RESEARCH LETTER
10.1029/2019GL086061
Key Points:
• We explored the potential of the
beryllium isotope ratio to track
neoformation of marine authigenic
clays
• Beryllium isotope ratios increase
fourfold from riverine to marine
sediment due to the presence of
marine Be incorporated in
authigenic clay
• Beryllium isotope ratios sensitively
track reverse‐weathering reactions
forming marine authigenic clays
Supporting Information:
• Supporting Information S1

Correspondence to:
A. Bernhardt,
anne.bernhardt@fu‐berlin.de

Citation:
Bernhardt, A., Oelze, M., Bouchez, J.,
von Blanckenburg, F., Mohtadi, M.,
Christl, M., & Wittmann, H. (2020).
10
Be/9Be ratios reveal marine
authigenic clay formation. Geophysical
Research Letters, 47, e2019GL086061.
https://doi.org/10.1029/2019GL086061
Received 6 NOV 2019
Accepted 21 DEC 2019
Accepted article online 3 JAN 2020

10

Be/9Be Ratios Reveal Marine Authigenic Clay Formation

A. Bernhardt1, M. Oelze2, J. Bouchez3, F. von Blanckenburg4,1, M. Mohtadi5, M. Christl6,
and H. Wittmann4
1

Institute of Geological Sciences, Freie Universitaet Berlin, Berlin, Germany, 2GFZ German Research Centre for
Geosciences, Inorganic and Isotope Geochemistry, Potsdam, Germany, 3Institut de physique du globe de Paris, Université
de Paris, CNRS, Paris, France, 4GFZ German Research Centre for Geosciences, Earth Surface Geochemistry, Potsdam,
Germany, 5MARUM‐Center for Marine Environmental Sciences, Bremen University, Bremen, Germany, 6Laboratory of
Ion Beam Physics, Department of Physics, ETH Zurich, Zurich, Switzerland

Abstract As reverse weathering has been shown to impact long‐term changes in atmospheric CO2 levels,
it is crucial to develop quantitative tools to reconstruct marine authigenic clay formation. We explored the
potential of the beryllium (Be) isotope ratio (10Be/9Be) recorded in marine clay‐sized sediment to track
neoformation of authigenic clays. The power of such proxy relies on the orders‐of‐magnitude difference in
10
Be/9Be ratios between continental Be and Be dissolved in seawater. On marine sediments collected along a
Chilean margin transect we chemically extracted reactive phases and separated the clay‐sized fraction to
compare the riverine and marine 10Be/9Be ratio of this fraction. 10Be/9Be ratios increase fourfold from
riverine to marine sediment. We attribute this increase to the incorporation of Be high in 10Be/9Be from
dissolved biogenic opal, which also serves as a Si‐source for the precipitation of marine authigenic clays.
10
Be/9Be ratios thus sensitively track reverse‐weathering reactions forming marine authigenic clays.

Plain Language Summary

Clay minerals can form on land by the chemical breakdown of
rock‐forming minerals, but clays can also form in the ocean. When clay formation takes place in the
ocean, CO2 is released. To date, there is no method that can easily measure the amount of clay minerals
formed in the ocean. We used two isotopes of the same element, beryllium (Be), with the atomic mass of
9 and 10 to test whether this isotope system can be used to measure marine clay formation. The abundance of
these isotopes differs majorly on land and in the ocean. We measured beryllium isotopes in river sediment
and ocean‐bottom sediment offshore the Chile coast and compared the ratios of the isotopes (10Be/9Be).
The ratio is four times higher in ocean sediment, when compared to river sediment. We interpret this
increase to be due to the formation of clay minerals in the ocean, which include the high 10Be/9Be ratio
during their formation. We conclude that the beryllium‐isotope system can be used to measure the
formation of even very small amounts (less than 2%) of marine clay minerals. This is important, as the
clay‐forming chemical reactions release CO2 which has a long‐term effect on global climate.

