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Abstract–Rocks from drill cores LB-07A (crater fill) and LB-08A (central uplift) into the
Bosumtwi impact crater, Ghana, were analyzed for the presence of the cosmogenic
radionuclide 10Be. The aim of the study was to determine the extent to which target rocks
of various depths were mixed during the formation of the crater-filling breccia, and also to
detect meteoric water infiltration within the impactite layer. 10Be abundances above
background were found in two (out of 24) samples from the LB-07A core, and in none of
five samples from the LB-08A core. After excluding other possible explanations for an
elevated 10Be signal, we conclude that it is most probably due to a preimpact origin of those
clasts from target rocks close to the surface. Our results suggest that in-crater breccias were
well mixed during the impact cratering process. In addition, the lack of a 10Be signal within
the rocks located very close to the lake sediment–impactite boundary suggests that
infiltration of meteoric water below the postimpact crater floor was limited. This may
suggest that the infiltration of the meteoric water within the crater takes place not through
the aerial pore-space, but rather through a localized system of fractures.

INTRODUCTION

During the impact cratering process, a large
fraction of the surface layer of the target material is
removed from the crater in the form of ejecta (mostly
distal) or is vaporized/melted (e.g., Melosh 1989).
Indeed, the formation of tektites from the uppermost
layer of the target rocks has also been well established
using the 10Be contents of tektites (e.g., Pal et al. 1982;
Ma et al. 2004; Serefiddin et al. 2007), as well as
chemical comparison of tektites with their probable
source-surface material (e.g., Koeberl 1994; Koeberl
et al. 1997; Engelhardt et al. 2005; Son and Koeberl
2007), and reproduced by computer modeling (e.g.,
Artemieva 2000). However, some research suggests that
near-surface target material may be incorporated in
crater-filling breccias. This is based on studies of rare
impact structures developed within target rocks
characterized by easily distinguished, horizontal layers
where the approximate depth of origin of clasts present

in the resulting crater-filling suevite can be determined
by their lithologic characterization. Two such craters
are K€ardla, a 4 km wide, submarine, 455 Ma crater in
Estonia (Puura et al. 2004) and Tswaing, a 1.13 km
diameter, subaerial, 0.22 Ma crater in South Africa
(Reimold et al. 1992). However, those studies are not
sufficient to quantitatively evaluate the mixing process
within the impact crater’s transient cavity. Tswaing is a
small crater, such that surface material can be easily
incorporated into crater-filling breccias during the
modification stage by slumping and similar mass-
wasting processes (e.g., Melosh 1989). In addition, the
exact percentage and location of the clasts originating
near the surface that were incorporated in the crater-
filling material of the Tswaing crater were not studied
(Reimold et al. 1992), and the original drill core is not
available for further studies (Reimold, personal
communication). Drawing conclusions about the
process of material mixing within the cratering event
based on the K€ardla structure is even more problematic
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(even though an excellent lithostratigraphic profile is
available: Puura et al. 2004), because this crater was
formed within a shallow <100 m deep sea (Puura et al.
2004). Multiple studies suggest that there are significant
differences between subaerial and submarine craters
with respect to the late stages of crater formation,
including the process of mixing of the crater-filling
material (e.g., Orm€o and Lindstrom 2000; Orm€o et al.
2010). To better understand the process of material
mixing within the transient cavity of subaerial craters,
more research is necessary.

Unfortunately, with respect to most subaerial
craters, the approach used at Tswaing or K€ardla cannot
be applied because target rocks are rarely horizontally
stratified with layers easily distinguishable from each
other. However, if the age of the impact crater is known
and less than a few million years, the approximate
depth of origin of clasts present within the suevitic
breccia can be established using abundances of 10Be
within the clast.

10Be is a cosmogenic radionuclide with a newly
determined half-life of 1.386 � 0.016 Ma (Chmeleff
et al. 2010) or 1.388 � 0.018 Ma (Korschinek et al.
2010), but other values are also in use: 1.36 � 0.07 Ma
(Nishiizumi et al. 2007) and 1.51 � 0.06 Ma (Hofmann
et al. 1987). It is produced in the atmosphere and in
situ, primarily by spallation reactions, negative muon
capture, or/and thermal neutron capture, due to the
interaction of 16O, 28Si, and 9Be with cosmic rays
(Dunai 2010). As a result, the 10Be content is enriched
in the top few meters of surface materials (Pavich et al.
1985; Serefiddin et al. 2007; Dunai 2010; Graly et al.
2010), and could, therefore, be used to trace the surface
origin of clasts displaced during the impact process. In
addition, as 10Be is enriched in meteoric water, this
radionuclide can be used to trace water circulation
within a drainage basin (e.g., Willenbring and von
Blanckenburg 2010), such as an impact crater.

The Bosumtwi crater was chosen as an appropriate
study site because of its relatively large size (10.5 km in
diameter), relatively young age of 1.07 Ma (Koeberl
et al. 1997), good preservation, and availability of
samples from the drill core (Koeberl et al. 2007a). The
size of 10.5 km minimizes the probability of
incorporation of surface material by secondary processes
(such as slumping) into the core during the modification
stage of the crater formation process (e.g., Melosh
1989). The age of the crater of 1.07 Ma is comparable
with the radionuclide half-life and thus young enough to
allow the usage of the 10Be system, so that it should be
possible to recognize surface-derived material within
available detection limits. Samples used in this study
were obtained during the 2004 International Continental
Scientific Drilling Program (ICDP) Lake Bosumtwi

Drilling Project (e.g., Koeberl et al. 2007a). The sampled
drill cores have previously been petrographically and
geochemically described (e.g., Coney et al. 2007; Ferri�ere
et al. 2007a, 2007b, 2008, 2010).

The aim of this study is to investigate if surface-
derived, 10Be-enriched (in situ and meteoric) material is
present in the suevitic breccia of the Bosumtwi crater.
This will help to determine the extent of mixing of
target rocks during crater formation with respect to the
fallback breccia. In addition, the topmost layer of the
impactites was analyzed for elevated 10Be contents,
which may result from interaction with meteoric (lake)
water after crater formation and could provide
information about water circulation within a newly
formed crater.

GEOLOGIC BACKGROUND

The Bosumtwi impact crater, located in Ghana, West
Africa (Fig. 1) was formed at 1.07 Ma (e.g., Koeberl
et al. 1997). It was excavated in rocks of the Early
Proterozoic Birimian Supergroup of the West African
craton (e.g., Jones et al. 1981). The Birimian Supergroup
can be divided into two contemporary units (volcanic
belts and sedimentary basins) aligned in multiple parallel
structural features. In addition, numerous, extensive
granitoid intrusions are present. The sedimentary unit of
the Birimian Supergroup consists of volcaniclastic rocks,
argillites, and turbidites that are now metamorphosed to
meta-graywackes, phyllites, schists, and shales (Leube
et al. 1990). The volcanic unit has a predominantly
tholeiitic chemical composition and consists of
metamorphosed basalts and andesites that occur as
different types of schists, including hornblende-actinolite-,
calcite-chlorite-, mica-schists, and in some cases
amphibolites (Leube et al. 1990). The Birimian rocks
were metamorphosed during the Eburnean tectono-
thermal event at approximately 2092 Ma to greenschist
and (locally) amphibolite facies (Feybesse et al. 2006).

