOH extracted fraction should provide information on the type

of contamination (in-situ or during laboratory treatment, compare La

Grande Pile sample, &184).

3.2.7. CONCLUSIONS

Peat as a whole appears to act as a closed system for U and Th.

However, measurements confirm that a substantial amount of environ-

mental Th is transferred in-situ from the inorganic into the organic

constituents of peat rather than by the laboratory treatment. The

frequently observed agreement between uncorrected and expected ages

of the organic fraction requires a tentative geochemical model that

qualitatively predicts depletion of 230irh with respect to 232Th in

the surface layer of mineral grains by recoil displacement. As a

result, the effective transfer of 230Th is limited so that correction

for environmental Th leads to an underestimation of the true age.

Care must be taken in choosing the correct leaching agent for

separation of the dateable organic from the detrital inorganic frac-

tion. This can be achieved, either by the use of slightly acidic so-

lutions (preferably less than 2 M HNO3) to leach U and Th of organic
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Table 3.8. Kadiometric Data obtained from peat samples from Pitalito, Colombia

Sample
(depth m)

% loss* on Analysis** U- ccnc. * 231-U/238U 2 3 cTh/ 2 3 uU 2 3 oTh/ J 3 2Th Age (ka)
ignition (ppm) Uncorrected corrected Expected

311

(2.11-2.15)

a314

(5.36-5.40)

a316

(S.86-8.90)

a318

(12.71-12.75)

84

94

65

34

G-87094

G-87095

G-87096

G-87097

G-87098

G-87099

G-87100

G-87101

L

R

L

R

L

R

L

R

0.

0.

f

0.

0.

0.

0.

17

13

2-10"'

9-10"3

25

35

27

43

1

1

1

1

1

0

.20±0

.18 + 0

_

.88 + 0

.08±0

.78±0

.95 + 0

.09

.17

. 11

.09

.09

.08

0

0

0

0

0

0

.29 + 0

.86+0

_

.36 + 0

.41±0

.48 + 0

.37 + 0

.08

.13

.04

.05

.05

.04

1

1

1

0

1

1

.5610

.00±0

-

.74±0

.90±0

.49 + 0

.00 + 0

.67

.17

.34

. 12

.22

.12

37±

45.9 +7.26.7

67 .7 +9.9
9.1

16+°

38.6 +
7.0
6.3

148 +112

20.37±0.14

(GrN-13992)

i)

(GrN-13991)

ca. 62 2)

* Related to air-dry total sample weight.

** "L" refers to leachate, "R" to residue.

2) Based on extrapolation of l ''C and pollen concentrations (J. Bakker, pers. comm. , 1987) .
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origin from the ashed sample, or by separation of the inorganic frac-

tion by selective dissolution of humic and fulvic acids (e.g. by

using a 1% NaOH solution). In cases where the inorganic matrix is

vulnerable to mild leaching and Th is mainly introduced to the date-

able phase during this process, isochron correction may be useful but

easily leads to overestimation of the amount of environmental 2 3 0Th.

In such cases comparison between U/Th activity ratios in the leachate

and in the 1% NaOH extract may reveal information on the relative

contribution of in-situ and laboratory contamination.

Reliable UTD dating of peat is possible. Relatively small

samples (10 to 20 g of dry material) of relatively high U concentra-

tion (one or more ppm) associated with the organic phase are required.

In the mineral matrix traces of environmental U and Th are allowed

and in general do not require any correction for environmental 2 3 0Th,

in contrast to other dateable materials. However, uncertainties as-

sociated with UTD dating of peat are still large. Therefore, at the

present state of the art it is recommended to confirm UTD ages with

independent evidence.

Measurements support correlation of the Eemian at La Grande Pile

with deep-sea 1 8O stage 5e. The Early Weichselian Interstadials St.

Germain I and St. Germain II appear to correlate with stage 5c and

5a, respectively. At Tenaghi Phillippon the Pangaion, Drama and Elev-

theroupolis correlate with stage 5e, 5c and 5a, respectively. The

correlation of the Amersfoort, Br^rup and Odderade Interstadials in

this connection has not been clarified and will be a subject of

future research.

3.3. CORALS

3.3.1. BACKGROUND

Barnes et al. (1956) found that recently formed corals contained

up to several ppm U but essentially no 2 3 0Th. This can be explained

by observii., that U, occurring in soluble form in sea water, is easi-

ly incorporated in the CaCO3 matrix while Th due to its much lower

solubility, is not available in ionic form. Furthermore, they noticed

a systematic increase of the 23oTh/23[*U activity ratio with presumed

older stratigraphy in a coral reef, which was associated with radio-
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active growth of 2 3 0Th with increasing age. Hence the applicability

of UTD to corals appeared to be demonstrated.

In addition to this, the approximately 14 to 15% excess of 2ZhU

over 2 3 8U (section 1.2.4) in the ocean provides the means of an inde-

pendent check of the age (231tU/23aU disequilibrium dating, UUD) . The

latter can be calculated from the present day 23I*U/Z38U ratio using

the expression (Z31tX >> 2 3 8X, compare eq. (1.17)):

((231lU/238U) - 1) = ((23*U/238U) - 1) x e" 2 3" X t (3.6)
o

From palaeoclimatological viewpoint important data have been obtained

on the e.g. coral reefs of Barbados where sea-level stands represent-

ing climatological periods could be absolutely assigned with U-series

ages (see e.g. Moore, 1982).

Obviously there are several requirements that have to be ful-

filled before corals can be reliably dated with UTD.

(1) The 2 3 2Th concentration should be essentially zero, proving the

absence of common or environmental 2 3 0Th.

(2) The system should be closed with respect to U and Th.

(3) The age determined from the present day 231fu/238U activity ratio

should be consistent with the 23oTh/231*U age. For accurate UUD

the initial 2 3"u/ 2 3 8U ratio should be known.

Requirement (1) can easily be checked by measurement. Furthermore, we

assume that in the past 100,000 years the oceanic 231*U/238U activity

ratio has been constant because the residence time of U in the ocean

is estimated to be approximately 160-240 ka (Cochran, 1982). Closed-

system behaviour can be checked in specific cases for corals that

produce CaCO3 solely in the aragonite crystalline form. Hence, if X-

ray diffraction analysis shows the presence of calcite, obviously

some recrystallization must have taken place. This indicates that the

system has not been closed and that initial conditions are no longer

determined by the U and Th activities at the time of formation.

Veeh and Burnett (1982) reviewed the results on over 100 unre-

crystallized corals of all ages. Their revision may be summarized in

two important conclusions:

(1) With a very few exceptions, the 23oTh/23'*U and 231tU/23eu activity
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ratios are in fair agreement (2a) with the ratios expected for a

closed system starting with an initial 23OTh/231tU ratio of zero

and a 231*U/238U ratio of 1.14.

(2) For corals of higher age than 10 ka the lhC deduced ages are

systematically significantly lower than the UTD ages. Veeh and

Burnett attribute this to one or more of the following causes:

(i) secular variations in atmospheric 2I*C; (ii) contamination

with modern 1L*C; (iii) secondary leaching of U, and (iv) second-

ary addition of 230Th unaccompanied by 2 3 2Th. However, they state

that the limited data do not provide justification to assign more

validity to 1"c than to UTD or UUD ages for corals.

3.3.2. MEASUREMENTS

In a preliminary attempt to measure U and Th activities in corals

four samples obtained from various Indonesian coral terraces (a254:

Bau Bau, 05°40'S, 123°00'E, a255, a256 and a257: Pulau Semau, 10°25'S,

125°50'E) were selected. These samples were dated with 1£|C in our

laboratory but they were not studied for diagenesis. Following disso-

lution of the samples in cone. HC1, U and Th activities were deter-

mined by isotope dilution and alpha spectrometry. Table 3.9 shows the

results of the measurements as well as the deduced ages in comparison

with the 2"C ages.

3.3.3. DISCUSSION AND CONCLUSIONS

The limited number of analyses allows a short summary of the re-

sults. The UTD ages do not contradict the XI*C ages. Preliminary esti-

mates of the ages (Fortuin, pers. comm.) based on the stratigraphy of

the terrace suggests that the coral limestone samples a255 and a257

are representing 1 80 stage 5, which is in agreement with the UTD

results. Sample a256, a Tridacna shell, stratigraphically represents

a high sea-level stand. Tentatively its age of 31 ± 4 ka may be cor-

related with the high sea-level as registered at Huon Reef complex

II, dated at 28 ka with 1(tC (Chappell, 1974). For sample ct254 a

younger age was expected (Fortuin, pers. comm., 1987). The deduced

initial 231*U/23BU activity ratios agree within two standard devia-

tions with the oceanic value of 1.144 ± 0.002 (Chen et al., 1986) for



Table 3.9. Radiometric data obtained from analysis of corals from Indonesia

Sample Analysis U-conc* 2 3*'V 2 3 8U 23°Th/231tU 2 3 %'h/2 3 2Th
no. (ppin)

age (ka) Deduced**
"C UTD (23*U/J38U)O

a254 G-86446 0.266+0.009 1.06 ±0.03 0.82+0.05

(Tridacna shell)

5.9±0.5 » 41 182+27 1.10+0.06

(GrN-13112)

a255 G-86447 2.63 ±0.06 1.136±0.010 0.62±0.02

(Coral limestone)

330+75 35 101±4 1.18+0.02

(GrN-13117)

<X256 G-86448 0.047±0.003 1.21 ±0.08 0.25 + 0.03

(Tridacna shell)

1.6±0.3 35 31+4 1.23+0.90

(GrN-13119)

a257 G-86449 2.51 +0.06 1.16 +0.02 0.50±0.02

(Coral limestone)

500±200 > 43 74±3 1 .20±0.02

(GrN-13120)

* Related to air-dry weight of the total sample.

** Based on substitution of the results in collums 4 and 7 in cq. 3.5.
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a254, a255 and a256. The value for a257 is significantly too high,

which points to open-system behaviour. Hence, additional research is

required to establish the validity of the presented ages.

Although the results of UTD dating on corals obtained sofar are

limited and preliminary, they show interesting results that encourage

us to continue application of UTD, in combination with required addi-

tional analyses such as X-ray diffraction, as an independent radio-

metric control for and possible extension of 1L*C dating.

3.4. FOSSIL BONES

3.4.1. BACKGROUND

The fact that fossil bones show high U concentrations (1-1000

ppm), while in fresh bones U usually does not exceed 0.1 ppm, indi-

cates that U is taken up in the soil post mortem, presumably from

ground water (Schwarcz, 1982). If U uptake ceases after a limited

period of time with respect to the 230Th half-life and the bone sub-

sequently acts as a closed system for U and Th, it is possible to

apply UTD dating.

