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We report the results of a U-series isotope study on Eemian lake sediments from
Hollerup, western Denmark. The purpose is to examine the possibility of dating
these, and similar, sediments with the 2*U-2*Th method. Two sedimentary facies
were studied; carbonate-present, and virtually carbonate-free but organic-rich
sediments, All carbonate-present sediments (5-95%) have (*°Th/?*U) values
higher than unity and relatively radiogenic (***Th/**?Th) values between 2 and
6.5, indicating postdeposition removal of U, probably by percolation of ground
water. Carbonate-free sediments, but with high organic content (40-60%) had
(¥*°Th/**U) values lower than 1 and ‘model ages’ between 89 and 199 ky. The
large spread in ages and variation in U content for these sediment samples that
were deposited over a much shorter time interval, indicate a complex postdeposit-
ional migration pattern of U, probably involving several episodes of leaching
and absorption of U from ground water. Our results suggest that lake sediments,
such as those found in Hollerup, are vulnerable to mobilization of U and its
decay products and care should be taken when interpreting U-series disequilibrium
data from such sediments. Future studies will concentrate on sediments that have
been more deeply buried and/or are less compacted and sealed from percolation
of oxidized groundwater.
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The Hollerup site (Figs 1-2) is a classic locality for
studies of the Eemian environment in northern Europe
and has been studied for almost 100 years (Hartz &
@strup, 1899; Jessen & Milthers, 1928; Andersen,
1965; 1966). The site is particularly famous for its
pollen record, which covers the whole vegetation
succession of the interglacial including the presence
of relatively warm demanding species such as Hedera
helix and Ilex aquifolium. Previous attempts to date
the interglacial sediments from Hollerup include
thermoluminescene dating (Kronborg & Mejdahl,
1989), and an age of 88 ky was obtained from the
diatomite in pollenzone 6 (Fig. 3). This age is not
corrected for ‘shallow traps’ and using the correction
in Mejdahl & Funder (1994) a depositional age of the
diatomite of 120 ky can be calculated, however, with-
out no clear indication of the errors.

Previous attempts to date lake sediments with the

8J-2Th method have concentrated on carbonate-rich
sediments (Latham and Schwarcz, 1992; Lin et al.,
1996) or a combination of carbonate- and organic-rich
sediments (Israelson et al., 1997). Problems with
dating of carbonate-rich sediments include post-
depositional migration of U and correction for initial
20Th. Peat deposits have been successfully dated and
reliable ages from interglacial deposits (~125 ky) have
been obtained although it was often found that peat
shows open system behaviour (Vogel & Kronfeld,
1980; Heijnis and van der Plicht, 1992; Heijnis et al.,
1993).

The sediments at Hollerup include both very carbon-
ate-rich, and carbonate-poor but organic-rich sedi-
ments. They therefore provide a unique opportunity
to test U-series systematics in both organic and car-
bonate sediments which should have experienced the
same diagenetic history.
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Figure 1. Denmark and the location of Hollerup interglacial
lake deposits. The dotted lines are the pattern of the last
deglaciation in southern Scandinavia (Lagerlund & Hou-
mark-Nielsen, 1993).

Methods

Between 0.4 and 1.5 g of sediment was totally dissol-
ved in a mixture of HNO,-HF-HCIO, acids and spiked
with a mixed 2°Th-**U tracer before U and Th were
separated using anion exchange columns. U and Th
isotopes and concentrations were determined with
thermal ionization mass spectrometry (TIMS) at The
Open University following methods described pre-
viously (van Calsteren & Schwieters, 1995; Israelson
et al., 1997). All isotope values were converted into
activity ratios vsing the decay constants from Ivano-
vich et al. (1992) (round brackets on ratios signify an
activity ratio).

Samples with high Th contents and (*°Th/*?Th)
ratios less than 2 were analysed in static mode on
double Re filaments, and samples with lower Th
content and more radiogenic (3°Th/5?Th) values were
analysed on single Re filaments in dynamic single
collector mode.

The total carbon contents (TC) were measured in a
Metalyt 90S furnace and the CaCO, contents were
determined by titration. The total organic content
(TOC) was calculated as TOC = TC - (CaCO, x 12/
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100); organic matter was calculated as TOCx2.5, and
the residue is that left after subtraction of the organic
matter and CaCO,. All the values are plotted as percen-
tages of the dry welght (Fig.3).

