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Abstract

The aim of this study is to validate the Holocene relative sea-level (RSL) curve (or shoreline displace-
ment curve) for Forsmark using '*C produced in situ in quartz-bearing bedrock (in situ '*C). Having
an accurate representation of the Holocene RSL evolution at Forsmark is important for Svensk
Kérnbranslehantering AB (SKB) from at least two aspects. In the safety assessments for the planned
spent fuel repository and for the existing repository for short-lived radioactive waste (SFR), the RSL
curve is used as input in models describing the landscape development in the Forsmark area. Also,
the RSL is used to constrain model estimates of rates and depths of glacial erosion from inherited
components of cosmogenic '’Be and *°Al produced in situ in quartz in bedrock surfaces.

The existing Holocene RSL curve used at SKB was developed prior to the Safety Repository (SR) site-
assessment for the spent fuel repository and was based on '*C dating of organic material from isolation
basins. In subsequent Preliminary Safety Assessment Reports (PSAR) for the spent fuel repository and

SFR, this curve was updated based on more recent data and empirical modelling. However, the updates
resulted in only minor modifications of the original RSL curve, and it was therefore decided to keep the
original curve also for the PSAR assessments. In this study, in situ "*C is used to validate the updated
RSL curve rather than the original one. However, given the minor differences between the curves, the

conclusions drawn in this study apply to both.

An initial measurement of six in situ '“C measurements was completed during 2018 to test the RSL.
Four samples are all older than SKB’s RSL curve and could form a consistent basis for an alternative
RSL curve, if supported by additional samples along the elevation gradient. Two samples yield expo-
sure ages younger than the RSL-based time of emergence, with the '*C concentration of one of those
being unexplainably low for its elevation. Because these six ages are non-systematic with respect to
both elevation and SKB’s RSL curve, we interpret the in situ '*C data as being equivocal. To understand
the reasons for this, we revisited the sampled sites and hypothesize that the measured concentrations
of in situ "*C may have been problematic because vein quartz or hydrothermally altered bedrock had
been sampled. Quartz in both lithologies often contains fluid and vapour phase inclusions. Depending
on their composition, these inclusions might complicate assessment of the in situ "*C production rate
and/or measurement of in situ '*C concentrations.

The present study was initiated to address these problems and to test the existing RSL curve with
ten new bedrock samples for in situ '“C age determination, using a revised sampling strategy. Five
samples are from bedrock outcrops within a region positioned below the highest post-glacial shoreline
and occur along an elevation transect extending southwards from Forsmark. This dataset yields an
independent chronology of landscape emergence, and thus can be used to validate SKB’s existing
RSL curve for Forsmark. An additional five samples are from bedrock outcrops 100 km to the west
of Forsmark, above the highest post-glacial shoreline. The in situ '*C concentrations in these latter
samples should reflect a local deglaciation age and provide a valuable comparison dataset against
which the samples located below the highest coastline in the vicinity of Forsmark can be evaluated.
We complemented the sampling with thin section analyses to evaluate quartz quality and all samples
underwent laboratory preparation and accelerator mass spectrometry at PRIME Lab, Purdue
University, USA.

The ten new in situ "*C measurements provide robust age constraints that compare favorably with
the Forsmark RSL curve derived from "*C dating of organic material in isolation basins and with the
regional deglaciation chronology. They therefore supersede the initial in situ "*C dataset, which we
now exclude from further consideration. Previous interpretations of glacial erosion from '’Be and *°Al
produced in situ in quartz therefore remain valid.
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Sammanfattning

Syftet med denna studie dr att utvirdera strandlinjeforskjutningsmodellen (RSL — relative sea-level
curve) for Forsmark under holocen med hjilp av '“C som producerats in situ i kvarts i berggrunden.
En tillforlitlig RSL-modell f6r Forsmark ar viktig av minst tva anledningar. For sdakerhetsanalyser for
den planerade slutforvarsanlaggningen for anvént kirnbréansle (SFK) och for det befintliga slutforvaret
for kortlivat radioaktivt avfall (SFR) har RSL-modellen anvénts for att berdkna landhjningen i land-
skapsutvecklingsmodeller. Dirutver har RSL-modellen anvints, tillsammans med kosmogen '’Be och
Al in situ i kvarts frin berggrundsytan, for att uppskatta hastighet och djup av glacial erosion.

Den etablerade RSL-modellen som anvinds av Svensk Kdrnbranslehantering AB (SKB) togs fram
innan sikerhetsanalysen SR-site for SFK och baseras, i motsats till den metodik som anvénts i denna
studie, pa '*C-aldersbestimningar av organiskt material fran isolationsbassénger. I de efterfoljande
sdkerhetsanalyserna PSAR for bdde SFK och SFR uppdaterades RSL-modellen med hjélp av nyare
data och empirisk modellering. Dessa uppdateringar innebar dock bara sma forédndringar av den
ursprungliga RSL-modellen, varfor det trots allt besldts att anvanda den ursprungliga modellen i PSAR.
I denna studie anvinds dock in situ '*C for att utvirdera den uppdaterade RSL-modellen, men givet
att skillnaderna mellan de tvd modellerna ar vildigt sma &r slutsatserna fran denna studie relevanta
for dem bada. En serie av sex '*C-mitningar utfordes 2018 for att utvirdera RSL-modellen. Av dessa
gav en datapunkt en implicerad alder som ar avsevirt yngre dn forvintat for provtagningslokalens
hojd 6ver havet, tva datapunkter som skiar RSL-modellen och tre datapunkter med indikerade aldrar
som dr dldre 4n forvintat. Eftersom det saknas samband mellan dessa aldrar och savél hojd 6ver havet
som den ursprungliga RSL-modellen tolkar vi dessa '*C data som tvivelaktiga. Provtagningslokalerna
aterbesoktes och ddrefter fastslogs att en mdjlig orsak till detta ar att kvartsddror och hydrotermalt
omvandlade bergarter hade provtagits, vilket kan ha paverkat '*C-analyserna. Kvarts frin bada dessa
geologiska material innehaller med hog sannolikhet vitskeinneslutningar som har negativ inverkan pa
provberedningen, vilket kan stora produktionstakten och/eller métningen av in situ "*C.

