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Abstract

The occurrence of 10Be in natural archives is commonly used to date their formation and growth on time scales of1

million years. Accelerator Mass Spectrometry (AMS) can perform a direct measurement of the 10Be/9Be ratio. The2

carrier-free method, in which no 9Be carrier is added to the original sample, is especially suitable for 10Be/9Be ratio3

determination in the marine environment. By normalizing the 10Be content to 9Be, temporal variations of Be uptake4

processes into the archive are eliminated.5

Here, we present a simple method for the chemical extraction of beryllium from ferromanganese (FeMn) crusts6

or nodules, the measurement procedure, and the first carrier-free 10Be/9Be measurements at the 3 MV AMS facility7

VERA. Several tests of chemical methods are discussed including different options to short-cut and accelerate the8

procedure for special cases. Results from FeMn crust 237KD from cruise VA13/2 in the Pacific ocean show the9

known 10Be/9Be distribution with depth that is commonly related to a changing growth rate of the archive. In this10

context we discuss the potential influence of diffusion and adsorption processes on the age models of FeMn crusts that11

are based on radioactive nuclides such as 10Be and 230Th. Including an open-system behavior for these isotopes in the12

description of their profiles allows interpreting the accumulation of crusts with a constant growth rate over millions of13

years and does not require the assumption of abrupt growth changes.14

Key words: 10Be, carrier-free 10Be/9Be, AMS, VERA, ferromanganese crusts

1. Introduction15

Dating environmental archives on the time-scale of several million years can be accomplished using the long-lived16

radioisotope 10Be (T1/2=1.39 Myr, Korschinek et al. (2010); Chmeleff et al. (2010)). The use of the 10Be/9Be ratio in17

dating assumes that 10Be follows 9Be during incorporation into an archive and that there has been a constant initial18

isotopic concentration over the time of formation without subsequent isotopic exchange. While 10Be is primarily19

produced in the atmosphere by spallation reactions of cosmic rays, 9Be is abundant in the lithosphere and from there20
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is transferred into aqueous media via erosion. In the ocean water no variations of 9Be due to changing weathering21

input are detected over the last 10 Myr (Willenbring and von Blanckenburg, 2010), i.e. 9Be is suitable to compensate22

for any effects caused by a potential temporal variability in the Be uptake process into an archive. Therefore, the23

10Be/9Be ratio can be assumed to be more robust than the 10Be concentration alone.24

In order to measure 10Be/9Be ratios it is crucial to determine minute amounts of the long-lived 10Be and the sta-25

ble 9Be without introducing any contamination for either of the two isotopes. There are few carrier-free approaches,26

measuring 10Be/9Be with SIMS (von Blanckenburg et al., 1996a) or AMS (Maden et al., 2004). Alternatively, the27

10Be/9Be ratio is determined by combination of an AMS measurement and a suitable mass-spectrometric determina-28

tion of 9Be concentration. In that case a conventional AMS measurement is conducted using several 100 μg of 9Be29

carrier and diluting the natural 10Be/9Be ratios that typically range from 10−7 to 10−11 by ≈3 orders of magnitude.30

The additional measurement of the natural 9Be content in the sample is typically carried out with ICP-OES (Graham31

et al., 2004), AAS (Ménabréaz et al., 2012) or ICP-MS (Feige et al., 2013).32

Disadvantages of the carrier-free method comprise the necessity to determine very low 9Be currents and that direct33

information on the 10Be concentration of the sample is not available without a further independent determination of34

the 9Be concentration in the sample.35

In an application such as the dating of a marine archive, however, where the 10Be/9Be ratio is the quantity of36

interest, the great advantage of the carrier-free method is that only one measurement, i.e. the AMS measurement, is37

required. This advantage is reinforced by the fact that the determination of the stable 9Be concentration in a sample38

aliquot is challenging and seems to be easily affected e.g. by matrix effects (Merchel et al., 2013).39

FeMn crusts are compact archives spanning periods of several half-lives of 10Be and thus are a suitable material to40

apply the carrier-free Be method. They exist only in oxidizing environments without sedimentation and accumulate41

material by precipitation from ocean water which results in slow growth rates of few mm/Myr. They reach total42

thicknesses of some centimeter. For dating these archives on short periods (< 1 Myr) 230Thexc is used (Eisenhauer43

et al., 1992); on longer time ranges than quantifiable with 10Be this can be performed with Os isotopes (Klemm et al.,44

