
SYMBIOSIS BETWEEN GEOCHRONOLOGISTS
AND QUATERNARY GEOSCIENTISTS

MEBUS A. GEYH
 29 308 Winsen/Aller, Germany (e-mail: mebus.geyh@t-online.de)

Abstract: Abstract: Abstract: Abstract: Abstract: There is an apparent conflict between the high output of absolute dates of auto-
mated devises installed in geochronological laboratories and the growing need of an indi-
vidual and thorough interpretation of absolute physical dates determined for geoscientists
and archaeologists. This conflict can only be solved by a symbiotic co-operation with univer-
sal geochronologists. The benefit will be an increase of the reliability and precision of the
geochronological time marks, an improvement of the dating methods and an extension of the
fields of application for the many absolute dating methods based on cosmogenic isotopes,
radiation damage or uranium–series disequilibrium
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1. SITUATION OF THE ABSOLUTE GEOCHRONOLOGY

The present situation of the absolute geochronology
is determined by diverging trends. One trend is
characterised by a rapid progress of analytical and mea-
surement throughput of modern dating techniques. Ex-
amples are represented by the accelerator mass spectrom-
eters (AMS), which deliver up to 3500 14C dates per year,
automated luminescence readers, which allow up to 100
OSL/TL analyses per week, and high-capacity ICP mass
spectrometers (inductively coupled plasma quadruple
mass-spectrometer), which may enable high rates of tho-
rium and uranium isotope determinations in near future.
The increased output of geochronological results de-
grades absolutes dates to an easily accessible though costly
consumption product for Quaternary geologists, geogra-
phers and archaeologists.

The other trend is reflected in the growing number of
publications with, often, large series of absolute dates and
frequently superficial interpretation due to an insufficient
understanding of basic principles of the applied physical
dating methods. This negative development of scientific
quality of geochronological publications is strengthened
by the usual funding policy to assess scientific efforts solely
on the number of papers rather than on their quality. Pa-
pers which contain comprehensive descriptions of sam-
pling sites, details of field work, applied physical and
chemical laboratory protocols, complete lists of labora-
tory results used for the interpretation, details of their sta-
tistical treatment and finally of models used for the inter-
pretation have become rare. A reduction of a number of
papers in favour of their quality will enable to avoid wast-
ing of time for writing fragmented papers and gain time
to strengthen the scientific dialog.

The theoretical and analytical stuff of the absolute
dating methods is already so extended that the absolute

geochronology represents an own geoscientific discipline
within environmental physics. It requires full scientific
attention and enthusiasm of young physicists and
geochemists in order to become once an expert in abso-
lute dating. Most frequently, young geochronologists
specialize on one or seldom two methods – radiocarbon,
TL/OSL, ESR, or 230Th/U. In contrary, universal geochro-
nologists are required to bridge the interdisciplinary gaps
between the wide palette of methodically different geo-
chronological methods. Only such experts are able to ex-
plain deviations of absolute dates obtained from the same
sample as a result of different basic principles of the
applied methods. Single dating methods may become
defamed due to an insufficient knowledge of the methodi-
cal peculiarities. One example is the 14C method applied
to date calcrete (Eitel and Zöller, 1997). Later, comple-
mentary radiocarbon, TL and 230Th/U demonstrated the
specific potential of each of these dating methods (Geyh
and Eitel, 1998). This example once more confirmed that
any improvement of an absolute dating method requires
parallel application of many methods for the absolute age
determination. Multidisciplinary approaches are indis-
pensable.

There is a challenge for geochronologist to become
a universal expert in absolute age determination besides
his own specialisation in one dating method. He must be
able to improve absolute dating methods, to extend the
range of application, to explain methodically deviating
dates and to estimate the minimum and maximum ranges
of the actual age of the sample.

Geoscientists, on the other side, nowadays cope with
a wealth of complicated analytical techniques and new
computer programs while their primary task of extensive
and minute field work has not shrinked. Meanwhile many
of them overtax their ability to handle also the multifa-
ceted field of absolute geochronology. There is a challenge
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for geoscientists and archaeologists to assess their own
scientific capability. They are best educated to explore
suitable sites for absolute datings and to improve the se-
lection of suitable samples rather than to overtake strange
physical, mathematical or chemical jobs necessary for any
reliable interpretation of raw geochronological data
(Geyh and Schleicher, 1990; Wagner, 1995).

A solution of the described problems is the symbiotic
co-operation between absolute geochronologists, geosci-
entists and archaeologists. It supports the methodical
development of various dating methods, a more sophisti-
cated selection of suitable dating material and a thorough
handling of absolute dates. The following paragraphs deal
with aspects related to the improvement of special dating
methods.

2. SPECTRUM OF ABSOLUTE DATING METHODS

The manifold origin of differently preserved Quater-
nary deposits with a variable demand in age resolution to
explore earth’s history is the result of multiple changes
between glacial and interglacial climates. Only a large
spectrum of absolute dating methods can do the ensuing
task (Geyh and Schleicher, 1990; Wagner, 1995). Each
method has its own potential and limits, is solely appli-
cable to specific kinds of datable material and covers a
limited dating range with variable precision. Absolute
dating of Holocene material, for instance, has usually to
be more precise than that of the older Pleistocene mate-
rial; interglacial and interstadial material is chiefly of bio-
genic origin which requires other dating methods than
glacial material of its predominant clastic nature.

In any case, the radioactive decay is the common chro-
nometer for all absolute dating methods (Fig. 1).
Chronostratigraphic dating methods e.g. based on geo-
magnetism or a stable isotope composition of ice or cal-
careous marine sediments (MIS) are indirectly related to
the radioactive decay. The corresponding chronologies
are calibrated with radiometric dates. Chemical dating
methods using e.g. amino-acid or obsidian hydration

analyses solely yield relative dates which may have, how-
ever, an important potential for stratigraphic differentia-
tion. But they seldom yield reliable local chronologies
although calibrated with absolute dates. Some of chemi-
cal dating methods, as e.g. the cation-exchange method,
are questioned at all (Bierman and Gillespie, 1994).

Many of the radiometric dating methods are well es-
tablished since decades (Geyh and Schleicher, 1990;
Wagner, 1995). In spite of this, the basic principles as well
as the scale of applications have still a potential for an
improvement, especially if geochronologists, geoscientists
and archaeologists closely co-operate with each other.

Dating with cosmogenic isotopes
Beside the well-known isotope 14C, the cosmogenic

radioactive isotopes 10Be, 26Al, 32Si, and 36Cl cover a grow-
ing field of geochronological applications. Still restrict-
edly used isotopes as 32Si may unpredictably gain atten-
tion when the analytical or measurement techniques are
improved or new fields of applications are found (e.g.
Morgenstern et al., 2001).
14C dating

The 14C method is the most widely applied and well-
known absolute chronometer in Quaternary geology and
archaeology. It is mainly used for dating organic matter,
but also secondary carbonate is a suitable material. The
corresponding samples preferentially were formed in
warm and wet climatic periods.

Recent applications are dominated by the AMS tech-
nique (accelerator mass spectrometry). Numerous of the
related papers deal, however, with the rediscovery of phe-
nomena which were already described several decades ago
based on conventionally determined radiometric dates.
Many geoscientists apply this technique under the wrong
assumption that AMS dates are superior to radiometric
dates. They do not realise that both conventional and
AMS techniques belong to the same dating method
though they have different potential and limits. Two ex-
amples may elucidate the situation.

Olsson (1973) found that material with little carbon
contains often a large proportion of fossil macrofossils
resulting in apparently too old conventional 14C dates. The
corresponding AMS dates either are precise and reliable
or completely erroneous. Hence, several AMS dates have
to be determined in such cases. Another example belongs
to 14C dating of various fractions extracted from peat or
soil. Widely differing dates are obtained (e.g. Shore et al.,
1995). AMS laboratories carried out similar studies with-
out new insights in the well-known phenomenon.

There is no dispute that a large number of applica-
tions require AMS dating, especially if only small sample
sizes are available. In all cases, however, where sufficient
sample material can be provided, it should be seriously
assessed which dating technique provides the best suiting
absolute dates at minimum costs.

The case study below shows how a close co-operation
between archaeologists and geochronologists gained new
insights in the principles of even an old, well-established
absolute dating method as 14C. Usually it is assumed that

Fig. 1. Three fundamental absolute chronometers are based on
the radioactive decay (14C, 32Si), the radioactive growth (230Th/U),
and the constant rise of radiation damage by environmental
radiation (TL/OSL, ESR).
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the 14C chronometer starts to run with the death of an
individual. In contrary, in the case of collagen extracted
from bones the 14C clock of these proteins starts already
slightly after the end of the puberty when the incorpora-
tion of the main proportion of proteins ceases. By this, a
calibrated conventional 14C age of the collagen extract of
an old person is by up to 40 years apparently too large
(Fig. 2). This finding is important for 14C dating of his-
torical events by means of bone collagen (Geyh, 2001).

An actual demand is the extension of the calibration
of the 14C time scale beyond 20,000 BP (e.g. Kitagawa and
van der Plicht, 1998). This task can only be satisfactorily
solved if geoscientists explore new geological sites with
precisely and accurately datable material (as e.g. lami-
nated lake sediments) of sufficient autochthonous, ter-
restrial, organic matter.

success of the most recent efforts to measure 32Si directly
by AMS rather than indirectly via 32P by liquid scintilla-
tion counting (Morgenstern et al., 2001) will open a wide
field of applications in paleoclimatology, geosciences, and
archaeology for the 32Si dating method.

32Si and 210Pb dating
32Si dating has successfully been applied to date ice

(Nijampurkar et al., 1982) and sponge in the age range of
up to 1000 years. Attempts to apply this method also to
groundwater (Lal et al., 1970) failed. Morgenstern et al.
(2001) presented now new 32Si dates from shallow shelf
sediments from Bangladesh. They show that a natural
sedimentation rate prior about 1900 AD was four times
lower than that of the last 100 year derived from 210Pb
dates (Fig. 3). Large-scale deforestation in this region
started in the 19th century and increased erosion and ac-
cumulation. This case study elucidates the great poten-
tial of the 32Si dating method. Its dating range of up to
1000 years comprises the period of the dramatic natural
climatic change from the warm Medieval period to the
very cold Little Ice age and the continuos impact of
industrialisation about 1850 AD ago. Based on this expe-
rience, future palaeoclimatic studies of the last millennium
should include both 32Si and 210Pb datings. An expected

Fig. 2. The difference between the year of death and the
correction term for calibrated conventional 14C dates of collagen.
Different carbon exchange rates in bone proteins are considered
of which 1.5 %/yr is the most reasonable one (Geyh, 2001).
The year of death of a 65 years old man is overestimated by 34
years.
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Fig. 3. 210Pb and 32Si dates of shallow sediments from the Shelf
of Bangladesh show that the deposition rate during the last 100
yr was four times larger than that of the preceding period.
Deforestation during the last two centuries intensified erosion
and sedimentation (Morgenstern et al., 2001).
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Surface-exposure dating

Surface exposure dating is based on chronometers
(Lal, 1988; Dorn and Phillips, 1991) which were first pro-
posed for 36Cl in the fifties (e.g. Davis and Schaeffer, 1955).
Two kinds of physical processes produce stable (4He) and
radioactive isotopes (10Be, 26Al, and 36Cl): spallation and
capture of thermal neutrons. The resulting spatial isoto-
pic distributions (Fig. 4) as well as deviating formation
rates of different isotopes within the rock in time (Fig. 5)
allow absolute dating of up to about one million years.

The development of the AMS techniques for analyses
10Be, 26Al and 36Cl in small samples and of mass spectrom-
eters for 4He was the prerequisite to develop this new
dating method for applied geosciences. Erratics with per-
manently exposed surfaces in fixed positions are needed
to determine the absolute ages of their exposure and to
estimate erosion rates. The potential of these dating meth-
ods has been first demonstrated for objects in Antarctica.
European geoscientists (e.g. Ivy-Ochs, 1996) started to
apply these methods to date the exposure of extended
mountainous plateaux from continental ice sheets as in
Tibet which might have played a decisive role in the glo-
bal climatic changes during the Quaternary.

The collection, selection and chemical handling of
samples are very complicated and require considerable
improvements before being standardised. Chemical treat-
ment of the samples in the laboratory is far from that, still
very tricky and requires excellent geochemical and min-
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eralogical knowledge and skill. Efforts are necessary to
assess the interrelationship of scientific experience and
the reliability of the absolute dates. A close co-operation
between geoscientists and geochronologists is indispens-
able.

solved with the absolute dating of impure material as tufa,
calcrete and peat. The selection of the sample fractions
which are most suitable for dating is usually decisive for
the reliability of the dating results (e.g. from tufa; Mallik,
2000). Other questions are not yet satisfactorily answered.
The detrital correction of 230Th/U dates (e.g. usually done
by the “isochron” approach; e.g. Ku and Liang, 1984) is
concerned with a complicated algorithm for the calcula-
tion of the standard deviations of “isochron” ages (Ludwig
and Titterington, 1994; Geyh, 1994; 2002). Checks for
open system conditions of uranium are also seldom done.
Hence, absolute dating of interglacial and glacial sedi-
ments for the correlation of the terrestrial and marine
chronologies remains a challenge to the 230Th/U and OSL/
TL methods.

Neglecting open system conditions of uranium and
missing statistical checks of the dates may result in ob-
tuse geochronological conclusions (Geyh, 1991). Usually
the “isochron” approach is applied for 230Th/U dating of
dirty material (e.g. Ku and Liang, 1984). It is based on
the assumption that only one source of allochthonous
thorium is incorporated into the material during the pe-
riod of its formation. Then, the specific uranium and tho-
rium activity ratios (AR) of at least three coeval samples
with differing detrital contamination yields a mixing line
(„isochron”). Its slope and intersection with the Y axis
equal the 230Th/234U AR and the present 230Th/232Th AR
which is the decisive parameter for the calculation of
detritally corrected 230Th/U dates and the detrital correc-
tion itself, respectively. It should surprise, but usually does
not, that the ARs used for the 230Th/232Th – 234U/232Th plot
fit the „isochron” with apparently too large correlation
coefficients of >0.99. In contrary, this is generally claimed
as reliable proof that the model prerequisites for 230Th/U
dating are fulfilled especially for closed system conditions
of uranium. Each too perfect fit of the ARs to the mixing
lines (Fig. 6) contradicts, however, any probabilistic
error analysis and requires studies on the intrinsic phe-
nomena (Geyh, 1994; 2002).

Other methods

There are several other absolute dating method based
on cosmogenic tritium, 24Na, 36Cl and 81Kr which are ap-
plied to date groundwater or lake water. The cosmogenic
41Ca isotope is in discussion to determine the absolute age
of Pleistocene bones from the ancestors of the Homo sa-
piens. The intrinsic question is whether Ca isotopes ex-
change with calcium dissolved in groundwater.

Dating with uranium-series disequilibrium
Dating with the uranium-series disequilibrium meth-

ods (e.g. 230Th/U dating) is well established (Ivanovich and
Harmon, 1992). There are, however, still problems to be

Fig. 4. Spatial distributions of isotopes in permanently exposed
rock profiles produced either by spallation or capture of thermal
neutrons (dotted line).

Fig. 5. Increase of the concentration of 3He, 10Be, 26Al, and 36Cl
in permanently exposed rocks in time.
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Dating based on the radiation damage
Dating by radiation damage methods of eolian and

fluviatile sediments preferentially deposited during gla-
cial periods is meanwhile a routine. Automated devices
allow a high throughput of TL/OSL (thermoluminescence,
optically stimulated luminescence) analyses while the
most time-consuming work remains the separation of pure
mineral fractions, their chemical and physical treatment,
the calibrated radiation and last but not least the evalua-
tion and interpretation of raw results in order to get ab-
solute dates. Beside many widely and continuously stud-
ied basic physical phenomena, fundamental questions are
not yet satisfactorily answered. For an example the influ-
ence of palaeohydrological changes to the accuracy of the
absolute dates. One of the reasons may be the limited
precision of TL and OSL dates. A recently introduced
technique to date single-aliquots may overcome at least
some of these problems.

OSL and TL dating

The luminescence methods – based on thermolumi-
nescence (TL) or optically stimulated luminescence
(OSL) by green (GRSL) or red light (RSL) – are suitable
for reliable absolute dating of eolian but also fluviatile,
glaciofluviatile and limnic sediments with ages of up to at
least 100 kyr (Wintle et al., 1993). Some published dates
even end up with 800 kyr (Fig. 7; Berger et al., 1992). Apart
from methodical reservations (Wintle et al., 1993), ages
exceeding 100 kyr usually do not satisfy statistical tests.

The reliability of TL/OSL dates of young sediments
with ages <100 kyr is evidenced in many geological pro-
files. An example of methodical intercomparison by Smith
et al. (1997) confirms that TL/OSL dates are always larger
than the corresponding conventional 14C dates within the
age range of 20,000 to 45,000 yr. This is methodically ex-
pected (Fig. 8) and it fits the 14C calibration curve deter-
mined from laminated Pleistocene lake sediments (e.g.
Kitagawa and van der Plicht, 1998).

It is, however, well-known that OSL/TL dates highly
depend upon the analysed mineral fraction, its treatment
(e.g. pre-heating), the utilised stimulation technique (ad-
ditive, regeneration), the applied measurement param-
eters (optical filters; e.g. Preusser, 1999) and the used
model for the evaluation of the optical readings. How-
ever, there is not yet physically explainable systematics
which would allow to distinguish between the reliable and
non-reliable dates. Prescott and Robertson (1997) state:
„In the approach of luminescence dating is still a great
deal of empirism, not to say necromancy”. Therefore,
Frechen (1994) requested to determine as many as pos-
sible dates from the same geological context and to per-
form stratigraphical checks of the results. Many methodi-
cal and systematic studies on the basic principles have
already been done. But a lot of additional work is still
necessary, requiring very close co-operation between
physicists, mineralogists and geoscientists.

The possibility to check both the reliability and preci-
sion of TL/OSL dates through error propagation is sel-
dom used. Therefore, confidence intervals are often ei-
ther too large or too small compared to the actual scatter
of the dates. In such cases standard deviations are with-
out a value as they cannot be used for any quantitative
evaluation of the dates. There are, however, examples
where TL/OSL dates and their standard deviations are
reliable (Engelmann et al., 2001) though the intrinsic age
information of the dates was not fully evaluated. Discard-
ing the TL and OSL dates of the uppermost sample, the
depth trend of the other dates of the underlain samples
allows to calculate a reasonable sedimentation rate of 0.29
kyr/depth unit and to estimate the period of sedimenta-
tion from 46.4±2.5 to 41.7±2.9 kyr BP (Fig. 9). Gener-
ally, applying statistical error analysis wrong dates are
easily detectable and absurd interpretations are avoidable
(Geyh, 1991).

The main challenge to OSL/TL dating methods is to
improve the understanding of basic principles. An objec-

Fig. 7. Dating of polymineral fine silt grains extracted from loess
with ages of 100-800 kyr from Alaska and North Island, New
Zealand (after Berger et al., 1992).

400 500 600 700 800 9000 100 200 300

expected age (kyr)

partial-bleach method

total-bleach method

800

600

400

200

0

1000

TL
 a

ge
 (

ky
r)

50

40

30

T
L 

ag
e 

(k
yr

)

20

10

0
0 10 20

14C age (kyr)
30 40 50

Fig. 8. Methodical intercomparison of TL dates with conventional
14C dates (Smith et al., 1997). The trend fits the preliminary 14C
calibration curve within the age range of 20,000 to 40,000 BP
(Kitagawa and van der Plicht, 1998).



6

Symbiosis between geochronologists and quaternary geoscientists

tive judgement of the dates requires the use of different
techniques to the same sample. An additional goal is the
extension of the dating range hopefully to MIS 11. Com-
bined 230Th/U, TL and OSL datings of interglacial and
glacial sediments may be a suitable approach. The suc-
cess of a combined application of these three dating meth-
ods is demonstrated by Geyh and Eitel (1998) who im-
proved the understanding of the formation of calcrete and
of the methodically diverging absolute dates of this ma-
terial.

striction of their formation, ESR machines can easily,
correspondingly adjusted, yield only suitable dates. The
requirement of an absolute dating method of indepen-
dence (Frechen, 1994) is questioned for ESR dating.

Up to now, the only convincing and most probably reli-
able ESR dates have been obtained from foraminifera
(Sato, 1992; Mudelsee et al., 1992). It is, however, not yet
understood why just this material is suitable and others not.

ESR dating

The electron spin resonance (ESR) method is a widely
used dating method especially for mollusc shells, teeth
enamel, speleothems, tufa, marls, and foraminifera. The
ESR geochronologists emphasise high throughput of used
spectrometers, simple pre-treatment techniques of the
samples, small sample size required and a width of the
dating range of at least one million years (e.g. Grün, 1989;
Ikeya, 1993). However, it is little convincing since widely
scattering results of three international inter-laboratory
checks (Hennig et al., 1985; Barabas, 1993; Vanhaelewyn
et al., 2001) rise doubts whether ESR dating already yields
absolute dates. The results highly depend on the experi-
ence and the skill of the geochronologist. It is frustrating
that elaborated methodical restrictions are often ignored.
Katzenberger (1989) found, for instance, that there are
intrinsic problems which prevent reliable dating of mol-
lusc shells by ESR. In spite of this, numerous ESR dates
of that material have been determined and published later.
It needed 1½ decade until the statistically proved reser-
vation against such ESR and 230Th/U dates of the same
mollusc shells was accepted (Fig. 10; Schellmann and
Radtke, 1999).

Many authors claim that most ESR dates fit the ma-
rine d18O chronology (MIS). Geoscientists know that bio-
genic and secondary carbonates are exclusively formed in
warm and humid periods. Considering this temporal re-
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Alpha-recoil dating (ART)

The fission track-method is a well-known absolute
dating method for volcanic rock minerals (Wagner, 1995).
Its dating range is usually far from the Quaternary. Re-
cently, Göken and Wagner (2000) improved the alpha-
recoil dating method introduced by Huang and Walker
(1967). Methodical difficulties prevented an earlier de-
velopment of an applicable dating method. The break-
through succeeded with the deciphering of the methodi-
cal principles which explain the rise of the number of vis-
ible tracks with the prolongation of the etching time. Now,
dark mica and phlogopite with ages between 100 and one
million years (Fig. 11) can be reliably dated. It is expected

Fig. 11. Dating of single grains of dark mica by the improved
alpha-recoil method applying phase-contrast microscopy
(Göken and Wagner 2001). The specific density of the alpha-
recoil tracks (ART) increases with the age of the sample.

Fig. 10. Comparison of ESR and 230Th/U dates of mollusc shells
which do not correlate with each other (Schellmann and Radtke,
1999). Katzenberger (1989) found already methodical
arguments to exclude such samples for reliable dating.
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to increase the dating accuracy from ± 20 % to ±5 % by
the development of suitable uranium and thorium stan-
dards made from glass.

3. CONCLUSIONS

The absolute age determination of any material is a
continuos challenge to geochronologists, geoscientists and
archaeologists. The progress in the technical development
of measurement devices apparently masks the slow pro-
cess in solving methodical problems which is essential for
any dating method. It is a grave misunderstanding of many
geoscientists and archaeologists that physical dates eas-
ily allow to establish an absolute chronology often even
without considering standard deviations. Dating of ma-
terial with a complex genetic history and possible post-
depositionary diagenetic history delivers only reliable
dates if the geoscientific background is thoroughly under-
stood and is fully taken into account in their evaluation.
Only under this premise physical data may be transform-
able into absolute ages.

To overcome at least some of the described problems
a) Inter- and intra-laboratory comparisons should be in-
tensified and regularly carried out for each absolute dat-
ing method within fixed periods,
b) The principles and the application of the physical dat-
ing methods should became a part of the university cur-
riculum for environmental physics and geoscientists,
c) A thorough error analyses of all available data is an
essential part of any geochronological evaluation,
d) Publications must be comprehensive, has to contain
all details of analytical protocols and complete lists of the
laboratory results used for the evaluation of absolute
dates.
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REFLECTIONS ON THE 230Th/U DATING
OF DIRTY MATERIAL

MEBUS A. GEYH
29 308 Winsen/Aller, Germany (e-mail:mebus.geyh@t-online.de)

Abstract: Abstract: Abstract: Abstract: Abstract:  High correlation coefficients between the activity ratios of the uranium and tho-
rium isotopes common for the „isochron” approach of 230Th/U dating of dirty material mask
the requirement to check for closed-system conditions of uranium in addition to the detrital
correction of 230Th/U ages. The difficulty to calculate standard deviations of 230Th/U dates
derived by the „isochron” approach complicates the problem.  The methodical reasons are
discussed. Closed-system conditions are checked by the 234U/238U – 230Th/238U AR plot which
can also be used to carry out least-squares fitted detrital correction of 230Th/U ages of dirty
material.

KKKKKey wordsey wordsey wordsey wordsey words:
U/Th DATING,
“ISOCHRON”

APPROACH,
DETRITAL THORIUM,

GEOCHRONOLOGY

1. PRACTICE OF 230 Th /U DATING OF DIRTY MATERIAL

The idealized model for 230Th/U dating is based on two
assumptions:

1. Terrestrial material (e.g. speleothem) contained
solely uranium immediately after its formation and was
free of („detrital”) thorium.

2. The dated material had behaved as a closed sys-
tem for uranium through the time of aging.

During aging 234U has decayed to 230Th* (supported,
radiogenic) and the 230Th*/234U activity ratio (AR; indi-
cated by angular brackets in equations) has risen from 0
at the zero age towards the maximum of unity at infinite
age. The conventional 230Th*/U age A is given by
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The λ’s stand for the decay constants of the corre-
sponding uranium and thorium isotopes (Ivanovich and
Harmon, 1992). The confidence interval of A is calculated
with Eq. (1.1) using modified ARs

+σA ⇒ [234U – σ234U]/[230Th* + σ230Th*]
 –σA ⇒ [234U + σ234U]/[230Th* – σ230Th*]        (1.2)

Natural material differs from the ideal (pure) one.
During a short period of formation detrital thorium usu-
ally becomes admixed with an initial 230Th/232Tho AR (also
called initial Tho index = fo).  This unsupported 230Th+

decays, while the activity of the supported 230Th* increases.
The activity of 230Th* is calculated from the measured

total 230Thtotal activity (=Th*+Th+) using Eq. (1.3)
(Kaufman and Broecker, 1965). The difference between
the uncorrected 230Th/U age calculated from the total
230Thtotal activity, and the detritus-corrected 230Th*/U age
calculated from [230Th*] increases with Th index or the
232Th activity growth, decreasing the age and uranium
content of the sample. Standard deviation of the detri-
tus-corrected 230Th*/U age is obtained analogously to the
method described above for the 230Th/U age. σ230Th* is
obtained by applying error propagation to Eq. (1.3). Com-
monly, σ230Th and σ230Th* do not differ too much.
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In most cases, fo (or the present value f) is not known
but sometimes arbitrary chosen to be Unity.  The initial
thorium index fo at the time of formation ranges from 0.5
to more than 10. As a result detritus-corrected 230Th*/U
ages are regularly erroneous if the uncorrected and de-
tritus-corrected 230Th*/U ages deviate more than 10 %.
This is an often case (Ivanovich and Harmon, 1992).

The described situation should be elucidated by an
example. I dated two marl layers in one sediment profile
in the Gobi Desert, China, applying the total sample dis-
solution (TSD) method (Kaufman, 1993). The individual
230Th/U ages are compiled in Table 1 for two assumed
thorium–index values – Zero and Unity – and the actual
one determined by the „isochron” approach which will be
described later. The obtained 230Th/U ages widely devi-
ate from each other. It is obvious that the thorium index
f must be very accurately known.

The „isochron” approach (Ku and Liang, 1984) di-
rectly yields detritus-corrected 230Th*/U ages.  The basic
assumption is that that the detrital thorium with an initial

GEOCHRONOMETRIA Vol. 20, pp 9-14, 2001 – Journal on Methods and Applications of Absolute Chronology
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Table 1. Detritus-corrected 230Th*/U ages, in years, of three
carbonate samples from one sediment profile with two marl
layers in the Gobi Desert, China.

230Th+/232Tho AR is admixed in deviating proportions into
the newly formed material.

Dividing Eq. (1.3) by the [232Th] activity and multiply-
ing the first term on the right side [230Th*] by [234U/234U]
AR we obtain the equation of a straight line (Fig. 1).
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The slope of the straight mixing line („isochron”) in
the plot of 230Th/232Th AR versus 234U/232Th AR („isoch-
ron” plot; Fig. 1) equals the actual 230Th*/234U AR which is
the crucial parameter to calculate 230Th*/U ages (Eq. (1.1)).
The intersection of the „isochron” on the Y axis yields
the present 230Th+/232Th AR or the present thorium index
f. The ARs of material with little detrital thorium plots
on the right and those of impure material on the left side
of the graph. Usually the so-called „isochron” approach
is applied for which three or, better, many more thorium
and uranium isotope activity ratios (AR) of coeval samples
must be determined. The „isochron” approach for 230Th*/
U dating is widely applied for dirty material. A wealth of
papers has been published, for instance, on the 230Th/U
dating of impure carbonate.

In papers on „isochron”-derived 230Th*/U ages seldom
the standard deviations are given though a DOS Shell
program by Ludwig and Titterington (1994) is available.
Reservations may exist due to the theoretical complexity
of the developed maximum likelihood algorithm. Another
problem may be the growing distance to DOS programs.

This complexity is the result of the erroneous activity
ratios on both axes which are, according to Eq. (1.4), corre-
lated to each other with the common denominator [232Th]

Sample f = 0 f = 1 f = 0.438 ± 0.006
assumed assumed by "isochron" plot

Uh 1252 140,500 ±  5850 18,200 ± 18,200 55,200 ± 3230

Uh 1253 106,200 ±  7350 22,000 ± 22,000 53,480 ± 4900

Uh 1254 168,100 ±  8550   4100 ±    4100 63,500 ± 3550

(correlation coefficient r ≠ 0). The correlation coefficient
r of two AR of 230Th/232Th and 234U/232Th (Eq. (1.1)) is
given by
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In most case studies AR data fit the „isochron” better
than statistically expected (Fig. 2).

For the case of a common nominator of two isotope
ratios the least-squares method (for Rb/Sr dating) was
applied by York (1966, 1967 and 1969), Brooks et al. (1968)
and Wendt (1986). The method by York (1966 and 1969)
is the most generalized one and also applicable to 230Th*/
U dating. It allows both numerator and denominator to
have largely differing standard deviations. The method
by Brooks et al. (1968) presupposes that the standard
deviations of the measured activity ratios are inversely
correlated to each other (r = –1; York 1969). The method
by Wendt (1986) is only valid if the confidence intervals
of the ARs do not exceed certain ranges which is seldom
the case for uranium and thorium activities.

The effect of the common nominator (232Th activity)
to the calculation of detritally corrected 230Th*/U ages is
elucidated by one example. Table 2 shows the 230Th/U ages
with their standard deviations, obtained by means of dif-
ferent methods to calculate 230Th*/U ages by the „isoch-
ron” approach with data determined from a fen-peat pro-
file Dierkshausen (York, 1966; Wendt, 1986; Geyh, 1994).
Two cases are distinguished. In the Case A the measured
standard deviations of the 232Th activity was applied, in
Case B σ[232Th] = 0 was chosen. The confidence inter-
vals of the „isochron” 230Th*/U ages applying the actual
standard deviations of the 232Th/230Th are >19,000 yr while
those for the assumed σ[232Th] = 0 are smaller by a factor
of three.
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 Fig. 1. Principle of the „isochron” approach to obtain detritally
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The small sigma values are reasonable though not
correct as they were calculated with an assumed standard
deviation of 232Th AR of Zero. The decisive parameter
for calculating 230Th*/U ages is, however, the 230Th*/234U
AR which is not related to the 232Th activity. The 232Th
activity becomes, however, implemented into the calcu-
lation if the 230Th/234U AR from dirty material is deter-
mined by the „isochron” approach – using the plot 230Th/
232Th versus 234U/232Th.

Apart from the described problem to correct for the
detrital contamination it remains to check whether the
dated samples behaved as a closed system for uranium.
Authors of papers describing their results of the „isoch-
ron” approach from tufa, travertine, calcrete and peat
often claim that correlation coefficients larger than 0.98
– 0.99 confirm the reliability of the obtained 230Th/U ages
without an evident and manifest explanation. Exaggerated
correlation coefficients for the dots in the „isochron” plot
mean that their actual scatter is smaller than expected
from the standard deviations of the ARs (Fig. 2).

2. EXPERIENCE GATHERED WITH
THE „ISOCHRON” METHOD”

There are three crucial problems which have not yet
been thoroughly discussed:

1. Usually exaggerated correlation coefficients of the
230Th/232Th AR and 234U/232Th AR contradict Gaussian
statistics.

2. Checks for closed-system conditions of uranium as
a key presupposition for 230Th*/U dating.  They are not
made if high correlation coefficients are found as usual.
Ivanovich and Harmon (1992) recommended for this
purpose the application of the evolution plot 234U/238U AR
versus 230Th/238U AR (Fig. 3). Data dots from coeval
samples of the same origin form a narrow cluster if closed
system conditions have behaved for uranium. However,
the corresponding ARs from impure material do not form
a cluster.

3. The application of the „isochron” approach re-
quires measurements of uranium and thorium activities
of many samples with a wide range of 230Th/232Th ARs or
of detrital contamination. Under natural conditions, rocks
with a relatively uniform petrologic composition may not
fulfill this prerequisite, and the ARs form only one nar-
row cluster. Such a cluster does not allow to determine
an accurate slope of the straight „isochron”. Discarding
arbitrarily dots is no solution as any slope and 230Th/232Th
AR may be obtained. Reliable 230Th*/U ages cannot be
determined although the correlation coefficient is large.

Ludwig and Titterington (1994) therefore request to carry
out al least six of the costly uranium and thorium isotope-
analyses.

3. SOLUTION OF SOME PROBLEMS

The search for the reason why exaggerated standard
deviations of the „isochron” 230Th*/U ages are common
came to fruition in the theory of the „artificial isochrons”
(Butler, 1982; Dodson, 1982). It is based on the „spuri-
ous” or „zero” correlation already recognized by Pearson
in 1896.

„Zero” correlation
The ratio of unrelated variables with the same stan-

dard deviations divided by a common denominator of the
same size yield a „zero” correlation of > 0.5. If the stan-
dard deviations differ from the coefficient „zero”, corre-
lation increases to > 0.75. This explains why more or less
all correlation coefficients are close to Unity if the least-
squares fit of the „isochron” approach for both the tho-
rium and uranium activity ratios was applied. Therefore,
the common interpretation of authors that a high corre-
lation coefficient evidences perfect fulfillment of the two
presuppositions of the „isochron” approach is wrong. In-
stead, high r values are the result of exaggerated standard
deviations due to „zero” correlation.

As the uranium and thorium activity ratios measured
radiometrically or by TIMS are usually widely scattered,
any correction for the „zero” correlation (Chayes, 1949 &
1971) cannot be applied. Such a calculation theoretically
compensates for the increase of the correlation coefficient
due to the „zero” correlation. As a result, the actual
confidence interval of the least-squares fitted „isochron”
230Th*/U cannot be reliably estimated.

My solution was (Geyh, 1994) to estimate the present
230Th+/232Th AR with exaggerated standard deviation
(= f ± σf) using the „isochron” approach (York, 1966).
This confidence interval is used for error propagation of

Table 2. 230Th/U „isochron” ages, in kyr, with standard deviations
of peat samples from the profile Dierkshausen, Germany,
calculated applying the methods by York (1966), Wendt (1986)
and Geyh (1994). Case A: use of the actual standard deviation of
the [232Th] activity; Case B: use of presupposed σ[232Th] = 0.

Method York (1966) Wendt (1986) Geyh 1994

Case A:σ [232Th] > 0 109.4 + 29.9 111.5 + 23.1 111.4 ± 3.7

- 24.4 - 19.0

Case B:σ [232Th] = 0 108.3 +  8.5 108.3 +  8.5 111.4 ± 3.7

- 7.8 - 7.8
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12

Reflection on the 230Th/U dating of dirty material

Eq. (1.3). This way was considered as acceptable since the
contribution of the detrital correction to the total stan-
dard deviation of the 230Th*/U age is usually small. Single
230Th*/U ages of coeval samples with an „isochron”-de-
rived, detritus correction (Eq. (1.1) and (1.3)) are finally
checked with the χ2 test (Eq. (3.6)). The weighted mean
and its standard deviation are calculated if the dates fit
the test. This confidence interval approximates the true
age of the dated material. In the already mentioned ex-
ample from the Gobi Desert the present Th index was of
0.438 ± 0.006. The final 230Th*/U date is 54,3 ± 2.1 kyr
which remains in good agreement with the actual scatter
of the data of  ±2.3 kyr.
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This method was applied for 230Th/U dating of seven
well-known sites with Eemian peat in Europe (Geyh
et al., 1997). At least four samples with different detritus
contamination were collected and analyzed from each site.
The „isochron” 230Th*/U ages and the mean of the „iso-
chron”-derived detritus-corrected 230Th*/U ages are com-
piled in Table 3. The confidence intervals of the „isoch-
ron” 230Th*/U ages are up to six times larger than the ac-
tual scatter of the dates (Gaussian statistics). Only the
standard deviations of „isochron”-derived detritally cor-
rected 230Th*/U dates (Geyh, 1994; Table 3) reflect the
actual scatter of the 230Th*/U ages calculated by the
Gaussian statistics. The wide confidence intervals of the
„isochron” 230Th*/U ages would even not allow to distin-
guish peat grown during the Eemian interglacial period
(about 125 kyr) and the Brörup interstadial period (about
85 kyr). The plot 230Th/232Th AR versus 234U/232Th AR
yields for every site perfect least-squares fits with a cor-
relation coefficient >0.95.

Ludwig and Titterington (1994) developed the maxi-
mum likelihood algorithm to estimate standard deviation
of the 230Th*/U age. The introduction of the error corre-
lation rr of the 230Th/232Th and 234U/232Th ARs overcomes
the problem of the „zero” correlation. It is given by
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rr is a function of the standard deviations of the ARs
interrelated by a common nominator and the unrelated
AR. The success of both approaches is reflected from the
data compiled in Table 4. My approach seems to deliver
the smallest standard deviations.

The least-squares fitted detrital correction
and check for closed-system conditions

The success of my approach to determine „isochron”-
derived detritally corrected 230Th*/U ages stimulated re-
flections whether the „isochron” approach is necessary.
The 230Th/232Th AR and 234U/232Th AR of coeval dirty
samples always yield widely scattering dots (Fig. 4). The
dots move to the left applying detrital correction
(Kaufman and Broecker, 1965) with iteratively rising
values of the thorium index. The movement is the faster,

Approach 230Th*/U age [kyr]

"Isochron" approach (York, 1966) 112.2 ± 23.1

Ludwig and Titterington (1994) 111.4 ±   4.3

Geyh (1994) 111.4 ±   3.7

Table 4. Standard deviations of the 230Th*/U ages calculated by
the approaches by York (1966), Ludwig and Titterington (1994)
and Geyh (1994).

