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A B S T R A C T   

A sequential chemical extraction procedure was developed and tested to investigate the utility of meteoric 10Be 
as a tracer for authigenic mineral formation beneath the East Antarctic Ice Sheet. Subglacial meltwater is widely 
available under the Antarctic Ice Sheet and dissolved gases within it have the potential to drive chemical 
weathering processes in the subglacial environment. Meteoric 10Be is a cosmogenic nuclide with a half-life of 
1.39⋅106 years that is incorporated into glacier ice, therefore its abundance in the subglacial environment in 
Antarctica is meltwater dependent. It is known to adsorb to fine-grained particles in aqueous solution, precipitate 
with amorphous oxides/hydroxides, and/or be incorporated into authigenic clay minerals during chemical 
weathering. The presence of 10Be in chemical weathering products derived from beneath the ice therefore in
dicates chemical weathering processes in the subglacial environment. Freshly emerging subglacial sediments 
from the Mt. Achernar blue ice moraine were subject to chemical extractions where these weathering phases 
were isolated and 10Be concentrations therein quantified. Optimization of the phase isolation was developed by 
examining the effects of each extraction on the sample mineralogy and chemical composition. Experiments on 
10Be desorption revealed that pH 3.2–3.5 was optimal for the extraction of adsorbed 10Be. Vigorous disaggre
gation of the samples before grain size separations and acid extractions is crucial due to the incorporation of the 
nuclide in clay minerals and its preferential absorption to clay-sized particles. 10Be concentrations of 2–22⋅107 

atoms⋅g−1 measured in oxides and clay minerals in freshly emerging sediments strongly indicate subglacial 
chemical weathering in the catchment of the Mt. Achernar moraine. Based on total 10Be sample concentrations, 
local basal melt rates, and 10Be ice concentrations, sediment-meltwater contact in the subglacial environment is 
on the order of thousands of years per gram of underlying fine sediment. Strong correlation (R = 0.97) between 
10Be and smectite abundance in the sediments supports authigenic clay formation in the subglacial environment. 
This suggests meteoric 10Be is a useful tool to characterize subglacial geochemical weathering processes under 
the Antarctic Ice Sheet.   

1. Introduction 

Chemical weathering of Earth materials plays a key role in major 
global geochemical cycles such as the carbon and sulfur cycles that 
regulate the Earth’s climate (Kump et al., 2000; Petsch, 2014; Relph 
et al., 2021), and the iron and phosphorous cycles that deliver essential 
nutrients to Earth’s oceans (Filippelli, 2008; Raiswell and Canfield, 
2012). A growing body of evidence suggests that the subglacial envi
ronment is an active site of chemical weathering both in Antarctica 
(Graly et al., 2020; Michaud et al., 2016; Skidmore et al., 2010; Wadham 
et al., 2012) and globally (Graly et al., 2017; Li et al., 2022; Torres et al., 

2017). However, considerable uncertainty remains over the exact 
chemical reaction pathways dominant in various subglacial environ
ments, the ligands produced, and the timescales involved. 

Generally, subglacial chemical weathering occurs when the atmo
spheric gases within glacial meltwater interact with sediments formed 
from grinding and fracturing of rock at the ice bed (Anderson, 2005; 
Graly et al., 2017; Tranter et al., 2002). With at least 55% of grounded 
ice in Antarctica at the pressure melting point, most subglacial water on 
the Antarctic continent is basal meltwater sourced by geothermal and 
strain heating; most of East Antarctica experiences melt rates between 2 
and 6 mm⋅a−1, but with substantially higher melt in high ice flux regions 
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(Pattyn, 2010). 
Here we examine the distribution of the cosmogenic nuclide mete

oric 10Be among mineral species as a tracer for subglacial mineral for
mation at Mt. Achernar Moraine, a blue ice moraine in the central 
Transantarctic Mountains. At blue ice moraines scattered across the 
continent, particularly along the Transantarctic Mountains (Palmer 
et al., 2012), the overlying ice is trapped and ablated away through 
sublimation (Bintanja, 1999; Kassab et al., 2020), allowing subglacial 
sediments to reach the surface of the ice sheet and become accessible for 
sampling. Blue ice moraines are therefore repositories of material 
representative of the otherwise ice-covered subglacial environment. 
Rockfall from the surrounding topography can also contribute to sedi
ment accumulation at blue ice moraines. However, the material at Mt. 
Achernar Moraine bears strong evidence of subglacial origin rather than 
rockfall (Bader et al., 2017; Graly et al., 2020; Kaplan et al., 2022; 
Kassab et al., 2020). Subglacial chemical weathering is evidenced at the 
site by abundant chemical weathering products and a decline in mag
netic susceptibility compared with the source rock (Graly et al., 2020). 

Meteoric 10Be is a cosmogenic nuclide with a half-life of 1.39⋅106 

years (Korschinek et al., 2010). It is formed by spallation reactions when 
galactic cosmic rays interact with atoms in the atmosphere (primarily 
14N and 16O; Fig. 1) (Morris et al., 2002). Use of meteoric 10Be as a tracer 
for soil and sediment processes has largely been focused on temperate 
environments but is increasingly gaining momentum in the field of 
glacial studies (Graly et al., 2018a; Schiller et al., 2014; White et al., 
2019). Antarctica has been glaciated for >30 Ma (Barrett et al., 2007; 
DeConto and Pollard, 2003; Pollard and DeConto, 2009; Zachos and 

Kump, 2005), well beyond the applicability of the meteoric 10Be signal. 
Any meteoric 10Be deposited on the continental interior prior to glaci
ation is therefore depleted. Most of the 10Be that is currently found on 
the continent (deposited in the past 10 Ma) has settled on and accu
mulated in the ice sheet. 

10Be deposition in Antarctica is heavily dependent on snow accu
mulation, with higher concentrations accumulating with low snowfall, 
and lower concentrations when snowfall is higher. The climatological 
effect on meteoric 10Be concentrations in ice is evident in ice core re
cords from Dome C and Vostok in Antarctica’s deep interior where 10Be 
concentrations from the late Pleistocene are higher than concentrations 
from the Holocene by a factor of 2–3, despite 10Be flux being relatively 
constant during those periods (Raisbeck et al., 1987; Yiou et al., 1985). 
The Mt. Achernar Moraine ice is sourced from the polar plateau and has 
stable isotopes signatures that indicate formation during the Pleistocene 
(Graly et al., 2018c, Fig. 2). Ice core records from Vostok, which is the 
closest core to the source location for Mt. Achernar Moraine’s ice, show 
meteoric 10Be concentrations of ~2⋅105 atoms⋅g−1 during Pleistocene 
periods (Raisbeck et al., 1990). Subglacial melt rates at the site are 
approximately 7.5 mm⋅a−1 (Graly et al., 2020), giving an effective 
deposition rate of approximately 1.35⋅105 atoms⋅cm−2⋅a−1 in the sub
glacial environment. 

In contrast, in situ 10Be, produced by spallation reactions within the 
structures of minerals exposed on the Earth’s surface, forms at a far 
lower rate and would have minimal abundances in newly exposed 
glacial sediments. It is produced at 3.60–3.82 atoms⋅g−1

quartz⋅a−1 in 
Antarctica (Kaplan et al., 2011). In situ 10Be production exponentially 