Den hir studien initierades for att adressera tidigare tillkortakommanden och for att utvérdera den
ursprungliga RSL-modellen. Tio nya prover insamlades for in situ '“C-analys av kvarts, utifrén en
omarbetad provtagningsstrategi. Fem av dessa prover togs fran héllar i ett omrade beldget under
den postglaciala hogsta strandlinjen och ligger pa en hojdtransekt som loper soderut fran Forsmark.
Fran dessa data bor en fristdende kronologi for landhdjningen erhéllas, vilken direkt utvérderar
RSL-modellen for Forsmark. Ytterligare fem prover insamlades fran hillar 100 km vist om Forsmark,
ovanfor den postglaciala hogsta strandlinjen. In situ '*C-halter i dessa prover bor aterspegla lokala
deglaciationsaldrar, vilka dr virdefulla som jamforelse och for utvardering av de data som erholls
fran provtagningslokaler beldgna under hdgsta strandlinjen vid Forsmark. Efter provtagning gjordes
tunnslip av samtliga prov for mikroskopering i syfte att identifiera och kvantifiera eventuella vétske-
inneslutningar i kvarts, varefter provmaterialet skickades till PRIME Lab, Purdue University, USA,
for provberedning och analys med accelerationsmasspektrometri.

De 10 nya in situ "“C-analyserna ger robusta &ldersbestémningar som ir vil jaimforbara med sévil
tidigare '*C-aldersbesitmningar av organiskt material i isolationsbassinger som med den regionala
deglaciationskronologin. Dessa métningar ersitter det tidigare in situ '*C-datasetet. Tolkningar av
glacial erosion utifrén in situ '’Be och **Al kvarstér dirmed enligt tidigare studier.
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1 Introduction

1.1 Study aim and relevance for SKB

The aim of this study is to validate the Holocene relative sea-level (RSL) curve (or shoreline displace-
ment curve) for Forsmark (Brydsten 2009, SKB 2020 Appendix D, SKB 2023a Appendix G) using
"C produced in situ in quartz-bearing bedrock (in situ '*C). Having an accurate representation of the
Holocene RSL evolution at Forsmark is important for SKB from at least two aspects. In the safety
assessments for the planned spent fuel repository and for the SFR, the RSL curve is used as input in
models describing the landscape development in the Forsmark area (e.g. SKB 2020). Also, the RSL
curve is used to constrain model estimates of rates and depths of glacial erosion from inherited compo-
nents of cosmogenic '“Be and *°Al produced in situ in quartz in bedrock surfaces (Hall et al. 2019).

The existing Holocene RSL curve used at SKB was developed prior to the SR site-assessment for the
spent fuel repository and was based on *C dating of organic material from isolation basins (Brydsten
2009). The curve was subsequently updated for the PSAR using more recent data and empirical
modelling (SKB 2020 Appendix D, SKB 2023a Appendix G). However, the resulting updated curve
was found to closely match the original one, and thus the original curve was kept for use in the safety
assessments. In this study, comparisons are made against the updated RSL curve presented in SKB
(SKB 2020 Appendix D, SKB 2023a Appendix G). Given the close match between the RSL curves,
the choice of curve against which in situ '*C data are compared is noncritical for the study conclusions.
Furthermore, it is reasonable to assume that any landscape modelling at SKB in the future will imple-
ment the updated RSL curve rather than the original one, and thus testing the validity of the updated
curve will be useful also for that purpose. All usages of the RSL curve in this document refer to SKB’s
updated RSL curve.

1.2 Background

The RSL curve used by SKB has been constructed from radiocarbon ages of basal organic sediments
in isolation basins along elevation transects (Robertsson and Persson 1989, Risberg 1999, Bergstrom
2001, Hedenstrom and Risberg 2003, Berglund 2005). We have previously used this curve as a basis
for comparison with '“Be and **Al cosmogenic nuclide apparent exposure ages of bedrock outcrops
along an elevation transect extending southwards from Forsmark (Hall et al. 2019). An ‘apparent’
exposure age is derived from a simple calculation from the nuclide concentration (Lal 1991, Gosse
and Phillips 2001). However, correctly interpreting the exposure age relies on modelling that considers
geological factors that can reduce the nuclide concentration relative to the time since initial subaerial
exposure (such as erosion and burial by glacial ice, water, snow, and/or soil (Gosse and Phillips 2001,
Schildgen et al. 2005, Ivy-Ochs and Kober 2008). The comparison with SKB’s RSL curve can test
the premise that concentrations of cosmogenic nuclides in exposed bedrock at Forsmark solely reflect
the exposure duration since deglaciation and subsequent landscape emergence above sea level. Ages
calculated from '"Be and **Al would then mirror SKB’s RSL curve for their corresponding elevations
(but be slightly older because of nuclide production during landscape emergence through shallow water
induced by isostatic rebound following the last glaciation). For this to work, the cosmogenic nuclide
inventory from previous exposure periods (i.e., an inherited inventory), which is stored largely in the
uppermost 3 m of bedrock (Gosse and Phillips 2001), needs to have been removed by glacial erosion
during the last ice sheet phase (during Marine Isotope Stage 2; MIS2, 2412 thousand years (ka) before
present (BP)). However, this is not the case (Figure 1-1). Because most nuclide concentrations indicate
accumulation over surface exposure durations that extend well beyond the Holocene, the implication
is that for these sampled bedrock surfaces, erosion during the last glacial cycle was limited to <3 m
(thereby allowing for some of the nuclide accumulation during periods of subaerial exposure prior to
the last glaciation to remain). For a subset of samples, there appears to be a systematic offset against
the RSL curve. Whereas this too could be due to nuclide inheritance, differences were small enough
to query whether they might in fact indicate that production of datable organic material in isolation
basins did not begin immediately upon landscape emergence above sea level, but rather was delayed
by environmental conditions. The implication of this potential delay would be an offset of the Holocene
RSL curve used by SKB, because it would be based on age constraints that are too young.
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Figure 1-1. Apparent ’Be and *°Al exposure ages, assuming a single period of full exposure to cosmic
rays, plotted against sample elevation. Horizontal lines indicate external age uncertainty (lo) for each
sample. The grey line shows SKB's Holocene Relative Sea Level (RSL) curve for Forsmark and the red and
blue dashed lines show expected "’Be and °Al exposure age curves, respectively. These latter two curves
account for subaqueous production of cosmogenic nuclides during isostatically driven landscape emergence
through shallow water. The RSL curve is based on radiocarbon dating of isolation events (Robertsson and
Persson 1989, Risberg 1999, Bergstrom 2001, Hedenstrom and Risberg 2003) and a shoreline displacement
reconstruction by Pdsse and Daniels (2015). Modified from Hall et al. (2019) with exposure age calcula-
tions done using the expage-202306 calculator. All three sampled boulders are located < 5 m a.s.1.

