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1. Sample Description
a. Stalagmite ER-77

Stalagmite ER-77 is a calcite speleothem from Grotta di Ernesto cave located in Italy, which has been
actively growing with a mean growth rate of approximately 120 um/a until the year of its removal in 1992
(Frisia et al., 2003). 17 samples within its upper 13 mm were analyzed with regard to its radiocarbon
content by (Fohlmeister et al., 2011) by micro milling with a spatial resolution of 600 um. Their AMS
analyses revealed a very pronounced bomb peak within the upper millimeters with a F**C difference of
more than 0.3. The position of conventional and LA-AMS analyses is shown in Figure 1.
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Figure 1 Areas of sampling for the different measurement modes on the top section of stalagmite ER-77. The survey scan (mode
2) was performed covering a distance of 2.5 mm, the single measurements (mode 1) covered an effective distance along the
growth axis of 4 mm, the precision scan covered an effective distance of 3 mm and conventional sampling was performed within
the top 13 mm right at the growth axis of the stalagmite.

b. Stalagmite BU-4

Stalagmite BU-4 was sampled from an active dripping site from Bunker Cave situated in western Germany
(Fohlmeister et al., 2012) and consists of calcite. Compared to ER-77 this stalagmite has a much smaller
growth rate of 30-50 um/a. *C measurements have been performed at the MICADAS at ETH Zurich on
three conventionally drilled and subsequently graphitized samples. For the topmost sample a spatial
resolution of about 0.1 mm was achieved whereas for the other samples the resolution is 1 mm. The
sighature of the bomb tests was found with a F**C difference of more than 0.1. The sample used for the
LA-AMS analysis was previously embedded in epoxy resin for trace element analysis.

c. Stalagmite SOP-20

SOP-20 is a stalagmite sample from Okhotnichya cave situated approximately 7 km from Lake Baikal. It
grew actively with near-constant and very low growth rates of 3-15 um/a throughout the Holocene until
it was collected. This has been verified by U-series ages measured along the growth axis of the stalagmite
(Vaks et al., 2013). The stalagmite features a hiatus (growth interruption), which is confirmed by two U-



series dates, confining the stop between the end of the marine isotope stage 11 (MIS-11) (377 7 ka BP)
and the Holocene (8.711 £ 0.012 ka BP). The three sections of SOP-20 (labeled SOP-20-top, SOP-20-middle
and SOP-20-bottom) analyzed by LA-AMS were embedded in epoxy resin prior to analysis.

Conventional sampling was done using a commercial microdrill (5410A-DRO, Sherline, USA) with a drill of
0.8 mm width operating between 600 and 800 rpm. The sampling was performed at 400 um spatial
resolution and the material was subsequently weighed to aliquots of roughly 400 pg. The *C-analysis was
done with a recently introduced method at the gas ion source of the MICADAS (Seiler et al., in prep.),
where 100% phosphoric acid is added to the samples and the formed CO; is directly flushed into the ion
source for analysis.

d. Coral 36252

Coral 36252 is a bamboo coral that consists of calcite and was collected by dredge in 2002 at 39.883 N,
67.433 W on Bear Seamount at a depth between 1195 and 1402 m. Conventional **C measurements have
been performed by drilling with a spatial resolution of approximately 1 mm. The onset of the bomb peak
was revealed at the outer edge of the coral. Furthermore, the growth rate was estimated to be between
35-75 um of radial growth per year (Jesse Farmer, personal communication). The coral sample was
embedded in epoxy resin according to the procedure described above.

e. Pearl Oyster PH3-A

The black-lipped pearl oyster PH3-A used in this study was collected in 1994. Estimates of age are 40-70
years for some of the largest shells using growth increment structure visible on the external surface (A.H.
Andrews, NOAA fisheries, personal observation). However, these age estimates are not validated.
Comparison of the *C signature in the black-lipped pearl oyster with the existing *C-record from the Kure
Atoll can provide information about the life-span of the oysters. To assess a continuous axis of growth, the
shell was sectioned longitudinally to reveal successive inner growth layers (oldest to youngest). The two
sections were polished and embedded in epoxy resin prior to LA-AMS analysis. Six conventional samples
were milled along the growth axis of the shell sample with a spatial resolution of 0.4 mm.

