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The goal of this dissertation is to develop a chronology of the retreat of the
southern margin of the Scandinavian Ice Sheet (SIS) during the late Pleistocene using

surface exposure dating with cosmogenic 10Be. A sequence of seven prominent
moraines in northeastern Europe (the Leszno Moraine, the Pomeranian Moraine, the

Middle Lithuanian Moraine, the North Lithuanian Moraine, the P andivere Moraine,
the Palivere Moraine, and the Salpausselka I Moraine) indicates a potential millennial-

scale record of climate variability. However, there are no direct dating constraints on
the timing of this ice sheet retreat. Surface exposure dating using cosmogenic nuclide

elements produced by secondary high-energy particles in the upper part of the
lithosphere allows for direct dating of moraines deposited by the SIS. Cosmogenic
10Be concentrations were measured in quartz sampled from erratic boulders deposited

on top of the moraines. The SIS margin withdrew from its maximum extent at 17,9 ±
2,4 10Be ka, which is correlative to the end of the Last Glacial Maximum period (23,0

to 19,0 ka). Following a recessional period, the ice readvanced to the Pomeranian

Moraine. Deglaciation from this moraine is dated at 14,1 ± 1,8 10Be ka, and
subsequent deglaciation is marked by the Middle Lithuanian Moraine (13,1 ± 1,7 "Be
ka), the North Lithuanian Moraine (13,1 ± 1,7 10Be ka), the Pandivere Moraine (13,0 ±

1,1 10Be ka), the Palivere Moraine (10.0 ± 1,3 10Be ka), and the Salpausselka I
Moraine (12,5 ± 1,5 10Be ka).

This new chronology is compared to abrupt climate variability recorded in the

North Atlantic region during the late Pleistocene. Paleo air temperatures recorded
from the GISP2 ice core and paleo sea surface temperatures recorded from the North

Atlantic region display warmings at the end of the Last Glacial Maximum period,
during the Balling-Allerod interstadial, and at the end of the Younger Dryas stadial.
These records also display abrupt coolings during the Oldest Dryas and the Younger

Dryas stadials. Based on the 10Be chronology, the margin of the SIS responded to

climate changes that occurred in the North Atlantic region. This new chronology
contributes the first direct evidence of climate forcing on the southern margin of the
SIS.
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Cosmogenic 10Be Chronology for the Last Deglaciation of the
Southern Scandinavian Ice Sheet

Chapter 1

Introduction

1.1

Foreword

Abrupt climate variability during the last glacial termination is well recorded in air

temperature above Greenland (Stuiver and Grootes 2000; Johnsen et al. 2001) and in
sea surface temperatures (Bard et al 2000) in the North Atlantic region. Temperature

shifts of as much as 9°C (Severinghaus and Brook 1999) occurred in a few decades

during the transition form the Oldest Dryas (stadial) to the Balling-Allerod
(interstadial). A major mechanism involved in the climate changes in the North
Atlantic region is the thermohaline circulation (Broecker et al. 1990). This shallow
oceanic current is responsible for the redistribution of the radiative heat received in
excess in the lower latitudes to the high latitudes. Variations in water temperature or in

water salinity could trigger abrupt climate changes above the North Atlantic.
Simulations with an atmospheric General Circulation Model (Hostetler et al. 1999)

show that climate changes above the North Atlantic region affect directly northern
Europe (Figure 1.1).

The southwestern part of the former Eurasian Ice Sheet, the Scandinavian Ice

Sheet (Figure 1.2), was under the direct influence of the North Atlantic climate
signals. The moraine sequence left in the northern European landscape (Figure 1.3)
contains a critical record of climate variability that could be potentially linked to the
North Atlantic climate variability records. The chronology of the sequence is poor to

nonexistent and the objective of this dissertation is to build a deglacial chronology.

Timing of the moraine deposition is essential and surface exposure dating with
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Figure 1.1: Transmission of North Atlantic events over Northern Europe. In this case a
warming of the sea surface temperatures over the North Atlantic region causes a
warming of the temperatures over northern Europe. DJF corresponds to the winter
months (December, January, February), and JJA corresponds to the summer months
(June, July, August) (Hostetler et al. 1999).
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4

Figure 1.2: Extent of the northern Hemisphere ice sheets during the Last Glacial
Maximum (left) compared to the modem day ice sheet coverage confined to the
Greenland Ice Sheet (right). Study area is delimited by the black square. Adapted from
(http://www.ngdc.noaa.gov/paleo/slideset/indexl l .html).
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Figure 1.3: Reference map of the Baltic region. Location of the study area with
position of the late Pleistocene moraines. Capital letters correspond to major cities:
Berlin, Warsaw, Vilnius, Minsk, Riga, Tallinn, St Petersburg. Adapted from
Andersen, 1981; Lundquist and Saarnisto, 1995.
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cosmogenic radionuclides allow us to directly date the moment the ice withdrew from

its terminal position (Gosse and Phillips 2001). It is then possible to compare the
newly developed chronology with existing paleo-records available from the North

Atlantic region. The three papers in this dissertation focus on the late Quaternary
chronology of the retreating Scandinavian Ice Sheet and its link with millennial-scale
climate variability records in the north Atlantic region.

Chapter 4 is the synthesis of the complete data set developed during these five
years of research at Oregon State University. It describes the deglaciation course of

the southern margin of the Scandinavian Ice Sheet and demonstrates that the ice
margin responded to climate signals originating in the North Atlantic region.

Chapters 2 and 3 are regional papers explaining in greater detail the procedure

used to calculate the exposure ages and the error-weighted mean moraine ages.
Chapter 2 focuses on the Pomeranian Moraine in Poland, the first recessional stop of
the ice margin after it reached its maximum extent during the Last Glacial Maximum.

Chapter 3 focuses on the Salpausselka I Moraine, associated with the Younger Dryas

cold event, in southwestern Finland. Because of its geographic position the moraine
altitude was subject to variations during its entire exposition history and we developed

a procedure to correct for these variations in order to derive more accurate exposure
ages.

All three manuscripts will be submitted to journals for publication. The first
manuscript (Chapter 2): "Cosmogenic 10Be ages on the Pomeranian Moraine, Poland"

will be submitted to Boreas, a European journal for Quaternary research. The second

manuscript (Chapter 3) entitled: "Cosmogenic 10Be dating of the Salpausselka I
Moraine in southwestern Finland" will be submitted to Quaternary Science Reviews.

The third manuscript (Chapter 4): "Termination I chronology from continental
Northeastern Europe: the 10Be perspective" will tentatively be submitted to the journal
Nature.
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Chapter 2

Cosmogenic 10Be ages on the Pomeranian Moraine, Poland
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2.1

Abstract

We measured the 10Be concentrations of boulders collected from the
Pomeranian Moraine (PM) in Poland, providing the first direct dating of the southern

margin of Scandinavian Ice Sheet (SIS) in the Polish Lowland. The error-weighted
mean age of 19 10Be ages of the PM in northeastern Poland is 14.5 ± 1.8 10Be ka. The

error-weighted mean age of eight 10Be ages of the PM in northwestern Poland is 13.8

± 1.8 10Be ka. Given the excellent agreement between the two P M age groups, w e

calculate an error-weighted mean age of 14.2 ± 1.8 10Be ka for the PM of northern
Poland.

2.2

Introduction
Deglacial chronologies of former ice sheets provide critical constraints for

evaluating the response of ice sheets to climate change and their contribution to sea

level. The position of the southern margin of the Scandinavian Ice Sheet (SIS) in
Poland during the last deglaciation is relatively well known (Liedtke 1981). Currently,

however, there are few absolute ages that constrain the timing of ice margin retreat

(Andersen 1981; Marks 2002). Moreover, existing radiocarbon dates provide only
limiting ages on the time of moraine formation, thus obscuring direct correlations to
other ice-margin fluctuations as well as to potential climate forcings. Surface exposure

dating using cosmogenic nuclide elements produced by secondary high-energy

particles in the upper part of the lithosphere allows us to directly date moraines
deposited by the SIS in Poland (Gosse & Phillips 2001). Here we present 10Be
exposure ages for a moraine deposited during a recessional phase (Pomeranian
Moraine) after the SIS reached its last maximum extent.

10

2.3

Setting

Quaternary deposits in northern Poland overlie mostly Miocene sands and
Pliocene clays, locally also Mesozoic marls and limestones. Glacial deposits of the last

deglaciation are organized in a sequence of distinct marginal zones that comprise
several large end moraines. These include the Leszno Moraine (LM), the Poznari
Moraine (only present in the western part of the Polish Lowland), the Pomeranian
Moraine (PM), and t he G ardno Moraine, which c losely f ollows the Baltic coastline

(Andersen 1981). This sequence of large moraines was deposited by a lobate SIS

margin (Mojski 1995) associated with several ice streams (Odra, Vistula, and
Lithuanian streams) that flowed southwards from the Baltic basin (Marks 2002).
Identification and description of the moraine sequences is based on geomorphologic,

lithostratigraphic, biostratigraphic, and geochronologic evidence (Andersen 1981;

Marks 2002). Only two sites provide radiocarbon constraints on the age of
Weichselian glacial events in northern Poland. An age of 22.2 14C ka BP (25.9 cal ka

BP) on organic deposits provides a maximum limiting age for the first late
Weichselian advance to the LM (Stankowska & Stankowski 1988). Radiocarbon ages
on organic deposits from the Odra Bank, northwestern Poland, indicate deglaciation of
this region between 14.1± 0.2 14C ka BP (16.9 ± 0.3 cal ka BP) and 13.1 ± 0.3 14C ka
BP (15.8 ± 0.5 cal ka BP) (Kramarska 1998).

2.4

Sampling strategy

There are few large boulders present on Weichselian moraines in northern

Poland. We attribute their scarcity to their removal by humans over the last few
centuries. In particular, humans have dragged boulders to field edges, or used them as
construction material for buildings, road pavement, or as tombstones.
We sampled 37 boulders from the PM. Ten PM boulders were taken on a broad

south-north transect in northwestern Poland, between 52° and 54°N (Figure 2.1).
These boulders, which range in elevation from 22 m (in the Odra Bay depression) to

11

133 m were deposited by the Odra lobe. The 27 remaining Pomeranian boulders lay on

a west-east transect between 53° and 55°N in northeastern Poland (Figure 2.1). These

boulders, which range in elevation from 99 m to 302 m, were deposited by the Mazury
and the Suwalki ice lobes in the northeastern part of Poland.

We sampled the largest boulders available, with heights above the ground
ranging from 0.7 m to 3.2 m (average of 1.8 m). Large boulders were chosen on stable
surfaces to minimize possible post-depositional movements. Because the moraines are

the most prominent features in the landscape, no correction for surrounding
topographic shielding was necessary. Although many samples come from boulders

located in the forest, we did not find a trend in ages from boulders covered by
vegetation compared to ages from boulders that are not covered.

Samples are from granitic or gneissic boulders, which are resistant to erosion.

We sampled a quartz vein on one boulder (sample POL-7), where the quartz surface
projected 2 to 3 mm above the surrounding boulder surface. This could be considered

as an estimate for the amount of erosion, but we did not apply any correction for
erosion as the erosion rate and style (grain-scale, slab-scale) could vary throughout our

large sampling area. We sampled from the flat (dip < 10°) uppermost portion of the
boulder with a manual jackhammer or hammer and chisel. In most cases, we were able

to extract a single slab of material a few centimeters thick. All ages have been
corrected for thickness.

2.5

Methodology

We extracted beryllium from quartz following a modified version of the
procedure given in Licciardi (2000) and Kohl and Nishiizumi (1992). The chemical

12
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preparation was performed at Oregon State University, Washington State University,

and at the Centre de Spectrometrie Nucleaire et de Spectrometrie de Masse, Orsay

Campus, France. The grain size fraction (between 0.25 and 0.71 mm) is leached
repeatedly with solutions of HNO3 and HF until satisfactory quartz purity is reached,
as determined by ICP-MS. A reference 0.25 mg 9Be spike was added to each sample.
Anion exchange, cation exchange, and selective precipitation techniques were used to
isolate progressively the beryllium. The 10Be/9Be ratios were measured by accelerator

mass spectrometry (AMS) at the Tandetron facility, Gif-sur-Yvette, France (Raisbeck
et al. 1994).

We used a 10Be production rate of 5.1 ± 0.3 atoms g-1 yr"1 (Stone 2000). This

production rate, effective for sea level and high latitude (> 60°), was scaled to the
elevation and geographic latitude of each sample according to Stone's method (2000).
Because there is no evidence for post-glacial uplift of the Polish Lowland, we make no
correction for changes in elevation through time.

Intermittent snow cover is another parameter that could affect the production

rate. A conservative estimate of 50 cm snow depth for four months per year (mean
value based on a century-long record) with an absorption length of 160 g cm -2 would

decrease the production rate by -1.5%. Because the samples come from the top of
large boulders, we assume that any snow was blown off rapidly after storms and had a
negligible affect on production. Thus, we do not correct for potential snow cover.
Cosmogenic beryllium production decreases with depth and the production rate

must be scaled accordingly. We used the correction factor from Ivy-Ochs (1996) to
account for sample thickness.

The estimated systematic error introduced by the production rate and the
scaling uncertainties is less than 10%. Analytical uncertainties associated with the
AMS measurements vary from 6% to 11% in our samples. The uncertainties include a

16 statistical error in the number of 10Be events counted, a 5% contribution
conservatively estimated from observed variations in the standard, and uncertainty in

the blank correction. All single exposure ages are reported with a 16 error
corresponding to the analytical uncertainties only. The 10Be/9Be ratios were measured

using the National Institute of Standards and Technology (NIST) ratio of "Be to 'Be

14

(26.8 ± 1.4 x 10.12). Since most production rate estimates are based on other standards,

which are lower by 14% relative to the NIST one (Middleton et al. 1993), we
corrected the production rates for that difference.

2.6

Results

Our 10Be ages range from 5.2 to 76.0 10Be ka (Table 2.1, Figure 2.2). Five
samples are clearly too young: LES-2 (6.0 ± 0.6 10Be ka), LES-3 (6.3 ± 0.6 10Be ka),
LES-7 (5.2 ± 0.6 10Be ka), POM-12 (6.4 ± 0.6 10Be ka), and POM-15 (7.4 ± 0.9 10Be
ka). These results could reflect possible post-depositional movement or exhumation as

well as

slab

erosion (not obvious during sampling), or a human influence

(displacement, partial use of the boulder). The young ages of samples POM-12 and
POM- 15 could reflect p ost-Pomeranian exhumation in the paleo-drainage system of

the Odra River, late exposure of the boulders after melting of buried ice, or surface
erosion.

Samples LES-5 and LES-13 are dated at 36.4 ± 2.2 10Be ka and 32.2 ± 2.2 10Be

ka respectively. Because the two boulders have similar exposure ages and because
they belong to the same ridge, they may indicate moraine formation during that time.

We consider this unlikely, however, because radiocarbon dates from freshwater
sediments suggest that the southern part of Sweden was ice free between 30 and 40
'4C

ka BP (32 and 42 cal yr BP) (Donner 1996). We thus suggest that LES-5 and LES-

13 reflect inherited 10Be associated with prior exposure. Sample POL-6 (76.0 ± 5.7
10Be ka) and POL-3 (23.7 ± 2.1 10Be ka) likely reflects inherited 10Be.

In the same data set, samples POM-1 and POM-13 (18.6 ± 1.3 10Be ka and
18.0 ± 1.3 10Be ka respectively) have ages that suggest deposition in association with
the LM, but their geographic and geomorphologic positions suggest they are

Table 2.1: AMS-measured concentrations of 10Be and exposure ages of 37 boulders sampled on the Pomeranian Moraine.