Although previous archaeometric studies inferred U uptake over

a period of time of the order of 300 ka, Schwarcz (1982) is of the

opinion that radioactive growth of U-daughter products may well have

been erroneously interpreted as an increase of U activitiy, due to

the fact that the (equivalent) U activity was usually measured by

total beta counting. Furthermore, Szabo (1980) concluded from a com-

parison of UTD and lkC dates that U uptake ceases after approximately

2 to 3 ka. Recently Rae and Ivanovich (1986) observed that the outer

surface layer of bones adsorps U on a relatively short time scale

(< 2 ka) and subsequently behaves as a closed system. They recommend

analysis of this surface layer rather than whole bone analysis.

3 . 4 . 2 . MEASUREMENTS

Bone samples were selected from sites along the Solo river in

Central Java, Indonesia. This area is well known for its find spots

of Homo erectus remains (Ngandong man). The terraces deposited by the

river Solo (commonly designated as High Terrace and Low Terrace) and

their geomorphology are extensively described by e.g. Lehmann (1936),
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de Terra (1943) and Sartono (1976). In 1986 nine bone samples were

collected by Bartstra from a pit. at the locality of Ngandong and two

from the opposite side of the river (Matar). The presumed geological

age of the samples is Upper Pleistocene (Bartstra et al., 1987). The

samples were treated by our laboratory to test the analytical methods

and the applicability of UTD dating.

Small fragments of bulk material were crushed in a mortar and

transferred to a 250 ml beaker where they were dissolved by careful

addition of drops of cone. HC1. Following total dissolution overnight

the liquid was analysed for U and Th. Due to the presence of large

quantities of phosphates, obstructing and saturating the Th purifying

ion-exchange column, chemical recoveries for Th were extremely low

(1-4%). This results in large uncertainties in the Th concentrations

due to possible unknown fractionation between natural Th and Th from

the spike. Recoveries for U were of the order of 50%. This clearly

0 50 100

50

E
-100

U

so

•^ 150

a.
Q

200

250-

Nqandong bones

o U cone (ppm)

Figure 3.8. UTD ages for bone samples
from the 1986 Ngandong digy plotted
against depth in the Terrace.
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shows that our present chemical techniques for Th purification need

improvement when applied to bone analysis. Nevertheless the results

of the measurements were sufficiently encouraging to be presented in

the next section.

3.4.3. DISCUSSION AND CONCLUSIONS

Based on radiometric analyses of the Ngandong samples B to K

(Table 3.10 and Fig. 3.8) some remarks concerning closed-system be-

haviour and dating reliability may be made.

(1) The rate of U uptake may be bone-dependent. Nevertheless, if con-

tinuous accumulation of U is modelled as a first order linear

process, samples with high U concentrations are expected to yield

younger ages due to dilution of Th with respect to U. However,

the measurements show no correlation between U concentrations and

deduced age.

Table 3.10. Radiometric data obtained from analysis of Indonesian bone samples

Sample
(depth m)

Ngandong

B (surface)

C (1.10)

D (1.20)

E (1.65)

F (1.96)

G (2.20)

H (2.30)

J (2.32)

K (2.50)

Ma tar

Analysis
no.

G-86656

G-86657

G-86658

G-86659

G-86688

G-86689

G-86690

G-86691

G-87037

U-conc.*
(ppm)

45

12

18

82

128

68

54

74

48

1

1

1

1

1

1

1

1

1

.092+0

.150+0

.112+0

.207+0

.417+0

.280+0

.252±0

.427+0

.164+0

.011

.015

.013

.007

.005

.006

.006

.006

.011

0

0

0

0

0

0

0

0

0

' 'Th/P

.375+0

.342+0

.323+0

.344+0

.409+0

.247+0

.540+0

.489+0

.617+0

~'*U

.033

.035

.028

.040

.058

.021

.040

.044

.041

: '" Th / ? ': Th

150445

26+ 7

27+ 6

120+36

118+30

-

93 + 31

age
(ka)

51 +

454

42 +

45 +

56 +

31 +

82±

70 +

101±

5

5

4

6

10
9

3
2

7

8
7

12
10

L (HTchop) G-87038 153

P (HTtimur3) G-87039 94

1.039+0.006 0.788+0.053 232+78 165+

1.114±0.007 0.343+0.027 140+70 45±

30
23

5

* Related to air-dry sample weight
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(2) The extremely high 2 3 oTh/ 2 3 2Th activity ratios indicate that

there has been no contamination with environmental Th.

(3) The deduced UTD ages show stratigraphical consistency and are in

agreement with expectations.

These considerations are all consistent with closed-system behaviour.

Nevertheless the evidence for a limited period of U uptake is only

circumstantial and consequently our deduced ages must be considered

as minimum ages.

If the bones have behaved as a closed system the high age of

Matar sample L is in conflict with the presumed age of the Terrace.

However, the Matar bones appear to be more fragmentized and more

abraded than the test-pit specimens. It is possible, therefore, that

these Matar fragments represent an allochthonous High Terrace fossil

assemblage, originating from the Middle Pleistocene lower fluviatile

unit, which the Solo is (still) eroding away further upstream. This

possibility has been expressed previously (Bartstra et al., 1976).

Although the results presented here are in good agreement with

expectations, several problems still have to be solved. One of these

is the removal of phosphate which presently limits the chemical re-

covery of Th.

3.5. SUMMARY

This chapter presents results of a detailed study on the appli-

cability of UTD dating of peat that are promising and contribute to

an independent absolute chronology of Early Weichselian interstadials

and the Eemian Interglacial.

Furthermore, we have presented preliminary results of UTD dating

of corals and fossil bones. We are aware of the uncertainties that

surround these results. Nevertheless, despite their preliminary char-

acter, the good agreement with expectations seemed to justify their

presentation.

Future research is required to establish the validity of the

various dating models in more detail, aiming at reliable ages for the

above materials in the dating range beyond the IlfC time scale. It

will provide the unique facility in our laboratory to apply simulta-

nesouly two important, independent radiomatric dating methods (UTD
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and 1I|C) to a variety of environmental samples. This undoubtedly will

contribute significantly to a better understanding of the reliability

of the absolute Late Quaternary chronologies.
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CHAPTER 4. PB DATING*

4.1. INTRODUCTION

The value of 210Pb dating of sediments in the time range of the

last 150 years has been shown extensively (for a review see e.g.

Krishnaswamy and Lai, 1978; Robbins, 1978; Oldfield and Appleby,

1984) . One field of applications is concerned with acidification of

soils and surface waters, being a wide-spread ecological problem in

North-Western Europe. Here 210Pb acts as a geochronometer needed to

determine the rate of acidification (Battarbee et al., 1985; Dickman

et al., 1986; Jones et al., 1986; Tolonen et al., 1986; Sircola, 1986;

Van Dam et al., 1987). This chapter discusses in detail lake-sediment

chronologies as discussed in section 1.4. The majority of these

measurements was carried out on sediment cores from Dutch shallow

moorland pools as part of a multidisciplinary approach to establish

acidification rates over the last 150 years. Traces of biocommunities

as well as pollen analyses provided the relevant information on the

environmental conditions at the (zl0Pb) tima of sediment deposition.

Section 4.2 discusses measurements performed to establish the

validity of basic assumptions in the dating models (constant rate of

supply of 210Pb and closed-system behaviour, especially under chang-

ing pH conditions).

Section 4.3 shows the results of 210Pb measurements in 10 sedi-

ment cores, taken from seven shallow moorland pools. In section 4.4

we present some additional results from sediment cores that were ana-

lysed in the context of other projects.

* An adapted version of section 4.3 was published before:

Van der Wijk, A. and Mook, W.G. (1987).210Pb dating in shallow moorland pools.
" Geologie en Mijnbouw 66: 43-55.
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4.2. CONSTANT RATE OF SUPPLY; CLOSED-SYSTEM BEHAVIOUR

4.2.1. CONSTANT RATE OF SUPPLY

One of the basic assumptions in both the CRS and the CIC model

(section 1.4) is constant average annual deposition on a unit surface

area of 210Pb activity over the entire dating range. Not only atmo-

spheric 210Pb produced by 222Rn decay in the air contributes to this

flux, but also 210Pb that is brought into the sediment by allochtho-

nous sediment particles (sediment focussing) or in dissolved form by

river waters. Hence, the total rate of supply of 210Pb will vary geo-

graphically, depending on local conditions. As a result, the supply

rate deduced from the integrated 210Pb activity over a sediment core

(eq. (1.22)) does not necessarily reflect the local atmospheric 210Pb

deposition. On the other hand, it may be used for estimating the con-

tribution of other 210Pb sources if the local flux of atmospheric
210Pb is known.

We monitored the rate of supply of atmospheric 210Pb outside our

laboratory, using a plastic rain-water collector (Fig. 4.1)

Figure 4.1. Photograph of the rain-water collector used to monitor the 210Pb
depletion.
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with a surface area of 314 cm2 and provided with 500 ml polypropylene

bottles, prefilled with 20 ml of 8 M HC1 to keep 2 1 0Pb in solution.

The bottles were changed at irregular intervals determined by the

amount of water collected and stored for at least one year to allow

radioactive growth of 2 1 0Po. Subsequently the 2 1 0Po activities were

determined using the isotope dilution technique as described in sec-

tion 2.3.6. The 210Pb activities were calculated by extrapolation

from zero initial 2 1 0Po activity. The latter assumption is justified
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realizing that the average time between two periods of rainfall in

the Netherlands is short (a few days). This does not allow growth of

substantial quantities of 210Po (t = 138 d) in the atmosphere.

A first series of 29 samples was collected in the period from

June 23, 1983 through July 31, 1984. Following the preliminary meas-

urements, samples were continuously collected starting February 12,

1986. Figure 4.2 shows the results of the measurements performed on

all samples until July 9, 1986.

During the period June 23, 1983 to July 31, 1984 the calculated

average 210Pb deposition is 8.8 mBq.cm"2.a"1, in fair agreement with

average values obtained by e.g. Crozaz et al. (1964) for the Northern

Hemisphere (7.8 mBq.cm"2.a"1) and by El-Daoushy (1978) (6.3 mBq.cm"2.

a " 1 ) . However, strong fluctuations with time are observed. These are

most probably due to varying (meteorological) conditions such as

wind velocity, average rainfall and soil condition (frozen or unfro-

zen) . During May to July, 1984 anomalously high 2 1 0Pb deposition was

observed. This period is relatively long with respect to the half-

life of 2 2 2Rn (3.8 d). Furthermore, according to meteorological data

from the Royal Dutch Meteorological Institute neither rainfall nor

air transport during this period differed much from the average.

