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Ice cores are excellent archives for obtaining long and continuous 10 Be records. However, traditional ice core 
10 Be measurements required a lot of ice (0.5–1kg) and often needed to be connected to a large and costly ice core 

project. These reasons have been the factors limiting the number and variety of 10 Be projects and data. In this 

paper, we show measurements of 10 Be on small samples ( ∼45g) of continuous auger ice chips from a borehole 

at Little Dome C (LDC), East Antarctica. The sample preparation method for 10 Be accelerator mass spectrometry 

(AMS) was tested and optimized using test samples ( ∼50g) including well-mixed surface ice chips from the LDC 

site, snow collected in Lund (Sweden) and frozen Milli-Q water. The results show that our small ice samples 

should be processed without ion exchange filtration of the melt water and cleaning the subsequent Be(OH) 2 
precipitate. In addition, co-precipitating Be with Fe led to more reproducible measurement currents and offer the 

potential for higher efficiency and precision via longer measurement time. We applied the established preparation 

method to measure 10 Be on 76 samples of the auger ice chips. The resulting 10 Be concentration record for the 

period from 1354 to 1950 CE agrees well with the 10 Be concentration in a South Pole ice core and the global 14 C 

production rate and thus reflects well the atmospheric production signal of 10 Be. We also observed insignificant 

mixing among the ice chip samples during the process of drilling and retrieving the ice. Therefore, the new ice 

chip samples are promising for assessing the long-term changes in 10 Be deposition at different ice core sites. A 

wide application of this novel ice chip samples will increase the variety of 10 Be records which will help to improve 

the assessment of long-term solar and geomagnetic shielding of galactic cosmic rays. 
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. Introduction 

10 Be is a long-lived radionuclide ( T 1/2 = 1.387 ± 0.012 Ma,

 Korschinek et al., 2010 )) produced mainly from cosmic ray-induced

pallation of nitrogen and oxygen atoms in the atmosphere. 10 Be has a

ide range of applications ranging from reconstructing solar activity

nd the Earth’s magnetic shielding of galactic cosmic rays, to studying

tmospheric mixing, hydrological processes and dating of geological

rchives ( Muscheler et al., 2016 ; Zheng et al., 2021 ; Mekhaldi et al.,

020 ; Adolphi and Muscheler, 2016 ; Alley, 1995 ). For most of these

pplications, the samples (e.g. from rocks, sediments or ice cores)

ontain only a tiny amount of 10 Be, i.e. in the range of 10 5 to 10 8 

toms per sample ( Christl and Kubik, 2013 ). Such low concentrations
Abbreviation: AMS, Accelerator mass spectrometry; ANOVA, Analysis of variance

apid Access Isotope Drill. 
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n natural samples result in isotopic 10 Be/ 9 Be ratios typically in the

ange from 10 − 7 to 10 − 11 ( Lachner et al., 2020 ; Christl et al., 2010 ).

he natural 10 Be/ 9 Be ratio is usually diluted to 10 − 12 to 10 − 15 after

he addition of a defined amount of stable 9 Be, the so-called carrier,

equired in many cases for sample handling and measurement. Since

he 1980’s 10 Be has been routinely measured with Accelerator mass

pectrometry (AMS) systems, which can reach detection limits that

re many orders of magnitude lower than regular mass spectrometers

 Kutschera, 2013 ; Synal, 2013 ). 

Ice cores are excellent natural archives that can provide well-

reserved and detailed 10 Be records. However, significant resources are

equired to drill and collect a deep ice core which then, in most cases,

as to be distributed among many different laboratories for analysing

 set of other proxies such as stable water isotopes, impurities and

rapped gases. Because of the naturally low concentration of 10 Be, a
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arge amount of ice is often required for 10 Be measurement. This has

een the limiting factor for many 10 Be projects, especially for the achiev-

ble temporal resolution. For example, 10 Be measurements for Green-

and Ice Core Project (GRIP) required from 0.5 kg to 1 kg of ice per sam-

le for AMS measurement ( Yiou et al., 1997 ). Therefore, new inventive

ays to obtain ice core samples for 10 Be-analysis can allow projects that

ere not possible up to now. Increasing the 10 Be data base is important

o improve estimates of the global production rate signal that is linked

o solar and geomagnetic shielding since each ice core site has its local

nfluences and weather noise ( Muscheler et al., 2016 ). 

The targeted temporal resolution of 10 Be ice samples for most ap-

lications, except for studies of seasonal atmospheric mixing, is usu-

lly one year per sample or longer depending on the focus of the study.

ixing or dating uncertainties in the range of months and even up to

everal years might not be problematic depending on the focus of the

tudy. Therefore, a fully intact and undisturbed ice core, which pre-

erves the stratigraphy well, might not be necessary for 10 Be AMS mea-

urements. Recently, 10 Be has been measured in ice core drill chips, that

re by-products resulting from continuously scraping-off ice with rotat-

ng knives of an ice core drill, from a cold Alpine glacier ( Zipf et al.,

016 ). The resulting 10 Be concentrations of the ice chip samples with

 temporal resolution of roughly one year agreed well with the 10 Be

oncentration of the ice core samples despite some possible mixing of

rill chips. This demonstrated the possibility of utilising ice core drill

hips for 10 Be measurements from an ice core project, and consequently

aving precious ice core samples. The British Antarctic Survey has de-

eloped a new drilling method, the so called Rapid Access Isotope Drill

RAID), that is based on an auger enclosed in a barrel that collects ice

hips instead of recovering a fully intact ice core ( Rix et al., 2019 ). Ice

amples can be recovered extremely fast with this method (the drill de-

ign called for around 461 m of ice to be drilled in Antarctica in 104 h)

nd are suitable for stable water isotope and 10 Be analysis. This opens

p the prospect of fast recovery of samples for a continuous 10 Be record

ot necessarily connected to a large and costly ice core project. The

rill chips are recovered in a barrel during drilling with the stratigra-

hy mostly intact but some mixing of drill chips is expected leading to

ome smoothing of the proxy signal versus depth/time. 