2005). Alternatively, a magnetostratigraphic technique also shows results consistent with 10Be/9Be dating (Oda et al.,45

2011; Noguchi et al., 2017). In any case, the closed-system conditions for the element used to establish an age model46

are a fundamental requirement and highly mobile species such as uranium, for which open-system conditions in FeMn47

crusts have been documented (Neff et al., 1999), are not qualified.48

2. Materials and AMS setup49

2.1. Target materials and chemical preparation50

FeMn crusts are mainly composed of oxides of Fe and Mn (for 237KD from cruise VA13/2 CFe = 17.5% and51

CMn=23.9%, Eisenhauer et al. (1992)) with abundances of Na, Mg, Al, Ca in the range of a few percent. In contrast52

to those rather abundant elements the Be concentration usually amounts to several μg/g. With sample amounts of53

2



10-150 mg this leaves us with some 10 to some 100 ng of 9Be for the analysis. During the cruise VA13/2 the crust54

sample 237KD was recovered at 09◦25′ N, 146◦03′W from 4830 m water depth. It has a thickness of up to 40 cm55

and has been previously dated using 10Be (Segl et al., 1984; Segl et al., 1984) and 230Th (Eisenhauer et al., 1992).56

Furthermore, it has been used to derive the interstellar/Supernova 60Fe signal (Knie et al., 2004). For this crust a57

change in elemental composition is reported at an age of 13 Myr (Frank et al., 1999).58

The applied chemical procedure (Fig. 1) consisted of dissolution of the original material with subsequent column59

chemistry and a final coprecipitation in an Fe2O3 matrix, following previously described routines for the extraction60

of the authigenic Be from FeMn crusts or marine sediments (von Blanckenburg et al., 1996a; Lachner et al., 2013).61

The obtained material was pressed into Al cathodes. Targets used for tuning the machine consist of ≤1 μg Be in 2 mg62

Fe2O3. Chemistry blanks to study the entry of either 9Be or 10Be into the procedure were produced by using all63

chemicals required for the Be extraction without an original sample.64

10-150 mg

ferromanganese 

       crust

Dissolve in 5-10 ml 6M HCl (on hotplate)

A) Precipitation with NH3 (8<pH<9)
1) Optional: Centrifugate & transfer supernatant

2) Dilute with MilliQ (MQ) water

3) Precipitate with NH
3
 and remove supernatant

Mg, Mn, Ca, 

alkaline metals

Redissolve in 5 ml 6M HCl

Be(OH)
2
 precipitates together with FeO(OH)

and Al(OH)
3
, accompanied by Ti, Zr, the

rare earth metals, U, Cr, Cu, Ni, Zn, Co, 
Pb and parts of Mn.

B) Anion exchange: Fe-Separation

Fe, U, Zn and parts of  Zn, Cu, Pb and 
Co remain on the resin. Mn only slowly
moves through the resin.

1) Prepare column with 2.5ml

Biorad AG or Eichrom 1x8 (100-200 mesh)

2) Wash resin with 10 ml MQ water 

3) Clean resin with 10 ml 0.3M HCl

4) Condition resin with 10 ml 6M HCl

5) Load sample

6) Elute with 5 ml 6M HCl

Collect fractions 5 and 6

C) Precipitation with oxalic acid
1) Take to dryness on hotplate

2) Redissolve in 5-15 ml 0.4M oxalic acid

3) Centrifugate and transfer supernatant

D) Cation Exchange: Al Separation

1) Prepare column with 1ml 

Biorad AG50x8 (200-400 mesh)

2) Wash resin with 6 ml 5M HNO3
3) Clean resin with 8 ml MQ water

4) Condition resin with 8 ml 0.4M oxalic acid

Collect fraction 9

Elution of Be and traces of  Mn, Zn, Cu,
Ni, and Co.