To validate SKB’s RSL curve, we applied a third cosmogenic nuclide, in situ "“C, to six locations along
the elevation transect during the Hall et al. (2019) glacial erosion study (Figure 1-2). We used in situ
"C because it potentially circumvents an overt reliance on the need for deep erosion (> 3 m) to remove
an inherited signal from previous exposure periods (Gosse and Phillips 2001). In addition, "*C produced
by muons will not accumulate to high levels because of rapid decay. Because of its short half-life

of 5700 + 30 years, nuclide inheritance will have largely decayed away if ice sheet burial at these sites
during MIS2 exceeded 25-30 ka, i.e., ca 5 half-lives (Briner et al. 2014).

Four samples (17-23, 16-04, 16-07, 16-20; Figure 1-2) from Hall et al. (2019) are all older than the
RSL curve and could form a consistent basis for an alternative RSL curve, if supported by additional
samples along the elevation gradient. Two samples (17-24 and 16-22) yield exposure ages younger than
the RSL-based time of emergence, with the '“C concentration of sample 16-22 being unexplainably low
for its elevation. Because these six ages are non-systematic both with elevation and with respect to the
RSL curve, we interpret the in situ '*C data as being equivocal.

Kleman et al. (2020) have since identified ice-free conditions around Idre (NW, and therefore up-ice,
of Forsmark) during MIS3 (ca 55-35 ka BP), which appears to imply inundation of Forsmark by ice
after 35 ka BP. This result is consistent with ice sheet evolution at Forsmark in SKB’s reconstruction
of the last glacial cycle (SKB 2020, Figure 4-19). Combined with a well-constrained final deglaciation
around 10.8 ka BP (Stroeven et al. 2016, SKB 2020), it appears that Forsmark has most recently been
inundated by glacial ice for only 24 ka, or less. Consequently, in situ "*C concentrations could reflect
subaerial exposure of bedrock at Forsmark during MIS3 in addition to Holocene exposure following
landscape emergence above sea level, resulting in an offset towards older ages relative to the RSL
curve for Forsmark.

8 SKB TR-23-17



80 T T T T 7 T T
/1620
S —ee—
16-22 A
60 L - //,,/ e o—|
—~ 17-24 "
= —e— /) —eo—
0 2
®©
£
s 40 L //// T
o "
= /- 14
g -o- C exposure age
ﬁ -o- '%Be exposure age
e 16-07 -o- 28l exposure age
e —e—e— 14
20 9z ;" Expected C exposure age
;" Expected e exposure age
,/ Expected Y exposure age
" 16-04 / Relative sea level curve
s —— — .
RSL uncertainty
0 [.17-23 | ) . . A !
0 2 4 6 8 10 12 14

Age (ka)

Figure 1-2. Exposure ages from "Be, °Al (Hall et al. 2019), and unpublished " C concentrations in quartz for
bedrock surfaces along an elevation gradient at Forsmark and adjacent Uppland. Ages are shown relative to
the RSL curve established from radiocarbon dating and against expected age curves, which account for sub-
aqueous production of cosmogenic nuclides as the landscape emerges through shallow water during isostatic
uplift. Exposure age uncertainties are 1o external. The RSL curve is from SKB (2020) and uncertainties for
the 16 ka interval are calculated from the original radiocarbon data in Hedenstrém and Risberg (2003).

To better understand these inconsistent in situ '*C concentrations, we re-examined the six sample sites
in 2020, and analyzed thin sections of the samples under an optical microscope (Goodfellow et al.
2020). A seventh site (16-23) was also assessed because its sample number had inadvertently been con-
fused with 17-23. One sample was from metavolcanic rock that also hosted quartz veins (17-23), one
was from fine-grained metavolcanic ash siltstone of rhyolitic—dacitic composition (16-23), two from
quartz veins (16-07, 17-24), and one from hydrothermally altered volcanic rock (16-22; Goodfellow
et al. 2020). These lithologies are either precipitated from or have been infiltrated by hydrothermal
fluids and are therefore likely to host quartz fluid and vapour phase inclusions. Only two samples,
16-04 and 16-20, were taken from granitoid matrix. However, even these samples appear problematic
because they yielded only ~20 g of clean quartz for '’Be and Al measurements (Hall et al. 2019).
For some of these samples, the measurement of in situ '*C may therefore have been compromised

by inclusions in quartz.

