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Abstract

Nine samples of subfossil bone and teeth remains from woolly mammoth (Mammuthus primigenius) discovered in Finland,
Russian Karelia and Western Russia were analyzed for the oxygen isotope composition of the phosphate fraction and the carbon
and oxygen isotope composition of the carbonate fraction in skeletal apatite. The samples have been radiocarbon dated in previous
studies and are of late Middle Weichselian to Late Weichselian age. The preservation of the samples was tested analyzing the
chemical composition and checking the isotopic equilibrium between the phosphate and carbonate components in skeletal apatite.
According to these tests, five out of the nine samples were determined to have retained their original isotopic composition. These
samples were used to estimate Late Pleistocene climatic conditions in Finland and neighboring areas. Based on the best-preserved
enamel samples, the isotopic composition of oxygen in Late Pleistocene precipitation was 1-3%o lower than that in the mean annual
precipitation in southern and central Finland today. Using the relationship between the isotopic composition of precipitation and the
ambient temperature, it can be estimated that the mean temperatures during the Middle Weichselian ice-free period were 2—6 °C
lower compared to the present-day values.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The use of stable isotopes has proven to be one of
the most effective methods in reconstructing paleoenvi-
ronmental conditions. On land, isotopic reconstruction
of past climatic conditions is, however, complicated by
the lack of suitable study material. The oxygen isotope
composition of the mineral component of vertebrate ske-
letons, carbonate-hydroxyapatite Cao[(PO4)4.5(CO3); 5]
(OH), 5 (Driessens and Verbeeck, 1990) is a potential
tool, which has been successfully used in paleoclimato-
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logical reconstructions of continental climates (e.g.
Ayliffe et al., 1992; Bryant et al., 1994, 1996b; Fricke
et al., 1995; Genoni et al., 1998; lacumin et al., 2004;
Tacumin and Longinelli, 2002, Longinelli et al., 2003;
Reinhard et al., 1996). Land mammals precipitate their
skeletal parts at a constant temperature of ~37 °C. The
oxygen isotope composition of the bioapatite is thus
dependent only on the isotopic composition of the ani-
mal’s body water (Longinelli, 1984; Luz et al., 1984).
The §'%0 value of body water, in turn, is related to the
isotopic composition of ingested environmental waters,
which usually correspond to the mean 'O value in the
regional precipitation. The isotopic composition of oxy-
gen in meteoric waters correlates with the regional mean
annual temperatures (Dansgaard, 1964). It follows that
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the oxygen isotope composition of fossil skeletal mate-
rial contains information of past atmospheric tempera-
tures in terrestrial environments. Of all skeletal com-
ponents, tooth enamel is generally considered to be
most resistant to post-depositional alteration, and hence
is the preferred material for isotopic investigations (e.g.
Ayliffe et al., 1992, 1994; Bryant et al., 1994, 1996b;
Koch et al., 1997; Lee-Thorp and Sponheimer, 2003;
Zazzo et al., 2004).

According to a previously widely accepted glacial
history of Scandinavia, it was thought that Finland was
covered by the Scandinavian Ice Sheet throughout the
Middle and Late Weichselian (e.g. Andersen and Man-
gerud, 1989). Recent interpretations based on new ra-
diocarbon dating results revised this view (Ukkonen et
al., 1999; Lunkka et al., 2001). Data from mammoth
finds reported by Ukkonen et al. (1999) from different
parts of Finland suggested that the southeastern parts of
Fennoscandia remained ice-free for a period of at least
10000 years between ca. 37 and 26 ka. Summarizing
the findings of the extensive QUEEN program, Hub-
berten et al. (2004) concluded that the time from 30 ka
to the Last Glacial Maximum at 20—15 ka was a period
of progressive cooling in Scandinavia and elsewhere in
the Eurasian Arctic. During this period, the growth rate
of the Scandinavian Ice Sheet was very rapid. The ice
front advanced from the Gulf of Bothnia to the Last
Glacial Maximum position, some 1000 km southeast in

Table 1
Sample description and isotopic results

the northwestern Russian Plain, in only 7000 years
(Lunkka et al., 2001).