E) Precipitation
Add iron and precipitate 

(0.5-1 mg Fe, NH3, pH>8)

F) Prepare targets
1) Wash solid precipitate with pH 8 water

    and remove supernatnatn

2) Take to dryness at 80° C

3) Combust in quartz crucible at 650° C

4) Press sample into target holder 

(for smaller samples dilute with Nb metal powder)

Be(OH)
2

FeO(OH)        
BeO
Fe

2
O

3

Al, Ti, Fe, Na, Mg 

Combust & Press

option 3

option 2: use precipitate of step A

option 1: use fractions 5 and 6 of step B

5) Load sample

6) Wash resin with 15 ml 0.4M oxalic acid

7) Clean resin with 2ml MQ water

8) Wash resin with 6ml 0.5M HNO3
9) Elute with 12ml 1M HNO3

Ca and the rare

earth elements

Figure 1: Schematic of the chemical procedure including options to short-cut the multi-step column chemistry.

The main component of the final carrier-free Be target is the Fe2O3 matrix, which dilutes the concentrated 9Be so65

that the targets last long enough during the measurement. As an alternative to the strong chemical pre-concentration66

followed by a controlled dilution we tested several options to reduce the chemical efforts or even to use the FeMn67

crust directly. Previous experiments on the extraction of Be from natural samples indicated that there are no negative68

influences of remainders of Al or Ti above a simple dilution effect (Merchel et al., 2008). For this reason, various steps69

of the chemical procedure were omitted and three different options of a reduced chemistry were studied. In this project70

thirteen samples were prepared from the crust 237KD retrieved by the cruise VA13/2. Four samples underwent short71
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versions of the chemical procedure. Several samples were from material with an independently determined 10Be/9Be72

ratio (Usui et al., 2007, 2017).73

2.2. AMS setup74

For 10Be measurements the AMS system VERA (e.g. Steier et al. (2004)) is operated at a terminal voltage of the75

pelletron accelerator of 3 MV along with stripping to the 2+ charge state. High transmission through the accelerator76

and sufficient energy for isobar suppression (E = 7.18 MeV) can be combined. The detection of 10Be2+ is carried out77

in a gas ionization chamber with a passive absorber consisting of a foil stack of SiN foils to stop the isobar 10B (Steier78

et al., 2019). Due to the lower 9Be content in the sample the interference from 9BeH2+ molecules in the detector is79

largely reduced compared to conventional measurements.80

2.3. Beam transport81

The BeO− extraction from the Fe2O3 target matrix is very efficient: In combination with the good transmission82

from the low energy side into the ionization chamber it enables us to detect more than 0.1% of the total material during83

the first hour of sputtering a target. Test samples containing a known amount of BeO show an output corresponding84

to a BeO− formation efficiency of 2% over a sputtering time of 2.5 h. Charge exchange in the stripper has been tested85

for Ar and He resulting in optimal conditions (55%) for Ar stripping to the Be2+ state at a terminal voltage of 3 MV86

and a lower maximum value (42%) for stripping with He gas. In contrast to the conventional 10Be measurements it is87

not required to raise the stripper gas pressure in order to suppress surviving 9BeH2+ molecules. The lower intensity of88

9BeH2+ from the carrier-free samples allows for operation at the pressure with optimum yield for the 2+ charge state.89

This slightly improves the measurement yield for the carrier-free method. For a stable measurement of the pA-nA 9Be90

currents a longer integration time is required and takes up ≈6% of the measurement time. By positioning the detector91

after a magnetic quadrupole allowing for optimal focusing of the beam through the 5 mm·5 mm absorber foil stack the92

10Be2+/9Be2+ ratio of the standards is measured at 80% of the nominal value. The losses of 10Be relative to 9Be are93

partially explained by the tight counting bin, while additional processes are still under discussion (Steier et al., 2019).94

Within 2.5 hours an overall efficiency of 0.8% for 10Be detection can be reached. On the whole, there is no major95

difference in efficiency for 10Be detection from carrier-free samples compared to a conventional determination.96

3. Results97

3.1. Chemical yield98

After a full chemical procedure the currents of real samples range from 0.5 to 15 nA 9Be16O−. At the same time99

the level of blanks for 9Be currents amounts to 10-25 pA with a 10Be counting rate 0.01-0.1 s−1. This introduction of100

9Be into the sample, which is monitored via the chemistry blanks, corresponds to additional 5 pg Be in the original101

material. Typically, traditional carrier-added targets exhibit 9Be16O− currents of 1 μA (Steier et al., 2019).102
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Previous 10Be/9Be measurements of the same material with conventional AMS (Fig. 2) and double preparations of103

the same material and measurement in different carrier-free beam times produce 10Be/9Be results that are consistent104

within 5% for 10Be/9Be ratios ≥10−9.
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Figure 2: Comparison between 10Be/9Be ratios determined with the carrier-free method at VERA and previous results (Usui et al., 2007, 2017) on

the same material.