Here we explore the suitability of ice chips collected via the RAID

ethod for 10 Be-analysis. Several test samples with similar properties

ere prepared and analysed to evaluate a practical way (in terms of

ce-saving and cost-efficiency) to process the new ice chip samples for

outine AMS analysis. We aim to assess the quality of the very small

amples and the results from the ice chips drilled with RAID. 

. Material and methods 

.1. Samples 

.1.1. New drill chip samples 

The ice chips studied here were recovered using the RAID method

t a site called Little Dome C (LDC), at a distance of approximately

0 km from the Dome Concordia station (75°05 ′ 59 ′′ S, 123°19 ′ 56 ′′ E) in

ast Antarctica. A total depth of 461 m was drilled in austral summer

017/2018. We investigated 76 samples of ice chips from this drill cam-

aign which cover a depth of 33.5 m from the surface. The weight of

ach sample was 45 g, with the exception of one smaller sample (25 g)

t a depth of 16 m. The sample weight is significantly smaller than the

raditional weight of ice core samples (0.5 – 1 kg of ice) and the sample

eight of the ice core drill chips ( ∼300 g) investigated by Zipf et al.

2016 ). 10 Be-analysis of such small ice samples is possible with the

resent AMS technology especially from sites where low snow accumu-

ation rates (about 3 cm ice per year) lead to relatively high 10 Be concen-

rations. For example, 50 g-sized 10 Be samples from the EPICA Dome C

EDC) ice core were successfully measured at the Tandetron-based AMS

acility in Gif-sur-Yvette (France) ( Raisbeck et al., 2006 ). 10 Be in even

maller rain water samples (18–51 g) with lower 10 Be concentrations,
2 
hich is matrix-wise similar to molten ice, was also successfully mea-

ured at the DREAMS (DREsden Accelerator Mass Spectrometry) facility

n Germany ( Tiessen et al., 2019 ). 

The major difference in the sample preparation of such small

mounts of ice is the possibility to omit ion exchange column (IEC)

hemistry. When measuring 10 Be in ice or rain water, one has to re-

ove the relatively large volume of melt water, while retaining Be at

he same time. This can be achieved by either evaporation or by sepa-

ation of Be from the melt water using an IEC. Samples as small as 50 g,

n the other hand, can fit in most centrifuge tubes (e.g. 50 ml or 100 ml

ubes) and, therefore, can be processed without IECs via direct precip-

tation of Be(OH) 2 ( Raisbeck et al., 2006 ). Avoiding the IEC chemistry

ill save time and resources which is vital for routine measurements

f large numbers of 10 Be samples. However, some of the deepest ice

amples from EDC could not be processed without IECs due to the fact

hat Be(OH) 2 did not precipitate well ( Raisbeck et al., 2006 ). One of the

ossible reasons given by ( Raisbeck et al., 2006 ) was the interference

f drill fluid with the Be(OH) 2 precipitation process. Such complica-

ions are not expected with the LDC samples since RAID is a dry drilling

ethod, i.e. no drill fluid is used. Nevertheless, it is still important to

nsure that 10 Be can be extracted from the ice chips without IECs and

o test whether the drill chip measurements can be used to assess the

tmospheric 10 Be production signal similar to measurements on an ice

ore. 

.1.2. Test samples 

Before investigating the small drill chip samples, a suitable and prac-

ical method to prepare the ice for AMS measurements needs to be eval-

ated. A systematic test of the preparation procedure was conducted on

arious ice samples. The test samples included well-mixed surface ice

hips from the LDC site, and snow collected in Lund (Sweden) during

he winter of 2018/2019. Due to the high precipitation rate in Lund, the

now samples are expected to have relatively low 

10 Be concentrations in

he same order of magnitude as ice core samples from Greenland. There-

ore, the snow was used to test the preparation procedure for possible

uture ice core projects in Greenland as well as other sites with similar

recipitation rates. The test was also conducted on blank samples (i.e.,

ighly purified frozen Milli-Q water). 

In a first test, we varied the amount of 9 Be carrier for the blank sam-

les, particularly 0.1, 0.15 and 0.2 mg, to evaluate the practical limits for

ow carrier amounts in the preparation and measurement process. The

oal was to determine the optimal amount of 9 Be carrier for our AMS

easurements in terms of highest measurement efficiency. We define

easurement efficiency as the number of 9 BeO 

− ions collected in the

araday Cup on the low energy side of the AMS system within a given

easurement time relative to the number of 9 Be atoms in the carrier.

econdly, we tested whether the drill chips and small ice samples from

igh precipitation sites can be processed without IECs. In a standard

EC procedure, Be is extracted from the IEC columns using HCl. Subse-

uently, Be(OH) 2 precipitate will form after raising the pH to the range

f 8 - 10 via addition of NH 4 OH. However, this process also generates

H 4 Cl which could sublimate at ∼340°C during the following heating

rocess aiming at oxidising beryllium. This could lead to contamination

nd/or cause problems to the heating system. Therefore, the Be(OH) 2 
recipitate is often washed with purified water to remove NH 4 

+ and Cl − .

t is noted that the standard 9 Be carrier solution could also contain HCl.

ince we aim to use a smaller amount of 9 Be carrier and to avoid IECs,

here is little Cl − in our samples. Moreover, a step-wise heating process

see details below) will be employed to oxidise Be(OH) 2 to BeO which

ould potentially overcome the sublimation problem. Therefore, we will

est whether eliminating the washing step can make the sample prepa-

ation procedure more efficient while yielding similarly good results.

inally, our last objective is to test a recently proposed co-precipitation

ethod for Be-cathode preparation that could potentially yield 1.5 times

ore ion source efficiency at the ETH 6 MV Tandem facility ( Christl and

ubik, 2013 ). This new preparation method involves co-precipitation of
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Fig. 1. Summary of the preparation steps for AMS 10 Be sample preparation. 