The Bosumtwi impact crater was emplaced within a
metasedimentary unit (mostly meta-graywackes,
phyllites, and schists), close to the boundary with
metavolcanics of the Ashanti belt (Fig. 1). In addition,
in the proximity of the Bosumtwi crater, few small
granitic bodies and dikes are present (e.g., Moon and
Mason 1967; Jones 1985; Reimold et al. 1998; Koeberl
and Reimold 2005; Losiak et al. 2013).

SAMPLES

Samples selected for this study come from the
impactite layer of the LB-07A and LB-08A cores drilled
within the Bosumtwi impact crater (Fig. 1) (e.g.,
Koeberl et al. 2007a). The detailed information on the
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lithostratigraphy, petrography, and geochemistry of
those drill cores is available in Coney et al. (2007) and
Ferri�ere et al. (2007a, 2007b) and is presented
graphically in Fig. 2.

Core LB-07A was drilled in the deepest part of the
impact crater and impactites come from depths between
333.38 and 545.08 m (Coney et al. 2007). It consists of
three main sequences: (1) the upper impactites (333.38–
415.67 m), composed of polymictic lithic breccias and
suevite; (2) the lower impactites (415.67–470.55 m),
composed of monomictic impact breccia with small
suevite injections; and (3) shocked basement (470.55–
545.08 m) (Coney et al. 2007).

Core LB-08A was drilled on the outer flank of the
central uplift, with impactites having been recovered
between 235.6 and 451.33 m depth within the drill core
(Ferri�ere et al. 2007a). The top 25 m impactite sequence
consists of polymict, clast-supported lithic breccia
intercalated with suevite, while the other part of the
core is a highly fractured, shocked metasediment,
mostly meta-graywacke, phyllite, and slate (Ferri�ere
et al. 2007a, 2007b).

In total, 29 samples were analyzed (Table 1): 16
single-clast samples selected from within breccia and 13
breccia samples (without clasts larger than
approximately 1 cm3 present). Twenty-four of them
came from core LB-07A and represent depths of 333.7–
407.9 m (“upper impactite layer”; Coney et al. 2007)
and 5 are from core LB-08A from depths 239.5–
264.9 m (“fallback breccia”; Ferri�ere et al. 2007a).

The process of single-clast sample selection was
guided by the following objectives: (1) relatively
uniform coverage of the entire drill core, (2) sampling
only clasts larger than approximately 8 cm3, (3)
sampling clasts representing different lithologies present
in the core. The breccia samples were selected (1) below
the border between impactites and lake deposits to test
for the possibility of 10Be contamination by lake water
infiltration, (2) if the core section appeared as if it could
have been affected by hydrothermal processes (e.g.,
Karikari et al. 2007), (3) if there was no appropriate
clast to be sampled within a significant segment from
the core.

METHODS

Accelerator Mass Spectrometry

The 10Be concentration in the environment is so low
that the measurement can be performed only by
accelerator mass spectrometry (AMS).

Sample Preparation for AMS
Sample preparation for the 10Be AMS measurement

consists of three stages: (1) dissolving samples, (2)
separation of beryllium from the sample, and (3)
preparing BeO AMS targets. The first stage was
performed at the Department of Lithospheric Research,
University of Vienna. At least 200 g of each sample was
crushed with a hammer. To avoid contamination that
could have been introduced during drilling, only pieces
of sample that were inside the original clasts were
selected for further analysis and pulverized in an agate
mill. Powders were heated in a muffle furnace to 950 °C
for 2 h to remove all organic compounds that could
interfere with further steps of the sample preparation
procedure (studies of 10Be composition in tektites show
that 10Be is not affected by high temperature, e.g.,
Koeberl 1986, 1994; Wasson 2003; Serefiddin et al.
2007). Subsequently, samples were dissolved using an
Anton Paar Multiwave 3000 microwave sample
preparation system. This system consists of eight
separate Teflon reactors; in each, there was
approximately 0.1 g of rock powder added to a mixture
of 22M HF, 15M HNO3, and H2O, as well as 0.6 mg
or 1 mg of 9Be carrier (see Table 1). After full

Fig. 1. Schematic geologic map of the Bosumtwi impact crater
and location of drill cores LB-07A and LB-08A used in this
study (adapted from Koeberl and Reimold [2005] and Losiak
et al. [2013]).
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dissolution of the powders (usually after 4 h in 140 °C,
but some samples required longer times to fully
dissolve), samples were evaporated to dryness using the
same sample preparation system. Subsequently, powders
were redissolved in 7M HNO3, evaporated to dryness,
and then redissolved again in 6M HCl. After
evaporating them to dryness for the third time, samples
were dissolved in 6M HCl and all solutions belonging
to the same sample were combined.

The second stage of sample preparation focused on
chemical separation of beryllium from the dissolved
sample. It was executed at the Vienna Environmental
Research Accelerator Facility (VERA) at the Faculty of
Physics, University of Vienna. The beryllium separation
from the sample solution was performed by a
combination of ion exchange operations (Korkisch
1989) and hydroxide precipitation steps. The chemical
method used here is a slightly modified version of the

Fig. 2. 10Be/9Be ratios within samples studied in this project showed in a depth profile on a background of the lithologic
information (data on drill core LB-07A from Coney et al. [2007] and on drill core LB-08A from Ferri�ere et al. [2007a]). The
figure shows that there is no clear relationship between the depth of a sample and its measured 10Be/9Be ratio.
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method described by Auer (2007) and Auer et al.
(2007).

At first, the samples previously dissolved in
6M HCl were passed through the anion exchange
column (filled with resin Biorad AG1-X8 100-200 mesh)
to remove iron. Then beryllium and aluminum
hydroxides were precipitated at pH of 8 with NH3 (aq)
to remove Ca and Ni (Merchel and Herpers 1999) as
well as to decrease the size of the solution produced

afterward. Hydroxide samples were redissolved in few
milliliters of 0.5M HCl and passed through the cation
exchange column (filled with resin Biorad AG50W-X8
100-200 mesh) to separate beryllium from aluminum. In
this step, beryllium is also largely separated from boron.
In most cases, due to a very high amount of aluminum
present in the samples (from 25 to 113 mg), this step of
the chemical separation had to be performed twice (with
the precipitation in between).

Table 1. Results of AMS measurements of 10Be contents in the studied samples from the Bosumtwi crater.