105

Relative to a direct use of the raw FeMn crust material after combusting it at 650◦C an improvement of the output106

by a factor ≈5 (Fig. 3) can be accomplished by performing at least option 2 of the chemical separation (Fig. 1), i.e. the107

dissolution of FeMn material with a subsequent Fe hydroxide coprecipitation. Using option 1 a further factor ≈3 can108

be gained by including the steps with the first column and the subsequent coprecipitation with added Fe solution. Still,109

relative to the full chemistry another factor ≥4 is missing. These differences are related to the greater concentration of110

the samples if the full chemistry is performed. Furthermore, better purification of the material changes the composition111

of the AMS target, e.g. removing compounds with poor electric and thermal conductivity, and may increase the yield112

of the BeO− current. The different options show no major effect on the 10B intensity, which was measured for the113

different targets as the 10B2+ current in a Faraday cup directly in front of the detector at 5-50 pA.114

While the relative uncertainty for the 10Be/9Be ratio increased for the targets with reduced chemical treatment be-115

cause of the lower 10Be counting rate, the ratios are in good agreement (Fig. 3). Short-cutting the chemical procedure116

thus is an alternative for a quick screening of a large number of samples where precision dating is not required. With117

the reduced Be content in the AMS target and the lower Be output of the sample uncertainties are higher by a factor118

of two due to the lower counting statistics.119
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Figure 3: Short-cutting the chemical procedure results in lower 9Be currents but gives consistent results for the 10Be/9Be ratio.

3.2. Cross contamination120

In a measurement sequence of blanks and high standards we also determined the cross-contamination for 10Be121

in our ion source (type MC-SNICS, NEC, Middleton, USA). The cross-contamination for Be in the ion source is122

modeled depending on the rate and measurement time of standards and on the period between standard and blank123

measurement. For measurement parameters and sample run times during routine operation this results in a typical124

cross-contamination
10Be/9 Beblank

10Be/9 Bestandard
≈5·10−5. While continuously sputtering a sample the cross-contamination decreases125

roughly exponentially with a half-life of ≈ 35 minutes.126

3.3. FeMn crust samples127

The typical surface samples of FeMn crusts or nodules show values of 10Be/9Be≈10−7 and exhibit present-day128

ratios of ocean bottom water (von Blanckenburg et al., 1996b). The lowest crust sample in our study yielded a ratio129

of 10Be/9Be≈ (2.3 ± 0.7) · 10−11. From the decay law one may thus derive a dating range of at least ≈12 half-lives130

or 17 Myr. Even with a 30% measurement uncertainty for the lowest ratio this results in a relatively small dating131

uncertainty of 5% (≈1 Myr) if one can assume a strict abidance by the decay law. The assumption of a constant initial132

10Be/9Be ratio has to be tested over those timescales with an independent dating method.133

4. Modeling 10Be/9Be ratios in FeMn crusts134

The common interpretation for a kink in the 10Be/9Be ratio over depth (e.g. at ca. 15 mm in Fig. 4) is a changing135

growth rate G of the FeMn crust. Assuming a closed-system behavior of Be in the crust one can derive growth rates136

of 2.62±0.08 mm/Ma for the top 12 mm of the crust and 4.08±0.24 mm/Ma deeper than 12 mm or before 4.5 Myr137

from the presented data of crust 237KD. This estimation of the growth rates does not include the slightly lowered138

surface data point measured with the carrier free method. Such an inversion (Kusakabe and Ku, 1984) or a flattening139

(Mangini et al., 1986) has been previously reported for the 10Be/9Be ratio in the top mm of FeMn crusts. However,140
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Figure 4: Carrier-free 10Be/9Be results (left axis) for crust 237KD VA13/2 from the central Pacific are compared with literature data (left axis: von