Fluid and vapour phase inclusions in quartz were indeed confirmed on thin sections of the samples
(Goodfellow et al. 2020). Subsequent Raman analyses of vapour phase inclusions confirmed the
presence of N, in all six samples. The presence of N, in inclusions has the potential to be problematic
because “C can be produced from absorption of thermal neutrons by '“N (Kim et al. 2007, Dunai
2010, p. 46). This is the dominant method for production of atmospheric "*C (from N,) and potentially
provides an additional production pathway not accounted for in our exposure age calculations.
However, we cannot say definitively that this possible production mechanism is a significant influence
on those measurements because we have no quantitative estimate of how much N, may be present in the
samples. It is perhaps more likely that there could be procedural sources for the discrepancies because
the age offsets of these six in situ '*C measurements are neither systematically older nor younger than
the RSL curve. Regardless of the exact cause, which we are still working to resolve, something clearly
went wrong with this sample batch, to the extent that the data are challenging to interpret.

SKB TR-23-17



In addition to opening research into previously undocumented complications for in situ '*C dating, this
initial data set has two major implications for the current study. Firstly, if offsets from the RSL curve
might be attributable either to characteristics inherent to quartz from different lithologies or to labora-
tory sources, then perhaps in situ "*C inheritance is not an issue in testing the reliability of the existing
RSL curve using in situ "*C on bedrock. Secondly, if in situ "*C yields vary with the source or history
of the quartz, then avoiding the metamorphic or altered rock types initially targeted for sampling,
might yield more reliable in situ '*C concentrations reflective of the timing of post-glacial emergence
above sea level. These implications motivate the present study, which includes resampling locations
previously studied (Hall et al. 2019) but avoiding hydrothermally altered quartz.

1.3 Hypotheses and sampling rationale

Sampling of bedrock outcrops above and below the highest (post-glacial) shoreline for in situ '*C
informs the timing of Holocene emergence of the Forsmark landscape above sea level. The rationale
for this is as follows. Firstly, samples above the highest shoreline should unequivocally yield deglacia-
tion ages in parity with the Fennoscandian deglaciation chronology (Stroeven et al. 2016) for sampled
locations. Demonstrating this would reinforce both the accuracy of the deglaciation chronology (and
therefore of the local estimate of deglaciation at Forsmark from the chronology) and that the revised
cosmogenic nuclide sampling strategy yields high purity quartz. Secondly, samples below the highest
shoreline would only deviate from the expected deglaciation age of 10.8 (+ 0.1-0.5) ka BP for a time
equivalent to their post-glacial duration below sea level and should thus reliably establish a shoreline
emergence curve. Samples below the highest shoreline are taken from a NE to SW elevation transect
from the low-elevation Forsmark-Uppland region, whereas samples above the highest shoreline are
located further west, in Dalarna and Gévleborg (Figure 1-3).

Comparing concentrations of in situ '*C in bedrock located above and below the highest shoreline
permits a test of the following three working hypotheses:

(i) Our initial batch of in situ '“C samples yielded generally erroneous results. A key indication
that these data include erroneous in situ "*C concentrations is the presence of two outliers, which
yield apparent exposure ages younger than the RSL curve (Figure 1-2). In contrast, systematic
increases in age with increasing elevation are observed both in organic radiocarbon derived from
basal sediments of isolation basins at different elevations (i.e., RSL curve) and in '’Be and **Al in
bedrock (Figure 1-2). A further indication of erroneous data is that none of the six in situ "*C data
points falls on the RSL curve, which is constructed using well-established organic radiocarbon
dating. If new measurements of in situ '*C indicate ages that are consistently older with increasing
elevation, then it is possible to identify inconsistent data in our initial batch.

(ii) The existing RSL curve accurately reflects the timing of landscape emergence. Demonstrating
this would require, firstly, that new in situ '“C measurements plot, within uncertainty, on the RSL
curve. Secondly, it would require that in situ '*C concentrations from above the highest shoreline
are consistent, both internally and with the regional last deglaciation chronology (Stroeven
et al. 2016). If so, we can infer that the new in situ '*C samples, including those located below the
highest shoreline, lack inheritance from MIS3.

(iii) Cosmogenic nuclide production rates of '*C, "'Be, and Al are underestimated for east-
central Sweden. It is difficult to envisage that the local production rates for all three nuclides
are incorrect. However, if the new in situ '*C concentrations from above and below the highest
shoreline display an offset from the latest deglaciation chronology by Stroeven et al. (2016)
and the RSL curve, respectively, and if the latter are consistent with equivalent '’Be and **Al
data, then we need to further evaluate this possibility. This is because the current RSL curve and
regional deglaciation chronology are well-established, and it is unlikely that emergence of the
Forsmark landscape above sea level occurred centuries to thousands of years (inferred from the
cosmogenic nuclide concentrations in Figure 1-2) earlier than indicated by the RSL curve.

Testing these hypotheses ultimately allows us to evaluate the reliability of RSL curves constructed from
organic radiocarbon dating, which are often used in geodynamic modelling. The ubiquitous presence
of bedrock in formerly glaciated coastal settings (e.g. Kleman et al. 2008), which is also frequently
quartz-bearing, also allows us to present a complementary methodology to the construction of RSL
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curves. Testing of established RSL curves also ultimately strengthens interpretations of rates and depths
of glacial erosion from nuclide '°Be and *°Al inheritance in landscapes, such as Forsmark, that have
undergone post-glacial emergence above sea level (cf Hall et al. 2019).

@ in-situ *C sample site
Dalarna-Gavleborg Forsmark-Uppland
DEM (m a.s.l.) DEM (m a.s.l.)