Site "isochron" age ± σσσσσ A Isochron-derived detrital ± σσσσσ A
-corrected 230Th/U age

Dierkshausen 109,400 + 30,300 111,400 ± 3700

- 23,500

Großweil 113,900 + 19,400 112,900 ± 6550

- 16,500

Hamburg qee 1 105,350 +20,550 102,800 ± 5250

- 17,250

Nieselach 120,900 + 6,450 113,450 ± 1875

- 6,100

Pfefferbichl 111,750 + 5,350 111,750 ± 2325

- 5,100

Hinte 116,250 + 32,200 111,350 ± 8175

- 24,700

Beerenmösli 111,700 + 46,140 109,400 ± 5350

- 32,230

Poisson statistics 109,370 +10,260 111,460 ± 3360

- 9,550

Gaussian statistics 112,750 ± 4,970 110,290 ± 3580

Table 3. „Isochron” 230Th*/U ages, in years, and „isochron”-derived detritally corrected 230Th*/U dates of European Eemian peat (Geyh et al., 1997).
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the higher is the detrital contamination. Finally, the dots
form the narrowest cluster with a minimum width if the
detrital correction is done with the present 230Th/232Th AR
of the detrital contamination. It can be estimated by the
„isochron” approach. The width of the cluster widens
again if the thorium index is further increased.

I applied this method to the ARs of two marl layers in
the Gobi Desert, China. The 230Th/238U AR was detritally
corrected with iteratively rising thorium index. I started
with f = 0 and used an increment of 0.01. The width of
the cluster of the dots approached its minimum at f = 0.44
(Fig. 5). The „isochron” approach delivered f = 0.0438
± .0006. According to Fig. 5 the minimum scatter of the
dots gives a reason for doubts whether all samples behaved
as closed systems. In any case the „isochron” plot for the
two marl layers (Fig. 6) with a correlation coefficient of
>0.99 do not give any indication for that.

This iterative least-squares fitting to estimate the
present 230Th/232Th AR of the detrital contamination has
several advantages over the „isochron” approach:
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Fig. 4. Scatter of dots (u) for two marl layers in the Gobi
desert, China. The width of the dot scatter in the 230Th/232Th –
234U/232Th diagram decreases with the increasing thorium index.
The minimum width (l) is obtained when the detrital correction
is done with the present thorium index of the detrital
contamination.

1. The resulting present thorium index allows simple
error-propagation calculation as well as avoidance of any
complication related to the „zero” correlation.

2. This approach can also be applied to samples with
relatively homogenous detrital contamination. In such
cases the thorium and uranium isotope activity ratios form
a cluster in the „isochron” plot and do not allow estima-
tion of a reliable slope of the „isochron”.

3. This approach does not require more than two sets
of ARs. Indeed, the precision of the 230Th*/U AR used for
the caluclation of the 230Th*/U date increases with a rising
number of analytical results.

4. The 234U/238U – 230Th/232Th plot directly allows
a check for closed-system conditions of uranium. A nar-
row cluster of the dots obtained after detrital correction
with the present 230Th+/232Th AR of the detrital contami-
nation evidences closed-system conditions.

The chosen example demonstrates that the plot
234U/238U – 230Th/238U AR may have relatively low sensi-
tivity to indicate mobilization of uranium within a pro-
file. Data dots of samples with indications for uranium
mobilization still form relatively narrow clusters but of-
ten with a vertical eccentricity. Hence, the plot seems to
deliver at least a qualitative indication on open-system
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Fig. 5. The width of the dot cluster approaches its minimum at f = 0.44. The „isochron” approach delivered 0.438 ± 0.006 for the
present 230Th+/232Th AR of the detrital contamination.

Fig. 6. Two „isochrons” for the profile with two marl layers in
the Gobi Desert have high correlation coefficients of >0.99.
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conditions for uranium. But this is better than that of the
„isochron” plot. Additional information may be obtained
from plots of the uranium concentration, the 234U/238U AR,
and the 230Th/U ages versus the depth of a profile. Some-
times trends become visible which allow to identify pro-
cesses as preferential leaching or accumulation of 234U.
Models may allow quantitative estimates of the uranium
balance if seeping groundwater did not remove uranium
from the profile.

4. CONCLUSIONS

Precise 230Th*/U ages of impure materials (carbonates,
peat) are obtained applying the least-squares fitted detri-
tal correction of 230Th*/U ages. The applied 234U/238U
– 230Th/238U AR plot delivers the present 230Th+/232Th AR
of the detrital contamination and at least a qualitative
indication for closed-system conditions of uranium. The
reliability of the corrected 230Th*/U ages is checked
applying the χ2 test. This new approach is applicable to
homogeneously contaminated dirty material and requires
minimum two uranium and thorium isotope determina-
tions. Hence, the method is less costly though the preci-
sion of the final 230Th*/U date rises with the square root
of the number of analyses. As shown, in conclusion, the
determination of 230Th*/U dates of impure material and
the check of the reliability of these results is still open for
further methodical improvements.
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THE PARAMETERS OF TRAPS IN K-FELDSPARS
AND THE TL BLEACHING EFFICIENCY
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Abstract: Abstract: Abstract: Abstract: Abstract: The fractional glow technique (FGT) applied to the investigation of optically
bleached samples of K-feldspars extracted from sediments reveals the coexistence of various
groups of traps which are active in the same temperature region over 300 °C. Significant dif-
ferences between the trap parameters seem to explain the diversity of TL bleaching efficiency
for different trap groups.
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1. INTRODUCTION

In the luminescence dating of sediments one assumes
that grains lose their thermoluminescence (TL) or opti-
cally stimulated luminescence (OSL) signal before depo-
sition as a result of optical stimulation which in this case
is caused by sunlight. After such a reset of the TL/OSL
signal of the sediment the natural nuclear radiation con-
stantly delivers energy which is accumulated in mineral
grains in the form of trapped charge carriers. The natu-
ral TL/OSL signal measured in a dating laboratory is then
a measure of the time elapsed from the mineral deposi-
tion, i.e. from the moment of optical bleaching (Aitken,
1985 and 1998).

For many years the main problem in luminescence
dating has been the lack of an objective method which
allows one to prove that the sediment TL/OSL signal has
been properly reset before deposition. It is believed that
in the OSL method only traps which are very efficiently
depopulated by light are used but still it is unknown
whether the sunlight bleaching was enough long and ef-
fective. These “reset problems” have given rise to inves-
tigations of bleaching mechanisms and carrier transfer in
minerals. The so-called “residual TL” (McKeever, 1994)
connected with the difficult-to-bleach fraction of traps, is
a particularly interesting object of study.

Feldspars and quartz are the most commonly used
minerals in sediments dating. This work presents the re-
sults of parameter investigation for those traps involved
in the bleaching process in K-feldspars. Optical bleach-
ing changes the shape of the K-feldspar normal glow curve
(Fig. 1). The sensitivities to bleaching of two TL peaks
around 200 °C differ significantly. The 200-400 °C tem-
perature region, being of interest because of its lumines-
cence kinetics, is investigated here by means of fractional

glow technique (FGT) (Gobrecht and Hofmann, 1966;
Oczkowski, 1978 and 1981).

FGT measurements have been carried out on a K-feld-
spar sample after various times of optical bleaching.
Chruœciñska (2001) found that deeper traps over 1.6 eV
are much more easily depopulated by light than shallower
traps of depth about 1.4 eV. The experiments presented
here concentrate on a high temperature edge of the glow
curve. Optical bleaching reveals the complex origin of TL
in this region.

2. EXPERIMENTAL TECHNIQUE

K-feldspar was separated from sediment from Finland
in the usual manner for TL dating and heated to 500 °C
before excitation. TL was excited by an X-ray dose of 360
Gy (6 h of irradiation). Bleaching was undertaken in a
sunlight simulator using the spectral range of 300-750 nm
(Oczkowski and Przegiêtka, 1998). Preheat to 310 °C at a
rate of 1 °C/s was applied before the FGT measurement.
The wave band 390-440 nm, normally used in TL dating,
was employed as the spectral window for all measure-
ments. A Schott BG-2 filter was installed in the light de-
tection unit. Fractional TL intensity after 20 h of bleach-
ing in the simulator is still above the sensitivity limit of
optical detection when the EMI 6097 B photomultiplier
and lock-in technique is used.

The FGT introduced by Gobrecht and Hofmann
(1966) consists in registration of the TL intensity during
both linear heating and cooling of the sample which are
carried out in a cyclic way. The sample heating from tem-
perature T1 to T2 and subsequent cooling to temperature
T1 + ∆T make one cycle. In the next cycle heating is car-
ried out to temperature T2 + ∆T and cooling to tempera-
ture T1 + 2∆T. The direct result of the experiment is the

GEOCHRONOMETRIA Vol. 20, pp 15-20, 2001 – Journal on Methods and Applications of Absolute Chronology
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sequence of trap energies Ei (i – numbers of the cycles;
symbol plots in Figs 2 and 5), and integrals of the TL
intensity, Li, measured in the cycle. The trap energy is
calculated separately for heating (Eih) and cooling (Eic)
by means of linear regression applied to dependencies

k
E

Td
Id ih

ih

-=ú
û

ù
ê
ë

é

)/1(
ln

,        (2.1)

k
E

Td
Id ic

ic

-=ú
û

ù
ê
ë

é

)/1(
ln

,        (2.2)

where indexes “h” and “c” denote dependence and val-
ues obtained respectively for heating and cooling, k is the
Boltzmann constant, T is the temperature, I is the TL in-
tensity. Ei is the mean of values Eih and Eic taken with the
factors dependent on the heating (wih) and cooling (Eic)
rates in the cycle
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The details of reasoning as well as the calculation lead-
ing to the above formula are presented in earlier work
(Chruœciñska, 1994).

The histograms of the trap occupation spectra (histo-
grams in Figs 2 and 5) are calculated using the distribu-
tion function (Chruœciñska, 1994):
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where Hi (E) denotes the relative number of traps of en-
ergy E emptied during i-th cycle. The final trap occupa-
tion spectrum is calculated taking into consideration the
possibility of overlapping of Hi (E) obtained for different
cycles.

The TL facilities used for FGT with heating-cooling
correction (Chruœciñska, 1994 and Chruœciñska et al.,
1996) enables linear heating and cooling with the aver-
age rate of about 0.1 °C/s. The trap depth was determined
with use of data collected only in that part of the cycle,
during which the heating and cooling were linear. The
temperature was repeatedly increased by 12 °C and low-
ered by 10 °C starting at 200 °C, up to 330 °C. It is the high
temperature edge of the fractional glow curve. The whole
procedure consists of about 40 heating-cooling cycles.

3. MEASUREMENT RESULTS

One complex peak can be observed in the glow curve
of an 10 mg aliquot of unbleached K-feldspar after fast
preheat (carried out at the heating rate of 1 °C/s) to 310 °C
(Fig. 1). The TL curve shape changes after bleaching but
still only one maximum is detected.

Fig. 2 (upper part) presents the results of FGT mea-
surements carried out after a dose of 360 Gy and preheat
to 310 °C. Energy levels of about 1650 and 1800 meV can
be distinguished. The lower part of Fig. 2 shows the re-
sults obtained for samples after a dose of 360 Gy, 20 hours
of bleaching and preheat to 310 °C. Two trap groups are
again observed but their depths are about 1380 and 1460
meV.

The glow curve shown in Fig. 3 was measured with the
heating rate of 0.05 °C/s after a dose of 360 Gy, 20 hours
of bleaching and preheat to 310 °C. Fig. 4 shows the glow
curve measured with the lowest heating rate of 0.01 °C/s
after a dose of 360 Gy and preheat to 310 °C. The calcu-
lated curves were fitted to the experimental glow curves
in both cases. The fitted curves were calculated using the
trap energy spectrum obtained from FGT. Initially mono-
molecular kinetics and a quasi-continuous trap depth dis-
tribution were assumed. However, the fitting results were
highly disappointing.

Fig.1. Glow curves of K-feldspar measured after a dose of 360 Gy: after preheat to 200 °C (a), after preheat to 310 °C (b), after 20
hours of sunlight bleaching and preheat to 200 °C (c) or to 310 °C (d). Heating rate 0.8 °C/s. Inset presents the changes of the curve
shape after bleaching more clearly.
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Figs 3 and 4 show the results of fitting, assuming sec-
ond-order behaviour. A discrete trap spectrum is also
assumed. The TL intensity was calculated accordingly to
the following formula:
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where i is the trap kind index, σi and ηi are numerical
parameters related, respectively, to the pre-exponential
factor s’ and to the initial trap occupation, Ei is the trap
depth,  k is the Boltzmann constant, T is the temperature,
T0 is the initial temperature and w is the heating rate.

In the case of bleached curve (Fig. 3) the calculated
curve is the sum of two bimolecular curves (n=2 in Eq.
(3.5)) calculated for the energy values of 1380 meV and
1460 meV in accordance with two energy levels marked
in the FGT histogram (Fig. 2B). The parameters σ and η
used for fitting are presented in Table1.

The question arises whether the shallower (<1500
meV) traps were already occupied after irradiation or,
alternatively, they retained a very low population, but the
bleaching process caused the carrier transfer from other
traps. The second possibility seems to be rather unrealis-
tic. The glow curve characteristic for long optical bleach-
ing is very similar to the glow curve after a small dose –

Fig.2. The FGT results. Symbol plots (small letters) present the energy dependence on the maximum temperature in the cycle.
Histograms (capital letters) are the trap occupation spectra. The samples of K-feldspar were first given a 360 Gy dose. Then sample: a,
A was preheated to 310 °C; sample b, B was bleached for 20 hours and preheated to 310 °C.

Fig.3. The experimental and fitted glow curves for K-feldspar. The experimental curve was measured after a dose of 360 Gy, 20 hours of
bleaching and preheat to 310 °C. Heating rate was 0.05 °C/s. The energy values taken from the FGT measurements were 1380 (a) and
1460 meV (b) The respective fitting parameters are presented in Table1.
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the results of FGT after a ~15 Gy dose (Fig. 5) do not
show the existence of the deeper traps. This indicates that
the shallower traps (<1500 meV) are populated efficiently
during the first stage of the trap filling process and it is
unlikely that they are empty after long irradiation, al-
though the FGT measurements (Fig. 2A) do not detect
them.

For this reason four individual second-order curves
(n=4) were fitted to the glow curve obtained after long
irradiation and without bleaching (Fig. 4). Two second-
order curves were calculated for two energy levels – about
1650 and 1800 meV – distinguished in the FGT results
presented in the upper part of Fig. 2. The other two were
calculated for the E and s parameters used previously to
fit the TL curve obtained after long bleaching (Fig. 3).
The value of hi (i=3, 4) representing the initial trap occu-
pation of the two shallower traps, were the only fitting
parameters in these cases.

4. DISCUSSION

The results of our previous work (Chruœciñska, 2001)
showed that the shallower traps (~1380 and 1460 meV)
are the most resistant to optical emptying. The bleaching
experiments presented here and the results of FGT mea-
surements simulation (Chruœciñska, 2001a) show clearly
that in this K-feldspar there are traps which are active in
the same temperature region 250-450 °C (heating rate
~1 °C/s) but they have significantly different parameters.
These traps are also filled at different rates during irra-
diation. As is clear from the FGT measurements for low
dosed samples (Fig. 5), the shallower traps with energy
of 1380 and 1460 meV are filled much more efficiently
than the deeper ones with energy of about 1650 and 1800
meV. For the latter traps (1650 and 1800 meV) the TL
signal is also detected above 300 °C, but only after a large
dose (360 Gy).

Ahmed  and Gartia ( 1985) also determined the ki-
netics of the TL in microcline as bimolecular and they
obtained trap depth values of 1.36 and 1.44 eV for the
high temperature edge of TL curve. They measured the
TL following a relatively small dose. Much larger doses
were used by Visocecas et al. (1996) who investigated K-
feldspar using a simple initial rise method. The energy
values obtained by them are comparable with those pre-
sented here for high-dosed samples. In combination, those
previous results indicate that after low dose the shallower
traps are occupied, and the deeper traps are populated
by a higher dose.

The efficiency of trapping and bleaching for a particu-
lar kind of a trap is proportional to the ratio of the re-
combination coefficient b to the retrapping coefficient A.
If one includes the ratio b/A in the second-order equa-
tion, the value of the bimolecular pre-exponential factors

 s’= s β/ N A                    (4.6)

is obtained, where N is the trap concentration (Chen and
McKeever, 1997). Low values of β/A indicate the predomi-
nance of retrapping over recombination (for a particular
type of trap). If traps of several kinds take part in the fill-
ing process during excitation, the fastest populated one
is that with the smallest β/A ratio. Similarly, carriers opti-
cally released from the traps during bleaching process
repopulate the traps with the smallest β/A ratio most ef-
ficiently. Hence, these traps are the most resistant to
bleaching. This model is confirmed by the results shown
in table1, for the K-feldspar studied here.

In Table 1 the product σ η has the dimension of [s-1]
and, according to Eq. (4.6), is equal to sA/β for the fully
occupied traps. The values of 1012 and 1010 obtained here
for this product, for the deeper and shallower traps re-
spectively, seem to be realistic. The values of η for fully
occupied traps are those determined after a 360 Gy dose.

Fig.4. The experimental and fitted glow curves for K-feldspar. The experimental curve was measured after a dose of 360 Gy and preheat
to 310 °C. Heating rate was 0.01 °C/s. The energy values taken from the FGT measurements were 1800 (a), 1650 (b), 1460 (c) and
1380 meV (d). The respective fitting parameters are presented in Table1.
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Table 1. Trap parameters determined by the FGT (E-energy) and fitting procedures (σ and η) using the Eq . (3,5)

 E [meV]           σ       η x 104     σ  η  [s-1] τ = (σ η)-1 exp(E/kT) [years]
for  T=20 °C

Samples without 1800     2.9 x 107         21.5     6.2 x 1012 4.7 x 1010

 bleaching 1650     4.5 x 107         14.5     6.5 x1012 1.2 x 108

1460     2.5 x 105         14.7     3.7 x 1010 1.1 x 107

1380     6.7 x 105           1.8     1.2 x 1010 1.4 x 106

Samples after 20h 1460     2.9 x 105           1.85       – –

of bleaching 1380     6.7 x 105           1.6       – –

The TL intensity dependence on a dose implies that after
a dose of 360 Gy the saturation level is reached in the
K-feldspar samples investigated here. Hence, the h val-
ues determined after a 360 Gy dose can by treated as N,
expressed in the arbitrary units of our experiments.
Table 1 includes the initial component of lifetime which
is interesting for dating specialist. As one can see from
the second-order decay equation (see Chen and
McKeever, 1997):
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where t is time, I0 and n0 are the initial luminescence in-
tensity and  trap occupation respectively; the presented
values are the estimation of minimum values of lifetimes
obtained for fully occupied traps.

The ratio β/A for the shallower traps is lower than in
the case of other traps for two reasons. The parameter σ
(proportional to pre-exponential factor s’) is compara-
tively low (much lower than σ determined for the deeper
traps) and η (proportional to N) is not higher than for the
deeper traps. The shallower traps are both the most re-
sistant to bleaching and the most easily populated traps.
This suggests that the differences between the β/A ratios
of individual traps is responsible for the variety of TL
bleaching efficiencies observed for this sample.

The TL itself is not a simple reflection of the charge
carrier distribution in traps, so investigation of TL bleach-
ing phenomena using a simple comparison of TL curves
does not give any direct information about the efficiency
of the optical release of carriers from individual types of
traps. Two processes could be responsible for the decrease
of the TL signal measured after bleaching: the lowered
trap population or the reduced recombination probabil-
ity because of a lack of recombination centres (or excess
carriers; McKeever, 1994). The FGT experiments pre-
sented here show clearly that different types of traps domi-
nate the TL process before and after bleaching. So emp-
tying of traps is responsible for the optical bleaching of
the TL signal from this K-feldspar by visible light, rather
than changes in recombination probability. Changes in the
initial concentration of excess carriers cannot influence
the trap energy value determined by FGT. It only causes
a decrease of the total TL intensity.

5. CONCLUSIONS

The light from a broad-band of spectrum was used to
bleach the TL signal in a K-feldspar. This non-selective
action gives rise to selective effects related to trap fea-
tures. There coexist two different types of traps giving the
TL signal in the same temperature region (over 300 °C)
in this mineral. The correlation of low pre-exponential
factor with the high filling efficiency and low bleachability

Fig.5.  The sample was given a dose of ~15 Gy and preheated to 310 °C. The symbol plot shows the energy dependence on the
maximum temperature in the cycle. The histogram presents the trap occupation spectrum.
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of TL, observed for the traps with energy of about 1380
and 1460 meV, shows that the ratio of recombination to
retrapping β/A can be responsible for the selective effects
of optical bleaching.

In dosimetric measurements, potential problems aris-
ing from the TL intensity dependence on a dose should
be taken into account. Traps which contribute to the same
glow peak but which have significantly different kinetic
parameters can be a source of problems, because in this
case a non-linear dose response curve can develop. When
the shallower traps are filled faster than the deeper ones,
the saturation part of the growth curve for the shallower
traps can appear at similar doses as the linear part of the
growth curve for the deeper traps.
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Abstract: Abstract: Abstract: Abstract: Abstract: The fractional glow technique was applied to the investigation of trap occupation
in optically bleached K-feldspars separated from sediments. Various bleaching times and two
spectra ranges of sunlight simulator were used. Three trap groups exhibit different sensitivi-
ties to bleaching. The influence of the spectrum range of the stimulation light on the bleach-
ing efficiency is presented. Results of the fractional glow technique measurements simula-
tions are presented for the case of second order kinetics.
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1. INTRODUCTION

K-feldspars are widely used in thermoluminescence
(TL) and optically stimulated luminescence (OSL) dat-
ing; they are investigated intensively by means of TL and
spectroscopic methods. Recently, because of OSL dating,
the kinetics of infrared stimulated luminescence is a topi-
cal subject for investigations. Both this and the natural
bleaching of TL are studied here. The bleaching of the
luminescence of minerals before deposition is an essen-
tial area of study in both the TL and OSL dating of sedi-
ments.

This work presents preliminary first results of apply-
ing the fractional glow technique (FGT) (Gobrecht and
Hofmann, 1966; Tale, 1981) to the determination of the
spectrum of occupied traps after different bleaching pro-
cedures. In this way the influence of light on the popula-
tion of traps in K-feldspar is investigated. Two spectrum
ranges of sunlight simulator (Oczkowski and Przegiêtka,
1997) were used – 300-750 nm and 375-750 nm (the UV
lamps switched off).

Ahmed and Gartia (1985) observed in K-feldspar a
shift of TL peak temperature towards high temperature
with decrease of trap population. This indicates that the
TL of K-feldspars is the process of the second order ki-
netics. This TL model assumes considerable role of re-
trapping during thermal stimulation and the TL intensity
dependence on temperature is described by the follow-
ing formula (see e.g. Chen and McKeever, 1997):
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where s’ is the pre-exponential factor and n0 is the initial
trap occupation, E is the trap depth,  k is the Boltzmann

constant, T is the temperature, T0 is the initial tempera-
ture and w is the heating rate. Because of some earlier
doubts concerning the use of FGT in the case of second-
order kinetics (Kierstead and Levy, 1991), computer simu-
lations of FGT experiments were done for this type of TL
kinetics before the experimental data were interpreted.

2. FRACTIONAL GLOW TECHNIQUE

The FGT first applied by Gobrecht and Hofmann
(1966) was improved mainly in the stage of data handling
by taking into account the difference between the heat-
ing and cooling ratio in a cycle. The averaged energy of
trap emptied in the i-th cycle Ei is described by
(Chruœciñska,1994):
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-+= ,        (2.1)

where Eih is the energy estimated for the heating part of
TL curve in i-th cycle, Eic is the energy obtained for the
cooling part of i-th cycle, wh and wc are, respectively, the
heating and cooling rates. In consequence, one can
present direct measurement results in the form of trap
energy dependence on the maximum temperature in the
cycle (called E(T) in the figures presented here) and the
dependence of the sum under the TL curve obtained for
one cycle on the maximum temperature in this cycle
(called the light sum – L(T)). The trap occupation spec-
trum (normally presented as a histogram) H(E) is taken
as the sum over all Hi for which E<Ei<E+∆E, where:

|| 1--=
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i
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L
iH ,        (2.2)

Li is the sum under the TL curve obtained for i-th cycle,
the so-called partial light sum. ∆E is the bar width of trap
spectrum histogram. Fig. 1 presents an example of E(T),
light sum and histogram of trap occupation spectrum
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obtained in result of computer simulation of FGT mea-
surements.

Additionally the energy values and the histograms of
trap occupation obtained separately for the heating and
cooling cycles are shown (Fig. 1B and 1C respectively).
Taking into account the plateau number of the heating
curve in Fig. 1C one can find four different traps but the
corrected E(T) clearly indicates the existence of only three
trap types. This illustrates how erroneous the measure-
ment interpretation can be if it is based on the energy
obtained for heating only. The deviation from the actual
energy value depends on the heating rate used and can
be reduced by applying the heating-cooling correction.
It has to bee stressed, that although the points of closest

approach of the heating and cooling curves (Fig. 1B) give
the estimate of the trap depth as good as the maximum of
histogram ( H(E) in Fig. 1A) in the presented case of some
very good separated TL peaks, in most cases such clear
points do not appear in measurement results. Both the
E(T) and the light sum L(T) (Eq. (2.2)) give rise to the
final result of  FGT measurement – the trap occupation
spectrum.

The results of FGT are the base for more detailed
analysis. This procedure includes fitting to TL curve in
order to determine the values of frequency factors asso-
ciated with a particular trap depth (Chruœciñska et al.,
1996).

50 100 150 200 250 300 350
1000

1100

1200

1300

1400

1500

1600

1700

1800

 E(T)

E
n

e
rg

y 
[m

e
V

]

Temperature [
o
C]

1000

1100

1200

1300

1400

1500

1600

1700

1800
0 200 400 600 800

Fig.1a. FGT simulation: DT
heat

=22K, DT
cool

=20K,T
0
=300K; E

1
=1400meV, s'

1
=4.5x10

9
m

3
s

-1
, 

n
01

=10
6
m

-3
, E

2
=1500meV, s'

2
=4.5x10

7
m

3
s

-1
, n

02
=10

6
m

-3
, E

3
=1600meV, s'

3
=4.5x10

5
m

3
s

-1
, n

03
=10

6
m

-3

 

H - T rap occupation [a.u.]

 H(E)

0

50

100

150

200

 L
ig

h
t 

S
u

m
 [

a
.u

.]

 Light Sum

50 100 150 200 250 300 350
1000

1100

1200

1300

1400

1500

1600

1700

1800

Fig.1b. FGT simulation: DT
heat

=22K, DT
cool

=20K,T
0
=300K; E

1
=1400meV, s'

1
=4.5x10

9
m

3
s

-1
, 

n
01

=10
6
m

-3
, E

2
=1500meV, s'

2
=4.5x10

7
m

3
s

-1
, n

02
=10

6
m

-3
, E

3
=1600meV, s'

3
=4.5x10

5
m

3
s

-1
, n

03
=10

6
m

-3

 heating

 cooling

 E(T)

E
n

e
rg

y 
[m

e
V

]

Temperature [
o
C]

Fig. 1A. ∆ ∆

Fig. 1B. ∆ ∆



23

A. Chruœciñska

3. FGT MEASUREMENTS SIMULATIONS

The FGT is applicable to the analysis of complex glow
curves and its main advantage is independence of the TL
kinetic order. However, it should be stressed that the ex-
perimental results always need careful handling and in-
terpretation (Kierstead and Levy, 1991; Chruœciñska et al.,
1996); the value of activation energy calculated from ex-
perimental data in a FGT cycle is the average of the depths
of all traps emptied in the cycle.

Computer simulations of FGT experiments for the
second-order TL kinetics were carried out assuming val-
ues of trap parameters: energy – E, frequency factor – s,

total trap concentration – N, and initial trap occupation –
n0. The procedure applied during actual experiments was
simulated numerically. For each cycle the second-order
TL curve (Eq. (1.1)) was calculated for the heating and
cooling of each trap and then all curves were added to
create the composite TL curve for the cycle. Many com-
puter experiments were performed for different trap pa-
rameters. Figures 2-7 present some exemplary results.

The resolution of the FGT is of great importance. The
features of thermal stimulation of luminescence deter-
mine the energy range of traps (with close pre-exponent
factor values) which are simultaneously emptied in the
case of continuous trap distribution and second-order
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kinetics (Gobrecht and Hofmann, 1966) as about 3kT
(about 150 meV for the temperature range in question).
The advantages of the fractional heating is a possibility
of distinguishing the traps which have equal s’ values and
the energy differing by not more than few tens of meV.
This is illustrated on  Fig. 2 where the difference in en-
ergy value is 100 meV. In spite of the fact that the occupa-
tion of deeper traps is ten times lower than the shallower
ones, both levels are detected. Fig. 3 presents results for
traps differing in depth only by 50 meV. The trap spec-
trum extends from the energy of the shallower trap
(~1650 meV) to the energy value for deeper traps (~1700
meV) and only one maximum appears in the middle of
this range. The E(T) curve, however, informs that two

different traps are active and their depths are about these
assumed for simulation.

The resolution is better for higher difference in pre-
exponential factor. This is shown in Fig.4. Two well sepa-
rated peaks are clear in the trap occupation spectrum.
They reproduce the assumed energy values very well. Still
closer trap level are good separated in trap spectrum pre-
sented in Fig. 5 which serve simultaneously as an illustra-
tion of an effect called reversed trap depopulation. This
effect consists in that the deeper traps are emptied be-
fore the shallower ones, because the pre-exponential fac-
tor, s’ value for the latter traps is much higher than the
value of this parameter for shallower traps.
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The effect of reversed trap depopulation can be the
reason of uncertainty in the trap depth determination. In
Fig. 5 only a slight shift into the higher energies is observed
but much greater discrepancies can appear. The most
disappointing results of simulation presented here are
observed for simultaneously depopulated traps, one of
which – the shallower – has much lower pre-exponential
factor than the second, deeper trap, but trap depths are
chosen in such a manner that only single TL peak is de-
tected (Fig. 6). In this case neither the trap occupation
spectra, nor the trap depth curve reflect the assumed data.
Nevertheless, even for such an unfavourable parameter
set the FGT results clearly indicate that the sharp TL peak,
which is observed, has a complex nature. The reason for

this bad result is just the reversed trap depopulation ef-
fect. Soon after the beginning of the experiment (when
the measured E value is 1300 meV), emptying of the
deeper traps starts to prevail and the averaged energy of
the depopulated traps increases. The high s’ value of the
deeper traps causes their fast emptying and the averaged
energy of simultaneously depopulated traps again ap-
proach 1300 meV. This process is registered by E(T) de-
pendence.

The known feature of second-order TL peaks is their
shift to higher temperature with the decreasing initial trap
population. So it is reasonable to see how the FGT re-
sults depend on this parameter. The additional impulse
here is a peculiar regularity observed in experimental re-
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sults presented in next section – low trap population is
associated with low trap energy. This effect gives rise to
some concern over the reliability of the FGT. Fig. 7 shows
some exemplary results of the suitable tests. Trap occu-
pation spectra for three different initial trap populations
do not show any differences in peak position. The differ-
ences in trap occupation are very well reproduced. The
change in the relative trap population is also clearly de-
tected (Fig. 7D).

Some words concerning the quality of the estimation
of relative populations in a single FGT measurement
should be added here. It should be remembered that the
energy obtained in a cycle is the average of the depths of
all traps emptied in the cycle. So the FGT always trans-
forms a discrete level into a band. A problem arises then,
which bar of histogram should we connect with one maxi-
mum and when should we start to count the occupation
of the next maximum. This problem is more serious, be-
cause in fact one does not know whether the trap in the
measured sample are discrete or whether they have a
continuous spectrum. The computer simulation results
allow to make the observation that the maximum of the
histogram which presents the last emptied level is usually
more sharp than the maximum presenting traps which are
depopulated earlier (Fig. 1A and 5). The sum of the his-

togram bars which are related to a particular maximum
reflect the assumed relative trap populations correctly.

It has to be, however, mentioned that sometimes the
maximum in trap spectrum can appear which does not
respond to a trap level actually existing in a sample
(Fig. 3). The detection of such case in particular cases is
possible by the measurements of the same trap system with
different relative trap populations. Such a test has been
done here by measuring the trap occupation spectra be-
fore and after bleaching (see section 4).

Summing up, the trap spectra obtained from the FGT
analyses for the second-order kinetics are obviously not
discrete, this has also been observed in the case of first-
order kinetics (Chruœciñska, 1994). Nevertheless, the en-
ergy values are largely correct. Computer simulations
exclude the doubts related to the application of FGT in
the case of the second-order kinetics.

4. MEASUREMENT RESULTS

Fig. 8 shows the trap occupation spectra of the un-
bleached feldspar together with the spectra after two
hours of stimulation applied with either spectral ranges.
Three trap groups can be distinguished: traps shallower
than 1.3 eV, traps with a depth between 1.3 and 1.6 eV
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and traps deeper then 1.6 eV. The deepest fraction is the
most easily depopulated by the light. The shallower traps
are somewhat more resistant to optical stimulation but in
the case of traps about 1.5 eV both wavelength ranges
seem to be still less effective.

There is a tendency for low trap population to be as-
sociated with low trap energies. We are confident that this
is not an artefact of the analytical procedure, because the
computer simulations do not show any relationship be-
tween trap energy and population (Fig. 7).

Bleaching reveals the complex nature of the maximum
of trap occupation spectrum above 1.6 eV. The shift of
this maximum toward lower energy values is observed
when the time of bleaching is longer. Fig. 9 and 10 show
results of FGT procedure applied after 4 and 20 hours of
bleaching. The less effective bleaching with the reduced

simulator spectrum range (Fig. 9A and 10A) gradually
changes the relative populations of traps which are emp-
tied simultaneously in the temperature about 300oC
(Fig. 11C and D). In result the averaged energy of traps
emptied in the same cycle of FGT procedure carried out
after altered times of bleaching is different. Because the
deeper traps are depopulated much more efficiently, the
maximum of trap spectrum shifts towards lower energy
values with the increasing time of bleaching. The more
effective bleaching with the full simulator spectrum re-
duces the population of deep traps very quick, so already
after 4 hour of bleaching (Fig. 9B) the traps emptied in
the temperature about 300 °C have averaged energy be-
low 1.6 eV. 20 hour of this bleaching is enough to depopu-
late all the deeper traps.
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Fig.8. The trap occupation spectra for (a) unbleached K-feldspar, (b) after 2 h of bleaching by the light without UV part of spectrum, (c)
after 2 h of bleaching with full range of simulator light spectrum. FGT procedure: ∆Theat=12 oC, ∆Tcool=10 oC, T0 =125 oC.
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Fig.9. The trap occupation spectra for K-feldspar after 4 h of  bleaching with  reduced (a) and full (b) simulator light range. Same FGT
procedure as for the results presented in Fig.8.



28

The fractional glow technique as a tool of investigation

150 200 250 300

1200

1400

1600

A

 E(T)

E
n

e
rg

y 
[m

e
V

]

150 200 250 300

B

 

 

 E(T)

150 200 250 300

1200

1400

1600

C

Temperature[
o
C]

 E(T)

150 200 250 300

D

Temperature [
o
C]

 

 E(T)

 Light Sum

2000

3000

4000

 L
ig

h
t 

S
u

m
 [

a
.u

.]

 Light Sum

 Light Sum

4000

8000

 Light Sum

Fig.11. The FGT results for K-feldspar after (A) 4 h and (B) 20 h of bleaching with full range of simulator spectrum, (C) after 4 h and (D)
20 h of  bleaching by the light without UV part of simulator spectrum.

It has to be added that the above explanation become
obvious after a detailed FGT analysis of the trap occupa-
tion carried out after a preheat to 310 °C (Chruœciñska
et al., 2001). This analysis shows that four traps are active
in the temperature region in question. Parameters of these
traps differ significantly.

Traps in the energy range 1.3-1.6 eV seem to be re-
sponsible for the residual TL observed even after many
hours of bleaching. This residual TL presumably also
exists in nature in sediments after day light bleaching.
Thus, these traps are likely to be the source of problems
with incompletely bleached sediments.

5. CONCLUSIONS

These preliminary results show that FGT with the
heating-cooling rate correction can be an useful tool to
investigate bleaching processes. The changes in trap
occupation after bleaching and the influence of the wave-
length range of the stimulation light on the occupation
spectra are clearly demonstrated.
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SPECTROMETRY AND LUMINESCENCE DATING

HUBERT L. OCZKOWSKI
TL Dating Laboratory, Institute of Physics, Nicholas Copernicus University,
Grudzi¹dzka 5, 87-100 Toruñ, Poland (e-mail: hubertus@phys.uni.torun.pl)

Abstract: Abstract: Abstract: Abstract: Abstract: In our TL dating laboratory the dose rates are determined from high-resolution
gamma spectrometry measurements. A Canberra spectrometer with HPGe detector and
Marinelli geometry (0.5 l capacity) is used. Spectral analysis is based on the Sampo90 com-
puter program. The users have to supply the program with the detector efficiency as a func-
tion of gamma ray energy. Long-term changes in sensitivity of gamma-ray detectors lead to
a drift in detector efficiency over a period of time. A uranium pitchblende source is investi-
gated here for use in the system calibration. This calibrated source is a tempting alternative,
especially for TL dating procedure, because of its long half-life and wide range of gamma-ray
energies. Moreover, for a standard geometry (Marinelli) and matrix (quartz), the self-absorp-
tion and coincidence corrections for the calibrated and measured samples are comparable.
The numerical deconvolution of spectral multiplets from the uranium pitchblende source
with strongly overlapping peaks is verified experimentally. Several multiplets are used in the
calibration procedure.
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1. INTRODUCTION

Most of natural radioactive elements are members of
one of three radioactive series – uranium, actinium and
thorium and from nonseries nuclides, mainly 40K and 87Rb.
These natural sources of alpha, beta and gamma radia-
tion represent a continuous exposure of minerals. Natu-
ral luminescence (thermally and optically stimulated) is
mainly the result of the exposure to radiation from ura-
nium and thorium series and from potassium decay in
roughly equal proportions. In our dating laboratory the
dose rates are determined from high-resolution gamma
spectrometry measurements (Oczkowski and Przegiêtka,
1998). A Canberra spectrometer with HPGe detector and
Marinelli geometry is used. Spectral analysis is based on
the Sampo90 computer program and it is focused on the
radionuclide and activity determination.