Due to poor preservation of skeletal material in acid
soil, only a few stray finds of terrestrial mammals have
been made in Finland. A total of nine subfossil mam-
moth bones and teeth have been discovered, described
in detail by Ukkonen et al. (2003). All finds have been
radiocarbon dated in previous studies, and they range in
age from >45800 to 18700 cal BP (>40000 to 15910
BP) (Table 1).

The aim of this study is to recover the climatic
signal recorded in the oxygen isotope composition of
skeletal remains discovered in Finland and adjacent
areas. In order to evaluate the extent of diagenetic
alteration, the concentrations of selected trace elements
were measured. Oxygen isotope ratios were determined
on carbonate and phosphate fractions in carbonate-
hydroxyapatite. Comparison of the isotope records in
these structural components offers an additional mea-
sure of the preservation of the isotope signal (Bryant et
al., 1996a; Iacumin et al., 1996a).

2. Materials and methods

Five of the nine subfossil mammoth specimens were
available for isotopic analysis. In addition, four other
mammoth samples from the Russian Karelia and west-
ern Russia were investigated. The find localities are

Calibrated age  '®0p (%0) 0'%0c (%o) "°Cc (o) " Ceoiagen (%0’ 3'FOw (%)’

Sample Type Find locality 14C age

(years BP") (years BP?)
Enamel
M-01  Molar Nilsid, Syvari 22420+315" 26400+ 360
M-02 Molar Salmi, Ladoga  >40000° >45800

M-03 Premolar Helsinki, Toolo 23340 +350% 27500 + 400

M-07 Molar Kirillov 27915+ 575 32600 + 640

Bone

M-04 Humerus Helsinki, 15910+ 150* 18700 + 180
Herttoniemi

M-05  Femur Lohtaja 24450+ 385" 28700 + 440

Dentine

M-06 Tusk Haapajérvi 28740 £ 670 33600+ 750

M-08 Tusk Kostamuksha 25990+ 470¢ 30500+ 530

M-09 Tusk Kolodozero >40000° >45800

9.0 17.9 —12.7 —21.4 —153
10.0 18.9 —11.2 —20.5 —14.2
9.9 18.3 —13.2 —20.7 —14.2
9.6 19.7 —-11.2 —14.6
14.3 22.1 —11.0 —-213 -9.6
10.5 16.1 —13.4 —21.6

11.9 21.0 —10.0 —29.1

12.2 16.9 —11.0

12.1 18.2 -9.1

Isotope values are given relative to VPDB 0" C, 0" Ceollagen) and VSMOW (0" Op, 0" Oc, 0" 0,).

! 14C ages: (a) Ukkonen et al. (1999), (b) Lougas et al. (2002); (c) Saarnisto and Lunkka, unpublished; (d) M. Saarnisto, personal communication,

2003; (e) I. Demidov, personal communication, 2003.
2 14C ages were calibrated according to Bard (1998).

3 The carbon isotope composition of collagen (& 13 Ceollagen) With permission of Eloni Sonninen, the Dating Laboratory of the Finnish Museum of

Natural History, University of Helsinki.

* The mean annual oxygen isotope composition of environmental water (3'* Oy) is only given for unaltered samples.
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shown in Fig. 1. A short description of the samples and
the radiocarbon ages are given in Table 1.

The samples were drilled using a 2-mm diamond drill
and ground in an agate mortar. Before sampling, the
uppermost surface of the bone or tooth was removed.

For the analysis of the isotopic composition of oxy-
gen in phosphate, the silver phosphate method was
applied. The chemical procedure followed that of O’Neil
et al. (1994) and Stephan (2000) with some modifica-
tions. To remove organic contaminants, the samples
were treated with 3% NaOCl+NaOH solution for 24
h and rinsed with deionized water. The procedure was
repeated twice for bone and dentine samples. The result-
ing sample powder was dissolved in 1 M HNO;. Calci-
um and other interfering ions were removed using cation
exchange chromatography. The phosphate ion was pre-
cipitated as AgzPO,4. The precipitate was reduced by
graphite at 1340 °C and the resulting CO, was used for
isotope determinations (O’Neil et al., 1994). For the

isotopic analysis of the carbonate fraction, the sample
powders were pretreated following the method described
by Bocherens et al. (1996a). The powders were soaked
for 24 h in 3% NaOCl+NaOH solution to remove or-
ganic matter and rinsed with deionized water. In order to
remove secondary carbonates, the powders were treated
with a 1 M acetic acid—Ca acetate buffer solution for
another 24 h. The powders were then reacted with an-
hydrous phosphoric acid at 100°C with a reaction time
of I h.