The steps with the red arrow on the right (IEC, precipitation with Fe and wash- 

ing) are the processes that we tested in order to determine the most efficient 

method for the preparation of small ice core samples. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Table 1 

Summary of the test sample series. 

Sample groups Procedures Replicates + 9 Be (mg) + Fe (mg) Washing IEC Nb/Be (at/at) Fe/Be (at/at) 

Blank None 3 0.10 0 No No 1 0 

3 0.15 0 No No 0.65 0 

3 0.20 0 No No 0.5 0 

+ 
Fe 

3 0.10 0.15 No No 1 0.24 

3 0.15 0.15 No No 0.65 0.16 

3 0.20 0.15 No No 0.5 0.12 

Washing + Fe 3 0.10 0.15 Yes No 1 0.24 

3 0.15 0.15 Yes No 0.65 0.16 

3 0.20 0.15 Yes No 0.5 0.12 

LDC 

sur- 

face 

ice 

chips 

None 3 0.15 0 No No 0.65 0 

+ Fe 3 0.15 0.15 No No 0.65 0.16 

Washing + Fe 3 0.15 0.15 Yes No 0.65 0.16 

IEC + Fe 3 0.15 0.15 No Yes 0.65 0.16 

Lund 

snow 

None 3 0.10 0 No No 1 0 

+ Fe 3 0.10 0.15 No No 1 0.24 

Washing + Fe 3 0.10 0.15 Yes No 1 0.24 

IEC 3 0.10 0 No Yes 1 0 

B  

i  

h  

L  

fi  

w

2

 

a  

t  

p  

(  

e  

m  

(  

b  

g  

(

(  

s  

c  

o  

w  
e(OH) 2 with Fe before the oxidisation of Be. Subsequently, Nb powder

s mixed with BeO (with and without Fe) and pressed into AMS target

olders. We will test the samples at the 300 kV MILEA facility of the

aboratory of Ion Beam Physics at ETH Zurich. A better ion source ef-

ciency will significantly increase the measurement quality of samples

ith low 

10 Be concentrations. 

.2. Testing the preparation procedure 

Fig. 1 summarises the preparation steps (including the testing steps)

pplied to our 10 Be samples. In addition, Table 1 provides the informa-

ion regarding our test series including sample description, preparation

rocedures, as well as Nb/Be and Fe/Be mixing ratios. 27 blank samples
3 
50 g of frozen Milli-Q water each) were divided into three groups. For

ach group, different amounts of 9 Be carrier (Scharlau Beryllium 1000

g/l, Be 4 O(C 2 H 3 O 2 ) 6 in 2% HCl solution) were added to the blanks

0.10, 0.15 and 0.20 mg 9 Be per blank) before they were melted in glass

eakers. The samples were then transferred into 50 ml plastic centrifu-

ation tubes. 0.15 ml of Fe solution (1000 ppm) was added to two thirds

18/27) of the blank samples before they were precipitated as Be(OH) 2 
and Fe-hydroxide) by adding 2 ml of NH 4 OH solution (25%) and sub-

equent centrifugation. The supernatant liquid was discarded from the

entrifugation tubes leaving only the gel-like precipitates inside. For half

f the blank samples with Fe ( n = 9), the newly formed precipitates were

ashed twice with Milli-Q water (pH = 7) to remove NH 4 
+ and Cl − . The
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ther half ( n = 9) were not washed. The rest of the samples ( n = 9) were

irectly precipitated without adding Fe. All of the blank samples were

hen transferred into quartz crucibles in order to be oxidised to BeO via

 three-step heating process. The heating temperature first stayed at 150

C for two hours followed by an increase from 150 °C to 850 °C within

 h, and finally the temperature was held at 850 °C for another two

ours. The oxidised blank samples were then mixed with approximately

 mg of Nb-powder ( − 325 mesh, 99.8%). The mixtures were pressed

nto the AMS targets in the final step of the sample preparation. 

The surface ice chips were mixed and divided into 12 small samples

50 g each). 0.15 mg carrier was added to the samples before melting as

his was considered a preferred carrier amount for these samples. Three

f the samples were passed through IECs (Bio-Rad, AG 50W-X8, 100–

00 mesh, 0.8 × 4cm). Be 2 + binding to the IECs was then extracted using

5 ml HCl (4 Mol/L). Be eluted from the IECs was co-precipitated with

e and NH 4 OH solution similar to the blanks. Of the nine samples that

ere not passed through IECs, six samples were co-precipitated with Fe

nd NH 4 OH and half of latter batch ( n = 3) was washed twice with Milli-

 water. The three remaining samples were directly precipitated with

H 4 OH without adding Fe or washing the precipitate. All of the samples

ere oxidised (same heating steps as the blanks) before mixing with

pproximately 1 mg Nb-powder and pressing into the sample holders. 

The snow sample from Lund was also mixed and divided into 12

maller samples (50 g each) which were then prepared with the same

rotocol as the surface ice chips. However, the samples that had passed

hrough IECs were directly precipitated without additional Fe. In addi-

ion, only 0.1 mg carrier was added to all of the snow samples. A smaller

mount of 9 Be carrier was used here because of the relatively low 

10 Be

ontent of the snow which could otherwise result in too low 

10 Be/ 9 Be

atios. Lower 10 Be/ 9 Be ratios will lead to larger measurement errors due

o the background correction uncertainties. 

Overall, three replicates were produced for each test group and the

esults can be used for statistical analysis. In total, five different prepara-

ion procedures were tested including “None ”, “+ Fe ”, “Washing + Fe ”,

IEC + Fe ” and “IEC ” (see Table 1 ). In addition, different amounts of
 Be carrier were tested for the blank samples, i.e. 0.10 mg, 0.15 mg and

.20 mg ( Table 1 ). All of the measurements were performed at the ETH

urich 300 kV MILEA AMS facility. The measurement time for all sam-

les was between 20 and 25 min, except for one surface ice chip sample

hat had a counting time of 12 min (figure S3). 