Hence, the high deposition rate cannot be the result of excessive

local build-up of atmospheric 2 1 0Pb at a normal Rn exhalation rate.

It must be either the result of a local enhanced Rn exhalation from

the soil, for which there is no obvious reason since the province

of Groningen shows no signs of vulcanic activity, or the result of

lateral transport of large quantities of radon from elsewhere.

Furthermore, 1986 also shows a sudden increase of 2 1 0Pb deposition in

the middle of June, although not as extended and pronounced as in

1984. We found no obvious explanation for these anomalies. We are

tempted to relate the enhanced 210Pb deposition in late spring to in-

jection of 2 1 0Pb originally brought in the stratosphere by nuclear

\ weapon testings through the 208Pb(2n,y)21°Pb reaction, into the

troposphere in early spring. Evidence in favour of as well as against

production of 210Pb by nuclear explosions has been subject of dis-

> cussion (reviewed e.g. by Robbins, 1978). However, measurements over

e. larger number of years are required to enable conclusions about
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possible systematics of enhanced 2 1 0Pb deposition in late spring.

The period of February 12 through July 9, 1986 shows an average

rate of deposition of 7.0 mBg.cm" 2.a~ x, which obviously is in excel-

lent agreement with previously recorded values as discussed above.

Figure 4.3 shows a positive correlation between 2 1 0Pb deposi-

tion and daily rainfall, which is higher in summer (March 21 to

September 20, slope = 13 + 4, correlation 0.63) than in winter

(September 21 to March 20, slope = 3 + 1 , correlation 0.71). Fukuda

and Tsugonai (1975) observed the inverse effect in Japan (higher

correlation in winter (November-February) than in summer (May to

August) which they related to the influence of the north-west mon-

soon. Our observations may be explained by the fact that in winter

te soil is occasionally frozen which prevents escape of 2 2 2 R n . Our

conclusion is that the rate of atmospheric supply of 2 1 0Pb is sub-

jected to strong variations on a short time scale (a few days to a

few weeks). However, the average deposition appears to be rather
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constant over a period of time corresponding to the time resolution

of the dating method (one to two years), i.e. relatively short with

respect to the half-life of 110Pb but long with respect to the col-

lection periods. Furthermore, it is in good agreement with values

reported by other authors. Although our measurements cover only a

relatively short timespan with respect to the dating range of the

method, we use them as an indication that the average annual deposi-

tion of atmospheric 210Pb is subjected to negligible variations.

Hence, variations in the calculated rate of deposited sedimentary
210Pb (eq. (1.22)) yields information on other sources of 2 1 0Pb.

4 . 2 . 2 . CLOSED-SYSTEM BEHAVIOUR

Simola and Liehu (1985) reported a correlation between 210Pb

minima and diatom-inferred pH minima in lake sediments, which they

tentatively related to a decreased adsorption affinity of Pb into the

sediment particles at low pH. This phenomenon has indeed been observ-

ed for a number of elements in acidifying water bodies (El-Daoushy

and Johansson, 1983). Although there appears to be little empirical

evidence and the phenomenon requires more detailed investigation, the

observations should be taken seriously because they may indicate a

violation of closed-system behaviour.

We carried out a laboratory study of the adsorption capacity of
210Pb into an organic sediment from a Dutch moorland pool (Gerrits-

fles, sections 4.3.2 and 4.3.4). The sediment was homogenized and

divided in 10 subsamples which were distributed over ten 250 ml

beakers. To each of these a mixture of demineralized water and a di-
- 2_

l u t e s o l u t i o n of HNO3 and E^SOit (NChrSCK = 1:1) was added t o a r r i v e
at the required pH. The mixture was equilibrated and then left un-

disturbed for four weeks. After that the mixture was again homogeniz-

ed. A sample of 20 ml was taken and separated into a solid fraction

and a liquid fraction by centrifugation. Both fractions were analysed.

Analysis of the homogenized samples should yield approximately equal

specific activities. However, this is only true if the activity is

related to the organic fraction. In that case we measured a fluctu-

ation in specific activitiy between the different samples of 16%. If

we relate the specific activity to the total dry sediment weight,
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Figure 4.4. Plot of distribu-
tion factors (see text) of 210Po
between the aqueous phase and
the solid organic phase of a
suspension of Gerritsfles sedi-
ment.

the fluctuation between the samples amounts to 66%. This indicates

that the majority of adsorbed 210Pb should be associated with the

organic fraction of the sediment.

From these analyses we calculated a distribution factor K for
210Po between dry organic sediment and the aqueous phase at various

pH values using the following equation:

K = 210Po /210Pb (4.1)

where the subscripts a and s refer to the aqueous phase and the solid

(organic!) phase. Symbolic notation for 210Po denotes its specific

activity (mBq/g).

Figure 4.4 shows the measured distribution factors as a function

of pH. They are all extremely low (of the order of 0.01 to 0.1%) and

show no tendency to increase with decreasing pH value. Hence, within

the restrictions of our experiment we find no evidence for a decreas-
f-
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ed adsorption capacity for 2 1 0Po into these sediments. Our experiment,

however, shows many obvious limitations that prohibit generalization

of the results. Firstly, we have studied the distribution between

solid and aqueous phase of 210Po instead of 2 1 0Pb. Obviously, meas-

urement of 210Pb through 210Po requires closed-system behaviour for

the latter as well, but the conclusion that the sediment is a closed

system with respect to 2 1 0Po does not necessarily imply closed-sytem

behaviour for 2 I 0Pb. To investigate the distribution for 210Pb by

measurement of 210Po requires a time consuming experiment due to the

fact that 2 1 0Po and 210Pb have to reach secular radioactive equili-

brium in each fraction that is to be measured. Such an experiment is

in progress.

Secondly, we have allowed eqailibration between the aqueous and

solid phase only over a relatively short period of time (four weeks)

with respect to the dating range of 2l°Pb (7000-8000 weeks). Never-

theless, adsorption studies for lead isotopes generally show that a

stationary state between both phases is obtained within a few days

(Krishnaswamy et al., 1982; Rama and Moore, 1984). Hence, this con-

sideration is of no serious concern.

Thirdly, we have selected a sediment of relatively high organic

content (ca. 20% by weight) which may show different behaviour with

respect to an inorganic sediment under changing pH conditions. We al-

ready concluded that the majority of 2 1 cPo should be associated with

the organic phase. Furthermore, in chapter 3 we discussed the extre-

mely effective adsorption and ion-exchange capacity of humic and

fulvic acids for actinides over a wide pH range. It is thus likely

that in organic sediments similar geochemical conditions result in

enhanced adsorption of 21nPb and/or 2 1 0Po as well. Although this

result can not in general be applied to sediments of arbitrary com-

position it is valid in the organic sediments discussed in section

4.3.

Our main conclusion, therefore, is that in organic sediments

decreased adsorption of 2 l 0Pb (i.e. open-system behaviour for 210Pb)

at lower pH values is of no importance. However, the validity of

this conclusion is only limited to organic sediments. Future work

is required to provide information on closed-system behaviour for



117

inorganic sediments. Therefore, in the next section we will relate

diatom inferred sedimentary pH records (if available) with zl0Pb

activity depth profiles in search of evidence for pH dependent 210Pb

adsorption.

4.3. 21° Pb DATING IN SHALLOW MOORLAND POOLS

4.3.1. INTRODUCTION

To determine rates of acidification in Dutch shallow moorland

pools, so-called "vennen", Dickman et al. (1987) related biological

and pollen analytical data with 210Pb ages. Due to the limited water

depth (less than 2 m) palaeolimnological studies are not straightfor-

ward. Sediments may have been disturbed by wind-induced mixing and

bioturbation (e.g. human and/or animal bathers). Furthermore, in

periods of great drought some of these moorland pools lost most or

even all of their water content, exposing their sediments to oxidiz-

ing conditions (Sykora, 1979? Vangenechten et al., 1981). Neverthe-

less, these pools belong to the least disturbed water bodies in the

Netherlands and hence provide the best subjects of study.

This section discusses the applicability of 21"Pb dating on the

basis of ten cores from a total of seven "vennen" in the Netherlands.

4.3.2. SITE DESCRIPTION AND SEDIMENT CORING

Cores were taken from 7 moorland pools at various localities in

the Netherlands (Fig. 4.5). Full description of the pools is beyond

the scope of this thesis and is given elsewhere (I: Van de Hurk et

al., 1986; II: Dickman et al., 1986; III: Beye, 19 76; IV: Mansfeld et

al., 1975; V: Higler, 1979; VI: Wittgen et al., 1986; VII: Coesel and

Smit, 1977). Duplicate cores were analysed from site numbers I, II

and IV.

The sediments from pools I-V in the south eastern and middle

part of the Netherlands are generally characterized by a thin organic

layer (20-30 cm) on a sandy substrate, while the sediments of pools

VI and VII in the eastern and northern part are found to consist

mainly of dark organic material (gyttja).

Most cores were taken with an Ali Corer (Ali, 1984) during

periods of ice cover. Other cores were taken with a PVC liner which
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Figure 4.5. Locations of 7 moor-
land pools in the Netherlands
where 10 sediment cores were
collected: I: Galgeven, II: Ach-
terste Goorven, III: Groot Huis-
ven, IV: Beuven, V: Gerritsfles,
VI: Bergven, and VII: Kliplo.

was vacuum closed at the moment of extraction by a rubber stopper.

From some cores sections were taken in the field or directly

upon arrival in the laboratory, using a thin stainless steel wire.

Several other cores were deepfrozen, extruded from their liners and

cut into 1 cm samples in frozen condition, using a diamond saw. In

one case (core V.5) the inner not yet frozen part of the core was

squeezed from its position which may have led to disturbed strati-

graphy. Therefore, the remaining cores were transferred to the labo-

ratory in unfrozen condition where the overlying water was siphoned

off and the liner was cut along its length. One half was used for
210Pb dating, the other was used for biological analyses. Table 4.1

summarizes collection date, type of corer and the internal diameter

for each core.
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Table 4.1. Summary of localities.

Pool

Galgeven

Galgeven

Achterste Goorven

Achterste Goorven

Groot Huisven

Beuven

Gerritsfles

Gerritsfles

Bergven

Kliplo

Core no.

1.1

1.2/2

II.7

II.4

III.1

IV.2

V.5

V.7

VI. 1

VII. 3

collection
date

18 Feb.

12 Dec.

30 Jan.

30 Jan.

26 Jan.

21 Feb.

12 Feb.

28 Feb.

18 Dec.

31 Jan.

85

85

85

85

84

85

85

85

85

85

type of corer
+ int.diam.