Blanckenburg et al. (1996b), right axis: Segl et al. (1984)). The right axis is shifted by a constant factor (1/9) relative to the right axis. Both data

sets show a decrease over depth that cannot be explained with a simple exponential decay of 10Be at constant growth rate. Model predictions for a

constant growth rate with Be mobility according to equation 2.

no similar surface behavior was observed in the previous 10Be/9Be determination of the same crust (Fig. 4, Segl et al.141

(1984)). Therefore, a surface contamination of our FeMn crust sample with 9Be could also be an explanation. In the142

comparison with Segl et al. (1984) a factor of ≈9 difference between the two 10Be/9Be data sets is striking. A third143

independent measurement of a top crust sample from cruise VA13/2 (von Blanckenburg et al., 1996b) gives a 10Be/9Be144

ratio of 1.0·10−7 and thus is compatible with the carrier-free data set rather than with the conventional measurement.145

Therefore, we presume that the factor might come from a systematic offset in the 9Be determination of Segl et al.146

(1984). Apart from this, the presented growth rates are in agreement with the previously derived values for the same147

crust if one corrects for the updated value of the 10Be half-life (Korschinek et al., 2010; Chmeleff et al., 2010). Segl148

et al. (1984) related the change of growth rate to a change in ocean circulation patterns transporting less Fe and Mn to149

the growth site of the crust and thus leading to slower accumulation.150

If one relaxes the requirement of a closed-system behavior of Be in the crust, an alternative explanation of the kink151

in the 10Be/9Be ratio over depth is conceivable: Crusts exhibit a porous structure with mean porosity of 60% (Hein152

et al., 2003). These pores are filled with seawater so that the deeper layers in the crusts are presumably connected to153

the surface. Therefore, any chemical exchange between the crust and the pore fluid leads to a mobile behavior, e.g.154

diffusion of ions and subsequent adsorption to the crust, effectively removing ions from the pore fluid. An additional155

input of the radioactive isotope creates the appearance of a younger age for deeper material.156

Models taking into account both diffusion and radioactive decay exist since the earliest studies of U isotopes157

and 10Be in FeMn crusts (Ku et al., 1979). A mobile and open-system behavior inside FeMn crusts was observed158
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for soluble species such as U (Neff et al., 1999; Henderson and Burton, 1999). The diffusion in the pore water and159

mobility between the fluid and solid phase of the crust is documented for depths up to 6 mm. Processes including Be160

exchange between the fluid and the solid phase are not sufficient to explain the effects observed in FeMn crusts if one161

exclusively considers Be that is primarily incorporated into the crust’s top layer and later remobilized into the liquid162

phase: Based on the estimations of Be mobility deduced from U mobility by Henderson and Burton (1999) the 10Be163

decay curve should be disturbed by < 1% on timescales of 30 Myr. Instead of only redistributing incorporated Be by164

diffusion, processes of adsorption from the fluid to the solid phase in the highly porous crust material may have to be165

considered for the incorporation together with continuous input from the ocean bottom water to the pore water of the166

crust (Kusakabe and Ku, 1984). In such post-depositional diagenesis some of the Be dissolved in the ocean water is167

directly transported via the pore water into greater depth of the crust and incorporated there.168

Incorporation of 10Be from the pore water into the FeMn crust (growth rate G = 1/μτ, τ as the radionuclide’s

mean lifetime) can be included by the addition of a depth-dependent production term p to the normal decay equation:

dN(x)/dx = −μ · N(x) + p(x) (1)

In general, diffusion processes will produce a depth and time dependent production term p = p(x, t). We assume169

a constant growth rate and introduction from the surface to depth with a function p(x) = p0 · (1 − er f (x/xD)), which170

is derived from the solution of the differential diffusion equation. The diffusion length xD states to which depth the171

radionuclide diffused during time t and is connected with the effective diffusivity De f f by xD = 2
√

De f f t. The surface172

boundary condition is N(0) = N0 + p0/μ, where the first term describes the contribution by direct fixation of Be at173

the boundary and the second term gives the input of the mobile component to the top layer. Then, the differential174

equation 1 is solved by175

N(x) =N0 · e−μx +
p0

μ
· (1 − er f (x/xD))

+
p0

μ
· e−μx ·

(
eμ

2 x2
D/4 · (er f (μxD/2) − er f (μxD/2 − x/xD)

)
.