In general, there are two approaches to calibration for
natural radioactivity analyses. The best one is direct cali-
bration where the standards are uranium and thorium
series emitters, and 40K.  If one had such a calibration
source he would not need to use the absolute efficiency
curve. In this case the certified activity and the number of
counts in the peak replaces the absolute efficiency for each
peak for activity calculation. The main uncertainties arise
from the certification of the standard. The next approach
to calibration problem is to measure an absolute efficiency

curve over the whole energy region. For efficiency cali-
bration one can use any source with known nuclide activ-
ity and gamma emission probability. In this case not only
the accuracy of the activity standardisation but also the
uncertainties arising from the emission probability be-
come important. In order to calculate activities of the
nuclide, the user have to supply the Sampo90 computer
program with detector efficiency as a function of the
gamma ray energy (efficiency curve).

To determine the energy dependence of the detector
efficiency a set of several primary gamma-ray sources
(Debertin and Helmer, 1988) is needed to cover the en-
ergy range of interest. If a moderate precision is sufficient
(about 5-10 %), efficiency calibration with a mixed-radio-
nuclide or multienergy source and a simple interpolation
procedure may yield an adequate accuracy. However,
a major disadvantage of multinuclide commercial stan-
dards is that some of nuclides are short-lived, so that such
a source is only useful over a period of a few months.
Moreover, below 100 keV there is no primary calibration
radionuclide. Since particularly in the low energy region
the major and minor element composition of the standard
matrix and even grain size should be similar to the samples
being dated, it is difficult to meet these requirements with
commercially available sources. In general it is doubtful
whether an ideal standard for TL dating exists (Aitken,
1985).
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Several authors have suggested the applicability of
uranium pitchblende ore or 226Ra in equilibrium with
daughters as a calibration source for the efficiency mea-
surements (Waldort and Doust, 1968; Wallace and Coote,
1969; Zobel et al., 1977 and Momeni, 1982), in particular
because of their numerous, intense gamma ray energies
and long half-life (1602 years for 226Ra). Since the peaks
range from the X-ray region to a few MeV, calibration
curves can be easily obtained. Despite the fact that this
material provides a cheap and rapid method for the cali-
bration of germanium spectrometers, in absolute gamma
spectrometry, its use was usually limited to the channel-
energy calibration, mainly because of the experimental
effort required to correct coincidence summing effects
(Dolev et al., 1969; Debertin and Schötzig, 1979; Arnold
and Shima, 2000; De Felice et al., 2000 and Piton et al.,
2000). However, secondary phenomena, such as cascade
transition and self-absorption effects are the main rea-
sons for using a radioactive ore diluted with typical sand
matrix (quartz) for spectrometric dosimetry of natural
samples.

Fig.1A (CLOR) shows the spectrum of uranium ore
diluted in quartz sand measured by our gamma spectrom-
eter. This source (here called CLOR source) has previ-
ously been used as a reference standard for calibration of
the uranium window (1.764 MeV, 214Bi) of the old four-
channel gamma spectrometer (Azar Polon). It was cali-
brated by the Central Laboratory for Radiological Pro-
tection (Biernacka, 1999) and the specific activities mea-
sured by CLOR are quoted here (see Table 3). For com-
parison, Fig.1A (Nat) shows the spectrum of a natural
quartz sample. The spectra measured using this uranium
pitchblende ore and any natural sample are similar.

The CLOR source for which the specific activities of
basic nuclides are known is used as the reference source.
When the geometry and matrix are identical, so that there
is only a difference in the activity of the two materials,
the spectrum permits one to perform direct efficiency
calibration. With regard to the problem of coincidence
summing, no corrections have to be applied if a natural
sample is measured relative to a standard of the same
radionuclide, in the same geometry. However, one of the
characteristic features of Sampo90 (and also other pro-
gramming tools in this field) is the use of efficiency cali-
bration curve for nuclide activity calculation.

2. EXPERIMENTAL SET-UP AND BASIC PROCEDURES

The gamma spectrometer Canberra System 100 used
in our laboratory consists of a HPGe detector XtRa -
GX1520 with 0.5 mm Al window. The resolution and rela-
tive efficiency of the detector for 1332 keV (60Co) are 1.82
keV and 19.4 %, respectively. The detector and pream-
plifier are placed inside a low-background lead shield
(model 747) and cooled by liquid nitrogen from vertical
dipstick cryostat (7500SL). The integrated signal proces-
sor (model 1510) consists of a pulse height analysis sys-
tem to transform pulses, which are collected and stored
by a computer-based MCA. Standard Marinelli beakers
(0.5 l) are used as sample containers. The Signal Proces-

sor contains high-resolution spectroscopy amplifier with
a pile-up rejector and a live-time corrector, which allows
the spectrum analysis nearly independent of a system
count rate. In our measurements the input pulse shaping
is set to 4 µs. The dead time of a Wilkinson type AD con-
verter with a clock rate of 100 MHz equals a fixed time of
1.5 µs (for peak detection) plus 0.01 µs multiplied by the
channel number. Data are stored in 4096 sequential chan-
nels. Automatic correction for the dead time is obtained
by collecting data for a given live time. In general, the gross
count rates for our samples are low, therefore the ran-
dom summing corrections are neglected.

Operating parameters of the system are governed and
controlled by the computer program – Canberra System
MCA 100. The information has been established from
calibration measurements performed for Marinelli geom-
etry and standard source: the relationship between gamma
energy and channel, the absolute efficiency calibration and
the dependence of peak shape parameters on gamma
energy. Additionally, the spectrum of laboratory back-
ground activity has been established from prolonged
measurements. The spectrum analysis is performed in the
range up to about 2 MeV.

In the routine analysis of a sample spectrum the fun-
damental algorithms of Sampo90 (i.e. peak search and
fitting, multiplet deconvolution, and background subtrac-
tion) are supported by the calibration data (Routti and
Prussin, 1969; Koskelo et al., 1981; Aarnio et al., 1988 and
Sampo90, 1993). The resulting table of calculated peak
areas allows us to perform nuclide identification and ac-
tivity analysis, by comparison with the information located
in a nuclide library file. For TL dating purposes two nu-
clide libraries were edited. These libraries contain data
concerning natural nuclides (NAT.ilf) and subgroups of
nuclides (MUR.ilf) emitting gamma radiation
(Oczkowski, to be published). The most important sec-
tion of the final report is the quantitative nuclide identi-
fication list and the specific activity of isotopes (in Bq/kg)
that is the base for the annual dose rate calculations
(Oczkowski and Przegiêtka, 1998, Oczkowski et al., 2000).

3. CALIBRATION SOURCE FOR USE IN TL DATING

The term absolute efficiency, ε, will be used here to
mean the following ratio
ε = N / (A k t)        (3.1)

where N is the full energy peak net count correspond-
ing to the gamma photons with energy E and gamma
emission probability k, A is the activity of the source and
t – the counting time.

As it was mentioned, in routine analysis performed by
Sampo90 three distinctive tables of calibration parameters
are used: the peak energy versus channel relationships,
the dependence of absolute efficiency on peak energy
(efficiency curve) and the table which contains peak shape
parameters. The calibration library contains the energy
and intensity data used for the energy-channel and effi-
ciency calibrations. In principle, an automatic calibration
procedure for establishing the efficiency curve is possible.
Each reference peak can be associated with the closest
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Line No. Nuclide Energy [keV] γ γ Eff Activity
E D S /Multiplet Line Unc. [% ] [Bq] Unc.]% ]
1 1 1 ma 12.900 0.2 100.00 196.0 15.0
2 2 mb 15.200 0.2 100.00 30.0 25.0
3 3 2 mc 16.200 0.2 100.00 100.0 10.0
4 4 3 md 19.500 0.2 100.00 13.0 30.0
5 5 Th-231Ac 25.642 0.1 14.60 37.7 10.0
6 6 4 Pa-231Ac 27.396 0.1 9.33 37.7 10.0
7 7 5 Pb-210U 46.520 0.1 4.05 574.0 2.0

8 6 Th-227Ac 50.144 0.1 8.53 37.7 10.0
8 9 7 Pb-214U 53.172 0.1 1.10 633.0 2.4
9 10 8 Th-234U 63.288 0.1 3.80 813.0 3.4
10 11 9 Pb-214U 74.814 0.1 6.52 633.0 2.4
11 12 Pb-214U 77.107 0.1 11.00 633.0 2.4
12 13 Bi-214U 79.290 0.1 0.97 574.0 2.0
13 Ra-223Ac 81.067 0.1 15.24 37.7 10.0
14 14 Pb-214U 87.190 0.1 3.88 633.0 2.4

15 mE 90.100 0.2 100.00 11.0 10.0
15 16 Ra-223Ac 94.677 0.1 8.90 37.7 10.0
16 17 10 Th-234U 112.800 0.1 0.24 813.0 3.4
17 18 11 mI 143.800 0.2 100.00 5.2 11.5
18 19 12 U-235Ac 163.379 0.1 4.74 37.7 8.2

20 13 mK 185.900 0.2 100.00 42.9 8.4
19 21 14 U-235Ac 205.334 0.1 4.74 37.7 8.2

22 15 Pb-214U 241.920 0.1 7.46 633.0 2.4
23 Pb-214U 258.940 0.1 0.55 633.0 2.4
24 16 Pb-214U 295.091 0.1 19.24 633.0 2.4

20 25 17 Pb-214U 351.870 0.1 37.10 633.0 2.4
21 26 Bi-214U 386.834 0.1 0.36 574.0 2.0
22 27 Bi-214U 388.950 0.1 0.41 574.0 2.0
23 28 18 Bi-214U 454.832 0.1 0.32 574.0 2.0

29 19 Pb-214U 480.313 0.1 0.34 633.0 2.4
24 20 Pb-214U 487.130 0.1 0.44 633.0 2.4
25 30 21 Pb-214U 580.060 0.1 0.36 633.0 2.4
26 31 22 Bi-214U 609.311 0.1 46.10 574.0 2.0
27 32 23 Bi-214U 665.442 0.1 1.57 574.0 2.0
28 33 24 Bi-214U 703.064 0.1 0.47 574.0 2.0
29 34 25 Bi-214U 719.856 0.1 0.40 574.0 2.0
30 35 Bi-214U 768.350 0.1 4.88 574.0 2.0

26 mR 785.900 0.2 100.00 8.7 3.2
31 36 27 Bi-214U 806.155 0.1 1.23 574.0 2.0
32 37 28 Pb-214U 838.999 0.1 0.59 633.0 2.4
33 29 Ac-228Th 911.160 0.1 29.30 2.9 13.6
34 38 Bi-214U 934.039 0.1 3.17 574.0 2.0
35 39 30 Pa-234mU 1001.003 0.1 0.65 812.0 3.4
36 40 31 Bi-214U 1120.273 0.1 15.03 574.0 2.0

32 Bi-214U 1133.650 0.1 0.26 574.0 2.0
37 41 33 Bi-214U 1155.183 0.1 1.69 574.0 2.0
38 34 Bi-214U 1207.674 0.1 0.46 574.0 2.0
39 42 35 Bi-214U 1238.107 0.1 5.92 574.0 2.0
40 43 36 Bi-214U 1280.952 0.1 1.48 574.0 2.0
41 44 37 Bi-214U 1377.659 0.1 4.03 574.0 2.0

38 Bi-214U 1385.295 0.1 0.78 574.0 2.0
42 Bi-214U 1401.480 0.1 1.39 574.0 2.0
43 45 39 Bi-214U 1509.223 0.1 2.20 574.0 2.0
44 Bi-214U 1538.490 0.1 0.41 574.0 2.0

46 40 Bi-214U 1583.220 0.1 0.72 574.0 2.0
45 47 Bi-214U 1599.300 0.1 0.33 574.0 2.0
46 41 Bi-214U 1661.258 0.1 1.15 574.0 2.0
47 42 Bi-214U 1729.580 0.1 3.06 574.0 2.0
48 48 43 Bi-214U 1764.490 0.1 15.93 574.0 2.0
49 49 44 Bi-214U 1847.413 0.1 2.13 574.0 2.0

45 Bi-214U 1873.112 0.1 0.23 574.0 2.0
50 50 46 Bi-214U 2118.533 0.1 1.21 574.0 2.0

Table 1. Calibration library for CLOR source.

[%]
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library line within a given tolerance. In particular, for the
absolute detector efficiency ε the calibration library must
contain nuclide activity; fraction of decays yielding gamma
rays corresponding to each reference peak and relative
uncertainty of the activity.

A Marinelli beaker (0.5 l) with uranium ore uniformly
distributed in quartz matrix (m = 0.77 kg) was adapted in
our laboratory as a calibration standard. The Central
Laboratory for Radiological Protection determined the
specific activity of several basic nuclides (CLOR, Warsaw;
Biernacka, 1999). The results reported here refer to cali-
bration experiments with this source. Table 1 contains the
list of gamma ray energy (keV), the fraction of gamma

ray emission per decay (γEff,  %) and the number of dis-
integrations per second for a particular peak and nuclide
(activity in Bq). The data concerning energy and gamma
emission probability of natural isotopes were taken from
the Table of Radioactive Isotopes (Browne and Firestone,
1986). The first three columns show the peak numbers
used for energy (E), detector efficiency (D) and shape
calibration (S). The recommended number of points de-
pends on the accuracy required. Usually one point for
every hundred keV is needed. However, there should be
more points in the low energy part of the spectrum and
near the maximum of the efficiency curve. The size of each
calibration list (E, D and S) is limited to 50 rows. In this
table multiplets are also listed. They are denoted as a, b,
c and d for the lowest energy region and E, I, K and R for
the remainder.

Table 2 shows the results of numerical and experimen-
tal analysis performed for overlapping peaks observed
from the CLOR sample (Oczkowski, 2001). These mul-
tiplets were selected to cover gaps existing for single peaks
in the low energy region of our calibration. The calculated
gamma intensities (Calc Gps) are obtained from numeri-
cal simulation of the partial intensities corresponding to
the interfering nuclides. This calculation is based on the
nuclide activity report provided by the CLOR laboratory
(see Table 3). In the case of overlapping peaks, the esti-
mated intensity (Calc Gps from Table 2 quoted also in
Table 1 as Activity in Bq) corresponds to 100 % efficiency
of gamma emission (γ Eff in Table 1). The multiplet
deconvolution is based on the data concerning overlap-
ping peaks. Since this procedure is reliant on the accu-
racy of several parameters (set of nuclides, nuclide activ-
ity, gamma emission probability), an arbitrary large error
is assumed in the calibration library (Table 1) for the re-
spective activity of multiplets. The experimental gamma
intensity (Table 2: Experimental, gps) is a result of divi-
sion of the peak area (cps) by the absolute detector effi-
ciency (DE). The last column shows the peak usage value
(in per cent) taken from the nuclide identification and
activity analysis report.

To carry out the absolute efficiency calibration, gamma
lines from the calibration library were associated with the
lines from the peak fit table for the CLOR spectrum. This
association is performed automatically by Sampo90. In
order to obtain the most accurate intermediate values the
least squares fit of a polynomial function to the efficiency
calibration points is performed and uncertainties are es-
timated. In Sampo90, for gamma energy E the following
formula is used

    )]E / (E[ln   a   ln  1-i
0

1i
i∑

=

=ε
,                   (3.2)

where ai represents the fitted parameters and E0 is con-
stant (1keV). The total uncertainty of the calculated de-
tector efficiency includes relative uncertainties of the
gamma peak area, the calibration source activity and also
co-variances introduced in the curve fitting. The follow-
ing data for ai were obtained: a1=-69.23±1.616,
a2=44.46±1.215, a3=-10.86±0.356, a4=1.146±0.0442,
a5=-0.0449±0.0020. The resulting values for the
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Fig 1. A) Pulse-height spectrum measured for 0.5l Marinelli
beaker by our gamma spectrometer. CLOR (solid line): from
uranium pitchblende ore diluted in quartz sand (specific
activities for selected nuclide are given in Table 3, column 2).
Vertical lines indicate the localization of peaks used for
effficiency calibration. (see Table I). Nat (dashed line): from the
natural sample (aeolian quartz from Kêpa Kujawska dune).
B) Variation of absolute efficiency with photon energy (keV).
Eff [%] (solid line): calculated by a least squares fit of
a polynomial function (3.2) to the efficiency calibration points
(closed circles). Eff*E (solid line): the second presentation,
which illustrates the effectiveness of photon energy absorption.
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efficiency curve and experimental points are shown in
Fig. 1B. For an ideal calibration source and procedure,
the efficiency curve should be a smooth function of en-
ergy for this spectral range (from 15 to 2100 keV). Since
in particular nuclear states of 214Pb-U and 214Bi-U

No Table Nuclide Calc. Experimental
Ln [keV] Gps Ch [keV] cps DE[% ] gps [% ]Us

1 ma 195.6 19.7 12.9 0.01 0.008 173.0 103.1
12.325 Th-227Ac 6.43 3.3
12.636 Pa-231Ac 8.45 5.2
12.705 Ra-228Th 0.13 0.0
12.952 U-238U 24.88 0.0
12.952 U-235Ac 8.30 4.5
12.952 Ac-228Th 0.43 0.2
13.066 Pb-210U 59.72 41.3
13.088 Pb-214U 36.39 21.0
13.099 Pb-212Th 0.17 0.1
13.274 Th-234U 32.04 20.3
13.274 Th-231Ac 18.48 7.2

2 mb 30.0 24.0 15.1 0.01 0.027 32.0 99.9
15.218 Th-227Ac 7.96 22.4
15.230 Th-228Th 0.13 0.0
15.376 Pb-212Th 0.03 0.1
15.439 Pb-214U 7.35 23.0
15.537 Pb-210U 14.51 54.4

3 mc 100.3 26.0 16.1 0.03 0.044 74.0 95.2
15.659 Pa-231Ac 9.62 15.2
16.119 U-235Ac 5.88 8.1
16.154 Ac-228Th 0.58 0.6
16.161 U-238U 33.99 0.0
16.180 Ra-228Th 0.02 0.0
16.559 Th-231Ac 13.99 13.7
16.572 Th-234U 36.26 57.7

4 md 12.7 32.0 19.3 0.01 0.134 8.0 148.9
19.113 Ac-228Th 0.13 1.1
19.118 U-235Ac 1.01 0.0
19.811 Th-231Ac 2.80 24.4
19.839 Th-234U 8.80 123.4

19 mE 11.0 167.6 89.9 0.35 4.407 7.9 121.2
89.639 Bi-214U 1.98 24.9
89.955 U-235Ac 1.27 0.0
89.955 Th-231Ac 0.36 3.1
89.955 Ac-228Th 0.10 0.8
90.128 Pb-214U 7.28 94.7
90.128 Pb-212Th 0.05 0.7

27 mI 5.2 271.4 143.9 0.18 3.698 4.9 104.3
143.786 U-235Ac 3.96 78.6
144.183 Ra-223Ac 1.23 25.8

30 mK 42.9 352.3 186.0 1.35 3.067 44.1 99.9
185.739 U-235Ac 20.26 44.6
186.110 Ra-226U 22.65 55.3

68 mR 8.7 1504.3 785.9 0.06 0.854 6.7 131.3
785.827 Pb-214U 6.92 105.1
786.420 Bi-214U 1.78 26.2

Table 2.  Analysis of selected multiplets. NoLn - line number from the peak Table for CLOR source,
DE[% ]- detector efficiency.

(Hellwege, 1961) are deexcited by cascade transition re-
lated to calibration peaks, shown in Table 1, it is fortu-
nate that despite the cascade corrections the uranium
pitchblende source gives calibration points positioned
quite close to the smoothed efficiency curve.

 Ch [keV] [cps] DE[%] [gps] [%] Us
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In Table 3 the specific activities (in Bq/kg) correspond-
ing to our reference source (m = 0.77 kg) are shown. In
the first part of the table (column 2 and 3) data calibrated
by CLOR are quoted. The following two parts of the table
(NAT20 and MUR8) show respective values of our mea-
surements obtained after calibration. Taking into account
a noticeable number of assumptions, concerning in par-
ticular the multiplet deconvolution and cascade correc-
tions, the agreement between the reference and experi-
mental values seem to be satisfying.

4. DISCUSSION

Since natural ageing and radiation damage processes
modify the detector sensitivity with time, each laboratory
should have its own calibration source, even for modern
detectors and low level of radiation. In the dating labora-
tory this standard source should be related to the method
used to measure the annual dose, in this case gamma spec-
trometry.

The use of uranium pitchblende in equilibrium with
its decay products for the calibration of gamma spectrom-
eters was suggested many years ago (Waldort and Doust,

1968; Wallace and Coote, 1969; Zobel et al., 1977 and
Momeni, 1982). Shortly afterwards, such a method of
calibration was criticized for its coincidence summing ef-
fects (Dolev et al., 1969); the presence of cascade transi-
tions leads to the necessity of calculating coincidence cor-
rections. Correction of the gamma-ray spectrum for co-
incidence summing effect requires significant numerical
and experimental effort. In general, however, the calibra-
tion procedure should be performed in as similar a man-
ner to that used routinely as possible. In the context of
luminescence dating, this means that the calibration
source should be very similar to the samples being dated.

In a special case of, say, a „comparative” efficiency
calibration, when a detector is used with the same size and
type source both for the measurement and for efficiency
calibration, secondary effects, like coincidence summing
and attenuation, need not be considered. Of course, there
may be differences between the „comparative” and abso-
lute determinations of the efficiency curve. But such a
relative efficiency, as a tool in dating, significantly reduces
the experimental effort required to correct spectra of
natural samples for summing effects. Finally, the cascade
summing correction for each gamma peak has to be taken

Table  3. Specific activities of nuclides and subgroups for CLOR source. In column CLOR specific activities certified
by CLOR for m = 0.77 kg are quoted. Id - number of identified peaks Lib - number of peaks in the nuclide library.

Nuclide
CLOR NAT20 MUR8

Act.
[Bq/kg]

Unc.
[Bq/kg]

Lines
Id/Lib

Act.
[Bq/kg]

Unc.
[Bq/kg]

Sub Parent Act.
[Bq/kg]

Unc.
[Bq/kg]

U-238U 1056 36 2/2 570 185 I U-238 953 9
Th-234U 6/6 789 13

Pa-234mU 2/2 1100 12
Th-230U 1/1 1500 292 III Th-

230U
1500 292

Ra-226U 895 16 2/2 940 31 IV Ra-
226U

944 31

Pb-214U 822 20 18/18 822 4 V Rn-
222U

752 2

Bi-214U 745 15 39/40 738 2
Pb-210U 3/3 857 28 VI Pb-

210U
853 28

Ac-228Th 3.7 0.5 12/30 2.3 0.2 VII Th-
232Th

- -

Pb-212Th 8/9 3.7 0.5 VIII Rn-
220Th

2.6 0.1

Tl-208Th 2/7 2.5 0.1
U-235Ac 49 4.0 6/6 48.0 1 IX U-

235Ac
48 1

Th-231Ac 7/7 30.6 4
Pa-231Ac 7/8 52.8 2 X Pa-

231Ac
46 1

Th-227Ac 11/12 45.2 1
Ra-223Ac 9/12 46.9 1 XI Ra-

223Ac
47 0.5

Rn-219Ac 2/2 42.6 1
Pb-211Ac 4/4 48.3 1

K-40 1.2 1.1 1/1 2.6 1 XII K-40 2.6 1
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into account twice, during the absolute efficiency calcu-
lation as the denominator and next as the multiplier for
peak intensity re-calculation. Moreover, for natural
radionuclides emitting photons at several energies, the
reliability of the activity analysis is improved by calcula-
ting it as the weighted average of the values obtained from
each line.

It seems to be a separate challenge to estimate the
contribution to the activity uncertainty due to omission
of cascade summing corrections. This task needs exten-
sive programs and libraries (e.g. KORSUM, GESPECOR,
ETNA) in order to evaluate coincidence corrections for
natural radionuclides and a particular spectrometer.
Moreover, it should be done in the context of the uncer-
tainty of an annual dose.
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GAMMA SPECTRUM ANALYSIS FOR ENVIRONMENTAL
NUCLIDES
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Abstract: Abstract: Abstract: Abstract: Abstract: This paper is related to problems concerning thermoluminescence (TL) dating pro-
cedures. In our TL dating laboratory the annual dose rates are determined from the high-
resolution gamma spectrometry measurements. For spectral investigations a Canberra spec-
trometer with the HPGe detector and Marinelli geometry (0.5 l capacity) with a shield is used.
The method for spectral analysis of radioactivity is based on the Sampo90 computer program.
The results of deconvolution of composite gamma-emission lines with strongly overlapping
peaks are presented in detail. The typical peak table of environmental samples, which is used
as a reference table in our dating procedure, is shown with the respective gamma-ray intensi-
ties. Identification procedure is discussed in the context of the natural nuclide and series
activity calculation.
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NATURAL

GAMMA RADIATION,
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1. INTRODUCTION

The duration of the natural radiation exposure, i.e.
the „age” of an object t, can be derived from the general
equation

t = DTL / D’,       (1.1)

where D’ is the dose rate of the radiation (usually annual
dose) and the symbol DTL denotes the total dose, as re-
corded by the thermoluminescence (TL) phenomenon.
The evaluation of paleodose DTL is possible if the rela-
tionship between TL signal strength and absorbed radia-
tion dose from an artificial source is established (Aitken,
1985). The age determined this way is measured from the
time of the last erasure of the accumulated natural TL.
The major sources of radiation, exciting natural TL, origi-
nate from naturally occurring radioactive decay chains and
elements: 232Th, 238U, 235U series, 40K, 87Rb, and from cos-
mic radiation. For TL dating applications, the annual dose
rate of radiation is divided into at least three contribu-
tions related to varying efficiency and absorption of al-
pha, beta and gamma radiation in a luminous mineral. In
our laboratory the dose rate is determined from radio-
isotope concentration measurements performed by
gamma spectroscopy (Oczkowski et al., 1998 and 2000).
The main advantage of this method is that partial matrix
doses for alpha, beta and gamma radiation are determined
directly and simultaneously from high-resolution gamma
spectrum.

2. EXPERIMENTAL SET-UP

The gamma spectrometer, Canberra System 100, used
in our laboratory consists of a comparatively low sensitiv-
ity HPGe detector (XtRa-GX1520 with 0.5 mm Al win-
dow). The resolution and the relative efficiency of the
detector for 1332 keV (60Co) are 1.82 keV and 19.4%,
respectively. Standard Marinelli beakers (of 0.5 l capa-
city) are used as sample containers. The detector and
preamplifier are placed inside the shield and cooled by
liquid nitrogen from a vertical dipstick cryostat (7500SL).
The integrated signal processor (model 1510) consists of
a pulse height analysis system (Wilkinson ADC) to trans-
form pulses, which are finally collected by a computer-
based MCA with 2 MeV corresponding to 4096 channels.

The signal processor contains high-resolution spectros-
copy amplifier with a pile-up rejector and a live-time
corrector, which allows spectrum analysis nearly indepen-
dent of system count rate. In our measurements the
input pulse shaping is set to 4 µs. The dead time of
a Wilkinson type AD converter with a clock rate of
100 MHz equals a fixed time of 1.5 µs (for peak detec-
tion) plus 0.01 µs multiplied by the channel number. Au-
tomatic correction for dead time is obtained by collect-
ing data for a given live time. In general, the gross count
rates for our samples are low; therefore the random sum-
ming corrections are neglected. Operating parameters of
the system are governed and controlled by the computer
program – Canberra System MCA 100. The spectral analy-
sis is performed by widely used gamma analysis software
– SAMPO90.

GEOCHRONOMETRIA Vol. 20, pp 39-44, 2001 – Journal on Methods and Applications of Absolute Chronology
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To minimise the amount of laboratory background in
the measurement of environmental samples they should
be measured in a shield. Lead is the shielding material of
choice for this application. The lead X-ray fluorescence
is minimised with a shield lining of tin and copper
(Canberra 747 shield). The reduction of the sample and
detector distance improves the counting efficiency. By
combining higher efficiency, larger detector and a larger
sample the highest count rate is achieved (Debertin and
Helmer, 1988).

3. SPECTRUM ANALYSIS PROCEDURE AND NUCLIDE
ACTIVITY CALCULATION

Sampo90 is a significantly improved commercial ver-
sion of the original program developed by Routti and
Prussin (Routti and Prussin, 1969 and Koskelo et al., 1981
and Aarnio et al., 1988). As is usual in spectrum analysis,
a peak table is initiated by a peak search procedure. The
search algorithm applied by Sampo calculates peak chan-
nels and their uncertainties using a generalised second
difference expression. The peak table may be then modi-
fied using the insert and drop option. Next, a peak fitting
procedure is initiated. The use of a precalibrated shape
for peak area determination is the basic feature of fitting
algorithms. The shape parameters are determined at suit-
able intervals from some well-defined peaks. The algo-
rithms for peak search and peak fitting allow resolving of
complex multiplets in fully automatic or interactive modes
of work.

The mathematical representation of a photopeak is a
modified Gaussian with exponential tails on both sides
superimposed on background continuum. The border
between the background and the peak is assumed to be
linear or parabolic. The area of the peak is defined as the
sum of the counts above the peak background continuum.
As a result, the following values are calculated and stored
in the peak table: peak count area, parameters characte-
rising the quality of fitting and respective uncertainties.
Data from the detector efficiency file, time of measure-
ments and peak areas allow one to calculate the intensity
of the respective gamma line.

Since the laboratory background also contains the
same photopeaks as the measured spectrum of the natu-
ral sample, an independent procedure, called peaked
background subtraction, is also applied. A “pure back-
ground” spectrum resulting from prolonged measurement
is collected. This spectrum is analysed normally and re-
sults are saved in the laboratory background file. In the
nuclide identification procedure performed by Sampo90
those peaks are subtracted from the respective sample
peaks and the resulting net areas are used in the activity
calculations.

The nuclide identification procedure (Sampo 90 User’s
Manual, 1993) associates spectral lines with particular
nuclides. It is performed by comparing the energy of each
peak from the peak table with the energies of gamma lines
of all nuclides in the library. The user specifies tolerance
parameters and a gamma reference library name, which
contains energies, gamma yield information and the

names of nuclides of interest. The identification library
should be modified for specialised application, in particu-
lar for environmental radioactivity analysis. The selection
algorithm gives a set of candidate nuclides. In this analy-
sis, a working matrix is formed. Rows correspond to
gamma peak energies and a column corresponds to a
nuclide which is accepted if its value of total confidence
index is higher than certain user definable threshold. The
elements of the working matrix are the fractions of gamma
emission per decay for the accepted nuclide, or otherwise
zero.

The working matrix is repeatedly rearranged into de-
termined or possibly overdetermined subsets. Each sub-
set may contain multiple peaks of a single nuclide as well
as gamma peaks from interfering nuclides (interference
matrix). In any case the activities of nuclides are solved
using the weighted linear squares method by minimising
the following expression
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where n – the number of photopeaks (rows) in the sub-
set, m – the number of nuclides (columns in interference
matrix), aij – the fraction of j-th nuclide decays yielding
i-th gamma peak, Yi – the respective intensity of i-th peak
from the peak table, Xj – the activity of j-th nuclide and
si – the variance of i-th peak intensity.

Those nuclides whose standard deviations of the so-
lution (Xj) are larger than the threshold or are negative
are deleted from the working matrix. The respective peaks
are moved to the list of unidentified peaks and activities
are solved again. The nuclides corresponding to undeter-
mined interference matrix are specially marked, since the
solution is not unique.

This method of activity analysis takes all lines associ-
ated with a particular nuclide into consideration, and the
interfering lines of different nuclides. It allows one to
determine the percentage of the peak area used for the
calculation of the particular nuclide activity. This infor-
mation is included in the peak association report. For each
identified nuclide the associated peak energy and the so-
called peak usage are calculated. For a particular peak
the total peak usage should be roughly 100%. Therefore,
this value additionally tests the multiplet deconvolution.

The additional concept that underlines the spectros-
copy application to activity measurement is the specific
behaviour of radioactivity series and concerns the rela-
tionship between the activities of different members of
the chain. In secular equilibrium the daughter activity is
equal to that of the parent. Due to numerous geochemi-
cal and geophysical processes occurring continuously in
nature, any nuclide with a long enough half-life may be
separated from its parent. However, secular equilibrium
is still likely to apply among certain subsets of nuclides in
the natural chain, because of the absence of long half-lives
within the subset. For this reason Murray and Aitken
(1982 and 1988) introduced to TL dating subsets of series
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reflecting the presumed potential for disequilibria. The
measurement of the activity of any subset member gives
the group activity. The activity calculated this way is as-
signed to the subset parent.

These subsets, along with the parent names and indi-
vidual gamma-emitters and some remarks (see column
Rem) concerning reasons for the build up of disequilib-
ria (s-water soluble complexes, c-deposition, v- gaseous
state) are shown in Table 1. Additional data taken from
Browne and Firestone (1986) relate to the gamma spec-
trum, namely: the total number of stronger gamma rays
(Lin Tot), the range of emission in keV, the energy and
gamma emission probability of the main gamma emission
line (keV and γ Eff%). Increasing number of spectral lines
used in Eq. (3.1) supports an accurate calculation of the
subset activity in comparison with the calculation for an
individual nuclide. It improves the precision of activity
calculation especially in the case of nuclides with minor
peaks (e.g. from I and VII group) and low activity (ac-
tinium series).

Since, for an increasing number of nuclides in the li-
brary the probability for incorrect identification also in-
creases, our libraries were optimised many times and se-
lected to provide the spectrum analysis for natural nu-
clides. At present, in the library NAT20.ilf for 23 nuclides
186 entries are extracted. The library MUR8 includes 11
nuclide subsets with 169 lines.

4. UNWANTED EFFECTS AND COMPONENTS OF THE
GAMMA-SPECTRUM

Several lines are usually deleted from the peak table
after the spectral peaks have been fitted. In particular,
the narrow region near 511 keV is excluded from our next
analysis. Hence, the 510.7 keV γ-rays of Tl-208Th and
509.0 keV (Bi-214U) are not considered. Also the single-
and double escape lines (SE and DE) related to the full-
energy peaks are removed from the peak fit table (e.g.
DE 1593 keV and SE 2104 keV from the generic 2615
keV emission of Tl-208Th). Moreover, in the lowest en-
ergy region of the spectrum a strong peak (24 keV) of
X-ray fluorescence in the shielding material is also ob-
served, but not analysed.

In the sample holder, such as Marinelli beaker, the
matrix absorption has to be considered since, especially
for g-ray energies below 100 keV, there are appreciable
absorption effects. However, no corrections have to be
applied if a sample is measured relative to the standard
of the same matrix and geometry. In such a case the self-
attenuation effects are fully described by the spectral de-
pendence of detector efficiency.