Sample

Lithology

Boulder
height (m)

ID

Thickness Elevation Latitude N
(cm)

(m)

(DD)

Longitude E

[10 Be]

Scaling

(DD)

(104 atoms g-)

factor

Pomeranian Moraine

10Be Age

(ka)

1

14.2 ± 1.8

POM-153

Granite

1.6

2.00

88

53.3517

14.6436

3.60 ± 0.4

1.11

7.4 ± 0.9

POM-14

Granito-gneiss

1.4

3.00

99

53.3661

14.6508

7.67 ± 0.6

1.12

15.7 ± 1.2

POM-16

Granite

1.3

1.50

96

53.1669

14.7358

6.6 ± 0.5

1.12

13.4 ± 1.0

POM-123

Granite

2.3

1.00

80

52.8856

14.7914

3.12 ± 0.3

1.10

6.4 ± 0.6

POM-13

Granite

0.7

1.00

70

52.8856

14.7914

8.74±0.6

1.09

18.0± 1.3

POM-19

Granite

2.7

2.00

22

53.7592

14.8533

6.15 ± 0.5

1.03

13.6 ± 1.1

POM-17

Granite

1.8

1.50

60

53.0175

14.9544

5.1 ± 0.4

1.08

10.8 ± 0.8

POM-18

Granito-gneiss

1.5

1.00

102

53.6133

15.4369

7.42±0.8

1.12

15.0± 1.6

POM-22

Granite

1.9

1.50

110

53.8906

15.8381

7.19 ± 0.7

1.13

14.4 ± 1.3

POM-21

Granite

1.3

2.00

133

53.7117

16.2553

6.90 ± 0.5

1.16

13.5 ± 1.0

POM-1

Granite

1.1

1.00

99

53.7236

19.7514

9.25 ± 0.6

1.12

18.6 ± 1.3

POM-2

Granite

1.4

2.00

107

53.8444

19.8236

6.85 ± 0.5

1.13

13.8 ± 1.0

LES-11

Granito-gneiss

1.5

2.00

218

53.5222

19.8375

7.92 ± 0.8

1.11

14.4 ± 1.4

LES-8

Granite

1.1

2.00

255

53.5111

19.9000

10.1 ± 1.1

1.13

17.8 ± 1.9

LES-133

Granite

1.3

2.00

302

53.5528

19.9250

19.1 ± 1.3

1.16

32.2 ± 2.2

LES-10

Granite

1.7

2.00

270

53.5764

19.9417

6.77±0.6

1.14

11.7± 1.0

LES-12

Granite

1.6

2.00

275

53.5625

19.9528

8.45±0.7

1.14

14.6± 1.2

LES-73

Granite

2.9

2.00

132

53.6250

20.0417

2.65 ± 0.3

1.16

5.2 ± 0.6

Table 2.1 (continued)
LES-6

Granito-gneiss

2.3

2.00

151

53.6006

20.0611

8.06 ± 0.6

1.08

15.7 ± 1.1

LES-53

Granite

2.5

2.00

180

53.5792

20.0944

19.2 ± 1.1

1.09

36.4 ± 2.2

LES-33

Granite

1.6

3.00

212

53.4806

20.2222

3.44 ± 0.3

1.11

6.3 t 0.6

LES-4

Granite

1.8

2.00

172

53.4944

20.2389

7.38 ± 0.5

1.09

14.0 ± 1.0

LES-1

Granite

2.1

2.00

196

53.3458

20.4500

11.2 ± 0.8

1.10

20.8 f 1.6

LES-23

Granite

1.4

2.00

179

53.3875

20.4931

3.21 ± 0.3

1.09

6.0 f 0.6

POM-4

Granite

1.9

1.50

167

53.9569

20.8597

5.95 ± 0.4

1.20

11.3 f 0.8

POM-3

Granito-gneiss

3.2

2.00

117

54.0861

20.9097

7.91 ± 0.6

1.06

15.9 t 1.2

POM-5

Granite

1.4

2.00

175

53.9006

21.2028

7.35 ± 0.6

1.21

13.9 f 1.1

POM-8

Granite

3.1

3.00

138

54.0681

21.6097

7.45 ± 0.7

1.16

14.7 ± 1.3

POL-lwm2

Granite

1.4

2.00

117

53.7739

21.6286

7.71 ± 0.5

1.14

15.3 ± 1.2

POL-2

Granite

2.0

2.00

128

54.2147

21.8589

7.81 ± 0.5

1.15

15.3 ± 1.3

POL-33

Granite

2.0

2.00

130

54.1950

21.9464

12.10 f 0.8

1.15

23.7 ± 2.1

POM-10

Granite

1.6

1.00

173

54.1500

21.9958

6.87 t 0.5

1.09

12.9 ± 1.0

POM-11

Granite

1.8

1.00

177

53.9006

22.0167

7.74 f 0.5

1.21

14.5 ± 1.0

POL-5wm2

Granite

2.3

2.00

243

54.2039

22.7531

9.44 f 0.5

1.29

15.6 ± 1.2

POL-4wm2

Granite

1.0

2.00

240

54.2358

22.7897

9.04 f 0.5

1.28

15.5 ± 1.2

POL-63

Granite

1.5

2.00

211

54.1647

22.9683

41.2 f 2.3

1.25

76.0 ± 5.7

POL-7wm2

Quartz vein

3.2

2.00

195

54.1642

22.9700

10.2 f 0.5

1.23

18.8 ± 1.3

1 Exposure ages are calculating using the production rate of 5.1 ± 0.3 10Be atoms g-1 yr 1 and the 10Be half-life of 1.51 Ma. The
production rate is scaled for sample location and sample thickness using the rock density of 2.8 g cm-3 and the

Table 2.1 (continued)
attenuation length of 150 g cm -2 (Brown et al. 1992). Uncertainty corresponds to analytical uncertainty only for single exposure
ages. Uncertainty on the moraine error-weighted mean ages is the total uncertainty (analytical plus systematic).
2 Error-weighted mean of replicates.
3 Samples were not used to calculate the moraine age. The boulders could have been subject to multiple exposures, burial
periods, post-depositional exhumation or surface erosion (see text for discussion).

18

associated with the PM. Sample POM-1 is located too far north and is too low in
elevation with respect to the position of the LM. Sample POM-13, on the other hand,
is located at the southern end of the south-north sampling transect in western Poland,
and is thus a good candidate for the LM. However, the sample is located north of the

Warsaw-Toran-Eberswalde spillway that evacuated water from the melting southern
SIS margin during the Pomeranian phase, suggesting it was deposited on the PM. We
thus included samples POM-1 and POM-13 in the PM age calculation.

Because sample LES-1 (20.9 ± 1.6 "Be ka) is 2.0 standard deviations from its
group average we performed a statistical test (Chauvenet's criterion) (Taylor 1997) to
decide whether or not to reject the sample from the remaining PM samples. The result

of this test suggests that sample LES-1 should be rejected from the moraine age
calculation. Sample LES-1 may reflect deposition associated with the LM but we

reject this hypothesis because its geographical location and elevation indicate
deposition in association with the PM. We thus attribute its age to prior exposure and
inherited 10Be.

We calculate moraine ages using the error-weighted mean method (Bevington

& Robinson 1992). Because we compare our results to other numerical records, we

included in the moraine-age uncertainty the systematic error link to the assumed
production rate and scaling method (-10%). This contrasts with most studies in which
only analytical uncertainties are reported. We first calculated the moraine age for each
of the two groups of samples (Figure 2.1). The PM age in northwestern Poland is 13.8

± 1.8 10Be ka and the PM age in northeastern Poland is 14.5 ± 1.8 10Be ka. We
performed two statistical tests on the two age populations to determine if there were
any statistical differences between the two groups. We first applied a F-test to verify if

the population variances are equal. Because our computed F value (F = 1.06) is
smaller than the critical value of F with 7 and 18 degrees of freedom and a level of

significance of 5% (table value of F = 2.58), we must conclude that there is no
evidence that the variances are different. Second, we applied a t-test to test the
hypothesis that the means of the two populations are equal. Because the table values of
t for a two-tailed test with 25 degrees of freedom and 5% level of significance (2.5%
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in each tail) are ± 1.708, our computed value (t = 0.85) does not fall into either critical

region, and the null hypothesis cannot be rejected. Based on these statistical results,

we combined the two populations (n = 27) and calculated a single PM age of 14.2 t
1.8 "Be ka.

2.7

Conclusions

In the vicinity o f Konin (Figure 2.1), a calibrated radiocarbon date indicates
that the SIS margin advanced to its maximum extent in Poland sometime after 25.9 cal

ka BP (Stankowska & Stankowski 1988). Based on the EPILOG definition of the
timing of the Last Glacial Maximum as inferred from proxies of global climate (23.0

to 19.0 cal ka BP) (Mix et al. 2001), the SIS margin probably retreated sometime
around 19 ka. The onset of retreat at -19.0 ka may represent a response to warming of

the North Atlantic region that began -21.0 ka, as suggested from Greenland ice core
records (Stuiver & Grootes 2000; Johnsen et al. 2001) and North Atlantic sea surface
temperatures (Bard et al., 2000).

The S IS retreated a t 1 east a s far north a s the 0 dra Bank, where a calibrated

radiocarbon date of 16.9 cal ka BP (Kramarska 1998) indicates deglaciation by that
time. The ice sheet subsequently readvanced to the PM position sometime after 15.8

cal ka BP, as suggested by the youngest calibrated radiocarbon age from the Odra
Bank. Our data suggest that the ice margin receded from the PM position at 14.2 ± 1.8
'°Be
ka. This retreat likely represents a response to the abrupt warming of the North

Atlantic region associated with the onset of the Balling interstade -14.6 ka. Our
results thus indicate that the southern margin of the SIS responded to the abrupt
climate changes in the North Atlantic region during the last deglaciation.
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3.1

Abstract
We determined in situ cosmogenic 10Be ages for nine boulders sampled on the

Salpausselka I (Ss I) Moraine. Previous dating of this moraine indicated that it formed

during the Younger Dryas Stadial along the southern margin of the Scandinavian Ice
Sheet in southern Finland. Our new exposure ages range from 10.9 ± 0.8 to 13.5 ± 1.0
10Be

ka, with an error-weighted mean age of 12.4 ± 1.5 10Be ka. Our results confirm

four previous 10Be ages obtained 40 km northeast of our sample location. The
combined data (n = 13) indicate that retreat from the Ss I Moraine occurred at 12.5 ±

1.5 10Be ka, in excellent agreement with an age of 12.1 ka for retreat from the Ss I

Moraine based on varve chronologies. These results identify the Ss I Moraine as
among the best-dated margins associated with late Quaternary ice sheets.

3.2

Introduction
The Ss (Salpausselka) Moraine complex in southern Finland, a succession of

three parallel ridges, Ss I, Ss II, and Ss III (Figure 3.1), formed during the last
recession of the southern margin of the Scandinavian Ice Sheet (SIS). Of these three
ridges, S s I and S s II are the best-expressed end moraines in the Finnish landscape
(Rainio et al. 1995). The two ridges (Ss

I and Ss II) are thought to be

contemporaneous with the three Baltic Ice Lake (BIL) levels (Donner 1969, 1978;

Gltickert, 1995), termed B I, B II, and B III. The moraine complex primarily
comprises glacio-fluvial and glacio-lacustrine deposits related to ice-margin contact
with the various BIL water levels (Bjorck, 1995; Donner, 1995).
The existing chronology of the Ss Moraines is based largely on varve counting

and biostratigraphical evidence supported by radiocarbon ages. Varve chronologies

have been continuously revised (Sauramo, 1958; Niemela, 1971; Cato, 1987;
Stromberg, 1990; Bjorck et al., 1996; Wohlfarth et al., 1997), and errors of up to a
thousand years were found in the reference Swedish varve chronology used in the
correlation with the floating Finnish varve chronology (Andren et al., 1999). A recent
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study by Saarnisto and Saarinen (2001) attempted to define, independently from the
Swedish and Finnish varve chronologies, the age of Ss I and Ss II end moraines. Based

on varve counts, paleomagnetic measurements and 14C AMS dating results obtained

from series of lake sediment cores from Lake Onega and their correlation with the
Finnish varve chronology, Saarnisto and Saarinen (2001) concluded that Ss I and Ss II

were deposited between 12,250 and 11,590 varve years ago, or coeval with the

Younger Dryas (YD) cold event. The 660 varve-year bracket for the moraines'
deposition agrees with the 600 varve-year bracket as defined by Sauramo (1929)
according to his original floating Finnish varve chronology. Sauramo also estimated

that S s I deposition took 217 varve-years and that Ss II deposition took 183 varveyears, with about 200 varve-years for the SIS margin to retreat ca 40 km from the Ss I
position to the Ss H.

Tschudi et al. (2000, 2001) applied surface exposure dating (SED) to four
boulders sampled from the Ss I Moraine. They obtained error-weighted mean ages of
11.6 ± 0.5 10Be ka (Tschudi et al., 2000), and 11.9 ± 0.8 26A1 ka (Tschudi et al., 2001),

thus supporting a YD age for the moraine. Given the large uncertainties on the ages,
however, a post-YD age cannot be ruled out. Here we present nine new "Be exposure

ages that directly date the well-preserved Ss I Moraine in southwestern Finland. Our
data, combined with the four 10Be ages from Tschudi et al. (2000), confirm that the Ss
I was deposited during the YD cold event.

3.3

The Ss I end moraine and the sampling site
We sampled boulders on the western arc of Ss I (Figure 3.1), which was

deposited in front of the Baltic Sea lobe margin of the Scandinavian Ice Sheet
(Punkari, 1980). The end moraine extends from Vesala just west of Lahti to Hanko on

the southwestern coast of Finland, from which it can be traced several tens of
kilometers further to the west on the Baltic seafloor. In this area, the Ss I ridge is
composed mainly of glaciofluvial deltas and subaquatic fan deltas that were deposited
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next to the ice margin into the Baltic Ice Lake (Sauramo 1958, Donner, 1969, Donner,

1978; Fyfe 1990). Although the water level history of the Baltic Ice Lake adjacent to
the SIS ice margin is relatively well established (Sauramo 1958, Donner, 1969, 1978),

the water level history of BIL has been and still remains controversial to some extent

(Fyfe 1990, Saarnisto, 1991, Donner, 1995). Mainly based on elevation data of
geomorphologically defined delta levels and paleoshorelines in the area of
Salpausselka end moraines, four distinct Baltic Ice Lake levels so-called g, BI, BII,

and BIII have been determined (Donner 1978). During the time when Ss I was
deposited the highest BIL level stood at BI level while BU and BIII levels represent

BIL water levels formed when ice front retreated from the Salpausselka I further
northwest in the area between Ss I and Ss II and Ss II end moraine belt (cf. Donner
1995). Due to the isostatic uplift, the elevations of the highest BI level in the western
arc of Ss I range from 157 m in Lahti area to 150 m level at Hikia (Donner 1978).

The Ss I moraine ridge in the sample area forms the Hyvinkaa plateau, an
almost continuous plateau -40 km long and up to 2 km wide. The samples obtained
southeast of Hikia are located on the Ss I ridge at around 140 m above present sea

level. In that area a feeding esker from the northwest brought material to the ice
margin beyond which a galciofluvial delta was formed. The surface of the Ss I ridge at

this site is occupied with numerous kettle holes above 150 m. From this level a few
meltwater channels reach the 143 - 145 m-level. With respect to the SED methodology

it is important to consider whether the erratic boulders sampled were submerged by

the BIL, since submersion would reduce the 10Be production rate. As already
described by Ramsay (1922), Sauramo (1958), and Donner (1969, 1978) the highest

shore-line (i.e. BI level at Hikia) was placed at 150 m. This elevation islargely based
on geomorphologically defined paleoshoreline southwest of the Hikia ridge although
more pronounced paleoshorelines also exist at 143 m, 140 m, and 133 m for example.

Although the highest shoreline can be seen at 150 m above sea level representing the

BI level, we consider that the samples taken from erratic boulders at the 140 m level
were deposited in very shallow water as the Hikia delta was formed and therefore can
be used to determine the age of Ss I.