1. Introduction
Reverse weathering has been recently recognized as an important factor of the ocean alkalinity balance, as
HCO3− dissolved in seawater is converted into CO2 which is released back into the atmosphere with implications for global climate (Dunlea et al., 2017; Isson & Planavsky, 2018). During reverse‐weathering reactions, neoformation of marine authigenic clays can occur when amorphous silica, aluminosilicates, and
hydroxides react to form cation‐Al silicates (the authigenic clays), CO2, and H2O (Mackenzie & Garrels,
1966; Mackin & Aller, 1984, 1986; Michalopoulos & Aller, 1995, 2004); however, not all authigenic clays
are Al‐bearing (Tosca et al., 2016). Despite the importance of this phenomenon for the long‐term evolution
of the ocean chemistry and atmospheric CO2, unambiguous proxies are still lacking to detect and quantify
reverse‐weathering reactions, mostly because marine authigenic clays are difﬁcult to distinguish from detrital material by sediment geochemistry or mineralogical analyses (Rahman et al., 2016).
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Beryllium is likely to be involved in the formation of these authigenic clays as a trace element. The stable
isotope of beryllium, 9Be, is released from bedrock during weathering and introduced to the ocean in the dissolved form where it mixes with the dissolved cosmogenic and radioactive nuclide 10Be (meteoric). Meteoric
10
Be is produced via interactions of high‐energy cosmic radiation with target nuclei in the atmosphere and is
delivered to the Earth surface by atmospheric deposition (Brown, Edmond, et al., 1992). Almost all 9Be
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dissolved in the oceans is delivered by rivers, whereas almost all meteoric 10Be is sourced from atmospheric
precipitation (Brown, Measures, et al., 1992), such that the concentrations of dissolved 10Be and resulting
dissolved 10Be/9Be ratios increase from ~1 × 10−9 to 1 × 10−8 in the rivers to >4 × 10−8 in the oceans
(von Blanckenburg & Bouchez, 2014, and references therein). This increase occurs in a transition zone along
the ocean margin where the width of this zone depends on ocean‐surface currents (Igel & von Blanckenburg,
1999). When precipitated into the authigenic phase of marine sediment, consisting of Fe‐Mn‐oxyhydroxides,
biogenic opal, and neo‐formed clay, the 10Be/9Be ratio of the overlying water column is preserved (Bourlès
et al., 1989; Kusakabe & Ku, 1984; von Blanckenburg et al., 1996). This ratio has been applied as a silicate‐
weathering proxy at a global ocean‐basin scale (Rugenstein et al., 2019; von Blanckenburg et al., 2015; von
Blanckenburg & Bouchez, 2014; Willenbring & von Blanckenburg, 2010), to reconstruct past events of ice
melting at a regional scale (Simon, Thouveny, Bourles, Nuttin, et al., 2016; Valletta et al., 2018) and to constrain the chronology of marine sediment archives (Bourlès et al., 1989), growth rates of manganese crusts
(Segl et al., 1984), and 10Be‐production changes resulting from variations of Earth's magnetic ﬁeld (e.g.,
Carcaillet et al., 2004; Christl et al., 2003; Knudsen et al., 2008; Ménabréaz et al., 2012, 2014; Simon,
Thouveny, Bourlès, Valet, et al., 2016; Simon et al., 2018). When seawater Be is incorporated into neo‐formed
authigenic clays during marine diagenesis, and these clays are added to the clay‐sized detrital sediments, an
increase in the 10Be/9Be ratio after their deposition in the ocean will result.
In this study, we evaluate this hypothesis through the comparison of the mineralogical and elemental composition, as well as of the 10Be/9Be isotope ratio of the clay‐sized sediment fraction (of which all the Fe‐Mn‐
oxyhydroxide component was removed by sequential extractions) from three terrestrial river catchments
located in Chile, and from corresponding marine surface sediment located at four sites along a transect offshore these catchments. In a previous study, Wittmann et al. (2017) extracted the Fe‐Mn oxyhydroxide fraction of the marine authigenic phase from the same sample sites. This extracted fraction is hereafter called the
“reactive” phase, termed [10Be]reac ([] denote concentrations) and consists mainly of amorphous Fe‐Al oxyhydroxides and reactive Fe‐Mn surfaces. The concentration of 10Bereac of marine surface sediment increased
greater than tenfold compared to the contributing river sediments (Wittmann et al., 2017), whereas the corresponding 9Be concentration ([9Be]reac) remained roughly constant. This rapid increase in [10Be]reac was
interpreted as being related to the growth of authigenic rims on substrate particles through coprecipitation
incorporating Be with a high open‐ocean 10Be/9Be signature only 30 km from the coast. Thus, the inner
authigenic rim preserved the 10Be/9Be characteristic of continental erosion, whereas the outer rim incorporates Be with an open‐ocean (10Be/9Be)reac ratio (Wittmann et al., 2017). In this study we test whether the
clay‐sized sediment fraction contains Be that either preserves a 10Be/9Be ratio representing terrestrial erosion or records marine authigenic clay formation. We show that such pattern of 10Be/9Be increase
(Wittmann et al., 2017) also applies to the clay‐sized component of river and offshore sediments and explore
the consequences of this ﬁnding for the use of the 10Be/9Be proxy as a tracer of authigenic clay formation in
the ocean.