The isotope ratios of oxygen and carbon were mea-
sured at the Geological Survey of Finland, on a Finnigan
MAT 251 mass spectrometer. The external precision
based on multiple sample measurements was better
than 0.1%0 for 6'°C, 0.2%0 for 6'®0¢ and 0.2%o for
6'80p. Sixteen repeated analyses of the phosphate
rock standard NBS-120b have yielded a 6'%0p value
0f22.4 + 0.3%0 (SMOW). The phosphoric acid fraction-
ation factor of Swart et al. (1991) for calcite was used to
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Fig. 1. Map of the mammoth find localities in Finland, Russian Karelia and Western Russia. Modified from Ukkonen et al. (1999).
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correct for the effects of the acid reaction in the analysis
of the carbonate fraction.

The contents Al, Ba, Cu, Fe, Mn, Si and Sr were
determined using ICP-AES. For analysis, the sample
powders were dissolved in 3 ml of concentrated HNO;.
The insoluble fractions were removed by centrifuga-
tion. After adding 2 ml of concentrated HNO3;, the
solution was diluted to 50 ml.

The distribution of Fe and Mn in enamel samples
was investigated using a scanning electron microprobe.
Semiquantitative analyses were performed with a JEOL
JXA-8600 instrument at the Department of Geology,
University of Helsinki. Spot analyses were collected on
carbon coated samples in EDS mode with an acceler-
ating voltage of 15 keV. The beam current was 1 nA
and the diameter 1 um. The count time for one mea-
surement was 100 effective seconds.

3. Results

The oxygen isotope composition of the phosphate
fraction (6'%0p) and the carbon and oxygen isotope
compositions of the carbonate fraction (6'>Ce, 6'%0¢)
are given in Table 1. The 6'®0p values range from
9.0%o0 to 14.3%o. The total span of the values is very
similar to that obtained from mammoth remains from
Southern Siberia, Russia and Ukraine by Genoni et al.
(1998). The enamel samples form a tight group with all
0'80p values falling between 9%o and 10%o, whereas
the bone and dentine samples yielded more positive
values. Sample M-06, the humerus from Herttoniemi,
Helsinki, yielded an unusually high 6'*0p value of
14.3%0. The range of 6'®0c is similar to that of
0'80p, but shifted to higher values by 7—-8%.

Table 2
Analyses of mammoth skeletal remains (ppm)

Al Ba Cu Fe Mn Si Sr
Enamel
M-01 33 31 0.4 641 349 62 96
M-02 33 66 0.3 5089 120 77 98
M-03 450 113 34 4842 563 450 225
M-07 77 36 3 92 51 235 72
Bone

M-04 2200 526 8.6 33,077 1345 1834 208
M-05 260 416 2 11,435 4314 1351 312

Dentine

M-06 <110 495 25 22,400 3380 - 144
M-08 81 32 1.6 16 1.4 108 108
M-09 <53 106  <0.5 27 53 <53 69

The samples were analyzed by ICP-AES at the Department of Geo-
logy, University of Helsinki.

The 6'"3C¢ values vary from —13.4%0 to —9.1%o.
These values are typical of C3-feeders and are in ac-
cordance with values measured from Siberian, Ukraini-
an and Russian mammoths by Iacumin et al. (2000).
For comparison, the o Ceollagen Values of the Finnish
specimens are also reported in Table 1. These data were
kindly provided by the Dating Laboratory of the Finn-
ish Museum of Natural History, University of Helsinki.
Excepting sample M-06, all specimens display values
comparable to those obtained by [acumin et al. (2000),
reflecting C-3 plant based diets. The collagen fraction
in sample M-06 is highly depleted in '*C, having a
carbon isotope value of —29.1%e.

The contents Al, Ba, Cu, Fe, Mn, Si and Sr are given
in Table 2.