Fig. 1. The conceptual model of the study: meteoric 10Be is produced in the atmosphere through the spallation of oxygen and nitrogen by galactic cosmic rays; it is 
delivered to the ice surface by a mix of wet and dry deposition; The downward ice flux delivers 10Be to the subglacial environment, finally emerging at the surface at a 
blue ice moraine. Ice cover has prevailed for >30 Ma, meaning that any detectable meteoric 10Be concentrations in the freshly emerging sediments at the moraine 
must have accumulated via chemical processes in the subglacial environment after being released from the ice into meltwater. Adsorbed 10Be therefore indicates the 
presence of meltwater, 10Be in oxides or oxyhydroxides would indicate the precipitation of those phases, and 10Be in clay structures would indicate the authigenic 
formation of clay minerals in the subglacial environment. Subglacial sediments become entrained in the basal ice layers and emerge on the surface in blue ice areas 
due to high sublimation rates and upward flow trajectories of the ice. 
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declines as a function of basal ice overburden (Corbett et al., 2021). The 
ablation rate at the ice margin is 0.7 cm⋅a−1 (Kassab et al., 2020), 
allowing for order of 1000 years of appreciable in situ 10Be production as 
debris emerges. Integrating the production of the isotope through the 
emerging ice column and correcting for the shielding effects of ice, 
<1000 atoms⋅g−1

quartz would be present in the emerging sediments. With 
freshly-emerging till density at 1.8 g⋅cm−3 and ~25% quartz mineralogy 
(Graly et al., 2020), we would expect the emerging sediments to bear 
<500 in situ 10Be atoms⋅cm3. Though other minerals, such as feldspars, 
may also produce in situ 10Be atoms (Zerathe et al., 2017), the quartz 
production is equivalent to the meteoric 10Be accumulated in only 1 or 2 
days in the subglacial environment. In situ 10Be production and meteoric 
10Be deposition continue once the sediments are on the ice or moraine 
surface. However, the duration of surface exposure in fresh sediments is 
very small. Nitrate, an atmosphere produced salt, is below detection 
limits in our freshest subglacial sediments, indicating less than 100 years 
of atmospheric exposure (Graly et al., 2022). In situ cosmogenic isotope 
exposure ages in freshly emerging cobbles range from 52 to 79 years at 
moraine margin (Kaplan et al., 2022), consistent with the salt data. A 
detectable meteoric 10Be signal in these sediments could only indicate 
the accumulation of the nuclide into those sediments from the melt of 
overlying ice in the subglacial environment. 

The speciation of meteoric 10Be in the weathering environment is 
fundamentally controlled by beryllium’s atomic properties. Be2+ has the 
smallest radius of all metal ions (0.27 Å) and a high charge-to-radius 

ratio, making it a strong Lewis acid (electron pair acceptor). As a 
highly polarizing element, it has a strong affinity for oxygen and thus is 
capable of orienting water molecules around itself in a positively 
charged hydrosphere (Everest, 1964; Hawthorne and Huminicki, 2002). 
In minerals, Be exists exclusively in tetrahedral coordination with oxy
gen (Hawthorne and Huminicki, 2002). Be2+ substitution into octahe
dral sites would cause structural collapse (Wang et al., 2017) and 
breaking of strong bonds to facilitate tetrahedral coordination of the ion 
(Buchner, 2020). Beryllium can form as a mineral oxide or hydroxide, or 
coordinate in aluminosilicates as either an essential cation that cannot 
be replaced by other cations due to its uniquely small size, or as a 
substituting cation, commonly for Si and Al, in tetrahedral sites in sili
cate minerals (Hawthorne and Huminicki, 2002; Vesely et al., 2018). 
Because of their similar ionic radii, Be2+ can substitute for the Si4+ ion 
(0.39 Å) within SiO4 tetrahedra in silicate minerals (Beus, 1956; Ran
kama and Sahama, 1950). The chemical behavior of Al3+ is similar to 
Be2+ due to similar charge densities, electronegativities and 
charge-to-size ratio of the two ions; beryllium replacement of aluminum 
in aluminosilicates can occur in the presence of a hydroxide (Beus, 
1956). Mn and Mg are also major cations for which beryllium is known 
to substitute (Everest et al., 1973; Ryan, 2002). As a lithophile element, 
Be preferentially partitions into silicate minerals as opposed to sulfides 
or metals. It has been found to show preference for clay minerals over 
Fe-oxides once weathered from silicates and available in solution (Beus, 
1956; Lum and Gammon, 1985). 

Fig. 2. A) The site location on a continental scale, in reference to major East Antarctic ice core sites. The red line indicates the approximate course of ice towards Mt. 
Achernar Moraine. B) Mt. Achernar Moraine in the Central Transantarctic Mountains, Mt. Achernar is marked with a yellow star, and the inferred ~4000 km2 

catchment area of the Mt. Achernar Moraine sediments from Graly et al., 2018c is shaded in red. C) Sampling locations at the Mt. Achernar Moraine. GPS data from 
Kassab et al., 2020 are included as black arrows which indicate the flow direction and relative magnitude of the ice flow velocity, which is fastest at ~25 my−1. D) 
Inset of sampling locations. Sample 4Q was collected ~2 km inward of the active margin of the moraine, where samples 1A, 1B, 0A and 0E were collected. Sample 0B 
was collected from a debris band outside of the moraine margin. Imagery ©2014 Digital Globe, Inc. provided by the Polar Geospatial Center (St. Paul, Minne
sota, USA). 
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In the context of chemical weathering, Be can form in three funda
mental states: as a cation coordinated within a hydrosphere capable of 
sorbing to a negatively charged surface; as an oxide or hydroxide 
precipitated via hydrolysis or oxidation reactions; or as a substituting 
cation in a newly precipitated aluminosilicate, typically a clay mineral 
(Barg et al., 1997; Wittmann et al., 2012; You et al., 1989). 

Aqueous Be has a strong propensity to adhere to fine-grained parti
cles, with a partition coefficient (Kd) on the order of ~105 ml⋅g−1 at 
neutral conditions (pH ≥ 6) (You et al., 1989). Adsorption experiments, 
with equilibration times from 3 min up to 108 days (Li et al., 1984; 
Nyffeler et al., 1984; You et al., 1989), have shown that the sorption 
process takes place in two steps. The first step occurs within the first day, 
where Kd increases rapidly, and is thought to involve the easily acces
sible exchange sites of the solids being occupied by Be. Kd increases at a 
slower rate in the second step, which might indicate that the exchange of 
Be takes place through slow diffusion toward less accessible sites, 
possibly inside the interlayers of clay mineral structures (Nyffeler et al., 
1984; You et al., 1989). The reversibility of the adsorption process has 
been demonstrated with desorption experiments and appears to happen 
in two steps as described for the adsorption process, with a rapid 
decrease of Kd in the first day and then slowly decreasing Kd values after 
that (Li et al., 1984; Nyffeler et al., 1984; You et al., 1989). Sorbed Be 
concentrations correlate with cation exchange capacity (CEC) (Boschi 
and Willenbring, 2021). However, low CEC clays such as illite will 
desorb Be less readily and are less sensitive to water chemistry effects 
(Boschi and Willenbring, 2016; Kabata-Pendias and Pendias, 1984). 

During chemical weathering, Be frequently precipitates with Fe and 
Al to form oxides, hydroxides, and oxyhydroxides (Barg et al., 1997; 
Jungers et al., 2009; McHargue and Damon, 1991; Nyffeler et al., 1984; 
Takahashi et al., 1998). The association between meteoric 10Be and 
these oxyhydroxide phases is supported by a frequent correlation of the 
isotope with dithionite-citrate extractable Al, and to a lesser degree, 
extractable Fe (Graly et al., 2010; Jungers et al., 2009). The retention of 
beryllium in these phases is mainly controlled by the presence and 
amount of grain coatings, composed of HCl-extractable Fe, Mg, Ca and 
Mn phases (Singleton et al., 2016). 

If 10Be is available in the soil where new clay minerals form during 
rock weathering, it is incorporated into the authigenic clay mineral 
structures (Kabata-Pendias and Pendias, 1984). Barg et al. (1997) found 
that 42–92% of the 10Be in the lower B and C horizons of the soil profiles 
in their study was contained within the structures of authigenic clays. 
Any Be sorbed or in other authigenic phases was removed in a 0.5 M HCl 
leach (Barg et al., 1997), strongly suggesting that the remaining 10Be 
was coordinated in Si tetrahedral sites. 10Be uptake into authigenic clay 
minerals is also strongly suggested in marine settings (Bernhardt et al., 
2020). 

The three main sediment fractions in which Be is known to exist - 
adsorbed in aqueous systems, precipitated with oxides and oxy
hydroxides, and incorporated into authigenic clay mineral structures - 
are proposed as indicators for the degree of subglacial chemical 
weathering. For 10Be to adsorb to the surface of the sediment particles, 
the Be would have to be released from the ice as it melted and come into 
contact with the sediment through the glacial melt water. Meteoric 10Be 
measured in oxides or oxyhydroxides would indicate the precipitation of 
those species in the subglacial environment. Lastly, if 10Be is contained 
in clay structures, that would indicate the authigenic formation of clays 
in the subglacial environment. In this study, we develop and test labo
ratory techniques for isolating these three phases in the context of 
Antarctic subglacial sediments. The relative distribution of 10Be between 
the three phases could elucidate the chemical weathering activity under 
the ice, i.e. the higher degree of complexation of 10Be, the higher the 
degree of weathering (Fig. 1). 