In the natural decay chain spectrum there are peaks
originating from gamma transitions in cascade. For nu-
clides emitting two or more photons in sequence, within
the spectrometer resolving time, coincidence summing

 Table 1. Simplified decay schemes, nuclide groups and selected data.
(Parent) Z Nuclide Lin Rem Range Main  Line
Group Tot [keV] [keV] γEff [%]

Uranium (37.3Bq/kg)
I 92 U-238U 2 s 13,  16 16.2 4.2

90 Th-234U 6 13 - 113 92.6 5.4

91 Pa-234mU 2 766,  1001 1001.0 0.7

II 92 U-234U 0 s - - -

III 90 Th-230U 1 c 68 67.7 0.4

IV 88 Ra-226U 2 83,  186 186.1 3.3

(Rn-222) 82 Pb-214U 18 v (Rn) 13 - 840 351.8 37.2
V 83 Bi-214U 40 79 - 2119 1764.0 15.9

VI 82 Pb-210U 3 c 13-47 46.5 4.1

Thorium (41Bq/kg)

(Th-232) 88 Ra-228Th 4 12 - 19 12.7 4.4
VII 89 Ac-228Th 30 13 - 1630 911.2 29.3

90 Th-228Th 4 12 - 84 84.3 1.2

88 Ra-224Th 1 241 240.8 3.9

(Rn-220) 82 Pb-212Th 9 v (Rn) 13 - 300 238.5 43.6
VIII 83 Bi-212Th 5 12 - 1621 727.2 6.7

81 Tl-208Th 7 br 36% 73 - 860 583.0 86.3

Actinium (1.7Bq/kg)

IX 92 U-235Ac 6 s 13 - 205 185.7 53.7
90 Th-231Ac 7 13 - 89 16.6 37.1

X 91 Pa-231Ac 8 c 13 - 330 300.0 2.4
90 Th-227Ac 12 12 - 330 235.9 11.3

XI 88 Ra-223Ac 12 14 - 338 269.4 13.6
86 Rn-219Ac 2 v 271,  402 271.1 9.9

82 Pb-211Ac 4 404 - 832 404.8 3.8

Potassium (310Bq/kg)

XII 19 K-40 1 1461 1460.8 10.7

γ Eff [%]
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Table 2. Peak fit table for typical quartz sample with nuclide and multiplet analysis.

c.d.È

No Ln
Mltp

[keV]
(exp)

ArCo
x.01

Gps
(exp)

Nat20
Nuclide

[%] Us
(exp)

Mur8
Subset Parent

[%] Us
(exp)

4 19.42 29 2.1 Ac-228Th 13.29 Th-232Th 13.91
Md Th-234U 2.67 U-238U 2.89

(Th-231Ac) - U-235Ac 1.23
7 27.35 22 0.3 Pa-231Ac 28.76 Pa-231Ac 13.65
8 39.89 15 <.1 Bi-212Th 109.00  Rn-220Th 94.44
9 46.58 158 0.5 Pb-210U 99.99 Pb-210U 100.02

*10 50.11 13 <.1 Th-227Ac 80.08 Pa-231Ac 92.05
11 53.26 35 0.1 Pb-214U 72.47 Rn-222U 68.99
12 63.34 161 0.4 Th-234U 87.16 U-238U 94.59
13 72.90 54 0.1 Tl-208Th 48.34 Rn-220Th 50.11
14 74.89 497 1.2 Pb-212Th 61.01 Rn-220Th 69.57

MA Tl-208Th 7.33
 Pb-214U 41.68 Rn-222U 39.68

15 77.15 723 1.7 Pb-212Th 68.29 Rn-220Th 69.39
MB  Pb-214U 46.87 Rn-222U 44.62
16 81.13 7 <.1 (Th-231Ac) - U-235Ac 19.42

Ra-223Ac 123.72  Ra-223Ac 122.70
17 84.25 91 0.2 Th-228Th 52.65  Th-232Th 44.76

MC Tl-208Th 17.48  Rn-220Th 18.12
Ra-226U 9.25   Ra-226U 11.39
Ra-223Ac 20.51  Ra-223Ac 20.34

(Th-231Ac) - U-235Ac 14.25
18 87.26 245 0.5 Pb-212Th 74.06  Rn-220Th 75.25

MD  Pb-214U 50.60 Rn-222U 48.17
19 89.99 142 0.3 Ac-228Th 67.44 Th-232Th 67.55
ME Pb-212Th 38.21 Rn-220Th 38.82

 Pb-214U 26.08 Rn-222U 32.27
 Bi-214U 7.28

(Th-231Ac) - U-235Ac 1.07
MF1   20 92.59 194 0.4  Th-234U 128.11 U-238U 139.03
MF2   21 93.34 129 0.3 Ac-228Th 111.89 Th-232Th 112.07

*22 94.68 21 <.1 Ra-223Ac 24.05 Ra-223Ac 23.86
23 99.49 26 <.1 Ac-228Th 135.41 Th-232Th 135.63

MG   24 105.42 26 <.1 Ac-228Th 199.11 Th-232Th 199.44
MH *25 108.99 10 <.1 Ac-228Th 175.20 Th-232Th 175.48

*26 112.90 8 <.1  Th-234U 63.50 U-238U 68.91
27 115.25 12 <.1 Pb-212Th 128.60 Rn-220Th 130.65
28 129.11 57 0.1 Ac-228Th 121.83 Th-232Th 122.03
29 143.95 28 <.1 U-235Ac 92.00  U-235Ac 75.70
MI Ra-223Ac 8.83  Ra-223Ac 8.76
30 154.09 25 <.1 Ac-228Th 69.31 Th-232Th 69.42
MJ Ra-223Ac 10.13  Ra-223Ac 10.05

*31 163.47 7 <.1 U-235Ac 92.71 U-235Ac 76.28
32 186.00 166 0.5 Ra-226U 42.61 Ra-226U 52.49

MK U-235Ac 57.40 U-235Ac 47.23
*33 205.26 11 <.1 U-235Ac 52.90 U-235Ac 43.53

34 209.32 74 0.2 Ac-228Th 92.51 Th-232Th 92.66
*35 235.95 17 <.1 Th-227Ac 66.42 Pa-231Ac 76.34

36 238.69 794 3.3 Pb-212Th 86.72 Rn-220Th 88.10
ML1 *37 241.09 79 0.3 Ra-224Th 100.00 Th-232Th 71.75
ML2   38 242.07 135 0.5 Pb-214U 92.90 Rn-222U 88.44

*39 256.09 4 <.1 Th-227Ac 143.00 Pa-231Ac 164.36
*40 258.90 9 <.1  Pb-214U 99.26 Rn-222U 94.50

MM1*41 269.36 10 <.1 Ra-223Ac 38.46 Ra-223Ac 38.15
MM2  42 270.30 54 0.2 Ac-228Th 92.02 Th-232Th 92.17
MM3*43 271.35 8 <.1 Rn-219Ac 109.70  Ra-223Ac 35.80

44 277.44 31 0.1 Tl-208Th 103.91  Rn-220Th 107.72
45 295.28 287 1.4 Pb-214U 96.03  Rn-222U 91.42
46 300.19 51 0.2 Pb-212Th 81.90  Rn-220Th 83.21

MN Pa-231Ac 9.19 Pa-231Ac 8.21
Th-227Ac 3.35

*47 302.49 4 <.1 Pa-231Ac 111.17 Pa-231Ac 51.45
48 328.06 38 0.2 Ac-228Th 99.19  Th-232Th 99.35

*49 330.23 2 <.1 Pa-231Ac 117.56  Pa-231Ac 171.09
MO Th-227Ac 100.40
*50 332.24 6 <.1 (Ac-228Th) ilf (Th-232Th) Ilf

51 338.37 146 0.8 Ac-228Th 89.90 Th-232Th 90.04
MP Ra-223Ac 0.44 Ra-223Ac 0.44
52 351.97 467 2.8 Pb-214U 96.74 Rn-222U 92.10
53 389.12 7 <.1 Bi-214U 63.98 Rn-222U 65.26

*54 401.69 5 <.1 Rn-219Ac 88.21 Ra-223Ac 28.79
*55 405.07 4 <.1 (Pb-211Ac) - Ra-223Ac 20.96

56 409.53 20 0.1 Ac-228Th 95.83 Th-232Th 95.99
57 463.06 39 0.3 Ac-228Th 94.53 Th-232Th 94.68
58 480.39 4 <.1 Pb-214U 80.35 Rn-222U 76.50
59 562.49 6 <.1 Ac-228Th 104.18 Th-232Th 104.35
60 583.25 215 2.0 Tl-208Th 99.73 Rn-220Th 103.38
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will occur. In particular, many cascade photons are emit-
ted in the decay of 214Pb, 214Bi from uranium and 208Tl from
thorium series, i.e. for multienergy gamma ray emitters,
which are very convenient for spectral analysis. The most
important result of cascade is the loss of counts from the
full energy peak (sum loss). The sum gain effect is strong
mainly because of crossover transitions. Procedures de-
veloped to correct the spectrum for this effect require
considerable experimental and numerical effort  (e.g.:
Debertin and Schötzig, 1979; Arnold et al., 2000 and Pi-
ton et al., 2000), despite the simplified procedures (de
Felice at al., 2000).

However, if any count is lost from one peak area due
to the summing effect of another in coincidence, then it
is likely that this process enriches the number of counts
in over-crossing line which belongs to the same nuclide.
Since the identification procedure calculates the isotope
activity using the least-squares best fit to all spectral data
corresponding to a particular nuclide therefore, at least
to some extent, the coincidence effects are averaged by
this routine procedure. Of course the above discussion
assumes that one analyses all of the contributing gamma
lines, not only the main peak.

In fact, the best solution to the problem of coincidence
summing corrections is to calibrate the detector with a
standard source of the nuclide dispersed in a matrix un-
der study. In that case, coincidence-summing effects need
not be considered (Debertin and Schötzig, 1979 and
Debertin and Helmer, 1988). For reasons mentioned
above, in what follows, we confine ourselves strictly to the
efficiency calibration procedure performed with a radio-
active ore diluted in quartz.

5. SPECTRAL COMPLEXITY. COMPOSED LINES

Spectra taken from environmental samples are very
complex. The low energy range of spectrum (15 - 100 keV)
shows the greatest complexity. In this region there are
spectral multiplets with a large height ratio among many
interfering components. Moreover, the low energy pho-
tons are of different origin, related to the X or gamma
isomeric transitions. The shape of an X-ray peak is dif-
ferent from that of a gamma due to different natural
widths. For these reasons the low energy spectral multip-
lets are especially difficult to resolve. However, the mixed
fitting mode allows some peaks to be inserted, shaped and

 Notes:
*  = inserted peak; ilf  = data not present in the library; (Th-231Ac) = unidentified nuclide (brackets)

61 609.38 329 3.2 Bi-214U 98.13 Rn-222U 100.10
62 665.64 10 0.1  Bi-214U 99.80 Rn-222U 101.80
63 727.36 46 0.5 Bi-212Th 96.62 Rn-220Th 83.72
64 755.38 6 <.1 Ac-228Th 117.42 Th-232Th 117.61

*65 763.39 4 <.1 Tl-208Th 81.11 Rn-220Th 84.08
*66 766.44 5 <.1 Pa-234mU 48.03 U-238U 20.52
MQ Pb-214U 9.68 Rn-222U 9.22

(Pb-211Ac) - Ra-223Ac 1.64
67 768.44 28 0.3 Bi-214U 98.15 Rn-222U 100.13
68 772.29 9 0.1 Ac-228Th 61.82 Th-232Th 61.92
69 785.82 11 0.1 Bi-212Th 61.66 Rn-220Th 53.42

MR  Pb-214U 57.30 Rn-222U 69.88
70 795.02 24 0.2 Ac-228Th 96.61 Th-232Th 96.77
71 806.32 6 <.1 Bi-214U 104.81 Rn-222U 106.92
72 835.82 7 <.1 Ac-228Th 120.88 Th-232Th 121.08

*73 840.03 6 <.1 Ac-228Th 79.67 Th-232Th 79.80
74 860.67 25 0.3 Tl-208Th 83.77 Rn-220Th 86.84
75 904.32 4 <.1 Ac-228Th 106.73 Th-232Th 106.90
76 911.32 136 1.8 Ac-228Th 101.00 Th-232Th 101.16
77 934.21 15 0.2 Bi-214U 104.67 Rn-222U 106.77

MS   78 964.88 26 0.4 Ac-228Th 96.78 Th-232Th 96.94
79 969.09 79 1.1 Ac-228Th 98.05 Th-232Th 98.21
80 1001.20 7 0.1 Pa-234mU 143.40 U-238U 61.28
81 1120.47 62 1.0 Bi-214U 108.23 Rn-222U 110.41
82 1155.27 7 0.1 Bi-214U 105.05 Rn-222U 107.16
83 1238.32 23 0.4 Bi-214U 98.80 Rn-222U 100.79
84 1281.20 7 0.1 Bi-214U 77.74 Rn-222U 79.30
85 1377.83 16 0.2 Bi-214U 91.16 Rn-222U 92.99
86 1385.77 3 <.1 Bi-214U 90.99 Rn-222U 92.82
87 1401.54 5 0.1 Bi-214U 91.87 Rn-222U 93.72
88 1408.21 8 0.1 Bi-214U 110.45 Rn-222U 112.67
89 1460.99 1380 28 K-40 100.00 K-40 100.00
90 1496.14 4 <.1 Ac-228Th 90.88 Th-232Th 91.03
91 1509.42 7 0.1 Bi-214U 104.55 Rn-222U 106.65
92 1538.89 2 <.1 Bi-214U 68.56 Rn-222U 69.94
93 1543.70 2 <.1 Bi-214U 63.59 Rn-222U 64.87
94 1588.34 10 0.2 Ac-228Th 111.01 Th-232Th 111.20
95 1620.98 4 <.1 Bi-212Th 123.14 Rn-220Th 106.69
96 1630.82 6 0.1 Ac-228Th 100.77 Th-232Th 100.93
97 1661.57 4 <.1 Bi-214U 93.36 Rn-222U 95.24
98 1729.75 10 0.2 Bi-214U 98.62 Rn-222U 100.60
99 1764.68 51 1.1 Bi-214U 100.63 Rn-222U 102.65

100 1847.63 7 0.1 Bi-214U 88.12 Rn-222U 89.89
101 2118.99 3 <.1 Bi-214U 86.58 Rn-222U 88.32
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fixed while other ones are floating during fit calculations.
Despite the automated methods included in Sampo90 the
user should verify the peak table for each multiplet re-
gion and frequently adjust it manually before accepting
results to a permanent record.

In order to specify multiplets, which are characteris-
tic for gamma spectra of natural radioactivity, the gamma
spectra for three types of samples (called Nat, Rad and
Thor) were measured and analysed. Because of different
activity the observed shapes of the composed peaks are
also different, therefore the deconvolution procedure is
substantially simplified. To test the isotope composition
related to the multiple peaks in a numerical way, funda-
mental data concerning gamma energy and efficiency
emission of natural nuclides were extracted from the
literature. Data were taken mainly from the Table of Ra-
dioactive Isotopes (Brown and Firestone, 1986). Using the
detector efficiency and nuclide activity it was possible to
simulate a count rates for different composed peaks to
confirm experimentally registered spectra (Oczkowski,
2001).

Table 2 shows the results of analysis performed for
gamma spectrum measured in our laboratory for a typi-
cal quartz sample (Kal3) from Kêpa Kujawska (this
sample is used as a reference sample to test the spectrom-
eter system stability. The multiplets (not “pure” lines) are
denoted here as: Md for the lowest energy region and MA,
MB,... MS for the remainder. In the experimental part of
the table the line numbers (NoLn), taken from the peak
fit report, are given together with the experimental peak
energy (keV) and total number of counts (ArCo – full
peak area). The measured gamma intensity (Gps) is the
result of dividing the peak area by the absolute detector
efficiency. The last columns show the nuclide and peak
usage values (in per cent) taken from the identification
and activity analysis report performed by Nat20 and Mur8
library, respectively. Three initial peaks are omitted since
the lowest region of spectrum is exceptionally sensitive
to the matrix and the radionuclide composition.

Despite the fact that the observed shapes and loca-
tion of composite peak depend on the concentration of
nuclides in a particular sample, the measured peak ener-
gies shown in Table 2, within less than 0.5 keV, are in agree-
ment with the known value for the reported nuclide. This
table is used as a comparative table in our routine analy-
sis of gamma spectrum of natural samples.

6. FINAL REMARKS

In routine spectral analysis some of the complex lines
are decomposed not only by the fitting algorithm but also
by the activity calculation procedure when the peak area
has contribution to more than one nuclide. In this case
one needs all of the emission probabilities of the gamma
rays associated with each nuclide that might contribute
to this line. Hence the peak table and nuclide library have
to be complete and consistent. Otherwise activity analy-
sis may be erroneous and sometimes it is even more ef-
fective to delete the composed peak from the table than
try to interpret it.
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Abstract: Abstract: Abstract: Abstract: Abstract: Information on most of natural phenomena can be obtained from time series of
direct and proxy data. The analysis of time series generated by natural dynamic systems is a
key element in interpreting geophysical and climatic information. Unfortunately, most of
available time series have gaps. When there are many gaps with irregular distribution, we do
not have any statistical tools for repairing the data. We suggest some approach to solve this
problem. It is based on modeling the missing data by small-dimensional manifolds and neu-
ral network technologies. In this approach we assume that data under consideration are a set
of n-dimensional vectors, which are produced by dynamical system. These vectors model n-
dimensional attractor in embedding space. Gaps in the vectors are represented as a linear
manifold L of some dimension. The method idea is to model L by another small-dimensional
manifold, e.g. a curve. Neural networks are used to find this manifold. We verify the method
on real time series data: sunspot numbers, the radiocarbon content in tree rings, the 10Be in
ice cores, the width of tree rings and so on.
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1. INTRODUCTION

By the present time large experimental data about geo-
physical, astrophysical, biological phenomena are accu-
mulated. These data are represented in the form of time
series. The objective of this data analysis is to describe
and to elucidate the nature of underlying physical pro-
cesses producing these time series. Information carried
in a time series is frequently a superposition of different
natural processes with different scales of coherence or
memory. Besides, records are often contaminated with
noise. All these factors lead to complex nonlinear and
non-stationary structure of the data. For time series pro-
duced by chaotic dynamic systems of small dimension,
there are certain quantities, e.g. attractor dimension or
Lyapunov exponents, which can be obtained with the help
of modern topology tools (Sauer, Yorke and Casdagli,
1991). These quantities are of special interest, because
they characterize intuitively useful concepts of underly-
ing physical systems, e.g. number of active degrees or its
predictability. However, in order to apply this technique
one should have quite long and equidistant data. Practi-
cally, available time series have short length, part of them
can be lost, and these series are non-equidistant. This fact
is a substantial obstacle for obtaining reliable results.
Traditional methods of gaps recovering are not effective
for non-stationary and nonlinear time series (Little and
Rubin, 1987). We suggest an approach to solve the prob-
lem of recovering the missing data based on chaotic

dynamics methods and neuromathematics (Danilkina,
Kuandykov and Makarenko, 2001; Dergachev et al., 2001).
The paper structure is as follows. In section 1 we recall
some ideas of algorithmic data modeling. In section 2 the
method of data recovering is described. In section 3 we
give the results of the method application to real data.

2. ALGORITHMIC MODELING OF DATA TABLE

To explain the main idea, let us begin with the table
structure. Let us have original data as discrete finite time

series { }N
iix 1= . Assume that this series is nonlinear pro-

jection of an orbit of some unknown dissipative dynamic
system onto an arbitrary direction. Also this dynamic sys-
tem is supposed to have an attractor of finite dimension
d in its phase space. In other words, the orbits are attracted
to some compact small-dimensional region as t → ∞.
Then under some considerations one can reconstruct this
system attractor copy as topological embedding the time
series to Euclid space of an appropriate dimension
m ≥ 2d + 1  (Sauer, Yorke and Casdagli, 1991).

Dynamics of the unknown system in this space is a map
of shift of m-dimensional vectors:

( ) ( )1 1 1 2, ,..., , ,...,i i i m i i i mx x x x x x+ + − + + +→  .

Such a shifts sequence forms an orbit of our model which
is the true attractor copy. It is known that this copy typi-
cally preserves all dynamical invariant (attractor dimen-

GEOCHRONOMETRIA Vol. 20, pp 45-50, 2001 – Journal on Methods and Applications of Absolute Chronology
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sion, Lyapunov exponents etc.) of the real system up to
continuos nonlinear maps (diffeomorphisms) (Sauer,
Yorke and Casdagli, 1991; Eckmann and Ruelle, 1985).

As long as we do not know the embedding dimension
m, one should try to test dimensions m = 2,3,... For each
of test dimensions one should construct a copy of m-di-
mensional attractor and to obtain some measure estima-
tion of it. This measure can be as follows: number of
nonempty cubes, necessary for covering all the points of
the attractor, or number of ε-close pairs of vectors. These
measures change with m. But as we reach the correct value
of m, the measure is stabilized. The simplest way to de-
termine m is the false neighbor method (Kennel, Brown,
and Abarbanel, 1992). For each point of the attractor copy
in Rm let us determine ε-neighborhood, which contains e-
close points. When m increases, some part of these neigh-
bors are found to be false – they leave the ε-neighborhood
when we go to m + 1. Then the true dimension m is that,
for which the number of false neighbors does not change
for m + 1.

If the time series has missed values, then one can use
long fragments of the series without gaps for these pro-
cedures. If we do not have such fragments, one can tem-
porarily substitute the missed values for mean values be-
cause the attractor copy is reconstructed only up to
diffeomorphism. So, suppose that we have determined the
dimension m.

Let us construct a table of data where each row is m-
dimensional vector of the attractor copy. A sequence of
the rows is a sequence of points of our model orbit. Then
in the table an absent diagonal corresponds to each missed
value. For example, for m = 5 and x4 missed, we have the
table

where φ indicates the missed data. Let us further denote

such a table as a matrix ( )ija=A .

3. THE METHOD OF DATA RECOVERING

Let some of the rows have k<m gaps. The gaps of the
vector are considered as k-dimensional linear manifold
Lx parallel to k coordinate axes. Thus, initial data are fig-
ured as a set of the points and the gaps – linear manifolds
of space Rm. The problem of gaps recovering comes to
a search of some manifold M of a given small dimension,
which approximates the data in the best way (Gorban,
Rossiev and Wunsch, 2000). For complete vectors of data
the accuracy of approximation is defined as an ordinary
distance from a point to M (lower bound of the distances
to the set points). For incomplete rows the minimum of
all distances between the points of the sets M and Lx
is used.

The method has three versions: linear, quasi-linear and
nonlinear (Eckmann and Ruelle, 1985; Gorban, Rossiev
and Wunsch, 2000). They differ in the way of construc-
tion of the manifold M. In the linear method the data
are modeling by a linear manifolds sequence of small
dimension. That is the initial matrix A is approximated
by the sequence of the matrices P1 , P2 , …, Pq of a form
{zi yj + bi}, where yi and bi – components of some vectors,
q is a number of factors. For the matrix A one looks for
the best approximation by the matrix P1. Analogously, for
the matrix A-P1 the approximation P2 is looked for and so
on. The stopping criterion is sufficient approximation to
zero of the matrix elements calculated at every iteration.
As a result we obtain a singular expansion of the matrix
A presented by the sum of matrices A = P1 + P2 +...+Pq.
Q-factor gaps recovering lies in their finding from the sum
of the obtained matrices Pi , i = 1, 2, …, q. Q-factor „re-
pair” of the matrix A is its replacement by the sum of the
matrices Pi , i = 1, 2, …, q.

Geometrical interpretation of the linear (a) and quasi-
linear (b) models in R3 are presented in Fig. 1. Let one of
the rows of the matrix A look like a {φ, φ, x3} then the
plane Lk can be formally represented as a scheme
{•, •, x3}, where bold dots indicate any values from R.
So Lk passes through the point {0, 0, x3} and it is parallel
to the plane formed by the axes x1 and x2. In the case of
the linear model initial set of points is modeled by mani-
fold y, which is a sloping plane, approximating the known
data in the best way (vectors z are a collection of projec-
tions of the initial data onto y ≡  M). The intersection
Lk ∩ M in the course of successive approximation gives
the recovered value. In the case of the quasi-linear model
(b) a curve f (t) is constructed instead of the sloping plane.
The f (t) must be a nonlinear piecewise smooth function.

The recovered value is a point of intersection f (t) ∩ Lk.
As indicated in the picture, the quasi-linear model is

similar to the linear model, except inputting the certain
vector-function f (t) only. So, at first, the linear model is
constructed and thereafter the vector-function f (t)  mini-
mizing the functional Φ is found.

( )( )
2

2

ij

ij j ik k
i,j k

a

a f a y f t d t
+∞

−∞
≠∅

   ′′Φ = − + α  
  

∑ ∑ ∫ ,

where α > 0  is a smoothing parameter.
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Fig.1. Geometrical interpretation of the linear model (a) and
the quasi-linear (b) model.
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In the nonlinear variant of the method the data are
modeled by self-organizing curves (Gorban, Rossiev and
Wunsch, 2000). Practical realization of the method is a
neural package Famaster-2 made in the Computing Mod-
eling Institute (Krasnoyarsk, Russian) by (Gorban and
Rossiev, 2000).

4. EXPERIMENTAL RESULTS

Below are given the results of recovering gaps in dif-
ferent time series. For all cases the optimal value of em-
bedding dimension was defined by false neighbor method
(Kennel, Brown and Abarbanel, 1992).

Diagnostics of the method was performed in the fol-
lowing way: at the beginning for the initial time series the
embedding dimension was determined and then the table
was constructed. Then a part of the data (5-50%) was
randomly deleted and subsequently the recovering of the
data was performed. As long as the diagonal in the table
corresponds to one missed value, the mean value of the
diagonal as the most plausible estimation was used. Dif-
ferent time series were used for the experiments.

Example 1: the 10Be concentration time series. Fig. 2
and Table 1 show the results obtained for the cosmogenic
isotope 10Be time series (Beer et al., 1994). It should be
emphasized that the initial time series has 5% of real gaps.

Before the procedure of recovering data, we randomly
deleted 5% of the points (in addition to real ones) to test
the degree of certainty of quasi-linear model operation.
The averaged diagonal values in the table were used to
close the gaps. The table was constructed in accordance
with the dimension of embedding m = 6, i.e. the number
of columns was also 6.

Example 2: tree rings time series. Fig. 3 shows the
results of recovering values of the Juniperus turkestanica
tree rings on the upper boundary of forest (Lovelius, 1997)
during a period of 1163-1970 years. From the initial time
series including 808 point about 10% of points were ran-
domly deleted. The recovering was carried out by the
SOC-model (self-organizing curves) with m = 7.

Fig. 2. The results of recovering missed points (10%) in a part
of initial time series of the 10Be concentration in time interval
1428-1985 years by the quasi-linear model and m = 6.

Actual
values

Recovered
real Test Actual

values
Recovered
real Test

0.6600 - 0.6706 - 0.8986 -
- 0.7598 - - 1.1757 -
0.4100 - 0.4499 0.8361 -
1.0300 - 1.0174 - 1.1031 -
0.5700 - 0.8447 - 1.1549 -
- 0.7395 - - 1.2067 -
1.1400 - 0.9658 - 0.8561 -
- 1.0032 - - 0.9921 -
- 1.0306 - - 0.8970 -
- 1.1845 - 2.0795 - 0.8894
1.1900 - 1.1234 0.8233 - 0.7381
0.7800 - 0.7700 - 1.3028 -
- 0.8632 - - 1.1884 -
0.6059 - 0.8338 1.1981 - 0.7462
1.5635 - 1.2474 0.6988 - 1.1613
1.0898 - 0.9918 1.5633 - 1.4373
- 0.9672 - 1.3255 - 1.2029
0.6863 - 0.9945 0.7189 - 0.7108
- 0.9167 - 0.8711 - 1.1416
0.4602 - 0.7127 - 1.4030 -
- 0.9368 - - 1.3692 -
- 1.5939 - - 1.2878 -
- 1.6752 - - 1.4084 -
- 1.2345 - - 1.3010 -
0.9017 - 1.0120 - 1.1316 -
- 1.0097 - - 1.2200 -

Table 1. The recovering of missed values in the time series
of the 10Be concentration. In the left columns there are actual
values, some of them are absent, in the middle ones –
recovered values of the absent data, the right columns contain
recovered values which were eliminated by hand.

Fig. 3. The results of recovering data in the time series of
tree-ring width after deleting ~10% points using the SOC-
model with m = 7.
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Example 3: The Caspian Sea level data. The annual
data of the Caspian Sea level (Sadykov et al. 1995) were
used with m = 6 and SOC model. Approximately 10% of
points were randomly eliminated. The results of the re-
covering data on the time interval 1830-1999 years are
shown in Table 2 and Fig. 4.

Table 2. The results of estimation of the recovering values
of data indicated by circles in Fig. 4.

Gap’s
number

Real
value

Recovered
value

Gap’s
number

Real
value

Recovered
value

14 -26.30 -26.2 99 -26.11 -26.11
15 -26.22 -26.19 107 -26.78 -26.81
23 -26.27 -26.29 108 -26.99 -27.06
29 -26.4 -26.37 126 -28.36 -28.36
52 -25.51 -25.64 128 -28.38 -28.34
53 -25.4 -25.46 135 -28.37 -28.39
55 -25.71 -25.71 144 -28.6 -28.64
73 -25.87 -25.79 149 -28.95 -28.85
84 -26.34 -26.27 152 -28.25 -28.25
85 -25.23 -25.87 156 -27.96 -27.97
86 -25.99 -25.95 161 -27.53 -27.46
95 -26.45 -26.45 166 -26.2 -26.66

Fig.4. The results of modeling the Caspian Sea level changes
during time interval 1830-1999 years.

Let us denote, that using the method described above
the time series of annual data could be extended to the
past, before 1830 year, on the base of available non-equi-
distant data, which are used only after aggregation in 3 or
5 years data.

Example 4: radiocarbon concentration time series.
Here we increased the number of deleted points. Fig. 5
shows the results of recovering 30% of the points in the
time series of the radiocarbon concentration in the Earth’s
atmosphere over time interval from 5995 BC to AD 10
(Stuiver and Becker, 1993).

Example 5: annual Wolf number index. About 50%
of points were randomly deleted from the time series of
the number of sunspots. Fig. 6 shows the results of gaps
recovering with SOC model and m = 6.

5. CONCLUSIONS

Numerical experiments on different time series have
shown an effectiveness of the proposed method. It should
be emphasized that a) this method gives only the most
plausible values, not the most probable, because there was
not made any assumption about the underlying statistics
and this method is found on the Anzatz-hypothesis; b) it
is successful only when the table is constructed according
to Takens algorithm (Sauer et al., 1991). However, if num-
ber of gaps is significant, and their distribution is irregu-
lar, other methods are not applicable at all. Our tests have
demonstrated that the approach described above can be
successfully applied to historical data preprocessing.
Besides, it is irreplaceable for data repair, i.e. correcting
values, which raise doubts for some reasons.
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Fig. 5. The results of recovering gaps in the 14C concentration
after deleting 30% points in the initial time series with the quasi-
linear model and m = 7.

Fig.6. Modeling gaps in annual Wolf numbers after deleting
50% of points. A fragment for the period 1820-1950 is given.
SOC model, m = 6.
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Abstract: Abstract: Abstract: Abstract: Abstract: Archaeological excavations led in Wroc³aw and Lubsko in the last few summer
seasons yielded large amounts of pine (Pinus sylvestris L.) timbers. This rich material was used
in tree-ring studies aimed at construction of a pine standard for south-western Poland. The
research resulted in four absolutely dated local chronologies. For Lubsko two chronologies
covering two different time intervals were established; 2LUBSZ for the years 1254-1376 AD,
and the younger 2LUBSA for the years 1721-1848 AD. Timbers from Wroc³aw also allowed
for construction of two local chronologies: the mediaeval 2WX1A spanning 254 years
(1080-1333 AD), and the younger 2WRZ1 covering the period 1665-1831 AD. The produced
chronologies were used for dating samples taken from mediaeval and modern wooden con-
structions from Lubsko and from the Old City of Wroc³aw.
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1. INTRODUCTION

Dendrochronological analysis, of which the main aim
is absolute dating of timbers, is also applied in such
branches of science like e.g. history of art and architec-
ture or archaeology. Accurate and reliable dating of con-
struction timbers allows for conclusions on the chrono-
logy of wooden objects; phases of repairing, reconstruction,
development or renovations. Dating of archaeological
artefacts and palaphites yields data on development of
settlement cultures in a given site, enables determination
of phases of prosperity and stagnation of the community
studied, and facilitates archaeological stratigraphy
(Baillie, 1982; Schweingruber, 1983; Billamboz, 1992).
Dating possibilities principally depend on time extent of
absolute tree-ring chronologies established for a given tree
species growing in a given area, strength of the dendro-
chronological signal, and the state of development of the
research. First steps of construction of a standard consist
in producing object and site chronologies. At this stage
of the research dating possibilities are limited to timbers
coming from the very neighbourhood. Correlation of over-
lapping object and site chronologies leads to establishing
of local chronologies for a given area, of significantly
higher dating potential due to elimination of individual
reactions of trees and simultaneous amplification of com-
mon reactions (Delorme, 1973). Depending on individual
variability within a given tree species for which the stan-
dard is being constructed, correlation of synchronous ob-
ject and site chronologies is higher or lower (Zielski, 1997).

In European dendrochronology the most researched
species is undoubtedly Quercus sp., because of consider-
able length of life of individual trees, undisturbed, regu-
lar growth sequences, as well as common occurrence from
early historic to present times. Due to these values of oak
the biggest number of tree-ring chronologies, including
the longest standards in Europe (Leuschner and Delorme,
1988; Spurk et al., 1998), were produced for this species.

Among conifers the most suitable species for dendro-
chronology, which does not present considerable difficul-
ties at the research, is fir (Abies alba), characterised by
strong dendrochronological signal of large geographical
extent (Becker and Giertz-Siebenlist, 1970). Pine (Pinus
sylvestris L.) is a taxon considered to be rather difficult
for dendrochronological studies. Especially in the area
of the East-European Lowland, including Poland,
pine displays large variability of individual trees, brought
about by diversity of environments it occurs in, which
favours development of numerous forms and varieties
within the species (Tomanek, 1987; Mejnartowicz, 1993).
Additional difficulty in dendrochronological studies on
pine is presented by quite frequently observed missing
rings or presence of double rings caused by unfavourable
biotic and/or abiotic conditions during the vegetation sea-
son. Missing rings as well as presence of one or even more
apparent growth rings may result in miscellaneous se-
quences of annual growths. Moreover, high ecological
tolerance of pine leading to its common occurrence in
diversified environments is reflected in quite often ob-
served irregular width of growth rings, e.g. narrow inner

GEOCHRONOMETRIA Vol. 20, pp 51-56, 2001 – Journal on Methods and Applications of Absolute Chronology



52

Dendrochronological studies on construction of pine (Pinus sylvestris L.)

rings or diversified width in various zones along the mea-
sured circumference. As a consequence the identification
of synchronous sequences is more difficult. Weakly legi-
ble dendrochronological signal in the early stage of com-
piling the chronology brings about growing difficulties
during further research.

Because of the above presented and some other rea-
sons only one thousand-year pine standard of regional
extent for the area of northern Poland, covering the years
1106-1991 AD (Zielski, 1997), has been so far produced
in Poland. In 1996 in the Tree-Ring Laboratory of the
University of Mining and Metallurgy in Cracow construc-
tion of a pine chronology for the area of Ma³opolska was
attempted. Two years of research resulted in producing
375-year standard, covering the period 1622-1996 AD
(Szychowska-Kr¹piec, 1997). This standard was based on
timbers sampled from architectural objects from
Jêdrzejów and Cracow as well as from shaft timbering
from the Bochnia salt mine. The starting point of the chro-
nology were pines growing in the Niepo³omice Forest and
in the vicinity of Nowy Targ. Cross-dating of successively
older site chronologies extended it back in time to 1622
AD. As well-preserved pine timbers in seventeenth-cen-
tury and older constructions or in archaeological sites in
Ma³opolska are very rare, further attempts to extend the
standard were so far unsuccessful.

The two above mentioned pine chronologies are in-
appropriate for dating of pine wood from other areas of
Poland, e.g. from south-western regions. Therefore, con-
struction of such a standard for SW Poland has been at-
tempted. The task was favoured by large amounts of pine
wood explored during archaeological excavations led in
towns of SW Poland, among others in Wroc³aw and
Lubsko. The presented results are only an initial phase
of compiling a tree-ring standard of regional extent. The
produced local chronologies have been absolutely dated
by teleconnection with absolute standards for Germany
(Heußner, 1996) and northern Poland (Zielski, 1992).

2. MATERIALS AND METHODS

Timber samples for analyses were taken during ar-
chaeological excavations led in the area of mediaeval
Wroc³aw in the years 1996-2000 as well as in Lubsko
(voivodeship Lubuskie).

 Archaeological studies led in the last few summer
seasons within the Old City of Wroc³aw were directed by
A. Limisiewicz from the company AKME. During the
excavations huge amounts of timbers of various species
were explored, quite a number of them, around 300
samples, representing pine (Pinus sylvestris L.). The tim-
bers were in various states, but generally quite well pre-
served, with visible limits between annual growth rings.
These were fragments of beams, radial planks, and stakes
of various dimensions, from a few to several tens of
centimetres.

Timbers from Lubsko originated from archaeological
excavations directed by Alina Jaszewska MSc from the
Archaeological and Conservatory Laboratory in ̄ ary and
led in several trenches within the area of the town in 1998

and 1999. Over 100 samples taken (mostly slices, a few
centimetre thick) of the explored timbers represented
various tree species. Most of them were conifers; 82
samples represented pine (Pinus sylvestris) and one sample
spruce (Picea abies). Oak (Quercus sp.) prevailed among
deciduous trees, a few samples were of alder (Alnus sp.),
ash (Fraxinus sp.), and willow (Salix sp.).

 The research was performed at the Tree-Ring Labo-
ratory of the Department of Stratigraphy and Regional
Geology, University of Mining and Metallurgy in Cracow.
After the initial procedure of cutting several centimetres
thick slices from samples containing over 25 growth rings
and cleaning their surfaces of transversal cross-sections
with a sharp knife the samples were measured with 0.01
mm accuracy on a special measurement device linked with
PC. At measurements of samples containing zones with
very narrow growth rings the colorant Phloroglucin-
Salzsäure was used. Due to its different absorption by
vessels of earlywood and latewood the ring borders were
more distinct which facilitated their identification. The
measurements, averaging, and correlation of annual
growth patterns were carried out with a set of computer
programs TREE-RINGS (Krawczyk and Kr¹piec, 1995).

Based on the measured growth rings, individual pat-
terns were established for each sample, which in turn were
mutually synchronised with the computer program
PROT_1A. Similarity of the produced patterns was evalu-
ated with two statistical values: modified value of the
Student’s test t (Baillie and Pilcher, 1973) and the
Pearson’s coefficient of linear correlation r. When their
values were high enough and shapes of synchronous indi-
vidual patterns consistent, site chronologies could be pro-
duced. The correctness of this procedure was checked with
the program COFECHA (Holmes, 1994). Absolute dat-
ing of floating chronologies was attempted against abso-
lute regional standards for neighbouring areas: central
Germany and northern Poland.

3. RESULTS

Abundant materials turned out yet during the mea-
surements to be too diversified as for the usefulness in
dendrochronological analysis. Around 30% of all in-
spected samples contained relatively small number of
annual growth rings; between 25 and a little over thirty.
Such an amount of growth rings is seldom sufficient for
absolute dating and compiling a chronology, especially in
the case of such variable species as common pine. More-
over, it turned out that at numerous samples annual
growths were very irregularly developed, i.e. innermost
or outermost parts of the examined sections consisted of
a number of extremely narrow rings. In addition, at some
of the analysed samples the phenomenon of missing rings
was recognised and they had to be excluded from further
analysis. Quite often the sections of the analysed samples
displayed zones with irregularly, deconcentrically devel-
oped rings with a reaction wood. Such samples were also
excluded from further analysis.

After selection of undisturbed growth sequences, sepa-
rately for each town, they were visually matched and com-
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puter correlated in order to distinguish synchronous
samples. As a result four chronologies were compiled for
two areas: Lubsko and Wroc³aw.

Lubsko
As a result of visual matching of synchronised growth

sequences and calculating of statistical parameters two
chronologies were constructed: 2LUBSZ and 2LUBSA.

The chronology 2LUBSZ is based on 13 samples, con-
taining from 37 to 88 growth rings (Fig. 1). They repre-
sent timbers explored during archaeological excavations
led in the area of the town:

l old road – (ditches Ic and Id, stratigraphical unit 8
– 2LUBS5, 11, 44, 48, 36, 73, 35)

l vestiges of wooden structures – ditch VII
(2LUBS39 and 18), object 24 – higher layers (2LUBS47),
and object 27 – mechanical layer Z3 (2LUBS54 and 71).

Five samples contained completely developed se-
quences of annual growths (2LUBS5, 47, 54, 48, and 73).
Similarity of individual patterns with the established chro-
nology is between t = 4.90 and t = 10.70. The chronology
was absolutely dated against the German standard span-
ning the years 924-1921 AD. Consistent shapes of the
curves and high values of the statistical parameters (t =
6.25, r = 0.50) enabled to fix the beginning of the chro-
nology 2LUBSZ to 1254 AD and its end to 1376 AD.

The second chronology 2LUBSA was based on five
samples representing timbers explored from the layer
VIIIe, object 36, from the eastern and western parts.
These samples contained relatively long growth patterns,
between 113 and 128 rings, and all of them retained the
outermost sapwood rings. Correlation of individual pat-
terns with the established chronology is from r = 0.53 to
r = 0.80, whereas t value is between 6.64 and 14.54.

Fig. 1. Dendrochronological dating of sequences building the local chronology 2LUBSZ.

Fig. 2. Dendrochronological dating of sequences building the local chronology 2LUBSA.
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The produced 128-year chronology was correlated with
the standard pattern for Brandenburgia (Heßner, 1996).
The similarity of both patterns amounts to t = 5.3, and
for the indexed sequences, amplifying short-time changes
which reflect climatic conditions, it is even higher (t = 7.1).
The obtained values as well as consistent shapes of both
curves enabled dating the chronology 2LUBSA to 1721-
1848 AD (Fig. 2).

Wroc³aw
Two local chronologies (2WX1A and 2WRZ1A) were

constructed for Wroc³aw. Comparison of them revealed
that they are not synchronous.