For each group, we performed an analysis of variance (ANOVA)

 Ståhle and Wold, 1989 ) to investigate the effects of the procedures

isted in Table 1 on the measured 10 Be/ 9 Be ratio, the BeO ion cur-

ent and the relative measurement error. We also analysed whether the

mount of 9 Be carrier had an impact on our results for the blank sam-

les. For instance, we computed the variance in the results depending

n the different procedures and/or the 9 Be carrier amount. This explain-

ble variance was then divided by the residual (unexplainable) variance

n the results to derive the so-called F-statistic. A F-statistic significantly

arger than 1.0 means that most of the variance can be predicted by

ndependent variables (i.e. the different procedures and/or the amount

f 9 Be carrier) and therefore indicates the effects of the independent

ariables on the results ( Ståhle and Wold, 1989 ). A F-test was then con-

ucted assuming the F-statistic following an F-distribution under the

ull hypothesis that the different procedures and the amount of carrier

o not have any influence on the performance parameters and on the
0 Be/ 9 Be ratio (i.e. the probability of obtaining a large F-statistic is low).

he significance of the F-statistic is indicated by the p-value that is the

robability of obtaining a larger value than the F-statistic. The larger

he F-statistic the smaller is the p-value. The effects of the independent

ariables are commonly considered significant if the p-value is smaller

han 0.05. 
t  

b  

a  

S

4 
. Results and discussion 

.1. Test sample results 

Fig. 2 displays the results of 10 Be/ 9 Be measurements. The black sym-

ols in the figure illustrate the samples that were prepared with the sim-

lest procedure, i.e. no IEC, no washing of the Be(OH) 2 precipitate and

o addition of Fe ( “None ” in Table 1 ). The test samples with additional

e ( “+ Fe ” in Table 1 ) are indicated in orange and the test samples that

ere washed and co-precipitate with Fe ( “Wash + Fe ” in Table 1 ) are

hown in blue. Finally the test samples processed with IECs ( “IEC ” and

IEC + Fe ” in Table 1 ) are shown in green. 

The isotopic ratios of the blank samples ( Fig. 2 a) spanned from

.3 × 10 − 14 to 1.6 × 10 − 14 . Our ANOVA results (table S1, supplemen-

ary) show a significant decrease in the 10 Be/ 9 Be ratio with increas-

ng 9 Be amount for the samples that followed the “None ” procedure

p-value = 0.02 ∗ ) and the samples with Fe (p-value = 0.03 ∗ ). The de-

reasing ratios with increasing 9 Be carrier amount (black and orange

quares in Fig. 2 a) could indicate a constant contamination with 10 Be

independent of the carrier) during the sample preparation. However,

o significantly decreasing trend was found (p-value = 0.15) for the

ashed samples (blue squares in Fig. 2 ). On the contrary, an increase in

he carrier amount from 0.15 mg to 0.20 mg corresponds to a rise in the
0 Be/ 9 Be ratio of washed samples from 0.9 × 10 − 14 ( ± 0.16 × 10 − 14 ) to

.4 × 10 − 14 ( ± 0.16 × 10 − 14 ). One possible explanation for this unex-

ected result is that the washing step increased the 10 Be contamination

ue to dust input and possibly (but rather unlikely) some 10 Be in the

illi-Q water used for the washing step. However, the exact cause of

his slight elevation in 10 Be/ 9 Be ratio is uncertain and the statistical

asis for this observation is weak. Also, at such low levels even alterna-

ive explanations such as 10 Be in the Nb powder or in the target holders

annot be excluded. 

Fig. 2 b and c show that different preparation procedures i.e., adding

e, IEC chemistry and washing Be-hydroxide did not significantly in-

uence the 10 Be/ 9 Be ratios ( p = 0.41 and 0.39, respectively, table S2).

ence, all of the procedures have led to comparable results. However,

he washed samples of surface ice chips and Lund snow (blue colour)

ad somewhat inconsistent results among the replicates. We conducted

 chi-squared test ( Montgomery and Runger, 2018 ) to investigate the ef-

ect of the different procedures on the 10 Be concentrations (at/g) among

he replicates (figure S1, supplementary). The results indicate that the

ashed blank samples with 0.1 mg 9 Be carrier, and the washed samples

rom surface ice chips and Lund snow showed significant differences

mong the replicates. The 𝜒2 test statistics of these washed samples were

.4, 8.9 and 10.6, respectively, exceeding the 95% confidence interval

f a one-sided chi-square test (around 6 with two degrees of freedom).

his inconsistency illustrates that the washing step has led to less repro-

ucible results in our tests. The previously proposed hypothesis that the

ashing step increases possible contamination risk is consistent with

his observation even though, to our knowledge, there is no obvious

rocess that could lead to a contamination during the washing process.

Fig. 3 shows the development of the BeO-current during the AMS

easurement for the blank samples. The current is shown as average

eO-current per pass, with one pass lasting 112 s. According to expec-

ations, a higher 9 Be carrier amount generally resulted in a higher cur-

ent. Blank samples containing Fe ( Fig. 3 b and c) have led to more re-

roducible currents with better agreement between the three replicates.

oreover, “+ Fe ” samples ( Fig. 3 b) did not show a decreasing trend

ven after 25 min measurement time. Thus, they could potentially be

easured for a longer time which would allow for a reduction of the

easurement uncertainty. Meanwhile, the “None ” samples ( Fig. 3 a) had

eO-currents that peaked around 10 to 15 min and mostly decreased af-

erward. These results also show that the total efficiency ( Fig. 4 b) can

e significantly increased by longer measurement times. Similar results

re observed for the samples of surface ice chips and Lund snow (Fig.