2. Study site 

The bedrock exposed near Mt. Achernar Moraine consists of Permo- 

Triassic strata, composed of glacial, alluvial, and shallow marine sedi
mentary rocks; this stratigraphic sequence is part of the Beacon Super
group (Barrett et al., 1986). The Beacon Supergroup is intruded by mafic 
sills of the expansive Ferrar Dolerite (Isbell, 1990). Studies conducted 
elsewhere in the Transantarctic Mountains have documented local 
contact metamorphism caused by the Ferrar intrusions and burial 
diagenesis resulted in the formation of illite, chlorite and zeolite cements 
(Bernet and Gaupp, 2005). The sediments analyzed in this study are 
sourced from the local bedrock formations or similar subglacial bedrock 
sources up glacier (Bader et al., 2017; Graly et al., 2018c, 2020). 

Mt. Achernar Moraine is fed by Law Glacier, which flows from the 
East Antarctic Ice Sheet between the Queen Alexandra and Queen 
Elizabeth Ranges of the central Transantarctic Mountains. Mt. Achernar 
is the first exposed nunatak that Law Glacier encounters as it flows from 
the polar plateau towards the Ross Embayment (Fig. 2B). The regional 
subglacial topography has been >1000 m from the formation of the 
Antarctic Ice Sheet through the present (Jamieson et al., 2010; Paxman 
et al., 2019), and modeling and offshore studies suggest a persistent 
Antarctic Ice Sheet over >10 Ma in the region (DeConto and Pollard, 
2003; Pollard and DeConto, 2009; Shakun et al., 2018; Wilson et al., 
2012). The potential for pre- and interglacial exposure, inheritance, and 
weathering at the site is therefore low. 

Law Glacier encounters Mt. Achernar as a barrier in its path, where a 
blue ice area has formed at an elevation of ~1700–1900 m above sea 
level. Together, the flow of Law Glacier along Mt. Achernar and subli
mation at the blue ice area cause the upward ice-flow trajectories of Law 
Glacier along the nunatak and the eventual exposure of subglacially 
derived sediments at the Mt. Achernar Moraine (Fig. 2C) (Bader et al., 
2017; Kassab et al., 2020). Modeled warm basal conditions (Pattyn, 
2010) and stable isotope signatures of the ice in the catchment area 
suggest that the moraine’s sediment is subglacially derived and was 
entrained by regelation, a warm-based process, with a catchment 
extending approximately 30–50 km upstream (Fig. 2B) (Graly et al., 
2018c). Based on surface exposure ages (Kaplan et al., 2017, 2022) and 
boron concentrations (Graly et al., 2018b), lateral debris accumulation 
rates of the moraine range from 2 to > 40 m ka−1 and vary over time, 
with higher accumulation rates occurring in colder climate conditions 
(Kassab et al., 2020). The approximate time since the entrainment of the 
sediments ~30–50 km upstream is estimated to be 95–135 ka and the 
emergence time from the glacial bed to the moraine surface approxi
mately 35 ka (Kassab et al., 2020). 

Mass balance calculations on the mineralogy and elemental 
composition of the <63 μm size fraction showed that 28% of the input to 
the site is from the Ferrar dolerite and 72% from sand- and siltstones of 
the Fairchild and Mackellar Formations of the Beacon Supergroup 
(Graly et al., 2020). The mineralogical and chemical composition of the 
subglacially derived <63 μm fraction of sediment freshly emerging at 
the moraine margin indicate significantly more weathering products 
than the representative source rock. This manifests as losses in feldspar 
and pyroxene and enrichment in smectite and kaolinite, calcite, zeolites, 
amorphous Si, and other amorphous oxides or oxyhydroxides (Graly 
et al., 2020). Magnetic susceptibility measurements found significant 
magnetite depletion in the sediments relative to the source rock, sug
gesting the oxidation of magnetite from the source rock (Graly et al., 
2020). Many of these alteration products (i.e. clay minerals, oxides, and 
oxyhydroxides) are potential beryllium hosts, with meteoric 10Be in 
their crystal structures expected only if they formed in the subglacial 
environment. 

3. Methods 

Glacial sediment samples were collected from Mt. Achernar Moraine 
during the 2010 and 2015 field seasons. A diverse range of sediments 
were either collected directly from ablating ice or from the first crests on 
the active margin of the moraine; we define these as freshly emerging 
sediments. Additionally, samples exposed on the moraine surface for up 
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to 550 ka were collected along a 6.5 km transect across the moraine 
(Bader et al., 2017; Kaplan et al., 2017). Samples were collected using 
chemically inert, plastic scoops and sample bags. Five samples of the 
freshly emerging sediments (1A, 1B, 0A, 0B, 0E) and one sample (4Q) 
with a 550 ka year exposure history (Kaplan et al., 2017), collected 
about 2 km inward of the moraine margin, were included in this study 
(Fig. 2D). 

Dry samples (i.e. 4Q) were stored at room temperature, and samples 
wet from ablating ice (i.e. the other 5) were stored in a refrigerator at 
4◦C. Moisture was removed from wet samples by freeze drying. Dry 
samples were sieved through a 2 mm mesh sieve to separate gravel-sized 
grains from smaller grains. Gravel-sized particles were hand-picked 
from wet samples. 

Sequential chemical extractions were employed to isolate three 
sediment fractions in which meteoric 10Be is likely found: 1) adsorbed; 
2) reducible oxides and oxyhydroxides; and 3) residual clay and silicate 
fractions. Sequential extractions are a technique where solid samples are 
subject to a series of progressively stronger acids, each designed to 
selectively dissolve specific components of the sediment particles 
(Tessier et al., 1979; Wiederhold et al., 2007). Sequential extraction 
schemes typically involve the chemical separation of trace elements 
into: 1) fractions soluble in water; 2) exchangeable and/or acid soluble 
fractions (elements associated with carbonates); 3) reducible (mainly Fe 
and Mn oxides); 4) oxidizable (metals bound to organic matter); and 5) 
residual/silicate fractions (crystalline-bound trace elements) (Du Laing, 
2011). Our approach here was modified to exclude parts of the sequence 

Sample 63 μm

Residue 1

+ Acetic Acid
Adsorbed Species

Residue 2

+ HClAmorphous
Oxyhydroxides

Non-Clay 
Silicates

+ Gravity Settling

Residual

Method 1: HCl Leach First

+ Total Dissolution

+ Total Dissolution

Clays

Clay Structures

Sample 63 μm

+ Total Dissolution

Residue 1

+ Acetic AcidAdsorbed Species

+ HClAmorphous
Oxyhydroxides

+ Gravity Settling

+ HCl

Amorphous
Oxyhydroxides

Method 2: Clay Separation First

+ Total Dissolution

Clays

Clay Structures

Residual

Non-Clay 
Silicates

Adsorbed Adsorbed Adsorbed Adsorbed Adsorbed

Amorphous
Oxyhydroxides

Amorphous
Oxyhydroxides

Amorphous
Oxyhydroxides

Residual

Clay
Structures

ResidualResidual

Clay
Structures

+ Total Dissolution

+ Total Dissolution+ Total Dissolution

+ Total Dissolution+ Total Dissolution

+ HCl + HCl+ HCl

+ Acetic Acid + Acetic Acid+ Acetic Acid+ Acetic Acid+ Acetic Acid

Fine ClayClaySiltFine SandMedium sand

Method 3: Method 2 on each grain size idependently

Fig. 3. Methods 1 and 2: Samples 0B, 0E and 1B were subject to two extraction sequences utilizing the same solutions (0.11 M acetic acid and 0.5 M HCl) and 
digestion procedures, but with clay separations at different stages in the sequence. In method 1, the clays were separated after the HCl extraction and in method 2, the 
clays were separated before the HCl extraction. Method 3: Samples 0A, 0B and 1A were subjected to sequential extractions after being separated into five different 
size fractions to investigate the effects of grain size on 10Be distribution. 
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that are unlikely to bind significant beryllium, namely acid soluble and 
oxidizable phases (Wittmann et al., 2012). 