2. Study Area and Sampling Strategy
We use the same samples processed in Wittmann et al. (2017), including (1) detrital sediment from three rivers (Biobío, Lebu, Yani) that drain into the Paciﬁc Ocean in central Chile and (2) marine surface sediment
offshore central Chile from a coast‐perpendicular transect located at 37.4°S of four multicorer sediment
cores (MUCs) (RV‐Sonne cruise SO‐156, Hebbeln and Shipboard Scientists, 2001; Figure 1, Table S1). In this
area, submarine weathering of reactive silicate minerals occurs, which are abundant along the Central
Chilean margin (Scholz et al., 2013).
The river sediment samples were taken close to the outlets of the Lebu, Yani, and Biobío rivers. To ensure
sampling of representative material of the entire river catchment, we sampled about 1 kg of clastic riverine sediment (a mix of clays, silt, and sand) from active river banks. Amalgamated samples were taken
from a radius of several tens of meters. We avoided recent landslide and organic‐rich material. Marine
samples were taken by a multicorer (“MUC”) to obtain undisturbed samples of the uppermost two centimeters of sediment. Marine MUC sites 1–3 are located on the continental slope offshore Chile, where
downslope sediment transport should dominate. Site MUC 4 is located at the western margin of the subduction trench. The Gunther undercurrent moves material southwestward along the shelf, before it
BERNHARDT ET AL.
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Figure 1. Map of the study area showing terrestrial river sample locations and marine surface sediment sampling sites
(MUCs).

sweeps sediment onto the continental slope (Bernhardt et al., 2016). However, little sediment from north
of the Biobío River should reach the MUC sites, as the Biobío submarine canyon connects to the river
mouth (e.g., Bernhardt et al., 2015; Figure 1) and northward‐derived sediment should be funneled
through the canyon toward the trench. Mineralogical composition of terrestrial and marine sediment
samples shows little differences, suggesting direct transfer from riverine sources to marine depositional
sites (Wittmann et al., 2017). Hence, most of the terrestrial sediment reaching the MUC sites is
probably derived from the Biobío River due to its large catchment size with minor contributions of the
Lebu and Yani catchments. This hypothesis is further tested using mineralogical analyses, combined
with Sr and Nd isotope measurements (Supporting Information S1).