2 and S3, supplementary information). 
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Fig. 2. The 10 Be/ 9 Be isotopic ratio ( ± 1- 𝜎 measurement un- 

certainties) of the blank samples (a), and of the LDC surface 

ice chips (b) and Lund snow (c). Different procedures are in- 

dicated by different colours. The amount of 9 Be carrier in 

the blank samples is represented by the size of the symbols 

(small size for 0.1 mg, medium size for 0.15 mg and large 

size for 0.2 mg 9 Be carrier). The 10 Be/ 9 Be ratios of blank 

samples tend to decrease with increasing 9 Be amount, ex- 

cept for the blank samples prepared with the “Wash + Fe ”

procedure (blue symbols, panel a). The amount of 9 Be car- 

rier used to prepare the ice chips and snow was 0.15 mg 

and 0.10 mg, respectively. Different preparation methods 

mostly produced similar 10 Be/ 9 Be results that agree within 

measurement uncertainties. (For interpretation of the refer- 

ences to color in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 3. AMS BeO-current development for different preparation pro- 

cedures of the blank samples, i.e. (a) “None ”, (b) “+ Fe ”, and (c) 

“Wash + Fe ”. The different amount of 9 Be carrier is represented by the 

different colours. Blank samples containing Fe (subplots b and c) had a 

more similar BeO-current development among the three replicates. Also, 

the current of “+ Fe ” samples (b) did not decrease even after 25 min 

measurement time. Therefore, adding Fe could potentially lead to more 

reproducible results and smaller measurement uncertainties via a longer 

measurement time. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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The average BeO-currents are shown in Fig. 4 a. The averages rep-

esent the 25-min measurement time for blank samples and the 20-min

easurement time for the other samples (LDC surface ice chips and Lund

now). As expected, the amount of 9 Be significantly affected the average

MS ion current of the blank samples (p-value < 0.01 ∗ , table S1). The

verage BeO-currents of the blank samples increased by about 0.6 𝜇A

or a 0.05 mg 9 Be carrier increment. On the other hand, the amount of
 Be carrier should not be too large to ensure that the 10 Be/ 9 Be ratio of

ce samples remains considerably higher than that of the blank samples.

deally, the 10 Be/ 9 Be ratio of blank samples should be below 5–10% of

he 10 Be/ 9 Be ratio of the small ice samples. In this case, a blank correc-
5 
ion (i.e. the subtraction of the blank ratio from the sample ratio) will

ot increase the measurement uncertainties significantly. If we consider

he “None ” procedure, for example, the Lund samples and the LDC sam-

les contained on average 1.0 × 10 4 and 6.0 × 10 4 10 Be atoms per gram,

espectively. They produced 10 Be/ 9 Be ratios of 7.4 × 10 − 14 (snow) and

0.1 × 10 − 14 (surface ice chips) on average, with 0.10 mg and 0.15 mg
 Be carrier, respectively ( Fig. 2 c and b). These ratios are significantly

igher than the corresponding blank ratios which were 0.90 × 10 − 14 

nd 0.87 × 10 − 14 on average for 0.10 mg and 0.15 mg 9 Be carrier, re-

pectively. Therefore, the blank correction will give good results in the

ested cases. In summary, there is always a trade-off between 10 Be/ 9 Be
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Fig. 4. The average measurement current (a) and apparent measurement efficiency for 9 Be (BeO) based on 20 min measurement time (b). Different procedures 

and sample groups are represented by different colours and symbols. One “IEC + Fe ” sample from LDC was excluded (in panel b) due to significantly shorter 

measurement time. Different preparation procedures mostly resulted in similar average measurement current and apparent measurement efficiency, except for the 

samples processed with IECs (green colour) which tended to reduce the average current as well as the efficiency. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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atios well above the background level versus good currents that lead to

ufficiently long measurement times. 

Fig. 4 a shows that different preparation procedures did not signifi-

antly influence the average measurement current of the surface ice chip

amples (p-value = 0.17, table S2). The “IEC + Fe ” and the “Wash + Fe ”

amples of the surface ice chips had lower current, on average, than the

None ” samples and the “+ Fe ” samples ( Fig. 4 a). However, this reduc-

ion in current was not statistically significant. On the other hand, we

ound a significant effect of the different procedures on the average BeO

urrent for the snow samples (p-value < 0.01 ∗ , table S2). Here, the av-

rage current of the “IEC ” samples was about 0.56 𝜇A lower than for

he other samples ( Fig. 4 a) indicating that Be was potentially lost dur-

ng the IEC process of the Lund samples. A possible reason is an incom-

lete extraction/recovery of Be 2 + from the IECs. This results in a correct
0 Be/ 9 Be (as seen in Fig. 2 c) but a lower measurement current which

an affect the required measurement time and the final uncertainty. 

We assessed the apparent ionisation efficiency of the ion source

 Fig. 4 b) by integrating the negative BeO ion current over 20 min and by

ividing this value by the total number of Be atoms in the sample. The

ore BeO ions can enter the AMS system within a given measurement

ime the better the combined performance of the preparation method

nd the AMS system ( Christl and Kubik, 2013 ). Fig. 4 b also shows that

ifferent preparation procedures do not significantly influence the ion

ource efficiency except for the “IEC + Fe ” procedure of Lund snow,

hich resulted in an average efficiency lower than the other procedures

y 0.05%. This result is mirrored by the average current out of the ion

1

 

6 
ource ( Fig. 4 a) as discussed above. On the other hand, adding Fe did

ot result in an increased ion source efficiency within the default mea-

urement time. 