Sample

number

Drill

core

Depth

(m) Sample type

Mass

(g)

9Be
carrier

(mg) 10Be/9Be 910�15 �(2r) 910�15

Significance
test (a)

r

10Be 9106

atom g�1
�(2r) 9106

atom g�1

AL1 8A 239.5 Shale 0.8045 1 8.1 3.4 �0.4 — —
AL2 8A 243.4 Shale 0.8036 1 5.1 2.6 �2.4 — —
AL3 8A 242.1 Quartzite 0.7118 1 7.1 2.8 �1.0 — —
AL5 8A 260.9 Suevite 0.8061 1 6.1 2.2 �2.0 — —
AL6 8A 264.9 Graywacke 0.8047 1 4.3 3.0 �2.6 — —
AL7 7A 333.7 Breccia 0.8163 0.6 3.3 1.2 �5.4 — —
AL8 7A 334.3 Suevite 0.8167 0.6 8.9 1.4 0.1 — —
AL9 7A 336.4 Graywacke 0.8068 1 4.9 1.4 �3.6 — —
AL11 7A 340.7 Graywacke 0.8075 1 7.3 4.0 �0.7 — —
AL12 7A 345.2 Granite 0.8073 1 3.2 2.6 �3.6 — —
AL13 7A 349.2 Breccia 0.8120 1 5.7 4.0 �1.4 — —
AL14 7A 350.6 Suevite 0.8137 1 11.2 2.6 1.6 — —
AL15 7A 353.7 Shale 0.8118 1 4.6 3.8 �2.0 — —
AL18 7A 363.6 Suevite 0.8092 1 4.6 3.0 �2.5 — —
AL21 7A 370.7 Granite 0.8147 1 7.4 5.0 �0.5 — —
AL22 7A 377.0 Suevite 0.8152 0.6 11.2 1.6 2.1 — —
AL24 7A 383.2 Suevite 0.8156 1 6.5 0.9 �2.5 — —
AL25 7A 383.4 Graywacke 0.8172 1 12.2 1.5 3.1 0.28 0.12
AL26 7A 387.5 Breccia 0.8132 1 5.7 3.2 �1.7 — —
AL28 7A 389.1 Graywacke 0.8175 0.6 6.1 1.0 �2.9 — —
AL29 7A 390.1 Graywacke 0.8051 1 6.7 0.7 �2.4 — —
AL30 7A 392.1 Suevite 0.8050 1 6.3 0.6 �2.9 — —
AL33 7A 403.9 Suevite 0.8172 0.6 5.3 1.0 �3.7 — —
AL37 7A 405.7 Graywacke 0.8141 1 4.9 3.6 �2.0 — —
AL41a 7A 355.5 Graywacke 0.8051 1 10.7 0.7 2.1 — —
AL41b Graywacke 0.8236 0.6 13.3 2.2 3.3 0.33 0.11

AL42 7A 385.2 Suevite 0.8207 0.6 8.9 1.1 0.2 — —
AL43 7A 398.3 Graywacke 0.7027 1 6.0 0.5 �3.3 — —
AL44 7A 407.9 Suevite 0.8112 0.6 8.2 1.1 �0.6 — —
AL45 7A 378.6 Graywacke 0.8179 0.6 11.3 1.3 2.4 — —

Measurements were performed during four independent sessions: A (AL29, AL30, AL41, AL43), B (AL03, AL05, AL06, AL09, AL11),

C (AL01, AL02, AL12, AL13, AL15, AL18, AL21, AL26, AL37), D (AL07, AL08, AL14, AL18, AL22, AL24, AL25, AL28, AL33, AL41,

AL42, AL44, AL45).

The transmission from the high energy currents to the detector signal is between 30.63% for A session, 25.53% for B session, 5.83% for

C session, and 27.72% for D session. The precision of the calibration is 0.19% for the A session, 2.5% for the B session, 2.76% for the

C session, 1.06% for the D session. This is a correlated uncertainty included in the uncertainties listed in the table. The uncertainty of the

standard definition is not considered. The isotope ratios are normalized to the standard. No background correction has been applied.
10Be/9Be ratio of the beryllium carrier was measured four times: A: (2.78 � 0.34) 9 10�15, B: (2.52 � 0.96) 9 10�15, C: (3.79 � 1.9) 9 10�15,

and D: (1.64 � 0.52) 9 10�15.
10Be/9Be ratio of the process blank was measured to be (8.79 � 1.62) 9 10�15.
10Be in at/g values are blank-corrected, but not decay-corrected.
aSignificance test—checks if the sample is significantly different than the process blank by calculating confidence interval for difference between

population means. Samples characterized by the calculated values >3 are significantly different from the process blank with a 99.73%

probability.

398 A. Losiak et al.



To determine beryllium yields of the sample
preparation method, aliquots of the sample solutions
were taken after every step of the chemical procedure
and the Be and Al contents were measured with atomic
absorption spectroscopy. The total beryllium yields of
the chemical separation method were determined to be
approximately 80%.

In the third stage, the AMS targets were produced
by precipitating Be as hydroxide, which was then
converted to oxide by heating and afterward pressed
into targets. At first, beryllium hydroxide was
precipitated and washed three times with double
distilled water to remove boron, which interferes with
the AMS 10Be measurement. Then the precipitate was
transferred into small quartz crucibles, and heated for
4 h at 850 °C to dehydrate the Be(OH)2 to BeO. BeO
was mixed with small amount of Cu powder and
pressed into copper AMS targets. As beryllium is highly
toxic, all steps of the AMS target preparation were
done in a fume hood or in a glove box.

Carrier and Standards for AMS Measurements
The 9Be carrier that was used in this study was a

beryllium standard by Merck for conventional mass
spectrometry (MERC 19775 41466612). The amount of
the carrier added varied between 0.6 and 1 mg of beryllium
(Table 1). Its 10Be/9Be ratios scattered between (1.64 �
0.52) 9 10�15 and (3.79 � 1.9) 9 10�15 (2r uncertainty)
and on average was 2.7 9 10�15. The measured 10Be/9Be
ratio of a process blank was (8.79 � 1.6) 9 10�15

(Table 1).
The 10Be/9Be ratio of the process blank is somewhat

higher than the average ratio of the carrier. However,
15 of the measured samples have 10Be/9Be ratios that
are indistinguishable (within 2r uncertainty) from
values characteristic from the highest measured ratio of
beryllium carrier used in this study
(3.79 � 1.9) 9 10�15, and are significantly lower than in
the process blank (Table 1). This shows that the real
10Be/9Be ratio of the process blank is in most cases lower
than (8.79 � 1.62) 9 10�15.

The 10Be standard used in this study is the NIST
SRM4325 (NIST = National Institute of Standards and
Technology) with certified 10Be/9Be ratio of 2.68 9 10�11

(�5.1%); however, according to Nishiizumi et al. (2007),
a more precise value of this standard is (2.79 �
0.03) 9 10�11. Our results are referenced to the NIST
value.

Measurement by AMS
10Be/9Be ratios were measured with the VERA AMS

system (see e.g., Kutschera et al. 1997; Steier et al.
2004)—using a post-stripping method for isobar
separation (e.g., Michlmayr 2007). The method addresses

the discrimination between 10Be and its isobar 10B by
using the difference in energy loss of the ion beam in
matter, due to the different atomic number of 10Be and
10B (Michlmayr 2007). The VERA AMS machine
background for 10Be varies between 8 9 10�16 and
3 9 10�15 (Michlmayr 2007). Detailed information on
the setup and performance of the VERA during the 10Be
measurement was described in Martschini (2008).