Table 3.1: Sample characteristics, 10Be concentrations and calculated surface exposures ages
Sample

Lithology

ID

Boulder Thickness Elevation Latitude N Longitude E

[10 Be]

Scaling '0Be Age

factor" (10Be ka)c

height (m)

(cm)

(m)

(DD)

(DD)

(104 atoms/g)a

This study
FIN-1

Granite

1.00

3.0

140

60.7308

24.9597

6.22 ± 0.45

1.12

13.0 ± 0.9

FIN-2

Granite

1.40

1.7

140

60.7308

24.9597

5.73 ± 0.46

1.12

11.8 ± 0.9

FIN-3

Granite

2.00

2.0

140

60.7308

24.9597

5.26 ± 0.39

1.12

10.9 ± 0.8

FIN-4

Granite

1.00

2.0

140

60.7308

24.9619

5.80 ± 0.43

1.12

12.0 ± 0.9

FIN-5

Granite

1.20

3.4

140

60.7308

24.9619

6.31 ± 0.44

1.12

13.2 ± 0.9

FIN-6

Granite

1.35

2.6

140

60.7308

24.9619

5.68 ± 0.41

1.12

11.8 ± 0.8

FIN-7

Granite

1.50

2.5

140

60.7308

24.9619

6.49 ± 0.46

1.12

13.5 ± 1.0

FIN-8

Granite

1.40

2.0

140

60.7308

24.9619

6.54 ± 0.45

1.12

13.5 ± 0.9

FIN-9

Granite

2.70

2.0

140

60.7308

24.9619

6.33 ± 0.45

1.12

13.1 ± 0.9

d

Tschudi et al. (2000)

e

Sal I

Granite

3.00

4.0

160

61.0000

25.3900

7.50 ± 0.50

1.16

13.3 ± 0.9

Sal 3

Granite

0.50

3.0

160

61.0000

25.3900

7.07 ± 0.48

1.16

12.4 ± 0.8

Sal 4b

Quartz vein

1.50

2.0

160

61.0200

25.4000

6.95 ± 0.49

1.16

12.1 ± 0.8

Sal 5

Granite

3.50

2.0

160

61.0200

25.4000

7.26 ± 0.54

1.16

12.6 ± 0.9

Table 3.1 (continued)
a Measured using the NIST standard ratio of "Be to 'Be and corrected for the mean
blank value of 6.4 ± 3.5 104 atoms 10Be. All'0Be concentrations are reported ± la
error corresponding to the analytical uncertainties as described in the text.
b Scaling factor accounts for the mode of production of 10Be atoms at the boulder
surface: 97.8% by spallation and 2.2% by muon capture (Stone, 2000).
e
Surface exposure ages are calculated using a production rate of 5.1 ± 0.3 atoms/g/yr
at sea level (1013.25 mb) and latitude > 60° scaled for Scandinavian uplift and
reduced by 14% to account for different standard used in these measurements
compared to that used to make production rate measurements (see text for details).
d Measured at the ETI-I/PSI tandem facility at ETH-Zurich using the standard S555
(10Be/9Be S555 = 95.5 x 10"12), which is a secondary standard to the materials used to
determine the half-life of 10Be (Hof nann e t al., 1987).
e Surface exposure ages are calculated using our method.
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We sampled nine granitic boulders within 300 m2 on top of the moraine ridge.

All boulders are at least 1 m tall (Table 1). Most of the samples display either rough
surfaces with emergent resistant quartz grains or surfaces that retain polish, indicating

little to no erosion. The surface of sample FIN-1 appears more highly weathered and
could have experienced greater erosion (i.e. slab erosion), but this is not supported by

our sample analysis, as the age is not significantly younger than the other results
(Table 1).

3.4

Methodology

Beryllium was extracted from quartz following a modified version of the

procedure given in Licciardi (2000) and Kohl and Nishiizumi (1992). The nonmagnetic sample fraction (grain size between 0.25 and 0.71 mm) is first boiled in

pyrophosphoric acid to dissolve most of the aluminosilicates. The grain size fraction is
then leached repeatedly with solutions of HNO3 and HF until satisfactory quartz purity

is reached. A reference 0.250 mg 9Be spike is added to each sample. We used anion
exchange, cation exchange, and selective precipitation techniques to isolate

progressively the beryllium. 10Be/9Be ratios were measured by accelerator mass
spectrometry (AMS) at the Tandetron facility, Gif-sur-Yvette, France (Raisbeck et al.,
1994), relative to the NIST standard (SRM 4325).

We used a 10Be production r ate o f 5.1 ± 0.3 a toms/g/yr (Stone, 2 000). T his

production rate, effective for sea level (1013.25 mb) and high latitudes (> 60°), was
scaled to the elevation and geographic latitude of each sample using Stone's factors

(2000). Variability in the production rate is a function of the paleomagnetic field
intensity variation, topographic shielding, snow cover, sample thickness, and elevation

variation linked to glacio-isostatic rebound and glacio-eustatic changes during the last
deglaciation.

We do not apply a correction for a potential variability of the paleomagnetic

field intensity. The relative 10Be production rate record, derived from the 10Be
deposition rate (Frank et al., 1997), shows a significant decrease in the production rate

from 30 ka to 10 ka. However, Masarik et al. (2001) argued that the correction is less

than a few percent for samples located above -35°. All our samples are located at
-6 VN, which implies a c orrection o f 1 ess than one percent for the production rate.
Shielding by surrounding relief is excluded since the Ss I Moraine defines the highest
elevation in the region. Our samples come from the top of boulders that are > 1 m tall.

We assume that any snow would have blown off rapidly after storms and thus do not

correct for snow cover. We used the model of Ivy-Ochs (1996) to correct the
production rate for sample thickness. Our corrections are slightly overestimated
compared to numerical simulation results reported by Masarik and Reedy (1995). We

corrected the production rate for as much as 3%, whereas the simulation predicts no
production rate correction up to the first 12 g/cm2 (about 4.4 cm).

Because of the elevation dependence of the 10Be production rate we must
account for the elevation variation through time as a consequence of glacio-isostatic

uplift. Southern Finland has been undergoing post-deglacial isostatic rebound, with

modern lithosphere responses ranging from 10 mm/yr at the northern tip of the
Bothnia Peninsula to 1-2 mm/yr in the Gulf of Finland (Milne et al., 2001). We used
the local sea level record of isostatic uplift (Donner, 1968) and far-field records of sea

level rise (Bard et al., 1990, 1996; Fleming et al., 1998) to derive the integrated
change in production rate experienced by our samples as a result of post-glacial uplift.

Analytical uncertainties

associated

with

the

accelerator

mass

spectrometry

measurements vary from 6.9% to 8.0% in our samples. These uncertainties include a

la statistical error in the number of 10Be events counted, a 5% contribution
conservatively estimated from observed variations in the standard, and uncertainty in
the blank correction. The 10Be/9Be ratios were measured using the National Institute of

Standards and Technology certified ratio of 10Be to 9Be (26.8 ± 1.4 x 10-12). Most

production rate estimates are based on other standards, which are lower by 14%
relative to the NIST one (Middleton et al., 1993). We corrected the production rates
for that difference. All exposure ages assume zero erosion and are reported with a la
error corresponding to the analytical uncertainties.
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Figure 3.2: Exposure ages for boulders from the Ss I moraine in southwestern Finland.
Black triangles are exposure ages for the boulders from the Hyvinkaa plateau (this

study), gray squares are exposure age for boulders from the Vesala plateau (Tschudi et
al., 2000). Error bars are 1c; as define in the text. The black horizontal line is the error-

weighted mean of the exposure ages with the shaded band delimiting 1 a analytical
uncertainty.
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3.5

Results

We expect the nine boulder surface histories to be similar due to sample

proximity, and surface exposure ages should accordingly be similar. The "Be
exposure ages range from 10.9 ± 0.8 to 13.5 ± 1.0 10Be ka (Figure 3.2) with a
weighted-mean standard deviation of 7.4%, which is what is expected on the basis of

our analytical uncertainties (6.9% to 8.0%). This suggests that the random
uncertainties are dominated by the analytical uncertainties rather than the geological

ones. In the absence of obvious geological uncertainties, except the possible one
linked to erosion, we believe that the error-weighted mean age of the nine exposure
ages o f 12.4 ± 0.3 10Be ka reflects the best age estimate for the Ss I Moraine. The

estimated systematic error introduced by the production rate, and the scaling
uncertainties is less than 10%. For comparison with calendar year ages in the next
section, we included a 10% systematic uncertainty to our moraine age uncertainty.
This leads to best calendar age estimate of 12.4 ± 1.5 "Be ka.

3.6

Discussion and Conclusion

Tschudi et al. (2000) calculated a mean moraine age of 11.6 ± 0.5 "Be ka from

four samples, accounting for a 5 mm/kyr erosion f actor. Within errors, t his surface
exposure age agrees with our moraine age. However, because of differing laboratory
protocols adopted to derive exposure ages (i.e. 10Be standard, choice of the production

rate, the scaling method), direct comparisons of results from different laboratories

requires some standardization of data (Tuniz et al., 1998). Accordingly, we have
recalculated the four exposure ages determined by Tschudi et al. (2000) following the

same calculations as described in the above methodology section to derive an error-

weighted mean age of 12.6 ± 0.4 10Be ka. Because the four boulders were also
sampled on the Vesala plateau 40 km from our sample site, and thus on essentially the

exact same moraine surface, we add the Tschudi et al. (2000) results to our data to

calculate an error-weighted mean moraine age of 12.5 ± 0.2 10Be ka (n = 13). This
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leads t o best calendar age estimate o f 12.5 ± 1.5 1 °Be k a (the 1 6 total uncertainty
includes a 10% systematic uncertainty in the assumed 10Be production rate and scaling
method).

The varve chronology established by Saarnisto and Saarinen (2001) places the

beginning of Ss I formation at 12.3 varve ka. According to Sauramo's (1929) varve

counting, moraine formation occurred over 217 years, indicating that the ice lobe

would have retreated from its marginal position around 12.1 varve ka. This is in
excellent agreement with our result of 12.5 ± 1.5 10Be ka for the age of abandonment
of the Ss I moraine.

Counting annual ice layers places the onset of the YD Stadial at 12.9 ± 0.2 ka

in the GISP 2 ice core (Alley et al., 1993), and 12.7 ± 0.1 ka in the GRIP ice core
(Johnsen et al., 1992). Rainio et al. (1995) suggested that the SIS retreated at least 80

km north of what is now Ss I before it readvanced. Assuming that readvance of the

SIS occurred in response to YD cooling, these relations suggest that the southern

margin of the SIS advanced -80 km in less than 700 years, indicating a rate of
advance of -110 m/yr (cf. Ehlers, 1990).
Both our new 10Be ages and the varve chronology suggest that the southern SIS

margin subsequently began to retreat to the Ss II Moraine during the YD, which ended

at 11.5 ± 0.2 ka (Alley et al., 1993). If a climatic response, this may indicate a switch

to negative m ass balance through a moisture control. Alternatively, this retreat may

indicate a dynamic response associated with drawdown of ice through the Gulf of
Bothnia.
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4.1

Abstract

Surface exposure ages from a sequence of seven prominent moraines in
northeastern Europe carry a millennial-scale record. The southern margin of the
Scandinavian Ice Sheet reached its maximum extent at 17,9 ± 2,4 "Be ka. Subsequent
moraine abandonment occurred at 14,1 ± 1,8 10Be ka, 13,1 ± 1,7 10Be ka, 13,1 ± 1,7

"Be ka, 13,0 ± 1,1 10Be ka, 10,0 ± 1,3 10Be ka, and 12,5 ± 1,5 10Be ka. This
chronology, compared with records of climate changes above the North Atlantic
region, suggests that the ice sheet responded to the North Atlantic climate forcing.

4.2

Introduction
Climate variability during the last deglaciation (-21,000 to 11,500 calendar

years before present (cal yr BP)) in the North Atlantic (NA) region was characterized
by abrupt changes recorded in sea surface temperatures (SST)1 and air temperature
above Greenland2. In this region the major mechanism involved in climate changes is

the NA thermohaline circulation3. Variations in the rate, depth or location of the NA
Deep Water formation are usually associated with iceberg discharges from a surging
Laurentide Ice Sheet4 or rerouting of fresh water coming from a receding Laurentide
Ice S heet5'6. Weaver et al.7 demonstrated that the Balling-Allerod warm interstadial

was triggered by a meltwater pulse (mwp-1A) coming from Antarctica. This leading
hypothesis suggests that the NA climate can respond to northern as well as to southern

signals in a very short period of time. Simulations with an atmospheric general
circulation model8 suggest that cooling and warming in the NA region will affect
directly the region above the Scandinavian Ice Sheet. We thus expect that the SIS will
be sensitive to climate changes in the NA region. Our study area extends from western

Poland to Belarus and from north-central Poland to southern Finland (Figure 4.1). In

this region the landscape is marked by a series of moraines9. The southern-most
moraine is the Leszno Moraine (LM) in Lithuania and Belarus, associated with the
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Figure. 4.1: Study area in Northeastern Europe and location of the boulders sampled
for AMS analysis (red triangles). Black squares correspond to radiocarbon-dated sites
(See Table 4.3 for references).
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Table 4.1: Sample characteristics and correction factors for the production rate.
Sample ID

Leszno Moraine
LIT-1
LIT-4
LIT-5
LIT-6
LIT-7
BEL-2
BEL-3
BEL-6
BEL-7
BEL-8
BEL-9
BEL-11
BEL-17
BEL-18
BEL-19

Quartz

Scaling
Scaling
Latitude Longitude Elevation Scaling
factor
for
factor
for
factor for
N
E

(g)

(DD)

(DD)

(m)

spallationa

muona

thickness

30.136

54.289

25.096

150

1.179

1.077

0.982

70.938

54.250

25.609

200

1.239

1.103

0.982

70.107

54.178

25.588

207

1.247

1.107

0.975

70.053

54.288

1.193

1.083

0.986

54.263

25.322
25.258

162

72.750

193

1.230

1.100

0.986

70.912

54.889

26.773

177

1.211

1.091

0.982

71.382

54.881

25.951

196

1.234

1.101

0.968

70.018

54.888

26.507

201

1.240

1.104

0.980

70.150

54.795

26.791

188

1.224

1.097

0.971

70.189

54.723

26.361

153

1.182

1.078

0.968

70.178

55.056

27.621

179

1.213

1.092

0.977

70.124

54.922

27.195

200

1.239

1.103

0.977

70.036

54.780

210

1.251

1.109

0.964

214

1.256

1.111

0.991

207

1.247

1.107

0.964

70.164

54.781

71.152

54.906

27.060
27.082
26.906

POM-1

72.519

53.724

19.751

99

1.120

1.050

0.991

POM-2
POM-3
POM-4
POM-5
POM-8
POM-10
POM-1 l
POM-12
POM-13
POM-14
POM-15
POM-16
POM-17
POM-18
POM-19
POM-21
POM-22

70.065

53.844

19.824

107

1.129

1.054

0.982

40.005

54.086

20.910

117

1.141

1.059

0.982

70.132

53.957

20.860

167

1.199

1.086

0.986

69.995

53.901

21.203

175

1.209

1.090

0.982

57.034

54.068

21.610

138

1.165

1.070

0.973

40.134

54.150

21.996

173

1.206

1.089

0.991

55.301

53.901

22.017

177

1.211

1.091

0.991

70.063

52.886

14.791

70

1.088

1.035

0.991
0.991

Pomeranian Moraine

70.190

52.886

14.791

80

1.100

1.040

52.989

53.366

14.651

99

1.121

1.050

0.973

59.610

53.352

14.644

88

1.108

1.044

0.982

60.244

53.167

14.736

96

1.117

1.049

0.986

70.023

53.018

14.954

60

1.077

1.030

0.986

69.931

53.613

15.437

102

1.124

1.052

0.991

72.697

53.759

14.853

22

1.034

1.011

0.982

70.144
23.487

53.712

16.255

133

1.160

1.068

0.982

53.891

15.838

110

1.133

1.056

0.986

POL-lwm

60.078

53.7739

21.6286

117

1.141

1.059

0.982

POL-2
POL-3
POL-4wm
POL-5wm
POL-6

30.861

54.215

21.859

128

1.153

1.065

0.982

29.988

54.195

21.946

130

1.156

1.066

0.982

50.493

54.2358

22.7897

240

1.288

1.125

0.982

60.226

54.2039

22.7531

243

1.292

1.127

0.982

28.208

54.165

22.968

211

1.252

1.109

0.982
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Table 4.1 (continued)
POL-7wm
BALTI-2
BALTI-3
BALTI-4
BALTI-5
BALTI-8
BALTI-9
BALTI-10
BALTI-11
BALTI-12
LIT-2
LIT-3wm
LIT-8
LIT-9
GRUDA-1