Results

Lithostratigraphy

The sediment sequence analyzed by Andersen (1965)
.was more than 8 m thick and comprised a combination
of an open section and a coring in a more central part
of the former lake basin. He distinguished five differ-
ent types of sediments (from bottom to top): sand, lake
marl, calcareous gyttja, diatom gyttja and clay gyttja.
The section that is now available is situated closer to
the former lake shore and has possibly been subject to
a more discontinuous sedimentation (Fig. 2). How-
ever, the general lithostratigraphy as well as variation
in carbonate and organic matter are very similar to
Andersen’s (1966) (Fig. 3), which enables a fairly good
correlation to his profile from where the complete
pollen diagram has been established. We have thus
added the pollen zonation on Figure 3 based on this
correlation.

U and Th measurements

The results of the U and Th measurements are shown
in Table 1 and Figure 3 together with content of orga-
nic matter and carbonate. The residual non-carbonate
or organic matter consists of silicious diatomite mate-
rial and clay, between 2 and 80 percent, and is highest
in the upper part of the section. Based on the carbonate
content the section can be roughly divided into two
parts. The lower part between 385 and 155 cm which
contains up to 95% carbonate, and the upper part
between 155 and 0 cm which hardly contains any
carbonates at all.

Uranium contents vary between 0.067 and 1.43 ppm
with the lowest values in the lowermost carbonate-
rich sediments and the highest in the organic-rich
sediments in the upper part of the section. There is a
clear positive correlation between U content and the
amount of organic matter with the highest U contents
in organic-rich levels (Fig. 4); although the samples
with very low U and organic content fall slightly off
this trend. The 2*2Th content increases when the carbo-
nate and organic content decreases (increasing
amounts of siliceous residue) and the highest concen-
trations of 232Th are in the upper levels (Fig. 3).

All samples show disequilibrium both with respect
to (34U/~*U) and (3°Th/?*U) ratios (Fig. 3). There is,
however, an obvious pattern as to which samples have
activity ratios above and below unity. The samples
from the carbonate-present part of the sediments have
(®°Th/*8U) ratios higher than 1 and all but one sam-
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ple from the organic-rich part of the sediment, where
the carbonate contents are less than the detection limit,
have ratios lower than 1 (Table 1).

Figure 5 shows the (3*U/**Th) vs. (**U/*2Th). This
plot indicates if there is a mixing between two or more
uranium components. It is possible to draw two best
fit lines, one through the samples from the carbonate-
absent part of the sediments and one through the
samples from the carbonate-present part of the sedi-
ments. It is seen from Figure 5 that both trends have a
clear positive correlation which indicates that the
samples are dominated by two U components with
different (3**U/?*U) values.
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Discussion

‘We know that the sediments at Hollerup were deposit-
ed during the last interglacial, the Eemian (Jessen &
Milthers, 1928; Andersen, 1965). The chronology of
the last interglacial is not well established but 2*U/
20Thdating of corals and marine sediments has placed
the marine oxygen iso-tope stage Se, which corre-
sponds to the relatively warm interglacial Eemian,
somewhere between 117 and 135 ky (Hamelin et al.,
1991; Stirling et al., 1995; Bard et al., 1996; Slowey
etal., 1996). Therefore we assume, based on the warm
demanding pollen species, that the major part of the
lake sediments from Hollerup were deposited some-
where in this interval.
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Figure 3. a) Percent carbonate and organic matter, b) U and Th concentrations, ¢) (*°Th/?®U) ratios, where the vertical
dotted line indicates secular isotopic equilibrium between **Th and 2¥U ((3*°Th/%¢U)=1); d) (®°Th/*2Th) ratios from the
sediments at the interglacial lake deposits from Hollerup. The horisontal dotted line indicates the limit between carbon-
ate-present (below) and carbonate-absent (above) samples. The pollen zones are from Andersen (1966). The correlation
between Andersen’s and our section is based on the lithology and the carbonate content.