f. Arcticaislandica

This specimen of Arctica islandica was found at the beach of Fur, Denmark, in 1987. The shell skeletons
consist of aragonite (Karney et al., 2012) with highly variable growth rates ranging from 0.2 to 1.0 mm/a
in the North Sea (Witbaard et al., 1999), that depend on environmental factors like temperature and food
supply (Witbaard et al., 1998; Witbaard et al., 1999). Due to its good condition it was assumed, that the
shell had been alive until shortly before it was found. From its size it was estimated that it had lived long
enough to contain pre-bomb *C. The sample was cut into slices, the surface of one piece was polished and
subsequently embedded in gypsum for LA-AMS analysis. The handling of gypsum was found to be easier
compared to epoxy, because there is no risk of contaminating the sample with carbon. One conventional
graphite sample was analyzed after the LA-analyses.



Table 1
Sample Mod Scanning Overall Int.ti Spat. precision
e paramters* (um/s, analysis me resolution (%)
mm, mm, pm) time (min)  (sec) (um)
BU4 3 140, 6, 2, 100 60 60 200 2-3
SOP-20 top 3 100-500, 27, 4.5, 90 80 140-540 2
100
top 2 10-25, 24 25 60 700-1700 4-5
middle 3 600-800, 12,3,100 20 100 1000 - =3
1200
middle 3 800, 18, 3, 100 25 100 1500 =
middle 2 25,22 15 40 1000 3-4
bottom 2 25-35, 13 15 30 730-1000 >5
combined 200 180 400-1700 1-3**
Coral 36252 3 280/150, 11.4, 4/2, 120 240 300-700 1-3
100
Oyster 3 140,11.7,2.2,100 30 60 250 1-2
Arctica 2 20, 45 40 60 1300 2
Islandica

* Parameters are velocity v, scanning distance in x- and y —direction (Ax, Ay) and step width 6x. The order
is (v, Ax) for mode 2 and (v, Ax, Ay, &x) for mode 3.

** For the old part (prior to growth stop) the relative uncertainty is >5 %

2. Samples analyzed with LA-AMS

All parameters for the samples analyzed by LA-AMS can be found in



Table 1.

a. Stalagmite BU-4

For data analyses the integration time for each scan was set to equal one zig-zag step. Subsequently the
average FC of the two scans was calculated. The results are shown in Error! Reference source not found.
(red circles) and compared to conventionally obtained data points (black squares). Both data sets match
well within the uncertainties. The abrupt onset of the bomb peak could be revealed, even though it covers
a F%Crise of only 0.12 and is located within the upper millimeter of the stalagmite.

By averaging the LA-AMS data that spatially correspond to one conventional data point, a relative
uncertainty of 0.9 % is yielded, which is by a factor of three higher than the uncertainty obtained for
conventional analysis. However, the analysis time was approximately three times shorter for the LA-AMS
analysis compared to conventional measurements.
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Figure 2 Record combined from all measurements performed on the three sections of stalagmite SOP-20. Red circles correspond
to LA-AMS-derived data and black squares to conventionally derived F14C-values. Vertical dashed lines indicate the cutting point
between the different stalagmite sections.

b. Stalagmite SOP-20

Two stacked scans were performed on SOP-20-top: (i) a precision scan consisting of seven sub-scans
from top to bottom and (ii) a survey scan consisting of three sub-scans from bottom to top. Three scans
were performed on SOP-20-middle: first, a precision scan consisting of five sub-scans from bottom to
top, second, a precision scan from top to bottom and third a survey scan from bottom to top was
performed. Two survey scans facing in opposite direction were performed on SOP-20-bottom.