4. Discussion
4.1. Diagenetic alteration

It has been suggested that increasing concentrations
of rare earth elements, U, F and possibly Sr in fossil
bones reflect diagenetic chemical alteration (Kohn et
al., 1999). If this is observed, also isotopic signatures
may be altered and, thus, the environmental signal from
the isotopes could be biased.

Kohn et al. (1999) reported Fe and Mn concentra-
tions in modern enamel falling below 26 ppm and 19
ppm, respectively. The skeletal remains analyzed in this
study are characterized by significant increases in the
Fe and Mn contents in most samples (Table 2). Espe-
cially, two bone specimens (M-04 and M-05) and one
dentine specimen (M-06) display dramatic increases in
their Fe and Mn contents, which are as much as several
orders of magnitude higher compared to the other
samples. Also the concentrations of Si, Ba and Al in
the bone samples (M-04, M-05) are distinctively higher
than those observed in most dentine and enamel sam-
ples. These changes are likely due to precipitation of
secondary Fe-Mn—Ba-bearing oxides and oxyhydrox-
ides and the presence of clay minerals (Kohn et al.,
1999; Elorza et al., 1999). Although no conclusion of
isotopic alteration can be drawn from the high concen-
trations of these elements, they suggest, however, that
some secondary precipitation of diagenetic minerals has
occurred in all samples and the bone and dentine sam-
ples M-04, M-05 and M-06 are strongly affected.

The origin of the high concentrations of Fe and Mn
in enamel and particularly in samples M-02 and M-03,
was investigated further using a scanning electron mi-
croprobe (SEM). The outer surface of the lamellae are
typically covered by a dark colored coating. In addition,
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cracks filled by dark colored material do occur. Fig. 2a
presents a cross section of an enamel lamella from
sample M-02, and Fig. 2b shows a back-scattered elec-
tron (BSE) image of the same cross section. SEM-spot
analyses collected from dark coatings showed a high Fe
content of 28—-62% and a Mn content of 0.2% to 0.7%.
Analyses collected from the inner part of the lamellae
showed no measurable Fe or Mn.

It can be concluded that the high concentrations of
Fe and Mn do not represent pervasive alteration of
enamel. The samples were probably exposed to diage-
netic fluids after deposition, leading to precipitation of
Fe—Mn coatings.

The strontium concentrations (Table 2) are below the
values for modern herbivore enamel (Kohn et al., 1999)
and are not indicative of chemical alteration of the
apatite crystals.

The oxygen isotope fractionation between 6 '*0p and
5"80¢ of skeletal apatite has been used successfully to
distinguish isotopically altered samples (Genoni et al.,
1998; Tacumin et al., 1996a,b; Lécuyer et al., 1998). At
a constant body temperature, the fractionation of oxy-
gen isotopes between phosphate and carbonate compo-
nents of skeletal apatite can be expected to be
invariable. Fig. 3 displays the 6'%0p—6'*0Oc equilibri-
um fractionation line (6'*0p=0.98 - §'%0. — 8.5; lacu-
min et al., 1996a) compared to the samples analyzed in
this study. According to this relationship, A'*O¢ p
(6'%0c—6"%0p) in well-preserved teeth and bones can
be expected to remain close to 8.5%o. All enamel sam-
ples (M-01, M-02, M-03, M-07) lie close to the equi-
librium fractionation line and their isotope systematics
seem to be well preserved. In spite of the high Fe and
Mn contents, the humerus sample from Herttoniemi
(M-04) has 6'%0p and 6'®0¢ falling close to the equi-

librium fractionation (Fig. 3) with AO¢ p at 7.8%.
This suggests the possibility that the oxygen isotope
system in this bone sample may have been preserved
unchanged.

The bone and dentine samples M-05, M-06, M-08 and
M-09 have A'®O¢ p ranging from 4.6%o to 6.2%o. Judg-
ing from the large difference between these and the
expected A'®O¢_p, the samples are in isotopic disequi-
librium. On the 6'*0—d'*0p graph (Fig. 3), the sample
points lie left from the equilibrium fractionation line.
This indicates that either the oxygen isotope composition
of phosphate has shifted to more positive values or that of
the carbonate component has decreased as a result of
diagenetic alteration, or both components have changed.