52.158
52.864
69.716
60.775
49.123
47.000
74.077
70.179
63.373
60.266

54.164
55.698
55.310
55.434
55.494
55.666
55.718
55.635
55.635
57.095

22.970
25.799
25.431
25.509
25.657
23.156
23.212
23.174
23.174
25.901

30.003

55.544

25.846

LES-1

227

1.179
1.135
1.169
1.199
1.183
1.157
1.147
1.143
1.143
1.272

1.077
1.057
1.073
1.086
1.079
1.067
1.063
1.061
1.061
1.118

0.980
0.968
0.982
0.982
0.982
0.982
0.973
0.991
0.982
0.991

187

1.223

1.096

0.982

0.982

195
113

142
167
154
132
123

120
120

60.428

55.5442

25.8461

187

1.223

1.096

70.062

54.273

24.021

190

1.227

1.098

0.965

48.370

54.520

24.315

176

1.210

1.091

0.976

40.002

55.073

26.017

201

1.240

1.104

0.982

39.991

53.346

20.450

196

1.234

1.101

0.982

LES-2
LES-3
LES-4
LES-5
LES-6
LES-7
LES-8
LES-10
LES-11
LES-12
LES-13

40.000

53.388

20.493

179

1.214

1.092

0.982

39.998

53.481

20.222

212

1.253

1.110

0.973

40.000

53.494

20.239

172

1.205

1.088

0.982

40.000

53.579

20.094

180

1.215

0.982

53.601

20.061

15/1./81

1.093

40.000

1.077

0.982

60.509

53.625

20.042

132

1.158

1.067

0.982

40.001

53.511

19.900

255

1.306

1.133

0.982

40.007

53.576

19.942

270

1.325

1.141

0.982
0.982

39.993

53.522

19.838

218

1.261

1.113

40.007

53.563

19.953

275

1.332

1.144

0.982

40.005

53.553

19.925

302

1.366

1.159

0.982

200

1.239

1.103

0.982

1.077

0.974
0.984

LAT-5

30.885

57.151

25.585

BEL-13
BEL-14
BEL-15

71.447

55.658

27.683

BEL-15A
BEL-16

15/1./80

71.029

55.639

27.375

150

1.179

1.077

29.117

55.699

26.994

144

1.171

1.074

0.995

34.198

55.699

26.994

144

1.171

1.074

0.995

70.022

55.544

27.076

152

1.181

1.078

0.982

Middle Lithuanian Moraine
MLIT-1
40.017
MLIT-2
40.005
MLIT-3
70.070
MLIT-4
54.841
MLIT-5
40.009
MLIT-6
40.017
MLIT-7
70.057
MLIT-8
70.141
MLIT-9
70.047
MLIT-11
40.000

55.590
55.670
56.125
56.125
56.125
56.125
56.125
56.125
56.125
57.361

24.309
24.190
21.607
21.607
21.643
21.643
21.643
21.643
21.643
25.842

57
50
55
55
68
68
68
68
68
183

1.071
1.063
1.068
1.068

1.029
1.025
1.028
1.028
1.034
1.034
1.034
1.034
1.034
1.094

0.982
0.986
0.986
0.986
0.982
0.982
0.991
0.986
0.991
0.991

1.083
1.083
1.083
1.083
1.083
1.218
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Table 4.1 (continued)
MLIT-13
MLIT-14
MLIT-15
MLIT-16
MLIT-17
MLIT-19
MLIT-20
MLIT-21
MLIT-22
MLIT-23
BALTI-6
BALTI-7
BALTI-13
BALTI-15
BALTI-16
BALTI-17
BALTI-18
LAT-2wm
LAT-7
LAT-12
LAT-13
NLIT-4

72.687
68.890
70.061
24.187
70.041
48.687
54.670
39.360
40.019
51.646
69.274
55.298
40.008
40.023
70.103
72.336
48.171
51.682

57.498
57.412
57.483
57.058
57.034
57.023
56.832
56.906
56.972
56.648
55.507
55.383
56.580
56.152
56.123
56.169
57.313

26.941
26.964
27.195
27.364
27.166
27.016
27.553
26.288
26.242
26.259
25.070
22.175
27.403
26.076
26.461
26.001
25.466
24.758

30.021

56.655

19.464

70.058

57.019
56.578

70.156

EST-18

40.709

EST-19
EST-21

EST-23

56.456

EST-13
EST-16

LAT-1
LAT-3wm
LAT-4
LAT-8
LAT-9
NLIT-1
NLIT-2
NLIT-3

97
58

1.192
1.231
1.213
1.147
1.126
1.115
1.138
1.206
1.258
1.143
1.105
1.083
1.200
1.106
1.126
1.137
1.116
1.070

1.083
1.100
1.092
1.063
1.054
1.049
1.059
1.089
1.112
1.061
1.044
1.034
1.086
1.044
1.053
1.058
1.049
1.029

0.986
0.986
0.986
0.982
0.973
0.982
0.986
0.982
0.982
0.982
0.982
0.982
0.982
0.973
0.982
0.986
0.986
0.982

26.287

120

1.143

1.061

0.982

22.688
21.952

81

1.097

1.041

0.991

57

1.070

1.029

0.986

56.564

27.978

120

1.143

1.061

0.982

57.761

27.016

156

1.185

1.080

0.986

56.053

57.754

27.023

195

1.232

1.101

0.982

70.042

57.697

27.033

290

1.353

1.153

0.993

57.703

27.278

243

1.292

1.127

0.968

47.478

58.508

26.778

81

1.096

1.041

0.973

60.098

26.379
22.725

158

1.187

1.081

0.986

30.029

58.059
57.352

50

1.062

1.025

0.995

58.799

57.621

25.224

58

1.070

1.029

0.982

30.172

57.748

25.163

56

1.068

1.028

0.982

70.836

56.801

24.840

56

1.069

1.028

0.986

55.190

57.848

24.868

57

1.069

1.029

0.985

70.163
68.579

56.198
56.097

23.840
21.276

50
38

1.063
1.049

1.025
1.019

0.982
0.986

63.418

56.076

21.217

25

1.035

1.012

0.982

33.577

59.357

26.078

82

1.096

1.041

0.977

EST-1

46.635

59.431

24.561

12

1.016

1.006

0.986

EST-2

44.115

59.429

24.563

24

1.030

1.012

0.971

EST-3

57.465

59.429

24.563

19

1.024

1.009

0.977

56.424

162
194
179
124
106

96
116
173

216
120
87

67
168
88
105

115

North Lithuanian Moraine

Pandivere Moraine
EST-12

Palivere Moraine
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Table 4.1 (continued)
1.027

1.010

0.983

22

1.028

1.011

0.968

25.423

56

1.066

1.028

0.986

25.676

59

1.070

1.030

0.980

59.599

25.767

15

1.019

1.007

0.977

59.607

25.913

16

1.021

1.008

0.973

70.100

59.520

25.998

58

1.068

1.029

0.977

FIN-1
FIN-2
FIN-3
FIN-4
FIN-5
FIN-6
FIN-7
FIN-8
FIN-9
Sal1#

69.958

60.731

24.960

140

1.165

1.071

0.973

70.005

60.731

24.960

140

1.165

1.071

0.984

70.149

60.731

24.960

140

1.165

1.071

0.982

69.995

60.731

24.962

140

1.165

1.071

0.982

69.994

60.731

24.962

140

1.165

1.071

0.969

72.459

60.731

24.962

140

1.165

1.071

0.976

70.070

60.731

24.962

140

1.165

1.071

0.977

75.803

60.731

24.962

140

1.165

1.071

0.982

70.048

60.731

24.962

140

1.165

1.071

0.982

207.11

61.000

25.390

160

1.189

1.082

0.96

Sa13#

210.71

61.000

25.390

160

1.189

1.082

0.97

Sal4b#
Sal5#

165.52

61.020

25.400

160

1.189

1.082

0.98

160.76

61.020

25.400

160

1.189

1.082

0.98

EST-4
EST-5

40.020
36.503

59.150

23.754

EST-7
EST-8
EST-9
EST-10

69.947

59.448

70.051

59.462

73.606
70.032

EST-11

59.147

23.757

21

Salpausselka I Moraine

a Scaling factor accounts for the mode of production of 10Be atoms at the boulder
surface: 97.8% by spallation and 2.2% by muon capture13
#
Published by Tschudi et
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Last Glacial Maximum (LGM). The northern most moraine is the Salpausselka I (Ss I)

Moraine in Finland, associated with the Younger Dryas (YD) cool event (Chapter 3).

In between these two moraines the otherwise flat northeastern European Lowland is
marked by a sequence of five prominent moraines culminating at 318 m in the Haanja

Highland in Estonia and 312 m in the Vidzeme Highland in Latvia. The sequence of

seven moraines suggests a record of millennial scale climate variability. However,
direct dating control constraining the age of the LM and subsequent retreating phases
of the southern SIS margin is all but lacking.

Here we present the deglaciation history of the southern margin of the SIS and show
how the ice margin responded to climate variability recorded in the NA region. During

the last deglaciation the southeastern sector of the SIS deposited distinct wide
marginal zones with a southwest northeast orientation. These marginal zones are a
mosaic of outwash plains, melt-out lake basins, kames, areas of ridges (end moraines,

pushed moraines) and depressions (kettle holes). We collected a total of 138 samples
on seven moraines (Table 4.1).

4.3

Results

Boulder exposure ages10 (Table 4.2) were calculated from 10Be/9Be ratios

measured by accelerator mass spectrometry14.Within a moraine the exposure age

populations display large scatter (Figure 4.2) and we attribute anomalously old ages
(samples LIT-6: 28,9 ± 1,8 10Be ka, BEL-17: 65,5 ± 4,5 "Be ka, BEL-18: 85,9 ± 5,2
10Be

ka on the LM, samples POL-6: 76,0 ± 5,7 10Be ka, BALTI-12: 30,0 ± 1,8 10Be ka,

LES-5: 36,4 ± 2,2 10Be ka, LES-13: 32,2 ± 2,2 10Be ka on the Pomeranian Moraine
(PM), samples MLIT-9: 25,0 ± 1,5 10Be ka, and LAT-12: 24,7 ± 2,1 10Be ka on the

Middle Lithuanian Moraine (MLM)) to 10Be inheritance due to previous exposures to
secondary cosmic rays. The anomalously young exposure ages (samples LIT-4: 4,3 f
0,7 10Be

years, BEL-2: 12,8 ±

1,1 10Be

ka, BEL-8: 9,3 ± 0,7 10Be years, BEL-9:
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Table 4.2: 10Be exposure ages from Northeastern Europe.

Sample ID

[10

Be]a

104 atom/g)

'°Be production rateb
atom/

Exposure age`

(yr)
17883 ±2377 d

Leszno Moraine
8.80 ± 0.74

5.9 ± 0.6

17083 ± 1446

LIT-4*

2.34 ± 0.36

6.2 ± 0.6

LIT-5

10.29 ± 0.67

6.2 ± 0.6

LIT-6*

15.11 ± 0.93

6.0 ± 0.6

LIT-7
BEL-2*
BEL-3
BEL-6
BEL-7*

9.87 ± 0.70

6.2 ± 0.6

6.78 ± 0.60

6.0 ± 0.6

6.1 ± 0.6

4322 ± 668
19019 ±1237
28936 ± 1789
18296 ±1296
12807± 1132
16410± 1084
21061 ± 1358
25598 ±1880
9268 ± 697
13790± 1009
22026 ± 4203
65453 ± 4497

LIT-1

8.72 ± 0.58

6.1 ± 0.6

11.37 ± 0.73

6.2 ± 0.6

13.51 ± 0.99

6.0 ± 0.6

BEL-8 *

4.73 ± 0.36

5.8 ± 0.6

BEL-9*
BEL-11
BEL-17*
BEL-18*
BEL-19

7.28 ± 0.53

6.0 ± 0.6

11.85 ± 2.26
34.75 ± 2.39
46.87 ± 2.83

6.2 ± 0.6

6.3 ± 0.6

85883 ± 5181

8.57 ± 0.61

6.1 ± 0.6

16037 ±1143

9.21 ± 0.63

5.7 ± 0.6

14080 ±1802
18642 ± 1270

6.81 ± 0.48
7.92 ± 0.58
5.95 ± 0.42

5.6 ± 0.6

13797 ± 964

5.7 ± 0.6

15893±1158
11286± 802

7.34 ± 0.61

6.0 ± 0.6

7.43 ± 0.65

5.8 ± 0.6

6.88 ± 0.55

6.1 ± 0.6

7.73 ± 0.53

6.1 ± 0.6

3.09 ± 0.30

5.5 ± 0.6

6415±624

8.73 ± 0.62

5.5 ± 0.6

17998 ± 1284

7.62 ± 0.58

5.6 ± 0.6

15703 ± 1189

3.59 ± 0.42

5.5 ± 0.6

6.60 ± 0.47

5.6 ± 0.6

5.10 ± 0.40

5.4 ± 0.5

7388 ± 859
13442 ± 958
10772 ± 850

7.42 ± 0.78
6.14 ± 0.49

5.7 ± 0.6

14963 ± 1580

5.2 ± 0.5

6.86 ± 0.51
7.19 ± 0.65

5.8 ± 0.6

5.7 ± 0.6

POL-2

7.70 ± 0.59
7.71 ± 0.64

POL-3 *

11.97 ± 1.04

5.8 ± 0.6

POL-4wm
POL-5wm
POL-6*

9.02 ± 0.68

6.4 ± 0.6

13557 ±1093
13540 ±1008
14446± 1313
15286± 1189
15294 ± 1264
23748 ± 2057
15548 ± 1176

9.39 ± 0.72
41.06 ± 3.07

6.4 ± 0.6

Pomeranian Moraine
POM-1
POM-2
POM-3
POM-4
POM-5
POM-8
POM-10
POM-11
POM-12*
POM-13
POM-14
POM-15*
POM-16
POM-17
POM-18
POM-19
POM-21
POM-22

POL-Iwm

d

6.0 ± 0.6

5.7 ± 0.6

5.8 ± 0.6

6.3 ± 0.6

13888± 1149
14736 ±1295
12936 ±1040
14471 ± 1000

15644± 1199
76007 ± 5688
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Table 4.2 (continued)
POL-7wm
BALTI-2
BALTI-3
BALTI-4
BALTI-5
BALTI-8*
BALTI-9*
BALTI-10*
BALTI-11 *
BALTI-12*
LIT-2

LIT-3wm
LIT-8
LIT-9
GRUDA-1
LES-1 *

LES-2*
LES-3*
LES-4
LES-5*
LES-6
LES-7*
LES-8
LES-10
LES-11
LES-12
LES-13*
LAT-5
BEL-13
BEL-14
BEL-15
BEL-15A
BEL-16

5.9 ± 0.6

18586 ±1333
13729 ±1024
14502 ± 1075
14972 ± 1218
11971 ± 907

5.8 ± 0.6

11268±941

5.7 ± 0.6

10449 ± 780

5.8 ± 0.6

14607 ± 996

10.12± 0.72
6.72 ± 0.50
7.41 ± 0.55
7.84 ± 0.64
6.19 ± 0.47
5.70 ± 0.48
5.19 ± 0.39
7.37 ± 0.50
4.99 ± 0.44

6.2 ± 0.6

5.7 ± 0.6

9974 ± 872

16.79 ± 1.01
8.31 ± 0.73
8.74 ± 0.69
7.02 ± 0.56
7.09 ± 0.54
8.23 ± 0.59
11.24 ± 0.85
3.22 ± 0.35
3.45 ± 0.35
7.40 ± 0.54
19.24 ± 1.16
8.08 ± 0.58
2.64 ± 0.33
10.14 ± 1.10
6.78 ± 0.57
7.94 ± 0.77
8.46 ± 0.70

6.4 ± 0.6

30045 ± 1815

6.1 ± 0.6

15556± 1373
15073 ± 1200
13318 ± 1069
13483 ± 1024
15196 ± 1097
20875 ± 1579
6067 ± 652

19.15 ± 1.33

9.89 ± 0.84
7.18 ± 0.70
6.19 ± 0.47
6.99 ± 0.62
7.39 ± 0.62
6.63 ± 0.46

5.6 ± 0.6

5.8 ± 0.6
6.0 ± 0.6

6.1 ± 0.6

6.0 ± 0.6
6.0 ± 0.6
6.2 ± 0.6
6.2 ± 0.6
6.1 ± 0.6

6.0 ± 0.6

6353 ± 636
14043 ± 1022

6.1 ± 0.6

36408 ± 2187

5.9 ± 0.6

6.8 ± 0.7

15656± 1133
5201 ± 647
17784± 1937
11716± 982
14417± 1407
14555 ± 1205
32232 ± 2241