ALI,

PVC,

ALI,

ALI,

PVC,

ALI,

ALI,

ALI,

PVC,

ALI,

7.0 cm

4 .2 cm

7.0 cm

7.0 cm

1.9 cm

7.0 cm

7.0 cm

7.0 cm

6.5 cm

7.0 cm

4.3.3. RESULTS

Figures 4.6a to 4.6j and Figs. 4.7a to 4.7f show the results of

the measurements on the ten cores and the deduced age-depth profiles.

We calculated supported zl0Pb activities under the assumption
s

that they originated from the inorganic fraction of the sediment only.

After a first approximation of the sedimentation rate, using total
2 1 0Pb activities instead of 2 1 0Pb activities, we sleeted suitable

XS

samples (over 150 years old) to determine the activity 2 1 0Pb. (mBq/g)

of the inorganic material and subsequently calculated the contribu-

tion of supported 210Pb at arbitrary depth z:
2 1 0Pb (z) = f.(z) * 2 1 0Pb i (mBq/g sample) (4.2)

where f.(z) is the weight fraction of inorganic material at depth z.

The assumption that 21DPo is in equilibrium with 210Pb in the

samples leads to some additional uncertainties on the true value of

the 210Pb activities, especially in the upper sediment layers:

1. Movement of fresh water by diffusion in which 2 1 0Po is not yet in

secular equilibrium with 210Pb across the sediment-water interface

may be substantially due to the flocculant structure of the upper

sediment layers. This leads to dilution of the 2 1 0Po activity with
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respect to the 210Pb ac t iv i ty .

2. In sediment layers younger than approximately 2 years 210Po and
210Pb are not necessarily in secular equilibrium.

These two effects usually lead to an apparent constant (see e .g . core

II .4) or even lower (see e .g . core VII.3) 210Pb ac t iv i ty in the upper
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3 to 4 cm. The CRS model now allows two approximations to estimate

the effect of this uncertainty:

1. The zl0Pb activity is assumed to be constant in the upper 3 to

4 cm of the core, due to infiltration of fresh water and mixing of

the flocculant organic material.

2. The sedimentation rate calculated from the 210Pb activity below

the "mixing" zone is extrapolated to the sediment water interface.

In practice we used the first approximation because, as mentioned

before, it is realistic to assume some mixing in the upper sediment

layer.

A least squares linear fit yields a straight line in the semi-

logarithmic plot of the 210Pb activity (Fig. 4.6). The CIC model,
X S

using a 210Pb half-life of 22.3 years, produces average sedimentation

rates. We also calculated ages for the CRS model. Error bars in the

activity-depth profiles indicate 1a uncertainties in the counting

statistics. In the age-depth profile (Fig. 4.7) these result in

regions of uncertainty around the CRS calculated values. We did not

take uncertainties of the basic assumptions of the model into ac-

count .

4.3.4. DISCUSSION

The CRS model provides an estimate of the average annual deposi-

tion of 210Pb (eq. (1.22)). As discussed in section 4.2, in a closed

system for 210Pb with undisturbed vertical sedimentation, this should

reflect the local atmospheric 210Pb deposition. However, lateral

sediment transport may either increase or decrease the annual deposi-

tion of 210Pb (sediment focussing, see e.g. Irlweck and Danielopol,

1985). Due to the fact that the sediments in the moorland pools usu-

ally show little or no topographic relief, we believe that such late-

ral transport is mainly wind-induced. Table 4.2 shows the average

annual deposition obtained from the CRS model for eight of the ten

cores. The calculated uncertainties do not include the uncertainty in

the absolute spike-activity. We estimate this to be less than 5%.

Although Krishnaswamy and Lai (1978) reported significant geographical

variations in the 210Pb flux, we believe that, regarding the small

distance between our cores, the variation in 2l0Pb deposition in

1
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in Table 4.2 is an indication of sediment focussing rather than vari-

ations in atmospheric flux.

Table 4.2. Average annual 210Pb deposition D at the coring sites as

deduced from the total integrated 210Pb activity I(°°) (see

eq. (1.22)). For cores I.I and 1.2/2 no value could be

calculated for lack of data on the supported 2 1 0Pb activi-

ty. Without sediment focussing, the figures should reflect

the local atmospheric 210Pb deposition which is estimated

between 6 and 8 mBg.cm~z.a~1 (Crozaz et al., 1964; El-

Daoushy, 1981).

Core number Average annual 2 1 0Pb

deposition (mBq.cirT2 .a"1)

1.1 ?

1.2/2 ?

II.4 2.1 ± 0.2

II.7 1.5 ± 0.2

III.1 6.9 ± 0.5

IV.2 22.2 ± 0.8

V.5 5.9 ± 0.4

V.7 7.0 ± 0.5

VI.1 1.7 ± 0.2

VII.3 3.5 + 0.3

Site I. Galgeven

Measurements on core I.1 yield a rather disturbed activity-depth

profile. No supported 210Pb activity could be determined due to the

fluctuating total 21 °Pb activity (by one order of magnitude) at

greater (supposedly older) depths. The same is true for core 1.2/2.

Furthermore, hardly any remains of macrofauna were found (Klink, pers.

comm., 1986), so that both cores from Galgeven were rejected from

further analysis.
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Site II, Achterste Goorven

The 2 1 0Pb activity-depth profile of core II.7 is one of the most

regular profiles we have found in these type of pools. The low acti-

vity at the sediment-water interface can be attributed to mixing

processes in the upper few centimeters, rather than by a decreased

absorption capacity of the sediment due to the diatom inferred pH of

4.8 (Dickman et al., 1987). The same trend is found at the sediment-

water interface of core II.4, showing a rather constant 2x°Pb acti-

vity in the upper four centimeters.

Evidence of some vertical reworking of the upper sediment layers

was confirmed by the down-core distribution of the acidophilic diatom

species Eunotia exigua (Dickman et al., 1987). Treating vertical mix-

ing throughout the sediment column like a diffusional process we

showed in section 1.4.3 that only the slope and the intercept at z =

0 in the semi-logarithmic activity-depth profile do change. However,

we have no conclusive evidence for diffusional transport of 21°Pb

throughout the core, so we assume that mixing is only important in

the top few centimeters of the core, leaving the slope of the distri-

bution below the mixing zone unaffected (Robbins and Edgington, 19 75;

Robbins, 19 78). Both cores II.4 and II.7 show a deficiency in 2 1 0Pb

deposition. If lateral sediment transport is assumed there should be

excess 2 1 0Pb deposition elsewhere. However, without knowledge of the

distribution of these values throughout the pool, we can only specu-

late about the cause of the deficiency.

Due to the 2 1 0Pb deduced disturbed stratigraphy, core II.4 was

rejected from a detailed biological study. However, the 2 1 0Pb results

in the upper part of this core contributed to understanding the mix-

ing process at the sediment-water interface in core II.7, showing the

value of 2 1 0Pb analysis in duplicate cores.

Discussion of the synthesis of biological, palynological and

radiometric analyses is beyond the scope of this thesis and is given

elsewhere (Dickman et al., 1987; Van Dam et al., 1987). Based on this

discussion we were able to conclude that Achterste Goorven is one of

the fastest acidifying bodies reported in temperate regions exposed

to acid precipitation.
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Site III, Groot Huisven

Because of the limited diameter of the core, samples of 2 cm

length had to be taken, reducing the resolution of the 2 1 0Pb pro-

file. Using the CIC model, the 210Pb distribution can be divided3 xs

in two regions of different sedimentation rate. However, the CRS

model explains such a discontinuity by a sudden, temporary increase

in sedimentation rate at 20 cm depth. Therefore, both methods yield

strongly deviating age-depth profiles. Fortunately, additional bio-

logical data clearly indicate a historically recorded (1950) rise of

the water table at a sediment depth of approximately 10 cm (Klink,

1985). Other explanations for this discontinuity, such as changes in

pH (Simola and Liehu, 1985), are not supported by the chironomid

composition in the deeper sediment sections (Klink, 1985). Therefore,

the biological and historical data strongly support the results of

the CRS model, showing that the negative slope of the semi-logarith-

mic activity-depth profile between 15 and 20 cm should be attributed

to a sudden rapid increase of the sedimentation rate.

Site IV, Beuven

The 2l°Pb activity-depth profile shows a tremendous distortion

of the upper 10-15 cm of the core, probably representing rapid sedi-

mentation of allochthonous material deposited by the river Peelrijt

in the past 10-15 years (G. Arts, pers.comm., 1986). This conclusion

seems to be confirmed by the extremely high value for the calculated
210Pb deposition (Table 4.2). Although chironomid analyses show that

deeper layers are older than surface layers (Klink, 1985) and an

estimate of the 2 I 0Pb deduced sedimentation rate at greater depths

can be made, it is obvious that in this core the general conditions

for applying 2 1 0Pb dating are not fulfilled. The stratigraphy pro-

bably has not been preserved, especially in the upper 15 cm, and

therefore other investigations requiring such conditions are doubt-

ful. Post collection support for this conclusion was obtained from

investigators of the University of Nijmegen, the Netherlands, who

found over 6 tons of fish (bio-turbators) after the pool was emptied

and cleaned in order to stop the extreme eutrophication process

(G. Arts, pers.comm., 1986).
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Site V, Gerritsfles

As was stated before, the results on core V.5 are suspect be-

cause of possible disturbed stratigraphy in the freezing process.

Nevertheless, this core shows a very regular and continuous 21oPb

distribution. The same is true for core V.7, except at 6 cm. The

latter discontinuity cannot be explained by changes in the diatom-

inferred pH (4-5 cm: pH = 4.8; 6-7 cm: pH = 4.5; 9-10 cm: pH = 4.8,

Van Dam et al., 1987). Both cores yield zl0Pb deposition rates in

agreement with values reported by Grozaz et al. (1964), El-Daoushy

(1978) and values measured in this thesis (section 4.2.1), showing

that sediment focussing must have been limited. Ages calculated from

CIC and CRS are in good agreement in both cores.

Alternative dating was performed on core V.7 by comparing the

historically documented flora development with sedimentary pollen

composition as well as by comparing sedimentary diatom distributions

with diatom analyses of plankton tow samples collected since the be-

ginning of this century. A detailed discussion is beyond the scope

of this thesis and can be found elsewhere (Van Dam et al., 1987) .

The 2 1 0Pb and alternative dating are in good agreement to a depth of

approximately 6 to 8 cm (1900 AD). From there on 210Pb dates appear

to be too old. This discrepancy is probably caused by the 210Pb ac-

tivity anomaly at 6 to 7 cm depth. Therefore, in discussing the com-

bined biological and palynological data we prefer to use the alter-

native dating at depths below 7 cm. This discussion, given in Van

Dam et al. (1987), shows that in this pool the discontinuation of

anthropogenically introduced eutrophication renders it impossible to

determine the onset of acidification by acid precipitation.