Structural carbonate is considered to be less resistant
to post-depositional alteration than phosphate (Iacumin
et al.,, 1996a; Land et al., 1980; Nelson et al., 1986;
Schoeninger and DeNiro, 1982) and therefore, it is pos-
sible that low A'®O¢_p in these samples could be caused
by secondary changes in the isotope ratios of structural
carbonate in apatite. The well preserved enamel samples,
however, all exhibit lower 5180p values compared to
bone and dentine (Table 1), suggesting that the 0'%0p
values of bone and dentine may have increased as a result
of diagenetic alteration. The situation is quite unusual,
since diagenetic processes in natural environments usu-
ally tend to lower the %0 values of deposited material.
At low temperatures, however, the fractionation of oxy-
gen isotopes between phosphate and water is sufficiently
high to increase the isotopic composition of reprecipi-
tated phosphate, assuming isotopic equilibrium between
phosphate and local groundwater. Using fractionation
factors of Longinelli and Nuti (1973) and the isotopic
composition of local groundwaters in southern Finland
(—12%o0), 6'®0p values as high as 13.5%o can be

— 100 ym

e

Fig. 2. (a) Cross section of an enamel lamella from sample M-02 seen by an optical microscope. Dark, Fe-Mn-rich coating is indicated by an arrow,
Ap=apatite. (b) BSE image of the cross section. Fe-Mn coatings are visible as darker areas.
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Fig. 3. Comparison of the oxygen isotope composition of skeletal carbonate with that of phosphate. The line (3'*0p=0.98 - §'¥0¢ — 8.5) represents
isotopic equilibrium between '¥0¢ and §'®0p according to Tacumin et al. (1996a).

expected to be observed in reprecipitated phosphates,
equilibrated with environmental waters.

Zazzo et al. (2004) presented evidence for selective
alteration of the carbonate and phosphate components
pending on the mechanism of diagenetic reactions. Dur-
ing microbially mediated reactions, the exchange of
oxygen isotopes between phosphate and water is at
least 2 to 15 times faster than that between carbonate
and water. According to their experiments, bone is par-
ticularly susceptible to microbially induced alteration,
whereas enamel is affected in a lesser extent. Thus, the
shift to more positive 6'*0p values in the bone and
dentine samples might be explained as a result of micro-
bially mediated re-equilibration with groundwaters.

Also the dentine sample M-06 from Haapajirvi
appears to be close to isotopic equilibrium. This may
however be fortuitous, as there are reasons to believe
that the sample is highly altered. The piece of tusk is in
poor condition and severely degraded. It is fractured,
brittle and has a yellow-greenish cover in parts of the
bone. Fe and Mn contents in this sample are extremely
high, 2.24% and 3380 ppm, respectively. In addition,
the sample has an unusually low 513C00uagen value of
—29.1%0 (Table 1). This value is strongly depleted in
13C compared to all other collagen analyses given in
this study and to those reported by lacumin et al.
(2000) and Bocherens et al. (1996b). The carbon iso-
tope fractionation between collagen and the mineral
component of skeletal apatite should be about 8%o (Sul-
Sullivan and Krueger, 1981) and for natural diets it
may vary between 7%o and 10%o (e.g. Lee-Thorp et al.,
1989). For sample M-06, the fractionation between
collagen and structural carbonate is 19.1%o, suggesting
isotopic alteration.

Based on 6'®0¢ and 6'®0p fractionation patterns,
the enamel samples are interpreted to have retained

their primary isotopic signal, and they are used to
estimate Late Pleistocene climatic conditions in eastern
Scandinavia and adjacent areas. In contrast, all bone
and dentine samples, excepting M-04, show evidence
of extensive diagenetic secondary crystallization and
isotopic reequilibration. The bone sample M-04 has
A"™Oc_p falling close to the equilibrium value and
the initial isotope ratios may have been preserved in
this sample.

4.2. Environmental record in oxygen isotopes

Ayliffe et al. (1992) have shown that '%0p of
modern elephants is related to the isotopic composition
of precipitation (5'®0Ow) with a relationship
5'80p=0.94 - 6'80w+23.3. It is known that among
mammals, the parameters of the equation are dependent
on the body mass of the animal (Bryant and Froelich,
1995). Elephants and extinct proboscideans such as
mammoths are thought to have a similar body size
and comparable feeding habits (Ayliffe et al., 1992;
Ukraintseva, 1986), supporting the application of the
same equation to all proboscideans.

