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Abstract.

Three seasonally resolved ice-core records covering the 20" century were extracted in 1994, 2004 and 2012 at a nearly identical
location from the Col du Dome (4250 m above sea level, m asl, Mont Blanc, French Alps) drill site. Here we complete and
combine chemical records of major ions and radiometric measurements of *H and ?'°Pb obtained from these three cores
together with a 3D ice flow model of the Col du Dome glacier to investigate in detail the origin of the discontinuities observed
in the depth-age relation of the ice cores drilled in 2004 and 2012. Taking advantage of the granitic bedrock at Col du Dome,
which makes the ice core >'°Pb ice-core records sensitive to the presence of upstream crevasses, and the fact that the depth-
age disturbances are observed at depths for which absolute time markers are available, we draw an overall picture of a dynamic
crevasse formation. This can explain the non-disturbed depth-age relation of the ice core drilled in 1994 as well as the
perturbations observed in those drilled in 2004 and 2012. Since crevasses are common at high alpine glacier sites, our study
points out the mandatory need for rigorous investigations of the depth-age scale before using high alpine ice cores to interpret

atmospheric changes.
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1. Introduction

Close proximity to European source regions makes ice cores from high-elevation Alpine glaciers an important target to
reconstruct past anthropogenic perturbations of atmospheric chemistry. In the French Alps, the Col du Déme (CDD) glacier
close to the Mont Blanc summit has been studied extensively over the last 25 years for its glaciological properties and
suitability for glacio-chemical studies (e.g. Vincent et al., 1997, Preunkert et al., 2000). The glacier has been shown to be
entirely cold although it has experienced a significant warming in response to climate change since the 1980s (Vincent et al.,
2007; Gilbert and Vincent, 2013; Vincent et al., 2020). Ice cores extracted at CDD have been used to reconstruct various
aspects of atmospheric changes during the 20" century over western Europe. These include major inorganic species (NH4",
NO»s, and SO4*, Fagerli et al., 2007, Preunkert et al., 2003, and Preunkert et al., 2001a), halogens (HCI and HF, Legrand et
al., 2002, Preunkert et al., 2001b; total I and Br, Legrand et al., 2018 and Legrand et al., 2021), black carbon (Moseid et al.,
2022), dissolved organic carbon (DOC, Legrand et al., 2013), organic molecules (Legrand et al., 2003 and 2007, Guillermet
et al., 2013), and trace elements such as Pb and Cd (Legrand et al., 2020), V and Mo (Arienzo et al., 2021), and T1 (Legrand
et al., 2022). Underpinning these efforts are three ice cores all drilled to bedrock within maximal 10 m of each other (mean
geographic location of 45.842195° N, 6.84675° E) in 1994 (C10, Vincent et al., 1997, Preunkert et al., 2000), 2004 (CDK,
Legrand et al., 2013) and 2012 (CDM, Legrand et al., 2018, this study).

Whereas analysis of the C10 ice core drilled in 1994 indicated a depth-age relationship that was consistent between the derived
annual layer counting and several time markers (Preunkert et al., 2000), it was shown that the 2004 CDK core was missing ~
16 years between ~ 1970 and ~ 1954 (Legrand et al., 2013) as confirmed by the absence of the well-known *H maximum in
1963 caused by atmospheric nuclear tests. Although its precise cause remained unclear, it was suggested that the missing 1954-
1970 period was related to an (upstream) crevasse that had disturbed the continuity of the CDK record through inflow of a
snow filled crevasse to the ice core site. The presence of one or more crevasses in the upstream vicinity of the drill site was
also suspected to cause strongly elevated concentrations of 2!°Pb observed in the C10 core (Vincent et al., 1997). This was
concluded, since the bedrock at the CDD consists of granite that emits 2*’Rn (half-life of 3.8 days), which is able to diffuse in
snow and firn, but much less in ice (see also Pourchet et al., 2000), and subsequently decays to produce 2!°Pb (half-life of 22.3
years).

For the CDM core, only the upper core sections (down to 81 m depth, i.e. 1979) have been investigated previously for various
trace elements including major ions, black carbon, halogens, Pb, Cd, V and Mo, TI (Legrand et al., 2018, 2020, 2021, 2022,
Arienzo et al., 2021, Moseid et al., 2022, Eichler et al., 2022). Here we report additional measurements of the 2!°Pb profile and
use NO3", NHs" and *H analysis, to extend the depth-age relationship of the CDM core back to 1950. This homogeneous set of
chemical and radiochemical data from the C10, CDK and CDM ice cores, permits to investigate the consistency of the depth-
age relation back to 1950 between these ice cores drilled in 1994, 2004, and 2012. In addition, a first attempt to provide a

qualitative glaciological explanation for the observed discontinuity in the depth-age relation and the link with the presence of
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unexpectedly high 2!°Pb levels will be made. This is important for understanding of the extent to which existing and future ice

cores drilled at this location on the CDD saddle are suitable to reconstruct past atmospheric chemistry changes.

2. Site and Analysis

The CDD site is located on a small cold glacier saddle downslope of the Dome du Gouter (4300 m asl) (Fig. 1). On this slope,
the C10, CDK, and CDM cores were drilled down to ~125 m (Table 1), i.e., close to bedrock. Detailed glaciological
descriptions of this site can be found in Vincent et al. (1997, 2020), whereas Preunkert et al. (2000) characterized this site in
terms of its usefulness to reconstruct past atmospheric changes since the beginning of the 20" century based specifically on
data from the C10 ice core. Ice flow, firn compaction and thermal regime have been modeled in three dimensions by Gilbert

et al. (2014), allowing particle back-tracking and flow-based estimation of the depth-age relationship for the drilling site.