195 i
- Area below Water
highest shoreline bodies

Figure 1-3. Sample locations for in situ '*C dating in A) Dalarna-Gévleborg and B) Forsmark-Uppland.
The five Dalarna-Gdvleborg sample sites are located above the highest shoreline (shown), whereas the five
sample sites from Forsmark-Uppland are located below the highest shoreline (not shown because the entire
area was submerged). See inset for locations of panels A and B and for the 10.7 ka BP and 10.8 ka BP
retreat isochrones from Stroeven et al. (2016). The rectangle in panel B indicates the location of SKB's
existing and planned facilities at Forsmark.
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2 Methods

2.1 Sampling of bedrock outcrops for in situ '*C measurement

To explore how in situ "*C concentrations in bedrock reflect the post-glacial timing of emergence of the
Forsmark landscape above sea level and subsequent inferences of this for long-term, < 1 Ma, patterns
of glacial erosion from '“Be and *°Al inheritance, we use the following strategy for sampling quartz:

(i) Arigorous scheme was applied to minimise the possibility of sampling quartz altered through
hydrothermal processes. This meant that we avoided major pegmatite intrusions, outcrops located in
major deformation zones, outcrop-scale veins, fractures, and adjacent rock volumes. Consequently,
sampling was done on outcrops of metagranitoid from the early-Svecokarelian GDG-GSDG suite
that dominates the Bergslagen lithotectonic unit (Stephens and Jansson 2020).

(ii) A petrological examination using transmitted light polarization microscopy was applied to thin
sections to ascertain that the quartz was unlikely to contain multi-fluid phase, vapour phase, or solid-
phase inclusions.

(iiif) We collected five samples for in situ "*C dating along a SW-NE transect near Forsmark (Figure 1-3b).
These outcrops were chosen because they span an elevation gradient of 9.4—56.0 m a.s.l. and can
therefore be diagnostic for validating the existing RSL curve. Four of these samples were taken from
granitic outcrops that host sites we previously sampled for '’Be and *°Al, thus offering a pathway
to evaluate nuclide inheritance in our '“Be and *°Al data (Hall et al. 2019).

(iv) We collected five samples of granitic bedrock for in situ '“C analyses from locations above the
well-constrained highest shoreline (located ~195 m a.s.l., ~100 km west of Forsmark; Figure 1-3a)
to determine the age of local deglaciation. According to the deglaciation chronology of Stroeven
et al. (2016), the samples should return in situ '*C apparent exposure ages of 10.8 (= 0.1-0.5) ka BP
(Figure 1-3).

(v) Sample locations were logged on a 2 m-resolution LiDAR digital elevation model (DEM) displayed
in ArcGIS 10 on a tablet computer. A GPS add-in tool in ArcGIS 10 was used to record positional
data, within a horizontal precision of 2 m. The elevation of each sample location was extracted from
the DEM and has a precision of tens of centimetres. The influence of these minor positional uncer-
tainties on our "“C calculations is trivial and none of the sample sites is influenced by topographic
shielding that could reduce the accumulation of "*C in bedrock.

(vi) All samples were collected from bedrock using an angle grinder, which permits sampling of hard
bedrock isolated from outcrop edges, fractures, and quartz veins, and consistently limits sample
thicknesses to 3 cm.

(vii) Each sampled bedrock outcrop formed a local topographic high, which minimizes the risk of
burial by soil and minimizes snow accumulation. Moss mats were present on all sampled outcrops.
Although we avoided sampling bedrock that was moss-covered, we cannot be certain that moss
mats did not formerly cover the sample sites. Given a compressed thickness of 0.5 cm and an esti-
mated density of 0.7 g/cm’, this may have contributed to a shielding of the sampled rock surfaces
of 0.35 g/cm?, which is negligible and is therefore excluded from our age inferences.

2.2 Laboratory preparation for accelerator mass spectrometry
(AMS)

Samples were physically and chemically processed at the Purdue Rare Isotope Measurement Laboratory
(PRIME Lab) at Purdue University, U.S.A. Concentrations of in situ "*C were determined from purified
quartz separates through automated procedures (Lifton et al. 2023). Approximately 5 g of quartz from
each sample was added to a degassed LiBO, flux in a re-usable 90 % Pt/10 % Rh sample boat and
heated to 500 °C for one hour in ca 6.7 kPa of Research Purity O, to remove atmospheric contaminants,
which were discarded. The sample was then heated to 1100 °C for three hours to dissolve the quartz and
release the in situ '*C, again in an atmosphere of ca 6.7 kPa of Research Purity O, to oxidize any evolved
carbon species to CO,. The CO, from the 1100 °C step was then purified, measured quantitatively, and
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converted to graphite for '*C AMS measurement at PRIME Lab (Lifton et al. 2023). To test for data
reproducibility, sample BG21-002 was randomly selected to undergo laboratory preparation and AMS
a second time. Measured concentrations of in situ "“C are calculated from the measured isotope ratios
via accelerator mass spectrometry following Hippe and Lifton (2014).