In conclusion, our test samples could be prepared without the use

f IECs. The Be(OH) 2 precipitated well and the resulting 10 Be/ 9 Be ra-

ios showed no problem. Washing the Be(OH) 2 precipitate was also not

ecessary for the test samples. Although co-precipitation of the sam-

les with Fe did not result in an increased ion source efficiency, the

rocedure generated more reproducible measurement currents and also

ffers the opportunity for higher efficiencies via longer measurement

imes. In addition, adding Fe helped handling the sample better through-

ut the preparation process due to the better visibility of the Be hy-

roxide/iron precipitate. The co-precipitation of Be with Fe produced

 reddish-brown colour from Fe(OH) 3 instead of a white translucent

olour from Be(OH) 2 only. This allows for a better identification and

andling of the samples and therefore reduces the probability of losing

ample material. This can lead to more precise measurement results,

specially when many samples are prepared on a routine basis. 

.2. Achievable measurement uncertainties 

Fig. 5 illustrates the dependence of the relative measurement uncer-

ainty on the total number of 10 Be atoms in the samples and the effi-

iency in detecting those 10 Be atoms within a given measurement time.

he total apparent efficiency (i.e. the number of 10 Be atoms detected

y AMS within a given measurement time divided by total number of
0 Be atoms in the sample) could significantly influence the results for
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Fig. 5. The measurement uncertainty as function of the number of 10 Be 

atoms per sample and total efficiency for a given measurement time of 

25 min (blanks) and 20 min (other samples). The mean and ± 1- 𝜎 error 

of the blank samples are represented by the big black square. For the ice 

chips and snow, the results after background correction (see text for de- 

tails) of different sample groups and procedures are indicated by different 

symbols and colours. The red lines represent the expected relative error 

(assuming that the counting statistics is dominating the final uncertainty) 

according to different levels of total efficiency. Most of our test samples 

were measured at a total efficiency of about 0.01% - 0.02%. In addition, 

the measurement uncertainties were mainly determined by the number of 
10 Be atoms in the samples. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 
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amples with a low amount of 10 Be, e.g. the snow samples and compara-

le samples from Greenland of the same size. The influence on relative

easurement error was not an issue for samples with relatively high

oncentrations of 10 Be atoms such as the LDC ice chips. Most of our test

amples had a total apparent efficiency of about 0.01% to 0.02% which

eans that within the given measurement time (20–25 min/sample)

bout one or two 10 Be atoms can be detected for every 10,000 10 Be

toms in the sample. The measurement time could have been prolonged

or all samples (see Fig. 3 and also Fig. S2 and S3) which would further

ncrease the number of 10 Be detections per sample and therefore the

otal apparent efficiency. 

The number of 10 Be atoms measured in the 50 g blank samples

8.8 × 10 4 ± 4.1 × 10 4 atoms, black squares in Fig. 5 ) indicated the

ackground levels for 50 ml MilliQ “samples ”. We did a background

orrection for the samples of LDC surface ice chips and Lund snow. We

ubtracted the blank 10 Be/ 9 Be ratio, and incorporated the measurement

ncertainties of the blank samples to the measurement uncertainties of

he ice and snow samples. As shown above, different preparation meth-

ds have led to similar 10 Be/ 9 Be results. Therefore, we used the average

esults of all blank samples with 0.15 mg 9 Be carrier to correct for the

DC samples, and the average results of all blank samples with 0.10 mg
 Be carrier to correct for the Lund snow samples. The stars in Fig. 5 sym-

olise the snow samples from Lund that contained on average 39.8 × 10 4 

 ± 9.2 × 10 4 ) 10 Be atoms and had a mean measurement uncertainty of

4.6% ( ± 2.8%). The 50 g LDC surface ice chips (circle symbols in Fig. 5 )

ontained on average 309.5 × 10 4 ( ± 21.2 × 10 4 ) 10 Be atoms, which is

ix times higher than in the snow from Lund. The measurement uncer-

ainty of the surface ice chips (4.8% ± 0.7%) was consequently lower

han for the snow samples. On the other hand, we found no significant

ffect of the different procedures on the relative error of the surface ice

hip and Lund snow measurements (p-value = 0.25 and 0.85, respec-

ively, table S2). 

.3. Quality and potential of a novel 10 Be record from the LDC deep ice 

hips retrieved with RAID 

In the following we show results where we applied the “+ Fe ” prepa-

ation procedure with 0.15 mg 9 Be carrier to prepare the LDC deep ice

hips retrieved with RAID. Each of the samples covered a depth rang-

ng from 21.5 cm to 66.7 cm with a mean depth resolution of 43.6 cm.

ur deep ice chips from LDC are from a location close to the drill site

f the EDC ice core (75°05 ′ 59 ′′ S, 123°20 ′ 59 ′′ E). Therefore, we can as a
7 
rst-order estimation transfer the EDC time scale to our LDC samples.

he sampling resolution (i.e. number of years represented by each ice

hip sample) is expected to vary between 4 and 15 years (depending on

epth range, compaction and depth) according to the chronology of the

DC ice core (figure S4) ( Parrenin et al., 2007 ). 

We also prepared and measured a blank sample for every 10 or 15

amples of ice chips to keep track of the background 10 Be concentra-

ion. The blank correction was conducted by subtracting the background
0 Be/ 9 Be ratio indicated by the blank samples from the 10 Be/ 9 Be ratio of

he ice chip samples, and incorporating the measurement uncertainty of

he blank samples to the measurement uncertainty of the corresponding

ce chips samples via error propagation. The result of 10 Be concentra-

ions and associated measurement uncertainties (after blank correction)

re shown in Fig. 6 . 10 Be concentrations of the LDC deep ice chips range

rom around 3.8 × 10 4 to 8.0 × 10 4 at/g with a mean of 5.7 × 10 4 at/g.

MS measurement uncertainties range from about 2.2% to 5.5% with a

ean of 3.3%. The sample with the smallest weight of 25 g has a mea-

urement uncertainty of 4.3%. The sample on top, which is closest to

he surface, is likely to have an age spanning from 2013 to 2017 C.E.

ccording to the EDC chronology. This top sample has a 10 Be concentra-

ion of 5.5 × 10 4 ( ± 0.2 × 10 4 ) at/g lower than the 10 Be concentration in

017 C.E. which is 6.2 × 10 4 ( ± 0.3 × 10 4 ) at/g recorded in the surface

ce chips. The reason might be that solar activity was stronger between

013 and 2016 C.E. ( Svalgaard and Schatten, 2016 ) and consequently

ess 10 Be was produced in the atmosphere. 