Results of the Pilot Project
To develop an efficient method of sample

preparation, as well as assess the accuracy and
reproducibility of the measurement and sample
preparation method, a pilot project was performed on
soil samples from the Bosumtwi region previously
measured by Serefiddin et al. (2007). Our results show a
generally good agreement with previously published
data (within uncertainty) (Fig. 3). However, results
obtained for sample LB29a are somewhat higher than
those measured by Serefiddin et al. (2007). To test the
precision of our method, we have processed samples
LB29a and LB29c twice (Fig. 3). Two subsamples of
the sample LB29a were processed separately throughout
the entire procedure to test reproducibility and precision
of the sample preparation process. Sample LB29c was
divided into two separate targets at the very end of the
procedure to test reproducibility and precision of AMS
measurement. The results of the pilot project show good
accuracy and precision for both sample preparation and
the AMS measurement applied in this study.

RESULTS

The detailed petrographic characteristics of the
samples are provided in Table 2. The studied samples
can be divided into a few petrologic groups. Out of a

Fig. 3. Comparison of results obtained by Serefiddin et al.
(2007) (black circles) and in this study (gray squares) on soil
samples from the Bosumtwi region with the 2r errors plotted.
The plot shows a generally good agreement with previously
published data (within error).
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Table 2. Petrologic description of samples (specific clasts that were dissolved for 10Be analysis) from the Bosumtwi
impact crater (cores LB-07A and LB-08A) analyzed in this study.

Sample
number

Drill
hole Depth (m) Sample description Shock metamorphic properties

AL1 8A 239.5 Highly altered graphitic shale. The fine-grained

matrix is composed of quartz, feldspar, micas
(sericite and chlorite), graphite, and some
accessory minerals, including titanite, epidote,
and rutile as well as some opaques. Few

cross-cutting sets of quartz veinlets are present.

PDFs are present in the quartz veinlets

(up to three cross-cutting sets). In
addition, some of the quartz grains
display a “toasted appearance.”

AL2 8A 243.4 Well-banded graphitic shale (or phyllite), with a
mylonitic quartz ribbons. Some of the bands

consist of large quartz grains. Large subhedral
grains of graphite are present.

Rare and faint PDFs are present in some
of the quartz grains.

AL3 8A 242.1 Quartzite consisting mostly of very large quartz

grains, with some areas where much smaller
grain size is prevailing.

Most of the grains in the sample include

some PDFs. Some of the enclaves
additionally appear to be “toasted.”

AL5 8A 260.9 Suevite consisting mostly of fine-grained

graywacke-derived matrix (quartz, feldspar, and
micas), and clasts of graywacke and well banded
graphitic shale. Melt clasts are scare.

Some quartz grains are highly shocked

and toasted (but most are too small to
see indications of shock metamorphism).

AL6 8A 264.9 Fine-grained, mylonitized graywacke composed of

mostly quartz, feldspar, and various micas (sericite
and chlorite). Sample is highly altered, with
abundant occurrences of amorphous reddish phase.

Some quartz grains contain PDFs.

AL7 7A 333.7 Monomictic breccia composed of fine-grained,
mylonitized graywacke with large clasts present.
The fine-grained matrix is composed of quartz,

feldspar, and micas (mostly sericite and chlorite).

Rare and faint PDFs are present in some
of the quartz grains.

AL8 7A 334.3 Matrix-rich suevite consisting of large variety of
lithic and mineral clasts: fine- and medium-grained

meta-graywacke, slate, phyllite, quartzite, as well as
few melt clasts (brown and subrounded). Sample
similar to samples AL18 and AL41.

Some clasts (or fragments of grains) are
isotropized, probably due to heating.

No grains bearing PDFs were identified.

AL9 7A 336.4 Fine-grained, mylonitized graywacke composed of

mostly quartz, feldspar, and various micas (sericite
and chlorite) showing a number of rotated and
recrystallized quartz porphyroclasts. Sample is

highly altered.

Rare and faint PDFs are present in some

of the quartz grains.

AL11 7A 340.7 Medium-grained, partially mylonitized graywacke
composed of matrix of quartz, feldspar, and

various micas (sericite and chlorite) and quartz
porphyroclasts. Sample is highly altered (although
some not fully sericized feldspars are present).

Faint PDFs are present in multiple
quartz grains.

AL12 7A 345.2 Medium-grained granite consisting of numerous

quartz grains, feldspars (mostly twinned K-feldspar)
in large part turned to sericite, and micas (mostly
chlorite and sericite), as well as accessory rutile

tourmaline and unidentified anhedral opaques.
Sample is highly altered.

PDFs are common in the quartz grains

present in this sample.

AL13 7A 349.2 It was impossible to prepare a thin section because

the sample was not lithified.
AL14 7A 350.6 Suevite consisting mostly of crushed clasts (that

partially conserve the previous texture) of fine- and

medium-grained meta-graywacke and phyllite. Few
melt particles (brown subrounded) are also present.

Quartz grains rarely display PDFs.
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Table 2. Continued. Petrologic description of samples (specific clasts that were dissolved for 10Be analysis) from
the Bosumtwi impact crater (cores LB-07A and LB-08A) analyzed in this study.

Sample
number

Drill
hole Depth (m) Sample description Shock metamorphic properties

AL15 7A 353.7 Very fine-grained, slightly mylonized shale, with
few narrow, somewhat darker bands (possibly

due to higher contents of graphite).

No shock metamorphic effects were
observed.

AL18 7A 363.6 Similar to sample AL08 and AL41. Shock metamorphic effects are especially
common within grains embedded within

matrix.
AL21 7A 370.7 Medium-grained granite consisting of numerous

quartz grains, feldspars (mostly twinned
K-feldspar) in large part turned to sericite, and

micas (mostly chlorite and sericite), as well as
accessory rutile turmaline and unidentified
anhedral opaques. Sample is in the early stage of

mylonitization (some of the sericite and chlorite
is oriented) and elongated opaque-rich pockets
are present.

Up to two sets of PDFs in a grain were
observed.

AL22 7A 377 Melt-rich suevite without any lithic clasts. Matrix
is composed mostly of melt particles of various
sizes (from few tens mm to few um) and of clasts
of single grains. Significant amount of calcite

is present.

Some grains do not display any signs of
shock metamorphism, while others are
highly shocked (especially ones being
single clasts embedded within matrix).

AL24 7A 383.2 Suevite with a large variety of lithic and mineral
clasts, including meta-graywacke, slate, phyllite,

and quartz and feldspar grain clasts within very
fine-grained matrix. Some of the lithic clasts are
fully or partially isotropized (probably due to

heating during the impact event), and often they
have rounded outline.

Up to two sets of PDFs in a grain were
observed.

AL25 7A 383.4 Highly shock-heated medium-grained, mylonitized

graywacke with locally significant amount of
opaques (possibly graphite) present.

Some grains contain very short PDFs.

AL26 7A 387.5 Monomictic breccia composed of fine-grained,
mylonitized graywacke with large clasts present.

The fine-grained matrix is composed of quartz,
feldspar, and micas (mostly sericite and chlorite).

Grains are too small to observe PDFs.
Some of the clasts or fragments of

clasts are isotropized.

AL28 7A 389.1 Coarse-grained, partially mylonitized graywacke

composed of matrix of quartz, feldspar, and
various micas (sericite and chlorite), as well as
quartz and feldspar porphyroclasts. Sample is

highly altered (although some not fully sericized
feldspars are present). Highly altered, alteration
phases were probably heated during the impact

event, and now are in a form of amorphous or
microcrystalline material. Very similar to
sample AL 30.