The three defined sediment phases need to be isolated as accurately 
and completely as possible in order to utilize 10Be concentrations therein 
as a proxy for subglacial chemical weathering. Acetic acid (CH3COOH) 
in 0.11 M concentration was used to target adsorbed species and car
bonate minerals. The dry samples were placed in plastic tubes and 40 ml 
of the 0.11 M CH3COOH added. After shaking the samples completely 
into suspension, the tubes were placed on a vibrating table for 16 h. The 
samples were centrifuged at 3400×g relative centrifugal force for 15 
min, and the acid and the dissolved components therein (the leachate) 
was then decanted into new tubes and stored for future analyses. Thirty 
ml of deionized water were then added to the samples as a rinse, which 
were shaken completely into suspension and left on a vibrating table for 
2-h to rinse, then centrifuged and the supernatant water discarded. This 
was followed by a 24-h leach with 0.5 M hydrochloric acid (HCl), which 
was used to dissolve amorphous/non-crystalline phases such as oxides 
and oxyhydroxides (Wittmann et al., 2012), following the same pro
cedures as for the acetic acid extraction. What remained of the samples 
after the acetic and hydrochloric acid extractions was totally dissolved 
in various mixtures of HCl, nitric acid (HNO3), and hydrofluoric acid 
(HF) using microwave digestion. 

Within this sequential extraction framework, we performed three 
separate experiments to explore the effects of methods choices on the 
extraction. This included tests on the CH3COOH extraction, tests on the 
HCl extraction, and tests examining the effects of grain size. 

The effects of the 16-h CH3COOH extraction on the adsorbed species 
and oxide and oxyhydroxide grain coatings were tested in all 6 samples 
by applying four different concentrations: 0.05 M, 0.11 M, 0.22 M and 
0.44 M. The pH of each solution was measured before adding 1 g of 
sample in the <63 μm size fraction, immediately after sample addition, 
and every 2 h for the remainder of the extraction, using an Oakton 700 
pH meter. Chemical data (ICP-OES analysis) were used to assess which 
species dissolved in each solution and to determine the ideal pH levels to 
target adsorbed species. 

To determine the effects of 0.5 M HCl on clay minerals, ~1 g dry- 
sieved aliquots in the <63 μm size fraction of samples 0B, 0E and 1B 
were subjected to two different sequential extraction methods (Fig. 3, 
methods 1 & 2). Both methods were the same in all regards except for 
the timing of clay separations by gravity settling. All samples were 
leached in 0.11 M CH3COOH for 16 h and water rinsed for 2 h, then 
leached in 0.5 M HCl for 24 h. Clays were separated after the HCl 
extraction in method 1 and before the HCl extraction in method 2. To 
separate the clays, Milli-Q water was added to the sample tube, the tube 
was agitated and placed in an ultrasonic bath for 3 min to suspend 
material, and it was then allowed to settle for 24 h to isolate <1 μm 
particles. The supernatant, sediment-bearing water was then separated 
and centrifuged down as a clay fraction. All samples were rinsed after 
the HCl leach, oven dried at 60◦C, and weighed once they reached room 
temperature. A mixture of HF, HNO3, and HCl in the ratio 1:2:2 was used 
in the total dissolution process. The samples were shaken vigorously to 
ensure complete particle suspension, sonicated at 50 ◦C for 3 h, and then 
digested in a CEM corporation Microwave Digestion System. In an initial 
trial on a single sample (0B), but not subsequently, we included a hy
droxylamine hydrochloride (NH2OH–HCl) leach between the HCl 
extraction and the separation of the clay fraction. This extraction fol
lowed the methods of Graly et al. (2020). The residual silt fraction was 
not analyzed by total dissolution during this initial trial. 

Grain size dependency was investigated by separating each sample 
into different grain sizes using blending, sonication, wet sieving, and 
gravity-settling based on standard procedures according to Stoke’s Law 
(Chipera et al., 1993; Tanner and Jackson, 1947). The terms used to 
describe the grain size fractions hereafter are operationally defined and 
therefore might not follow Wentworth grain size classification for grains 
<63 μm. After the initial 2 mm dry sieving, a ~5 g subsample of four 
samples (0A, 0B, 1A, 4Q) was weighed and disaggregated by mixing in a 

Waring Blade BB340SK bar blender for 60 s and sonicated using a son
ication probe from a Malvern Hydro MU unit for 10 min twice before 
grain size separation (Chipera et al., 1993). The samples were suspended 
in water in glass beakers for 10 min. The settled material was wet sieved 
with a 250 μm sieve, yielding the size medium sand fraction, and a 63 
μm sieve, yielding the fine sand size fraction. Grains still in suspension 
after the 10-min settling were decanted with the water for a subsequent 
1-h settling. Settled material from the 1-h settling was operationally 
defined as silt in this study. Suspended material after the 1-h settling was 
decanted and settled for another 15 h. Materials settled during the 15 h 
are referred to as coarse clay, and what was still in suspension is referred 
to as fine clay. By these operational definitions, coarse clay was not 
analyzed as clay in methods 1 and 2 (Fig. 3). Medium sand, fine sand, 
and silt fractions were centrifuged, and the water decanted. The water 
from the coarse and fine clay fractions was evaporated by leaving the 
samples in an oven at 62◦C until only the moist clays were left. The 
remaining moisture in all samples was removed by freeze drying. The 
separated grain size fractions were then subjected to independent 
extraction procedures, with sand- and silt-sized fractions subjected to 
CH3COOH, HCl, and total dissolution leaches, and clay fractions omit
ting the HCl leach (Fig. 3C); this procedure is hereafter referred to as 
method 3. 

Chemical and mineralogical effects of the sequential chemical 
extraction procedures were examined using ICP-OES (Inductively 
Coupled Plasma – Optical Emission Spectrometry) and X-ray powder 
diffraction (XRD) analyses to assess and optimize the efficacy of the 
phase isolation. Aliquots from each extraction were analyzed by ICP- 
OES and the results used to assess whether procedural adjustments 
were necessary. Sediment aliquots were analyzed before and after 
treatment to assess loss of mineral species. Comparability was achieved 
by subjecting a single sample, 0B, to all experiments. Changes in clay 
mineralogy were measured with a Bruker D8 Discover X-ray diffrac
tometer. Clay mineral samples were prepared by suspending the fine 
clay fractions of the samples in water and pipetting on to a zero- 
background slide where they would air-dry. After analysis, the sam
ples were placed in a glycol chamber for 48 h and analyzed again to 
study the expandable clays within the samples. Clay mineral XRD scans 
were measured from 2◦ to 30◦ 2θ. 

All extracts and blanks were spiked with 250 μl of a 9Be standard 
(1041 ± 8 ppm) prepared at PRIME Lab, Purdue University (Batch 
number: 2014.10.20-Be). The weight of the sample and spike were 
recorded with a Mettler Toledo XS250DU weighing scale with 5 decimal 
points and repeatability of 0.05 mg. Beryllium was separated from the 
sample extracts by anion and cation-exchange column chromatography 
at the Tulane University Cosmogenic Nuclide Laboratory (TUCL) and 
PRIME Lab following standard procedures (Ditchburn and Whitehead, 
1994; Ochs and Ivy-Ochs, 1997). 10Be was measured as a fraction of 9Be 
by accelerator mass spectrometer at PRIME Lab, along with KNSTD07 
standards and processes blanks for each of the experiments. 

4. Results 

4.1. Acetic acid experiments 

Acetic acid extractions at four different concentrations were used to 
assess the pH range at which adsorbed and carbonate-bound species, 
including 10Be, mobilize without significantly affecting other grain 
components. pH levels in the blank solution ranged from ~2.45 in 0.44 
M extractions to ~3 in the 0.05 M extraction (Appendix A). Sample 
addition to the solution immediately dropped [H+] by 40–90%. pH 
continued to increase for 4 h, then stabilized. Ultimately, [H+] dropped 
by 64–95%. [H+] dropped by 77–95% for the relatively calcite-rich 
samples, 1A and 4Q, whereas calcite-poor samples saw [H+] declines 
of 64–80% (Appendix A). 