Site VI, Bergven

The 2 1 0Pb distribution in the core from Bergven shows some fluc-

tuation. The causes for this can only be speculated about because

biological data and a diatom-inferred pH profile are not yet avail-

able. Ages calculated from both the CIC and the CRS model are in

good agreement and preliminary results from biological studies are

not contradictory.

i
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Site VII, Kliplo

The fluctuating specific inorganic 2 1 0Pb. (mBq/g inorganic mate- *

rial) at greater depths (> 20 cm) and the strong variation of the

inorganic content at the base of the core (13.2 weight% at 29-30 cm

and 0.9 weight% at 32-33 cm) renders it difficult to calculate a re-

liable value for the supported 21oPb activity. Therefore, we used

the total 2 1 0Pb activity in the calculations, assuming 210Pb >>
210Pb . This, however, may lead to underestimation of the true age.

Good agreement is found between CIC and CRS calculated 210Pb

age-depth profiles. From the shape of the 210Pb distribution we con-

clude that sedimentation has been rather undisturbed (except possibly

for some mixing in the upper few centimeters). Alternative dating as

in the case of Gerritsfles core V.7 has been performed and shows

that 2 1 0Pb inferred ages are systematically 10 to 2 0 years younger.

This may be explained by the fact that we were forced to use total
2 1 0Pb rather than 210Pb activities.

xs

Synthesis of biological data, pollen analysis and 2 1 0Pb dating

is beyond the scope of this thesis, but it is extensively discussed

by Van Dam et al. (1987). As in the case of Gerritsfles it appears

to be impossible to determine the onset of acidification due to acid

precipitation.

4.3.5. CONCLUSIONS
2 1 0Pb analysis in shallow moorland pools in the Netherlands has

provided valuable information about sedimentation rates and possible

mixing processes of direct importance in palaeolimnological studies

in general and acidification studies in particular.

However, 210Pb distributions alone are often not sufficient to

decide on the reliability of the age-depth profiles. In a multidisci-

plinary approach, providing additional pollen and biological data,

it was possible to obtain reliable chronologies for more than half of

the cores. Furthermore, in several other cores 210Pb activity-depth

profiles provided valuable information about possible distortions of

the sediment stratigraphy and thus prevented unnecessary (costly)

additional analyses.

We have found no evidence for a decreased adsorption affinity *
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for 2 1 0Po nor 210Pb at lower pH in this type of sediments (character-

ized by high organic contents).

4.4. MISCELLANEOUS CASE STUDIES

4.4.1. DENMARK

4.4.1.1. Introduction and site description

In 1975 the Fresh-water Laboratory of the Danish National Agency

of Environmental Protection started monitoring the chemistry and pH

of 14 lakes that were considered to be vulnerable to acid rain in-

duced acidification in the Jutland area of Denmark. In 1985 a study

on palaeolimnology and acidification of some of these lakes was ini-

tiated, using a similar approach as Dickman et al. (1987) and Van Dam

et al. (1987) in reconstructing rates of acidification in Dutch shal-

low moorland pools. This section describes the results of z l 0Pb ana-

lyses in two Danish lakes. A detailed study which should lead to an

estimate of the acidification rate over the last century in these

lakes is in progress.

Grane Langs0 (maximum depth 11m) is a well studied lake in Jut-

land (position 9°28'E, 56°03'N, Denmark). Kalgaardstf (maximum depth

30 m) is situated very closely to Grane Langstf (approximately 100 m

south, only separated by a road). Sediments from Danish lakes as well

as post-glacial development of Grane Langs0 are extensively described

by Hansen (1959, 1964). On May 23, 1985, a 4.5 cm diameter sediment

core was taken near the deepest point of both lakes, using a K.B.

gravity sediment corer (Dickman et al., 1984). Both cores were stra-

tigraphically described and subsequently extruded from their liner

and sectioned at 1 cm intervals in the field. Samples were submitted

to our laboratory for 210Pb analysis.

4.4.1.2. Results and discussion

For Grane Langs0 210Pb values were obtained by subtracting the

estimated 210Pb activity from the total 2 1 0Pb activity, using eg.

(4.2). The resulting activity-depth profile is very regular and shows

no distortions (Fig. 4.8a). The CIC and CRS ages are in good agree-

ment and the order of magnitude for the inferred sedimentation rate

is characteristic for continental surface water bodies. The calcula-
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Figure 4.8. Semi-logarithmic plot of a) excess 210pjb activity in the core from
Grane Langstf, and b) total zl0PJb activity (full circles) and total
26Ra activity (open circles) in the core from Kalgaardstf.

ted average annual 2 1 0Pb deposition of ca. 5.5 mBg.cm-^a"1 is of the

same order of magnitude as the atmospheric deposition reported by

other investigators, indicating that lateral sediment transport has

been limited. Additional studies providing independent confirmation

on the 2 1 0Pb inferred chronology are in progress.

At the time samples from Kalgaards0 were analysed it was pos-

sible to measure 226Ra as well, using the system described in section

2.4. Hence, Pig. 4.8b shows results of total 2 1 0Pb determinations as

well as results of 2 2 6Ra, used as an estimate of the supported 210Pb

activity, 2 1 0pb .

The 210Pb activity-depth profile shows enormous fluctuations

while the 2 2 6Ra contribution is almost constant throughout the core.

Although the latter observation supports the assumption that in this

type of sediment a good approximation of the 2 10Pb activity may be
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obtained by assuming that its down-core contribution is constant, it

does not help in establishing a reliable 2 1 0Pb chronology. Obviously

the fluctuations in the 210Pb activity-depth profile cannot be attri-

buted to fluctuations in the 210Pb contribution. Furthermore, inte-

gration of the 210Pb activity profile yields an extremely high

local 2 1 0Pb deposition which in addition to the fluctuations in acti-

vity indicates deposition of allochthonous material at irregular

intervals. Hence this core has to be rejected from further analysis.

4 . 4 . 2 . ANTARCTICA

4.4.2.1. Introduction

During the Antarktis IV/2 expedition of the FS Polarstern a

sediment core (1327-1) was taken in the Bransfield Strait (position:

62°16'05"S/ 57
o38'08"W) from a water depth of 1986 m. Estimated sedi-

mentation rates in this area are of the order of one cm.a"1 which is

relatively high for marine sediments (Van Enst, pers. comm.). There-

fore, samples of this core were submitted to our laboratory by the

Geological Survey of the Netherlands for llfC and 2 1 0Pb analysis in

order to establish a sedimentation rate. Furthermore, 2 2 6Ra activi-

ties were determined by Rn exhalation from the suspended sample to

correct for the supported 210Pb activity (section 2.4).

4.4.2.2. Results and discussion

Figure 4.9 shows that 210Pb and 222Rn-deduced 226Ra in eight

samples, selected from the first 2 meters of core 1327-1 are in

radioactive equilibrium. However, the radon exhalation is expected

to be strongly dependent on the structure of the mineral matrix and

grain size. Therefore, in addition four sediment samples were totally

dissolved in HF/HCIO^ and remeasured. Table 4.3 shows that within the

uncertainty limits 226Ra activities obtained from the suspended

sample are approximately the same as those obtained from totally

\ dissolved sample material. The rather large uncertainties are due to

the limited amount of sediment available and the relatively high

blank activity of 15 + 4 mBq. Hence 2 1 0Pb activities are below

detection limits so that reliable chronology can not be obtained.

The absence of measurable quantities of 210Pb may be attributed
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Table 4.3- Results of

Depth (cm)

Ra measurements on selected samples from

Core 1327-1.

226Ra activity (mBq/cm3)

determined from 2 2 2 Rn determined from 2 2 2

exhalation froiii the
dissolved sample

Rn
exhalation from the
suspended sample

10

40

59

67

- 15
- 43

- 64

- 71

17.85 ± 5.05

14.41 ± 3.11

16.33 ± 1.87

16.80 ± 5.38

19.83 ± 3.40

18.01 + 5.20

24.66 ± 4.85

20.00 ± 6.03

to (1) the relatively low flux of atmospheric 210Pb at the Southern

Hemisphere (most of the surface area of the Southern Hemisphere is

covered either by water or by ice, which prevents escape of Z22Rn)

and (2) the relatively long time required for suspended material in

the surface layer of the ocean to be deposited at greater depths due

to their low sedimentation velocity. However, regarding the fact that

(almost) all 210Pb is supported, the activities are rather high.

Hence, they point at a relatively high abundance of u series nuclides
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in this core. Preliminary evaluations of other data as well as the

results of previous investigations in the area point to hydrothermal

activity that may well be responsible for high concentrations of

U (-series nuclides) (Van Enst, pers. comm.). A proposal for additi-

onal scientific research in this area to establish activities of

other U-series nuclides and their origin has been submitted.

4.5. SUMMARY

In this chapter we have shown the results of measurements on

the local 2l°Pb deposition outside our laboratory. Late spring in

both 1984 and 1986 (1985 was not measured) shows enhanced 2 2 ° Pb de-

position. Due to lack of other explanations we tentatively relate

this to annual early spring injection of nuclear weapon produced
2 *°Pb from the stratosphere into the troposphere (analogous to e.g.
3 H ) . Short-time fluctuations, however, appear to result in an approx-

imately constant average value of the annual deposition which agrees

with other reported values.

Organic sediments appear to behave as a closed system with

respect to 2 1 0Pb (or at least 2 1 0 P o ) , even under changing pH condi-

tions. This was confirmed both by a laboratory experiment and by

measurements on several sediment cores. This and the previous obser-

vation are consistent with the basic assumptions for the CRS dating

model.

We have obtained reliable chronologies for a number of sediment

cores studied to determine rates of acidification in the past century

in isolated shallow moorland water bodies in the Netherlands (so-

called "vennen"). In combination with biological data and pollen

analysis we conclude that one of these, Achterste Goorven, is among

the fastest acidifying water bodies reported for temperate regions

exposed to acid precipitation.

A regular 2 1 0Pb activity-depth profile in the Danish lake Grane

Langstf points to a reliable chronology. A sediment core from Lake

Kalgaardstf, closely located to Grane Langs0, showed disturbed sedi-

mentation.