In general, the samples analysed in this study fall in
two groups: those with (*°Th/?#U) values higher than
1, and those with values less than 1. Given that **Th
is a decay product of 28U, (**Th/?**U) ratios higher
than 1 must reflect later leaching of U or addition of
Th from the sediments. Addition of Th is not likely
since This much less soluble than U and is effectively
immobile in groundwater (Osmond & Cowart, 1992).
In Table 1, it is seen that the five samples that have
experienced late U leaching, with the exception of
sample 130 cm, are from the carbonate-present part
of the section (samples 335a and b, 130, 155 and 170

cm). This indicates that the carbonate hosted U has
been more readily mobilized, probably by percolation
of groundwater, than the U originally contained in the
organic and clastic sedimentary material. The relative-
ly radiogenic (**°Th/*?Th) values, ~6.5, in samples
335a and 335b, suggest that the sediments originally
had a higher U content and that they did remain closed
with respect to U for a significant time after deposition.

Samples with (**Th/?**U) values less than 1 can be
interpreted in two ways. 1) The sediment remained
closed with respect to U and its decay products since
deposition and an age can be calculated from the

Table 1. U and Th concentrations and isotopic compositions in interglacial lake deposits from Hollerup. “TOC” is total
organic carbon. Samples marked with small letters (a to d) are duplicates. Model ages are calculated without correction

for detrital Th.
Sample Depth Carbonate TOC *U ZTh  (3U/A0) (*Th/*?Th) (®*°Th/**U)  ‘model’
(cm) (%) (%) (ppm)  (ppb) *20 20 ages (ky)

Ho125b 125" 0 25.2 1434 1577 1.1454+58 1.817 0.6531+29 90
Ho127 - 127 0 22,0 0.844 1435 . 1.1305+75 1.698 0.9442+56 183
Ho130 130 0 19.2 0.810 1497 1.1393+80 1.771 1.0705+67 -
Ho135 135 0 16.8 0.801 1172 1.1592+105 1.768 0.8453x115 136
Ho135d 135 0 16.8 0.797 1227 1.1506+40 1.682 0.8467+27 136
Ho135b 135 0 16.8 0.764 1115 1.1555£122 1.841 0.8788+82 147

" Hol40 140 0 18.8 . 0.862 1436 1.1439+123 1.815 0.9891+93 199
Ho145 145 0 189 0.791 1241 1.1506+47 1.553 0.7969£135 123
Hol55 155 3 17.0 0.428 1309 1.1458+87 2.000 2.003+182 -
Hol170 170 41 124  0.190 505 1.1819+83 2.403 2.091+35 -
Ho335a 335 91 32 0.085 89 1.4197+47 6.860 2.349+14 -
Ho335b 335 91 3.2 0.066 78 1.4384:64 6.459 2.488+80 —
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Figure 4. Uranium content vs. percent organic matter in
the lake sediments.

(3°Th/**U) and (3*U/**U) ratios (after possible cor-
rection for initial Th and U) (Ivanovich et al., 1992).
2) The samples have experienced a much more com-
plex post depositional history involving one or sev-
eral episodes of leaching and absorption of U.

If we uncritically calculate ages from (3'Th/2*U)
and (3*U/*U) ratios of all the Hollerup samples with
(®°Th/**U) values less than one we obtain ages
between 89 ky and 199 ky with an average of 144 ky
(without correction for initial Th) (Table 1). These
ages have been calculated using the age equation
originally published by Kaufman & Broecker (1965).
These ages are clearly incorrect since the measured
sediments were deposited over a much shorter time

interval, probably within less than 3000 years. This
estimated time span is based on correlation between
our sediment lithology, Andersen’s (1965) pollen dia-
gram and lithology, and Miillers (1974) annually lami-
nated pollen sequence at Bispingen.

The U-Th ages were calculated without any correc-
tion for detrital U and Th which should make the ages
too old. Any attempt to correct for initial Th and U
based on the detrital U and Th concentration requires
an assumed 2?Th/?®U ratio of the detrital component.
If we assume secular equilibrium between #*U, U
and #°Th for this detrital component then we can
correct the measured (*°Th/?*U) and (¥**U/*%U) from
the bulk sediment using the present >?Th content of
the sediments. A realistic detrital ***Th/?**U ratio is
difficult to constrain but Eisenhauer et al. (1993)
suggested a value for average continental crust of 3.8.
If we use this value to correct for example Sample
Ho135b (Table 1) we get an age of 109 ky which is
approximately 25% lower than the uncorrected value
(147 ky). A higher detrital 2**Th/?*U estimate makes
the correction less and if we use a *?Th/>®U value of
S instead of 3.8 we obtain an age of 118 ky (20%
correc-tion). The other model ages can be corrected
in a similar way and the percentage of correction will
be approximately the same because they have similar
22T concentrations (Table 1). Hence, all ages will be
corrected towards lower values but the spread in ages
will still be approximately the same as before correc-
tion.