6.2 ± 0.6

18304 ± 1559

5.9 ± 0.6

14023 ± 1376

5.9 ± 0.6

11984 ± 908

5.9 ± 0.6

13459 ±1199

5.9 ± 0.6
5.9 ± 0.6

14241 ± 1195
12848 ± 892

5.4 ± 0.5

13140:E1708
15232 ±1094

6.2 ± 0.4

5.8 ± 0.6
6.5 ± 0.7

6.6 ± 0.7
6.3 ± 0.6

6.6 ± 0.7

d

Middle Lithuanian Moraine
MLIT-1
MLIT-2
MLIT-3
MLIT-4
MLIT-5
MLIT-6
MLIT-7
MLIT-8
MLIT-9*
MLIT-11

7.14 ± 0.51
5.12 ± 0.41
7.20 ± 0.50
6.26 ± 0.55
6.49 ± 0.49
7.45 ± 0.54
4.47 ± 0.44
6.63 ± 0.50
11.92 ± 0.73
7.08 ± 0.51

5.3 ± 0.5

10958 ± 876

5.4 ± 0.5

15338 ± 1073

5.4 ± 0.5

13326 ± 1172

5.4 ± 0.5

5.4 ± 0.5

13689 ±1034
15724 ± 1137
9347 ± 911
13931 ± 1050

5.5 ± 0.6

24970± 1538

6.1 ± 0.6

13183 ± 957

5.4 ± 0.5
5.5 ± 0.6
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Table 4.2 (continued)
MLIT-13
MLIT-14
MLIT-15
MLIT-16
MLIT-17
MLIT-19
MLIT-20*
MLIT-21
MLIT-22
MLIT-23
BALTI-6
BALTI-7
BALTI-13
BALTI-15
BALTI-16
BALTI-17
BALTI-18
LAT-2wm
LAT-7
LAT-12*
LAT-13
NLIT-4
EST-18
EST-19
EST-21
EST-23

8.00 ± 0.51
5.83 ± 0.51
6.97 ± 0.55
5.97 ± 0.68
6.68 ± 0.51
6.21 ± 0.54
2.18 ± 0.35
6.64 ± 0.54
7.42 ± 0.64
6.88 ± 0.61
6.85 ± 0.49
5.93 ± 0.45
8.13 ± 0.60
6.70 ± 0.49
7.51 ± 0.52
6.27 ± 0.43
6.75 ± 0.52
7.87 ± 0.61
6.65 ± 0.59
11.94 ± 1.02
6.51 ± 0.47
6.87 ± 0.51
6.02 ± 0.51
8.75 ± 0.60
6.58 ± 0.46
6.20 ± 0.48

6.0 ± 0.6

15293 ± 982

6.2 ± 0.6

10776 ± 939

6.1 ± 0.6

13083 ± 1025

5.7 ± 0.6

11901 ± 1355

5.6 ± 0.6

13690± 1044

5.6 ± 0.6

12736 ± 1115

5.7 ± 0.6

6.3 ± 0.6

4356 ± 700
12600± 1030
13500 ± 1167

5.7 ± 0.6

13771 ± 1228

5.5 ± 0.6

14177 ± 1009

6.0 ± 0.6

5.4 ± 0.5

12516 ± 960

6.0 ± 0.6

15519 ± 1147

5.5 ± 0.6

13975± 1023
15253 ± 1050
12551 ± 864
13769± 1065
15412 ± 1856

5.6 ± 0.6
5.7 ± 0.6

5.6 ± 0.6

5.4 ± 0.5
5.7 ± 0.6

13318 ± 1181

5.5 ± 0.6

5.4 ± 0.5

24701 ± 2108
13847 ± 994

5.7 ± 0.6

13745 ± 1024

5.9 ± 0.6
6.2 ± 0.6

11574 ± 976

16251 ± 1121

6.8 ± 0.7

11004 ± 770

6.4 ± 0.6

11131 ± 863

5.4 ± 0.5

LAT-1
LAT-3wm
LAT-4
LAT-8
LAT-9*
NLIT-1
NLIT-2
NLIT-3

6.39 ± 0.49
6.79 ± 0.48
6.68 ± 0.61
13.05 ± 0.80
6.21 ± 0.54
5.65 ± 0.40
4.39 ± 0.36
6.30 ± 0.55
5.45 ± 0.44
6.47 ± 0.47

13053 ±1697d
13448± 1037

Pandivere Moraine
EST-12

North Lithuanian Moraine
EST-13
EST-16

6.0 ± 0.6

13031 ± 922

5.4 ± 0.5

14189± 1290

5.4 ± 0.5

13100 ± 826

5.3 ± 0.5

13281±1166

5.4 ± 0.5

12020 ± 860

5.4 ± 0.5

5.2 ± 0.5

9353 ± 763
13543 ±1176
11814± 953
14280± 1033

6.22 ± 0.53

5.5 ± 0.6

13020 ± 1117

3.70 ± 0.36
4.02 ± 0.36

5.1 ± 0.5

8267 ± 785

5.1 ± 0.5

9001 ± 794

5.3 ± 0.5

5.3 ± 0.5

Palivere Moraine
EST-1

EST-2

9988 ± 12984
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Table 4.2 (continued)
EST-3*
EST-4
EST-5
EST-7
EST-8
EST-9*
EST-10

2.18 ± 0.25

4.8 ± 0.5

5188 ± 584

4.11 ± 0.38
5.21 ± 0.46

5.1 ± 0.5
5.1 ± 0.5

9120 ± 819
11732 ± 1024

4.82±0.39

5.4±0.5

10275±817

5.36 ± 0.40

5.3 ± 0.5

11469 ± 840

1.61 ± 0.18
4.21 ± 0.34

4.8 ± 0.5

3852 ± 435

5.1 ± 0.5

9513 ± 753

5.36 ± 0.38

5.3 ± 0.5

11504 ± 813

6.22 ± 0.45

5.6 ± 0.6

12966 ± 933

5.73 ± 0.46
5.26 ± 0.39

5.7 ± 0.6
5.7 ± 0.6

11804 ± 939

5.80 ± 0.43

5.7 ± 0.6
5.6 ± 0.6

11986 ± 890
11785 ± 843

6.33 ± 0.45

5.6 ± 0.6
5.6 ± 0.6
5.7 ± 0.6
5.7 ± 0.6

Sal 1#

7.50 ± 0.50e

5.7 ± 0.6

13289 ± 890

Sal 3#

7.07 ± 0.48e

5.7 ± 0.6

12409 ± 844

Sal 4b#

6.95 ± 0.49e

5.8 ± 0.6

12085 ± 846

Sal 5#

7.26 ± 0.54e

5.8 ± 0.6

12626 ± 934

EST-11

Saloausselka I Moraine
FIN-1
FIN-2
FIN-3
FIN-4
FIN-5
FIN-6
FIN-7
FIN-8
FIN-9

a 1°Be/9Be

12484 ±1498'

6.31 ± 0.44
5.68 ± 0.41

6.49 ± 0.46
6.54 ± 0.45

10857 ± 812
13197 ± 929
13468 ± 954
13515 ± 933
13070 ± 923

ratios were measured using the National Institute of Standards and
Technology certified ratio of 10Be to Be (26.8 ± 1.4 x 10-12). Analytical uncertainties
(propagated at ± 16 level) include a procedural blank of 6.41 ± 3.51 X 104 atom/g.
b We used an assumed production rate of 5.1 ± 0.3 atom/g/yr and scaled it for each
sample location and thickness. The ± 16 sytematic uncertainty is -10%.
° Most production rate estimates are based on other standards, which are lower by 14%
relative to the NIST one12. We corrected the production rates for that difference in our
exposure age calculation. For single exposure ages we present the ±la analytical
uncertainty only.
d Error-weighted mean moraine age. The ± 1 c uncertainty includes the analytical
uncertainies and a 10% systematic uncertainty accounting for the assumed production
rate and scaling method.
Measured at the ETH/PSI tandem facility at ETH-Zurich using the standard S555
(10Be/9Be S555 = 95.5 x 10-12), which is a secondary standard to the materials used to
determine the half-life of 10Be31.
Sample not used in the moraine age calculation. See text for discussion.
# Published by Tschudi et
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Figure 4.2: Single exposure ages and error-weighted mean ages for the Leszno
Moraine (A), the Pomeranian Moraine (B), the Middle Lithuanian Moraine (C), the
North Lithuanian Moraine (D), the Palivere Moraine (E), and the Salpausselka I
Moraine (F). Exposure ages are ordered within a moraine using the boulder longitudes
(west to east). Insets (A to E) correspond to the full data set for an individual moraine
(blue discs correspond to exposure ages used in the error-weighted mean moraine age
calculation, red discs are outliers). Error bars for single exposure ages correspond to
la analytical uncertainty only. The error-weighted mean age for each moraine is
symbolised by the black line. Shaded bands correspond to la uncertainty (analytical
plus systematic). Open circles in (F) are the data from26 recalculated using our
corrected production rate.
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13,8 ± 1,0 10Be ka on the LM, samples POM-12: 6,4 ± 0,6 10Be ka, POM-15: 7,4 ± 0,9
10Be

ka, LES-2: 6 ± 0,7 10Be ka, LES-3: 6,4 ± 0,7 10Be ka, LES-7: 5,2 ± 0,610Be ka on

the PM, sample MLIT-20: 4,4 ± 0,7 10Be ka on the MLM, samples EST-3: 5,2 ± 0,6
10Be

ka, EST-9: 3,9 ± 0,4 10Be ka on the Palivere Moraine (Pa1M)) could be attributed

to post-exhumation due to melting blocks of dead ice. We further reduced the data set
within a moraine using Chauvenet's Criterion15 before calculating the moraine ages.

From the maximum extent of the SIS marked by the LM to the Ss I Moraine we
calculated the following error-weighted mean16 moraine ages: LM: 17,9 ± 2,4 10Be ka,

PM: 14,1 ± 1,8 10Be ka, MLM: 13,1 ± 1,7 10Be ka, North Lithuanian Moraine (NLM):

13,1 ± 1,7 "Be ka, Pandivere Moraine (PanM): one exposure age from sample EST22: 13,0 ± 1,1 10Be ka, Pa1M: 11,6 ± 1,5 10Be ka, and the Ss I Moraine: 12,5 ± 1,5 10Be
ka.

The PM with 42 exposure ages is our largest data set for a single moraine and

thus represents the best independently dated moraine for the SIS deglaciation
chronology. For the PM age calculation, besides the outliers mentioned above, we
removed a group of four exposure ages (samples BALTI-8, BALTI-9, BALTI-10, and
BALTI-11) clustered around an error-weighted mean age of 11,3 ± 1,4 10Be years. The

close proximity of these boulders and their similar elevation (above the relatively
lower elevation reached by the subsequent ice margin during the Middle Lithuanian
phase) led us to identify this group of erratics has being exposed after the retreat of the

ice margin from its Pomeranian and Middle Lithuanian positions. The exposure ages
thus reflect exposure of boulders after dead ice from the Pomeranian phase melted.

The moraines are progressively younger except for the PalM in northern
Estonia. We would expect the PaIM to have been deposited sometimes between the
PanM and Ss I Moraine or between 13,0 ± 1,1 10Be ka and 12,5 ± 1,5 10Be ka. The

proximity of the Pa1M to the Estonian coast as well as the boulder low elevations
suggest that the samples were submerged for some time under various levels of water
during the formation of the Baltic Sea. We thus reconstructed the history of the water
level

fluctuation from the beginning of the YD stadial (12,9 cal ka BP)2,

corresponding to the start of the Baltic Ice Lake highest stand rise, until the early

Holocene (10,3 cal ka BP) corresponding to the end of the Ancylus Lake
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transgression18. When applying the maximum correction to the 10Be production rate,
with regard to each boulder elevation from the PaIM, we obtain a moraine age of 12,1

± 1,6 10Be ka. The PaIM is relatively young when comparing the moraine age to the

age of the Ss I Moraine further north, although the ages overlap within their
uncertainties. Two scenarios might explain the age difference. First, the difference
could be explained by erosion of 10 to 14 cm from the boulder surfaces. Such erosion

rate (-9-12 mm/kyr) could have been reached during a period of intense freeze and

thaw cycles when the boulders were close to the water surface. Second, coastal
geomorphology could explain the young exposure ages. The uncorrected moraine age
is 10.0 ± 1,3 10Be ka, which is indistinguishable within 16 uncertainty from the end of

the Ancylus Lake transgression at 10,3 cal ka BP. Subsequent rapid (a couple of
hundred years) water level drop, mainly through the Darss Sill-Store Belt area, off the
coast of modem Denmark, exposed a wide shore zone. Exposure ages could reflect the

f i n a l arrangement of the boulders in an unstable slope environment rich i n s ilt and

clay. We do not favor one scenario over the other as we do not have any conclusive
arguments for either.

Because southern Finland has been undergoing post-glacial isostatic rebound,
we corrected the 10Be production rate for that effect19 to calculate the exposure ages on

the Ss I Moraine. The integrated production rate is 5% lower compared to a production

rate at similar latitudes but at a constant elevation of 140 m25. To calculate the error-

weighted mean Ss I Moraine age, we combined our data set with the data set of
Tschudi et a1.26. The combined data (n = 13) indicate that retreat from the Ss I

Moraine o ccurred a t 1 2,5 ± 1,5 1 °Be k a. These results identify the Ss I Moraine as
among the best-dated margins associated with late Quaternary ice sheets.
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Table 4.3: Radiocarbon ages from the Baltic region
14C

Cal yr BP

References

20,673 ± 100

24,038 ± 8

Liiva et al. 196632

LU-95A

17,770 ± 170

21,127 ± 372

Andersen, 19819

Odra Bank (Poland)

Gd-2928

14060 ± 220

16,858 ± 343

Kramarska, 199828

Odra Bank (Poland)

Gd-4336

13,100 t 300

15,753 ± 546

Kramarska, 199828

Zervyos (Lithuania)

AA-53595

13,831 t 99

16,595 ± 260

This study

Vents Ragas (Lithuania)

Vs-1152

10,640 ± 160

12,628 ± 280

Bitinas et al., 200233

Ventes Ragas (Lithuania)

Vs-1153

10,460 f 150

12,458 ± 348

Bitinas et al., 200233

Ventes Ragas (Lithuania

Vs-1161

11,700 f 180

13,736 ± 292

Bitinas et al., 200233

Progress (Latvia)

TA-129

11,950 f 110

13,965 ± 169

in Dreimanis and Ze16s, 199534

Progress (Latvia)

TA-129A

11,875 f 110

13,822 ± 265

in Dreimanis and Ze16s, 199534

Lielauce (Latvia)

Ri-2

11,300 f 300

13,246 ± 261

in Dreimanis and Ze16s, 199534

Viesuleni (Latvia)

Ri-105

230

13,234 ± 222

in Dreimanis and Ze16s, 199534

Sece valley (Latvia)

Ri-36

10,950 f 205

12,990 ± 199

in Dreimanis and Ze16s, 199534

Vartaja (Latvia)

Ri-7A

10,840 f 130

12,913 ± 107

in Dreimanis and Zel6s, 199534

Ane (Latvia)

Ri-4

10,800 f 280

12,830 ± 203

in Dreimanis and Zel6s, 199534

Ane (Latvia)

TA-128

10,390 f 105

12,294 ± 331

in Dreimanis and Ze16s, 199534

Kalti),ci (Latvia)

Ri-5

10,780 f 220

12,822 ± 205

in Dreimanis and Ze16s, 199534

Kaltil i (Latvia)

Ri-5A

10400 ± 370

12,240 ± 587

in Dreimanis and Zel6s, 199534

LY6i (Latvia)

Ri-33

10,535 ± 250

12,492 ± 388

in Dreimanis and Ze16s, 199534

Rakaiii (Latvia)

Ri-140

10,520 ± 190

12,488 ± 196

in Dreimanis and Ze16s, 199534

Abavas Rumba (Latvia)

TA-163

10,410 ± 90

12,267 ± 162

in Dreimanis and Ze16s, 199534

Abavas Rumba (Latvia)

TA-162

9870 ± 200

11,376 ± 508

in Dreimanis and Zel6s, 199534

Kaulupe (Latvia)

Ri-37

10,317 ± 230

12,054 ± 364

in Dreimanis and Ze16s, 199534

Site

Laboratory ref.