3. Methods
3.1. Sequential Extractions
For the chemical extraction of meteoric 10Be, the ﬁne‐grained portions of the river sediment and the marine
surface sediments (MUCs) are treated identically and prepared as described in Wittmann et al. (2017). The
chemical procedures for the separation of Be‐bearing phases are modiﬁed from Tessier et al. (1979), Bourlès
et al. (1989), and Wittmann et al. (2012) and involve step‐wise chemical leaching of the sediment resulting in
the selective removal of the following phases:
1. the exchangeable 10Be (ex fraction),
2. “reactive” phases (reac fraction) consisting of
(2a) amorphous Al‐Mn‐Fe‐(hydr‐)‐oxides (am‐ox fraction)
(2b) crystalline Al‐Mn‐Fe‐(hydr‐)‐oxides (x‐ox fraction),
3. the organic phase (org fraction),
4. biogenic amorphous silica (opal fraction),
5. the residual fraction (min‐fraction). The min‐fraction is separated into a clay‐sized fraction and the
remaining coarser silicate residual (clay‐sized + sil = min fraction).
Step 1 removes Be adsorbed to surﬁcial exchangeable sites by adding MgCl2 to the sample. During step 2,
some authigenic mineral phases, such as carbonates and amorphous and crystalline Al‐Fe‐Mn (oxy)hydroxides, are selectively removed by a combined weak hydrochloric acid (am‐ox) and hydroxylamine‐
BERNHARDT ET AL.
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hydrochloride (x‐ox) extraction. Subsequently, the samples are treated during step 3 with a combination of
0.01 M nitric acid and 10 M hydrogen peroxide to extract the organic phase (org fraction). Step 4 removes
biogenic amorphous silica by leaching the samples with NaOH (opal fraction) (Foster, 1953; Sauer et al.,
2006). All leached solutions are evaporated and brought up in 3 M nitric acid after treatment with aqua regia.
Step 5 involves the mechanical separation of remaining min fractions by ultrasonic shaking, centrifuging,
and extraction by pipetting into a clay‐sized fraction and the sil fraction. These fractions are digested using
mixtures of hydroﬂuoric acid and aqua regia and brought up in 3 M nitric acid.
3.2. Analytical Procedures
To assure that the source of the marine sediments at the MUC sites was effectively the sampled rivers, we
performed X‐ray diffraction (XRD) and Sr‐Nd isotope analyses. Details and results are reported in the
Supporting Information (Figures S1 and S2).
From all leachates and the ﬁnal clay‐sized and sil fractions, aliquots of the 3 M nitric acid were set aside for
the analysis of 9Be concentrations and major element composition, which was measured by an optical emission, inductively coupled plasma spectrometer (ICP‐OES, Varian 720‐ES with axial optics) at the GFZ
HELGES laboratory (Table S2). Accuracy of measurements was evaluated by running aliquots of the geo‐
standard “granite CRPG GA” (Govindaraju, 1995).
10

Be aliquots were spiked with 100–300 μg of the “phenakite” 9Be carrier, which contains a 10Be/9Be ratio of
2.51 ± 0.13 × 10−15. Separation of 10Be was carried out by anion and cation column separation and alkaline
precipitation according to von Blanckenburg, Belshaw, and O'Nions (1996); von Blanckenburg et al. (2004).
10
Be/9Be ratios were measured in BeO targets by accelerator mass spectrometry (AMS) at the Ion Beam
Facility of the ETH Zurich relative to the in‐house standard S2007N with a nominal 10Be/9Be value of
28.1 × 10−12 and at the Centre for Accelerator Mass Spectrometry at the University of Cologne
(CologneAMS, relative to standards KN01‐6‐2 and KN01‐5‐3, with 10Be/9Be ratios of 5.35 × 10−13 and 6.32
× 10−12, respectively). Results from both AMS facilities are consistent with a 10Be half‐life of 1.36 (±0.07)
× 106 year. Procedural blanks were subtracted and their errors were propagated into the reported concentrations (Table S2). All concentrations are relative to the initial weight of the sample. Replicates were analyzed
for the Biobío, MUC1, and MUC3 samples (Tables S1 and S2, Figures 2 and 3).
The Biobío River outweighs the Lebu and Yani rivers in drainage area (Figure 1) and sediment export
(Wittmann et al., 2017). Hence, we calculated a sediment‐ﬂux weighed average of the element compositions
and Be‐isotope concentrations using in situ 10Be‐derived sediment load (Wittmann et al., 2017).