One combined record was created by averaging all stacked scans on the three stalagmite sections. Data
points towards the edges of the samples exhibiting a depleted F**C were excluded since they are most
likely contaminated by epoxy resin. Data points with low signal intensities of less than 5 pA and with



unstable 3C/*?C-ratio were also excluded. The combined LA-record and conventional data are depicted
in Figure 3. A continuous drop over the first 55 mm is observed, reflecting the continuous growth of
sample during the Holocene. This trend is in good agreement with the conventional **C data. At 55 mm
the growth stop is reflected in the form of an abrupt F1*C step confirming the U/Th-dates. The overall
measurement time for the entire record was on the order of 3 hours. More than eight working days
would be required in order to create such a record, consisting of 65 data points, by conventional
methods.

c. Coral 36252

Coral 36252 was analyzed using mode 3. lon currents of up to 13 pA were yielded, which is on the same
order as those obtained for stalagmite samples. Unlike for stalagmites, the growth of the annual layers is
concentric as shown in Figure 4 a, where the black dot represents the center of the coral. For the scan
facing towards the center the vertical displacement Ay was set to 4 mm at the outer region of the coral
(red box in Figure 4 a) in order to increase the measurement precision. Closer towards the center (solid
blue box in Figure 4 a) it was reduced to 2 mm to minimize scanning across different growth layers within
one zig-zag step. On the back scan, the vertical displacement covered 2 mm along the entire track (solid
and dashed blue box in Figure 4 a). The other scan parameters were 6x =100 pm and Ax = 11.4 mm, with
scanning velocity of 280 pum/s and 150 um/s.
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Figure 3 (a) Laser tracks produced from LA-AMS measurements on a cross-section of a bamboo coral (36252). The center of
sample is marked with a black dot. At the outer region where the growth layers have a larger radius, the vertical displacement
covered 4 mm (red box) in order to increase counting statistics. Towards the center, the vertical displacement was reduced to
2 mm (solid blue box) to minimize mixing of different growth layers within one zig-zag step. On the back scan (from center to
the edge) the entire scan had a vertical displacement of 2 mm (solid and dashed blue box). (b) Comparison of the LA-AMS
derived F4C values with the conventional graphite measurements. The two methods were performed on two sections of the
coral of different width and, therefore, the scanning distance is expressed as a relative distance with zero being the outer edge
and 1 the center.

The averaged results are shown in Figure 4 b where the red circles represent the LA-AMS data and
correspond to integration times between 3 and 5 minutes. The overall analysis time was approximately 2



hours. Measurement precisions ranging from 1 —2 % were obtained, except for the topmost sample, which
exhibits a relative uncertainty of 3 %, caused by low ion currents at the beginning of the measurement and
the higher spatial resolution. The spatial resolution is on the order of 500 — 700 um and for the topmost
sample 300 um. Because the conventional (black squares) and LA-AMS data (red circles) originate from
different sections of the sample, distances are expressed as a fraction of the total distance and referred to
as “relative distance”. At the outer edge of coral 36252 the bomb peak with a F**C increase of 0.06 is
observed. This small increase could only be resolved by the LA-AMS data set, after increasing the
integration time to more than 3 minutes at the cost of spatial resolution. The distinct advantage of the LA-
AMS analysis in this case is analysis time: analyzing one conventional sample with a spatial resolution of
500 um takes approximately a factor of 10 times longer than the time that is required for the measurement
of one LA-AMS derived sample at the same spatial resolution.