Peedu (Estonia)

TA-63

Drecaluk (Belarus)

11,270

age
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4.4

Conclusions

Our data combined with radiocarbon ages (Table 4.3) allow us to reconstruct

the deglacial course of the last SIS (Fig. 3A). Radiocarbon data in the vicinity of

Konin, in north-central Poland27 give a minimum age for the ice sheet margin
maximum advance at 25,6 cal ka BP. In Estonia, organic deposits below the late

Weichselian moraine were dated at 24,0 cal ka BP In Belarus, organic deposits
overridden by morainic sediments were dated at 21,1 ± 0,4 cal ka BP and constrain the

spatial extent of the last maximum extend of the SIS margin. Based on our results the

ice sheet started to retreat from its last maximum extent at 17,9 ± 2,4 10Be ka. Two
radiocarbon ages from a core off the Polish coast28 suggest ice-free conditions several

hundreds of kilometers north of the PM from 16,9 ± 0,3 cal ka BP to 15,8 ± 0,5 cal yr

BP. We sampled two sites in southern Lithuania: the Kriokslys Outcrop and the
Zervynos Outcrop. There, peat and gyttja samples were dated at 16,6 ± 0,3 cal ka BP

and 14,5 ± 0,4 cal ka BP respectively. The ice sheet probably readvanced to the PM

position sometime after 15,8 cal ka BP. Based on our data the ice margin withdrew
from that position at 14,1 ± 1,8 10Be ka and retreated rapidly after that, stopping only

briefly at 13,1 ± 1,7 "Be ka, 13,1 ± 1,7 10Be ka, and 13,0 ± 1,1 1 °Be k a. The ice
margin position is also constrained by a collection of radiocarbon dates from Latvia

(Table 3, Fig. 3A). Based on independent sedimentologic data29, the ice margin
receded north of the Salpausselka end moraine complex before readvancing to the Ss I

Moraine position. Our data suggest that the ice sheet started to recede from that
position at 12,5 ± 1,5 10Be ka.

Climate records from the NA region display abrupt climate changes (Figures
4.3B and 4.3C) that triggered responses from the SIS ice margin. The retreat of the ice

margin from is maximum position corresponds to the end of a warming period above
the NA. In response to the Oldest Dryas cooling event, the ice sheet readvanced to its

PM position. At the beginning of the Balling-Allerad phase the air temperature above
the Greenland Summit site increased by 9°C over a period of several decades starting

at 14,7 yr30. This warming forced the ice margin to retreat far north before it
readvanced shortly during the YD cooling event. Although our data precision is not

comparable to the high precision obtained in the GISP2 record, we can speculate that

the MLM, the NLM, and the PanM are the results of standstill periods during the
retreat of the SIS, corresponding to short-centennial climate events that occurred

above the NA region.

—10
—11

—12
—13

-14
-15

-16
17

17

18

18

-19
-20
-21

-22
-23

-24
—25

0

200

400

600

800

Distance fvmSs II(lan)

Figure 4.3: (A) Deglaciation course of the southern margin of the Scandinavian Ice
Sheet according to our data (blue discs, horizontal uncertainty corresponds to the
width of a moraine as define by the spread of our samples in the landscape) compiled
with calibrated radiocarbon data (black squares). (B) Sea surface temperature record

from core SU8118 off the Portuguese coast'. (C) 5180 record from the GISP2 record,
Greenland2. Our chronology suggests that the ice margin responded to climate

variability over the North Atlantic region.
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Chapter 5

Conclusions

Exposure ages on the Pomeranian Moraine in Poland are the first direct dating

obtained in this region of the last Scandinavian Ice Sheet. The error-weighted mean
moraine age is 14.2 ± 1.8 10Be ka and corresponds to maximum extent the ice margin
reached during the Pomeranian phase. Combined with radiocarbon ages, it is possible

to build the deglacial history in northern Poland around the Pomeranian phase.
Radiocarbon ages on sediments from a core off the Polish coast suggest ice-free
conditions as late as

1600 years prior to the maximum extent of the ice sheet during

the Pomeranian phase. The ice sheet readvance on the European continent and
deposited the Pomeranian Moraine.

AMS measured 10Be/9Be ratios on the Salpausselka I Moraine in southwestern
Finland corroborate previous results obtained on the same moraine. From the exposure

ages (n = 9) obtained, an error-weighted mean moraine age of 12.4 ± 1.8 10Be ka was
calculated. Previous exposure ages (n= 4) on the same moraine permitted calculating

an error-weighted mean moraine age of 12.6 ± 1.8 10Be ka. Combined (n = 13) the
Salpausselka I Moraine age is 12.5 ± 1.8 10Be ka. These results make the Salpausselka

I Moraine among the best-dated margins associated with late Quaternary ice sheets.

The reconstruction of the deglacial history of the southern margin of the
Scandinavian Ice S heet was c ompleted b y c alculating e rror-weighted mean ages for

several moraines. The Last Glacial Maximum in Lithuania and Belarus has been dated

at 17.9 ± 2.4 10Be ka. The Middle Lithuanian Moraine has been dated at 13.1 ± 1.7
10Be

ka in Lithuania, and Latvia. The North Lithuanian Moraine has been dated at 13.1

± 1.7 10Be ka in Lithuania, Latvia, and Estonia. The Pandivere Moraine, with only one

exposure age, has been dated at 13.0 ± 1.1 10Be ka in Estonia. Finally, the Palivere
Moraine has been dated at 10.0 ± 1.3 10Be ka on the northern coast of Estonia. These

results, combined with the results obtained for the Pomeranian Moraine and the
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Salpausselka I Moraine constitute, the first direct chronology for the deglaciation of
the last Scandinavian Ice Sheet. Based on the comparison between this chronology and

records of climate variability during the last termination in the North Atlantic region,

it is possible to conclude that the Scandinavian Ice Sheet margin responded to
millennial-scale climatic signals originating in the North Atlantic region. The ice sheet
margin started to recede from its last maximum extent in response to a warming at the

end of the Last Glacial Maximum. The ice margin readvanced to its Pomeranian
position in response to the Oldest Dryas stadial. A major warming event, the Bolling-

Allerod interstadial, forced the ice margin to retreat far north, further north than the
subsequently deposited Salpausselka Moraine complex. During the last major cooling

event the Younger Dryas stadial, the ice margin readvanced to its Salpausselka I
Moraine position before the ice sheet began its final withdraw further to the north. The

data precision obtained is not comparable to the high precision obtained on data from

the GISP2 oxygen record, but it is possible to speculate that the Middle Lithuanian,
the North Lithuanian, and the Pandivere Moraine are the results of standstill periods

during the retreat of the Scandinavian Ice Sheet, corresponding to short-centennial
climate events above the North Atlantic region.
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Appendix

Extraction of Be from granitic rock and preparation of target material for AMS
analysis.
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Introduction
The laboratory procedures we used to obtain target material for AMS analysis

are largely inspired from the work of J. Licciardi (2000), and from the reference

procedures described by Kohl and Nishiizumi (1992). We modified the sample

preparation according to the work of D. Granger and J. Stone, and based on
discussions with E. Brook, H. Linge, G. Raisbeck, and F.Yiou. Further procedure
tunings to adapt the techniques t o the 0 SU 1 aboratories c onfiguration w ere d erived

from trial-and-error experiences. The resulting procedural techniques are described
below.

The primary goal of the sample preparation is to obtain high-yield, purified
beryllium sample that contain only trace amounts of Ti, K, and Mg. We use standard

techniques of rock crushing and grinding, rock leaching with acidic solutions, and
isolation of beryllium by column chromatography for preparation of target material.

Safety regulations due to the use of highly corrosive acids (hydrofluoric acid,

hydrochloric acid, nitric acid, perchloric acid) and the manipulation of carcinogenic
material (beryllium) must be strictly enforced in the laboratory. Always wear closed
shoes and full-body covering cloth (pants, long sleeve-shirts). It is necessary to wear
safety goggles with face seal, lab coat and rubber apron and two pairs of heavyweight

vinyl g loves and d o a 11 work under a n appropriate fume hood. When working with

beryllium (hydroxide or oxide) it is necessary to wear goggles, disposal vinyl gloves,
fume mask and do all work under a fume hood to avoid skin contact and to minimize
inhalation.
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LABORATORY PROCEDURES
Rock crushing and grinding Procedure
Purpose: obtain enough material with a size fraction between 250 µm and 710 µm, or a
size fraction smaller than the average size grain of quartz.

List of material:
Air cleaned sieve column composed of a bottom part, a 250 gm sieve, a 710 µm sieve,
a 1.18 mm sieve, and a lid.
Labeled zip bag with the sample name and the size of the fraction kept (250 gm to 710
µm) and the date.
Air cleaned jaw crusher

Air cleaned pulverizer
Air cleaned containers to transfer crushed sample
Safety information: Before beginning work, wear safety goggles and dust mask.
Step 1: Crush bulk rock in a large jaw crusher.
Step 2: Do a first dry sieving through the sieve column.
Step 3: Pulverize the material bigger than 1.18 mm. Sieve again. Repeat step 3 until all

the material goes through the 1.18 min sieve (if the remaining material is mainly
biotite, plagioclase: discard).
Step 4: Pulverize the material bigger than 710 µm by narrowing the space between the
disks of the pulverizer. Sieve the material through the column without the 1.18 mm
sieve. Repeat step 4 until all the material goes through the 710 µm sieve.
Pour the grain size material between 710 gm and 250 gm in the labeled zip bag.
In order not to lose too much of the sample (i.e. produce too much fine material < 250
µm), reduce progressively the space between the two disks of the pulverizer. Discard
the fine fraction.

Step 5: Air clean thoroughly the column sieve, the jaw crusher and the pulverizer
before crushing the next sample to avoid contamination.
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Magnetic separation
ose: separate the magnetic minerals from the non-magnetic grains to reduce the
amount of acid used during the leaching steps.
P

List of material:
Large tray (air cleaned)
Hand magnet enclosed in a plastic bag
2 air cleaned and labeled (one labeled magnetic plus the sample name and the other
non-magnetic plus the sample name) plastic containers
Frantz Isodynamic Separator
Safety information: before beginning work, remove your watch!
Step 1: Spread a single layer of grains on a tray. Cover the hand magnet with a plastic
bag. Run the plastic-covered (to avoid clogging with magnetic grains) hand magnet
once above the material and place the magnetic grains in the container labeled
"magnetic". Repeat this step one more time. Place the pre-separate non-magnetic
material on a clean paper sheet.
Step 2: 2: Separate the non-magnetic fraction further with a Frantz Isodynamic
Separator. Adjust the magnetic strength to obtain a thin stream of non-magnetic
material in the non-magnetic channel. This corresponds to light colored material.
Magnetic material is black, red or dark gray colored. I usually run the Frantz
Isodynamic Separator around 0.5 A. Proceed until 300 g of non-magnetic sample is
obtain and store the non-magnetic and the magnetic fractions in the corresponding
containers.
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Quartz isolation from bulk rock
PPr ose: obtain clean quartz (major element concentrations << 500 ppm) before
beryllium extraction by column chromatography.

List of chemical and material:
O-phosphoric acid (H3PO4)
Sodium hydroxide (NaOH)
Hydrofluoric acid (HF)
Nitric acid (HNO3)
Calcium hydroxide (Ca(OH)2)
Triple beam balance
Hotplate
1 L acid cleaned beaker
250 mL acid cleaned
Watch glass
Micro-spoon spatula
Plastic spoon
Parafilm
Oven
Ultrapure water (18.3 MS2-cm)
15 L carboy
4 L and 1 L graduated cylinders (HDPE)
Ultrasonic cleaner
HDPE 4 L bottles
pH paper
O-phosphoric acid waste container
Sodium hydroxide waste container
Hydrofluoric-nitric acid waste container (20 L bucket)
Safety information: before beginning work, ware safety goggles, lab coat and rubber
apron and two pairs of heavyweight vinyl gloves (especially when removing the hot
beakers from the hotplate or when pouring hot HF-HNO3 waste into the waste barrel).
Never ware shorts or open shoes when working in the lab.
Step 1: O-phosphoric leaching and sodium hydroxide cleaning.
Under a fume hood, preheat the hotplates at thermostat 10.
Weigh 50 g of the grain size sample in each of six 1L beakers.
Add 400 mL of 85% o-phosphoric acid to each beaker. Cover the beakers with a glasswatch.
Bring to a boil. Boiling could be violent, black foam could appear. During this stage
the water is evaporating (about 15% of the acid composition). After about one hour the
boiling subside and the o-phosphoric acid, which is now at 240°C turns into
pyrophosphoric acid (which will dissolve aluminosilicates).
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Boil for 45 minutes more (or until the volume reaches about 300 mL). Remove from
the hotplates, place on isotherm tiles and let cool (about one hours). The acid may
form a compact gel around the sample and on the side of the beaker (this film of
supersaturated silica solution will be dissolved during the sodium hydroxide cleaning).
Wash the glass-watch with ultrapure water.
Add about 300 mL ultrapure water to each beaker. Even if we must never add water to
acidic solution (reaction could splash!) the jelly type material in the beakers does not
react when water is added. Stir with a clean metallic micro-spoon spatula to lose the
gel around the sample and on the side of the beaker.
Drain into the o-phosphoric waste container using a funnel to avoid splashing. Fill the
beakers with ultrapure water and stir. Drain into the waste container.
Rinse two to three more times with ultrapure water and drain into the sink. The sample
must be almost gel free.
Add 400 mL ultrapure water to each beaker. Add 200 mL 50% NaOH to each beaker.
The NaOH will dissolve the silicate coating around the quartz grains left by the
pyrophosphoric acid leach.
Place the beakers on the hotplates and cover with glass-watch. Once it is boiling, boil
for ten more minutes. If boiling is too violent reduce the heat to avoid boiling solution
to jostle the beaker and lead to a spill. Let cool on isotherm tiles (about 30 minutes).
Wash the watch glass and store.
Drain base solution into the sodium hydroxide waste container.
Rinse three times with ultrapure water and discard the fine into sink.
Using a clean plastic spoon, scoop the sample into a clean-labeled 250 mL beaker.
Clean the used beakers with distilled water under pressure (beaker upside down).
Oven-dry the sample at 80-90°C overnight.
Once the sample is dry let it cool, weigh it and record the weight in the notebook.
Cover the sample with Parafilm if not processing directly to step 2.
Step

2: HF/HN03 leaching.

To leach the quartz grain in order to remove the meteoritic 10Be, I use a
sample/solution ratio of 10 g sample per 1 L of acidic solution. The solution
concentration is 1% HF 1% HNO3 (% w/w).
Under a fume hood, prepare the solution accordingly with the dry weight sample (i.e.
if 80 g of sample are available, prepare 8 L of solution) in a 15 L carboy. Divide the
sample between clean and labeled 4 L HDPE bottles by weighing no more than 40 g
of sample per bottle (after the pyrophosphoric digestion of 300 g of sample, between
60 g and 200 g remain). Divide the solution equally into bottles. Cap the bottle tight
and shake to homogenize the solution with the sample.
Under a fume hood, place the bottles, caps loose (to avoid pressure building during
leaching) in an ultrasonic cleaner filled with preheated water (90°C or less) and
equipped with a suspended basket to prevent the bottles from touching the sides and
bottom of the tank. Leach for 24 hours.
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HF-HNO3 neutralization:
Under a fume hood have ready one 20 L bucket per 4 full 4 L bottles filled with HFHNO3 solution. Add 35 g of calcium hydroxide per liter of acidic solution in the waste
bucket (maximum of 560 g of calcium hydroxide per waste container). Pour the acid
waste from the leaching container directly into the bucket and mix thoroughly. Let
neutralization buckets sit overnight to allow the precipitate to settle. The next
morning, adjust the solution to pH 6-8 by adding more calcium hydroxide or more HFHNO3 waste. Let the precipitate decant. Once the pH reached 6-8 pour the supernatant
in the HF neutralization bucket into the sink (being careful not to pour out any
precipitate). Cap the waste bucket and check from time to time if more supernatant is
generated. If so, check the pH (6-8) and pour the supernatant into the sink. When the
waste bucket is full of calcium fluoride fill out an "OSU - EH&S Online Hazardous
Waste Pickup Request", or contact Pete Schoonover (Pete. schoonover(a-)orst.e
the Environmental Health and Safety (http://oregonstate.edu/dept/ehsn.

at

With the bottles containing the sample: rinse three times with ultrapure water (fill the
bottles to the top the first time and then only half way the two subsequent rinses).
Shake the bottle vigorously. Let the sample decant and discard the waste into the sink.
Repeat the HF-HNO3 leach procedure one more time. After the last rinse use a clean
plastic spoon to scoop the sample into a clean-labeled beaker. Oven-dry overnight.
Weigh the sample and cover the beaker with Parafilm (usually between 60 and 150 g
of quartz could be obtain). The sample are potentially clean so keep the beaker closed
whenever possible to avoid contamination.
The sample is ready for the ICP-AES analysis.
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Sample preparation for ICP-AES

Purpose: determined the quartz purity. Concentrations of major elements (Al, Fe, Ti,
Mg, Na, Ca, K, and Be) should fall below 500 ppm (by weight) before quartz is
considered ready for further processing.
List of chemical and material:
Standard solution for the following elements: Al, Fe, Ti, Mg, Na, Ca, K, and Be
Lithium metaborate
Nitric acid (HNO3)
Micro-spoon spatula
Micro-pipette
Micro-pipette tips (acid cleaned)
Analytical balance
Plastic containers
Weighing paper
Carbon crucibles
Muffle furnace
Asbestos gloves
Long tongs
Safety information: before beginning work, wear laboratory coat, safety goggles,
gloves, and fume mask.
Step 1: Mix stock solution of 10% HNO3 (enough for all samples plus standards and a
blank). Weigh out exactly 100 niL stock solution into clean or new plastic containers.
Label each container.
Step 2: Using standard solution and volumetric pipettes, prepare multi-element
standards with a range of concentrations that brackets the expected concentrations of
these elements in the samples. The following table corresponds to the standards
prepared to analyze the samples studied in the frame of this thesis (concentrations of
elements are all 1000 µg / mL). The standard elements are mixed in the containers
filled with a 100 mL stock solution of 10% HNO3 and labeled STD1, STD2, STD3,
and STD4.