4. Results
4.1. Elemental Composition
To detect changes in the sediment composition of the clay‐sized fraction from the riverine to the marine
realm, major and minor element abundances were analyzed (Figures 2 and S3; Table S1). Si content was
not measured because the clay‐sized fraction was digested using hydroﬂuoric acid (HF) leading to the loss
of Si. All element concentrations increase from the riverine to marine clay‐sized fraction roughly by a factor
of two (Table S1, Figure S3).
Measured element concentrations are likely to be affected by the addition or removal of primary minerals
(e.g., quartz) during sediment sorting encountered during transport. That enrichment by sorting occurred
is shown by concentrations of Al, Ti, and Zr that all increase by a similar factor, with the lowest concentrations in the Biobío River, highest concentrations in the Lebu and Yani sediments, and intermediate concentrations in the marine samples (Figure 2a). As we are interested in concentration changes resulting from
chemical processes, we removed such dilution/enrichment effects by normalizing all element concentrations to the concentration of Ti (Figure 2b), which can be considered as an immobile element in the terrestrial (Brimhall & Dietrich, 1987) and marine (Govin et al., 2012) realm. We further calculated an “increase
factor” from the Ti‐normalized element ratios by dividing the mean of the marine clay‐sized fraction by the
sediment‐ﬂux weighed mean of the river sediment of the clay‐sized fraction (factor = 1: no increase, <1:
decrease, >1: increase from the riverine to the marine clay‐sized fraction, Figure 2c). The increase factors
of the Ti‐normalized element ratios from river sediment to marine surface sediment range between 1.4
and 0.8. Only 10Be/Ti shows a high increase factor of 3.2.
BERNHARDT ET AL.
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Figure 2. (a) Cross plots of the Al, Ti, and Zr concentrations of the clay‐sized fraction of river and marine sediment, including their means. The solid black line
10
shows the constant element ratio of the sediment‐ﬂux weighed mean of river samples. (b) Element and Be concentrations normalized to the Ti concentration
of the clay‐sized fraction of river and marine sediment, respectively, including their means. Note that the sample order is arranged from west to east (see Figure 1),
river‐sediment samples plot on the far right, the distal MUC samples on the far left. Replicate measurements are shown for the Biobío, MUC1, and MUC3 samples.
(c) The increase factor of Ti‐normalized element ratios from the sediment‐ﬂux weighed mean of the river‐sediment samples to the mean of the marine samples
(clay‐sized fraction only) derived by dividing the marine sediment mean X/Ti ratio by the sediment‐ﬂux weighed mean X/Ti ratio of the river sediment.
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9

Figure 3. Be and Be concentrations for the (a–c) clay‐sized fraction. Panels (d)–(f) show the comparison of the riverine am‐ox fraction (from Wittmann et al.,
2017) to the marine clay‐sized fraction. Sample order is arranged from west to east (see Figure 1). All concentrations are reported relative to the initial weight of the
sample. Measurement errors are smaller than the symbol size.

4.2.

10

Be, 9Be, and 10Be/9Be ratios

The concentration of 10Be in the marine clay‐sized fraction ([10Be]clay‐sized) increases on average sixfold
when compared to the riverine counterpart (Figure 3a). [10Be]reac is dependent on particle size whereas
10
Be/9Bereac is not (Wittmann et al., 2012). Grain size‐dependence results from small particles providing
increased speciﬁc surface area for 10Be sorption. However, [10Be]clay‐sized should not depend on grain size
as samples were chemically leached and thus no sorbed 10Be remains. [9Be]clay‐sized shows a twofold
increase from the terrestrial to marine realm (Figure 3b), as most other element concentrations (Table S1,
Figure S3). Marine 10Be/9Beclay‐sized ratios show on average a fourfold increase when compared to the
terrestrial 10Be/9Beclay‐sized.
The average [10Be]clay‐sized of the marine surface sediment (Figure 3d) is equal to the sediment ﬂux‐
weighed [10Be]am‐ox of the river‐sediment samples (Wittmann et al., 2017). Most of the sediment ﬂux‐
weighed [10Be]reac is contained in the [10Be]am‐ox fraction, and hence, the x‐ox fraction only carries a
minor amount of 10Be (Wittmann et al., 2017). [9Be] shows more uniform concentrations from the
river‐sediment am‐ox fraction to the marine clay‐sized fraction (Figure 3e). Perhaps coincidentally, marine 10Be/9Beclay‐sized ratios are equivalent to the terrestrial 10Be/9Beam‐ox (Figure 3f, see section 5.1.4).
BERNHARDT ET AL.