2.3 Exposure age calculations

The expage calculator version 202303 (http://expage.github.io/calculator) is used to calculate
apparent exposure ages. It is based on the original CRONUS calculator v. 2 (Balco et al. 2008), the
LSD production rate scaling (Lifton et al. 2014), and the CRONUScalc calculator (Marrero et al.
2016), using the geomagnetic framework of Lifton (2016) with the SHA.DIF.14k model for the last
14 ka. Exposure ages are calculated using resulting time-varying '*C production rates accounting for
decay and interpolated to match the measured '*C concentration. The production rate from muons is
calibrated against the Leymon High core '*C data of Lupker et al. (2015) and the production rate from
spallation is calibrated against updated global '*C production rate calibration data (Schimmelpfennig
et al. 2012, Young et al. 2014, Lifton et al. 2015, Borchers et al. 2016, Phillips et al. 2016, Koester
and Lifton 2023). This calibration is done iteratively for spallation and muons to reach convergence,
using the expage production rate calibration methods (Figure 2-1). Exposure age calculations along
the Forsmark-Uppland transect account for '*C production during emergence through shallow water.
However, burial of sampled surfaces by snow is excluded from the age calculations for all sample
sites because we know neither how snow burial depths and durations vary between sites nor through
the Holocene. The effect of snow burial would be to slightly decrease cosmogenic nuclide production
in the underlying rock surface (Schildgen et al. 2005) and we have minimized this effect through our
sampling strategy.
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Figure 2-1. Production rate calibration of **C in quartz. (a) Reference spallation **C production rate
calibration based on data from Schimmelpfennig et al. (2012), Lifton et al. (2015), Borchers et al. (2016),
Phillips et al. (2016), and Young et al. (2014), corrected per Hippe and Lifton (2014) and compiled in Koester
and Lifton (2023). An uncertainty-weighted production rate is calculated for each of the eight sites (blue).
Outliers, which are not included in the uncertainty-weighted production rates, are determined based on the
requirement that there should be at least three samples yielding a reduced chi-square statistic (Xz) with a
P-value of at least 0.05 for the assumption that the individual production rates from a site are derived from
one normal distribution. For X4, but not the uncertainty-weighting, we use the largest of the sample-specific
production rate uncertainty based on the *C concentration uncertainties and 5 % of the sample production
rate. This procedure does not punish samples with low measurement uncertainties, which otherwise risk exclu-
sion as outliers. We adopt a global reference spallation "*C production rate of 13.30 + 1.13 atoms g yr’,
calculated as the arithmetic mean of the eight site production rates with the uncertainty being based on the
standard deviation of all included single sample production rates, excluding outliers. (b) Calibration of *C
production rate from muons based on the data of Lupker et al. (2015). The calibration is based on the method
used in the CRONUScalc calculator (Marrero et al. 2016, Phillips et al. 2016). The figure shows the best fit
“C concentration profiles produced from spallation, slow muons, and full production. The best fit yields near
zero production from fast muons (cf Lupker et al. 2015). The production rate calibration has been carried out
using the expage-202306 calculator in an iterative way to make the global reference spallation **C production
rate converge with the production rate from muons.
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3 Results

Microscopic examination of a thin section from each of the ten samples revealed a varying degree of
grain boundary migration, sub-grain division, and grain stretching, which are all indicative of metamor-
phic recrystallisation and deformation, as expected for metamorphosed granitoids. Fluid inclusions in
quartz are observed for all samples, varying in abundance from minor to extensive (SKB 2023b). They
occur as trails, following internal structures in the quartz crystals, and as a random scatter throughout
the crystals. With rare exceptions only a single fluid phase is observed within the inclusions, which
may cautiously be interpreted as indicative of a water-dominated composition. These characteristics
exclude the presence of fluid inclusions interpreted as potentially problematic for measurement

of in situ "*C concentrations.

Inferred ages for the five in situ '“C samples from the Forsmark-Uppland transect (below the highest
shoreline) are shown relative to the existing Holocene RSL curve for Forsmark and the expected in situ
1C exposure age curve considering subaqueous cosmogenic nuclide production (Figure 3-1; Tables 3-1
and 3-2). Exposure age uncertainties are large with internal uncertainties (measurement uncertainties;
Balco et al. 2008) of 5-9 % and external uncertainties of 12-20 % (also including production rate
uncertainties, which are high relative to '’Be and *°Al). Apparent exposure ages increase consistently
with elevation and match expected ages within uncertainty, except for sample BG21-006, which has

a simple exposure age 0.4 ka younger than expected. The two highest samples have near-identical
apparent exposure ages and elevations. However, these samples provide independent ages because
they are horizontally separated by 624 m (Figure 1-3b). There is now good agreement between ages
inferred from these new in situ '“C data and the existing RSL curve constructed from organic radio-
carbon dating.
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Figure 3-1. Apparent '*C exposure ages for five Forsmark samples from below the highest shoreline
(Figure 1-3b; Table 3-1) with 1o external uncertainties. The expected exposure ages are calculated assuming
the RSL curve is correct, the "C spallation production rate is correct, partial exposure as the sample
approaches the water surface, and full post-glacial exposure for the duration above sea level. Hence, the
expected exposure age curve is a few hundred years older than the RSL curve. The RSL curve is from

SKB (2020) and uncertainties for the 1-6 ka interval are calculated from the original radiocarbon data