Higher quantities of all elements, including meteoric 10Be, were 
leached from all samples as pH decreased with increased acetic acid 
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input (Fig. 4). The most abundant element in the acetic acid leaches was 
Ca at 0.27–1.1% of the sample weight, with samples 1A and 4Q yielding 
up to two times more than the other samples. Mg, Si, Al and Fe were all 
at 0.30% or less, with Fe being the least abundant element. Si, Al and Fe 
all show similar patterns with decreased pH, namely small increases 
between 0.05 M and 0.11 M, corresponding to pH 3.7–3.3. Significant Si, 
Al and Fe yield occurred at pH < 3.2, corresponding to the 0.22 M so
lution. In the case of 9Be and 10Be, however, the difference between the 
elemental yield of 0.05 M and 0.11 M was significant, in some cases with 
a twofold increase in yield between the two concentrations. Solution pH 
between 3.2 and 3.5, corresponding to a concentration of 0.11 M for 
most samples, maximally desorbed 10Be without significantly affecting 
other grain components. 

4.2. HCl and clay mineral experiments 

The effect of 0.5 M HCl on clay minerals was assessed by performing 
the HCl extraction either before (method 1) or after (method 2) the 
physical separation of clays (Fig. 3). More 10Be was measured in the clay 
and residual fractions in all samples from method 2, making the 
oxyhydroxide-bound 10Be a smaller fraction relative to method 1 
(Fig. 5). In method 1, XRD patterns from the gravity-separated, clay- 
sized material from post-HCl leach sediment appear to show the unin
tended dissolution of smectite (Fig. 6). A shift of 0.1◦ 2θ was found 
between the 001 smectite position for the untreated and acetic acid 
treated samples. HCl had a greater effect on the smectites, shifting the 
001 peak by 0.5◦ 2θ from the untreated sample. These shifts in the peak 
position may result from cation exchange, mineral dissolution, or both. 
Leached cations, such as Ca2+ or H+, can exchange for K+ in the clay 

interlayers, causing the interlayer inter-atomic spacing (d) to become 
smaller and 2θ to increase (Chipera et al., 1995). The untreated peak is 
broader toward higher 2θ values (Fig. 6), suggesting some of the 
smectite may be interstratified with illite (Drits et al., 1998). The XRD 
patterns for the HCl-treated smectites become even more asymmetrical. 
The dissolution of pure smectite would make the interstratified 
illite-smectite signal more prominent, explaining both the peak shift and 
the asymmetrical broadening. Therefore, some smectite-bound 10Be 
released in the HCl extraction was likely artificially over-counted as 
oxyhydroxide-bound 10Be in method 1. In the initial method (0B-i), fine 
clays were also subjected to a NH2OH–HCl leach, resulting in almost 
total loss of fine clay bound Be to prior acid extractions (Fig. 5). 

4.3. Grain size experiments 

The effects of grain size on 10Be distribution investigated through 
method 3 (Fig. 3) show the relative phase abundances differ substan
tially between processing methods (Fig. 5). With coarse clay particles 
properly separated from silt in method 3, 40–60% of 10Be is identified as 
clay bound, compared with only 10–12% in method 2. Oxyhydroxide 
and residual silt fractions had proportionately more 10Be in method 2 
than in method 3, where coarser clay fractions that settled within 24 h 
were classified with silt and subject to the oxyhydroxide leach. Adsorbed 
10Be was relatively comparable between all methods, although a larger 
variation was found between the samples from method 3. 

Sample 0B, the control sample subject to all three methods and the 
initial trial, shows the effects that the different methods have on the 
ultimate 10Be yield and the relative phase abundance within the sample 
(Fig. 7). This was manifested as a 27% increase in total 10Be yield from 

Fig. 4. Elemental yield as a function of pH at hour 4 of the acetic acid extractions, showing increased yield with decreased pH and the ideal range for maximum 
desorption of the elements without significantly affecting Si, Al, and Fe (shaded areas). The sample employed is shown by the symbol, the strength of acetic acid by 
the color. 
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method 3 relative to methods 1 and 2 (Fig. 7a). Compared with method 
2, method 3 saw the total 10Be in the adsorbed fraction increase by 60%, 
and a 70% increase in fine clay residual; the sum of the oxyhydroxide- 

bound (HCl-extracted), coarse clay residual and silt residual 10Be is 
nearly identical between the two methods (Fig. 7a). The initial trial (0B- 
i), in which the samples were dry sieved without a sonicator prepara
tion, had even less absorbed 10Be. Such difference in total beryllium 
concentrations from the same sample after similar extraction and 
digestion methods suggests that the initial sample preparation played a 
significant role in the process, most notably with the increased inclusion 
of clay-sized particles. 

When the samples were vigorously disaggregated, partition of 10Be 
between adsorbed, oxyhydroxide, residual and clay sediment fractions 
shows that clays were the primary host of 10Be in the sediments (Fig. 8). 
Clay-bound 10Be was highest in sample 0A at 60% of the total 10Be, 
whereas it was lowest in sample 1A at 41% of the total sample 10Be. The 
second most 10Be-rich fraction in the freshly emerging samples is the 
adsorbed, at 22–37% of the total sample 10Be. The oxyhydroxide-bound 
10Be content varied between 6% and 22%. Residual 10Be was consis
tently the smallest fraction in all samples. 

Meteoric 10Be concentrations in the freshly emerging sediments at 
the Mt. Achernar Moraine were dependent on grain size, i.e. the smaller 
the grains, the higher the 10Be concentrations. Clay and silt-sized par
ticles contained 89–95% of the total 10Be in the samples. Clays were the 
most 10Be-rich size fraction in all cases, at 53–84%. The relative size 
difference between coarse clay (settled in 15 h) and fine clay (still in 
suspension after 15 h) did not appear to have a strong role in controlling 
10Be distribution, and the relative importance of the two fractions varied 
from sample to sample (Fig. 8). Of the clay-sized particles, clay minerals 
were the primary host of 10Be over the adsorbed fraction. The adsorbed 
fraction is the dominant 10Be fraction of the non-clay sized particles in 
samples 0A and 0B. In samples 1B and 4Q, the 10Be in the non-clay sized 
particles was dominantly HCl-extractable 10Be (Fig. 8). 

4.4. 10Be/9Be ratio 

In samples processed by method 3, 58–74% of total 9Be is found in 
the clay phase (Appendix B). Methods 1 and 2 suggest only 20–29% of 
9Be fractionated into clay, with significantly higher yields in the oxy
hydroxide and residual phases. In the freshly emerging samples, the 

Fig. 5. Relative phase distribution of total 10Be concentrations of all samples. Methods are indicated in parentheses next to the sample name. In methods 1 and 2, the 
residual silt phases (pink) represent products settled over 24 h and is therefore equivalent to the residual silt and coarse clay structures from method 3. In method 3, 
the adsorbed phase is a sum product of the absorbed 10Be concentration in silt, coarse clay, and fine clay and the fraction of those grain sizes in the total sample. The 
HCl-extracted fraction covers only silt in method 3, silt and coarse clay in method 2, and the entire sample in method 1. 

Fig. 6. Smectite X-ray diffraction peaks for the clay sized particles in sample 0B 
show the effects of 0.11 M acetic acid (blue, 2θ = 6.2◦) and 0.5 M HCl (red, 2θ 
= 6.6◦). Black peak represents untreated sample (2θ = 6.1◦). All peaks rescaled 
for peak comparison. All other samples showed similar trends. 
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Fig. 7. Total 10Be in each sample divided into the 
fraction in which it was measured. Panel A compares 
the run of sample 0B across all three methods and the 
initial trial method. All samples run by method 3 are 
compared in panel B. Panel C is an inset of B with the 
550 ka surface-exposed sample (4Q) included. Total 
values for each fraction are calculated by weighting 
the average of each fraction in silt, coarse clay, and 
fine clay to the abundance of that grain size (data 
from fine sand-sized aliquots are not included). The 
asterisk-marked samples (0E and 1B) were not 
analyzed by method 3. Here the method 3 result is 
estimated from the average of methods 1 and 2. For 
each fraction (i.e. adsorbed, etc.) we multiply the 
ratio found between methods in sample 0B (Panel A) 
by the concentration of 10Be within this fraction in 
0E and 1B.   