Small, short PDFs are observed in some

grains.

AL29 7A 390.1 Very fine-grained, not mylonized graywacke with

high amount of graphite present.

No shock effects are observed (possibly

due to the very small size of the grains).
AL30 7A 392.1 Very similar to sample AL 28. Faint, short PDFs are observed.
AL33 7A 403.9 Fine-grained suevite with small dispersed melt clasts

and few small lithic clasts (of banned phyllite),
most clasts are mineral (quartz and feldspar).

PDFs were not observed.
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total of 16 clasts, 2 were identified as granite, 10 as
graywacke (or meta-graywacke), 3 as shales, and 1 clast
as quartzite. Thirteen samples are impact breccias, and
ten of them include melt clasts (and were classified as
suevite). Most of the samples are shocked to some
extent; quartz grains have up to three planar
deformation feature (PDF) sets, some of them also
having a “toasted” appearance (Ferri�ere et al. 2009).

The 10Be/9Be ratios have been measured during four
independent AMS sessions (Table 1; Fig. 4). The
transmission from the high-energy currents to the
detector signal was about 30% for sessions A, B, and
D. For session C, the transmission was much lower and
only about 6% due to problems related to terminal
voltage instability that resulted in much lower count
rates and higher errors. The results of the AMS
measurements are presented in Table 1 and Fig. 4.

All measured 10Be/9Be ratios are very close to the
values characteristic for the 10Be machine background
as well as process blank used in this study; however,
several different observations point to the conclusion
that process blank (measured during the last session)
represents the highest range of 10Be introduction during
sample preparation. First, all 18 samples (except one:
AL41) measured during the first three sessions (A, B,
and C) have their 10Be/9Be ratios indistinguishable
within 3r from the long-term measured machine blanks.

This suggests that during the first three sessions, no
significant amount of 10Be was introduced during the
sample preparation. Measured elevated value of AL41 is
clearly different than any other sample measured during
the first three sessions. It is true, however, that a few
samples (e.g., AL44, AL8, and AL42) measured during
session D show some signs of 10Be being brought in
during sample preparation and their 10Be/9Be ratio is
consistent with the ratio of measured process blank. At
the same time, some of the samples prepared and
measured during session D are among the lowest values
measured (e.g., AL07 and AL33).

Second, all but six samples form a uniformly
increasing array on a plot presenting all samples
arranged by their 10Be/9Be ratio, with measured process
blank corresponding to the highest measured sample
within this array. However, six samples with 10Be/9Be
ratio above the measured process blank are characterized
by values significantly (on 2r level, except sample AL14
that has especially high error) higher than the highest
sample from the array (Table 1). This suggests that those
six measured samples (five unique and one duplicate of
sample AL41) have an internal 10Be that is not related to
a sample contamination during chemical processing. We
expect that remeasuring samples AL14, AL22, and AL45
(prepared with a higher amount of sample dissolved and
a lower amount of beryllium carrier) might yield results

Table 2. Continued. Petrologic description of samples (specific clasts that were dissolved for 10Be analysis) from
the Bosumtwi impact crater (cores LB-07A and LB-08A) analyzed in this study.

Sample
number

Drill
hole Depth (m) Sample description Shock metamorphic properties

AL37 7A 405.7 Slightly mylonitized medium-grained graywacke
composed of matrix of quartz feldspar and various

micas (sericite and chlorite) as well as quartz and
feldspar porphyroclasts. Sample is relatively altered
and includes significant amount of opaque material

(probably graphite).

Some grains have short and relatively
faint PDFs present.

AL41 7A 355.5 Medium- to coarse-grained slightly mylonitized
meta-graywacke dominated by large quartz and
feldspar clasts in a fine-grained matrix of

phyllosilicates, quartz, feldspars, and opaques
(possibly graphite). Similar to sample AL 45.

Large fraction of the quartz grains
include PDFs.

AL42 7A 385.2 Very similar to sample AL 22. Rare and faint PDFs are present.

AL43 7A 398.3 Strongly mylonitized medium-grained graphitic
graywacke. It is composed of: large recrystallized
quartz and feldspar clasts in a fine-grained matrix

of mostly phyllosilicates (oriented), but also quartz,
feldspars, and opaques.

No PDFs (or other signs of shock
metamorphism) are observed.

AL44 7A 407.9 Sample similar to AL 08 and AL 18. Some quartz grains present in the matrix
include PDFs.

AL45 7A 378.6 Similar to sample AL 41, but more porous and more
highly damaged by shock.

Rare grains include PDFs.

PDFs = planar deformation features—features developed in minerals, especially notable in quartz, as a response to shock metamorphism,

K-feldspar = potassium feldspar KAlSi3O8.
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that are different from the measured process blank on
3r significance level. However, with samples measured
within the scope of this study, only two (AL25 and
AL41) were significantly different from the process blank
(on 3r level).

Third, sample AL41 was measured twice. The first
measurement: (10.7 � 0.7) 9 10�15 was performed
during the session A, where all other samples were
within level of a long-term machine blank. The second
measurement (13.3 � 2.2) 9 10�15 during the session D
was performed with smaller amount of beryllium
carrier. Both measurements were the same within 2r
error, but as expected, the measurement with lower
amount of beryllium carrier yielded a higher 10Be/9Be
ratio. The measurement consistency and following
expected trend show that it is highly improbable that
sample AL41 does not have some internal 10Be.

Fourth, variation within the AMS does not explain
the obtained results, especially higher scattering of the
10Be/9Be ratios measured during the D session.
However, this seems to be related to (1) excess 10Be
present in the samples, and (2) small 10Be introduction
during the chemical sample preparation (as discussed
above). There is no correlation between measured
10Be/9Be ratios and 9Be2+ beam current or boron count
rates. In addition, the in-house standards measured
during every session were consistent with expected values

of approximately 3 9 10�12 and 3 9 10�13 (based on
long time measurements) and stable during the entire
session.

Finally, sample AL41 was measured twice and both
measurements were performed with the same amount of
sample, but with different amounts of beryllium carrier: 1
and 0.6 mg, yielding 10Be/9Be ratios of (10.7 � 0.7) 9
10�15 and (13.3 � 2.2) 9 10�15, respectively. As
expected, if the 10Be is derived from the sample, the
second measurement with the lower amount of carrier
used resulted in a higher 10Be/9Be ratio.

Combining the five reasons mentioned above, we
think that in the case of the two samples (AL25 and
AL41) we can successfully confirm detection of excess
10Be in the clasts and exclude random variations in the
measured 10Be/9Be ratios due to machine performance
and chemical preparation as a source of the signal.
However, it is true that, because of very small amount
of 10Be present and lack of more precise estimation on
the exact ratio of the full process blank, the calculated
contents of the 10Be within clasts are provided with a
relatively large error. This limits our ability to estimate
the exact depth of the clast origin within the preimpact
target rocks.