Fig. 7 a shows the comparison to 10 Be concentrations from the South

ole ice core ( Raisbeck et al., 1990 ) and the global 14 C production

ate. Periods of extended low solar activity can be observed as peri-

ds of enhanced 10 Be concentrations. For example, the Spörer Mini-

um from around 1450 to 1550 C.E. and the Maunder Minimum from

round 1645 to 1715 C.E. are observed around 25–30 and 18–23 m

epth, respectively. The solar minima visible in the LDC 

10 Be concen-

rations were synchronised ( Fig. 7 a) to the mean global 14 C production

ate inferred from IntCal20 ( Reimer et al., 2020 ) via carbon cycle mod-

lling ( Reimer et al., 2020 ; Siegenthaler, 1983 ). The uncertainties in

he new IntCal20 calibration curve were included by using 100 pos-

erior realisations of possible atmospheric 14 C curves obtained by fit-

ing Bayesian splines to the 14 C data underlying IntCal20 ( Reimer et al.,

020 ; Heaton et al., 2020 ). Here we report the average 14 C production

ate obtained from the 100 calculations. The surge in atmospheric CO 2 

rom 1850 C.E. due to fossil-fuel burning was also included to account

or the dilution of 14 C in relation to 12 C ( Muscheler et al., 2007 ). The
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Fig. 6. 10 Be concentrations and associated measurement uncertainties of the LDC ice chips drilled with RAID. The black dot and black line show the mean 10 Be 

concentration and average measurement uncertainty of the tested surface ice chips (after blank correction) for comparison. 
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4

4 C production rate was normalised to the pre-industrial mean. The two

ecords of 10 Be and 14 C are expected to show the same relative changes

s a result of the varying production rates through solar and geomag-

etic shielding ( Muscheler et al., 2007 ). This allows us to refine the

imescale of RAID samples via the established 14 C timescale. 

The timescale presented here ( Fig. 7 a) is a preliminary timescale

f the LDC samples. The uncertainties of ice core timescales obtained

ia this 10 Be to 14 C synchronisation method around the investigated

ime interval are typically in the ranges of 5–10 years ( Adolphi and

uscheler, 2016 ). The synchronisation uncertainties also rely on tem-

oral resolution of the data and therefore will be different for different

ections. The LDC timescale agrees well with the EDC time scale above

he depth of 24 m (figure S4). Below that depth, the estimated LDC

imescale shows an older age than the EDC timescale at the same depth.

he age difference increases gradually to 40 years at the depth of 32 m.

The 10 Be concentrations measured in the ice chips agree relatively

ell with the mean 14 C production rate ( r = 0.58, Fig. 7 a) and the 10 Be

oncentrations from the South Pole ice core ( r = 0.47, Fig. 7 a), especially

round the Spörer Minimum and the Maunder Minimum. However, the

DC samples show larger variability after 1850 C.E. compared to the

ther records. This difference potentially originates from the transport

nd deposition processes of the radionuclides. For example, 10 Be con-

entrations in ice cores are likely affected by the local weather and cli-

ate conditions during the atmospheric transport and deposition pro-

ess of 10 Be ( Muscheler et al., 2016 ; Field et al., 2006 ; Heikkilä and

mith, 2013 ; Pedro et al., 2006 ; Pedro et al., 2011 ; Pedro et al., 2012 ;

heng et al., 2020 ) and potentially also by stratospheric volcanic erup-

ions ( Baroni et al., 2019 ). The larger variations could be induced by

he relatively high sampling resolution in the top layers of the LDC ice

hips (4–8 years per samples) and potentially some randomness in the

ampling of the rather soft top layers. In comparison, the sampling res-

lution of the top layers of the South Pole ice core was 6–14 years per

ample ( Raisbeck et al., 1990 ) which resulted in more smoothening and

herefore less variability. In addition, the measured 14 C records are in-

uenced by the global carbon cycle mainly through fossil fuel burning,

hat, however, has been included in the calculation of the 14 C production

ate ( Muscheler et al., 2007 ). Nevertheless, it is possible that the carbon

ycle effects could not be eliminated completely by our box-diffusion

odel and that the smoothed IntCal20 data set does not capture the full

ange of 14 C variability. These reasons could explain the differences in

hort-term variations between the records. 

 

p  

8 
The short-term weather and climate signals and the poorly resolved

1-year solar cycle can be removed via computing 25-year running aver-

ges of the normalised 10 Be concentrations ( Vonmoos et al., 2006 ). The

emaining long-term changes in the 10 Be concentrations of the ice chips

greed better with the running mean of 14 C production rate ( r = 0.72,

ig. 7 b) and the running mean of the 10 Be concentrations from the South

ole ice core ( r = 0.74, Fig. 7 b). This shows that the ice chips drilled

ith RAID are promising samples for assessing the long-term changes

n the 10 Be deposition rate at different ice core sites with benefits for

mproving the assessment of long-term solar and geomagnetic shielding

f galactic cosmic rays. 