Fig. 8. Meteoric 10Be concentrations in freshly 
emerging subglacial sediments (0A, 0B and 1A) are 
grain-size dependent, i.e. more 10Be accumulates in 
smaller grain sizes than in larger grain sizes (larger, 
orange pie charts). Phase distribution of 10Be (smaller 
pie charts) in the residual grain sizes (medium sand, 
fine sand, and silt) varies, with adsorbed species being 
the dominant 10Be phase in samples 0A and 0B and 
oxyhydroxides more dominant in the calcite-rich 
sample 1A and the sample with a 550 ka exposure 
history, 4Q. In the clay-sized fraction, clay minerals 
are the dominant 10Be hosts over adsorbed species in 
all cases. 10Be was only measured in the medium sand 
fraction in sample 0B.   
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total 10Be/9Be ratio ranges from 0.02 to 0.35⋅10−8, depending on the 
10Be content of the sample; the long-exposed sample (4Q) is 0.69⋅10−8. 
These ratios are comparable to those found in Antarctic diamictites 
recovered from subglacial and marine settings (White et al., 2019; 
Yokoyama et al., 2016). When examining separately leached fractions 
individually, the 10Be/9Be ratio is 1.6–2.4 times higher in the adsorbed 
phase than in the sample as a whole. Clays extracted by method 3 have 
a10Be/9Be ratio 0.7–0.8 that of the entire sample. This results in separate 
trends for each fraction when the 10Be/9Be ratio is considered as func
tion of meteoric 10Be concentration (Fig. 9). 

4.5. Chemical controls on 10Be distribution 

Ca was the most abundant element in the acetic acid leach, sug
gesting calcium carbonate dissolution (Appendix B). Other elements 
were leached in only minor amounts in most samples. The yield did not 
differ significantly between methods 1 & 2 and the acetic acid leach at 
0.11 M. However, method 3 produced greater yields of all elements, but 
especially for Al, Fe, and Si, which had 2-4 times greater yields (Ap
pendix B). This suggests that the greater sample disaggregation 
increased the surface area for carbonate dissolution and cation ex
change. Sample 4Q leached Fe, Al, and exchangeable ions in higher 
quantities than the freshly emerging samples (Appendix B). 

The 0.5 M HCl extraction targeting oxyhydroxides yielded substan
tial quantities of Fe, Al, Si, Ca, and Mg (Appendix B). In method 1, Fe, Al, 
Si, and Ca each yielded 0.4–0.8% of sample mass; Mg ranged from 0.1 to 
0.2% sample mass. Between methods 1 and 2, yields were 19–27% 
higher for all elements from method 1, where the clays were separated 
after the HCl extraction. The reduction in yield in method 2 was uniform 
across the major elements (Appendix B). In sample 0 B, where all three 
methods were tested, method 3 yielded only ~35% of the material of 
method 1, with the largest reductions in Mg and Ca (Appendix B). 
Sample 1A, which was calcite-rich, yielded substantially more material 
than the other samples on which method 3 was tested. 

Total dissolution of the clay and residual samples was not always 
completely successful, with some fraction of residue withstanding total 
digestion. For the clay fraction, Al yields ranged between 11.4 and 

15.4% in samples where total dissolution was successful; Fe ranged 
5.4–6.5%. In the freshly emerging samples, fine clay was consistently 
enriched in Fe compared with coarse clay, and method 2 had higher Fe 
yields than method 1 (Appendix B). 

5. Discussion 

5.1. pH dependency of element adsorption/desorption 

If the acetic acid extraction in our procedure is to quantify 10Be 
adsorbed on the surface of mineral grains, yield of adsorbed elements 
must be maximized, especially 10Be, while other beryllium-bearing 
grain components, such as oxides, oxyhydroxides, and clay minerals 
must be minimally affected. Acetic acid extractions both dissolve car
bonates and desorb adsorbed species. Therefore, Ca and Mg released 
into solution could not be used as indicators for the dissolution of un
desired phases due to their expected dissolution from carbonates. Si, Al, 
and Fe are indicators for the undesired dissolution of grain coatings and 
clays. 

Stabilization of sample solution pH after 4 h (Appendix A) of 
leaching suggests that cation exchange between the acid and the sam
ples was exhausted in approximately that time. All sample solution pH 
measurements were in the range where beryllium exists in solution and 
increasingly, exponentially, adsorbs to fine particles with increased pH 
(You et al., 1989). 10Be data from the three samples subjected to the pH 
experiments agree with previously established desorption curves, 
showing increased yield/desorption of 10Be with decreased pH (Fig. 4). 

For the purposes of this study, a concentration of 0.11 M acetic acid is 
ideal to achieve maximal desorption of 10Be and other adsorbed species 
while minimally affecting amorphous grain components and alumino
silicates. The 0.11 M sample solutions remained at a pH that yielded 
significantly more 10Be than the 0.05 M solution and did not reach the 
pH 3.2 threshold at which Si, Al, and Fe yield significantly increases 
(Fig. 4). Soluble Fe and Al are commonly bound in oxides or oxy
hydroxides (Drever, 1997; Stumm et al., 1996). Al3+ can exist as a 
mobile cation in acidic (pH 3–4) environments, but its abundance as a 
free ion – not bound to ligand complexes, available for adsorption in 
natural systems is vanishingly small due to its high charge-to-radius 
ratio (Harris et al., 1996; Rumble, 2020). Graly et al. (2020) reported 
a decline in magnetic susceptibility in the moraine sediments relative to 
the source rock, indicating oxidizing conditions in the Mt. Achernar 
subglacial system. Soluble Fe2+ is therefore unlikely to be abundant in 
the system. Al and Fe detected in the leachates indicate the undesired 
dissolution of more immobile phases, e.g. amorphous oxides or alumi
nosilicates, at pH < 3.2. 

0.11 M acetic acid is a standard concentration used for desorption in 
a variety of sequential extraction methods (Ure and Davidson, 2007), 
but this work suggests that pH monitoring during extraction is also 
needed, with more acid added in carbonate-rich conditions to assure 
complete desorption of Be from mineral surfaces. CaCO3 content in the 
samples is a potential contributing factor to adsorbed 10Be yield, pre
venting the desorption of 10Be (and other adsorbed species) by 
consuming the majority of the H+ ions available for exchange from the 
acid. In that case, CaCO3-rich samples might need higher concentrations 
of acetic acid to ensure that the pH stays within the 3.5–3.2 window in 
order to desorb all the available adsorbed 10Be. This effect can be seen 
on the calcite-rich samples, 1A and 4Q. All samples were measured over 
a small range of pH throughout the experiment, except 1A, which was 
always at significantly higher pH (Fig. 5). 

5.2. Clay and grain size dependency of 10Be distribution 

The study of the effects of grain size on 10Be distribution in the 
samples revealed that 10Be concentrations in the samples were highly 
dependent on grain size (Fig. 8), consistent with previous studies (Boschi 
and Willenbring, 2021; Singleton et al., 2016; You et al., 1989) and 
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lower ratios, suggesting substantial incorporation of lithogenic Be relative to 
grain-coating species. This may be explained by the mix of authigenic and 
detrital clay in the clay fraction. 
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underscores the importance of clay minerals on 10Be retention. There are 
two important differences between methods 2 and 3 that likely caused 
the differences in speciation and yield (Figs. 3, 5 and 7). First, the coarse 
clay fraction isolated by method 3 contains a significant portion of the 
10Be counted as clay (Fig. 8). In methods 1 and 2, this was not counted as 
clay-bound 10Be and may be responsible for the significant residual and 
oxyhydroxide fractions in methods 1 and 2 (Fig. 5). Secondly, the 
vigorous disaggregation by mixing in a blender and sonication of the 
samples in method 3 before grain size separations and extractions meant 
that clay-sized particles encrusted onto larger silt and sand grains were 
not excluded during sieving or gravity separation. The ~27% greater 
10Be yield from method 3 (Fig. 7a) results from this process. Agglom
eration of clay onto silt and sand also affected the relative phase dis
tribution of 10Be in the samples, making clays the dominant 10Be host in 
method 3 as opposed to oxyhydroxides (HCl-extracted species) in 
methods 1 and 2 (Fig. 5). We interpret the relative dominance of oxy
hydroxide phases in method 2 as representing the coarse clay fraction 
and finer clay particles that remained adhered to silt sized grains during 
separation. We cannot entirely rule out that oxyhydroxides are entering 
the clay fraction during sonication, however the proportions of K remain 
high in the clay fractions extracted by Method 3 (Appendix B), sug
gesting primarily clay mineral dissolution. Method 3 is therefore most 
likely to accurately represent the distribution of 10Be between the 
sample phases. Likewise, vigorous grain disaggregation and analysis of 
coarser clay fractions may be appropriate to studies in other settings 
where grain coatings strongly adhere clays to larger particles. 