The isotopic composition of oxygen and hydrogen in
Finnish groundwaters has been recently studied by
Kortelainen and Karhu (2004). They observed that the
mean annual isotopic composition of oxygen in Finnish
groundwaters varies from —15.5%0 in the North to
—11.5%0 in the South. They also noticed that these
isotope values directly follow those of the local mean
annual precipitation and are correlated to mean annual
temperatures by 0'%0w=0.537—14.42 (T is tempera-
ture ,°C). This spatial relation between local tempera-
tures and isotope values is used here to convert the
5'80y values derived from the oxygen isotope compo-
sition of phosphate to environmental temperatures.
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Fig. 4. Oxygen isotope composition of precipitation (5'%Ow) calculated from the well-preserved samples. The range of present-day oxygen isotope
composition of precipitation in the areas of the mammoth find localities in central and southern Finland is indicated.

Based on §'®0p of the enamel samples, the oxygen
isotope composition of the mean annual Late Pleisto-
cene precipitation in eastern Scandinavia and neighbor-
ing areas varied from —15.3%0 to —14.2%o, with an
average value of —14.6%0 (Fig. 4). According to the
relationship of Kortelainen and Karhu (2004), this
would correspond to a mean annual temperature of
—0.3 °C. The oxygen isotope composition of the pres-
ent-day precipitation in the areas of the mammoth find
localities in Southern and Central Finland ranges from
—13.5%0 to —11.5%0 (Kortelainen and Karhu, 2004).
The difference of 1-3%o between Pleistocene and mod-
ern 60w values implies 2-6 °C lower mean annual
temperatures for the Middle Weichselian ice-free period
between 26 and 37 ka ago.

The humerus sample from Herttoniemi (M-04) has
yielded an age of 18 700 & 180 cal BP (15 910 £ 155
BP; Ukkonen et al., 1999), which is problematic in
relation to the current understanding of the glacial his-
tory of Scandinavia. The bone was discovered under a
bog in littoral clay/sand. Ukkonen et al. (1999) sug-
gested that it might have been transported to the site
from elsewhere, possibly by icebergs. The contents of
Fe and Mn in this sample showed evidence of extensive
secondary crystallization, but at the same time, the
A"™Oc_p value seems to have preserved the initial com-
position. The sample yielded a much higher 6 '*0p value
compared to other well-preserved Pleistocene samples,
being similar to those obtained from mammoth remains
of glacial age in Britain (Ayliffe et al., 1992). The
8'80p-value corresponds to mean annual precipitation
with 6'%0yy at —9.6%o (Fig. 4). Warmer climatic condi-
tions compared to those prevailing in Finland today are
implied for the original natural environment of this
specimen. The 6'*Oy value is close to that of modern

precipitation in Denmark or Latvia in the southern parts
of the Baltic Sea.

5. Conclusions

This study was based on analysis of the isotopic
composition of oxygen in nine subfossil mammoth skel-
etal samples from Finland and adjacent areas. For the
assessment of diagenetic alteration, both the phosphate
and carbonate fractions in skeletal apatite were analyzed
separately and the contents of selected trace elements
were determined. These tests indicated that all enamel
samples were well preserved and likely had retained their
original oxygen isotope compositions, whereas all bone
and dentine samples, with one exception, show evidence
of extensive diagenetic alteration. On the basis of these
data, the following conclusions could be drawn:

(1) Based on enamel samples, the isotopic composi-
tion of oxygen in Late Pleistocene precipitation
was depleted in '"*O by 1-3%o, compared to the
present-day mean annual precipitation in South-
ern and Central Finland.

(2) Applying the &'®0O-temperature relationship in
modern precipitation, the environmental tempe-
ratures during the Middle Weichselian ice-free
period were 2—6 °C lower than the ambient tem-
peratures today.

(3) The humerus discovered in littoral clay/sand in
Herttoniemi, Helsinki, dated at 18 700 + 180 cal
BP, yielded an unusually high 6'®0p value. This
is consistent with earlier speculations that the
bone might have been transported from warmer
climatic zones in the southern part of the Baltic
Sea.
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