As mentioned above, two samples (AL25, AL41)
have 10Be/9Be ratios significantly (>3r) above the
process blank based on the confidence interval for the

Fig. 4. 10Be/9Be ratios measured in samples from the Bosumtwi crater (error bars plotted as 2r). Numbers on the horizontal axis
correspond to the sample number (see Table 1).
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difference between population means (e.g., Franklin
2007). In addition, their 2r confidence intervals do not
overlap with the process blank 2r confidence interval.
Only those two samples are discussed in this study as
ones having a true 10Be signal. Because of that, the
numbers of 10Be atoms per gram of sample were
calculated only for those samples (Table 1). The sample
AL25 is a graywacke clast collected on the depth of
383.2 m of the core LB-07A, and the sample AL41 is
also a graywacke clast collected from depth of 355.5 m
within the same core.

Two additional samples (AL22, AL45) have
10Be/9Be ratios higher than the process blank on more
than 2r (but less than 3r) confidence level. We
acknowledge that those samples probably include some
internal 10Be. But the experimental setup used in this
study was not sufficient to confirm that those samples
contain 10Be with a 3r probability level. 3r threshold
instead of more commonly used 2r level is used in this
study because we are basing our process blank estimate
on a single measurement. Samples AL22, AL45, and
AL14 will not be discussed in detail in the following
section of the manuscript as ones with a detected 10Be
signal.

DISCUSSION

Possible Explanations of the Obtained Data

There are multiple explanations for the measured
10Be/9Be ratios of the samples above the blank value (1)
laboratory contamination, (2) contamination introduced
during drilling, (3) introduction of the 10Be by meteoric
water after crater formation, and (4) surface exposure
of the clasts prior to the Bosumtwi crater formation. In
the following section of the paper, we will discuss and
evaluate their validity in explaining our data.

Laboratory Contamination
If isotopic values measured are as close to the blank

value as ones in this study, it is especially easy to
introduce contamination during the sample processing in
the laboratory. However, explaining the increased
10Be/9Be ratios in samples AL25 and AL41 by
laboratory contamination seems to be very unlikely.
First, the samples with high ratios were processed in
different groups, excluding a single source of
contamination (e.g., a contaminated reactant or an error
during the sample preparation). In addition, samples
with the highest (e.g., AL41) and lowest (e.g., AL07)
10Be/9Be ratios were processed and measured together.
Second, as no foreign samples with high 10Be/9Be ratios
were processed together with our samples (except
standards that were prepared separately), there is no

obvious source of possible contamination. And finally,
one of the samples with elevated 10Be/9Be ratio (AL41)
was processed twice, each time giving the same (within
2r) result. More importantly, the second measurement
(AL41b), with a lower amount of 9Be carrier, gave a
higher 10Be signal than during the first measurement
(AL41a) with higher amount of carrier, confirming that
the increased 10Be signal comes from the sample, not
from the carrier. All of those observations show that
sample preparation method failure is an unlikely
explanation of the obtained data.

Sample Contamination during Drill Cores Recovery
As mentioned before, 10Be is mostly produced by

the spallation of oxygen and nitrogen in the atmosphere
at the rate dependent on the altitude, latitude,
variations of the strength of magnetic field with time
(Dunai 2010), at present on average amounting to
approximately 1 9 106 at cm�2 yr�1 (Gosse and Phillips
2001). Because of that, its concentration is high in rain
water and can vary between 1 9 103 at/g up to even
approximately 1 9 105 at/g (Brown et al. 1992; Graham
et al. 2003; Heikkil€a et al. 2008; Willenbring and von
Blanckenburg 2010), and in surface waters can be up to
3200 at/g (Brown et al. 1992; Willenbring and von
Blanckenburg 2010). However, the 10Be concentration
in most surface waters is much lower and strongly
dependent on many variables, such as the chemical
properties and history of the water. In most terrestrial
surface conditions, beryllium has a tendency to strongly
adhere to soil grains: the partition coefficient is
approximately 105 mL g�1 at pH >6 (but is much less
in acidic conditions) (You et al. 1989). Some 10Be can
be also incorporated into clays, organic matter, or
oxyhydroxides (e.g., Barg et al. 1997).

As a combined 10Be signal from the in situ and
meteoric 10Be was measured in this study,
contamination of the samples might have also occurred
during drilling (from the lake water) or initial sample
storage in Ghana (from rain water falling on the
samples). If this is true, we could expect that entire
sections of the core (or rather entire boxes with
samples) should be affected by 10Be contamination in a
similar way. However, this is not the case in our data
set. Samples characterized by the highest 10Be/9Be ratios
are often located very close in the drill core to samples
with very low or average 10Be/9Be ratio. For example,
sample AL41, having the highest ratio measured in this
study, is located only 1.8 m from sample AL15 with
one of the lowest measured ratios. Both samples were
stored in the same sample box. Even more extreme is
the example of sample AL25 with 10Be/9Be ratio of
(12.2 � 1.5) 9 10�15, while sample AL24, located only
0.2 m from sample AL25, has 10Be/9Be ratio of
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(6.5 � 0.9) 9 10�15. In addition, the breccias should be
much more affected by this process (due to much more
surface area allowing beryllium to adhere to the grains)
than clasts. However, this is not the case in our data set
(Table 1; Fig. 4).

Introducing 10Be by Interaction with Surface Water
10Be present in the measured samples could also

come from the meteoric water that might have
infiltrated the fallback impactite layer soon after the
crater was formed. The Bosumtwi crater is currently
located within a humid climate zone, where the average
annual rainfall varies from 1380 to 1550 mm yr�1

(Turner et al. 1996). Detailed research of the
paleoclimate at this site shows that the Bosumtwi area
was most probably relatively wet for most of its history
(e.g., Shanahan et al. 2012), suggesting that the crater
should have been filled with water soon after its
formation. As Bosumtwi is a closed basin with limited
amount of the groundwater inflow into the lake, most
of the water-balance models suggest that the main
source of water within Bosumtwi Lake is rainfall (e.g.,
Turner et al. 1996).

To test the meteoric-derived lake water
contamination hypothesis, three samples collected close
to the lake sediment–impactite contact within drill core
LB-08A were analyzed. They came from depths of
239.5 m, 242.1 m, and 243.4 m blf, respectively, while
the sediment–impactite contact was at an estimated
depth of 235.6 m. It was impossible to collect samples
closer to the contact because that part of the core was
not available. Results show (Fig. 2) that, even though
there seems to be a slight decrease of the detected 10Be
signal with increasing depth below the contact, all
obtained results are the same within the 2r error (and
even 1r error). In addition, all measured values are
within the 10Be/9Be ratio of the process blanks used in
this study.

Even more importantly, the measurement of sample
AL07 from the drill core LB-07A argues against the
hypothesis of contamination introduced by interaction
with surface waters. This sample is collected from a
depth of 333.7 m, just 0.3 m below the lake sediment–
impactite contact, so if contamination occurred, it
should have been heavily affected. In addition, sample
AL07 is a monomictic breccia, characterized by a high
surface area, prone to adsorbing 10Be on the surface of
grains within this sample (You et al. 1989; Shen et al.
2004; Graly et al. 2010). This suggests that if fluids with
elevated 10Be contents reached this depth, it is
reasonable to expect that sample AL07 would have an
elevated 10Be/9Be ratio.