The 210Pb and 226Ra measurements on core 1327-1 from Antarctica

show that 2 1 0Pb is supported, rendering it impossible to determine a
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sedimentation rate. Nevertheless, the supported 210:pb activities
5

point to relatively high U-series nuclide concentrations and, in com-

bination with other observations, may indicate hydrothermal activity.
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CHAPTER 5. CHERNOBYL*

5.1. INTRODUCTION

At 1.24 hours local time on April 26, 1986 a power excursion in

reactor unit number 4 of the Chernobyl Nuclear Power Plant, USSR, ex-

plosively initiated the most serious accident with nuclear energy in

human history. It was on April 28 that the western world was informed

about this accident through measurement of enhanced levels of radio-

activity in the air in Scandinavia, as reported to the International

Atomic Energy Agency (IAEA) in Vienna. On that same evening, a severe

accident was confirmed by the Soviet Union to have occurred at the

Chernobyl Nuclear Power Plant. From that moment on programs to moni-

tor this introduction of radionuclides in the environment were initi-

ated by many individual investigators and institutes all over the

world. This included Groningen, where efforts of the Nuclear Accele-

rator Institute (KVI) and our institute (CIO) were combined in the

working group Fall-out. This resulted in a unique facility for sensi-

tive detection and measurement of both gamma-ray as well as alpha-

particle emitting nuclides.

Meteorological conditions during and after the accident resulted

in an extensive atmospheric distribution of released radioactive con-

taminants from the Chernobyl reactor in and outside Europe. Local

weather conditions such as heavy rainfall resulted in an extremely

uneven deposition of radionuclides. On May 2, 1986 the KVI in Gronin-

gen was the first to report the arrival of the Chernobyl radioactive

cloud to the Netherlands. At the same time we detected in our insti-

tute enhanced background counting rates of the 1"c counting equipment

(Fig. 5.1) as well as of the Germanium gamma spectrometer installed

in our laboratory only two weeks earlier.

* The contents of section 5.3 were published before:

Van der Veen, J., Van der Wijk, A., Mook, W.G. and De Meijer, R.J., (1986). Core
fragments in Chernobyl fallout. Nature 323: 399-400.
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Figure 5.1. Temporary enhanced back-
ground rate of Groningen hC counter
no. 6 as a result of contamination
with Chernobyl fallout. The approxi-
mate contamination half life is 4.0 ±
0.3 days, pointing to contribution of
both 132Te decay (t$ = 3.2 d) and 1 3 1 J
decay (tj = 8 d), in accordance with
gamma-spectrometry observations.

In the months following this f i rs t observation the gamma-spec-

trometer was used for a vast series of measurements of Chernobyl ac-

tivity in food and environmental samples. Most of these measurements

were reported in internal reports of the Fall-out group and are

beyond the scope of this thesis. However, one exception may be made

for the specific case of identification of Chernobyl core fragments

by means of both gamma and alpha spectrometry. This chapter discusses

the procedures which resulted in the first observation that alpha

radioactive materials were distributed over a much wider area than

could be inferred from the Soviet Chernobyl accident report to the

IAEA (Legasov et a l . , 1986).

5.2. GAMMA SPECTROMETRY

5.2.1. INTRODUCTION

For identification of core fragments, both alpha and gamma spec-

trometry were used. The alpha spectrometer has extensively been de-
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scribed in section 2.2. This section deals with a concise description

of the ga""Tia spectrometer and its performance.

5.2.2. DESCRIPTION

Figure 5.2 shows a schematic representation of the gamma spec-

trometry set-up.Bias of 4000 V is applied across the Ge diode, cooled

to liquid nitrogen temperature. The electronics for signal analysis

are analogous to the electronics for the alpha spectrometer as de-

scribed in section 2.2.1. Signals from the main amplifier are trans-

duced to a 1 K (1024 channel) Canberra® series 35 Multi Channel Ana-

lyser (MCA). The data can be read from the MCA to an ITT® 2020 micro-

computer (64 kByte memory) where they are stored on floppy disk and

subsequently evaluated. Background from cosmic and gamma radiation

from constructing materials was reduced by placing the detector in an

approximately 20 cm thick lead/tungsten cylinder. However, enhanced

background radiation due to Chernobyl-induced 1 3 7Cs was observed

during the experiments. This background was recorded at regular

intervals which allowed correction for its effect during the actual

measurements.

Lead-Tungsten
Shielding

Pre-
Amplifier

Spectroscopy
Amplifier

-L

Series 35

CANBERRA MCA

Date storage
(Apple l ie)

Qe-Detector

Figure 5.2. Schematic representation of the gamma spectrometer.
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5.2.3. CALIBRATION

Due to the limited stopping power of Ge for gamma radiation, the

detection efficiency depends on the gamma energy as well as on the

geometrical position of the source with respect to the detector. We

have calibrated this energy-dependent efficiency using calibrated
137Cs and 57Co point sources, mounted at a fixed distance of approxi-

mately two centimeters from the front surface of the detector. Figure

5.3 shows the result of this calibration. Gamma spectrometry measure-

ments reported in this chapter are based on the use of a point source

mounted at the same position as the calibration sources and on using

the measured energy-dependent efficiency.

5.3. CORE FRAGMENTS FROM CHERNOBYL FALLOUT

5.3.1. INTRODUCTION

In some of the first reports on the fallout of the Chernobyl

reactor accident (Devell et al., 1986; Fry et al.f 1986; Hohenemser

et al., 1986) references were made to the presence of localized areas

of high radioactivity, so-called hot spots,largely on the basis of

measurements of gamma radioactivity in fallout outside the Soviet

Union. In this section we will present evidence for alpha radioacti-

vity from hot particles inadvertently collected in the Soviet Union

1

50 100 500 1000
Energy (keV)

Figure 5.3. Energy-dependent efficiency
calibration, using a point source at a
fixed distance of 2 cm from the surface
of the Ge detector.
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50 urn

Figure 5.4. Micrograph of the hot particle from the Kiev trousers (left) and the
Minsk shoe (right).

by travellers from abroad. The gamma-ray and alpha-particle spectra

are those expected from fragments of fuel rods. We have also indica-

tions that such particles may have spread into the north-eastern part

of Poland.

5 . 3 . 2 . LOCALIZATION AND COLLECTION OF HOT SPOTS

Having learned about our group's work from newspapers and con-

tacts with colleagues at other universities in the Netherlands, Dutch

travellers returning from the Soviet Union and other East-European

countries gave us the opportunity to inspect their clothes and other

belongings. In some cases, we also made detailed measurements on

luggage. We observed enhanced radioactivity in the following: a pair

of trousers from a person who had spent some days in Kiev at the time

of the accident towards the end of April, a pair of trousers from a

boy who had camped in north-east Poland in July and a shoe from a

girl who had visited Minsk in early August.
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On the Kiev trousers, we found at least five areas with intense

localized gamma-ray activity. The Minsk shoe contained one such an

area and the boy's trousers showed various spots with enhanced radio-

activity. All spots were localized with a sensitive hand monitor for

gamma and beta radiation.

With pieces of adhesive tape we were able to remove one hot par-

ticle from the Kiev trousers and another from the Minsk shoe. Both

particles were studied under a microscope and photographed (Fig. 5.4).

More detailed photographs show areas of crystalline as well as amor-

phous material, indicating that some melting had taken place. The

activity on the trousers from north-east Poland most probably con-

tained by smaller particles, was too low to isolate.

To obtain high-resolution alpha spectra, the Minsk particle was

dissolved overnight in cone. HCl in a Teflon vessel at a constant

temperature of 60°C. The radionuclides were precipitated on a stain-

less steel disk by electroplating (section 2.3.5).

Table 5.1. Fractional gamma-ray activities (%) for various radionucli-

des in the hot particles of the "Kiev trousers" and the

"Minsk shoe", and the "complete trousers" of N.E. Poland.

The activities have been corrected for the decay since

April 26, 1986.

Nuclide Kiev trousersa) Minsk shoeb) N.E. Poland trousersc)

""Ce
103 R u

1311 Cs
137 Cs
95 Z r

total gamma-,.
ray activity '
(Bg)

25
22

24

1.

2.

26

849

0

4

29
24

21

1

1

24

423

.1

.6

30

17

25

0.3

0.7

27

41 .3

a) measured on July 7, 1986
b) measured on August 13, 1986
c) measured on August 24, 1986 for the complete trousers
d) total Y activity determined only from the nuclides that are listed in the table.
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Table 5.2. Alpha activity of the hot particle from the Minsk shoe.

The values have been corrected for the decay since April

26, 1986a).

Nuclide

(yr)

(MeV) a-activity (Bq) mass (yg)

2 3 9Pu + 24400
2*°Pu 6580

5.12 - 5.17 0.068 < 2.9 10~5

2 3 8Pu +
1Am

86

458

5 . 4 5 - 5 . 5 0 0.076 < 6.2 10"

jCm + 32

17.6

5.74 - 5.81 0.021 < 1 .2 10 '

2 "t 2Cm 0 . 4 4 7 6 . 0 7 - 6 . 1 2 2 . 0 3 2 1.6 1 0 - 8

a) Alpha activity determined on August 29, 1986.

5 . 3 . 3 . MEASUREMENTS AND RESULTS

Gamma-ray activities from the hot spots (Table 5.1, Fig. 5.5a)

were determined with the detector described in section 5.2. The rela-

tive abundance of the gamma-ray emitting nuclei for all three sub-

jects was practically the same, while the activity ratio of 13kCs/
1 3 7Cs is about 0.5, which is characteristic for the Chernobyl fall-

out (Fry et al., 1986; Hohenemser et al., 1986). However, the propor-

tions of 95Zr and 1IfltCe were much higher than in the fallout reaching

Western Europe (Hohenemser et al., 1986), suggesting that the partic-

les studied here were released in the first plume which reached

Scandinavia•

The particles sizes from Kiev and Minsk were determined to be

approximately 30 x 15 x 3 ym and 150 x 150 * 110 ym, respectively.

The alpha spectra from these particles, as well as the alpha spectrum

from a hot spot on the north-east Poland trousers were almost identi-

cal: a continuous increase from 2.5 MeV to 6 MeV, where the spectrum
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Figure 5.5a. Energy spectrum of the gamma radiation of the hot particle from the
Kiev trousers.

showed a sharp high energy edge. The total alpha activities were 50

and 1.4 Bg from the Kiev and Minsk particles, respectively, and ap-

proximately 0.08 Bg.cm"2 from the hot spot on the Poland trousers.

The dominant activity at 6.12 and 6.07 MeV in the high-resolution

alpha spectrum from the Minsk particle (Fig. 5.5) is consistent with
2It2Cm, while the smaller peaks at 5.16, 5.50 and 5.79 MeV indicate the

presence of 2 3 9 , 2 " ° P U ,
 2"'21(1(Cm, 238Pu and possibly, 21(1Am. The

shape of the peak at 5.50 MeV indicates that 238Pu (decay product of
2"2Cm) is the dominant contributor. It is obvious that the activities

correspond to only a fraction of the mass of the original particles

(Table 5.2).
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Figure 5.5b. Energy spectrum of alpha radiation obtained by dissolving the Minsk
particle in hydrochloric acid and precipitating the nuclides on a
stainless steel planchet. Note the change of scales slightly below
6 MeV, indicated by a dashed line.