The 254-year chronology 2WX1A was based on seven
samples representing wood explored during excavations
led at Rynek in different trenches. Two samples 2WR363
and 367 came from the trench no 6 from the same object
(no 2), but its different levels (2WR363 from level 3 and
2WR367 from level 4), the sample 2WR357 represented
wood from an old market stall, the sample 2WR649 was
taken from the radial plank D1 from the trench XII, and
the sample 2WR654 from the object no 7 (hotel). The
youngest in the produced chronology is the sample
2WR366, taken at Rynek, from the beam B2, the object
no 7. The analysed samples contained from 38 to 113
growth rings. The similarity of individual ring patterns with
the produced chronology, expressed with the value t,
is from t = 6.65 to t = 21.71, whereas the correlation

expressed by the coefficient r is between 0.59 and 0,91.
It should be noted that the first 100 years of the chronol-
ogy 2WX1A is defined by only one sample (2WR386),
the next 100 years is based on five samples, and the last
70 years is also entirely based on one sample 2WR366.

An attempt of absolute dating of this chronology by
teleconnection with the standard chronologies for north-
ern Poland and Germany showed certain similarity of the
2WX1A with the German standard (t = 3.41). Higher
similarity was observed at its comparison with the local
curve 2LUBSZ (t = 3.79, r = 0.4). These statistical indi-
cations were confirmed by visual comparison of both pat-
terns, which allowed to assume that the local curve
2WX1A covers the years 1080-1333 AD (Fig. 3).

The second Wroc³aw chronology, 167-year 2WRZ1,
is based on six samples containing from 87 to 136 growth
rings. The samples represent timbers explored during
archaeological excavations at Nowy Targ (sewage trench
– 2WR887, 884, 886 and 911) and at the junction of the
streets Piaskowa and Nankiera from the trench 3h (for
light – sample 2WR898 and for waterworks – 2WR891).
Four samples contained total sapwood (2WR891, 898, 886
and 884) and the sample 2WR891 retained bark as well.
Similarity of individual ring patterns with the produced
chronology is high, t value being between 6.82 and 16.13.
The chronology 2WRZ1 was correlated with standards
for neighbouring areas: northern Poland and Germany.
Its similarity with the standard for N Poland is t = 6.67,

Fig. 4. Dendrochronological dating of sequences building the local chronology 2WRZ1.

Fig. 3. Dendrochronological dating of sequences building the local chronology 2WX1A.
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correlation coefficient amounts to r = 0.46, teleconnection
with the German standard provided similar values
(t = 5.05, r = 0.37). Visual matching of the analysed curves
confirmed their consistence and allowed for absolute
dating of the chronology 2WRZ1 to the years 1665-1831
AD (Fig. 4).

4. CONCLUSIONS

1. Dendrochronological studies of archaeological
samples of pine timbers from Wroc³aw and Lubsko re-
sulted in construction of four local chronologies, ab-
solutely dated against absolute regional standards
from neighbouring areas. These first pine master pat-
terns for south-western Poland make the beginning of
construction of a pine regional standard.

2. The constructed chronologies define the following
time intervals: 2LUBSZ 1254-1376 AD, 2LUBSA
1721-1848 AD, 2WX1A 1080-1333 AD and 2WRZ1
1665- 1831 AD.

3. The produced chronologies enabled absolute dating
of archaeological samples from Lubsko and Wroc³aw.
32 samples representing pine timbers from, among
others, mediaeval wooden structures from Lubsko
were dated against the chronologies 2LUBSA and
2LUBSZ. The Wroc³aw chronologies enabled dating
of timbers explored from the Old City (Polish Square
ASP, Dominikañski Square, 32 Purkyniego St. and 5
Garncarska St.) to the second half of the 13th century.
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Abstract: Abstract: Abstract: Abstract: Abstract: The paper presents results of the research on extension of the dendrochronologi-
cal standard for fir (Abies alba Mill.) from the area of southern Poland. 893-year master chrono-
logy, constructed in 1999, covered the period 1106-1998 AD. Mediaeval timbers coming from
archaeological excavations located in the area of the Old City of Wroc³aw and wood samples
from architectural objects from the centre of Œwidnica were used for construction of the
LOWER SILESIA regional standard, spanning 250 years from 1054 to 1303 AD. High corre-
lation and homogeneity of the elaborated standard with the southern Poland chronology, to-
gether with almost 200 years of overlapping of both, enabled 53-year extension back in time,
to the year 1054. This way the southern Poland fir chronology became the fourth longest fir
dendrochronological standard in Europe.
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1. INTRODUCTION

The dendrochronological method is one of the most
precise methods of absolute dating of objects from the
last 10,000 years; the accuracy of dating being exactly one
year. The dating is performed against a dendrochrono-
logical standard established for a given tree species from
a determined area. The longer the standard, the larger
are possibilities of dendrochronological dating. Actually
the longest European standard is the German chronol-
ogy for subfossil oaks (Becker, 1993). In Poland such a
long standard has not yet been defined, but the research
has been being continued on construction of the Holocene
oak chronology for the area of southern Poland (Kr¹piec,
in print). Studies on construction of long absolute stan-
dards in Poland are focused not only on oak but on coni-
ferous tree species as well. Almost thousand-years-long
pine (Pinus sylvestris) chronology, spanning the period
1106-1991 AD, was constructed for northern Poland
(Zielski, 1997). The second almost thousand-year-long
standard produced in Poland for a coniferous tree spe-
cies is the fir chronology covering years 1106-1998 AD,
produced from 29 local chronologies which in turn were
based on 410 samples of timbers coming from living trees
and historical wood, representing architectural objects
(churches, an orthodox church, old buildings etc.), ar-
chaeological findings and wooden shafts from the
Wieliczka Salt Mine (Szychowska-Kr¹piec, 2000). This
standard enables dating of fir timbers from all over south-
ern Poland. Apart from the first 80 years (fir timbers from

that period were scarce) the chronology is multiple repli-
cated (between 10 and 80 samples) and characterised by
strong dendrochronological signal. The presented medi-
aeval Lower Silesia standard extends the southern Poland
chronology to the middle of the eleventh century and
broadens its replication in the twelfth century.

2. MATERIAL AND METHODS

The material for studies were fir timbers coming from
archaeological excavations led in Wroc³aw and from
architectural objects from Œwidnica, sampled in the years
1996-2000.

In Wroc³aw huge amounts of timbers, mostly of oak
and pine and only scarcely of fir (a few pieces each sea-
son of works), were explored within the area of the Old
City, in the vicinity of the Kie³baœnicza, O³awska, Nowy
Targ, and Rynek streets. Somewhat higher number of fir
timbers (11 samples) were encountered only in the last
year of the excavations, season 1999/2000, during the ar-
chaeological works preceding the construction of heating,
sewage and light installations along the street Nowy Targ.

In Œwidnica timber samples were taken from architec-
tural objects situated at Rynek and the adjacent streets
(the area between the Bohaterów Getta, Teatralna,
Mennicka, and Pu³askiego streets). These were mainly
case planks, more rarely various beams.

Whole set of the collected samples was analysed in the
Tree-Ring Laboratory of the Department of Stratigraphy
and Regional Geology, University of Mining and
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Metallurgy in Cracow. After preliminary standard proce-
dure of preparation of samples for dendrochronological
analysis they were measured with 0.01 mm accuracy with
the measurement apparatus enabling computer registra-
tion and analysis of the results with the program TREE-
RINGS (Krawczyk and Kr¹piec, 1995). Based on the
measured widths of the annual growth rings of a given
sample individual ring patterns were established. Simila-
rity and correlation of the produced patterns were evalu-
ated with two statistical values: the modified value of the
Student’s t test (Baillie and Pilcher, 1973) and the
Pearson’s linear correlation coefficient r. The correctness
of the standard construction and the degree of its ho-
mogeneity were checked with the program COFECHA
(Holmes, 1994).

3. RESULTS

Lower Silesia standard
Visual comparison of synchronised growth patterns

defined with respective statistical values resulted in con-
struction of absolutely dated regional LOWER SILESIA
standard, spanning 250 years from 1054 to 1303 AD. It
consisted of 15 samples: 11 from Wroc³aw and 4 from
Œwidnica (Fig. 1). The samples contained various num-
bers of annual growth rings, between 171 (2SWD9) and
41 (2SWD8). The values expressing correlation of indi-
vidual samples with the standard pattern are presented
in Table 1. The value t is between t = 12.92 and t = 6.26,
whereas the value of Pearson’s linear correlation coeffi-
cient r is within the range 0.51-0.87. Taking into account
that for a pair of correlated sequences t value is over 3.5
and the correlation coefficient is streaming to 1, the ob-
tained values indicate high homogeneity of the produced
standard. The other parameters: standard deviation,
autocorrelation and the mean sensitivity also support this

conclusion. The first order autocorrelation, i.e. the cor-
relation of a standardised sequence of growth sequences
with the same pattern shifted one year is within the limits
of 0.579-0.910, whereas the average sensitivity defining
the degree of diversification between two succeeding
growth values in the time series is 2.47 on average.

Correctness of the construction of the LOWER
SILESIA standard was checked by its teleconnection with
other fir chronologies for neighbouring areas: eastern
Austria – 977-1997 AD (Liebert et al., 1998), central Ger-
many (Sachsen and Thuringen) – 994-1921 AD (Heußner,
1996), southern Germany – 820-1985 AD (Becker and
Giertz-Siebenlist, 1970, with unpublished extensions),
Czech – 1131-1997 AD (Kyncl and Kyncl, 1996). The simi-
larity of the produced standard with other chronologies,
expressed by t values, is high; from t=5.57 to t=10.14
(Fig. 2). The highest values of t were observed at com-
parison of the produced standard with two German chro-
nologies (from 9.55 to 10.14) and the Czech one (t = 8.50).
This should be explained by similar climatic conditions
(similar influence of Atlantic air masses). In the case of
teleconnection with the Austrian chronology the similar-
ity is lower, t=5.57. It is due to various absolute heights
above sea level of the areas where the analysed firs grew.
The area of Wroc³aw and Œwidnica are situated within the
Silesian Lowland and Œwidnica Plain, where the altitudes
are not higher than 300 m a.s.l. (Mileska, 1998). The east-
ern Austria is a mountain area with heights between 800
and 2000 m a.s.l.

High similarity of the produced standard with four
European chronologies proves correctness of the con-
struction and points out a strong dendrochronological
signal (high correlation values) and its broad geographi-
cal extent (high distances between individual areas of
occurrence of fir populations: Czech – 200 km, Germany
– 700 km).

Fig. 1. Dendrochronological dating of sequences constituting the regional LOWER SILESIA standard.
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Fig. 2. Teleconnection of the
LOWER SILESIA standard with
other European standards.

Table 1.Sequences forming chronology LOWER SILESIA

No. Series Dating No. of years Correlation with Mean width Standard Autocorrelation Mean

of sequences master [t*], [r] ring [mm] deviation sensitivity

1 3WR1 1181- 1260 80 8.861 2.54 0.962 0.838 0.199
0.718

2 3WR14 1109 -1248 140 7.566 0.56 0.289 0.766 0.292
0.547

3 3WR22 1128 -1227 100 6.274 1.00 0.590 0.910 0.213
0.543

4 3WR23 1075 -1213 139 6.929 0.56 0.391 0.814 0.291
0.515

5 3WR24 1125 -1226 102 6.890 0.93 0.617 0.904 0.224
0.575

6 3WR26 1075 -1212 138 8.424 0.46 0.354 0.842 0.324
0.591

7 3WR27 1124 -1226 103 6.919 0.97 0.556 0.886 0.210
0.575

8 3WR28 1054 -1129 76 6.599 0.47 0.302 0.863 0.279
0.741

9 3WR33 1088 -1153 66 8.536 0.47 0.213 0.613 0.181
0.741

10 3WR7 1193 -1242 50 7.268 1.50 0.742 0.809 0.228
0.739

11 3WR8 1188 -1253 66 8.025 1.08 0.569 0.885 0.204
0.719

12 2SWD8 1263 -1303 41 10.526 3.00 1.029 0.579 0.229
0.872

13 2SWD9 1106 -1276 171 12.922 0.92 0.472 0.834 0.237
0.709

14 3SWD13 1186 -1272 87 10.503 1.57 0.891 0.793 0.259
0.759

15 3SWD14 1247 -1297 51 6.267 1.87 0.551 0.597 0.200
0.683

t* - calculated according to the algorithm of Baillie and Pilcher (1973)
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Extension of master fir (albies alba mill.) chronology from southern Poland

The Lower Silesia standard was correlated with the
fir chronology for southern Poland, beginning in 1106 AD.
Visual matching of the two curves indicated high similar-
ity which was confirmed by statistical values t = 12.2 and
r = 0.66. Both standards share a time interval of 198 years.
The first growth ring of the southern Poland chronology,
dated to 1106 AD, corresponds to the 53rd growth ring of
the Lower Silesia standard. This enabled to extend the
southern Poland chronology 53 years back in time and to
fix its beginning in 1054 AD.

Specific character of this taxon, according to Larsen
(1986) conditioned with low genetic variability and low
capability of adaptation, caused strong dendrochronologi-
cal signal of the constructed standards and their high dat-
ing potential, which manifests themselves in successful
dating of timber samples from distant localities e.g.
Wroc³aw, Bytom or Cracow.

Dating of historical timbers
The samples from Wroc³aw and Œwidnica forming the

Lower Silesia standards were absolutely dated. The
samples from Œwidnica were dated to the years between
1272 and 1303 AD. Based on the obtained results, one
can conclude that the case planks and beams coming from
the buildings at Market Square (Rynek) of the town and
the neighbouring streets were most probably made in the
same time. As none of the samples contained its last
growth ring, it should be assumed that the trees of which
the analysed elements were made had been cut down in
the first or second decade of the thirteenth century.

In the case of the samples from Wroc³aw the time in-
terval of the obtained results was much broader: from 1129
to 1260 AD. The dates of timbers sampled from ditches
for heating and sewage installations at the street Nowy
Targ, display 15-year dispersion: 1212-1227 AD, except
two samples: 3WR33 (1153 AD) and 3WR28 (1129 AD).
The youngest value (1227 AD) should be assumed as dat-
ing the wood that might come from fir trees felled in 1230s.
The sample 3WR33, dated as 60-70 years older than the
remainder, may represent an internal part of a trunk or a
reused timber. One timber from the street Nowy Targ,
coming from the sewage ditch, proved to be the parent
for the oldest sample (3WR28) of the Lower Silesia chro-
nology. Wooden structures (planks and supporting beams)
from Rynek and the Old City of Wroc³aw may be assumed
as almost contemporaneous, as their dates display high simi-
larity: from 1242 AD (O³awska Street) to 1260 AD (Rynek).
It can be undoubtedly stated that the wood from the object
No 12 at 28, Kie³baœnicza Street is five years younger
than the wood from the object at the same street No 25a,
as in both cases the last sapwood rings were preserved.

3. CONCLUSIONS

1. Dendrochronological analysis of historical wood from
Wroc³aw and Œwidnica enabled construction of the
mediaeval 250-year Lower Silesia standard, covering
the period 1054-1303 AD.

2. Due to strong dendrochronological signal and its
broad geographical extent, the Lower Silesia standard

enabled 53-year extension of the southern Poland fir
chronology, up to now covering the period 1106-1998
AD. This way the latter became the longest Polish
chronology for coniferous trees, being 945 years long,
from 1054 to 1998 AD.

3. The Lower Silesia chronology enabled dating of tim-
bers explored from archaeological excavations led in
the Market Square (Rynek) of Œwidnica for the turn
of the thirteenth and fourteenth centuries. Wooden
constructions from Rynek and the Old City of Wroc³aw
were dated by this chronology back to the twelfth and
thirteenth centuries.
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Abstract: Abstract: Abstract: Abstract: Abstract: A new method of cross-dating of  wood samples is suggested. Based on the classical
methods of spectral estimating, it uses the average cross-spectral density as a function of relative
position of series. This procedure being not sensitive to phase shifts in data may be instru-
mental for the cross-dating of samples originating from different areas. The method was tested
on Scythian tombs located in Southern Siberia, Central Asia and Kazakhstan, with the em-
phasis on the “Royal” barrows which included well preserved wood structures. For well-pre-
served timber samples, the accuracy in relative age estimations can reach a single year. The
wiggle matching method has been used for a reliable assessment of the calendar-scale time.
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1. INTRODUCTION

The origin, evolution and spread of the Scythian no-
madic culture in Europe and Asia remain the key issues
in the Iron Age Archaeology. Methods based on archaeo-
logical typology enable one to estimate relative duration
of certain periods identifiable within this culture. Yet the
chronologies solely based on the similarities of the arte-
fact styles imply considerable uncertainties, stemming
from the origin of certain styles, the rate of their spread
and the longevity of their being in use (Deetz and
Dethlefsen, 1965).

Although several date-lists of the Iron Age sites have
been published in recent years, the exact age of particu-
lar cultures remains obscure. The establishment of cal-
endar time-scale chronology with use of radiocarbon-
dated Scythian sites in the span between the 9th and the
3rd centuries BC poses serious problems. The radiocar-
bon measurement of archaeological specimens remains
the main instrument of absolute dating.  To obtain a cal-
endar age, the radiocarbon dates of archaeological ob-
jects under investigation should be compared with the
calibration curve. Due to the non-linear course of some
sections of the calibration curve, this technique often pro-
duces ambiguous results. This ambiguity may be avoided
with use of ‘wiggle matching’ methodology: the compari-

son of radiocarbon ages of several samples obtained from
a single specimen of wood with the calibrating curve. For
reliable results, the accuracy of radiocarbon measure-
ments should be comparable with the resolution of the
calibration curve. The use of alternative dating techniques
is also important as an independent control.

In addition to that, the cross-dating of archaeological
samples is highly instrumental. The cross dating of samples
of wood allows one, in favourable cases, to obtain the
accuracy of a single year. The cross-dating is particularly
important when the age difference of investigated sites is
very small. This approach is also very useful when the
cultures and sites are located in neighbouring geographi-
cal regions and in similar climatic setting.

In this paper a new approach for the comparison of
tree-ring series is suggested with use of computer tech-
niques and methods of mathematical statistics. These
methods are applied with the aim of cross-dating the
Scythian sites in Southern Siberia.

2. CROSS-DATING

Cross-dating is the basic principle in tree-ring analy-
sis. This concept refers to the general year-to-year agree-
ment observable in the variations of tree-ring series ob-
tained for different sites. According to Fritts (1976), the

GEOCHRONOMETRIA Vol. 20, pp 61-68, 2001 – Journal on Methods and Applications of Absolute Chronology
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synchrony can be shown to stem from the limiting effect
of variations in climate on the tree growth. The similarity
in ring-width pattern is correlated with seasonal variations
in macro-climatic factors that are closely coupled with
local environmental conditions controlling the physiologi-
cal processes essential for the ring growth (Fritts and
Swetnam, 1989).

In practice, the cross-dating includes the matching of
ring-width patterns among the specimens. At the final
stage, the area or regional chronologies are developed
(Pilcher, 1990). The cross-dating method has been de-
scribed in several publications (e.g., Fritts, 1976; Pilcher,
1990; Schweingruber, 1988).

The earlier works relied almost exclusively on visual
observation of timber samples. The cross-dating either of
the skeleton plots or of the whole patterns can be done
visually: the ring patterns match ring-for-ring up to the
end of the samples. The method of visual matching and

cross-dating is chosen when the living trees with known
date of sampling are investigated. When dealing with his-
torical and prehistorical samples, the correct matching
positions may be established visually as well, but in this
case the use of mathematical quantification of similarity
criteria is a matter of time saving and avoidance of sub-
jectivity. Huber (1943) introduced a formal measure to
check the visual agreement. He counted the number of
cases where two tree-ring curves under comparison in-
creased or decreased together. For two curves at random
position one expects 50% agreement or disagreement,
respectively. The standard deviation for this mean value
depends on the length of the overlap of two curves under
comparison (Eckstein and Bauch 1969). Even with the
availability of computers, this kind of checking of visual
agreement is still in use, although more powerful statis-
tics can now be applied, as, for example, the calculations
of correlation (Baillie and Pilcher 1973). Since then vari-

Fig.1. The average coherence as the function of a relative shift of dendrochronological series. A – ‘Karelia 1’ and ‘Karelia 2’,
B – ‘Lithuania 1’ and ‘Lithuania 2’, C –.’Pazyryk 2' and «Pazyryk 1», D – «Pazyryk 2» and «Pazyryk 5». There are designated three
horizontal lines on the diagrams: a dotted and two dashed ones. The dotted line is referred to the mean of Cav value defined by (2.2)
and is computed for random series. The horizontal dashed lines on the diagrams refer to two levels. For random series the probability
of exceeding first and second levels are 0.05 and 0.005. A result is considered as significant if the maximum on the diagram is located
above the upper dashed line (significance value is more 0.995). Relative positions of compared series are indicated on the horizontal axis.
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ous methods have been developed to analyse the statisti-
cal properties of tree-ring series (Baillie, 1982; Wigley et
al., 1984, Briffa and Jones, 1990).

In archaeology the cross-dating has several specific
characteristics. The reliable estimation of age difference
between the samples lies in the order of  tens of years,
besides that the visual comparison proves to be both time-
consuming and ambiguous. Additional difficulties arise
when samples are badly preserved. It should also be noted
that present-day approach to the study of dendrochrono-
logical series, based on the visual comparison of samples,
is not appropriate for the development of an algorithm
for computer analysis. In this paper we suggest a cross-
dating method, which includes both the sample compari-
son and the estimation of similarity for the series analysed,
based on the classical spectral analysis. This method is
convenient for the use of computer techniques that speed
up considerably the cross-dating.

The methods proposed here is based on coherence
estimations of series for various relative positions. The
coherence C(ω) of series Α and B for the frequency ω is
defined (Marple, 1987) as

C(ω)=PAB(ω)/ [ PA(ω) PB(ω) ]1/2.                   (2.1)

The PA and PB are the power spectral densities for the
series, PAB is the cross power spectral density. To reduce
the influence of noise in the spectra, a covariance win-
dow can be used (Marple, 1987). Since the denominator
in equation (2.1) is a normalising factor, one can expect
that the coherence is suitably normalised cross-spectral
density. The variable C(ω) varies from 0 to 1, depending
on the coherence amount of the frequency between chan-
nels. The most important use of the coherence consists in
establishing a common sequence in two distinct channels.
The average value

Cav=<PAB(ω)>(<PA(ω)>.< PB(ω)>)1/2 ,        (2.2)

where < > denotes frequency averaging, can be effec-
tively used in dendrochronological investigations. Here-
with Cav is called average coherence.

This method was first tested by Dergachev and Vasiliev
(2000) on several series from Lithuania and Russia
(Karelia) (Bitvinskas, 1974). The average coherence was
calculated for several pairs of series. The results for two
pairs (Fig. 1) show the series “Lithuania 1” and “Lithuania
2” having the zero relative shift, in agreement with the
expectation. For the series of “Karelia 1” and “Karelia 2”
the relative shift equals to 2 years, while the expectation
is zero. As follows from the detailed analysis, the differ-
ence between the estimated and the expected results can
be attributed to a miscalculation in the numeration of tree
rings in the sample studied.

To assess the significance of the result, the series were
compared with uncorrelated random sequences, and the
values of Cav were compared with 2σ and 3σ deviations in
the random sequences. The probability of exceeding the
two levels are 0.05 and 0.005, if the correlation implied
by Cav is due to chance. These levels are shown with hori-

zontal dashed lines in Fig. 1 (A-D). The dotted line shows
the mean of Cav value. The result is considered as signifi-
cant if the maximum value of Cav is above the upper dashed
line (significance of more than 0.995).

3. WIGGLE MATCHING

Due to the environmental conditions, timber remains
from the barrow construction of the Scythian sites in
Siberia and Central Asia were in a good state of preser-
vation and could be used both for the tree-ring chronol-
ogy and radiocarbon dating. Samples of timber to be used
for dendrochronological analysis are normally carefully
selected. These samples should originate from the same
area and a similar environment.

The first group of samples selected for the tree-ring
analysis derives from the famous ‘Royal’ Scythian barrows
in the Altai Mountains, Pazyryk Barrows No. 2 and 5.
These barrows play a key role in the chronological inves-
tigations for the entire Eurasian Scythia. In the1950s I.
Zamotorin (1959) developed a floating tree-ring scale for
the Pazyryk group (Zakharieva, 1974). A new approach to
the tree-ring study is based on the coherence estimation
of the series in various relative positions. The most im-
portant element of the method consists in the possibility
of identifying a combined information in two different
series, of using the coherence to identify a common se-
quence in two different channels and of using the aver-
age value in tree-ring investigations. The comparison of
the results obtained by the methodology suggested and
the original data by I. Zamotorin shows a good agreement
of the series, the age differences being only 1-2 years. This
approach has been used to identify the relative position
of the Dogee-Baary-2 burial mounds, which belong to the
Sayan-Altai Group in Tuva (The Western Sayan Mountains),
450 km east of the Pazyryk. According to these investiga-
tions,  Barrow No. 8 of Dogee-Baary-2 Group is older than
Barrow No. 2 of  Pazyryk Group by 80±4 years (1σ).

As mentioned above, the tree-ring chronology created
for the elite Scythian barrows is the floating one. The prin-
ciple aim of the ongoing research consisted in, first, de-
fining the zero position for the tree-ring floating scale,
and, secondly, estimating the ‘real’ calendar age of the
investigated barrows. For these aims the „wiggle match-
ing” method has been used. Wood samples with sufficient
series of tree-rings (70-150 rings) from the barrows were
subdivided into 10-20 tree-rings series which have been
used for radiocarbon dating. The radiocarbon dates used
are shown in Table 1. The agreement of the 14C dates and
tree-rings dates with the calibration curve was achieved
with use of the statistical criterion χ2, by minimising this
criterion, taking into account the relative position of both
the experimental points and the calibration curve and the
statistical weight of each 14C date. Well-preserved wood
samples were collected from the following sites: Bashadar
Barrow (Altai Mountains), Dogee-Baary-2 Barrows
(Tuva), Cheremshino Barrow (Southern Siberia), and
Berel Barrow (Kazakhstan). The latter two sites have not
been previously dated. The positions of the radiocarbon
determinations on the calibration curve and the reliable



64

Tree-rings, “Wiggle Matching” and statistics in the chronological...

calendar age of the construction of the barrows are shown
in Figs. 2-5. The final results are presented in Table 2.

The traditional estimate of time of the initial estab-
lishment of the Pazyryk Barrows as the 5th century BC
(Zaitseva et al. 1997, Zaitseva et al. 1998) has been cast in
doubt basing on the stylistic analysis of the art and funerary
assemblage; the suggested age being the end of the 4th –
the beginning of the 3rd centuries BC (Bunker 1991; Bun-

ker et al. 1991; Kawami 1991; Lerner 1991 and Chugunov
1993). The latest results of radiocarbon dating of Pazyryk-2
Barrow establish the time of its construction as the
beginning of the 3rd century BC (McCormac and Mallory
1999). Few radiocarbon determinations available for the
Dogee-Baary-2 Tombs (Sementsov et al. 1998 and
Görsdorf et al. 1998) suggest the time of their construc-
tion as the end of the 6th – the beginning of the 4th centuries

Fig.3. The position of the radiocarbon dates for tree-rings series of the Berel Barrow (Kazakhstan).

Fig.2. The position of the radiocarbon dates for tree-rings series of the Bashadar Barrow (Mountain Altai region).
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Table 1. Radiocarbon dates of wood samples used for the wiggle matching method.

No. Lab. index 14C Age [BP] Monument Tree-rings position Intervals of the calibrated age [BC]
1σσσσσ 2σσσσσ

Altai

1. Le-5788 2200±40 Bashadar, barrow 1, 80 tree-rings 1-10 tree-rings 358-192 378-126

2. Le-5789 2200±20 Bashadar barrow 1, 80 tree-rings 11-20 tree-rings 355-195 359-191

3. Le-5790 2175±20 Bashadar barrow 1, 80 tree-rings 21-30 tree-rings 345-182 356-130

4. Le-5791 2145±25 Bashadar barrow 1, 80 tree-rings 31-40 tree-rings 194-118 342-64

5. Le-5792 2160±50 Bashadar barrow 1, 80 tree-rings 41-50 tree-rings 354-10 364-50

6. Le-5793 2152±25 Bashadar barrow 1, 80 tree-rings 51-60 tree-rings 198-118 350-68

7. Le-5794 2170±20 Bashadar barrow 1, 80 tree-rings 61-70 tree-rings 343-176 354-120

8. Le-5795 2190±40 Bashadar-1, 80 tree-rings 71-80 tree-rings 358-184 372-116

9. Le-5558 2250±30 Pazyryk-2, D 5, 128 tree-rings 41-60 tree-rings 376-208 386-202

10. Le-5559 2140±25 Pazyryk-2, D 5, 128 tree-rings 61-80 tree-rings 192-116 200-60

11. Le-5560 2150±30 Pazyryk-2, D 5, 128 tree-rings 81-100 tree-rings 198-114 352-56

12. Le-5561 2220±25 Pazyryk-2, D 5, 128 tree-rings 101-120 tree-rings 360-202 366-196

13. Le-5562 2270±25 Pazyryk-2, D 5, 128 tree-rings 0-20 tree-rings 388-254 392-206

14. Le-5563 2375±25 Pazyryk-2, D 5, 128 tree-rings 21-40 tree-rings 472-392 512-388

15. Le-5596 2310±40 Pazyryk-5, 100 tree-rings 18 central tree-rings 402-260 408-206

16. Le-5597 2230±25 Pazyryk-5, 100 tree-rings 50 inside tree-rings 364-206 372-200

17. Le-5598 2240±25 Pazyryk-5, 100 tree-rings 40 outside tree-rings 368-208 378-200

18. Le-5742 2204±40 Pazyryk-5, 180 tree-rings 0-10 tree-rings 358-194 380-162

19. Le-5743 2250±30 Pazyryk-5, 180 tree-rings 20-29 tree-rings 376-208 386-202

20. Le-5744 2125±30 Pazyryk-5, 180 tree-rings 30-39 tree-rings 186-102 194-52

21. Le-5745 2240±30 Pazyryk-5, 180 tree-rings 40-49 tree-rings 368-208 380-200

22. Le-5746 2202±30 Pazyryk-5, 180 tree-rings 50-59 tree-rings 356-194 368-184

23. Le-5747 2230±50 Pazyryk-5, 180 tree-rings 60-79 tree-rings 366-202 392-176

24. Le-5748 2250±40 Pazyryk-5, 180 tree-rings 80-108  tree-rings 378-208 388-200

Southern Siberia (Khakasia)

25. Le-5675 2700±50 Cheremshino, barrow 1, grave 1, 20 central rings 898-808 926-796

26. Le-5676 2710±60 Cheremshino, barrow, grave 1 1st  layer from the centre 900-812 990-796
(~20 tree-rings)

27. Le-5677 2540±40 Cheremshino, barrow, grave 1 2nd  layer from the centre 794-552 802-526
(~20 tree-rings)

28. Le-5678 2400±20 Cheremshino, barrow, grave 1 3rd  layer from the centre 484-401 516-399
(~20 tree-rings)

29. Le-5679 2370±20 Cheremshino, barrow,grave 1 4th  layer from the centre 406-397 473-390
(~20 tree-rings)

30. Le-5680 2435±25 Cheremshino, barrow,grave 1 outside rings (~20 tree-rings) 746-410 756-404

Central Asia (Tuva)

31. Le-5736 2498±30 Dogee-Baary-2, barrow 8, D-90230, 90 tree-rings 1-20 tree-rings 766-538 782-422

32. Le-5737 2390±30 Dogee-Baary-2, barrow 8, D-90230, 90 tree-rings 21-30 tree-rings 508-396 752-390

33. Le-5738 2380±30 Dogee-Baary-2, barrow 8, D-90230, 90 tree-rings 31-40 tree-rings 486-392 748-388

34. Le-5739 2415±30 Dogee-Baary-2, barrow 8, D-90230, 90 tree-rings 41-50 tree-rings 516-404 754-398

35. Le-5740 2395±40 Dogee-Baary-2, barrow 8, D-90230, 90 tree-rings 51-60 tree-rings 516-396 758-386

36. Le-5741 2368±30 Dogee-Baary-2, barrow 8, D-90230, 90 tree-rings 61-80 tree-rings 474-390 516-384

37. Le-5716 2459±30 Dogee-Baary-2, barrow 8, D-90234, 90 tree-rings 25-34 tree-rings 758-414 762-410

38. Le-5717 2496±30 Dogee-Baary-2, barrow 8, D-90234, 90 tree-rings 35-44 tree-rings 764-536 780-420

39. Le-5718 2462±30 Dogee-Baary-2, barrow 8, D-90234, 90 tree-rings 45-54 tree-rings 760-416 762-410

40. Le-5719 2427±30 Dogee-Baary-2, barrow 8, D-90234, 90 tree-rings 41-50 tree-rings 744-406 758-400

Kazakhstan

41. Le-5709 2340±30 Berel, barrow 11, grave 1 dendro-sample 171-228 tree-rings 402-386 472-266
No. 90295, 228 tree-rings

42. Le-5710 2400±30 Berel, barrow 11, grave 1 dendro-sample 111-170 tree-rings 510-407 752-394
No. 90295, 228 tree-rings

43. Le-5711 2430±30 Berel, barrow 11, grave 1 dendro-sample 66-110 tree rings 748-408 760-400
No. 90295, 228 tree-rings

44. Le-5712 2390±40 Berel, barrow 11, grave 1, dendro-sample 41-65 tree-rings 516-396 758-386
No. 90295, 228 tree-rings

45. Le-5713 2510±40 Berel, barrow 11, grave 1 dendro-sample 21-40 tree-rings 772-536 794-418
No. 90295, 228 tree-rings

46. Le-5714 2505±40 Berel, barrow 11, grave 1 dendro-sample 20 central tree-rings 768-530 788-416
No. 90295
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Table 2. Chronology of the key sites based on the wiggle matching, tree-ring chronology and methods of mathematical statistics.

Site 14C Date 2σσσσσ error Correction to  age Comments
[BC] [years] [years]

Bashadar 296 -20; +20 +43 Le- 5788 - Le- 5795

Berel 369 -30; +30 +9 Lå-5709-  Le- 5714; Le- 5712

Cheremshino 723 -20; +20 +44 Le- 5675 – Le- 5680;

Dogee-Baary-2, barrow 8, 353 -10; +10 +40 Le- 5736-  Le- 5741; Le-5736
dendrosample No. 90230

Dogee-Baary-2, barrow 8, 367 -15; +15 -26 Le-5715 – Le-5719
dendrosample No. 90234

Pazyryk-2. 288 -10; +10 +27 Le-5558-Le- 5563

Pazyryk-5. 262 -15; +10 -23 Le-5596-Le-5598

Pazyryk-5. 264 -15; +10 +3 Le-5742-Le-5748

BC. There is a good agreement between the dendro- and
calendar ages based on 14C determinations for the Dogee-
Baary-2 and the Pazyryk-2 Barrows. According to the tree-
ring chronology the Dogee-Baary-2 Barrow is older by 80
years than the Pazyryk-2. Similar ages were obtained with
use of “wiggle-matching” method: 353-367 BC (Dogee-
Baary-2) and 287-290 BC (Pazyryk-2). The Berel Barrow
is older than Pazyryk-2 by about 80 years. Both the
Bashadar and Pazyryk-2 have the same age. Significantly,
Cheremshino has a similar age as the Arzhan Barrow.
Until recently Arzhan has been considered to be the old-
est Scythian monument in the entire Southern Siberia and
Central Asia.

4. CONCLUSIONS

The comparative analysis of dating of the Scythian sites
in Southern Siberia and Central Asia shows a good agree-
ment between the cross-dating and radiocarbon results.
The time of the construction of Barrow-8 of the Dogee-

Baary-2 Tombs is estimated as the first third of the 4th

century BC. For the first time the calendar age of the con-
struction of the Cheremshino, Berel and Bashadar bar-
rows has been identified. The age of the Cheremshino
Barrow has been found to be similar to that of the Arzhan
Barrow, both being the oldest Scythian monuments in
Eurasia.
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DEPENDENCE OF RADIAL GROWTH OF PINUS
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Abstract: Abstract: Abstract: Abstract: Abstract: The paper deals with the influence of varying climatic conditions on radial growth
of Scots Pine in the area of Western Pomerania. The research was aimed to evaluate the in-
fluence of air temperature and precipitation on dimensions of radial growth of the analysed
tree species. The investigations demonstrated high dependence of the annual growth width
upon temperature in winter and the beginning of spring. Precipitation influenced the annual
growth in summer months, particularly in June and July. In the site with high level of ground
water (very humid forest habitat) the rainfall had a negative effect on the annual growth width
– contrary to the other analysed sites.
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1. INTRODUCTION

Scots Pine is the most important, predominating spe-
cies forming forests in Poland. In the area of Western
Pomerania, this species composes up to 70 % of the for-
ests. Pine has been the object of dendroclimatical research
for several years (Kr¹piec and Wa¿ny, 1994).

In Poland, first studies on relationships between the
climatic conditions and radial growth of pine were car-
ried out by Zienkiewicz (1946) and Ermich (1953). Since
then many studies appeared, dealing with pine from vari-
ous areas of the country. In the area of Western Pomerania
the research within high peat areas was led by Jasnowska
(1977). Zielski (1996, 1997) analysed the influence of the
climate on growth of trees, and Szychowska-Kr¹piec and
Wiœniowski (1996) investigated the effect of pollution on
the radial growth of pine from the area of Police.

This paper is aimed to evaluate the influence of air
temperature and rainfall on formation of radial growths
of Scots Pine. There was a question also analysed in which
season of the year the climatic parameters are of major
importance for the annual growth of this species. The
produced local chronologies may be used for palaeoclimatic
reconstructions, determination of pointer years, as well as
comparison of reactions of tree groups growing in various
habitats on the same changes of climatic conditions.

The influence of climatic conditions provokes similar
reactions of almost all trees of the same species in a given
area. The trees, however, are affected first by one factor,
then by another, and each of these factors may act two-
fold – limiting or stimulating the growth of trees (Kaennel
and Schweingruber, 1990; Karpavichius et al., 1996).

Habitat conditions, in particular availability of water,
also influence growth reactions to a high degree. In min-

eral habitats maximal growths take place in years of abun-
dant watering (high annual rainfall), whereas minimal in
dry years, with shortage of water in the soil. In peats, bogs
and other habitats with high level of ground water the
atmospheric precipitation may have the reverse effect on
growth of trees – increased level of water may limit or
entirely hinder the growth (Jasnowska, 1968 and 1977).

Fig. 1. The investigated area.
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2. MATERIALS AND METHODS

Material for this research was sampled from 55 trees
growing in the oldest economic forests in the forest areas
of Trzebie¿, Miêdzyzdroje and Bierzwnik, forest reserva-
tions Bielinek and D¹browa Krzymowska, as well as in
the area of the Wolin National Park (Fig. 1). The investi-
gated trees were exhaustively described, their photographs
were made, and the ground and soil were analysed with
drillings and sampled with a soil rod.