in Hedenstrom and Risberg (2003).
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Apparent exposure ages for the five in situ '*C samples located above the highest shoreline in Dalarna
and Gévleborg (Figure 1-3a) are shown in Figure 3-2 and Table 3-1. The weighted mean age from all
five samples is 11.2 + 1.3 ka BP. These data display a X7 of 1.78 and a p-value of 0.13 based on 1o
internal uncertainties (Figure 3-2a), which does not support a rejection of the null hypothesis that the
apparent exposure ages represent the same population. In addition to the samples being from the same
population, the exposure ages are consistent, within uncertainty, with the expected deglaciation age
of 10.8 (= 0.1-0.5) ka BP (Stroeven et al. 2016). Replicate measurements on sample BG21-002 closely
agree and their weighted mean age is shown in Figure 3-2. Sample BG21-001 provides the youngest
inferred age but, because this sample was from a low-profile outcrop (Figure 1-3a; SKB 2023b), this
age may reflect partial shielding of the sampled bedrock surface by a past shallow soil cover or perhaps
a deeper snow cover than the other sites. We therefore consider this sample as least likely to provide
a reliable age. Removing this sample from consideration indicates that the remaining four sample sites
are more clustered, with an older weighted mean age of 11.6 + 1.1 ka BP, which displays a X3 of 0.43
and a p-value of 0.73 based on 16 internal uncertainties (Figure 3-2b).
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Figure 3-2. Probability density plots of the exposure ages from samples above the highest shoreline
(Figure 1-3a; Table 3-1). The individual samples (red curves) display 1o internal uncertainty (measurement
uncertainty). For the repeat sample BG21-002, the exposure age is calculated with a weighted mean **C
concentration using a 2 % uncertainty. A. The probability density and data for all five samples. For the full
set of samples, the cosmogenic nuclide ages yield a reduced chi-square (X3) of 1.78 and a p-value of 0.13
based on internal uncertainties, which indicates that they are from the same population. B. The probability
density and data with sample BG21-001 excluded as an outlier. These cosmogenic nuclide ages yield a X3
of 0.43 and a p-value of 0.73 based on internal uncertainties, which again indicates that they are from the
same population. All ages are referenced to the sampling year 2021. The weighted ages of 11.2 + 1.3 ka BP
and 11.6 £ 1.1 ka BP both overlap with the deglaciation age from Stroeven et al. (2016).
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Table 3-1. Extraction and measurement of in situ '“C at PRIME Lab.

SampleID PCEGS# PLID® Mass Quartz C yield Diluted mass C AMS Split Mass C  4"*C® “crec C/IC otal “c [**C]
(9) (ug) (ug) (ug) (%oveos) (107) (1077) (10° at) (10°at g™')

BG21-001 146 202101960 5.02378 5.0+0.1 393.8+4.8 382.3+4.6 -459+0.2 0.3399+0.0075 0.3412+0.0079 0.6177 £0.0179 1.2296 + 0.0357
BG21-002 147 202101961 5.02383 78+0.1 303.3+3.7 2944+ 3.6 -448+0.2 0.4555+0.0096 0.4623 +£0.0102 0.6470+0.0181 1.2879 +0.0360
BG21-003 148 202101962 5.0107 176 +0.3 303437 2945+ 3.6 -43.9+0.2 0.4633+0.0108 0.4709+0.0113 0.6604 +0.0197 1.3180 + 0.0393
BG21-002R 150 202201473 5.04116 7.7+01 305337 296.4 + 3.6 -452+0.2 0.4558+0.0135 0.4624 +0.0142 0.6519 +£0.0237 1.2931 £ 0.0470
BG21-004 152 202101963 5.05927 11.9+0.2 305.7+3.7 296.8 + 3.6 -446+0.2 0.4618+0.0079 0.4691 +0.0083 0.6630+0.0159 1.3105+0.0314
BG21-005 153 202101964 5.07578 46+01 3045137 295.6 + 3.6 -454+0.2 0.4600+0.0127 0.4667 £0.0134 0.6566 + 0.0225 1.2935 + 0.0444
BG21-006 155 202101965 5.06572 55+0.1 306.8+3.7 297.8+ 3.6 -452+0.2 0.1277 £0.0056 0.1172 £0.0059 0.1243 +£0.0101 0.2453 + 0.0199
BG21-007 157 202101966 5.03589 6.9+0.1 309.2+3.8 300.1+3.7 -45.0+0.2 0.1684 +0.0051 0.1601 +£0.0054 0.1922+0.0096 0.3817 +0.0191
BG21-008 158 202101967 5.07653 40+0.1 308.9+38 299.9+ 3.6 -454+0.2 0.2357 +£0.0063 0.2308 + 0.0067 0.3015+0.0119 0.5938 + 0.0234
BG21-009 160 202101968 5.01906 55.3+0.7 305.6+3.7 296.6 + 3.6 -38.0+0.2 0.3339+0.0095 0.3368+0.0101 0.4601+0.0170 0.9168 + 0.0339
BG21-010 161 202101969 4.99961 422 +0.6 306.0+3.7 297.0+ 3.6 -40.1+0.2 0.3320+0.0068 0.3340 £0.0072 0.4565+0.0132 0.9130 + 0.0264

#PCEGS # = sample number in the Purdue Carbon Extraction and Graphitization System.

® PLID = PRIME Lab ID.

¢ Measurement uncertainty of + 0.2 %o,pps (Where VPDB is Vienna Peedee Belemnite).

9 Corrected for procedural blank of (5.5952 + 0.3713) x 10* atoms.

Table 3-2. In situ cosmogenic “C from quartz, Dalarna-Givleborg and Forsmark-Uppland.

Sample ID Lat Long Elevation Thickness Density Shielding  Erosion “Ct1o “C Age * Unc.B*
©) ) (m a.s.l.) (cm) (g/ecm?®) factor (cmlyr) (10?2 atoms/g)  (* Unc.™)? (ka BP)
BG21-001 60.47432 16.33134 236.5 3 2.7 1 0 1230 + 36 9.9+1.7 (£0.6)
BG21-002 60.40615 16.22197 212.6 3 2.7 1 0 1288 + 36 11.4+22(+x0.7)
BG21-002R 60.40615 16.22197 212.6 3 2.7 1 0 1293 + 47 11.5+2.3(x0.9)
BG21-003 60.38459 16.17649 216.3 3 2.7 1 0 1318 £ 39 11.9+24(+0.8)
BG21-004 60.38451 16.17440 217.8 3 2.7 1 0 1311+ 31 11.8+2.3 (£ 0.6)
BG21-005 60.36888 16.30526 2481 3 2.7 1 0 1294 + 44 10.8 £2.0 (+0.8)
BG21-006 60.38490 18.22308 94 3 2.7 1 0 245 + 20 1.5+0.2(x0.1)
BG21-007 60.37892 18.19129 12.2 3 2.7 1 0 382+ 19 25+0.3(+0.1)
BG21-008 60.30504 18.04993 30.3 3 2.7 1 0 594 + 23 43+0.5(x0.2)
BG21-009 60.22988 17.94989 56.0 3 2.7 1 0 917 + 34 7.8+1.2(x0.5)
BG21-010 60.22431 17.95051 55.9 3 2.7 1 0 913+ 26 78+1.2(x0.4)

2Unc.B* is external uncertainty and Unc.

is internal uncertainty. Both are 10.