There was potential smoothing in the 10 Be concentrations because

f possible mixing of drill chips in the barrel during each run while

rilling the ice chips. Even though the sampling procedure was done in

rder to get a good average sample for each depth interval, there is still

he possibility of some randomness in the sampling procedure. Possible

ixing was tested using a realisation of the 14 C production rate (ran-

omly selected among the 100 realisations), since the mean production

ate of 14 C was too smooth compared to the 10 Be data. The annual 14 C

roduction rate of the selected realisation was averaged to achieve the

ame temporal resolution as the 10 Be data (blue line in Fig. 8 ). We then

ssumed an increase in the depth range for each ice sample by 10 cm

5 cm on each side) to simulate a 10-cm mixing scenario and computed

ew ages for the temporal coverage of the 10 Be samples. Subsequently,

e re-averaged the 14 C production rate with the new temporal resolu-

ion (orange line in Fig. 8 ). This assumed mixing scenario leads to a

ecreased temporal resolution of 3.3 to 4.9 years compared to the un-

ixed scenario. There was significant reduction in variation of the 14 C

roduction rate, especially after 1830 C.E. where the samples cover the

hortest time intervals. Several adjacent samples substantially overlap

n this scenario and, therefore, show very similar values for the 14 C pro-

uction rate. On the other hand, the LDC 

10 Be concentrations after 1800

.E. show significant short-term variability indicating that the ice sam-

les were unlikely to be well mixed. Furthermore, from the drilling and

ampling procedure we expect that the 10 cm mixing scenario is rather

 worst-case assumption. In conclusion all these considerations suggest

 level of smoothing that is negligible for medium to long-term studies

f 10 Be deposition. 

. Conclusion 

We conducted a systematic test of different ice sample preparation

rocedures for 10 Be AMS measurement to determine a suitable and prac-
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Fig. 7. (a) Normalised 10 Be concentrations from the LDC drill chips (solid blue line) and the South Pole ice core ( Raisbeck et al., 1990 ) (dashed orange line) 

in comparison to the normalised mean 14 C production rate (black solid line). The 14 C production rate was normalised to the pre-industrial mean, and the 10 Be 

concentrations was normalised to have the same mean with the 14 C production rate for the period of overlap. The grey band depicts the 95% confidence interval 

of 100 14 C production rate realisations. The 14 C production rate is shown at annual resolution but is smoothed due to the construction of the average IntCal20 
14 C record ( Reimer et al., 2020 ). The vertical grey lines demonstrate synchronisation points for 10 Be concentration from LDC ice chips to the 14 C production rate. 

Panel (b) shows 25-year running means of the 14 C production rate and 10 Be concentrations for the period from 1354 to 1950 C.E.. The correlation coefficients and 

associated significance levels are also shown. The long-term changes in 10 Be concentration of the LDC ice chips agree well with the long-term variations in the 10 Be 

concentration from the South Pole ice core and in the 14 C production rate. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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ical method to prepare small ice-core 10 Be samples such as the LDC ice

hips. Our results show that a relatively small amount of 9 Be carrier

an be used to achieve a good balance between 10 Be/ 9 Be ratio and BeO

egative ion current at the AMS facility at the Ion Beam Physics lab-

ratory at ETH Zurich. In particular, we used 0.15 mg 9 Be carrier for

he LDC ice chips and 0.1 mg 9 Be carrier for samples with lower 10 Be

oncentrations. In addition, our small ice samples ( ∼50 g of ice) did not

eed to be processed with IECs or washed with purified water after pre-

ipitation of Be(OH) 2 . Meanwhile, co-precipitation of the samples with

e offers the opportunity for higher efficiencies via longer measurement

imes and better handling of the ice samples due to the hue of the Be

ydroxide/iron precipitate. Our simplified preparation procedure could

e applied not only for the LDC ice chips but also for small ice samples

rom high precipitation sites such as Greenland and West Antarctica. 

The small samples of LDC ice chips (25–45 g) retrieved with RAID

ere prepared with the simplified preparation procedure. The result-

ng 10 Be concentrations clearly show various solar minima, i.e. the

pörer Minimum from around 1450 to 1550 C.E. and the Maunder Min-
9 
mum from around 1645 to 1715 C.E.. The initial timescale of LDC ice

hips could be improved via synchronisation of the solar minima to the

imescale of the global 14 C production rate. The longer-term variations

f 10 Be concentrations measured in the LDC ice chips agreed well with

he 10 Be concentrations in the South Pole ice core and the 14 C produc-

ion rate and, thus, reflect well the atmospheric production signal. On

he other hand, we also assessed the potential of mixing among the ice

hip samples during the process of drilling and retrieving the ice. Our

ssessment shows that the mixing could decrease the targeted temporal

esolution. However, for our sample depth from 0 to 33.5 m (corre-

ponding to the time period from 2017 back to 1354 C.E.) the temporal

esolution likely decreases less than 3 to 5 years due to drill chips mix-

ng. This can be considered insignificant for medium to long-term 

10 Be

tudies. Therefore, we conclude that ice chips retrieved with RAID are

romising samples for assessing the long-term changes in 10 Be deposi-

ion at different ice core sites. These novel 10 Be ice chip samples are

ecovered faster than the traditional ice-core samples and small ice chip

amples ( ≤ 50 g) can be relatively quickly prepared for AMS measure-
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Fig. 8. Possible effects of a drill-chip mixing scenario (see text) illustrated via its corresponding smoothing effect on the 14 C global production rate. The black dashed 

lines show the 10 Be concentrations in the LDC ice chips. The blue line shows the binned (averaged) version of the annual 14 C production rate with the same temporal 

resolution as the 10 Be data. The orange line shows the effects of a smoothing scenario with a 10 cm depth mixing of the drill chips. The comparison shows that a 10 

cm mixing scenario can be considered an upper limit for the mixing of drill chips. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 

m  

c  

T  

g

D

 

i  

t

A

 

p  

r  

(  

a  

d  

k  

S  

m  

s  

R  

0  

L  

n  

a  

c

S

 

t

R

A  

 

 

A  

 

B  

 

C  

 

 

C  

 

 

F  

 

H  

 

 

H  

 

 

K  

 

 

 

K  

 

L  

 

 

M  

 

 

M  

M  
ents. This creates an opportunity for fast recovery of ice samples for

ontinuous 10 Be records that depend less on major ice-core projects.

his could help us to improve the assessment of long-term solar and

eomagnetic shielding of galactic cosmic rays. 
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