The pine trees were sampled with the Pressler incre-
ment borer, and where it was possible slices were taken
(site Karsibórz). Therefore, cores were the principal re-
search material, as felling of higher number of trees and
taking slices was impossible, especially in case of huge,
healthy trees, seeding trees, as well as those growing in
nature reservations. Sites, in which the cores were taken
from trees, were protected with wooden stick of the same
diameter as the Pressler borer and with Lac Balsam (an-
tifungal and antibacterial agent).

Measurements of the annual ring widths from the
analysed trees were carried out in the Laboratory of Cli-
matology and Marine Meteorology of the University of
Szczecin with the apparatus for dendrometric measure-
ments borrowed from the Polish Geological Institute in
Szczecin. The data were worked out statistically and
graphically (average width of annual growth of trees, stan-
dard deviation, mean sensitivity, autocorrelation, corre-
lation r, Student’s t-test, percentage convergence) with the
set of TREE-RINGS computer programs (Krawczyk and
Kr¹piec, 1995) in the Dendrochronological Laboratory
of the Department of Stratigraphy and Regional Geol-
ogy, University of Mining and Metallurgy in Cracow.
Statistical analysis of relationships between the climatic
parameters (monthly average temperatures and total
monthly rainfall – 14 values for each examined element,
from August of the preceding year to September of the
given vegetation season) and radial growth of trees was
carried out with the set of DPL programs, using the re-
sponse function method.

Climate characteristics of the investigated area was
based on meteorological data (monthly average air tem-
peratures and sums of atmospheric rainfall for 1949-1998
period from the meteorological stations in the Western
Pomerania – Œwinoujœcie, Szczecin, Resko and Gorzów
Wielkopolski), taken from the IMGW Meteorological
Annals and other available sources (KoŸmicki et al., 1984;
Atmospheric Precipitation 1948-1981).

3. RESULTS

Measurements of width of the annual growth rings and
correlation of the obtained data enabled construction of
five local chronologies for pine (Pinus sylvestris):

1. Trzebie¿ 1757-2000 (244 years);
2. Wise³ka 1798-1999 (202 years);
3. D¹browa Krzymowska 1796-1997 (202 years);
4. Bierzwnik 1826-1999 (174 years);
5. Karsibórz 1916-2000 (85 years)

They all display high values of the correlation coeffi-
cient “r” for pairs of them (Table 1). The results of stud-
ies on the relationships between the annual growth of
wood, air temperature and rainfall together with calcu-
lated coefficients “r2 “ reflecting the influence of climatic
factors on the annual radial growth of the analysed trees
are presented in Figs 2 and 3.

Scots Pine belongs to a group of boreal and moun-
tain species, occurring within the temperature range from
–60 to +40 °C. Broad tolerance of this species on tem-
perature changes was noted by many authors (Bia³obok
et al., 1993; Szeicz and MacDonald, 1995; Zielski, 1990,
1997). In Poland, the period of cambial activity of pine
begins in early May and lasts until the end of September
(Ermich, 1959; Schweingruber 1993), but the annual
growth of wood is also affected by climatic conditions in
winter preceding the growth season.

The obtained results point out high sensitivity of pine
on low temperatures during winter period. After frosty
winters the width of annual growths diminished in the
succeeding vegetation season. On the other hand, mild
winters (January and February) together with lack of fre-
quent frosts in spring (March and April) positively influ-
enced the ring width. In the site of D¹browa Krzymowska
similar reactions of trees were observed for May (Fig. 2).

Growth reactions were also related to temperatures
in the year preceding the analysed vegetation season: in
the northern part of the investigated area (Wise³ka and
Karsibórz) September temperatures had negative influ-
ence on the radial growth, whereas in its southern part
(D¹browa Krzymowska and Bierzwnik) positive reactions
were observed.

Scots Pine exhibits considerable tolerance for another
environmental factor i.e. atmospheric rainfall. Minimal
yearly rainfall at which pine occurs in natural conditions
is 200 mm, whereas maximal is over 1000 mm (Jasnowska,
1977; Bia³obok et al., 1993; Wilczyñski, 1999). Total rain-
fall is, however, only one of the factors influencing water
economy of pine; equally important are distribution of
rainfall throughout the year and availability of water.
Excess of water in soil has a negative effect on the devel-
opment of trees and growth of wood. In the area of Po-
land, pine reaches optimal humidity in habitats of young
and mixed forests, although it occurs in dry and boggy
forests as well (Zielski, 1997; Jasnowska, 1977).

In the investigated sites the influence of atmospheric
precipitation on the growth of trees is relatively smaller
than the influence of air temperature. Higher precipita-
tion in summer months (June and July), as well as dry Sep-
tember positively affected the growth of trees. Among the
months preceding the cambial activity the highest rela-
tionship was noted for February; low precipitation in this
month had a positive effect on the development of trees
(Fig. 3). High dependence of the annual growth on the
amount of annual rainfall during most of the year, pre-
sumably due to the negative effect of water excess in soil,
was noted in the site Karsibórz (habitat of very humid and
humid forest). This site is located at the southern edge of
the island Uznam (0.5 m a.s.l.) in the vicinity of the Piast
Channel and Szczecin Bay, with peat and peat-gley soils



71

A. Cedro

in the ground. In the mid-1990’s winter storms brought
about an increase of the Baltic Sea level in the Pomerania
Bay, inflow of salt water through the Piast Channel into
the Szczecin Bay, and subsequent flooding of the south-

ern edge of the island Uznam. As a result of the water
level increase many trees died. Intense rainfall also re-
sults in saturation of soil with water, which badly affects
growth of most of the tree species.

Fig. 2. Results of response function
and correlation coefficients for
temperature; bars show simple
correlation coefficients, lines
represent regression coefficients.
Values statistically significant for
α = 0.05 – gray bars and black
squares.
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Table 1. Comparison of regional chronologies of Pinus sylvestris L. with Student’s t-test.

Site No Site 1 2 3 4 5

1 TRZEBIE¯ X 6.3 6.1 7.4 6.7

2 WISE£KA X 5.3 4.3 2.7

3 D¥BROWA KRZYMOWSKA X 5.2 4.5

4 BIERZWNIK X 5.5

5 KARSIBÓRZ X

Fig. 3. Results of response function
and correlation coefficients for
precipitation; bars show simple
correlation coefficients, lines represent
regression coefficients. Values
statistically significant for α = 0.05
– gray bars and black squares.
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4. CONCLUSIONS

l Five local chronologies for pine were constructed.
l The research carried indicates that thermal conditions
in winter and beginning of spring preceding the vegeta-
tion season are the deciding factors about the annual
growth of pine.
l Frosty winters and cool springs resulted in decrease
of width of the annual growths in the succeeding vegeta-
tion season.
l The influence of rainfall on the radial growth of trees
was lower than that of air temperature.
l Higher rainfall in summer months (June and July), as
well as dry September positively affected the growth of trees.
Among the months preceding the cambial activity the
highest relationship was noted for February, in which low
precipitation was convenient for the development of trees.
l In the site Karsibórz strong relationships between the
amount of rainfall and the width of annual growth rings
were noted, apparently due to excess of water in the
ground.
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Abstract: Abstract: Abstract: Abstract: Abstract: The stratotype of Merkinë (Eemian) interglacial in Lithuania is the Jonionys sec-
tion near Merkinë town in south Lithuania. The lacustrine sediments containing rich fossil
flora in this section were formed under the conditions of Merkinë interglacial and Nemunas
(Vistulian) glacial. The fossil-bearing Merkinë deposits are overlain by a probably complete
sequence of Early Nemunas and partly of Middle Nemunas deposits. Rewashed till-covered
organic sediments were found in the upper part of Jonionys section. The exact age of glacial
sediments of this section has remained largely unknown. Peat with wood remnants under the
rewashed till have been investigated in Gliwice Radiocarbon Laboratory (Gd-10825:
31,500+2300/-1800 BP and Gd-14000: >31,000 BP). Its deposition probably took place just
before the maximum of the last glaciation. In Jonionys section the Merkinë interglacial, Early
and Middle Nemunas nonglacial sediments were probably accumulated in the time of cli-
matic fluctuations, but without glacigenic sedimentation. The glacigenic sediments in the upper
part of Jonionys stratotype section are younger than 30,000 BP and belong to the Late Nemunas
glacial maximum. Recent radiocarbon dating are important for the establishment of the stan-
dard area of the European Würm (Vistulian, Valdaian, Poozerian and Nemunas) glacial.
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1. INTRODUCTION

The last Merkinë (Eemian) interglacial and last
Nemunas (Vistulian) glacial macrocycle of the Late Pleis-
tocene (from 130,000 to 10,000 BP) in Lithuania is prob-
ably more intensely studied, than the other subdivisions
of the Pleistocene. There are three stages of the last gla-
ciation: Early (70,000-55,000 BP), Middle (55,000-30,000
BP) and Late (30,000-10,000 BP) (Gaigalas and Meleðytë,
1999). The glacial activity was different at each stage. The
data already obtained in the Jonionys section confirm the
absence of an ice sheet in south Lithuania during the Early
and Middle Nemunas (Gaigalas, 1995; Gaigalas and Hütt,
1996). The ability to date limno-alluvial sediments and
soils by methods of absolute chronology provides the op-
portunity to establish reliable geochronology of the Up-
per Pleistocene in Lithuania (Gaigalas, 2000).

Merkinë interglacial deposits are presented by lake-
bog deposits (gyttja, peat, clay, mud, loam and sand). The
thickness of these deposits is variable. In some sections

they are 2-3 m thick and in other they reach more than
20 meters. The Merkinë interglacial deposits are most
widely spread. They were found in different areas of
Lithuania except the west part near the seaside. Most
sections have been examined in the south-eastern
Lithuania between Merkinë and Druskininkai.

The region between Merkinë and Druskininkai is con-
sidered to be a stratotypical region and the deposits of
Jonionys are assigned to be stratotypical ones (Fig. 1). The
sections characteristic of the Merkinë (Eemian) intergla-
cial are most frequently found in the vicinity of the town
of Merkinë. The name of the Merkinë interglacial was
taken from the name of this town (Kondratienë, 1965;
Vaitiekûnas, 1968). The Merkinë interglacial stratotype
deposits are located in the Jonionys-Maksimonys site
(Fig. 1). At present more than 30 sections of the Merkinë
interglacial were studied in Lithuania. Parastratotype sec-
tions are know from Netiesos, Kibyðiai, Druskininkai
(Puðynas and park), Ratnyèia, Liðkiava, Giraitiðkës,
Smalininkai, Kmitos, Puponys-674, Medininkai (bore-
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holes 2, 117, 3), Mickûnai-Gaidûnai (boreholes 5, 7, 9),
Bezdonys – 296 and 78, Arvydai – 79, Skersabaliai – 110,
Kurkliai, Bukiðkës-25 and 80, Gervelë-330, Gaurë and
others.

2. SITE DESCRIPTION OF MERKINË INTERGLACIAL

The formation age of the Jonionys and many other
sections comprises not only the Merkinë interglacial, but
also Medininkai Glaciation and the Nemunas Glaciation.

The studied Jonionys section is an open natural expo-
sure located on the left bank of the Nemunas River about
3 km west of Merkinë (south Lithuania). It reveals the
socle of the second above flood plain terrace of the
Nemunas River. The geological section (Fig. 2), from the
bottom (above mean water level of the Nemunas River)
to top, is the following:
1 – gIImd – till (morainic loam) of Middle Pleistocene,

Medininkai Glaciation, of grayish brown color, 0.4 m;
2 – lgIImd-lIIImr – sandy silt of the end of the

Medininkai Glaciation and beginning of the Merkinë
interglacial (M1 – Pinus sylvestris, Picea obovata and
Betula), 0.2 m;

3 – lIIImr – clayey-silty sand with gravel, of dark gray
color, with small shell of mollusks and detritus (M2-
M3a – Quercus petrea, Quercus pubescens, Pinus
sylvestris Ulmus glabra, Ul. levis, Caulina flexilis and
Scirpus lacustris), 0.4 m;

4 – lIIImr – sand of yellowish gray color, middle-fine
grain size, humic, with small shell of mollusks and de-
tritus (M3b – Tilia tomentosa, T. platyphylos, T. cordata,
Vitis, Hedrea, Acer compestre, A. platanoides, Alisma
plantago aquatica and Ceratophyllum demersum), 0.5 m;

5 – lIIImr – silty sand of grayish brown color, fine grain
size, humic, with wood remains (M3c – Carpinus betulus,
Corylus avellana, Tilia tomentosa, T. platyphylos,
Caulina flexilis, Lemna trisulca, Osmunda cinnamomea
and O. Regalis and Ligustrum, Vitis), 0.4 m;

6 – lIIImr – sandy gyttja of grayish brown color, with small
wood detritus (M4 – Picea obovata, Carpinus betulus,
Swida sanguinea and Osmunda cinnamomea), 0.2 m;

7 – lIIImr-lIIInm1 – sandy silty clay of grayish blue color
(lower part, about 0.1 m – (Merkinë interglacial), M5
– Pinus sylvestris (upper part, about 0.3 m – lower
Nemunas glacial), Nm1a – Pinus sylvestris, Alnus
glutinosia, Acea obovata, Selaginella selaginoides,
Sparganium simplex, Chenopodium album  and
Menyanthes trifoliata; with rare shells of mollusks and
small insertion of wood remains, 0.4 m. On the top of
this sequence of Merkinë deposits of Jonionys (Fig. 2)
there is the following succession of Early Nemunas
sediments:

8 – lIIInm1 – silt with lenses of sand, of dark gray color,
humic, with rare carbonization remains of plants (J1 –
Juniperus communis), 0.1 m;

9 – lIIInm1 – clayey sand silt, of gray color with brown
tint, humic, horizontally stratified (J1 – Juniperus com-
munis and Potamogeton perfoliata), 0.15 m;

10 – lIIInm1 – silty sand, of gray color with brown tint,
humic (J1 – Betula alba, Alnus glutinosa, Pinus sylvestris,
Potamogeton filiformis, Scirpus lacustris and Lycopo-
dium clavatum), 0.1 m;

11 – lIIInm1 – silty clay, of gray color, humic, massive
structure (J1 – Betula alba, Alnus glutinosa, Pinus
sylvestris, Potamogeton filiformis, Scirpus lacustris and
Lycopodium clavatum), 0.15 m;

Fig. 1. Location of the
Jonionys section near the
Merkinë town in stratotype
region Druskininkai-Merkinë
(stratotype palaeobasin of
Jonionys-Maksimonys) with
geochronological limits of
Grûda Stadial (G), Þiogeliai
Phasial (Þ), Baltija Stadial (B),
South-Lithuanian (SL),
Middle-Lithuanian (ML)
and North-Lithuanian (NL)
Phasials.
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12 – lIIInm1 – ferruginous sand, of gray color with brown
tint, middle-fine grain size, massive structure, (Nm1b
– Najas marina and Urtica dioica), 0.2 m;

13 – lIIInm1 – sand of brown color, fine-middle grain size,
horizontally stratified, with lamina of silt (Nm1b – Se-
laginella selaginoides, Hippuris vulgaris, Lycopodium
alpinum, Botrychium boreale and Betula nana), 0.15 m;

14 – lIIInm1 – sandy silty clay, of gray color with brown
tint, massive structure (Nm1b – Alnus glutinosa,
Thalictrum, Betula nana, Lycopodium alpinum, Se-
laginella selaginoides, Botrychium boreale, Salix,
Alnaster, Cyperaceae, Gramineae and Chenopodiaceae),
0.15 m;

15 – lIIInm1 – sand of gray color with brown tint, with
laminas of silt and ripples of flow, weakly humic, with
rare detritus, in lower part shells of Anadonta (Nm1b–
J2 – Betula alba and Pinus sylvestris; fauna of rodents:
Apodemus sp., Arvicola cf., terrestris L., Lemmus
sibiricus Kerr., Microtus sp., M. agrestis L. and M. arvalis
Pall.), 0.8 m;

16 – lIIInm2 – sand of lightly gray color, in the upper part
– yellowish, with laminas of darkly brown gyttja (R1 -
Betula alba, B. nana, B. pubescens, Polygonum sp., Pinus
sylvestris, Quercus sp., Cyperaceae, Gramineae, Lyco-
podium clavatum and L. annolinum; fauna of rodents:
Sorex sp., Arvicola aff. terrestris L., Microtus oeconomus
Pall., M. sp., Pitymys of subterraneus Sel.-Long. and
Alces sp.), 0.4 m;

17 – lIIInm2 – clayey silty sand of dark gray color, weakly
humic, the upper contact is eroded (R2 – Betula nana;
fauna of rodents: Polygonum lapahifolium), 0.1 m;

18 – lIIInm3 – sand of yellow color, mixed grain size, with
allochtonous pieces of gyttja, the upper contact is
eroded, 0.1 m;

19 – gIIInm3 – rewashed till sand-gravel-pebble sediments
with simple boulders, fragments of sedimentary rocks,
prevail well-rounded, 0.25 m;

20 – silty sand of lightly yellowish gray color, fine grain
size, 2.0 m.
The deposits of lake and bog origin have formed since

the beginning of the interglacial up to the last glaciation
in Jonionys site (Fig. 3). It has been established that the
sediments in this location were formed under the condi-
tions of Merkinë interglacial and Nemunas glacial
(Kondratienë, 1996).

 The results of the investigation at the Jonionys site
illustrate the presence of three thermomers younger than
the Eemian interglacial. The first two (correlated with
Brörup and Odderade) are, according to recent data,
rather widely represented in Lithuania and recently have
been identified at several other sites (Satkûnas, Grigienë
and Robertsson, 1998). The Jonionys-3 thermomer is
separated from the preceding one by a cryomer layer
formed under nonglacial condition. The Jonionys-3 inter-
stadial corresponds to the Oerel interstadial. The cryomer
Nemunas 2a marks the beginning of the isotope stage 4.
This stage by some researchers is interpreted as repre-
senting a glacial advance. According to the data from
southern and eastern Lithuania, no till beds that can be
attributed to the beginning of the Middle Nemunas have
been found.

The exact age of glacial sediments of this section has
remained largely unknown. The Merkinë interglacial site
at the stratotype locality of Jonionys is represented by
lacustrine deposits containing a rich fossil flora. The lower
boundary of Nemunas deposits can be defined on
palaeobotanical criteria. The Nemunas ice-free deposits
in the Jonionys section overlie the sediments of the

Fig. 2. Stratigraphic sequence of the
Merkinë and Nemunas deposits
exposed at Jonionys with OSL (in ka),
ESR and 14C dates:
1 – crystalline rocks, 2 – sandstones
and siltstones, 3 – dolostones,
4 – Ordovician and Silurian limestones,
5 – other limestones, 6 – Mesozoic
marls. Structural diagrams of pebble
long axes orientation in tills.



78

Radiocarbon age of Late Pleistocene glacigenic sediments...

Merkinë interglacial. The fossil-bearing Merkinë depos-
its are overlain by a probably complete sequence of the
Early Nemunas deposits and partly of the Middle
Nemunas. Rewashed till-covered organic sediments were
found in the upper part of the Jonionys section. The in-
terglacial deposits in the Jonionys area are stratigraphi-
cally covered by the till of Grûda (Brandenburgian and
Leszno) stadial of Nemunas (Vistulian) glaciation and till
of Þiogeliai (Frankfurtian and Poznañ) phasial of Grûda
(Brandenburgian and Leszno) stadial (Fig. 3).

3. DISCUSSION OF RADIOCARBON RESULTS

Peat with wood remnants have been investigated in
Gliwice Radiocarbon Laboratory. For peat and wood rem-
nants two radiocarbon dates were received: Gd-10825:
31,500 + 2300/- 1800 BP and Gd-14000: > 31,000 BP.
Their deposition took place probably just before the trans-
gression of the ice sheet. In the Jonionys section the
Merkinë interglacial, Early and Middle Nemunas
nonglacial sediments were probably accumulated in time
of climatic fluctuations, but without glacigenic sedimen-
tation. The glacigenic sediments (rewashed till with boul-
ders) in the upper part of the Jonionys stratotype section
are younger than 30,000 BP. An extensive expansion of
inland ice in south Lithuania began in the Late Nemunas
glacial time about 25,000-22,000 BP (Arslanov, 1987). The
nonglacial sediments in the Jonionys section are older
than the Late Nemunas glacial maximum in south
Lithuania. They represent an ice-free interval of Early and
Middle Nemunas fluvial and lacustrine sedimentation
(Gaigalas and Satkûnas, 1996).

The first radiocarbon dates, enabling one to date the
maximum distribution of the last ice advance about
20,000-22,000 years ago were obtained from Lausitzer
Urstromtal in north German Lowland. However, the bed-
ding conditions called for some precaution. Maximum
advance of ice sheet in the northern part of Poland oc-
curred between 32,900 and 12,460 BP at the Main Stadial
(Mojski, 1985). The name of the Main Stadial was intro-
duced by J.E. Mojski (1959) for a loess horizon. Later,
this name also included the main part of the North Polish
Glaciation in which glacial deposits of the Polish Plain,
called the Leszno stadial, were formed. The maximum ice
sheet limit of the Vistulian Glaciation in the mid-eastern
part of the Che³mno-Dobrzyñ Lakeland, northern Poland,
occurred during the maximum phase of the main substage
(20,000-18,000 BP; Wysota, 1999). The older glacial event
was related to the Late Vistulian maximum (ca 22 ka BP)
and the younger one represented ice sheet readvance
about 19 ka BP in the lower Vistula region (Wysota, 2001).
After the Merkinë interglaciation a long period of
nonglacial conditions occurred – during the Early and
Middle Nemunas time till 28 ka BP in south Lithuania
(Gaigalas et al., 1994).

The correlation of the youngest glaciation (Nemunas,
Vistulian and Poozerian) is possible through deposits and
forms of glacial relief preserved on the present area of
Lithuania, Poland and Belarus (Lindner and Yelovicheva,
1998). In Poland the last ice sheet maximum was reached
during the Leszno-Pomorze (Grûda-Þiogeliai) stadial
(ca 20,000 BP) (Lindner and Marks, 1995). In Belarus the
Vistulian Glaciation corresponds to the Pooozerian Gla-
ciation, during which the last ice sheet covered only the

Fig. 3. Cross-section of Quaternary cover Jonionys-Pamerkys in south-eastern Lithuania:
1 – till, 2 – varved clay, 3 – silt, 4 – sandy silt, 5 – sand, 6-gravel and pebble, 7 – interglacial and interstadial deposits in Jonionys
stratotype, 8 – sandstone, 9 – marl, 10 – chalk. Tills – gIdz – Dzûkija, gIdn – Dainava, gIIþm – Þemaitija, gIImd – Medininkai,
gIIIgr – Grûda, gtIIþg – Þiogeliai, K

1 
– Lower Cretaceous, K

2 
– Upper Cretaceous.
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area north of Grodno and Raduny as well as north of
Minsk along the Ostrovets-Dokshitsy-Orsha line
(Matveyev, 1995). Maximum range of the ice sheet dur-
ing the Vistulian (Nemunas and Poozerian) Glaciation has
been also reconstructed by T. Krzywicki (2001). During
the Vistulian Glaciation the glacier advanced to the area
of eastern Mazury, Suwa³ki and Grodno district during
the Œwiecie stadial (ca 55,000-67,000 BP) and during the
main stadial (ca 24,000-12,000 BP). The ice sheet limit
during the Œwiecie (Varduva stadial and Ozierska phase).
The phasial in this area was more extensive about 30 km
further to the south of the limit of the main stadial
(Krzywicki, 2001).

4. 14C AGE OF MAXIMUM NEMUNAS
GLACIATION IN LITHUANIA

Evidently, the ice sheet did not penetrate into the
southeastern Lithuania region during the Early and
Middle Nemunas (Valdaian, Vistulian and Weichselian)
interval. Ice-free interval at the Early and Middle of the
Vistulian (Weichselian and Valdaian) were identified in
many sites of Middle and East Europe, where the last gla-
cial maximum took place between 25,000 and 15,000 BP.
In Lithuania lithological research led to the recognition
of two independent Late Pleistocene Grûda and Baltija
till horizons (Gaigalas, 1998, 2001; Gaigalas and Meleðytë,
1999, 2001), which were correlated with the Branden-
burgian (Leszno) and Pomeranian (Pomorze) glacial
stages. This subdivision was confirmed by recent 14C dat-
ing. The southeastern part of Lithuania was not covered
by Late Nemunas glacier. The deposits of the Nemunas
Glaciation maximum are not of glacial origin and are pre-
sented by periglacial sediments – glaciolimnic silts and clay
(25,000-15,000 BP). The data (Gaigalas and Satkûnas,
1996) obtained so far from the study of the Medininkai
section (borehole 117A) confirm the absence of an ice
sheet in this region during the Early, Middle and Late
Nemunas. The glaciolimnic silt and clay covered lacus-
trine and peat sediments with organics were probably
accumulated during the interval from 29,800±1200 to
23,770±630. Their deposition probably took place dur-
ing and just before the last glacial advance. The glacioli-
mnic silt and clay in Medininkai highland are simultaneous
to maximum of the last ice cover (23,000-15,000 BP). Here
and there between the upper glaciolimnic silt and clay
sediments and the Merkinë interglacial sediments, layers
of Early and Middle Nemunas deposits occur. In this sec-
tion the Merkinë interglacial, Early and Middle Nemunas
nonglacial sediments were probably accumulated during
the interval from 114,000 to 23,000 BP, a period with cli-
matic fluctuations, but without glacial sedimentation.
Radiocarbon dating have confirmed the conclusions
received by palynological research (Kondratienë, 1996).
There were more palynological data indicating the pres-
ence of organic sediments of the Merkinë interglacial,
lying on the surface of relief, not covered by the glacial
sediments (tills) of the Late Pleistocene.

The south-eastern part of Lithuania was not covered
by continental ice of either the Grûda or Baltija stadials

of the Late Nemunas glacial. The petrographical compo-
sition of till of the Grûda stadial of Nemunas glacial in
Lithuania indicates a Central Swedish source for erratic
boulders and clastic material (Gaigalas, 1995). The Grûda
till was enriched with local Mesozoic sedimentary rocks.
Apart from Mesozoic marls clasts, this till is rich in crys-
talline rocks from Central Sweden, the Åland Island and
the Baltic Sea floor. The Grûda ice sheet moved there-
fore from the north-west to the south-east. During the
retreat a minor readvance of glacier, the Þiogeliai Phasial,
occurred. The Baltija till deposited by the stadial glacier
advance notably contains increased frequency of
dolostones derived from Devonian rocks of the east Bal-
tic region. The ice of the Baltija stadial transgressed the
area of Lithuania in three distinct lobes: west Lithuanian,
central Lithuanian and east Lithuanian. The glacial de-
posits of each of the three lobes differ in the petrographic
composition of the erratics of crystalline rocks and clasts
of sedimentary rocks. However, the main mass of the ice
moved from the north to the south over east Baltic Pala-
eozoic rocks. The till of the Baltija stadial has specific
association of Palaeozoic sedimentary rocks from east
Baltic region and crystalline rocks from south Finland.
Retreating and periodically recessing, the glacier of the
Baltija stadial has left its phasial tills, which were distrib-
uted by tracks of East-Lithuanian (about 16,000 BP),
South-Lithuanian (ca 15,000 BP), Middle-Lithuanian
(ca14,000 BP), and North-Lithuanian (ca13,000 BP)
phasials on the surface of Lithuania (Fig.1). The East-
Lithuanian phasial corresponds to the maximum of the
Baltija stadial (Fig. 1). In the zone of the south Lithuanian
recessional phase, the three oscillational branches of end
moraines have been found. Immediately after the each
retreat of the ice sheet, vast areas of Lithuania were cov-
ered with big ice-dammed lakes in interphasials. The
phasial tills are spread locally, in recession zones of phasial
glaciers, so their full lithostratigraphical sequence may be
revealed only by carrying out successive investigation and
correlation of Baltija tills on the whole area of Lithuania.

5. CONCLUSIONS

The radiocarbon dating provides a more accurate
chronology of the Late Nemunas (Vistulian) Glaciation.
In Jonionys section rewashed till with boulders of the last
ice cover of the Late Nemunas Glaciation is younger than
30,000 BP. The main Late Nemunas glacier covered the
Baltic countries and reached south-eastern Lithuania
about 22,000-20,000 BP. In Lithuania lithological research
led to the recognition of two independent Late Pleistocene
Grûda (before 22,000-18,000 BP and Baltija (16,000-
13,000 BP) till horizons, which were correlated with the
Brandenburgian and/or Leszno and Pomeranian and/or
Pomorze glacial stages. The covering till strata at the vi-
cinity of Jonionys belongs to maximum of the Late
Nemunas Glaciation. The recent radiocarbon dating is
important for the establishment of the studied area as a
standard for the European Würm (Vistulian, Weichselian,
Valdaian, Poozerian, Nemunas) Glacial.
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Abstract: Abstract: Abstract: Abstract: Abstract: Development of glaciolacustrine basins and varved clay sedimentation in Lithuania
are closely connected with the course of ice retreat during Daniglacial time from 16,000 till
13,000 BP. Isotopic composition (δ13C and δ18O) of chemogenic carbonaceous samples from
glaciolacustrine varved clays, which spread near glacier edge of South-Lithuanian (Balbieriškis
section), Middle-Lithuanian (Girininkai section) and North-Lithuanian (Joniðkëlis section)
Phases of the Baltija (Pomeranian) Stage of Nemunas (Vistulian) Glaciation, has been stud-
ied. The obtained stable isotope data well confirm climatic changes of Daniglacial time in
Lithuania. The gradual warming of climate is connected with the South-Lithuanian to Middle-
Lithuanian and the Middle-Lithuanian to North-Lithuanian Interphasials as well as with the
South Lithuanian interoscillations. The Interphasial lacustrine sedimentation with rhythmi-
cal lamination of carbonaceous sediments was observed in the middle part of the Balbieriškis
section (at a depth of 3.1-5.9 m). The following climatic changes of Daniglacial time in
Lithuania are distinguished: (1) stadial (3000-6000), (2) glaciophasial (500-1000), (3) glacio-
oscillation (500-1000) years and (1) interstadial (1000-2000), (2) interphasial (250-450),
(3) glacio-interoscillation (20-40) years. Regular succession of Daniglacial climatic and sedi-
mentation changes in the local periglacial glaciolacustrine lakes, conditioned by recession of
the last Scandinavian ice sheet, was revealed in the glaciolacustrine-lacustrine sediments for
the first time.

KKKKKey wordsey wordsey wordsey wordsey words:
STABLE ISOTOPES,

GLACIOLACUSTRINE
SEDIMENTS, CLAY,
VARVES, CLIMATE

CHANGES, PHASIAL,
DANIGLACIAL,

LITHUANIA

1. INTRODUCTION

Varved deposits of glaciolacustrine basins are widely
spread in Lithuania. The largest occurrences of them are
connected with the glacier edge of its South-Lithuanian,
Middle-Lithuanian and North-Lithuanian Phases of the
Baltija (Pomeranian) Stadial of Nemunas (Vistulian)
Glaciation (Gudelis and Mikaila, 1960).

The proglacial lakes were dammed near the margin
of the retreating ice-sheet of the Last Nemunas (Vistulian)
Glaciation (Kazakauskas and Gaigalas, 2000). The maxi-
mum of the Nemunas Glaciation in Lithuania dates about
20,000-18,000 BP (the first Grûda Stadial). The glacier
of the next Baltija Stadial reached its maximum at 16,000
years ago (Gaigalas, 2000). Approximately after 16,000
years ago the glacier of the Baltija Stadial began the re-
treat from the maximal limits of its spread.

Development of glaciolacustrine basins and varved
clay sedimentation in Lithuania are closely connected with
the course of ice retreat during Daniglacial time from
16,000 to 13,000 BP (Fig. 1). Sedimentation of varved
sediments of glaciolacustrine basins in Lithuania went on
for 3000 years. The time of the glacier retreat from the
North Lithuanian end moraine correspond to the transi-
tion from Daniglacial (16,000-13,000 BP) to Gotiglacial
(13,000-10,000 BP) epoch. The age of the boundary be-
tween the Daniglacial and Gotiglacial was established at
13,200 years BP due to the dating of some interstadial
deposits in central Latvia (Raukas, 1993; Gaigalas, 1994).

Approximately 16,000 years ago the recession of the
glacier margin of the Baltija Stadial from the maximal lim-
its of its spread began. About 15,000 years ago the glacier
stopped on the line of the end moraines of South-
Lithuanian Phasial. In South-Lithuanian Phasial there are
distinct branches of at least three oscillatory end moraines

GEOCHRONOMETRIA Vol. 20, pp 81-86, 2001 – Journal on Methods and Applications of Absolute Chronology



82

Stable isotopes as record of climatic changes...

and some complexes of varved clays in Simnas-Balbieriškis
glaciolacustrine basin of that time. As may be seen from
the section of Balbieriškis exposure (Fig. 2), there are 5
different sedimentogenetic series of varved deposits
connected with the South-Lithuanian retreating ice cover.
The 370 varves were counted in Balbieriškis section. Next
stop of the receding ice cover at the Middle-Lithuanian
end moraines lasted till 14,000 years ago. The glacio-
lacustrine basins Kaunas-Kaiðiadorys and Jûra-Ðeðupë
were situated between the South Lithuanian and Middle
Lithuanian end moraines. The varvometric data show that
duration of the Kaunas-Kaiðiadorys basin was about 260
years (Fig. 1). The Linkuva-Pasvalys glaciolacustrine ba-
sin was formed in the moraine belt of North Lithuania
after the retreat and during new recession of the glacier.
The Joniðkëlis section contains about 120 varves (Fig. 1).
Sedimentation of different litho-types of glaciolacustrine
clays was closely related to climatic changes, deglaciation,
melting and retreat of the Last Scandinavian ice-sheet.
This is confirmed by the study of stable isotope content
in varved clays of glaciolacustrine basins. Carbon and
oxygen stable isotope composition reflects cold climatic
conditions of Daniglacial time.

2. SECTIONS AND SAMPLES STUDIED

The isotopic composition (δ13C and δ18O) has been
studied for chemogenic carbonaceous samples. Eighty-
eight samples of glaciolacustrine varved clays were col-
lected from sediments of proglacial basins of the South-
Lithuanian (Balbieriðkis section, 49 samples), Middle-
Lithuanian (Girininkai section, 21 samples), North-
Lithuanian (Joniðkëlis section, 18 samples) Phases of the
Baltija (Pomeranian) Stadial of Nemunas (Vistulian)
Stage in Lithuania (Fig. 1).

About 15,000 years ago the glacier stopped on the line
of the South Lithuanian end moraines and, thus, there
are some distinct complexes (Balbieriškis section) of
varved clays in the Simnas-Balbieriškis basin. Next stop
of the receding ice cover at the Middle Lithuanian end
moraines occurred about 14,000 years ago. The Kaunas-
Kaiðiadorys glaciolacustrine basin (Girininkai section)
formed between the South Lithuanian and Middle
Lithuanian end moraines. The Mûða glaciolacustrine
basin (Joniðkëlis section) formed after the retreat and
during new recession of the glacier at the moraine belt of
North Lithuania.

The investigated glaciolacustrine sediments are attrib-
uted to deepwater lithofacies that have generally formed
in a proglacial subenvironment. However, in the early
stages of the glaciolacustrine basin development, the sedi-
mentation could also take place in terminal (marginal),
supraglacial and subglacial environments. During the cli-
matic amelioration in an extraglacial subenvironment, the
glaciolacustrine sedimentation could change into lacus-
trine, and gradually shift back to glaciolacustrine. In such
cases, mixed (glaciolacustrine-lacustrine or lacustrine-
glaciolacustrine) sediments formed. Largest Lithuanian
glaciolacustrine basin sediments were ascribed to facies
of proglacial lakes that developed through the interaction
of glacial and periglacial environments (Ðinkûnas and
Jurgaitis, 1997).

3. RESULTS OF THE INVESTIGATIONS
AND DISCUSSION

The results of δ18O and δ13C analysis are given for
Balbieriškis, Girininkai and Joniðkëlis sections. All of
them were calculated versus PDB standard. Carbon iso-
tope 13C content shows, that part of the carbonates is

Fig. 1. Map showing location of
investigated sites: Balbieriðkis,
Girininkai and Joniðkëlis sections
of glaciolacustrine clays. Limits
of glacier advances: B – Baltija
Stadial, SL – South-Lithuanian
Phasial, ML – Middle-Lithuanian
Phasial, and NL – North-Lithuanian
Phasial.
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allogenic – inwashed and redeposited from Late Pleis-
tocene tills.

Different glaciolacustrine sediments, linked with gla-
cier oscillation, recession and re-advance, as well as lacus-
trine sediments accumulated during interphasials were
found. The suspension flows from the thawing glacier,
temperature and hydrodynamic conditions of water in
oligotrophic lake played a decisive role in sedimentation.
Also an activity of organic world, which increased during
summer periods, influenced the lacustrine sedimentation.
The lacustrine deposits are calcareous and they contain
seasonal bands of carbonates in interphasial layers. The
lacustrine sedimentation reflects climatic changes within
the limits of 120-130 years (the deposits at a depth 3.1-
5.9 m in the middle part of the Balbieriškis section).

Balbieriškis section.
As may be seen from the section of Balbieriškis expo-

sure (Fig. 2) there are 5 different sedimentogenetic se-

ries of varved deposits connected with at least three os-
cillations of retreating ice cover of the South-Lithuanian
Phasial. Five climatic evolutionary stages have been de-
termined: (1) climatic warming and intense glacial retreat,
with two oscillations during which climatic cooling took
place (sediments at a depth of 6.7-8.2 m); (2) stabiliza-
tion of climatic conditions with a stable position of the
glacier, characterized by sedimentation of homogeneous
clays (at a depth of 5.9-6.5 m); (3) sudden climatic warm-
ing and fast glacier retreat, characterized by lacustrine
sedimentation (at a depth of 3.1-5.9 m); (4) sudden cli-
matic cooling and glacier re-advance, characterized by
prevailing glaciolacustrine sedimentation (at a depth of
0.5-3.1 m); (5) final climatic warming and glacier retreat,
characterized by the deposition of ablation till (at a depth

Fig. 2. Variation of stable isotope composition of carbon (δ13C)
and oxygen (δ18O) in glaciolacustrine sediments of Balbieriškis
section: 1 – soil, 2 – homogeneous clay, 3 – laminated clay,
4 – clay disturbed by cryogenic process, 5 – carbonates, 6 – till.