d. Black lipped pearl oyster PH3

Two stacked precision scans were performed in opposite directions on a black lipped pearl oyster covering
a distance of 11.7 mm. The parameters were Ax = 11.7 mm, Ay = 2.2 mm, 6x = 100 um with a scanning
velocity of 140 um/s resulting in a total analysis time of approximately 30 min and a spatial resolution of
220 um. The unprocessed data are depicted in Figure 5 (a), where orange circles and blue squares
represent the two scan directions. The integration time of 30 s matches one zig-zag step. The first scan
was performed from “old to young” and a depletion in the F1*C within the uppermost 2.5 mm (open blue
squares) can be observed. This is caused by an entry of *C-depleted epoxy resin, which was most likely
ablated when starting the scan at the edge of the embedded sample. Once the epoxy was ablated, it is
partly washed out from the LA-cell, while the rest mixes into the freshly produced CO,. This washout
process can be seen in the gradual rise of the F**C. The scan in the opposite direction was performed across
the entire section, except for the last 0.5 mm in order to avoid ablation of the epoxy resin. The processed
data set is shown in Figure 5 (b) (red circles). This data correspond to the average of the two precisions
scans, i.e. to an integration time of 60s and are only available for the regions, where scans in both
directions were performed. A measurement precision between 1 and 2 % and a spatial resolution of
250 um are achieved. Furthermore, two series of samples were analyzed by conventional graphitization
methods at two laboratories (WHOI-NOSAMS, USA: solid black squares; Laboratory of lon Beam Physics,
ETH Zurich, Switzerland: open black squares) and a !*C-record of the surrounding water masses
reconstructed from corals (Kure Atoll record represented by purple squares) are depicted. The alignment
of the oyster data sets relative to the Kure Atoll Record was done by (i) considering the collection year of
the oyster (1994) and (ii) by matching the slope of the Kure Atoll record was matched with the slope of the
conventionally derived oyster data. An age on the order of ten years can be derived for the oyster sample
which is in agreement with the age yielded from layer counting (A. H. Andrews, personal communication).

The LA-AMS data shows an offset of approximately 0.3 to higher F}*C values compared to the
conventionally derived data sets. The most likely reason for this is an increased background on *C caused
by broken up molecules. Generally, the background has been found to be on the same order for the CSTD
standard and the samples. In the case of oyster PH3, the molecular background was elevated by more than
a factor of two compared to the standards. Probably this is caused by a higher water content in the LA-



system after opening the LA-cell between the analyses of the standard and the oyster sample. This is
further confirmed by the elevated background found also for the standard, which was measured after the
cell-opening.
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Figure 4 (a) Unprocessed data of the two precision scans performed on black lipped pearl oyster PH3. Open symbols correspond
to data excluded for the final data set, which is represented by the red circles in part (b). Open and solid black squares
correspond to data from conventional graphite measurements. The Kure Atoll Record is represented by the purple triangles.

e. Arctica Islandica

One survey scan was performed on a shell sample of the species Arctica islandica. The scan across the shell
covered 45 mm with a lateral velocity of 20 um/s and an overall analysis time of 40 minutes. In Figure 6
the results obtained from LA-AMS analysis are depicted. The laser track is shown in the picture, where the
starting point at the younger part of the shell is indicated by the blue arrow. Within the topmost 30 mm a
F14C of 0.92 + 0.01 is found, while the average value of the older part is lower with a F**C of 0.88 + 0.02.
Since no modern F*C is found in this sample, it is likely that the Arctica islandica stopped growing before
the onset of the bomb testing period. The LA-data could be confirmed by one conventional graphite
sample. The sample was taken at the youngest part of the shell and yielded a F**C of 0.925 + 0.002. Using
the marine radiocarbon reservoir correction established by Butler et al. (2009), the age of this shell sample
can be estimated. An age of approximately 200 to 500 years for the youngest part and 500 to 900 years
for the old part are yielded. Due to these large uncertainties, the lifetime of the specimen maybe as high
as 700 years. Butler et al. (2013) had shown that ages of 300 years have frequently been observed for this
species. The oldest Arctica islandica dated so far had a lifespan of 507 years. Since the specimen
investigated in this work was found in a very good condition at the beach, it is suspected that the shell
remained at the site, where it had lived for several hundred years, until it was detached and washed up to
the beach, shortly before it was found.
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Figure 5 Results obtained for the Arctica islandica specimen with LA-AMS. The scan was performed from the youngest part
towards the older part. The picture shows the corresponding laser track (indicated by the blue arrow). Gypsum was used as
embedding material.
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