STD 4 (µL) STD 3 (µL) STD 2 (pL) STD 1 (µL)
Be

Al
Fe

Ti
Ca

K
Na

Mg

1000
1000
1000
1000
100
10000
1000
500

500
500
500
500
60
5000
500
100

50
50
50
50

5

10
10
10

10

5

500
50

100
10

10

5
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Step 3: Clean out carbon crucibles by wiping the interior several times with a
KimWipe. Weigh out precisely 0.90 g lithium metaborate and 0.10 g quartz sample
(report in the notebook), and mix together on weighing paper with a clean microspoon spatula. Transfer to carbon crucible. Place crucibles on piece of paper with
numbered circles (carbon crucibles cannot be labeled directly).
Step 4: Allow muffle furnace to heat to 1050°C (takes about 45 minutes). With
asbestos gloves, long tongs, and safety glasses, place crucibles in oven (in a prearranged order, no more than 8 at a time) for about 30 minutes.

5: Remove crucibles with tongs and immediately transfer molten glass bead to
plastic containers with acid solution. Place hot crucibles on an appropriate surface
(isotherm tiles) to let them cool down. Place the containers on a shaker table and
agitate until samples are completely dissolved. Weigh any material remaining in the
crucibles and make a mass correction if necessary. The sample aliquots are ready for
ICP-AES analysis.
Step

Step 6: ICP-AES analysis takes place in the oceanography department and is
supervised by A. Ungerer (aun rer(21coas.oregonstate.edu) or B. Conard
(bconard@coas.oregonstate.edu) at least during the first few runs. Another ICP-AES
eg

is available at the Environmental Engineering department. The contact person is M
Azizian (mohammad.azizian@orst.edu).
If the concentrations measure above 500 ppm (especially Al), the quartz must be
leached again in HF-HN03 and re-analyzed until the quartz reaches sufficient purity.
If the concentrations measure below 500 ppm, the quartz can be further processed.
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Adding Be carrier
Purpose: since the natural concentration of 10Be in rock is too low to be detected by
AMS we add a known amount of 9Be to each sample.

List of chemical and material:
9Be carrier (provided by the AMS facility)
Micro-spoon spatula
Micro-pipette
Micro-pipette tips (acid cleaned)
Analytical balance
Clean and labeled 360 mL Teflon screw top jars
Safety information: before beginning work, wear laboratory coat, safety goggles,
gloves, and fume mask.
Step 1: Determine appropriate weight of sample for analysis (between 20 and 70 g).
Ideally half or less of the available clean quartz sample should be used, but this will
not always be possible.
Step 2: Place empty Teflon jar on analytical balance and tare the balance to zero. Pour
appropriate amount of sample into beaker. Record initial weight in notebook. Sample
should be well mixed before addition to ensure that the split taken is representative of
the entire sample. Be careful of dust generated by pouring samples into the beaker.

Step 3: Transfer sample into Teflon jar, place it on analytical balance and record
weight in notebook. Subtract the first weight recorded in the notebook from the total
weight of quartz present in the Teflon jar to obtain the quartz weight. Wet quartz
grains in Teflon jar by squirting gently with ultrapure water. This prevents grains from
jumping and clinging to the jar walls due to static electricity.

Step Add an appropriate amount of 9Be carrier (between 0.25 and 0.50 mg). Invert
the 9Be carrier bottle a few times to homogenize the solution and to ensure that drops
of condensation on the inside of the cap are mixed in. Place the capped bottle on the
analytical balance and record the initial weight (and if possible, confirm that it equals
the final weight from its last use). Remove the carrier bottle, uncap it and pipette
carrier solution into the Teflon beaker. Eject the carrier smoothly, being sure not to
leave a drop in the tip. Rinse pipette tip inside and out with ultrapure water into Teflon
beaker. Recap the carrier bottle as quickly as possible and re-weigh it. Record the
weight; the balance will read the solution weight removed. Calculate the 9Be added. At
the end of each session, record the final weight of the carrier bottle for cross checking
later. Check that the cap is screwed on firmly and seal with Parafilm.
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Quartz dissolution in HF
List of chemical and material:
Hydrofluoric acid (HF)
Hotplate
Surface thermometer

Safety information: before beginning work, wear lab coat and rubber apron, goggle
with face seal, and two pair of heavyweight vinyl gloves
Step 1: Under a fume hood add HF acid (5 times the sample weight up to 50 g of
sample. For sample bigger than 50 g add a maximum of 250 mL of HF acid) to Teflon
jar containing the sample. Be careful at this point not to splash or otherwise lose any
solution. Although Be measurements will not be affected, Al measurements will.

Stf,p 2: Tighten the lid down, then back it off -1/4 turn. Place jar on hotplate on low
setting (-100°C) in fume hood. The bottle must not be gas-tight. Do not swirl the
contents of the jar at first; the initial reaction does not need any encouragement. Never
shake the jar. Teflon should not be heated above 200°C. Monitor hotplate temperature
with a surface thermometer.
Step 3: Once the reaction has subsided (after a few hours), the hotplate can be turned
up to -150°C. From this point on, the jars can also be swirled occasionally to mix HF
down into the dense H2SiF6 forming around the quartz grains. Samples should
dissolve completely in 24-48 hours, although some undissolved residue occasionally
remains in some samples.

82

Preparation of blanks
Purpose: the primary use of blank is to correct the sample 10Be concentration for any
10Be contamination occurring during the sample preparation. Each batch of samples
should include a blank (one blank for about 8 samples).

List of chemical and material:
See "Adding 9Be carrier".
Safety information: before beginning work, wear laboratory coat, safety goggles,
gloves, and fume mask.
Step 1: In a clean 360 mL Teflon jar (labeled "Blank-#") add the same amount of 9Be
carrier as was added to the samples. Record the weight of 9Be carrier solution added,
to four decimal places.
Step 2: See safety information for handling HF acid. Under a fume hood Add the same
amount of HF acid as was added to the samples. For example, if the sample weight
was 30g, and 150 mL HF was added to dissolve the sample, then 150 mL HF should
be added to the 9Be carrier in the blank beaker. From this point on, treat the blank in
exactly the same manner as a regular sample.

Evaporation of HF/HC1O4 mixture
Purpose: Successive perchloric evaporations ensure removal of all fluorides from the
sample.

List of chemical and material:
Perchloric acid (HC1O4)
Disposal pipette
Safety information: before beginning work, wear safety goggles, lab coat and vinyl
apron, and two pairs of heavyweight vinyl gloves.

Step 1: After dissolution, turn the hot plate off and allow the Teflon jars and solutions
to cool. Carefully remove the lid. There will be drops on the underside of the lid, be
careful not to lose these. The drops can be eliminated by tapping on the beaker top to
knock them back into solution, and then screwing the top on tightly and inverting the
jar to capture the remaining drops. Place lid in clean plastic bag or set aside in the
hood.
Step 2: With a clean disposable pipette, add 1 mL 1:1 HC1O4 to the solution in each
Teflon jar. Return Teflon jars to the hotplate in a perchloric acid hood. Turn hotplate
on medium-low (-150°C). Be sure other electronic equipment is removed from hood.
Evaporate samples to near dryness. Depending on the volume of solution this may
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take as long as 24 hours. Be aware that leaving open beakers to evaporate solutions
overnight on the hotplate is somewhat risky.
3: After the initial dry-down, add 1 mL 1:1 HC1O4 to each Teflon jar, swirl to
dissolve, and return to the hotplate. Evaporate to dryness. Repeat once more.
Step
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Conversion to chloride form
Purpose: successive hydrochloric evaporations eliminate fluoride (from hydrofluoric
acid) and perchloric acid almost entirely. Fe, Ti, Al, Be, and other ions should be left
as chloride salts ready for anion exchange clean up.
List of chemical and material:
Trace metal hydrochloric acid (6N and concentrated TM HCI)
Disposal pipettes
15 mL centrifuge tube (acid cleaned)
Centrifuge
Safety information: before beginning work, wear laboratory coat, safety goggles,
gloves, and fume mask.
Step 1: Under a fume hood, remove the Teflon jar from the hotplate. Using a
disposable pipette, add -2 mL of 6N HCl (the amount is not critical; samples with a
very large residue may require a little more). The residue should mostly re-dissolve
instantaneously, and in most cases will go back into solution entirely after warming on
the hotplate. Return the jar to the hotplate and evaporate to dryness.
Step 2: Repeat the 6N HCl addition and evaporate to dryness again.

Step 3: Re-dissolve a third time in 6N HCI, then evaporate as close to dryness as
possible. Try to avoid complete drying at the end of this step, to make it easy to get the
sample back into solution for anion exchange. Do not worry, however, if drying is
unavoidable.

The final solution will generally be colored a deep yellow-green by FeCl3. By the end
of this procedure, however, some samples may have thrown a fine, powdery white
precipitate that will not re-dissolve. This is Ti02. No Al or Be is co-precipitated with
the Ti, which should be removed by centrifuging before anion exchange.

Transfer to centrifuge tube
Step

1: Add 2 mL of concentrated TM HC1 to Teflon jar, swirl to dissolve, and

transfer carefully to clean labeled centrifuge tube.

Stems Add another 2 mL of concentrated TM HCl and swirl to insure that sample
residue in Teflon jar has dissolved completely, transfer to centrifuge tube. Use as little
liquid as possible (should be -4 mL in the tube).
If you are not proceeding immediately to the column chemistry, keep tube covered
with a cap and/or two layers of Parafilm and store in a clean cabinet.
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Column setup procedure
Purpose: Because the amount of acid used in the next column chromatography step is
dependent on the volume of resin present in the anion and the cation columns it is
imperative to setup the columns as described bellow.

List of chemical and material:
Columns (acid cleaned): 1.0 cm inner diameter, 10.0 cm length (anion columns), 1.0
cm inner diameter, 20 cm length (cation columns)
Two way stopcocks (acid cleaned)
Econo column Funnels (acid cleaned)
Column support stand and clamps
Bio-Rad Resins: AG 1-X8 Resin, 100-200 mesh, chloride form (anion exchange
resin), AG 50W-X8 Resin, 100-200 mesh, hydrogen form (cation exchange resin).
Trace metal grade hydrochloric acid (0.6N, 1N, 6N, concentrated TM HCl)
Safety information: before beginning work, wear lab coat, safety goggles, and vinyl
gloves.

Packing the columns with resin
Before introducing the resin into the columns it must be slurred with ultrapure water in
an acid clean plastic container. Fill the column part way with ultrapure water and open
the stopcock valve before pouring the resin mix in small additions. The resin should
settle out gradually and evenly as it is added. Do not allow the resin to settle
completely between additions as it may result in heterogeneities (air bubbles) in the
resin packing. Continue to add resin to the column until the proper volume is reached.
If too much resin is added, remove resin excess with a disposal pipette.

Anion columns
Fill in the anion columns with anion exchange resin until the level is -1 mm below the
upper plastic bushing of the column (this is equivalent to approximately 7 mL resin).
All anion columns must have exactly the same volume of resin in order to achieve
equivalent results. The resin volume will shrink and swell as different buffer strengths
are added, and should eventually equilibrate to a level -4-5 mm below the upper
plastic bushing of the column. It is necessary that new resin is thoroughly rinsed with
concentrated TM HCl in order to flush out organic material that bleeds from the resin
in strong acid. The organic material will be clearly visible as orange-brown residue in
the eluant. In order to precondition new anion resin, first run 30 mL 1N TM HCl
through the column as a preliminary cleaning measure, and then add concentrated TM
HCl (-200 mL) until the eluant runs out clear. Following this, perform one entire
anion procedure (described below), but with no sample. Only after this
preconditioning step should the column be used for an actual sample.
Cation columns
Fill the cation columns with exactly 10 mL cation exchange resin. The level should be
-118 mm above the lower plastic bushing of the column. After filling the first column,
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use a permanent marker to mark an equivalent level on all cation columns to be filled,
so that each column has exactly the same volume of resin. As with anion resin, it is
imperative that new cation resin is preconditioned in order to flush out organic
material, although the material that bleeds from the cation resin is not as clearly visible
as that from the anion resin. To precondition new cation resin, first run 30 mL 0.6N
TM HCl through the column as a preliminary cleaning measure. Add then 6N TM HCl
(> 200 mL) until the eluant runs clear. Once the acid has drained through, add 50 mL
1N TM HCl to the column to allow gradual expansion of the resin. Following this,
perform one entire cation procedure (described below), but with no sample. Only after
this preconditioning should the column be used for an actual sample.
The resin must be changed from time to time
After preconditioning, the resin can be used ad libitum for ion exchange as long as it is
properly cleaned between samples. There are, however, two common circumstances
when the resin should be changed.

1) The cation resin volume shrinks and swell more dramatically than anion resin as
different buffer strengths are added, which creates potential problems in maintaining
homogeneity of the resin packing. The procedures are designed to minimize these
shrink-swell problems, however it sometimes occurs that the level of cation resin does
not rebound to its original volume at the end of a cation procedure and the flow rate
becomes restricted. If the column is filled with ultrapure water and allowed to soak
overnight, the resin volume will usually rebound to its original volume. If it does not,
the resin must be discarded and replaced. Occasionally this problem can be solved by
removing the resin and repacking the column with the same resin, and this should be
tried first.

2) A discoloring of the resin that persists after thorough column cleaning indicates that
undesirable ions are permanently trapped in the column. This is most common in the
anion columns. The discolored resin should be discarded and replaced. It is sometimes
sufficient to draw out just the upper portion of the resin bed with a disposal pipette,
and then refill the column with new resin up to the former volume.
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Anion exchange column procedure
Purpose: remove the Fe and part of the Ti present in the sample.
List of chemical and material:
Trace metal grade hydrochloric acid (iN, concentrated TM HCl)
Perchloric acid (HC1O4)
Anion columns
250 mL Teflon beaker (acid cleaned and labeled)
60 mL plastic bottle (rinsed with ultrapure water and labeled "Anion eluant" plus the
sample name)
HCI waste bottle
Safety information: before beginning work, wear lab coat, safety goggles, and vinyl
gloves.