(2)

The depth profile can be described by equation 2, which has four free parameters N0, μ, p0, and xD. If this equation176

is fitted to the depth profile shown in Fig. 4, it yields a (constant) growth rate G=2.0±0.1 mm/Myr. In this case, the177

contribution from post-depositional addition of 10Be (2nd and 3rd terms in eqn. 2 with parameter p0) is found to178

exceed the original component (1st term with parameter N0) for depths greater than 10 mm.179

With the presented scenario of continuous adsorption of Be into the crust at a constant 9Be concentration in the180

seawater one has to expect also an increased 9Be concentration with depth. At least for the crust 237KD the 9Be181

concentration data (Segl et al., 1984) shows such a trend and thus is in agreement with an additional input of dissolved182

ions into the crust over time.183
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Sensitive measurements of other natural or anthropogenic radioactive isotopes with different half-lives could be of184

eminent help to explain the behavior of the 10Be/9Be ratio:185

Highly-resolved 230Th (T1/2 =75 kyr) data in the top 1.4 mm of the same crust 237KD VA13/2 (Eisenhauer et al.,186

1992) show a decrease of the concentration only after a rather flat behavior in the top ≈0.2 mm as shown in Fig. 5. This187

set of data was interpreted as an exponential decay curve showing a growth rate of ≈6 mm/Myr for the investigated188

region, i.e. the recent 200 kyr, which disagreed with the lower growth rates derived from 10Be at greater depths in the189

crust. This disagreement was explained in terms of a recent change in the accumulation rate of the crust. Similarly,190

discordant 230Thexc and 10Be data for a number of FeMn nodules have also been interpreted as recent changes in191

growth rate (Krishnaswami et al., 1982).192
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Figure 5: 230Th concentrations as a function of depth for the same crust as studied in the present work (237KD from cruise VA13/2) from the

central Pacific over depth (Eisenhauer et al., 1992). The solid line is a fit based on equation 2 using the growth rate G=2.0 mm/Myr that was derived

from 10Be to define the parameter μ.

If, on the other hand, we use the model of a combined exponential decay and a diffusional input with post-193

depositional fixation (eq. 2) the data for crust 237KD from cruise VA13/2 (Eisenhauer et al., 1992) can be equally194

well described assuming the 10Be derived growth rate and a dominant additional input of 230Th via incorporation of195

dissolved Th into the crust (Fig. 5). This would mean that in this case the 230Th concentration does not give direct196

information on the age. Thereby, the disagreement of the 10Be and 230Th data can be resolved so that the recent change197

of the growth rates may be unnecessary in order to bring both data sets into accordance.198

The age model might be expanded using 53Mn (T1/2=3.7 Myr, Honda and Imamura (1971)) measurements. Data199

from the same crust 237KD (Poutivtsev, 2007) are available but the uncertainties are too high to distinguish between200

different growth scenarios of the crust. The 53Mn data were described by a constant growth of the crust at a rate of201

≈2.5±0.2 mm/Myr over the first 3 cm, which could mean a mobile behavior of 10Be in the crust. However, a changing202

growth rate at a depth of 10-12 mm was also compatible with the same data set (Poutivtsev, 2007).203

In the case of 26Al, a similar mobility of Al and Be would result in a stronger influence on the distribution. Due204

to the shorter half-life of 0.7 Myr the 26Al concentration decays faster over depth and a transport of 26Al from surface205
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thus may create an impact already at shallower depths than for 10Be. However, in the case of 26Al one also has to206

consider the additional production via the reaction 23Na(α,n)26Al, depending on the α flux from 230,232Th and 238U207

decay (Feige, 2014), which also depends on depth in the crust.208

Profiles of anthropogenic fission products, e.g. 90Sr, with a depth dependance that can be explained by input via209

diffusion would serve as a fingerprint for a non-closed system behavior. Similarly, the detection of radionuclides210

that are of unambiguous anthropogenic origin, e.g. 238Pu or 240Pu, in greater depths of FeMn crusts would indicate211

post-depositional addition of material.212

In contrast to the radionuclides discussed above, the 187Os/188Os isotope system is not primarily governed by213