For the samples included in method 3, the majority of the 10Be in the 
clay-sized fractions comes from the total dissolution of the clay minerals, 
i.e. from within the clay mineral structures, as opposed to being adsor
bed to the clay surfaces (Fig. 8). This holds true for the freshly emerging 
sediments as well as for sample 4Q, which likely received most of its 10Be 
content from post-glacial deposition. In the larger grain sizes (silt, fine 
sand, and medium sand), the phase distribution differs between the 
calcite-rich samples (1A and 4Q), and the other freshly emerging sedi
ments (Fig. 8). Adsorbed 10Be was most abundant, followed by HCl- 
extracted 10Be (oxyhydroxides), in samples 0A and 0B, whereas the 
order was reversed in 1A and 4Q (Fig. 8). The potential cause for this 
effect may be the buffering of the acetic acid extraction by CaCO3 
(Fig. 4). In the case of the carbonate-rich samples, in which the pH level 
was higher, some adsorbed species seemed to withstand the acetic acid 
extraction and were leached into solution in the HCl extraction instead. 
Therefore, some of the 10Be in the oxyhydroxide (HCl-extracted) and 
clay fractions in samples 1A and 4Q might be adsorbed 10Be. 

5.3. Chemical and mineralogical controls on 10Be distribution 

Beryllium is known to adsorb to the surfaces of fine-grained sediment 
particles in aqueous systems, to precipitate with amorphous material, in 
particular HCl-extractable grain coatings, and be incorporated into clay 
minerals during chemical weathering (Barg et al., 1997; McHargue and 
Damon, 1991; Singleton et al., 2016). At Mt. Achernar Moraine, clays 
and amorphous, non-crystalline materials made up about half of the 
<63 μm fraction of the sediments by weight, suggesting an array of 
potential 10Be hosts in the samples (Graly et al., 2020, 2022). The 
mineral and chemical properties of the samples can provide insight into 
the effects of the chemical procedures to which the samples are subject, 
and to determine the mineralogical characteristics that control 10Be 
retention in the sediments. 

Acetic acid extractions were used to dissolve carbonates and adsor
bed species in the samples due to Be’s adsorption behavior in aqueous 
solution. Mg and Ca are species associated with carbonates, which in the 
case of these samples would be calcite and dolomite, although some Mg 
and Ca is likely also adsorbed to grain surfaces. The base cations, Ca2+, 
Mg2+, Na+ and K+ were expected to be the main species desorbing in the 
acetic acid leach (Rayment and Higginson, 1992). However, the pres
ence of Fe, Al, and additional Si indicates the unintended dissolution of 

amorphous phases or clay particles in small quantities in the weak acid. 
The acetic acid leaches consistently removed ~0.1 wt % Si (Appendix 
B); with 40 ml extractant per gram sample, this could be explained 
simply through dissolution of amorphous Si (Lindsey, 1979). The higher 
yields of all elements from the samples by method 3 (Appendix B) is 
most likely due to the more vigorous disaggregation of the sample. 
Clay-sized particles play a major role in sediment adsorption due to their 
large surface areas and surface charge, which attract ions from solution 
(Velde, 2013). Samples in method 3 included more clay-sized particles 
and disaggregated particle surfaces, explaining higher yields of desorbed 
species. 

Though Be can affiliate with a hydroxide-carbonate ion at very high 
partial pressures of CO2 (Bruno et al., 1987), Be is unable to form car
bonate structures (Southon et al., 1987). Therefore, no 10Be is expected 
to be associated with the dissolution of those species. However, the 
presence of carbonates seems to have buffered the pH of the acetic acid, 
making it less effective in desorbing adsorbed species in calcite-rich 
samples. That might explain the presence of Mg and Ca in the HCl 
extraction, as carbonates that withstood the acetic acid extraction, e.g., 
dolomite. Other possible Mg and Ca sources are phosphates and zeolites 
(Graly et al., 2020). 

Oxides and oxyhydroxides were the targeted phases in the HCl 
extraction, and Al and Fe were the main expected products of the leach. 
In soils, Fe and Al oxyhydroxides are often significant Be hosts (Graly 
et al., 2010; Jungers et al., 2009). However, in this setting, Si, Na, and K 
yield suggests dissolution of other phases. XRD patterns indicate the 
dissolution of clay minerals in method 1 (Fig. 6), but continued K and Na 
yield from the HCl extractions of methods 2 & 3 may suggest that clay 
minerals were not completely physically separated and continued to 
dissolve (Appendix B). The allophane, zeolite, and phosphate mineral 
content reported in Graly et al. (2020) are also potential sources of Si 
and Al in the HCl leach. 

There is a strong correlation between total 10Be concentration and 
smectite abundance in the freshly emerging samples (Fig. 10). This 
strongly suggests that authigenic smectites are effective scavengers of 
meteoric 10Be in the subglacial environment at Mt Achernar Moraine. If 
the acetic acid leach successfully removed adsorbed or clay interlayer 
Be, then meteoric 10Be must occupy tetrahedral positions within the clay 
structures in the samples. Smectites are 2:1 clay minerals, with two 
tetrahedral sheets for each octahedral sheet in their structure. Kaolinite 
also shows a positive, though not statistically significant correlation 
with total 10Be concentration (Fig. 10). Kaolinite is a 1:1 clay with half 
the tetrahedral sites per unit cell. Thus smectite clays have, in theory, the 
capacity to carry larger quantities of 10Be than kaolinite. 

5.4. The 550 ka sample (4Q) 

Sample 4Q reveals what happens to the 10Be concentration and 
distribution within the moraine’s sediment with long-term exposure 
under cold and dry surface conditions. The sediments from which 
sample 4Q was collected had largely similar source rocks as the freshly 
emerging samples (Bader et al., 2017). The most notable differences 
between sample 4Q and the freshly emerging sediments are higher total 
meteoric 10Be concentrations (from surface exposure), higher quantities 
of carbonates measured as calcite and dolomite and by relatively high 
total Mg and Ca content (Graly et al., 2020, 2022), and a higher yield of 
10Be in HCl-extractable (oxyhydroxide) phases (Fig. 7). Despite the 
lower quantities of smectite in sample 4Q, the relative distribution of 
10Be is similar in 4Q as in the freshly emerging sediments (Fig. 7). This 
indicates similar 10Be behavior, i.e. phase distribution and retention 
within the samples, in the subglacial environment and at the moraine 
surface. This result strongly implies authigenic clay formation continues 
on the moraine surface, confirming mass balance calculations (Graly 
et al., 2022). 

Rough estimation of the expected 10Be inventory of sample 4Q after 
550 ka on the moraine surface was made using the equation: 
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N = q
(
1 − e−λt) /

λ (1) 

based on a surface meteoric 10Be deposition rate (q) of 1.3⋅105 

atoms⋅cm−2⋅a−1 (Diaz et al., 2021; Steig et al., 1995) and the disinte
gration constant of meteoric 10Be, 5.0⋅10−7 a−1 (Korschinek et al., 
2010). According to these estimations, the inventory at the sample 
location is ~6.25⋅1010 atoms cm−2. To convert our measurements to a 
total 10Be concentration, we need to estimate 10Be abundance in the 
grain sizes larger than fine sand, which were not measured at this 
location. Estimating the 10Be concentration in medium sand by 
assuming the same relative distribution of the isotope by grain size 
found in sample 0B, the total meteoric 10Be in grain sizes medium sand 
and below is 6.14⋅108 atoms⋅g−1; if particles coarse sand and above are 

assumed to have no meteoric 10Be, the concentration is 4.63⋅108 

atoms⋅g−1. Taking these as a minimum and a maximum, this implies the 
meteoric 10Be inventory is spread over 102–135 g⋅cm−2 of sediment, if 
our sample is typical. Assuming a till density of 1.8 g⋅cm−3 (Graly et al., 
2018b), a uniform meteoric 10Be profile would extend to 57–75 cm 
depth. Several locations in the Dry Valleys and Shackleton Glacier area 
have meteoric 10Be profiles where high concentrations extend to several 
10s of cm of depth (Diaz et al., 2021; Schiller et al., 2009, 2014). Other 
meteoric 10Be profiles from the dry valleys show steep declines in 
meteoric 10Be concentration at depth (Dickinson et al., 2012; Graham 
et al., 2002; Valletta et al., 2015). This analysis suggests the former sort 
of profile is present here. 