Step 1: Column preconditioning.
Run 30 mL IN TM HCl through the column as a preliminary cleaning measure.
Condition the column with 30 mL concentrated TM grade HCI. Once the solution has
drained through, discard the eluant in the HCI waste bottle.
Step 2: Loading the sample.
Centrifuge the tube containing the chloride-converted sample for 15 minutes. This will
remove all insoluble residues from the sample solution. Place the Teflon beaker under
the column and make sure the stopcock valve is open. Carefully and slowly pour
sample directly from centrifuge tube into column, leaving behind insoluble residues at
the bottom of the tube. Allow solution to draw into the resin. Discard the centrifuge
tube.
Add 10 mL concentrated TM grade HCI to the column and collect eluant in the
beaker. Add another 10 mL concentrated TM grade HCI to the column and collect in
the beaker.
Step 3: When elution is complete, under a fume hood, add 1 mL 1:1 HC1O4 to the
solution in each Teflon beaker. The perchloric acid will oxidize any organic material
that may have bled from the resin during the elution. Bleeding of organic material in
the presence of full-strength HCl is particularly common when the resin is relatively
new. Place the beaker on a hotplate at low heat (-120°C), and evaporate to dryness.
Some samples may take on a brownish orange hue that indicates the presence of
oxidized organic material.

Step 4: Convert the sample back to chloride form as before by adding 2 mL 6N TM
HCl and drying (three times). The samples are now ready for cation exchange.
Step 5: Cleaning the column.
Place the "Anion Eluant" bottle under the column and add 60 mL IN TM HCI (in two
30-mL additions) to the column. The resin should return to its original color and the
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eluant should appear clear. If it does not, continue adding more IN TM HC1. Save
eluant in the plastic bottle. Add 50 mL ultrapure water to the column. Discard eluant.
Add a few mL of ultrapure water to the column and cover to prevent the resin from
drying out. Rinse the funnel, and the stopcock with ultrapure water to avoid sample
contamination.
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Cation exchange column procedure
Purpose: separate the Al from the Be.

List of chemical and material:
Trace metal grade hydrochloric acid (0.6N, 1N, 6N, concentrated TM HCl)
Cation columns
Centrifuge tube (clean and labeled)
Centifuge
250 mL Teflon beaker (acid cleaned and labeled)
60 mL plastic bottle (rinsed with ultrapure water and labeled "Al fraction" plus the
sample name)
250 mL plastic bottle (rinsed with ultrapure water and labeled "Cation eluant" plus the
sample name)
HCl waste bottle
Safety, information: before beginning work, wear lab coat, safety goggles, and vinyl
gloves.
Step 1: Column preconditioning.
Run 50 mL ultrapure water through the column as a preliminary cleaning measure.
Condition the column with 30 mL 0.6N TM HCI.

Step 2: Sample preparation.
Add 2 mL 0.6N TM HCl to the Teflon beaker containing the final product of the anion
exchange procedure and swirl to ensure that all the residue inside the beaker has
dissolved. Transfer contents to a centrifuge tube by carefully pouring; the liquid
should form a single bead and roll smoothly out of the Teflon beaker. Add another 1
mL 0.6N tM HCl to the Teflon beaker, swirl, and transfer the rinse to the centrifuge
tube (should be -3 mL in the tube). At this point some samples may be clouded with a
fine white precipitate, which must be removed before introduction into the cation
columns. Centrifuge for 15 minutes.
Step 3: Loading the sample.
Place the "Cation Eluant" bottle under the column and make sure the valve is open.
Use a disposable pipette to transfer the sample from the centrifuge tube to the resin
bed, being careful not to draw any white precipitate into the pipette. Add the solution
to the resin 1 mL at a time and allow it to draw into the resin between additions.
Step 4: Collecting the fractions.

Add 130 mL of 0.6N TM HCl to the column reservoir and allow draining through,
being careful to minimize disturbance of the upper surface of the resin bed. Collect in
the "Cation Eluant" bottle.
Place a clean Teflon beaker for the Be fraction under the column, and add 100 mL of
0.6N TM HCl to the column reservoir. Once the elution is complete, place the beaker
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on a hotplate at about 120°C, and evaporate to dryness. The evaporation process will
take several hours, but can be accelerated with a heat lamp.
Add 50 mL of 6N TM HCl to the column reservoir and collect in the "Al Fraction"
bottle.
Add 50 mL of 6N TM HCl to the column reservoir and collect in the "Cation Eluant"
bottle. Save the bottles with the Al fraction and eluant for future processing and/or ICP
analysis.
Step 5: Cleaning the columns.

Add 50 mL of 1N TM HCl to the column. Discard eluant. The addition of weak acid
before adding water will allow a gradual expansion of the resin and prevents rapid and
uneven constriction of pore spaces.
Add 100 mL of ultrapure water to the column. Discard eluant. Add a few mL of
ultrapure water to the column and cover to prevent the resin from drying out. Rinse the
funnel, and the stopcock with ultrapure water to avoid sample contamination.
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Beryllium recovery
List of chemical and material:
Trace metal grade hydrochloric acid (0.6N TM HCl)
Trace metal grade nitric acid (TM HNO3)
Trace metal grade ammonium hydroxide (TM NH4OH)
Centrifuge tube (clean and labeled: one "Be" and the other "Ti")
Centrifuge
Micro-pipettes
Pipette tips (acid cleaned)
Vortex mixer
pH paper
Safety information: before beginning work, wear lab coat, safety goggles, and vinyl
gloves.

Step 1: Transfer to centrifuge tube.
Add 2 mL of 0.6N TM HCl to the Teflon beaker containing the final product of the
cation exchange procedure and swirl to ensure that all the residue inside the beaker has
dissolved. Transfer contents to a centrifuge tube by carefully pouring; the liquid
should form a single bead and roll smoothly out of the Teflon beaker. Add 2 mL of
0.6N TM HC1 to the beaker, swirl, and transfer rinse to centrifuge tube. Bring solution
volume up to 5 mL by adding 1 mL ultrapure water to the centrifuge tube and mix
well on the vortex mixer.

Step 2: Removal of remaining Ti.
Add concentrated TM grade NH4OH to solution, mixing it on the vortex mixer, until
the solution reaches pH -5 (this should require -300 gL TM NH4OH). To check the
pH, remove -20 gL of the sample with a micro-pipette (being careful not to touch the
inside of the centrifuge tube with the pipette shaft) and apply to pH indicator paper. If
the pH shoots past 5, adjust acidity by adding drops of 1:1 TM HNO3 and re-check the
pH. If the sample contains Ti, a white precipitate will form. Centrifuge for 15 minutes.
Pour supernatant into another clean centrifuge tube labeled "Be" and save. Re-label
the old tube with the precipitate as "Ti" and set aside.
Step 3: Precipitation of Be(OH)2_
Add TM NH4OH to supernatant in the Be tube, mixing it on a vortex mixer, until the
solution reaches pH -8 and a white Be(OH)2 precipitate has formed (this should
require -50 in µL TM NH4OH). Mix well on the vortex mixer.
Centrifuge for 15 minutes. Pour supernatant into the centrifuge tube labeled "Ti" and
save. Be careful not to pour out any precipitate.
Add 100 µL of 1:1 TM HNO3, swirl on a vortex mixer until precipitate has dissolved
completely, then bring solution volume up to 5 mL by adding ultrapure water to the
centrifuge tube. Swirl again on a vortex mixer.
Re-precipitate Be(OH)2 by adding -100 µL TM NH4OH. Mix well on the vortex
mixer.
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Centrifuge for 15 minutes. Pour supernatant into the "Ti" centrifuge tube.
Bring solution volume up to 5 mL by adding pH 8 water to the centrifuge tube, swirl
on vortex mixer to slurry, centrifuge for 15 minutes, and pour supernatant into the
"Ti" centrifuge tube or a bottle.
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Sample conditioning for transportation to the C.S.N.S.M. (Centre de
Spectrometrie Nucleaire et de Spectrometrie de Masse), Orsay, France
Purpose: to avoid boron (B) contamination. The first batch of samples prepared at
OSU contained high level of 10B, an isobar of °Be. To avoid this contamination, we
finalized subsequent sample preparation at the C.S.N.S.M. where laboratories are
known to be B free.

List of chemical and material:
30 mL plastic bottle (acid clean and labeled)
Trace metal nitric acid (1:1 TM HNO3)
ph 8 water
Safety information: before beginning work, wear lab coat, safety goggles, and vinyl
gloves.
Step 1: In the centrifuge tube labeled "Be" containing the Be(OH)2 add a few
microliters of 1:1 TM HNO3 and swirl on the vortex mixer to dissolve the precipitate.
Add 3 mL pH 8 water and swirl on the vortex mixer. Carefully pour the solution in the
plastic bottle. Add another 3 mL pH 8 water to the centrifuge tube and swirl on the
vortex mixer. Pour in the plastic bottle. Cap the bottle and seal it with Parafilm.
Step 2: 2: Send the sample via a carrier to avoid custom problems at the airport.

94

Beryllium hydroxide oxidation
Purpose: obtain target pure beryllium oxide for AMS analysis.
List of chemical and material:
Trace metal grade nitric acid (TM HNO3)
Trace metal grade ammonium hydroxide (TM NH4OH)
15 mL centrifuge tubes
Parafilm
Centrifuge
Crucible
Hotplate
Plastic box
Oxdizer oven
Tongs
Analytical balance
pH paper
pH 8 ultrapure water
Pipette
Pipette tips
Safety information: before beginning work, wear lab coat, safety goggles, and vinyl
gloves.
Step 1: Mix the transport bottle on the vortex mixer. Pour the sample in a clean and
labeled centrifuge tube. Add -5 mL pH 8 ultrapure water to the transport bottle. Swirl
on the vortex mixer and pour in the centrifuge tube. Repeat this step one more time.
Check if the pH of the sample solution is at 8. If not, adjust the pH to 8 by adding TM
HNO3 or TM NH4OH to the centrifuge tube. Swirl on the vortex mixer. Centrifuge for
15 minutes. Pour the supernatant in the transport bottle being careful not to pour any
precipitate out of the centrifuge tube.

Step 2: Add another 5 mL pH 8 ultrapure water to the centrifuge tube. Swirl on the
vortex mixer. Centrifuge for 15 minutes. Pour the supernatant in the transport bottle
being careful not to pour any precipitate out of the centrifuge tube. Repeat step 2 one
more time. Repeated washing and rinsing of the precipitate should help remove
possible boron contamination from the sample.
Step 3: Be oxidation.

Label plastic boxes (box and lid) that will hold the crucible. Weigh the crucible and
report in notebook. Label the crucible. Rinse the crucible with ultrapure water two
times and dry it with paper towel. Rinse the crucible a third time and do not dry it but
place it under a fume hood. Add 200 µL TM HNO3 in the centrifuge tube with the
Be(OH)2 precipitate and swirl on the vortex mixer. Pour in the crucible. Add a squirt
of pH 8 ultrapure water in the centrifuge tube and swirl on the vortex mixer. Pour in
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the crucible. Keep the centrifuge tube cover with Parafilm in case the Be is missing.
Evaporate the sample on a hotplate (-70°C). When the sample is evaporated increase
the hotplate temperature to its maximum for 10 minutes. Let it cool.
Place the crucible in the labeled box and transport it to the oxidizer oven. Place the
crucible in the oven and arrange the boxes in the same order as the crucible in the oven
(label on the crucible will burn off). Oxidize the sample for one hour at 900°C. Let the
crucible cool down in the oven. Place the crucible in the plastic box, cap it, and let it
rest over night if possible. Weigh the crucible and report the weight in the notebook.
Cover the crucible with Parafilm and label the crucible and the Parafilm. Place the
crucible back in is plastic box.
The sample is now ready to be loaded in molybdenum crucible for AMS analysis. F.
Yiou, from the C.S.N.S.M. was in charge of this part of the sample preparation.
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CHEMICAL REFERENCE SHEET
Parent Reagents:
Formula

Usual % strength of
concentrated reagent

Normality

Grade

0-phosphoric acid

H3P04

85% w/w

19.4 N

ACS

Hydrochloric acid

HCl

35-38% w/w

12.1 N

ACS, TM

HNO3

68-71% w/w

15.9 N

ACS, TM

HF

49% w/w

28.9 N

ACS

Perchloric acid

HC1O4

69-72% w/w

11.7 N

ACS

Sodium hydroxide

NaOH

50% w/w

14.8 N

ACS

NH4OH

20-22% w/w

14.5 N

TM

Name

Nitric acid
Hydrofluoric acid

Ammonium hydroxide

Working Solutions:
Label

Uses

Recipe

"85% H3PO4"

Etching of ground rock sample and
isolation of quartz.

Conc. ACS grade H3PO4

"50% NaOH"

Etching of ground rock sample and
isolation of quartz.

400 mL water + 200 mL NaOH

"1% HF / 1% HNO3"

Etching of ground rock sample and
isolation of quartz.

14.48 L water + 0.31 L HF + 0.21 L
HNO3 (quoted conc. in % w/w)

"10% HNO3"

ICP analysis stock solution; general
purpose cleaning solution.

1714 mL water + 286 mL conc. HNO3

"0.6 N HCl"

Cation columns - conditioning, loading
and Be elution.

1900 mL water + 100 mL conc. TM HC1

"1 N HCl"

Anion columns - pre-cleaning and
stripping. Cation columns - postcleaning and conditioning.

1100 mL water + 100 mL conc. TM HC1

"6 N HCl"

Cation columns - Al elution and
stripping. Conversion of samples to
chloride form.

Equal parts water + conc. TM HCl

"TM grade HCP

Anion columns - conditioning, loading
and Be elution.

Conc. TM grade HCl

"TM grade NH4OH"

Beryllium hydroxide precipitation.

Conc. TM grade NH4OH

"1:1 TM HNO3"

Beryllium hydroxide precipitation.

Equal parts water + conc. HNO3

"1:1 HC1O4"

Dry-down oxidation.

Equal parts water + conc. HC1O4

Note: the recipes for 0.6, 1, and 6 N HCl follow the simplifying approximation that concentrated HCl
has a normality of 12 (the actual value is -12.1). The logic behind this simplification is that it allows
measurement of "round-numbered" volumes for the working solution recipes (e.g., 100 mL instead of
96.2 mL), which presumably will decrease the chance for inaccurate or mistaken measurements. All
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procedures described above, as well as the column calibrations, were performed using the recipes given
above, hence these must not be modified.
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LABORATORY EQUIPMENT
Basic facilities and equipment at OSU
Braun Chipmunk (jaw crusher)
Bico Pulverizer Type UA (disk mil)
USA Standard Testing Sieve Set
Frantz Isodynamic Separator, model L-1
Large Hand Magnet
Barnstead Type D4700 NANOpure analytical Deionization System, model D4744
Standard Perchloric acid and Laminar Flow Hoods
Branson Ultrasonic Water Tank, model DHA-1000
Denver Instrument M Series Analytical Balance, model M-220D
Thermolyne Cimarec-Top Hotplates
PTC Spot Check Surface Thermometer, model 572C
Thermolyne Maxi Mix II Mixer
Fisher Centrific Model 228 Benchtop Centrifuge
Fisherbrand Finnpipette Single-Channel Pipette Set
Thermolyne 1550 Muffle Furnace
Laboratory Ovens, Fisherbrand Isotemp 500 series
Shaker Table: Eberbach Corp. 115V 60 CY AC
Ion-exchange column supplies

Kontes Flex-Column Economy Columns:
1.0 cm inner diameter, 10.0 cm length (anion columns)
1.0 cm inner diameter, 20 cm length (cation columns)
Bio-Rad Resins:
AG 1-X8 Resin, 100-200 mesh, chloride form (anion exchange resin)
AG 50W-X8 Resin, 100-200 mesh, hydrogen form (cation exchange resin).
Bio-Rad 2-Way Stopcocks
Bio-Rad Econo Column Funnels
Column support stand and clamps
Miscellaneous Laboratory Materials
Savillex 360 mL Teflon jars
Chemware Teflon PTFE Griffin beakers
Nalgene 4 L Polypropylene bottles
Nalgene 250 mL bottles
Nalgene 60 mL bottles
Nalgene 30 mL bottles
Nalgene 15 L LDPE carboy with spigot
Nalgene Polypropylene graduated cylinders
Plastic spoons
Plastic containers
Pyrex 1 L beakers
Pyrex 250 mL beakers
Pyrex watch glass (125 mm 0)
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Disposable transfer pipettes
Fisherbrand 15 mL graduated polystyrene centrifuge tubes
Bel-Art No-Wire Grip Rack
pH indicator paper, Whatman type CF strips
Quartz crucibles
Nalgene wash bottles, 1000 and 500 mL
Parafilm
Neoprene apron

Heavyweight disposable vinyl gloves
TRIonic tripolymer gloves
Safety goggles or face shield
Acid fume mask