6 of 11

Geophysical Research Letters

10.1029/2019GL086061

5. Discussion
5.1. Causes for the 10Be/9Be Increase From River to Marine Clay‐Sized Sediment
Subsequently, we discuss possible causes for the increase in [10Be]clay‐sized and 10Be/9Beclay‐sized from the riverine to marine realm.
5.1.1. Distinct Sediment Provenance
Differences in terms of [10Be]clay‐sized, [9Be]clay‐sized, and 10Be/9Beclay‐sized between the riverine and marine sediment could simply be due to different provenance, for example if the sampled marine sediment
was derived from a river basin located away from the three sampled rivers. However, we regard this possibility as unlikely. Given the presence of the southward‐directed Gunther undercurrent, such sediment
would be routed from the north and thus captured by the submarine canyon offshore the Biobío River
mouth (Figure 1). Moreover, the ratios of insoluble element concentrations (such as Zr/Ti or Cr/Ti),
which can also be used as sediment‐source tracer, are similar between the riverine and marine clay‐sized
fraction (Figure 2). Mineralogic composition (Figure S1) does not indicate a major provenance change
and silicate Nd and Sr isotopes remain roughly constant between the Biobío River and the marine
MUC samples (Figure S2). Thus, our data hint toward a similar provenance for river and marine samples
and we regard provenance effects as an unlikely cause for the observed differences in [10Be]clay‐sized
and 10Be/9Beclay‐sized.
5.1.2. Enrichment of Clay‐Sized Marine Sediment in 10Be Through Selective Loss of
Primary Minerals
[10Be]clay‐sized increases sixfold from the riverine to marine samples whereas [9Be]clay‐sized increases twofold.
Most element concentrations increase twofold from riverine to marine samples (Table S1, Figure S3),
whereas most elemental ratios (excluding 10Be/Ti) are unchanged within scatter (Figure 2). We interpret this
twofold increase of elemental concentrations to be due to the removal of virtually 10Be‐free primary minerals
(e.g., quartz, Figure 2) from the riverine to marine clay‐sized fraction by sediment‐sorting processes (note
that in situ [10Be] (Table S2) and [9Be] in quartz are negligible compared to meteoric [10Be]; e.g.,
Wittmann et al., 2015).
The selective removal of primary minerals containing 9Be (e.g., plagioclase, pyroxene; Grew, 2002) is unlikely as 9Be increases twofold just like most other elements (Tables S1 and S2, Figure S3). Moreover, the
Ca/Ti and Na/Ti ratios, which could be used as tracers for the abundance of plagioclase in the clay‐sized fractions, are actually slightly higher in marine samples than in river samples (Figure 2). Hence, the loss of primary minerals does not sufﬁce to explain the difference in [10Be]clay‐sized and 10Be/9Beclay‐sized between the
riverine and marine clay‐sized fractions but requires the formation of new phases in the ocean, incorporating Be with a high 10Be/9Be signature.
5.1.3. Authigenic Clay Formation
The high 10Be/9Be signature of the marine clay‐sized fraction incorporated during land‐ocean transfer cannot be attributed to any adsorbed or amorphous material, as these phases were removed during chemical
leaching prior to separation of the clay‐sized fraction. As a consequence, the most likely candidate for the
incorporation of Be between river and marine sediment is the formation of authigenic clays. The processes
responsible for the formation of authigenic silicate phases in the marine realm are still somewhat enigmatic.
Although in continental shelf and deep‐sea sediments, the bulk of the clay‐sized fraction is detrital (Kastner,
1981), the neoformation of authigenic clays in the marine realm can occur by low‐temperature interaction
between amorphous hydr (oxides) (am‐ox fraction) and biogenic amorphous silica. Authigenic clay‐mineral
formation requires sources of Al which is provided by the dissolution of unstable, amorphous Al (hydr‐)oxides or other highly weathered aluminosilicates (e.g., Mackenzie & Garrels, 1966) or volcanic ashes (Dunlea
et al., 2017) and Si derived from biogenic opaline silica (e.g., Ehlert et al., 2016; Rahman et al., 2016).
Mackenzie and Garrels (1966) ﬁrst suggested a general chemical reaction of the form
amorphous Al−silicate and reactive Al ðOHÞ3 þ HCO3 − þ SiO2 þ cations
¼ cation Al−silicate þ CO2 þ H2 O:
Recent studies have shown that reverse weathering reactions majorly affect the clay composition of sediments along continental margins (Baldermann et al., 2015; Dunlea et al., 2017; Ehlert et al., 2016;
Rahman et al., 2016; Santiago Ramos et al., 2018; Wallmann et al., 2008). Moreover, Tosca et al. (2016)
BERNHARDT ET AL.
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demonstrated that authigenic clays can form from dissolved constituents, not requiring Al or
precursor phases.
Our observations of the Be isotope composition of sediments onshore and offshore the Chilean coast lend
support to these recent ﬁndings: [10Be]clay‐sized increases sixfold from the riverine to marine realm
(Figure 3a), whereas the quartz‐removal effect by sediment sorting on element‐concentration increase
amounts only to a factor of approximately two (Figure S3). Hence, additional 10Be is incorporated in the marine clay‐sized fraction. Indeed, Be with a high Paciﬁc open‐ocean (dissolved) 10Be/9Be ratio of ~1.1 × 10−7