The relation between (3*U/*?Th) and (***U/??Th)
is shown in Figure 4. The linear relation for both the
carbonate-present and the carbonate-absent samples
suggests a two component mixture of U between an
authigenic and a detrital 22Th/?*U component and the

i L i 3
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slope of the regression lines defines the (34U/**U)
values of the authigenic component (Bischoff &
Fitzpatrick, 1991). The very good fits (r=0.99) for the
two regressions indicate that the U isotopic compo-
sition of the authigenic component for both carbonate-
present and the carbonate-absent samples are well-
defined and that they have (34U/***U) values of 1.59
and 1.16 respectively (Fig. 4). However, the authi-
genic U component can not be original since the
samples then would have the same U-Th age. The
organic-rich sediments (between 125 and 150 cm
depth) were therefore probably influenced by several
episodes of U migrations involving addition of U to
some intervals and leaching of U from others.

Conclusions

We have analysed the U and Th isotopic compositions
of sediments from the interglacial lake sediments from
Hollerup, Denmark. It was found that all samples are
affected by post deposition mobilization of U and it is
not possible to calculate accurate U-Th ages.

Carbonate-rich sediments are strongly affected by
leaching of U and probably have only a fraction of
their original U content. Sediments consisting of most-
ly organic matter and detrital material have a more
complex diagenetic history, probably involving several
episodes of U leaching and absorption. However, U-
Th isotopic composition of most samples are in agree-
ment with a last interglacial depositional age (135-
117 ky).

A previous study of Holocene sediments from Lake
Igelsjon, southern Sweden, has shown that carbonate-
rich algae gyttja can have a very high U content and
that this sediment type is extremely suitable for dating
with the U-Th technique (Israelson et al., 1997).
Originally, the carbonate-rich sediments from Hollerup
were probably comparable to the sediments from Lake
Igelsjon but compaction and groundwater seepage
have subsequently affected the U and Th content and
isotopic compositon of the sediments which makes it
impossible to obtain precise ages. Future attempts to
date ancient lake sediments with the U-Th method
should concentrate on sediments that have remained
deeply buried and thus not affected by oxidized ground
waters which tend to mobilize U.

Dansk sammendrag

Vi har analyseret uran-serie isotoper fra interglaciale
sgsedimenter fra Hollerup, Jylland, for at undersgge
muligheden for at datere disse og lignende sedimen-
ter med U-Th dateringsmetoden. Sedimenterne fra
Hollerup kan deles op i 2 grupper: En gruppe med
hgjt indhold af karbonat og en anden helt uden karbo-
nat, der bestdr af organisk materiale, ler og kieselalger.
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Alle sedimenter med hgjt karbonatindhold (40-95%)
har (**Th/?#U) forhold hgjere end 1, hvilket tyder pd
udvaskning af uran, formentlig af grundvand, efter
aflejring. Sedimenter med hgjere indhold af organisk
materiale, men uden karbonat har (*°Th/2**U) forhold
mindre end 1 og ‘modelaldre’ mellem 89 og 199 tu-
sind ar kan udregnes. Den store spredning i bereg-
nede aldre af sedimenter, der er aflejret over et meget
mindre tidsinterval (hgjst et par tusinder ar) tyder pa
en indviklet post-aflejringshistorie, der sandsynligvis
har indvolveret flere episoder af udvaskning og ab-
sorbering af uran fra grundvand. Det har tidligere
varet muligt at datere holoczne sedimenter fra Igel-
sjon i det sydlige Sverige meget lig sedimenterne fra
den karbonatholdige del af Hollerup profilet (Fig. 2).
Hollerup sedimenterne er imidlertid sd pdvirkede af
kompaktion og grundvandsgennemstrgmning at en
pracis datering med U-Th metoden ikke er muligt.
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