4 Discussion

Except for the lowest-elevation sample, our new data from the Forsmark-Uppland transect (i.e., below
the highest shoreline) overlap, within uncertainty, the expected exposure age curve (Figure 3-1). This
result indicates that our initial in situ '*C data set (Figure 1-2), in which there was no overlap with the
RSL curve within uncertainty, was unreliable. Hypothesis 1 is thereby supported (our initial batch
of in situ "*C data yielded generally erroneous results). Further inferences from the Forsmark-Uppland
in situ '*C data are that the construction of the existing RSL curve through organic radiocarbon dating
is robust because it does not significantly underestimate the timing of landscape emergence, in support
of hypothesis 2 (the existing RSL curve accurately reflects the timing of landscape emergence).
Because these data conform with the existing RSL curve and because ages inferred from our in situ
"C concentrations from above the highest shoreline conform with the expected deglaciation age
(Figures 3-1 and 3-2), we can also exclude inheritance of in situ '*C from a MIS3 interstadial. The data
from above the highest shoreline further strengthens support for hypothesis 2 and rejects hypothesis 3
(cosmogenic nuclide production rates of "C, '“Be, and *°Al are underestimated for central-eastern
Sweden). The latter is rejected with the caveat that the production rate of in situ '*C in quartz requires
further calibration to reduce uncertainties, preferably from local (Swedish) sites.

A key implication of these in situ '“C data is that our inferences of past (and future) glacial erosion
depths and rates from concentrations of '’Be and *°Al produced in situ in quartz (Hall et al. 2019) are
essentially correct. This is because such inferences, based on '’Be and Al inheritance, rely on an
accurate knowledge of the local timing of deglaciation. For most of the samples that yield an erosion
rate solution for both '“Be and *Al, glacial erosion was restricted to 0.04-0.09 m/ka or 0.4-1.1 m per
ice cover period (Hall et al. 2019). Over the last 100 ka, this translates into a total erosion depth

of only 1.6-3.5 m (Hall et al. 2019). Indeed, our new in situ '*C data strengthens the interpretation in
Hall et al. (2019) that projected total erosion is less than 1 m for the coming 100 ka and ranges from
5 to 28 m (25th—75th percentiles) for the coming 1 Myr.

The construction of RSL curves from organic radiocarbon dating is confirmed as being robust by our
new in situ "*C data. This motivates excluding the initial in situ '*C data from further consideration. In
contrast, we place high confidence in our new in situ '*C data because: (i) inferred ages in samples from
below the highest shoreline consistently increase with elevation and generally agree with the expected
ages, within 1o external uncertainty, assuming subaqueous cosmogenic nuclide production determined
by the SKB (2020) RSL curve and full subaerial cosmogenic nuclide production (Figure 3-1). (ii) The
five samples from above the highest shoreline are well-clustered and the weighted mean age (and full
uncertainty) of 11.2 + 1.3 ka BP overlaps with the expected deglaciation age of 10.8 (£ 0.1-0.5) ka BP
(Figure 3-2a). Removing the youngest age from consideration results in more strongly clustered ages
(Figure 3-2b) and an older mean weighted age of 11.6 £ 1.1 ka BP, which still overlaps the expected
deglaciation age within uncertainty. We therefore do not further discriminate between these results.

Our in situ "“C data from above the highest shoreline highlight good potential for this nuclide to help
constrain the deglaciation chronology of the Fennoscandian ice sheet for areas above the highest
shoreline, especially inside its Younger Dryas margin, which is outlined by an almost continuous
moraine belt (Lundqvist 1990, Andersen et al. 1995a, 1995b). The deglaciation of the Forsmark area,
below the highest shoreline, is well constrained by clay-varve chronology (Stromberg 1989), but
elsewhere there are vast areas where the post-Younger Dryas deglaciation remains poorly constrained
by data (Stroeven et al. 2016). The potential for in situ '*C measurements to fill in these data gaps
helps to further motivate a local calibration of the in situ "*C production rate. A Bayesian approach
(e.g. Small et al. 2017) offers potential for further refinements to the age determinations of both shore-
line displacement and deglaciation using in situ "*C. Because of its short half-life and an improved
sampling methodology, in situ '*C may now be a prime candidate nuclide to date the last deglaciation
also from boulders deposited along glacial flowlines; a technique practiced successfully using '“Be
(Stroeven et al. 2016, Margold et al. 2019, Norris et al. 2022).
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5 Conclusions

Ten new in situ '*C measurements on bedrock are consistent with the Forsmark RSL curve derived
from organic radiocarbon dating of basal sediments in isolation basins (with one exception) and the
Fennoscandian Ice Sheet deglaciation chronology from Stroeven et al. (2016). Results from this new
independent method therefore verifies the RSL curve used in SKB safety assessments. Furthermore,
the new measurements replace an initial set of six inconsistent in situ '“C measurements, which
we now exclude from further consideration. Interpretations of glacial erosion from '’Be and *°Al
produced in situ in quartz therefore remain as stated in Hall et al. (2019). This study introduces the
use of in situ "*C in Fennoscandian Ice Sheet paleoglaciology and outlines a promise of its use as a
basis for supporting future shoreline displacement studies and for tracking the deglaciation in areas
that lack datable organic material, typically in locations above the highest shoreline.
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