(Kusakabe et al., 1987) could be incorporated into authigenic phases through its scavenging into silica frustules by diatoms or radiolarians in the water column (Bourlès et al., 1989; Frank et al., 1995; Lal et al., 2006).
Subsequent dissolution of this biogenic opaline silica fuels the formation of authigenic clays during diagenesis in the sediment (e.g., Ehlert et al., 2016; Rahman et al., 2016).
It is likely that the clay‐sized fraction retrieves its additional 10Be from that same seawater source as the
amorphous hydroxide (am‐ox) fraction previously measured by Wittmann et al. (2017). The am‐ox fraction
shows a tenfold increase in [10Be] and 10Be/9Be ratio from river to ocean sediment (Figure 3), whereas the
increase in the clay‐sized fraction is fourfold. Both types of 10Be/9Be ratios are thus thought to reﬂect mixing
between initial terrigenous Be and added seawater Be.
However, we also note that the average marine [10Be]clay‐sized and (10Be/9Be)clay‐sized (2.47 × 10−9) are similar to that of the riverine ﬂux‐weighed mean of the am‐ox fraction (10Be/9Be = 2.73 × 10−9, ﬂux‐weighed
mean) (Figures 3d and 3f, Table S2). Given this similarity, the source of added Be to marine clays could
potentially stem from the riverine am‐ox fraction. In this case, the transformation of the riverine am‐ox fraction into marine authigenic clays might occur during early diagenesis, when the am‐ox phases are reduced
and hence dissolved below a sedimentary redox front. This reduction would entail release of their Be into the
pore water, which is taken up by authigenic clays. The authigenic phase would then record the terrestrial
river basins' denudation rate (von Blanckenburg et al., 2012). This process would, however, require complete
overprinting of the (10Be/9Be)clay‐sized inherited from the terrigenous realm, which we consider as unlikely.
Furthermore, it seems rather unlikely that the (10Be/9Be)clay‐sized increases due to addition of Be from the
river am‐ox fraction, whereas the marine (10Be/9Be)am‐ox has increased from Be addition from seawater
(Wittmann et al., 2017). Hence, the similarity between the riverine (10Be/9Be)am‐ox and the marine (10Be/
9
Be)clay‐sized at our sites is more likely to be pure coincidence. Regardless of the exact mechanism by which
10
Be/9Be ratios increase in the clay‐sized fraction, our Be‐isotope based observations reﬂect the formation of
authigenic phases in marine sediments during early diagenesis. 10Be/9Be ratios thus appear as a sensitive
proxy of these processes.
5.2. Be Isotopes in Marine Clay‐Sized Sediment: A Proxy for Authigenic Clay Formation or for
Terrigenous Denudation?
Using a simple mixing model where the sediment ﬂux‐weighed mean 10Be/9Be of the riverine clays is mixed
with clay that incorporated Paciﬁc dissolved 10Be/9Be (from Kusakabe et al., 1987), we calculate that <2% of
such pure marine authigenic clay would sufﬁce to explain the observed marine mean (10Be/9Be)clay‐sized
(Figure S4). This end‐member calculation suggests that such low amounts of authigenic clays involved make
it very difﬁcult to detect neoformation of clays during marine diagenesis with “classical” analytical methods
such as XRD or chemical composition of sediments. In contrast, the markedly different 10Be/9Be ratios
between terrestrially derived and ocean Be pools make Be isotopes a very sensitive tracer of marine authigenic clay formation, and more generally of reverse weathering processes. The proxy can theoretically be
applied to all ocean basins where the terrestrial and ocean 10Be/9Be signatures are known and markedly different. However, 10Be undergoes radioactive decay. Hence, the proxy cannot be used to reconstruct the role
of reverse weathering in deep time, but rather track these processes during recent Earth history (last ~13 Ma)
with possible implications for the past. We also note that it is not trivial to translate the amount of authigenic
clays produced, as constrained by this proxy, to the amount of CO2 released during reverse weathering as
this CO2‐ﬂux would depend on the amount and valency of the major cations involved in the reaction
(e.g., Isson & Planavsky, 2018).
Because the terrestrial riverine 10Be/9Be ratio is altered within both the am‐ox and clay‐sized fraction when
the river sediment is exposed to seawater, the terrestrial 10Be/9Be signal cannot be recovered from marine
BERNHARDT ET AL.
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sediment. Therefore, terrestrial denudation rates from river catchments that feed the marine sample locations cannot be derived to date. Such endeavor would ﬁrst require development of a clay‐separation procedure that separates pure terrigenous clay from marine clay‐sized sediment, which is still missing for the
moment. Such regional denudation rate would differ from the global denudation proxy introduced by
Willenbring and von Blanckenburg (2010) and further developed by von Blanckenburg and Bouchez
(2014), where the formerly dissolved, ocean basin‐wide, well‐mixed 10Be/9Be is precipitated in ferromanganese crusts from ocean water that then records global denudation integrated over 105 years.