Fig. 3. Variation of δ13C and δ18O in glaciolacustrine sediments
of Girininkai section. For lithological legend, see Fig. 2.
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of 0.3-0.5 m). The isotope data well confirm sudden cli-
matic changes at the South-Lithuanian – Middle-
Lithuanian Interphasial and during interoscillations of the
South-Lithuanian Phasial. During interphasial climatic
warming sedimentation had a completely different char-
acter in a glaciolacustrine basin. Deposition of seasonal
calcareous laminae is characteristic of lacustrine sedimen-
tation. These layers were deposited during late summer
and autumn. Their formation depended not only on tem-
perature, but on pH reaction, organic material content,
and regime of CO2 as well. Such calcareous lamination
was observed in sediments of the middle part of the
Balbieriškis section (at a depth of 3.1–5.9 m). The occur-
rence of calcareous layers indicates climatic changes of
seasonal character, which had an influence on sedimen-
tation of laminated varved clays. Sediment lamination
commonly reflects an annual rhythm of sedimentation,
governed by the annual temperature cycle. This cycle not
only caused great variations in the physical and biologi-
cal conditions of a lake, but also in a sediment influx. The
variations led to sedimentation of different kinds of ma-
terial at different times of deglaciation and retreat of the
Last Glacial.

In sediments of Balbieriškis section three climatic os-
cillations and glaciolacustrine deposits related to them are
reflected. The megainteroscillation (interphasial) climatic
warming (duration ca 120-130 years) is represented by
lacustrine sediments, lying at a depth of 3.1-5.9 m, between
glaciolacustrine sediments of the second and third oscil-
lations.

Girininkai section.
This section starts with varved clays deposited during

the Middle-Lithuanian Phasial in the Kaunas-Kaišiadorys
glaciolacustrine basin. With warming of the climate, the
lamination of clays becomes more expressed.

In Girininkai section (Fig. 3), three climatic evolution-
ary stages have been determined: (1) short climatic warm-
ing with an oscillatory retreat of the glacier, character-
ized by sedimentation of distinctly laminated clays with
prevailing winter layers (sediments at a depth of 6.5-9.5 m);
(2) more stable climatic conditions, characterized by sedi-
mentation of indistinctly laminated clays (at a depth of
3.2-6.5 m); (3) climatic warming, characterized by sedi-
mentation of laminated silty and calcareous clays (at
a depth of 0-3.2 m).

During the climatic warming, when the glacier melted
more intensely, frozen till clasts were deposited within
summer layers of sediments (lower part of the 6.5-9.5 m
interval). The climate of this time interval was marked by
warm summers and variable winters. Warm climate
conditioned interphasial sedimentation (lower part of the
0-3.2 m interval) as evidenced by traces of organic matter.

Joniðkëlis section.
This section is connected with the development of the

Mûða basin near the edge of the North-Lithuanian Phasial
glacier. Climate changes during the North-Lithuanian
Phasial are reflected in the glaciolacustrine clays of the
Mûða periglacial basin.

Three climatic evolutionary stages have been deter-
mined in Joniðkëlis section (Fig. 4): (1) short climatic
warming period with glacial retreat, characterized by sedi-
mentation of distinctly laminated calcareous clays (sedi-
ments at a depth of 1.8-2.6 m); (2) short cooling period
and glacial re-advance, characterized by glaciotectonic
deformation (at a depth of 1.0-1.8 m); (3) short period of
stable climatic conditions and final climatic warming, char-
acterized by indistinctly laminated or homogeneous clays,
overlaid by silt and sand (at a depth of 0-1.0). A bed of
massive clays finishes the sequence of Joniðkëlis section.

4. CONCLUSIONS

Interpretation of analytic data on stable isotope com-
position of carbonaceous sediments in glaciolacustrine
sediments of the Daniglacial in Lithuania helps to solve
problems of sedimentation temperature conditions and
genesis of the carbonate sediments.

The glaciolacustrine-lacustrine profile of sediments
can be subdivided into 3 sedimentary intervals: 1) the time
of retreat of the oscillating ice margin (glaciolacustrine
sedimentation), 2) interphasial (or interoscillation) lacus-
trine sedimentation with seasonal warm-cold contrasts,
3) re-advance of the oscillating ice (new glaciolacustrine
sedimentation). The distribution of the chemogenic car-
bonates in glaciolacustrine sediments depended on sea-
sonal character of the climate.

Fig. 4. Variation of δ13C and δ18O in glaciolacustrine sediments
of Joniðkëlis section. For lithological legend, see Fig. 2.
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Palaeogeographical changes are reflected in an el-
ementary sedimentation cycle by the alternation of dif-
ferent deposits (from the bottom to the top): glacial –
glaciolacustrine – lacustrine – glaciolacustrine. The com-
position of stable isotopes, δ13C and δ18O values, reflect
the climatic fluctuations during glaciolacustrine – lacus-
trine – glaciolacustrine sedimentation of  the South-
Lithuanian, Middle-Lithuanian and North-Lithuanian
Phasials of the Baltija (Pomeranian) Stadial of Nemunas
(Vistulian) Glacial. Climatic changes are related to gla-
cier recessions during the Daniglacial (16,000-13,000 BP)
in Lithuania.
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Abstract: Abstract: Abstract: Abstract: Abstract: Combining the evidence of radiocarbon dating, pollen analysis and geochemistry
we suggest a chronological division of prehistoric sites in the upper stretches of the Western
Dvina and Lovat Rivers in North-Western Russia and discuss the changes in vegetation, cli-
mate and history of lakes in that area during the Holocene.
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1. GEOGRAPHICAL BACKGROUND

The investigated area is located in the catchments of
the upper stretches of the Western Dvina (Zapadnaya
Dvina) and Lovat Rivers, in the southern part of the Pskov
and north-western part of the Smolensk Districts of the
Russian Federation (Fig. 1).  The area includes “proxi-
mal” morainic hills corresponding to the maximum stage
of the Last Ice Age (Würm, Devensian and Valdai).
According to Kvasov (1979), starting with this stage,
a huge ice-dammed lake was formed directly in the front
of the ice edge. Following the recession of the ice-sheet,
the level of the lake gradually lowered, opening new
thresholds. Consecutive levels of this basin are distinctly
visible in a system of terraces and distinguishable in sedi-
ments. The present-day lakes occurring in that area
(Usvyaty, Zhizhitsa and others) are viewed as the relics
of the Late Glacial ice-dammed lake.

Following the drainage of the Baltic Ice Lake at ca
10,000 years BP the water level in the hydrological net-
work dropped, which resulted in large-scale erosion of
previously accumulated deposits. Lowering and a partial
paludination of lakes during the Preboreal (10-9 ka BP)
was identified in the Peribaltic area (Kabailiene et al.,
1992) and Byelorussia (Yakushko et al., 1992). During the
Boreal (9-8 ka BP) the lake-level rose and intense accu-
mulation of organic matter took place in many lakes of
central and North-Western Russia as well as in the
Peribaltic area and Byelorussia (Davydova, 1992). Start-

ing with the Atlantic period (8-5 ka BP), in conditions of
general temperature increase (by 1.5 °C annually) and
rainfall (by 80-100 mm annually), one notes a substantial
rise in the lake-level throughout Northern and North-
Eastern Europe. In the area studied several stratigraphi-
cally acknowledgeable fluctuations in the lake-level occu-
rred during the Atlantic and the subsequent Subboreal
periods. These fluctuations which were fairly synchronous
throughout the area provided an independent time-con-
trol for the investigated sites (as a succession of regres-
sions/transgressions).

2. ARCHAEOLOGY

Fig. 1. Location of the investigated area.
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Systematic archaeological and environmental investi-
gations in that area have been carried out since the dis-
covery of the first Neolithic sites by A.M. Miklyayev in
1962. Field studies have resulted in the discovery and ex-
cavations of numerous archaeological sites (Usvyaty,
Serteya and others), ranging in the age from the Late
Palaeolithic to early Middle Ages (Dolukhanov and
Miklyaev, 1986; Miklyaev, 1994; Mazurkevich, 1988).
The sites have been stratigraphically excavated with the
use of multidisciplinary methods, which will be discussed
below.

3. RADIOCARBON DATING

To this date more that 80 radiocarbon measurements
have been obtained for samples of wood from archaeo-
logical structures, as well as for organic samples from
lacustrine deposits. These measurements were carried out
mainly at the Labs of the St. Petersburg Institute for His-
tory of Material Culture (LE) and the University of Tartu,
Estonia (TA).

4. POLLEN ANALYSIS

Archaeological deposits and lacustrine sediments were
intensely cored and the samples studied with the use of
pollen analysis. One should especially mention the cores
in the area of Usvyaty IV sites studied by E.A. Spiridonova
(Malakhovsky, 1969) and  M.A. Guman (Miklyayev et al.,
1984). The cores in the Rudnya area were studied by N.A.
Gey (Dolukhanov et al., 1989) and L.B. Savel’eva
(Kul’kova and Savel’eva, 2000).

5. GEOCHEMISTRY

Biological, chemical and physical processes in the lakes
reflect the changes in the hydrological regime (e.g. lake
depth) and temperature, all this being directly affected
by climate variations. These signals are recorded in the
geochemical composition of lake sediments (Hostetler,
1995; Stumm and Schnoor, 1995).

Acidity and alkalinity of lake sediments reflect the
changes in the vegetation cover in the surrounding area.
The expanding vegetation (forests, intensive crop produc-
tion) produces acidity; chemical weathering neutralizes
inputs of acids.

 The content of  organic matter in lake sediments pro-
vides an additional information on lacustrine
palaeoenvironment: the history of climate change and the
effects of humans on local and regional ecosystems. De-
tritus of plants living in waters and the surrounding land
is the primary source of organic matter in lakes. In addi-
tion, winds commonly transport materials such as pollen
from the sources located outside local watershed.  Pro-
gressive eutrophication, changes in the vegetation on the
watershed and human induced pollution, all these can be
inferred from the elemental, isotopic and molecular com-
position of sedimentary organic matter. This also includes
the carbon/nitrogen (C/N) ratios that reflect the original
proportions of algal and land-derived material. Carbon
isotopic compositions indicate the history of lake produc-
tivity and carbon recycling (Meyers and Ishiwatari, 1995).

During the course of the present study, the geochemi-
cal analysis was applied for the samples from two
palaeolakes drained by the Serteya river, the tributary of
the Western Dvina River, in the vicinity of Rudnya vil-
lage in the Smolensk Oblast (Fig. 2).

The coring of lacustrine sediments combined with the
excavations of Neolithic and Bronze Age sites revealed a
complicated stratigraphy, which included both mineral
(sand of varying granulometric composition and silt) and
organic-rich deposits (gyttja and peat) reaching at some
points the thickness of 8 m.  Eight varieties are distinguish-
able:
1. Calcareous gyttja with numerous broken shells;
2. Olive-colored gyttja particularly rich in organic matter;
3. Woody gyttja with great amount of plants and timber;
4. Detritus gyttja, rich in plant remains, mostly reed,

sedge and scirpus;
5. Clayey gyttja, rich in mineral particles;
6. Light-brown gyttja rich in plant remains;
7. Dark brown gyttja rich in decomposed plant remains;
8. Peat.

Mineral and chemical composition of the samples was
established by means of infra-red spectrometry and spec-
tral emission analysis separately for mineral and organic
sediments. The obtained data were statistically processed
with the use of the factor analysis. The projection on the
space of principle components has identified three main
factors which defined the mineralogical and chemical
composition of the analysed samples:

1. Fluctuations in lake level;
2. Acidity/alkalinity;
3. Thermal changes.
One notes considerable fluctuations in the input of

Factor 3 (thermal changes) for mineral (Fig. 3) and orga-
nic (Fig. 4) sediments.

Using the same technique the contributions of the
Factor 1 (fluctuations of the lake level) were calculated
separately for mineral (Fig. 4) and organic (Fig. 5) sedi-
ments.Fig. 2. Geographical location of the sites.
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Fig. 3. Thermal sedimentary environment of mineral deposits (Serteya XIV hole).

Fig. 4. Thermal sedimentary environment of organic deposits.
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6. HISTORY OF SEDIMENTATION AND SETTLEMENT

Basing on these studies it became possible to follow
up the sequence of sedimentation and human settlement
that included several stages:

1. Late Glacial Times ( >12,000-10,000 BP). This age
is attested for silt dominated sediments in the basal sec-
tions of the core at the site of Usvyaty 4 and in several
cores at Rudnya. The pollen spectra considered as the
Alleröd/Younger Dryas transition show the occurrence of
spruce and birch forests in an open, herb dominated land-
scape with high participation of Chenopodiaceae, Artemi-
sia, Poaceae, Cyperaceae, Helianthemum, Dryas sp., and
aquatic plants. These deposits may originate from the
surface erosion and the subsequent inwash of coastal
forms of numerous interconnected post-glacial lakes
which existed in that area. The coastal forms were sub-
jected to wind erosion, resulting in formation of wind
blown dunes. This period corresponded to the initial hu-
man settlement of the area, with several sites consisting
of large concentrations of flint tools found on the elevated
terraces and dunes (Ivantsov Bor, Lukashenki 1-3, Serteya
and others). Lithic assemblages include the tanged points
of Ahrensburg, Lyngby and Svidry types, suggesting re-
peated yet ephemeral settlements of hunting groups.

2. Pre-Boreal-Boreal-Early Atlantic (10,000-7000
BP). This period  corresponded to the initial stage in the
Holocene development of the lake basin with a low level
and gradually increasing rates in the accumulation of or-
ganic-rich deposits: calcareous and olive-colored gyttja
with decreased content of mineral matter. A rise of the
lake-level is acknowledged at the end of the Boreal – be-
ginning of the Atlantic period. The pollen show gradual
spread of pine dominated forest with hazel in underwood,

and an increasing admixture of broad-leaf species start-
ing with the beginning of the Atlantic. No authentic
Mesolithic sites attributable to this period have ever been
found in the area. There are unconfirmed reports about
the finds of Kunda-like implements in deep layers of a
peat bog near the Lake of Zhizhitsa.

3. Middle Atlantic (7000-6500 BP). The period of low
level during which the calcareous gyttja with shells was
deposited on top of the silt at the site of Rudnya
Serteyskaya. These deposits for which no radiocarbon
dates are available include the materials of the oldest
pottery-bearing tradition in that area referred by Miklyaev
to the Serteyan. The conic pottery vessels ornamented
with rows of triangular impressions were made of clay
tampered with coarse sand and organic matter. The stone
industry consisted of fragmented implements made on
blades and flakes. The pollen spectra reflect a relatively
cool episode within the Atlantic climatic optimum, with
the total amount of broad-leaved species (oak, elm and
lime) being less than 7 %; among the macrofossils were
identified: alder, birch, willow and horsetail.

4. Late-Atlantic-1 (6500-6000 BP). After a short-lived
rise, a new regression followed with the accumulation of
olive-colored gyttja. A new settlement arose the material
culture of which is considered as Rudnyaian. The pottery
shows a continuity in relation to the Serteyan with the
appearance of new elements: the pointed “thorn-bot-
tomed” vessels with S-like profiles, made of clay tempered
with crushed shells, organic matter and a small admixture
of sand. The stone inventory was dominated by scrapers
manufactured from flakes, and includes the arrowheads
and the fragments of axes and adzes. The rich bone and
antler industry has analogies in the early Neolithic of east-
ern Peribaltic. A large series of radiocarbon dates falls
within a time-span of 6200-6000 BP.

5. Late-Atlantic-2 (6000-5700 BP). Following the rise
of the lake-level,  the previous settlement was abandoned
and covered with yellow medium-grained sand. A new site
was found in the level of olive-coloured gyttya. This level
includes the pottery of the previous type combined with
new varieties which have analogies in the Narvian (east-
ern Peribaltic) as well as in the Upper Volga and Upper
Dniper cultures. Remains of a wishweir lie directly above
this level; they were radiocarbon dated to 5780±50 (LE-
2577) and 5770±50 (LE-2570) BP. The pollen spectra
show the highest content in thermophylous broad-leaved
species reaching 34 % and suggesting a significant rise in
temperature. The level includes numerous seeds and
macrofossil remains of aquatic plants, including
Nymphaea sp. and Ceratiophyllum sp.

6. Subboreal-1 (5700-5500 BP). This stage started
with an abrupt fall of the lake levels during which the lake
at Rudnya-Serteya turned into mire with accumulation of
detritus gyttja, rich in plant remains, mostly reed, sedge
and scirpus, dark brown gyttja rich in decomposed plant
remains and peat. Simultaneously the pile dwellings
started emerging on lower levels of several lakes. The
initial stage of pile dwellings is particularly well repre-
sented at the site of Usvyaty 4, in the levels dated:
5570±40, 5530±40, 5490±65, 5480±60 BP etc.

Fig. 5. Fluctuations of lake levels based on the factor analysis of
mineral deposits.

Depth [cm]
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7. Subboreal-2 (5500-4200 BP). During the subse-
quent rise of the lake level, the settlement was repeatedly
relocated onto higher levels and nearer to the shore and
eventually destroyed by the fire at about 4200 BP; its re-
mains were sealed with sand. Judging from the pollen
evidence, at that time, mixed coniferous forests were re-
stricted to morainic hills, with pine forests on sandy plains
and rich aquatic flora in the immediate vicinity of the sites.
The deposits contain 40 species of animals and fishes in-
cluding large mammals: elk, brown bear and boar being
the most common, and also fur animals: marten, otter and
squirrel. Judging by the age groups, the elk was huntered
throughout the year. Pike and perch were the most com-
mon among the fish. At least 30 edible plants were iden-
tified in the deposits of pile-dwellings; hazel-nut and wa-
ter chestnut (Trapa natans) were allegedly the main source
of plant protein. Rich cultural assemblage found in these
levels is referred to as Usvyatian. A short-lived regression
marked the end of this stage.

8. Subboreal-3 (4200-3600 BP). During the subse-
quent fluctuations in the lake levels the settlements shifted
to higher levels. Radiocarbon dates for this stage: 4000-
3700 (lake-level rise) and 3700-3600 (lake-level fall) BP.
These settlements are considered as belonging to differ-
ent cultural traditions: Zhizhitsian and North-
Byelorussian, the latter being viewed as a local variant of
the Corded Ware. The deposits of this stage contain lim-
ited amount of bones of domesticates (sheep, goat, cattle,
pig), yet their overall rate is less that 14 %. Following the
catastrophic transgression the tradition of lake dwellings
ceased and was never resumed again. Early Iron Age sites

(starting with Uzmenian culture) emerged on higher lev-
els at greater distance from the lakes.

7. DISCUSSION

The landscapes in the basins of the upper Western
Dvina and Loval were first penetrated by groups of
hunter-gatherers during the Late Glacial times (12-10 ka
BP) and remained an arena of intensive settlement ever
since. The attractiveness of this area apparently stemmed
from the richness and productiveness of local lacustrine
eco-systems. Judging by the variety of culturally identifi-
able stone tools (tanged points) found at the earlier sites,
initially the human groups came here both from the west
and from the south, moving along the waterways and fol-
lowing the seasonal migratory routes of large herd ani-
mals (the reindeer, in the first place).

The new stage of human settlement started during the
Atlantic climatic period when the rise in temperature and
humidity considerably enriched and diversified the pro-
ductivity of the lacustrine eco-system. New evidence
clearly shows that the beginning of pottery making on East
European Plain nearly coincided with the onset of the
climatic optimum, ca 8000 BP.  An increased sedentariness
and an apparent population growth in that area followed
an intensification of hunter-gathering, without any appar-
ent evidence of either agriculture or stock-breeding. Pot-
tery-making in the Western Dvina-Loval area identifiable
at Serteyan stage started at ca 7000 BP. Similar age is now
attested for early pottery-bearing sites in Central, North-
Western Russia and in eastern Peribaltic.  The initial im-

Fig. 6. Fluctuations of lake levels based on the factor analysis of organic deposits.

Depth of sample [cm]
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Fig. 7. Climate change, lake-level fluctuations and sequence of cultural deposits.

pulse of pottery-making may have come from the south,
where, judging from the available evidence, the pottery-
making tradition was older by at least 1000 years
(Rakushechnyi Yar on the Lower Don River, Elshan on
the Lower Volga River).

The highest degree of adaptation to lacustrine envi-
ronment was reached in the Late Atlantic with the con-
struction of pile dwellings in the coastal areas of the lakes.
Remarkably a similar tradition was developed at the same
time in the Alpine area (Schichtherle and Wahlster, 1986).
One notes similarities in the microenvironment and the

subsistence. In both areas the fishing and food gathering
constituted significant strategies of food-quest (the agri-
culture was well developed in the alpine zone). The re-
semblance was particularly phenomenal in the technique
of house-building which included pointed posts deepened
into the lacustrine silt, forming the foundation of plat-
forms on which various structures were erected. In both
areas the settlements were occupied all year round; the
living structures were often refurbished, rebuilt, moved
to a higher elevation following the rise of lake-level; on
several occasions major fires could be recognized.
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The ornamental patterns on the ceramic vessels show
certain similarities with the ornamentation on the Fun-
nel Beakers and Globular Amphorae (Miklyayev, 1995;
Mazurkevich, 1998). This may be viewed as an evidence
of a direct social and cultural interaction of local groups
with the farming communities in the west.

The interaction with the west became yet more con-
spicuous at the stage of North-Byelorussian culture. Or-
namental patterns taken of the entire pottery corpus of
the multi-layered site of Naumovo were processed by the
technique of multivariate analysis (Dolukhanov and
Fonyakov, 1984). The principle component analysis for
the lower and middle levels of the site has produced two
clearly distinguishable clusters of signals which merged
at the forming a new entity at the upper level. One gets
an obvious impression of the intrusion of a new cultural
tradition which was gradually absorbed by an old one. This
may be seen as an indication of an inflow of the surplus
population from the Corded Ware areas in the west, which
brought in some cultural and technological innovations.
In a very short time the newcomers were totally absorbed
by local groups adopting the local mode of life and cul-
tural symbols.
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RADIOCARBON DATING OF THE KURILE LAKE CALDERA
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Abstract: Abstract: Abstract: Abstract: Abstract: In this paper the set of radiocarbon dates obtained for the caldera-forming early-
Holocene Kurile Lake eruption, which deposited a very important key-marker ash (KO) and
formed the isochronous benchmark, is analyzed. Previous 12 dates derived from samples col-
lected mostly far from caldera, and fall into the significant time interval (7890-7530 BP).
In 1996-98 we performed the extensive sampling of organic matter related to pyroclastic flow
and fall KO deposits, and 17 new dates were obtained. We selected the valid dates from both
data sets analyzing the sample types and taphonomy, to estimate the accurate age of the KO
eruption, and sharpened the time-span (7690-7530 BP) where the reliable dates fall. The
estimated age is 7618±14 BP (Cal. 6455 BC).
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1. INTRODUCTION

Radiocarbon dating is often used to provide age esti-
mates for various geological events. Unfortunately, many
deposits do not contain organic matter by themselves, and
we can estimate their ages only by dating various types of
organic material associated with them. This material can
form during long period of time and thus contains het-
erogeneous organic matter of different ages. Therefore,
to get an accurate age of non-organic deposits, it is nec-
essary to obtain series of radiocarbon dates instead of one
or a few (Braitseva, et al., 1993). This provides the self-
control of the method and allows receiving representa-
tive data. However, in some cases, such dates show widely
discrepant values, and it is necessary to carefully consider
each date to derive the definite radiocarbon age of the
event. We are going to analyze the sources of radiocar-
bon date deviations and evaluate the data set for the case
of repeated dating of a single strong volcanic eruption on
various types of organic matter, and to estimate its age.

2. THE KURILE LAKE CALDERA ERUPTION,
AND ITS DEPOSITS

This research was carried out for catastrophic Kurile
Lake caldera eruption which took place in Early Holocene
in South Kamchatka. Ejection of 140-170 km3 of pyroclas-
tic material resulted in formation of a collapse caldera ca
14 km in diameter (Melekestsev et al., 1998). The total
volume of tephra was 7-8 times larger than that of
Krakatoa eruption (20 km3) and was close to that of

Tambora eruption, the largest one on historical record.
The Kurile Lake caldera eruption produced rhyodacitic
tephra fallout, voluminous ignimbrite and surge depos-
its. Thick flow deposits filled valleys and covered an area
of about 1500 km2 around the caldera. The ash-cloud
moved through the southern half of the Kamchatka pen-
insula, across the Sea of Okhotsk to the Magadan region
(northeastern Russia) and deposited an ash layer (Fig. 1),
which is an important marker and isochronous strati-
graphic benchmark for South Kamchatka and northern
Kurile Islands (Braitseva et al., 1997b). This was the stron-
gest Holocene event of Kurile-Kamchatka volcanic belt,
and its environmental impact was significant (Melekestsev
et al., 1998). Thus, it is very important to know its accu-
rate age.

Therefore, the main purpose of the paper is to ana-
lyze and evaluate all the radiocarbon dates obtained for
this eruption, and to present the radiocarbon and cali-
brated ages of this important event, which formed the key
marker ash (KO).

3. PREVIOUS DATING

A few attempts were made earlier to estimate the age
of the eruption. The earliest were undertaken in early 60-
ies, in the Kurile Lake area. Two radiocarbon dates of
8000-8300 BP were obtained from charred wood and bed-
ded soil samples from the deposits underlying the Kurile
Lake ignimbrites (Kraevaia, 1967), and thus the early
Holocene age of this event was set up. The next effort was
performed at the beginning of 70-ies in the same region,

GEOCHRONOMETRIA Vol. 20, pp 95-102, 2001 – Journal on Methods and Applications of Absolute Chronology
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when five dates of 8000-9500 BP were derived from char-
coal samples (Masurenkov, 1980), but in most cases the
exact stratigraphic position of the samples was unknown.
Other two dates: 7860±100 (GIN-1062) and 7620±50
(GIN-1063), obtained from underlying peat and enclosed
wood, were excluded from the analysis as too young.  Thus,
the age of the eruption was considered to be about 8350-
8400 BP (Masurenkov, 1980). After that, the radiocarbon
data related to the Kurile Lake eruption ash layer were
collected farther from the caldera, mostly northwards and
northwestwards. The dates were obtained on peat and soil
samples, collected from under and above Kurile Lake ash
layer. The most distant samples were collected in 1988 at
the Magadan area (the northeast of Russia, Fig. 1), about
1000 km from the vent. In that case peat and humificated
sandy-loams were collected from under and above the
Kurile Lake ash. The dates show essential discrepancies,
and the sample ages range from 6190 to 8770 BP
(Melekestsev et al., 1991).

The analysis of all these dates was performed by
Braitseva et al. (1995). Two groups of dates were orga-
nized. The first group of reliable data consists of dates

7890-7530 BP, obtained on peat and soil samples, which
under- and overlie the Kurile Lake ash (far from the vent),
and two dates of charcoal and soil samples from the py-
roclastic flow deposits and from beneath them (north-
wards from the caldera). Both dates showed good con-
cordance and they are marked with (*) in Table 1. Never-
theless, these dates showed a significant range, about 360
years between the oldest and the youngest ones. The dates
of the second group, 7980-8400 BP, seemed to be too old
(Braitseva et al., 1995), and were considered as outliers.
The dates from the first data set (n=12) were used to
calculate the mean age of the eruption, which was cali-
brated using Calib 3.0 (Stuiver and Reimer, 1993):
7666±12 BP and 6530 (6459) 6422 BC respectively
(Braitseva et al., 1997a). Two acid peaks of 6470 BC and
6476 BC were identified in the Greenland Ice sheet, prob-
ably matching with the Kurile Lake eruption.

However, most of the dates used for calculation have
been obtained in distant localities. That is why, in 1996-
98, when we conducted the detailed study of the Kurile
Lake caldera deposits, we decided to get proximal samples
to confirm the age determination.

Fig. 1. Ash-fall axis and area of
ash dispersal (1-cm isopach) for
the Kurile Lake caldera eruption
(from Braitseva et al., 1997);
dates obtained from  under and
above Kurile Lake ash  (Braitseva
et al., 1995) beyond the area
covered by pyroclastic flow
deposits  are presented.
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4. NEW SAMPLES AND THE RADIOCARBON DATING

In 1996-1998 we performed extensive and accurate
sampling of different types of organic matter, associated
with the Kurile Lake deposits, in the vicinity of caldera.
New samples included various charcoals and wood from
within and under 50-200 m thick ignimbrite, charred soil
layers and compressed peat buried by the eruption de-
posits, from many sites all around the caldera (Fig. 2).

Charcoals (7 samples) were collected mostly from the
pyroclastic flow deposits. These are logs, branches or
twigs, charred during the eruption under the thermal or
chemical effect. Charcoal samples were pretreated using
A-A-A procedure: after the sample cleansing in hot 5%
HCl dilution it was washed with distilled water and then
boiled for 20 minutes in 2% dilution of NaOH. Then the
charcoal pieces were once more pretreated in hot 5% HCl
dilution and washed with distilled water.

To evaluate the possibility of sample contamination by
volcanic CO2 in the gas-saturated pyroclastic flow
(Braitseva et al., 1993) we divided two log samples from
the flow deposits into the 10-years tree-rings segments.
The all dates are significantly the same (Table 1), which
indicates lack of sample contamination by CO2.

Sometimes, charcoal dates could be older then the
eruption age due to inbuilt age of samples (in case of big
logs and trunks), or due to capture of dead wood pieces
by cooling flow (in any case). These possibilities are ana-
lyzed later on.

2 wood samples were collected form under the Kurile
Lake tephra fall and pyroclastic flow deposits. These are
logs and twigs from peat deposits, buried by ignimbrite,
sometimes strongly compressed. For the wood samples
we used the same procedure as for charcoals. Soil samples
(2 samples, sometimes carbonized) were collected from
under the tephra deposits. We received humic alkaline
extractions for each soil sample (Braitseva et al., 1993).

Fig. 2. Sketch-map of the Kurile Lake
pyroclastic flow deposits, composed
by Ivan M. Melekestsev; sampling sites
close to the the  caldera are shown.
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3 peat samples under the pyroclastic flow and tephra
deposits are strongly compressed, and they looked like
very solid parts of “burned books”. It was very difficult to
sample such a peat and extract humic fraction from the
samples. Thus, we applied the A-A-A pretreatment pro-
cedure, as for wood samples, and then dated the alkali
insoluble fraction (small pieces).

All the pretreated samples (alkaline extractions, wood,
charcoals and peat) were charred before the benzene syn-
thesis. 14C activity was measured using liquid scintillation
counting method, according to the procedure described
by Braitseva et al. (1993). We did not measured the δ13C
value, and all ages are not corrected for carbon isotopic
fractionation.

5. DISCUSSION OF RADIOCARBON DATES

New data set consists of 29 dates, including earlier
published reliable dates (Braitseva et al., 1995) and 17 new
dates obtained in 1996-1998. They are presented in Fig. 3
and Table 1.

We analyzed all the obtained dates from the point of
view of sample taphonomy and ways of carbon accumu-
lation and conservation in them. The first data set is ob-
tained on the samples from under the KO deposits. The
dates are derived from compressed wood fragments (log
and branches), buried soils, sand with organic matter and
peat (normal peat far from the vent and compressed one
under the ignimbrite deposits). Ages range from 8100±80
to 7540±40 BP, with the time-span (interval) between con-
secutive dates of 10-80 years.

Wood log date (GIN-8768, 7880±50 BP) is signifi-
cantly older (200-300 years) than the branches date (GIN-
8769, 7540±40 BP) from the same peat, and than the date
GIN-1062 (7620±40 BP), probably due to the high rate
of inbuilt age, thus we may consider the log date as too
old (outlier). Dates of buried soils show good agreement
with those obtained on branches, except the older GIN-
8766 (7730±60 BP), probably due to inbuilt age of the
soil layer.

Two samples consist of sand with organic matter (or
charred sandy loams), GIN-6079 and 9197, both showing
significant standard deviation rate (7820±100 and

Table 1. Results of 14C dating of samples under the KO deposits.

No. Lab. No. GIN- Sample type Location 14C Age [BP]
and stratigraphic position

1 8769 Branches from 8770 Unkanovich river (1) 7540±40

2 IV-828* Charred soil Northwest foot of Zheltovsky volcano (13) 7570±100

3 1062* Wood from 1063 Kuril Lake area 7620±40

4 8770 Charred peat Unkanovich river (1) 7660±40

5 5252* Peat Apacha village 7670±40

6 8766 Charred soil Maar, northwest foot of Iliinsky volcano (2) 7730±60

7 IV-822* Peat Petropavlovsk-Kamchatski 7810±60

8 6079* Sand with organic matter Magadan, Tanon Lake 7820±100

9 9197 Sand with organic matter Hakytsyn river, right bank (3) 7840±140

10 1063* Peat Kuril Lake area 7860±100

11 8768 Wood from 8770 Unkanovich river (1) 7880±50

12 9192 Charred peat Lower Hakytsyn river (4) 7940±60

13 6340* Peat Avachinsky volcano, Sedlovinskie lakes 7890±120

14 9220 Charred peat Saddle between Kosheleva and Kambalny volcanoes (5) 8100±80

15 1047* Soil enclosing the KO ash Maly Semiachik volcano, western foot 7550±80

Charcoals inside the KO deposits

16 9673 Upper part of ignimbrite layer Kuzaniok river (6) 7590±40

17 8772a-outer Lower part of ignimbrite layer Unkanovich river (7) a: 7660±50

8772b-inner b: 7640±50

8772c-middle c: 7650±50

18 9198 Middle of ignimbrite layer Etamink river (8) 7680±160

19 8771 Middle of ignimbrite layer Unkanovich river (9) 7690±50

20 5689* Middle of ignimbrite layer foot of Ksudach volcano (10) 7770±40

21 9136 Middle of ignimbrite layer Kaiuk river (11) 7770±60

22 9153 Middle of ignimbrite layer To the south of Dikii Greben’ volcano (12) 7800±40

23 9189a-outer Upper part of ignimbrite layer Lower Khakitsin river (4) a: 7840±40

9189b-inner b: 7880±40

Samples above the KO deposits

24 IV-812* Peat above the KO ash Petropavlovsk-Kamchatsky 7530±100

25 6338* Peat above the KO ash Avachinsky volcano, Sedlovinskie lakes 7540±40

26 6085* Peat above the KO ash Magadan, northern coast of Gertner Bay 7670±100

Notes:  * = valid dates from Braitseva et al. (1995). Site numbers shown in Fig.2 are in parentheses.
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7840±140 BP respectively). We suppose that these dates
reflect the sum concentration of organic matter, which
accumulated during long time (several hundred years or
more), and these ages are older than the eruption age.

The most interesting group of dates was obtained on
peat samples underlying the Kurile Lake deposits. Dates
from nearby of the caldera derived from the uppermost
thin layers of that organic horizon. Despite this fact, due
to high rate of peat compression, these layers could record
the long period of peat accumulation, and we consider
these dates older than the eruption age. Thus, we are
unable to use them for the accurate age estimation. Ex-
ception is GIN-8770 (7660±40 BP), enclosing the young-
est woody sample – the very thin peat layer right below
the fall deposits. Dates obtained on samples far from the
caldera: GIN-6340 (7890±120 BP), 5252 (7670±40 BP)
and IVAN-822 (7810±60 BP) resulted from total alka-
line extraction but also reflect the time-span of peat ac-
cumulation. We consider these dates as outliers, except
GIN-5252 (7670±40 BP), which is in concordance with
the youngest wood and soil dates.

The second data set is obtained on various charcoal
samples (thick logs, branches, twigs and destroyed wood

fragments) from the KO ignimbrite and one date is ob-
tained on soil enclosing the KO ash. This data set con-
sists of dates with ages ranging from 7880 to 7550 BP,
despite the mostly unified sample type, with the time in-
terval between consecutive dates of 10-80 years. Thus,
these dates fall into the same range as those obtained on
underlying samples. The analysis of the charcoal data set
has shown that:

1.  The ages of charcoal samples do not depend on the
diameter of charred trunk (branch, twig): we obtained
older dates (7770-7880 BP) on logs (GIN-9136, 9189a and
9189b) as well as on twigs (GIN-9153). The same is for
younger dates: 7540-7690 BP (9673 and 8772 are logs and
9198 is a small twig).

2. The ages of charcoal samples do not depend on the
sample position in the lower, middle or upper part of the
pyroclastic flow deposits (Table 1).

3. The ages of charcoal samples do not depend on the
distance from the caldera (Fig. 2).

The third data set is obtained on peat samples above
the Kurile Lake deposits, far from the caldera. The age
range inside this group is 7670-7530 BP, the dates fall into
the same range as those from inside and under the KO

Fig. 3. Summary section through the Kurile Lake caldera deposits with radiocarbon dates on various types of organic matter;
* - dates averaged in Braitseva et al., 1995
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Table 2. Results of 14C dating of the Kurile Lake caldera eruption

No. Lab. No. 14C Age [BP]

GIN- (IVAN-)

1 IV-812* 7530±100

2 6338* 7540±40

3 8769 7540±40

4 1047* 7550±80

5 IV-828* 7570±100

6 9673 7590±40

7 1062* 7620±40

8 8770 7660±40

9 8772a-outer a: 7660±50

8772b-inner b: 7640±50

8772c-middle c: 7650±50

10 5252* 7670±40

11 6085* 7670±100

12 8771 7690±50

deposits, but the average age of this group is younger. The
dates contain no outliers and are similar within standard
deviations, showing good agreement with the youngest
dates obtained from inside and under the Kurile Lake
deposits in the vicinity of caldera and far from it.

6. ESTIMATION OF KO AGE

We analyzed all types of organic matter used for ra-
diocarbon dating of the Kurile Lake eruption, and the
resulted dates. Nevertheless, the ages of selected dates
range from 7880 to 7530 BP, and we think it is unreliable
to estimate the accurate age using all the data set. The
test statistic t’ is 61.02, and the dates are significantly
different at 95% level (Stuiver et al., 1998). Thus, we per-
formed the procedure of date selection, to sharpen the
time interval where the dates lie.

First of all, we proceed from the assumption that the
samples (organic matter) from under the thick pyroclas-
tic flow and fall deposits in the area close to the vent are
not susceptible to contamination effects from the above
organic horizons. We can exclude the impact of modern
roots, or any biological migrations of young organic mat-
ter throughout thick pyroclastic strata. Thus, we consider
the youngest dates obtained on the organic matter under
the Kurile Lake deposits as the most reliable for the ac-
curate radiocarbon age estimations. These are IVAN-828
(7570±100 BP), derived from the charred thin (short-
lived) soil horizon, GIN-8769 and GIN-1062 (7540±40
and 7620±40 BP respectively), obtained on branches from
the compressed peat underlying the fall deposits, with
minimal inbuilt age, buried apparently during the erup-
tion, and GIN-8770 (7660±40 BP), which is obtained from
the compressed peat right below the thick KO section. The
date GIN-5252 (7670±40 BP) from a peat sample
(Apacha peat-bog) does not contradict this sequence.
Other dates, derived from underlying organic deposits,
are significantly older, possibly due to long rate of peat/
soil accumulation, and they reflect the age of organic
matter which could form over a long period before the
eruption (in case of soils or peat), or reflect the inbuilt
age, or time span between the death of a tree and the erup-
tion (in the case of a wood sample).