In situ 10Be is only a minor contributing factor in the residual fraction 
(totally digested quartz minerals) of sample 4Q. In situ concentrations in 
a corresponding boulder sample were on the order of 106 atoms⋅ g−1

quartz 
(Kaplan et al., 2017). Measured concentrations in the residual fraction of 
sample 4Q were 4.12⋅107 atoms⋅g−1, or one order of magnitude greater 
than should be expected for in situ 10Be in the fraction. 

5.5. Subglacial weathering in the catchment of Law Glacier 

Given the high partition coefficient of Be on solid surfaces (You et al., 
1989) and the long residence times of the subglacial waters at the site, 
we can assume nearly 100% scavenging of the isotope onto solid ma
terial and consider the measured 10Be concentrations in sediments to 
indicate the relative ratio of meltwater and till in the subglacial system. 
The accumulation of 10Be in subglacial till is meltwater dependent, and 
the strong correlation between 10Be and smectite abundances indicates 
that chemical weathering is governed by the input of ice melt and the 
oxygen therein. Two plausible reactants formed by oxidation reactions 
in the system could be responsible for the formation of secondary min
erals due to dissolution of primary minerals in the source rock. Disso
lution could take place due to carbonic acid, produced by the oxidation 
of organic matter from the rock of Beacon Supergroup, and due to sul
furic acid, produced by the oxidation of sulfides. Mass balance estimates 
in Graly et al. (2020) suggest that carbonic acid abundance in the system 
is at least an order magnitude larger than that of sulfuric acid, which is 
limited by sulfur abundance in the source rock. A likely weathering 
scenario for the samples begins with the subglacial dissolution of feld
spars and pyroxenes by carbonic and/or sulfuric acid as oxygen was 
introduced to the system with meltwater. Meteoric 10Be in the meltwater 
would adsorb to the surfaces of subglacial sediment particles but would 
take tetrahedral positions within smectite structures as authigenic clay 
formation occurs (Fig. 1). 

Though we do not know the concentration of 10Be in the ice sup
plying Mt Achernar Moraine precisely, it is Pleistocene age (Graly et al., 
2018c) and likely to be close to the 10Be concentration in ice of 2⋅105 

atoms⋅g−1 found in the Vostok core (Raisbeck et al., 1992). Dividing the 
10Be concentration of a sample by this assumed concentration in ice, we 
estimate meltwater input per g of <63 μm material at the Mt. Achernar 
Moraine margin ranging from 150 ml for the sample with the least 
meteoric 10Be (1B) to 1400 ml for the most meteoric 10Be-enriched 
sample (0B). These values compare quite closely with those calculated 
by mass balance of the O2 necessary to form the carbonic and sulfuric 
acid required to produce the chemical weathering products in subglacial 
sediments (Fig. 10B) (Graly et al., 2020). We consider meteoric 10Be to 
provide a more accurate estimate of meltwater input, as it is not 
dependent on inferences about average bedrock composition. 

The meltwater balance calculations provide two striking results 
describing local conditions at Mt. Achernar Moraine: the strong, direct 
dependence of smectite formation on meltwater input, and the hetero
geneity of these meltwater inputs over relatively small spatial scales. 
The meltwater input calculation can be converted to a residence time of 
sediment in the subglacial environment only if the thickness of the 
actively weathering subglacial till is known. Based on a melt rate of 7.5 
mm a−1 (Pattyn, 2010), the residence time ranges from 140 to 1600 

Fig. 10. Comparison of meteoric 10Be inputs with chemical weathering prod
ucts. A) Smectite and kaolinite concentrations (Graly et al., 2020) vs total 
meteoric 10Be concentrations. B) Meltwater input per g sediment modeled from 
the excess smectite, kaolinite, calcite, and zeolites in samples compared with 
rock (Graly et al., 2020) vs meltwater input calculated from meteoric 10Be 
concentration. 
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years per g <63 μm sediment. Depending on till thickness, the true 
residence time could be 1 or 2 orders of magnitude higher. Some of the 
heterogeneity in meteoric 10Be meltwater input could reflect heteroge
neity in the thickness of the underlying till or position within a weath
ering till profile prior to entrainment or a mix of entrainment locations 
between areas of greater and lesser weathering intensity. 

The circumstances of the system described here, in which meteoric 
10Be is shown to be a useful tracer for subglacial weathering processes, 
prevail on a larger scale across the continent. Given the widespread 
nature of the source rocks throughout the Transantarctic Mountains 
(Elliot et al., 2017; Isbell, 1990) and similar basal melting conditions 
(Pattyn, 2010) across the East Antarctic Ice Sheet, the processes that take 
place at the Mt. Achernar Moraine are likely to be representative of large 
portions of the continent. Using the approach presented here, meteoric 
10Be could potentially be used to infer subglacial chemical processes on 
a continent-scale in Antarctica. In order to apply this approach else
where in Antarctica, several important conditions need to be met. First, 
the glaciation history of the location should be considered in order to 
assess whether 10Be could have been inherited from the source rock. 
Ideally, the area should have been ice-covered for many 10Be half-lives, 
with no interglacial exposure. Second, the samples collected from blue 
ice moraines should have had minimal exposure on the surface. There
fore, freshly emerging sediments still in contact with/embedded in the 
ice are preferable. Third, formation of authigenic minerals may be 
dependent on the subglacial geology containing oxidizable material 
such as sulfides or organic carbon needed for the formation of carbonic 
and/or sulfuric acid, which are responsible for the dissolution of the 
source rock. Therefore, there may be regions of Antarctica outside the 
Transantarctic Mountains were oxygen input from meltwater is not the 
limiting factor on subglacial chemical weathering. The speciation of 
meteoric 10Be between adsorption and various weathering products has 
the potential to distinguish between these settings. 

6. Conclusions 

A sequential chemical extraction procedure was designed and 
adjusted to optimize the quantification of meteoric 10Be content in 
weathering products from subglacially derived sediments at a blue ice 
moraine in the central Transantarctic Mountains. This study shows that 
vigorous disaggregation prior to grain size separation and chemical 
extractions is an important factor for the accurate quantification of 10Be 
speciation in the till samples. 10Be bound within the structures of 
authigenic smectite is the dominant fraction of the nuclide in the sam
ples and thus it is important to ensure that fine-grained particles are not 
unintentionally sieved out during initial sample preparation due to 
agglomeration to larger grains. For the desorption of adsorbed species, 
the pH level of the extractant should be maintained above 3.2 to avoid 
undesired dissolution of more immobile species, and below 3.5 to desorb 
the maximum amount of 10Be. This customizing of the 10Be extraction 
procedure for the solubility of the weathering products particular to 
individual samples may be broadly applied in other settings where 10Be 
distribution among mineral species are considered. 

Meteoric 10Be concentrations of 2–28⋅107 atoms⋅g−1 in abundant 
weathering products in freshly emerging subglacial sediments strongly 
indicate chemical weathering in the subglacial environment of the Mt. 
Achernar Moraine catchment area. In the area, which has been ice 
covered for >30 Ma years, meteoric 10Be is supplied to the subglacial 
sediments via subglacial meltwater. Oxyhydroxides and clay minerals 
host 64–70% of the total 10Be in the samples, indicating sufficient water 
and oxygen supply to perform chemical weathering which results in the 
formation of secondary minerals and amorphous weathering products. 
Strong correlation of smectite with 10Be content (R = 0.97) in the 
samples suggests that authigenic smectite formation takes place in the 
subglacial environment. 

The weathering processes described in this study can potentially be 
extrapolated to continent-scale weathering rates by examining 

subglacially derived sediments from across the continent using meteoric 
10Be as a tracer. This study introduces an approach with the potential to 
estimate Antarctica’s contribution to global geochemical cycles via 
subglacial chemical weathering. 
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