6. Conclusions
We observed a fourfold increase in 10Be/9Be isotope ratios of Be in the clay‐sized fraction of marine sediments when compared to the 10Be/9Be ratios of the corresponding terrestrial riverine source. This increase,
which is due to high meteoric 10Be concentrations in seawater, requires the formation of a new silicate phase
in marine surface sediment. Results from a previous study using the same sample set similarly suggest that
10
Be/9Be ratios of marine authigenic iron‐oxy‐hydroxide phases comprise a mixture of a terrestrial and an
oceanic component (Wittmann et al., 2017). In both cases, the seawater‐derived 10Be is incorporated into
marine authigenic phases in which dissolved Be features a 10Be(meteoric)/9Be ratio that is almost two orders
of magnitude higher than the ratio of the terrigenous riverine source. Thus, even though we removed authigenic reactive phases prior to clay separation, the fourfold increase in 10Be/9Be ratios in clay‐sized sediment
shows the terrestrial 10Be/9Be isotope signal is not preserved in the marine clay‐sized fraction. If this obliteration of the terrigenous 10Be/9Be ratio in the marine realm is a general feature, river‐basin denudation
rates cannot be inferred from Be isotopes in clay.
If, however, the observed 10Be increase occurs in the marine realm, incorporation of seawater‐derived 10Be
within near‐surface sediment may occur through the dissolution of marine biogenic opaline silica (a
high‐10Be/9Be phase as its Be incorporates the open‐ocean ratio). Opaline silica serves as a Si‐source for
the precipitation of marine authigenic clays via reverse‐weathering reactions. The 10Be/9Be isotope ratio
in clay‐sized marine sediment thus bears potential as a high‐sensitivity proxy for the formation of marine
authigenic clays. Reverse weathering has been recently recognized as an important controlling factor of
the ocean‐alkalinity balance that impacts atmospheric CO2 and, thus, global climate (Dunlea et al., 2017;
Isson & Planavsky, 2018). Hence, such a highly sensitive proxy for authigenic clay formation is essential
to quantify these processes.
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