Lack of the 10Be signal only 0.3 m from the lake
sediment–impactite contact could be potentially

explained by the hypothesis that the top 0.3 m of
impactite layer was extremely efficient in adsorption of
the 10Be, so that none of this element managed to reach
depth of 0.3 m. However, the measured depth profiles
of 10Be within soil and regolith (e.g., Graly et al. [2010]
and references within) argue against this explanation.
The second possibility is that the impactite layer was
separated efficiently from the surface water influence.
Initially, the separation could have been provided by
the fallback layer: an approximately 30 cm thick layer
consisting of “accretionary lapilli, microtektite-like glass
spherules, and shocked quartz grains” retrieved from
LB-05 core drilled within the Bosumtwi impact
structure (Koeberl et al. 2007b). A similar layer was
probably present on the entire crater floor, apparently
creating an efficient barrier between lake and impactite
deposits. Later on, this separation could have been
increased by the thick layer of lake sediments being
deposited.

The lack of a significant amount of percolation into
the topmost layer of impactites does not mean that
there was no contact between surface water and impact-
affected rocks. In fact, Karikari et al. (2007) as well as
Petersen et al. (2007) found evidence supporting the
existence of a hydrothermal system within Bosumtwi
crater. Surface water could have penetrated the
impactite layer through cracks within the fallback layer:
if cracks were large enough to limit the particle–water
interaction (and/or chemical properties of water allowed
for beryllium to stay in solution), then some amount of
10Be could have been prevented from adhering on the
surface of grains located at low depth and transferred
down the impactite section. In this case, we could
expect an increased 10Be signal along the fractures, and
that breccias or suevites would be more affected than
clasts (due to their higher surface area). However, the
10Be/9Be ratio measured in samples AL24 and AL25
located only 0.2 m from each other does not support
this hypothesis, because sample AL24 is a suevite (with
a high surface area allowing for preferential 10Be
adsorption), which is characterized by a low 10Be
content, whereas AL25 is a graywacke clast with a high
10Be content.

Increased 10Be Signal as a Result of Contamination
by 10Be Derived from an Impactor

The cosmic rays flux is much higher in space than
on the surface of the Earth and because of that the
concentrations of the 10Be within meteorites tend to be
higher than those measured within terrestrial materials
(e.g., Jull 2006; Welten et al. 2008; Dunai 2010). In
theory, even small amounts of meteoric material mixed
with Bosumtwi target rocks could significantly change
10Be concentrations observed in the suevite. We have
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calculated the possible extent of the 10Be enrichment
from the meteoritic material. We used the following
assumptions: the impactor has ordinary-chondritic
composition (Koeberl et al. 2007c), 800 m in diameter
and is moving with 22 km s�1 (Artemieva et al. 2004),
the volume of the transient cavity calculated according
to Schmidt and Housen (1987), and most of the 10Be
present in the large asteroid is within the first
300 g cm�2 with the average contents within this layer
corresponding to 10 dpm kg�1 (e.g., Jull 2006). The
calculation shows that if we assume good mixing
between impactor and target material from within the
transient cavity, the material should be enriched up to
about 0.1 9 106 at/g. This value is below the detection
limit of the current study, and is about three times
lower than values measured for samples AL25 and
AL41.

Of course it is not impossible that mixing between
impactor and target rocks was not homogeneous and
some breccias were more highly enriched in 10Be then
others. However, such an explanation does not
correspond to the results obtained in our study. Both
samples with detectable 10Be signal are clasts of
graywacke, with no petrologic indications of any
extraterrestrial material incorporation as visible in the
thin section. In addition, to limit the possibility of this
type of contamination, only internal parts of all studied
clasts were selected for the 10Be measurement. An
explanation of the obtained data by admixture of the
10Be derived from the impactor seems, therefore, very
unlikely. This agrees with absence (or very low amount)
of meteoritic components in the impact breccia (e.g.,
McDonald et al. 2007).

Increased 10Be Signal as a Result of the Muonic
Production at Great Depth

More than 98% of the 10Be in the surface layer is
produced from interactions of the target material with
neutrons (e.g., Brown et al. 1995; Braucher et al. 2003,
2013). At depths greater than 1000 g cm�2, the muonic
component of 10Be production is dominant (Braucher
et al. 2013). However, the results obtained in this study
cannot be explained by the postimpact muonic
production within the crater (but probably this
mechanism played some role in producing 10Be in the
preimpact target rocks from which clasts with an
elevated content were derived) because of three main
reasons. First, the production rate by muonic
component is very low—on the order of 0.028 � 0.004
at/g*a scaled to the sea level surface (Braucher et al.
2013). This leads to a very simplified (not corrected for
altitude and latitude) calculation of the muonic
contribution at a 1 Ma old surface of about 28,000 10Be
at/g. This is only about 10% of the value measured by

us within samples AL25 and AL41. Second, all analyzed
samples come from below the surface. 10Be production
at the sample depth within the drill core is significantly
lower due to the shielding effect of the lake water (layer
of 69 m) overlaying lake sediments (thickness of 261 m)
and impactites (25 and 53 m thick, respectively)
(Koeberl et al. 2007a). And even if the attenuation
length for muons (up to 5000 g cm�2; Braucher et al.
2013) is significantly higher than for neutron
production, all our samples are very well shielded from
the muonic 10Be production (being well below the
detection limit of this study). Third, if the 10Be within
our samples would be derived from muonic postimpact
production, then the depth profile should be uniformly
enriched, with the highest 10Be values at the top of the
profile. In our study, we have observed the opposite—
the enrichment in 10Be is variable and not correlated
with the depth in the drill core. In conclusion, muonic
production of 10Be cannot explain observed data.

Increased 10Be Signal as a Result of the Surface
Exposure of the Clasts Prior to the Bosumtwi Crater
Formation

After excluding alternative hypotheses, the most
probable explanation of the observed elevated 10Be
signal in samples AL25 and AL41 seems to be their
near-surface exposure prior to the Bosumtwi crater
formation. However, the exact determination of the
clast’s depth of origin within the preimpact target
material is not possible because of the following
reasons. First, the total 10Be contents generally decrease
with depth within weathering profile, although some
profiles can have a more complex shape (Graly et al.
2010). No data about 10Be in deep profiles within soils
in the proximity of the Bosumtwi crater are available;
the only data are from shallow profiles less than one
meter deep (Serefiddin et al. 2007), even if soil profiles
can be as thick as 8 m and the underlying saprolite
being more than 30 m thick (Boamah and Koeberl
2003). Potentially comparable, several meters deep
profiles are available from the Ivory Coast and Mali
(Barg et al. 1997). However, because all of the available
data are based on the studies of the fine fraction of the
soils, not clasts within them, the data are not easily
comparable. It is reasonable to expect that the average
10Be contents of the clasts within soil profiles (or
saprolite) are lower than that within the finer fraction of
the soil (Graly et al. 2010), but it is very hard to
properly assess the expected 10Be concentration within a
clast.