5 . 3 . 4 . CONCLUSIONS

From the concordance of the measured relat ive abundances of the

various nuclides with the estimated inventory of a reactor core

(Cohen, 1977; Lewis, 1975; Legasov et a l . , 1986), the characterist ic

Chernobyl ra t io 13"Cs/137Cs and the similarity of the to ta l alpha and

gamma spectra of the Minsk and Kiev par t ic les , we conclude that both

hot part icles are core fragments of the Chernobyl reactor released

during the accident. Thus the temperature must have been high enough

to melt the fuel rods, which agrees with earl ier reports from Sweden

(Devell et a l . , 1986). The fragments have contaminated a large area

from at least Kiev (150 km leewards) to Minsk (400 km downwind of
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Chernobyl). Smaller fragments may have reached north-east Poland-

Our measurements do not present quantitative information about

the degree of contamination of the area or the percentage of the core

that has been emitted. However, the presence of at least five hot

particles on the Kiev trousers and the fact that at least one hot

particle was collected during a twelve-hour stay in Minsk in August,

1986, indicate that such particles are distributed over a much more

extended area than previously reported by the Soviet Union. Further-

more, studies concerning Nuclear Reactor safety which do not include

the possibility of wide spread of hot particles need to be critically

reviewed.
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SAMENVATTING

De Engelse titel van dit proefschrift "Radiometrie Dating by

Alpha Spectrometry on Uranium Series Nuclides" kan in het Nederlands

wellicht het best worden weergegeven door "Ouderdomsbepalingen door

stralingsmeting aan kernen uit de uraniumreeks met behulp van alfa-

spectrometrie". In dit laatste hoofdstuk wil ik proberen om op be-

knopte, ook voor de niet gespecialiseerde lezer, de inhoud en achter-

grond van het onderzoek samen te vatten.

Aan het eind van de vorige eeuw werd het verschijnsel radioacti-

viteit ontdekt. Dit leidde tot een revolutionaire ontwikkeling van

het inzicht in de bouw van materie. Daarnaast werd men zich bewust

van de mogelijkheden die de radioactiviteit biedt voor een breed

scala van toepassingen, vaak ten bate van andere takken van weten-

schap. Zo blijkt het voorkomen van radioactiviteit in de natuur het

mogelijk te maken om de ouderdom van gesteentes en andere materialen

te meten. Het gebruik van het radioactieve koolstofisotoop lhC (kool-

stof -14) is daarvan het meest bekende en spectaculaire voorbeeld.

Maar daarnaast werden en worden ook andere methoden ontdekt, een ont-

wikkeling die nog volop in beweging is.

Voor ieder radioactief isotoop is de snelheid waarmee het door

radioactief verval wordt omgezet in een isotoop van een ander element

en dus als zodanig verdwijnt, karakteristiek. Deze vervalsnelheid

wordt doorgaans kwantitatief weergegeven door de halveringstijd, de

tijd waarin de helft van het oorspronkelijke isotoop is verdwenen.

Deze halveringstijd kan gebruikt worden als een ingebouwde natuurlijke

klok. In de natuur komen radioactieve elementen voor met de meest

uiteenlopende halveringstijden, variërend van enkele miljoensten van

seconden tot miljarden jaren. 1ItC (koolstof-14) heeft bijvoorbeeld

een halveringstijd van 5730 jaren. Met de in de afgelopen 35 jaar in

Groningen ontwikkelde technieken blijkt het mogelijk om hiermee tot

ca. 70.000 jaar terug te dateren (er is dan nog slechts een vijf-
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duizendste (l) van de oorspronkelijke hoeveelheid 11(C over). Door nu

in bijvoorbeeld veen de samenstelling van de vroegere vegetatie te

bepalen uit het relatieve voorkomen van geconserveerde stuifmeelkor-

rels (palynologie) wordt een goed beeld verkregen van het klimaat ten

tijde van de vorming van het veen. Door daarnaast het veen absoluut

te dateren blijkt het mogelijk variaties in het klimaat over de afge-

lopen 50.000 à 70.000 jaar te reconstrueren. Deze periode is echter

nog te kort om de belangrijkste theorie die klimaatsveranderingen

probeert te verklaren, de Milankovitch theorie, te verifiëren. Een

deel van dit proefschrift is er daarom op gericht om de daterings-

grens met behulp van een andere dateringstechniek, de U/Th (uranium-

thorium) niet-evenwicht methode, te verleggen tot ca. 350.000 jaar.

Parallel daaraan wordt in dit proefschrift de inpassing in het date-

ringsbereik van ons laboratorium van een andere techniek beschreven,

de zogenaamde 2 1 0Pb (lood-210) dateringsmethode die er op is gericht

om de snelheid van processen te bepalen die zich op een veel kortere

tijdschaal (de afgelopen 100 à 150 jaar) hebban afgespeeld. Een be-

langrijke toepassing vin<3t deze methode bijvoorbeeld in het onder-

zoek naar de verzuring van oppervlaktewater als gevolg van de zure

neerslag gedurende het tijdperk van intensieve industrialisatie. Het

verband tussen de twee genoemde dateringsmethoden is, dat ze beide

gebruik maken van radioactieve elementen uit een cascade van verval-

produkten die ontstaan uit het radioactief verval van het in de

natuur algemeen voorkomende 2 3 8U (uranium-238). Verder sluiten ze

direct aan (U/Th overlapt zelfs voor een groot deel) bij het 1 UC-

dateringsbereik: zl0Pb aan de "jonge" en U/Th aan de "oude" daterings-

grens.

Na een algemene beschrijving van de drie in de natuur voorkomen-

de radioactieve vervalreeksen wordt een wiskundige uitdrukking afge-

leid die de hoeveelheid van elk radioactief element in een dergelijke

reeks op elke willekeurige tijd beschrijft. Er moet dan echter wel

aan een tweetal belangrijke voorwaarden voldaan zijn: (1) de hoeveel-

heid van elk radioactief element op een zeker tijdstip nul moet be-

kend zijn, en (2) de veranderingen in hoeveelheid mogen uitsluitend

het gevolg zijn van radioactief verval. In natuurlijke systemen houdt

deze laatste voorwaarde in dat de radioactieve elementen die gebruikt
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worden voor de datering niet mogen verdwijnen of aangevuld worden

door chemische of fysische processen anders dan radioactief verval.

Een systeem dat aan deze voorwaarde voldoet heet een gesloten sys-

teem.

De U/Th-methode maakt gebruik van het feit dat bepaalde materia-

len, waaronder veen, maar ook schelpen, koralen en botten, tijdens de

vorming uranium opnemen uit water waar dit ruimschoots voorhanden is

als gevolg van de goede oplosbaarheid. Het slecht oplosbare thorium

kan echter niet worden opgenomen. Een van de isotopen van het opge-

nomen uranium, 231*u (uranium-234) , vervalt naar het thoriumisotoop
2 3 0Tu (thorium-230). Omdat er aanvankelijk geen thorium in het mate-

riaal aanwezig was, mag geconcludeerd worden dat het aanwezige 230Th

uitsluitend afkomstig is van het verval van 23I*U. Op basis van de

halveringstijd van 230Th kan berekend worden dat na ca. 75.000 jaar

de radioactiviteit van de laatste de helft bedraagt van die van 2 3"u,

na 150.000 jaar drie kwart, enz. Uiteraard geldt dit uitsluitend

wanneer het systeem gesloten is. In de praktijk blijkt dit echter

lang niet altijd het geval. Veen neemt bijvoorbeeld tijdens of na de

vorming thorium op uit de "omgeving" zoals het aanwezige zand. Derge-

lijke "verontreinigingen" verraden zich door de aanwezigheid van het

isotoop 2 3 2Th dat niet geproduceerd wordt uit radioactief verval

(niet-radiogeen). Dit thoriumisotoop kan dus uitsluitend door che-

mische processen in het materiaal terecht zijn gekomen. In dat geval

is het echter zeer waarschijnlijk dat er met het 2 3 2Th ook 2 3 0Th

door het materiaal is opgenomen en wel in een verhouding die overeen-

komt met de verhouding waarin deze twee isotopen voorkomen in de

"zandige" fractie (bij chemische processen blijft de verhouding tus-

sen isotopen van hetzelfde element gelijk). Door deze verhouding te

meten is het mogelijk om op basis van de hoeveelheid 2 3 2Th een kwan-

titatieve uitspraak te doen over de aanwezige hoeveelheid 2 3 0Th die

niet rechtstreeks uit het radioactieve verval van 2 3 UU is ontstaan.

De 21°Pb-dateringsmethode is gebaseerd op de volgende processen.

Uit het verval van 2 3 8u ontstaat op een zeker moment het radioactieve

edelgas 2 2 2Rn (radon-222) met een halveringstijd van ca. 3.8 dagen).

Dit gas ontsnapt gemakkelijk uit de bodem en het gesteente waar het

gevormd wordt, zodat er in de atmosfeer altijd een (geringe) hoeveel-
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heid 22zRn aanwezig is. Uit het radioactieve verval van 2 2 2Rn ont-

staat 210Pb dat vrijwel direkt neerslaat op het aardoppervlak en zich

in water snel aan zwevend stof hecht. Het resultaat is dat sediment

in meren en kustwateren voorzien is van een zekere hoeveelheid 210Pb

dat als gevolg van het radioactief verval in verloop van tijd afneemt

met een halveringstijd van 22,3 jaar. Nieuwe sedimentlagen sluiten de

gevormde laag af voor verdere toevoer van 2 1 0Pb. De sterkte waarmee

het laatste chemisch gebonden is aan het sediment bepaalt hoe goed

voldaan wordt aan het criterium van een gesloten systeem.

Vervolgens worden de analytische methoden en technieken beschre-

ven die vereist zijn om de relatief kleine hoeveelheden radioactivi-

teit in het te dateren materiaal betrouwbaar te kunnen meten. In

principe wordt het element uit het monstermateriaal geëxtraheerd en

in een geschikte vorm gebracht voor meting van de alfaradioactiviteit.

Omdat de energie van de uitgezonden alfadeeltjes karakteristiek is

voor een bepaald isotoop kunnen de verschillende isotopen van een

element onderscheiden worden (alfaspectrometrie).