radioactive decay. 187Os is a daughter of the long-lived 187Re with a half-life of 46 Gyr and thus is continuously214

produced. However, the input of 187Os to the ocean, which is mainly by continental weathering (Sharma et al., 1997),215

has found to be not continuous (Pegram and Turekian, 1999). Therefore, relative dating up to 80 Myr can be performed216

by identifying a common pattern of 187Os/188Os in archives. The measured 187Os/188Os in the archive is adjusted to217

the known seawater curve over time in order to get a depth-age relationship. This can help in the identification of218

growth-rate changes or hiatuses (Klemm et al., 2005; Goto et al., 2017). It is advantageous for this method that it219

is not based on a strong gradient in the isotopic ratio: Os mobility would wash out the original signature but may220

not necessarily shift the age model towards younger ages. For all radionuclides, a mobile behavior leads to apparent221

younger ages of the crust in greater depths. The determination of the Os isotopic ratio therefore may give valuable222

complementary information on the age model of old FeMn crusts.223

5. Conclusion224

Measuring 10Be/9Be ratios is a powerful tool to date marine deposits in the time range of million years. The225

method is applicable for marine sediments but also for ferromanganese (FeMn) crusts with growth rates of only few226

mm/Myr, which are of special interest for geochemical and even astrophysical studies. The low abundance of Be227

in natural materials poses challenges to the preparation of samples and to very sensitive measurements of both 10Be228

and 9Be: The presented procedure to separate Be from the matrix works for sample sizes of 10-100 mg FeMn crust229

containing less than 1 μg 9Be and results in Be currents in the range of several 100 pA to few nA. Options of shortening230

and simplifying the carrier-free method make it suitable for both quick large-scale surveys with many samples and231

highly sensitive determination of low natural 10Be/9Be ratios.232

Conventional radiometric dating of FeMn crusts uses a closed system behavior and changes in the 10Be/9Be curve233

then can be attributed to a change in the growth rate. The model introduced in this work shows an alternative inter-234

pretation of the depth profile of radioactive nuclei in a crust on the basic assumption of a constant growth rate but235

including a depth dependent input. Still, age information can be obtained from the 10Be/9Be data.236

High-resolution isotopic data of different systems such as the discussed 10Be/9Be, 53Mn/55Mn, 187Os/188Os, 230Thexc237

or of anthropogenic nuclides are required to assess the growth of FeMn crusts, to investigate a potential mobile be-238
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havior of Be in the FeMn crust, and to put stronger limits on models describing post-depositional diagenesis. For a239

better understanding of the pore water interaction with the solid phase of the FeMn crust and of effects from diffusion240

or accretion of elements the evaluation of multiple isotopic systems in crusts with different porosities and growth241

histories will be very helpful.242

Acknowledgements243

We are very grateful to Kosuke Goto for helpful discussions on the Os isotopic signature and to Marcus Christl244

for bringing to our notice the past works on U mobility in FeMn crusts. The comments of an anonymous reviewer are245

also gratefully acknowledged.246

References247

G. Korschinek, A. Bergmaier, T. Faestermann, U. Gerstmann, K. Knie, G. Rugel, A. Wallner, I. Dillmann, G. Dollinger, C. L. von Gostomski,248

K. Kossert, M. Maiti, M. Poutivtsev, A. Remmert, A new value for the half-life of 10Be by Heavy-Ion Elastic Recoil Detection and liquid249

scintillation counting, Nucl. Instrum. Meth. B 268 (2) (2010) 187 – 191.250

J. Chmeleff, F. von Blanckenburg, K. Kossert, D. Jakob, Determination of the 10Be half-life by multicollector ICP-MS and liquid scintillation251

counting, Nucl. Instrum. Meth. B 268 (2) (2010) 192–199.252

J. Willenbring, F. von Blanckenburg, Long-term stability of global erosion rates and weathering during late-Cenozoic cooling, Nature 465 (2010)253

211 – 214.254

F. von Blanckenburg, N. Belshaw, R. O‘Nions, Separation of 9Be and cosmogenic 10Be from environmental materials and SIMS isotope dilution255

analysis, Chem. Geology 129 (1-2) (1996a) 93 – 99.256
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