The ages of underlying organic deposits, selected as
valid, may be considered as references for further analy-
sis of other dates. Next, we select the GIN-9673 (7590±40
BP), GIN-8772a-c (7660±50, 7640±50 and 7650±50),
GIN-9198 (7680±160 BP) and GIN-8771 (7690±50 BP)
from the “in-deposit” charcoal data set for the KO age
estimation, which are in agreement with the youngest “un-
derlying” dates and may have minimum inbuilt age (time-
span between the inner and outer sample of 8772 is only
20 years). The date GIN-9198 (7680±160 BP) shows the
significant deviation rate due to small sample size, and
we do not use it for the KO age estimation. Also, GIN-
1047 (7550±80 BP) is obtained on soil enclosing the
Kurile Lake ash, and may be used as reliable date for the
age estimation. Other charcoal dates seem to be too old:
the youngest of them steps apart from the oldest accepted
charcoal date by 80 years (Fig. 3). This probably can be

caused by redeposition (capture) of dead wood by the
pyroclastic flow. The overlying dates are in good agree-
ment with the selected ones derived from inside and un-
der the Kurile Lake caldera deposits.

Finally, we received the set of dates, reliable for the
estimation of accurate age of the Kurile Lake caldera
eruption (Table 2). This data set contains all the types of
dated samples, from all possible stratigraphic positions.
The test statistc t’ for this data set is 14.8, samples are
significantly same at 95% level (Stuiver et al., 1998). This
allows us to average the sample radiocarbon ages and use
the data for the estimation of KO eruption age.

Thus, the final radiocarbon age of the Kurile eruption
is 7618±16 BP. Calibration of this age value, using the
Calib 4.3 programme (Stuiver et al., 1998), give the cal-
endar age of 6463 (6455) 6435 BC.

7. SUMMARY

The extensive radiocarbon dating of the Kurile Lake
caldera eruption– the strongest volcanic Holocene event
of Kurile-Kamchatka volcanic belt – was provided. We
sampled all kinds of organic matter related to ignimbrite
and fall deposits nearby the caldera, and analyzed previ-
ous data obtained far from the vent. New data consists of
dates derived from charcoals, wood, soils and compressed
peat, and shows wide discrepancy of ages. We analyzed
the sample taphonomy and other properties to sharpen
the time span into which the eruption age falls, and tested
the obtained data statistically. We consider the estimated
radiocarbon age of the Kurile eruption as 7618±14 BP,
the calendar age 6463 (6455) 6435 BC.
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14C and TL DATING AS A METHOD OF ESTABLISHING
THE ORIGIN OF KETTLE-LIKE HOLLOWS
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Abstract: Abstract: Abstract: Abstract: Abstract: Small circular hollows are very common in the glacial topography of NW Poland.
Among them there are also some of meteorite origin. An important example of impact craters
exists in the Morasko Meteorite Natural Reserve. The 14C and Luminescence datings are very
helpful in establishing their origin. The last ice sheet retreat and permafrost degradation cre-
ated kettle-like hollows around the Morasko Hill. Organic infilling started in them between
14,000 – 10,000 BP. The Morasko meteorite shower fell between 5000 – 3500 BP. The craters
origins and young hollow bottom organic infillings then started.
On the Great Poland Lowland there are other potential areas with forms connected to mete-
orite falls, the such as Oborniki - Obrzycko area and probably in the so called KKR object
fron the south-east part of Great Poland Lowland.

KKKKKey wordsey wordsey wordsey wordsey words:
METEORITE

MORASKO,
KETTLE-LIKE

HOLLOWS,
14C DATING,
TL DATING

Fig. 1. The density of small
circular hollows in the area
of the last glacial topography.
(The existance of hollows in
an area of 950 km2 in 4 km2

surface net)

1. INTRODUCTION

Very similarly shaped hollows can be generated by:
processes of dead ice block melting, evorsion (subglacial
water erosion under hydrostatic pressure), degradation
of pingos, karstification, impact of meteorite bodies ar-
riving from outer space, as well as human activity.

Small symetrical, almost circular hollows are a fairly
common element of glacial reliefs. They are very charac-
teristic features in central and northern part of Poland,
where the last glacial topography occured (Fig. 1). In the
areas that were glacialy generated before the last glacia-
tion, the kettle-like hollows are relatively rare (Fig. 3).
In both cases most of them are of ice block melting and
of evorsion or of periglacial processes in origin. It is also

GEOCHRONOMETRIA Vol. 20, pp 103-106, 2001 – Journal on Methods and Applications of Absolute Chronology
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probable, that there exist kettle-like hollows that have
beenproduced by human activity and by meteorite falls.

In order to prove the origin of the hollows it is neces-
sary to study them by using various methods – geodetic;
geological (lithology); mineralogical (establishing the
mineral composition of the hollows bottom and their
rims); by identifying meteoritic matter (meteorites, mi-
crometeorites, tectites and spherulites, also slags similar
to those found on sandy deserts – Wynn and Shoemaker,
1999) and structures developed due to pressure and tem-
perature shock which are visible in mineral grains (mainly
quartz), as well as the botanical and radiometric dating
of sediments which fill the hollows. In the author’s opin-
ion, also TL signal cleaning beneath/around the hollows
by impact influence, is likely to occur.

2. THE METEORITE MORASKO NATURAL RESERVE

Iron meteorites have been found on the Morasko Hill
(“Moraska Góra”), north-east of the highest elevation in
the Poznañ region (156 m a.s.l.) and in the village of Mo-
rasko since 1914, when a lump of metal weighing 77.5 kg
was found during military trench digging (Pokrzywnicki,
1955, 1964; Pilski and Walton, 1999). The lumps of the iron
meteorites, various in size, were collected between 1919–
1939, 1947–1960 and 1970 till the present day (more than
600 kg in total). The largest meteorite found up to now is
somewhat above 80 kg. There are many papers to deal
with the “Meteoryt Morasko Reserve” (Dominik, 1976;
Hurnik, 1976; Hurnik et al., 1976; Karczewski, 1976;
KuŸmiñski, 1976; Tobolski, 1976; Classen, 1978; Czegka,
1996 and recently Stankowski and Muszyñski, 1999, 2000;
Stankowski, 2001; Stankowski and Muszyñski, in press).

In the 1970’s, a debate on the origin of the Morasko
kettle-like hollows was started. Two points of view were
presented: a) by Hurnik et al. (1976) and KuŸmiñski
(1976) considered them as a result of the impact of the
meteorites fall and b) by Karczewski (1976) interpreted
them as the result of the melting of dead ice blocks.

The geological, geoelectrical and radiometric studies,
combined with searching for meteorite bodies were per-
formed in 1997–1999 (Stankowski and Muszyñski, 1999
and in press). The new meteorite lumps: 7.5 kg, ~40 kg
and ~80 kg in weight were found. Morasko appears to be
a typical inclusion-rich coarse octahedrite which has many
polimineral nodules, clasified in group IA-Og. The prin-
cipal iron-nickel minerals are kamacite and taenite. Other
subordinary minerals, include schreibersite, rhabdite, troi-
lite, cohenite, graphite and sphalerite (Buchwald, 1975;
Dominik , 1976). The mean nickel content of the Morasko
meteorite is 6.8 %.

Based on the results of meteorite studies (cooling rate
of  1.8 °C per million years, on the average content of
germanium, 40 ppm, and on the established value of im-
pact pressure, 130–750 kbar) as well as on the mineral
composition and structure of the Morasko meteorite,
Buchwald (1975) concluded that the kamacite  locally
underwent extensive change into a granular pattern, and
the crystals of cohenite were markedly recrystallised.  Such
as pattern provides significant evidence  that the Morasko

meteorite belongs to the type which produces impact
craters.

In loose and loosely coherent Quaternary and Tertiary
deposits which make up the Morsako Hill, neither impact
breccia nor high-pressure minerals or glass have been
found. However the micro-meteorites protoliths of
maghemite and goethite as well as shock-pressure struc-
tures in quartz grains were recorded there.

The geological and geoelectrical studies revealed the
internal structure of the hills. They are made up of Qua-
ternary tills, sand-and-gravel sediments, and fine-grained
sediments of the late Miocene Poznañ series, deformed
by glacitectonic processes. The deformations happened
before the last glacial advance (Baltic ice cover of the
Vistulian glacial). The Morasko Hill, in terms of both the
formation of its internal structure and the existence of the
palaeomorphological rise, can be dated back to the Middle
Polish Glacial (Saale). This author’s  interpretation agrees
with Krygowski’s concept (1960, 1961 and 1964) of old
geological structures existing within a young glacial relief.

According to author, during the maximal extension of
the last ice-sheet, the so-called Leszno Phase (about
20,000 years BP), only shallow young deformations, as well
as ice abrasion surfaces developed. A subglacial meltwa-
ter erosional relief (evorsion one) began to form. The
prolongation of evorsion, active erosion of melt waters
and accumulation of glaciogenic sediments continued
during the so-called Poznañ Phase (between 18,000 to
17,000 years BP). Beyond glacial cover permafrost existed
and active periglacial processes occured. Ice sheet reces-
sion and later permafrost degradation led to the forma-
tion of kettle-like holes, produced by the melting of dead
ice blocks. The beginning of the organic infilling of the
kettle holes started about 14,000 up to 10,000 BP (not
later). At that time the main topographic feature of the
Morasko Hill and its sourounding area was formed.

On the north-eastern slope of the Morasko Hill there
are some kettle-like hollows that look very young and seem
not  to be connected with ice block melting processes, but
have meteorite fall. The earlier palynological tests of the
two profiles collected from the hollows indicated that the
beginning of the organic accumulation occurred between
5500 and 5000 BP, in the middle stage of theAtlantic pe-
riod (Tobolski, 1976).

The new borings performed by the author for estab-
lishing the properties of the sediments accumulated in the
hollows and to date their bottom layers by means of the
radiocarbon method (all data were supplied by the De-
partment of Radioisotopes of the Silesian University of
Technology in Gliwice).

The study of  sediments filling the hollows suggests that
they underwent marked paleoenvironmental changes.
Conditions suitable for the development of organic sedi-
ments, including peat, are young and appeared in each
hollow at a different time (Table 1).

There is one hollow still dry and not filled with organic
matter. Particularly interesting is the profile from the (E)
hollow, where organic substance were sampled from two
levels, separated by a gravitationally accumulated mineral
matter. The deeper organic layer is dated 3360 ±100 BP
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Crater B Crater C Crater E

Lab. No. Age [BP] Lab. No. Age [BP] Lab. No. Age [BP]

Gd-10895 260±80

690±95

Gd-10900

Gd-13028

640±90

690±150

990±160

Gd-10898 610±75

690±110

Gd-14030 2690±170 Gd-10894 3360±100

Table 1. The 14C age of bottom organic sediments from Morasko craters.

MORASKO OBRZYCKO CZAPLINIEC

Hollows A B C D E 2 5 6

[BP]

0 # # #

#

#

#

5000 X #

X #

#

#

#

10,000

#

Fig. 2. The comparison of dating of the bottom organic sedi-
ments infilling the hollows of the Morasko craters and depres-
sions from the area of Obrzycko as well, as the Czapliniec tunnel
valley. (Detailed data of Morasko organic matter see Table 1).

and it is the oldest of all the dates obtained. The second
oldest date was that of the floor of organic sediments from
the (B) hollow, amounting to 2690±170 BP. Both dates
are considerably younger than the age of the floor of the
organic sediments in the (A) hollow, which was estab-
lished by palynological methods (Tobolski, 1976).

 The shallower organic layer from the (E) hollow is
dated at 610±75 BP The other three dates are below 1000
BP They belong to the same period as the shallower or-
ganic interbedding in the E hollow. Possibly it was not
earlier than 700 BP that the organic matter began to ac-
cumulate in the investigated hollows in extensively large
amounts.

The results of previous palynological tests (Tobolski,
1976) and radiocarbon dating presented in this study dif-
fer distinctly. Yet, they seem to disprove the idea that the
hollows under disscussion were produced by ice melting.
The accumulation of the organic matter did not start ear-
lier than app. 5000 BP, this having been several thousand
years later than the degradation of the permafrost in the
area of Great the Poland Lowland, which occurred more
than app. 10,000 BP (Kozarski, 1963).

It is possible to state that between 5000–3500 BP the
Morasko meteoriteshower fell and the meteorite craters
were formed. This event seems to be comparable ti the
age of the Kaali craters (Raukas et al., 1995).

3. NEW AREAS ON THE GREAT POLAND LOWLAND
OF POSSIBLE METEORITE FALL

Before World War II iron meteorites were found in
the area of Oborniki. This is why we expect meteorite
craters in this area.

Small depresions (from several meters up to 90 m in
diameter), very regular in shape, were found near
Obrzycko (about 12 km east of Oborniki Wlkp. and 30 km
to the north-west of Morasko). There are 4 hollows situ-
ated close to each other on a small area and a few being
located separately. In 1999 geological studies of these
hollows were started. The dating of of their organic
infilling were taken into account. Unfortunately the first
obtained 14C dates of the bottom organic layers for the
three hollows gave an age older than 6000 BP, up to 11,500
BP (Fig. 2). Therefore the hollows are of a dead-ice melt-
ing origin. The studies are not yet finished and we will
investigate other hollows from Obrzycko and as well as
the Oborniki area.

The interim postulate of the meteoritic origin of  the
hollows is now being verified through studies of the relief
in the area situated south of the last glacial maximum.
There are many (hundreds) of small hollows, on the
morain plateau thatoriginated during the Middle Polish
Glaciation. The number of hollows per 1 km2 in one par-
ticular area is twice as large as  the young glacial refief
(Fig. 3, compare to Fig. 1). This area is actually called the
KKR object, because it is not certain that any of the hol-
lows are really of meteoritic origin. In this particular area
the question is, are all these hollows only melting,
evorsion, pingos degradation origin, or arethey artifically
made ? We can not exclude their meteorite origin either.

The new project, for meteoritic hollows looking in both
of the mentioned areas was started in the spring of 2001.
The investigations to fix one’s attention on the age deter-
mination of the infilling organic matter, temperature and
pressure shock structures in quartz grains. On the moraine
plateau built with Quaternary till and Tertiary Poznañ clay
series it is  not expected to find the impact brecia. Other-
wise the cleaning of the TL signals in the bottom of the
hollows, on the circumferential ridges and in the narrow
area around them can be an equivalent of these typical
impactite effects. The TL data should be much younger
than in the rocks that built the morenic plateau.

Beside the standard radiometric methods of 14C, which
could show the age of hollow organic infilling, the TL
method seems to be very promising in establishing the
meteoritic hollows origin.
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Fig. 3. The density of small circular
hollows in the area out of the last
glacial maximum extent – left side of
the average density, right side of the
particular area called KKR object.
(The existance of hollows in an area
of 3,800 km2 in 4 km2 surfaces net).
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1. INTRODUCTION

The studies of lakes and mires in the Polesiye have a
long tradition, reaching back to the end of the 19th cen-
tury. They have focused mostly on hydrological and
hydrogeological (Tutkovskij, 1899 and 1911 – vide
Lomaev, 1979; Lencewicz, 1931; Rühle, 1935) or phyto-
geographical problems (Tymrakiewicz, 1935; Kulczyñski,
1939). A possibility of palaeoenvironmental discussion
based on the investigations of lacustrine deposits and peat
was noticed at that time, but this problem aroused a
greater interest during the last quarter of the 20th century
(Zernickaja et al., 1988; Zernickaja, 1996). Most of pa-
pers dealing with palaeogeography and chronostra-
tigraphy of the Polesiye concern its northern, Belarusian
part; the southern part, i.e. the Volhynia Polesiye
macroregion, has been considerably less studied till now
(Artiushenko et al., 1982).

The presented research works in selected lake-mire
geosystems of the Volhynia Polesiye were initiated in 1998.
Their aim was to obtain new data concerning climatic and
paleohydrological changes in this area during the Late
Glacial and Holocene using different methods: sedimen-
tological, pollen, geochemical, ostracod and 137Cs isotope
analyses and radiocarbon dating.

2. INVESTIGATED SITES

Geological and palaeomorphological situation was
recognised on the basis of several dozen of geological
borings (29 from Czerepacha and 67 borings from Okunin
sites). For chronostratigraphic and palaeogeographic con-
siderations three cores of undisturbed structure from
bottom deposits in the Okunin lake (Ok-54, Ok-55 and
Ok-56; Fig. 2), and one core from peat-lacustrine depo-
sits of the central part of the largest valley (0.2 ha, maxi-
mal depth 2.5 m) in the Czerepacha site (Cz-15 , Fig. 3)
were taken.

Okunin site (51o12’N, 24o18’E) is situated in a large
karst depression, in the upper Vyzhevka river catchment
(SW part of the Volhynia Polesiye). This depression is
filled with a series of organic deposits (mainly sedge peat)
0.5-9.5 m thick. The small Okunin lake (184.1 m a.s.l.,
17.3 ha, maximal depth = 6.5 m), occurring at the head
of a karst form, is surrounded by a zone of lakeside mire
(Fig. 1). The Okunin lake basin was formed in Upper Cre-
taceous carbonate rocks; soft chalk is exposed both at the
northern shore of the lake and at its littoral zone.

GEOCHRONOMETRIA Vol. 20, pp 107-115, 2001 – Journal on Methods and Applications of Absolute Chronology
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Czerepacha site (51o04’N, 24o30’E) is situated in the
upper Turia river catchment (southern part of the
Volhynia Polesiye). It is a typical example of a karst val-
ley composed of several primary forms (dolines), linearly
arranged and included in one surface-drainage system
(Fig. 1). The valley is 2.2 km long; its NW-SE orientation
follows the direction of joint fractures. Upper Cretaceous
carbonate rocks (chalk) are commonly exposed in the vi-
cinity of this form. Every doline forming the valley is filled
with a series of organic deposits of 1.0-3.2 m thickness.
The small Czerepacha lake (177 m a.s.l., 2.8 ha, maximal
depth = 9.1 m) occurs at the head of the karst valley.

3. TYPE OF SEDIMENTS

Lithofacial analysis of deposits filling the lake and peat
basins allows us to determine the cycles of biogenic sedi-
mentation in each of the studied sites. Facial variability
of the deposits in closely examined cores (Ok-55, Cz-15)
gives readable record of palaeohydrological evolution of

the basins, and indirectly also evidences changes of mois-
ture-thermic conditions.

Maximum thickness of the bored biogenic deposits in
the central part of the Okunin lake is 6.5 m (Ok-55 core).
They are underlain by a thin layer of sands with gravels of
Cretaceous rocks, which lies directly over chalk. A layer
of weekly decomposed moss peat, 0.2-0.5 m thick, occurs
on these sands in the whole lake basin. It was dated by 14C
method at 10370±170 BP (Fig. 2), and it contains mosses
of the Calliergon giganteum, Scorpidium scorpioides and
Drepanocladus revolvens1  species which may evidence a
shallow, strongly flooded swamp developing probably
when permafrost occurred. A change of sedimentation
from the swampy to lacustrine conditions is marked by
a sharp lithological boundary between moss peat and
overlying gyttja. It indirectly suggests a radical change of
water supply conditions as a result of permafrost degra-
dation. Rise of the groundwater table and/or subsidence
of the basement initiated a long-lasting cycle of lacustrine
sedimentation, corresponding to the whole Holocene

Fig. 1. Location of the
studied sites.

1 Analysis of macroremnants was made by mgr Marek Bloch in the Department of Plant Systematics, Maria Curie-Sk³odowska University, Lublin.
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Fig. 2. Geological cross-section of the Okunin lake together with the chronostratigraphical and chemical characteristics of the selected
cores of bottom deposits.
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period. Fluctuations of the lake water-level during the last
10 ka are evidenced by a distinct lithofacial variability of
the gyttja deposits, stressed by a changing content of or-
ganic matter (OM) and CaCO3 (Fig. 2). Increase of OM
suggests a relative shallowing of the lake, and higher con-
tent of calcium carbonate evidences a rise of moisture and
groundwater table. The lacustrine series in the Ok-55 core
consists of algae, algae-calcareous, calcareous and detri-
tus-calcareous gyttjas (Fig. 2).

The longest (2.5 m) of the analysed cores from the
Czerepacha site (Cz-15) was taken from the central part
of the karst doline. Lithology of biogenic deposits is here
very differentiated, evidencing considerable changes of
environmental conditions during sedimentation of these
deposits. Sharp lithological boundaries in the profile
(Fig. 3) suggest radical changes of water supply conditions
or occurrence of stratigraphic hiatuses. Bottom part of
the Cz-15 core consists of clayey weathered chalk chang-
ing upwards into dark-grey organic clay. It is overlain by
a thin (0.05 m) layer of detritus gyttja which is gradually
replaced by weakly decomposed sedge-moss peat. Radio-
carbon dating of peats indicates that they were accumu-
lated during the Oldest Dryas or Bölling (Fig. 3). Bottom
moss peats are separated from the overlying gyttja by
a sharp boundary. Lacustrine series is 0.75 m thick and
bipartite; its bottom part is built of detritus-calcareous
gyttja, and upper part – of calcareous gyttja (Fig. 3).
A sharp boundary occurs between the lacustrine series and
the overlaying sedge-reed peats (0.9 m thick), and also
between the latter ones and the overlying sedge peats
strongly enriched with calcium carbonate (Fig. 3).

4. RADIOCARBON DATING

Chronology of events is based on the radiocarbon dat-
ing of bottom deposit series with the highest content of
OM which evidence main cycles of organic sedimentation
in both examined basins. Nine samples from four profiles
was dated using the 14C method: 7 samples of lacustrine
deposits collected from 3 cores taken in the Okunin site,
i.e. Ok-55, bored in the central part of the lake and Ok-
54, Ok-56, bored in its littoral zone; 2 samples of peat-
lacustrine deposits collected from one core Cz-15 taken
in the Czerepacha site.

14C dating was carried out in the Gliwice Radiocarbon
Laboratory using small gas proportional counters L4 and
L5, with 0.3 l volumes and CO2 filling gas pressure 1 atm,

destined to dating of samples with low quantity of organic
matter (Pazdur et al., 2000). The small amount of organic
matter for investigations is the source of relatively high
laboratory errors of radiocarbon ages. 14C conventional
ages and lithology of the analysed samples are presented
in Table 1.

5. RESULTS OF POLLEN ANALYSIS

Six samples were taken for pollen analysis from the
bottom part of the Ok-55 core which contains
mineralogenic substratum (clayey weathered chalk and
organic clays) of the organic series, bottom moss peats,
overlying algae and algae-calcareous gyttjas (Fig. 4). For
a possible correction of the radiocarbon ages, pollen
analysis was additionally carried out in 4 samples from
the Cz-15 core.

The bottom sample of the Ok-55 core, taken from a
depth of 11.8 m (mineral matter), is characterised by high
pollen values of Pinus (79%) and Artemisia (13 %), and
low frequencies of Betula (3 %). Birch pollen rises to 19
%, and that of Artemisia falls to 1.9 % in the overlying
sample from a depth of 11.6 m (moss peat). Single pollen
grains of Ulmus appear. Values of Cyperaceae increase to
12 %, and those of Poaceae undiff. to 9 %. Such pollen spec-
tra may indicate that organic accumulation in the Okunin
lake started in the early part of the Holocene (Fig. 4).
A change of sedimentation type from peat to lacustrine
took place during the Preboreal period (PB-2?). In the
pollen diagram it is recorded by the decrease of Artemi-
sia curve down to 1.9 % and the occurrence of the con-
tinuous curve of elm. Sudden appearance of the continu-
ous and high curves of thermophilous trees (Quercus
6 %, Ulmus 4.6 %, Corylus 5.2 % and Tilia 0.5 %) at a depth
of 11.2 m suggests a stratigraphic hiatus or very low rates
of biogenic accumulation. It may also be confirmed by the
occurrence of single pollen grains of Fagus and Carpinus
in the overlying samples from the depths of 10.9 and
10.6 m. The results of pollen analysis correspond well to
the radiocarbon dating obtained for this profile (Fig. 4).

Pinus, Betula and Artemisia, and also Poaceae undiff.,
Cyperaceae and Juniperus are the main components of
pollen spectra in the bottom samples from the Cz-15 core
(2.25 m – detritus gyttja; 2.15 m – sedge-moss peat). They
indicate that biogenic sedimentation in the basin started
in the Late Glacial (Bölling?). In the samples from the
depths of 1.45 m (calcareous gyttja) and 1.35 m (sedge-

Sample name Depth [m] Lithology Lab. No. 14C Age [BP]

Ok-55 11.60-11.70 Sedge-moss peat Gd-10975 10370±170

Ok-55 11.10-11.15 algae gyttja Gd-14094 9770±250

Ok-55 10.75-10.83 algae gyttja Gd-13095 6520±250

Ok-55 9.24-9.31 algae gyttja Gd-13081 3250±150

Ok-55 8.10-8.15 algae gyttja Gd-14085 2390±270

Ok-56 4.05-4.10 moss peat Gd-14086 9110±290

Ok-54 2.78-2.86 sedge-moss peat Gd-10976 9280±170

Cz-15 2.15-2.20 sedge-moss peat Gd-14098 12640±440

Cz-15 1.33-1.38 sedge-reed peat Gd-14096 9360±300

Table 1. Results of radiocarbon dating of samples from Okunin and Czerepacha sites.
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6. OSTRACODA COMPOSITION

Ostracods were studied in the Ok-55 lacustrine core.
Structures of palaeobiotopes were analysed in small
samples ≤ 5 cm long, taken with regard to lithofacial vari-
ability of the lacustrine deposits. Fauna belonging to 21
species, 12 genera and 3 families was recognised. Besides
determination of the ostracod species composition, there
was used a complex palaeolimnological analysis which
included facial variability of deposits, their bulk density,
occurrence of macroremnants, molluscan fauna and so
on (Zuboviè, 1983). All these data were used for detailed
paleogeographical reconstructions, among others for es-
timation of climatic and hydrologic (lake water-level)
changes in the successive evolution stages of the lake
(Fig. 5). Stratigraphic interpretation of the ostracod analy-
sis results made by S. Zuboviè (1983) differs considerably
from the data obtained using other methods; in his opin-
ion the organogenic sedimentation in the Okunin lake
could have started about 3 ka earlier (Fig. 5).

The following main palaeogeographical conclusions
were drawn from the ostracod analysis:

1. Development of the modern lake basin started in
the Oldest Dryas (DR-1). Bottom part of the lacustrine
series is built of deposits formed in a shallow, cold lake;
thin layer of organic, slightly sandy clays overlies chalk.
The following pre-Eemian ostracod species were found
in this layer: Eucypris sp.l., Cyclocypris sp., Candona ex. gr.
stagnalis, Candona renaria Zubowicz, C. cuneata
Zubowicz, C. aff. candida O. Müller and Cyclocypris aff.
ovum (Jurine). Their occurrence may indirectly suggest
that the Mesopleistocene basin of the pra-Okunin lake
was reactivated during the Late Glacial (!).

2. Lake became deeper and deeper as a result of
gradual subsidence of substratum during the Bölling; ther-
mal conditions of water (three phases of warming were
separated by slight coolings) fluctuated synchronously
with the changes of the lake depth.

3. In the Older Dryas (DR-2) a small rise of the lake
water-level (almost to the modern level) occurred as well as
a decrease in water mean temperature in summer half-year
by about 2 °C in comparison with the modern temperatures.

4. In the Alleröd (AL) a distinct, long-lasting rise in
water mean temperature and a short-lasting lowering of
water-level occurred simultaneously; therefore, the cli-
mate was rather warm but dry. In the last stage of this
period the lake water-level was lower than the modern
one by about 1.0 m.

5. Small rise in mean temperature of the lake water
occurred at the beginning of the Younger Dryas (DR-3);
the later part of this period was characterised by slight
cooling and distinctly lower precipitation (rise in the dry-
ness index).

6. Gradual increase in air temperature, and distinct
rise of the lake water-level and water temperature started
from the beginning of the Holocene (PB-1 and PB-2).

7. Slight climatic cooling occurring in the Boreal pe-
riod (BO) was connected with a decrease in precipitation;
water mean temperature was lower than the modern one
by about 1 °C.Fig. 4. Pollen diagram of the lower part of the Ok-55 core.

reed peat) pine and birch pollen, and also not numerous
pollen of thermophilous trees (Ulmus, Quercus, Fraxinus
and Tilia) occur, indicating the Early Holocene (Prebo-
real?) age of these deposits.
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8. A considerable rise in precipitation and air tem-
perature took place in the Early Atlantic period (AT-1);
the Middle Atlantic period (AT-2) was characterised by
distinct fluctuations of the lake water-level (greater than
the modern ones), and changes of water temperature from
15.5 to 17.0 °C. In the Late Atlantic period (AT-3) a rise
in air temperature (which was probably higher than the

modern one by 1.5-2 °C) and a distinct lowering of the
lake water-level (to about 1.2 m below the modern one)
occurred.

9. The Subboreal period (SB) was characterised by
considerable fluctuations of the lake water-level and tem-
perature related to oscillations of air moisture and tem-
perature. A considerable but short rise in precipitation
at the beginning of this period (when air temperature was
similar to the modern one) was followed by its decrease
which lasted during the whole SB-1 phase. Continuous
decrease in mean annual air temperature, and fluctuations
of mean annual precipitation were characteristic features
of the Middle Subboreal (SB-2). A slow rise in air tem-
perature and moisture took place from the middle of the
SB-2 phase to the end of the Subboreal; it was only bro-
ken by a short cooling on the turn of the SB-2 and SB-3.

10. Distinct cooling (a fall in mean annual tempera-
ture of lake water by about 2 °C) and a rise in climatic
dryness index (a lowering of the lake water-level by about
0.5 m) occurred on the turn of the Subboreal and
Subatlantic periods (SB/SA). The Early Subatlantic pe-
riod was characterised by distinct stabilization of thermic
conditions (mean annual temperature was similar to the
modern one) and slight fluctuations of moisture. Distinct
climatic cooling and higher precipitation occurred in the
SA-2 phase. A slow rise in mean annual air temperature
and sinusoidal changes of precipitation have occurred
since the end of this phase to the modern times.

7. RESULTS OF GEOCHEMICAL ANALYSIS

Complete geochemical analysis of 50 samples (5-cm-
long portions) from the Cz-15 core (Fig. 3) was carried
out. Main physico-chemical parameters (contents of OM,
CaCO3 and pH) were determined in 106 samples from the
Ok-55 core (Fig. 2). Dry mass, organic matter and ash
were determined by standard methods used in chemical
analysis of organic soils (Sapek and Sapek, 1990 and 1997).
Macroelements (Na, K, Ca, Mg, Fe) and microelements
(Mn, Cu, Zn, Pb, Ni, Co, Cd) were analysed using the ASA
technique after removal of organic matter and digestion
of mineral matter with mixture of acids (hydrofluoric,
nitric and perchloric acid).

Vertical distribution of micro- and macroelements is
very closely connected with lithological types of bottom
deposits (a lithological boundary usually corresponds to
a distinct geochemical boundary). It concerns especially
those elements which are the main chemical components
of the deposits and determine the nature of geochemical
environment in the studied area, i.e. Ca, Fe, K, Mg and
Na (Fig. 3).

Carbonate rocks of the Upper Cretaceous predomi-
nate around both lake-mire basins, so calcium is the main
component of the deposits filling these basins. In the
Cz-15 profile its maximum contents (205-245 g/kg) occur in
the lacustrine series (calcareous and detritus-calcareous
gyttjas), and in the upper sedge peats (Fig. 3). The con-
tent of Ca in the profile is distinctly positively correlated
with the contents of Mg, Mn, Cu, Pb, Co and Cd. High
content of CaCO3 is also a typical feature of the almost

Fig. 5. Ostracod diagram of the Ok-55 core with
palaeolimnological interpretation.



114

Chronostratigraphy of the Okunin and Czerepacha lake-mire geosystems

whole lacustrine part of the Ok-55 profile (calcareous-
algae and calcareous gyttjas); however, its content ranges
from 0 to 95 %, evidencing distinct fluctuations of the lake
water-level. The CaCO3/OM ratio is one of the important
features of the calcareous deposits (Wojciechowski, 2000).
When considering geological structure of the area (karst
processes developing in chalk) one can use this ratio as
an indirect index of moisture-thermic changes which have
occurred in the environment. Including the radiocarbon
ages of these deposits, we can suppose that the regular
rise of the groundwater table (and simultaneously of
leaching rates) occurred in the following stages: i) Bölling
(?); ii) long-lasting period from the Alleröd to the close
of the Preboreal; iii) Atlantic period; iv) Subatlantic pe-
riod (Fig. 3).

From the palaeogeographical point of view these
geochemical indices are also important (Fe/Mn and
Cu/Zn), the changes of which reflect the fluctuations of
redox conditions in the environment (Digerfeldt, 1988;
Borówka, 1992). When the groundwater table was relatively
low, the conditions were more reducing and corresponded
to higher OM contents (depths of 0.6-1.0 m, 1.1-1.4 m and
2.1-2.3 m); more oxidizing conditions were related with
the rise of the groundwater table (depths of 0.0-0.5 m
and 1.4-2.1 m).

8. 137Cs DISTRIBUTION IN VERTICAL PROFILES

137Cs content was determined in the top parts of lacus-
trine and mire deposits in both studied sites (Fig. 2, 3).
Four cores from the Okunin site (Ok-54a, Ok-55, Ok-56a
and Ok-61) and three cores from the Czerepacha site
(Cz-11, Cz-12 and Cz-27) were sampled for this analysis.
These cores were taken along the NE-SSW section in the
Okunin and NW-SE section in the Czerepacha sites,
traced across the marginal and central parts of the sedi-
mentary basins (Figs 2 and 3). Homogenous samples rep-
resenting the 5-cm-long portions of the cores were
analysed. Content of 137Cs was determined by means of
a gamma spectrometry method using of the “TUKAN”
multi-channel impulse amplitude analyser. The measure-
ment time for each sample lasted 24 hours (345,600 s).

Spectrometric analysis revealed the occurrence of
caesium in all examined cores to a depth of 24-45 cm. How-
ever, its content varies in a large range; from 30 to 245
Bq·kg-1 in the peat cores, and from 12 to 486 Bq·kg-1 in
the lacustrine core (Figs 2 and 3). Two or sometimes even
three distinct maxima of 137Cs concentration were found,
independently of a deposit type; they occur in the top parts
(usually at a depth of 5 cm) and in the bottom parts (at
a depth of 25-30 cm or/and 30-35 cm) of the analysed
cores. Such distribution of caesium in the vertical profile
is similar as in other European lake and lake-mire
geosystems in which the 137Cs content was determined
(He et al., 1996; Smith et al., 1999) and corresponds with
the global changes of radioactive fallout during the last
50 years. Therefore, the successive peaks of caesium con-
tent should be connected with the first nuclear tests which
were conducted on a large scale on the turn of the 50’s
and 60’s of the last century (the bottom samples) and with

the Chernobyl nuclear accident (the top samples). The
obtained results afford possibilities for a quantitative valu-
ation of radioactive contamination in the studied area
(caesium content is here similar as its maximum values in
the bottom deposits of the Masurian Lakes, and 4-5 times
higher than in the Scandinavian and British lakes – vide
Zalewski et al., 1995; Smith et al., 1999). These results were
also used for estimation of the rate of lacustrine organo-
genic sedimentation (Ok-55 core). Rate of modern orga-
nogenic sedimentation (loose, unconsolidated gyttja de-
posits) in the Okunin lake was determined on the basis of
137Cs content at 0.64 cm·yr-1. Linear sedimentation rate
calculated for the small lakes in S England was usually
two times higher in the same period and amounted to
1-2 cm·yr-1 (He et al., 1996).

9. CONCLUSIONS

Complex data from the analysed cores allow us to re-
construct a palaeoenvironment of the studied lake-mire
geosystems. Despite the presented here different dating
results of the successive stages of their development, we
try to estimate the regional changes of climate and water
conditions in the southern part of the Volhynia Polesiye
during the last 13 ka.

1. Late Glacial (12.3-10.25 ka BP). Biogenic sedimen-
tation in the Volhynia Polesiye started in the Bölling
(ca 12.3 ka BP). It is confirmed by radiocarbon dating and
pollen analysis of the Cz-15 core (and also by ostracod
analysis in the Ok-55 core – in the opinion of S. Zuboviè).
Shallow mires (mainly sedge, sedge-moss and moss ones)
developed during short warming but when permafrost still
occurred. Biogenic sedimentation rate was slowed down
by cooling in the Older Dryas (12.3-11.8 ka BP). Begin-
ning of the Alleröd (11.8-10.9 ka BP) was characterised
by long-lasting warming with rather low groundwater
table. A considerable increase in moisture and accelera-
tion of carbonate sedimentation occurred in the later part
of this period. Small, episodic lakes (Czerepacha site) were
formed in places. They underwent considerable
shallowing or complete decline during the Younger Dryas
(10.9-10.25 ka BP), and reed-sedge peats succeeded again.

2. Holocene (10.25 ka BP – the present). Long-last-
ing warming, developing since the Preboreal (10.25-9.3
ka BP), resulted in a complete decline of permafrost and
radical change of water supply conditions. Activation of
vertical water drainage caused subsidence of bottoms in
some mire basins and development of rather deep lakes
(it is indirectly evidenced by 14C dating and pollen analy-
sis of the Ok-55 core). Cooling and moisture decrease in
the Boreal (9.3-8.4 ka BP) were recorded by the lowering of
groundwater table and the increase in redox indices; bio-
genic sedimentation rate distinctly fell (ca 0.11 cm·yr-1 in the
Okunin lake). A slow increase in mean air temperature
and precipitation occurring in the Atlantic period (8.4-
5.0 ka BP) was connected with the rise of groundwater
table. These changes were recorded by calcareous gyttja
which was deposited over algae and detritus gyttjas in lake
basins (Ok-55 core); reed and reed-sedge peats were



115

R. Dobrowolski et al.

accumulated in mires. This long-lasting rise in air tem-
perature and moisture was interrupted only in the middle
Atlantic period by one short episode of cooling and low-
ering of the groundwater table which was radiocarbon
dated at 6300-6600 BP. The Subboreal period (5.0-2.8
ka BP) was characterised by considerable fluctuations of
temperature and moisture, evidenced by a great facial
variability of biogenic deposits. An Early Subboreal stage
of abrupt cooling and a simultaneous rise in dryness indi-
ces (rapid rise in the OM/CaCO3 proportion) is distinctly
visible in the profiles; a slow rise in air temperature and
moisture started in the middle part of the Subboreal. The
Subatlantic period (<2.8 ka BP) was characterised by
rather stable thermic conditions and small fluctuations of
moisture. Mean air temperature was gradually increas-
ing after slight cooling at the turn of the Subboreal and
Subatlantic periods. The groundwater table also rose;
carbonate content in the lake-mire geosystems distinctly
increased (calcareous-algae gyttja was accumulated in the
Okunin lake, and amorphous CaCO3 was precipitated
within sedge peats in the Czerepacha mire).
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