Een zeer essentieel probleem bij de U/Th-datering is de vraag of

veen zich als geheel als gesloten systeem gedraagt. In het algemeen

blijkt dit zo te zijn. De voor datering meest geschikte fractie be-

staat uit de afbraakprodukten van plantenresten, de humus- en fulvo-

zuren. Deze laatste zijn verantwoordelijk voor de opname en binding

van uranium. Er is echter één complicatie: er blijkt chemische uit-

wisseling te bestaan tussen de zandige fractie met daarin niet-radio-

geen, dus niet uit het verval van uranium ontstaan, thorium en de

oganische fractie waardoor de laatste zich niet als een volledig ge-

sloten systeem gedraagt. Desalniettemin duidt in de meeste gevallen

de afgeleide ouderdom er op dat het niet nodig is om voor deze com-

plicatie te corrigeren. Dit is te verklaren door een model waarin de

aanlevering van 230Th uit de zandige fractie aanmerkelijk lager is

dan verwacht mag worden op grond van de aanlevering van 2 3 2Th, dit

als gevolg van een 23°Th-verarming in het mineraal door radioactieve

terugstootprocessen. Op grond van de op deze aanname gebaseerde

ouderdom voor verschillende veenmonsters en de correlatie tussen

diverse Europese paleoklimaatcurven en de klimaatcurve afgeleid uit
1eO-metingen in diepzeesedimenten lijkt het dat de laatste grote
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warme periode (het Eem) voor de laatste ijstijd (Weichsel) circa

115.000 jaar geleden eindigde. Dit wordt gevolgd door enkele perioden

van opwarming (interstadialen) tot ca. 70.000 jaar geleden.

Tot slot van de bespreking van U/Th-dateringen worden enkele

resultaten getoond van dateringen aan botten en schelpen. Deze metin-

gen waren gedoeld als een eerste poging om de methode hierop toe te

passen en mogen derhalve slechts als ruwe gegevens worden beschouwd.

De resultaten zijn echter in redelijke overeenstemming met de ver-

wachtingen zodat verdere ontwikkeling en verfijning van onze (ana-

lyse-) technieken zinvol zijn.

Voor toepassing van de 2l0Pb-dateringsmethode is het van groot

belang dat de neerslag van 210Pb uit de atmosfeer constant is. Hoewel

korte termijn fluctuaties worden waargenomen, blijkt dat de gemiddel-

de jaarlijkse depositie constant mag worden verondersteld, zodat

voldaan is aan het criterium van goed gedefinieerde beginvoorwaarden.

Verder laten laboratoriumexperimenten zien dat in sedimenten rijk aan

organisch materiaal 210Po en vermoedelijk ook 210Pb zo sterk gebonden

zijn dat het sediment voor deze isotopen als een gesloten systeem mag

worden beschouwd. Op basis hiervan is het mogelijk om in het kader

van een multidisciplinair onderzoek naar verzuring van oppervlakte-

water betrouwbare dateringen te verkrijgen voor sedimenten uit vijf

ondiepe Nederlandse vennen. Voor sedimenten die niet gedateerd kunnen

worden, kan duidelijk worden aangegeven op grond waarvan het systeem

niet gesloten wordt geacht. Soortgelijke metingen leveren ook een be-

trouwbare bepaling van de sedimentiesnelheid van één van twee onder-

zochte Deense meren. Een Antarctische boorkern blijkt niet dateer-

baar; de aanwezige hoeveelheden radioactiviteit zijn hier wellicht

het resultaat van hydro-thermale activiteit.

Het laatste hoofdstuk tenslotte behandelt een onderwerp dat

slechts qua meettechniek verband houdt met het voorgaande. Toen de

wereld begin mei 1986 geconfronteerd werd met de gevolgen van het

ernstige ongeval met de kerncentrale te Tsjernobyl, werden op \'eel

laboratoria onderzoekprogramma's onderbroken opdat de meetapparatuur

en expertise gebruikt konden worden voor detectie van de radioactivi-

teit die bij dat ongeluk was vrijgekomen. Zo bundelden in Groningen

het Kernfysisch Versneller Instituut (KVI) en het Centrum voor Iso-
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topen Onderzoek (CIO) hun krachten in de werkgroep "Fall-Out" waar-

door de aandacht van de auteur tijdelijk van het in het voorgaande

beschreven onderzoek werd afgeleid. Bij de metingen die in het kader

van de werkgroep werden verricht bleken de in hoofdstuk 2 van dit

proefschrift beschreven technieken van cruciaal belang. Dank zij de

ontwikkelde chemie voor de bereiding van extreem dunne radioactieve

bronnen en de aanwezigheid van de low-level alfaspectrometer werd

geconstateerd dat enkele Nederlandse reizigers die van een verblijf

in de Sovjet Unie en Noord-Oost Polen terugkeerden, microscopisch

kleine splintertjes (hot particles) van de brandstofstaven van de

verongelukte reactor op hun kleren rr.eedroegen. Het bewijs hiervoor

werd geleverd door meting van de aanwezigheid van niet in de natuur

voorkomende alfa-emitterende isotopen van plutonium en curium in ver-

houdingen die karakteristiek zijn voor kernbrandstof. Dergelijke hot

particles bleken zich veel verder verspreid te hebben dan op grond

van Russische verklaringen tegenover het Internationaal Atoom Bureau

(IAEA) in Wenen kon worden afgeleid. Een artikel waarin van dit

onderzoek verslag werd gedaan, werd door het Britse wetenschappelijke

tijdschrift Nature binnen vijf uur na ontvangst geaccepteerd voor

publicatie.
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NAWOORD

Hoe afgezaagd sommige cliché's ook mogen zijn, soms ontkom je er

niet aan om er een te gebruiken. Daarom eindigt ook dit proefschrift

met de constatering dat de totstandkoming ervan onmogelijk zou zijn

geweest zonder de inspanning en (geestelijke) steun van velen.

Geen promovendus zonder promotor: de discussies die ik met Wim

Mook had over het onderzoek waren altijd constructief en de vrijheid

en verantwoordelijkheid die hij mij gaf bij de uitvoering ervan heb

ik altijd gewaardeerd en als bijzonder plezierig ervaren. Zijn com-

mentaar en kritische kanttekeningen bij het manuscript hebben steeds

geleid tot aanzienlijke verbeteringen in de uiteindelijke versie.

Dank zij het werk van Koos Steendam draaiden de alfaspectro-

meters vrijwel 365 dagen per jaar 24 uur per dag. Janette Spriensma

zorgde, nadat Henk Been en de medewerkers van de electronische werk-

plaats o.l.v. Jan Keyser een uitbreiding van de meetcapaciteit met

vier detectoren hadden gerealiseerd, voor constante aanlevering van

de tot dunne radioactieve bronnetjes gereduceerde monsters.

Kees Frentz, Jan Reinder Fransens en Jan van der Veen leverden

tijdens hun afstudeeronderzoek stof voor vele bladzijden van dit

proefschrift. Ook de studenten Ton Martens, Bas Zinsmeister, Marc de

Boer en Nomdo Jansonius droegen hun steentje, zandkorrel respectieve-

lijk gipsblok bij.

Al mijn (ex-)collega's van de onderzoekgroep Isotopenfysica

(later omgedoopt tot Centrum voor Isotopen Onderzoek), Jellie, Gert,

Wil, Liesbeth, Frans, Hugo, Marlene, Marcel, Ria, Hans, Jaap, Gert

Jaap, Marleen, Berthe, Hans, Eric, Henk, Ernst, Harm Jan en Bert wil

ik bedanken voor hun collegialiteit en de voortdurend goede sfeer

waarin we hebben samengewerkt gedurende mijn promotie-onderzoek. Dat-

zelfde geldt voor alle overige medewerkers van het Laboratorium voor

Natuurkunde.

Buiten ons laboratorium heb ik altijd bijzonder prettig samen-
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gewerkt met Gij s Berger van het NIOZ en Nico Boelrijk en Coos von

Belle van het ZWO-laboratorium voor Isotopengeologie. Aan hun erva-

ring en adviezen op met name het gebied van monsterbehandeling heb

ik veel gehad.

Dank zij de discussies en besprekingen met Ko van Huissteden en

Prof.Dr. J. Vandenberghe van de VU in Amsterdam en Jan de Jong en

Dr. W. Zagwijn van de RGD in Haarlem begrijp ik nu iets meer van de

geologie in Nederland.

Ik heb veel plezier beleefd aan het verzuringsonderzoek waarin

ik samen met Herman van Dam, Bas van Geel, Alexander Klink en Mike

Dickman werkte. In onze discussies bleek het altijd weer mogelijk de

problemen vanuit een veelheid aan zienswijzen te benaderen en desal-

niettemin tot een eensluidende conclusie te komen. Dit schepte voor

mij de gelegenheid om de 21°Pb-dateringsTnethode uitgebreid te testen

en haar uitkomsten te verifiëren.

Het grote enthousiasme van Gert-Jan Bartstra van het BAI in

Groningen over de U/Th dateringsmethode was een bijzondere stimulans

om ook fossiel botmateriaal in het onderzoek te betrekken.

Especially in the initial stage of this work my discussions with

Farid El-Daoushy from the Institute of Physics in Uppsala, Sweden,

who spent six months in our laboratory, were very stimulating and

useful.

I greatly appreciate the kind hospitality of Miro Ivanovich, head

of the Uranium Series Disequilibrium Section of the Harwell Laborato-

ries in England. For two months, financed by the Netherlands Organi-

zation for the Advancement of Pure Research (ZWO), I was allowed to

use all the facilities in his laboratory. My discussions with Angela

Rae, Andy Plater and Mike Wilkins have contributed a lot to my under-

standing of the geochemical behaviour of the actinides. In addition,

Miro was willing to spend a lot of his time in critically reading and

judging the quality of the manuscript.

Op het gebied van het onderzoek naar de gevolgen van het ongeluk

met de kerncentrale in Tsjernobyl kan de unieke samenwerking met Rob

de Meijer, Joop Jansen en Louis Put van het KVI in de werkgroep Fall-

Out niet ongenoemd blijven. Ik heb de verwachting dat we ook in de

toekomst op andere gebieden van onderzoek onze krachten zullen kunnen
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blijven bundelen.

Ik ben veel dank verschuldigd aan Prof.Dr. Th. van der Hammen

en Prof.Dr. A. van der Woude die het manuscript hebben willen beoor-

delen.

Dank zij de inzet van Bert de Jonge (tekeningen), Hein Leer-

touwer (foto's) en Henny Deenen (typewerk en lay-out) kreeg dit

proefschrift zijn uiteindelijke vorm.

Er zijn nog veel meer mensen die een bijdrage aan dit proef-

schrift in welke vorm dan ook hebben geleverd. Dat ik ze hier niet

met name noem betekent niet dat ik hun bijdrage minder zou waarderen.

Integendeel, het zijn vaak kleine dingen geweest die er op het

juiste moment toe bijdroegen dat iets net op tijd gereed kwam of dat

bepaalde ideeën geboren werden. En dat is van onschatbare v?aarde.
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