As 10Be is a radionuclide with a half-life of 1.386 �
0.016 Ma (Chmeleff et al. 2010) and the Bosumtwi
impact crater is 1.07 million years old (Koeberl et al.
1997), it was necessary to recalculate concentrations of
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10Be in the AL25 and AL41 samples for the time when
the impact happened. The decay-corrected values are
(0.37 � 0.23) 9 106 at/g for sample AL41b and (0.48 �
0.28) 9 106 at/g for sample AL25. For comparison, the
10Be content of the shallow soil cores (0–0.9 m) was
measured to be from 133 � 12 9 106 at/g at depth 0.5 m
up to 437 � 23 9 106 at/g (Serefiddin et al. 2007). This
value is much higher because it comes from much
shallower depths and also as it has a much higher surface
area for meteoric 10Be to adhere to. Geographically
closest deeper 10Be profiles were measured within
analogous tropical oxic soils of the Ivory Coast (Barg
et al. 1997). The 10Be contents at the depths of 1.8 m,
4 m, and 10 m were 150 9 106 at/g, 35 9 106 at/g, and
40 9 106 at/g, respectively. Again, those values were
measured on soil-saprolite samples where total surface
area is much higher than within the uniform clast. No
other data on 10Be (in situ and meteoric) from
comparable geographical locations are available. Based
on available information and assuming the relatively
uniformly decreasing 10Be profile within the Bosumtwi
crater target rocks sequence, and assuming that values
within average soil and clasts are similar, we can estimate
that both samples probably come from similar range of
depths within the target rocks. The guesstimate of depth
of clasts AL25 and AL41 origin is very tentative, but
most probably they come from somewhere between 10
and 30 m depth.

Inferences for Crater-Forming Mechanism

The degree of mixing of the target material during
the impact cratering process has been studied only to a
very limited extent. Within the K€ardla structure, a 4 km
diameter, well-preserved 455 Ma crater formed within a
shallow sea, the impactites are very clearly stratified
(Puura et al. 2004). The limestone that was forming a
topmost 25 m layer of sedimentary target rocks is
present only within the top 40 m of impactite strata
that was interpreted to be a sedimentary slump and
resurge breccia (Puura et al. 2004). This suggests that
mixing of the target material during the impact
cratering process was limited by the interaction with the
layer of water (Melosh 1989; Orm€o and Lindstrom
2000; Orm€o et al. 2010; W€unnemann et al. 2010).

The mechanisms leading to the concentration of the
target surface layer in resurge breccia of submarine
craters are not present in subaerial craters. The research
of the small subaerial impact crater Tswaing (1.13 km
in diameter, 0.22 Ma old crater in South Africa)
showed that about 2% of the thin layer of diatomite,
siltstone, and shale, originally forming a few meters
thick layer (<20 m) on the surface of the target rocks,
was incorporated into the “sandy” impact breccia

present in this crater (Reimold et al. 1992). However,
no information about the arrangement of the surface
component within the drill core was provided, and
because the drill core is no longer available, it is
impossible to perform a more detailed study on this
topic.

The results of our study suggest that in the case of
the Bosumtwi crater, it is possible to identify clasts that
were located relatively close to the surface prior to the
impact and that they are not concentrated within top
layer of impactites (they were found at different depths
within the breccia). Samples AL25 and AL41 are
characterized by a different 10Be concentration than the
other samples that were located close to them in the drill
core. This is consistent with the relatively efficient
mixing of the material during the impact cratering
process; otherwise, we should expect to find other clasts
enriched in 10Be close by. Two samples, AL22 (suevite)
and AL45 (granite), with 10Be concentration different
from the process blank on 2r level, are located close to
each other at depths of 377.0 and 378.6 m (and close to
the AL41). If we assume that those samples truly include
some 10Be, then they could represent a poorly mixed
layer of clast-rich suevite formed from material that was
originally located close to preimpact target surface or a
material slumped during the modification stage.

In the case of the Bosumtwi crater, if the entire
surface layer (about 25 m thickness) was perfectly
mixed in the transient crater cavity, it would form up to
approximately 5% of the crater-fill material. In reality,
this percentage is probably lower due to: (1) the
tendency of the surface layer to be removed from the
crater in the form of ejecta, including tektites (Pal et al.
1982; Artemieva 2000; Serefiddin et al. 2007); (2) being
vaporized/melted during the impact process (Melosh
1989), thus decreasing the potential number of clasts
that can survive impact and be incorporated within
crater-filling breccias; and (3) the surface layer being
more weathered and less resistant to mechanical stress.
Of course if mixing was not close to perfect, there can
be some layers within the drill core characterized by a
much higher percentage of the surface material. The
particles with 10Be contents suggestive of their origin
close to the surface were detected on two different
depths within the drill core (AL41: 355.5 m and AL25:
383.4 m). This shows that the surface component within
the Bosumtwi crater drill core was not concentrated
within the top layer of the fallback breccia, as was the
case at K€ardla (Puura et al. 2004).

Both of the clasts (AL25 and AL41) with elevated
10Be contents are graywackes. This is consistent with
the predictions based on the characteristics of the
geology in the proximity of Bosumtwi crater (e.g.,
Koeberl and Reimold 2005; Karikari et al. 2007; Losiak
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et al. 2013). Most of the rocks present at the surface are
meta-graywacke (Koeberl and Reimold 2005), with only
approximately 2% addition of a granitoid component
(Reimold et al. 1998).

Implications for Formation of the Crater-Related Pitted
Materials on Mars

Our study has some implications for research on
Martian impact craters. Mouginis-Mark et al. (2003)
identified a new type of an impact ejecta and crater-fill
facies on Mars: a thin layer of ejected materials densely
covered with relatively small pits (approximately 10 m
to 3 km in diameter) (Tornabene et al. 2012). Boyce
et al. (2012) proposed a numerical model of pits
formation by the explosive degassing of water from the
water-bearing, impact melt-rich breccia. However, this
model works only if the suevite is composed of very
well-mixed target material (Boyce et al. 2012). Our
research supports this model by demonstrating that
material coming from different depths within the target
rocks is well mixed within the topmost suevite layer.

CONCLUSIONS

We have conducted a study on the material from
the drill cores from the Bosumtwi impact crater to
determine the extent of mixing of target rocks during
crater formation with respect to the crater-filling
breccia. We have detected a 10Be signal in 2 out of 29
samples. After excluding other possibilities that may
explain the elevated 10Be signal, we conclude that the
elevated content of 10Be within two graywacke clasts
(AL25 and AL41), collected from the impactites from
Bosumtwi impact drill core LB-07A, is most probably
due to a preimpact origin of those clasts in a layer of
the target rocks close to the surface (20–30 m).

The location of the samples with 10Be
concentrations suggestive of their surface origin within
the drill core suggests efficient mixing of material
forming in-crater breccia during the impact cratering
process. This supports observations from the
experimental and numerical modeling studies that in-
crater breccia within submarine and subaerial craters
form differently (e.g., Orm€o et al. 2010).

The lack of a 10Be signal within the rocks located
very close to the boundary between lake-sediments and
impactites suggests that infiltration of the meteoric
water within the crater floor was very limited. The
impactites were separated relatively efficiently from the
surface water influence probably by the topmost
fallback layer described by Koeberl et al. (2007b). A
similar layer was probably present on the entire crater
floor, apparently creating a barrier between lake and
impactite deposits. Later on, this separation could have

been increased by the thick layer of lake sediments
being deposited. This may suggest that infiltration of
meteoric water within a crater takes place not through
the aerial pore-space infiltration, but rather through a
localized system of fractures.
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