Figure 1: View of the South-East flank of the Dome de Gouter (CDG) and Col du Dome saddle including the drill site of 1994, 2004,
and 2012 situated downslope of Dome du Gouter. (a) Picture taken in summer 2012: A large crevasse extends across the upstream
catchment area (indicated with black arrows) of the drilling site. At that time the distinctly visible crevasse was mainly snow-covered.
A potential second crevasse is indicated by grey arrows. (b) Picture taken in summer 1999: Evidence of a crevasse limited to the
southwestern side of the Dome du Gouter. (¢) Topographic map of the Col du Dome and Dome de Gouter (adapted from Wagenbach
et al. 2012). The crevasse highlighted in (a) and (b) is reported (blue line in (c)) on the base of an aerial photo from Institut national
de ’information géographique et forestiere (IGNF) taken at 30" June 2004. Contour lines are spaced at 5 m interval.



90

95

100

Recent visual observations made on the CDD glacier attest to the presence of crevasse(s) upstream the CDD drill sites (Fig.
1). Comparing photos taken in 2012 (Fig. 1a) and in 1999 (Fig.1b), shows an enlargement and horizontal propagation of the
crevasse to the east from 1999 to 2012. Whereas in 2012, the crevasse is visible clearly as a snow-covered depression on the

surface slope, the crevasse appeared to be limited to the southwestern flank of the drill site catchment area in 1999.
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Figure 2: (a) Thickness changes between 1993 and 2017. The contour lines of surface topography correspond to the 1993 surface
(adapted from Vincent et al., 2020) overlain by a modelled flow line (color scale on top) which reports the calculated arrival depth
at the drill site of C10, CDK, and CDM (black star) (Gilbert et al., 2014). The crevasse location (blue line) is based on the 30" June
2004 aerial photo from IGNF (see Fig.1) (b and ¢) Schematic representation of the origin of the 2'°Pb anomalies found at the drill
site following the ice flow model of Gilbert et al., 2014, extracted along the flow path reaching the drill site. Isochrones are marked
in red, flowlines in green (see also Section 4). The grey shaded zone indicates firn, the dotted zone indicates the snow bridge over the
crevasse. Concluded from ice core data of C10, CDK and CDM (see Section 3 and 4), two states of the crevasse are reported: (b) in
the years ~1965-1970 (i.e. ~ 25-30 years before the C10 drilling) the crevasse is open to the bedrock but sealed from the atmosphere
by a snow bridge. In this state 22?Rn and 2!°Pb accumulate to reach concentrations well above atmospheric conditions in the crevasse
and the surrounding firn (c) after ~1975 and at least until ~1990 (i.e. ~ 25-30 years before the CDK and CDM drilling), the crevasse
is at least partly open to the atmosphere. In this state 22Rn and ?'°Pb concentrations in the crevasse and the surrounding firn are
strongly reduced compared to (b). The formation of missing or doubling ice layers is indicated by the orange and pink arrows.
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Following Fig. 1, the crevasse is situated ~100-150 m upstream of the drill site of C10, CDK, and CDM. Figure 2a shows the
CDD glacier thickness changes between 1993 and 2017 overlayed with the modelled flow line indicating the calculated arrival
depths at the drill site of C10, CDK, and CDM (Gilbert et al., 2014). Crevasses are known to open and close constantly during
their lifecycle (Colgan et al., 2016). Fig. 2b and c represent vertical cross sections along the modelled flow line of Fig. 2a
overlayed by sketches of the upstream crevasse visible in Fig.1, in two temporal states of the crevasse from the 1960ties to the
1980ties, as concluded in Section 4 of this manuscript on the basis of C10, CDK and CDM ice core data presented in Section
3.

Table 1 summarizes the main characteristics of the three ice cores and basic findings related to radiometric analyses. *H
analyses in CDK (Legrand et al., 2013) and CDM ice were performed at the Institute for Environmental Physics, Heidelberg
University (IUP), by low-level gas counting with a detection limit typically around 1.5 TU (tritium units). 2'°Pb samples of
CDK and CDM ice were analyzed at IUP by o-spectrometry for its decay product 2!°Po. Typical blank values of (5.7 + 2.5)
107 Bq for 2!°Po and (3.8 + 1.6) 10~ Bq for *’Po were subtracted from the sample counts (see Stanzick, 2001, and Elsésser et
al., 2011 for further working analytical conditions). Previously reported 2'’Pb measurements in C10 ice (Vincent et al. 1997)
analyzed at the Laboratoire de Glaciologie et Géophysique de I'Environnement, now Institut des Géosciences de
I’Environnement (IGE), were complemented by two samples. The analytical technique was high-resolution gamma-ray
spectrometry, designed to detect very low levels of radioactivity using a 20% high-purity Ge (N-type) detector, with an anti-
Compton scintillation detector (Pinglot and Pourchet,1995) for which snow and ice samples were filtered previously through
ion-exchange papers (Delmas and Pourchet,1977). This method is less sensitive than a-spectrometry and Vincent et al. (1997)
did not assign uncertainties to their analyses. Here we estimate the uncertainty based on what has been reported in other studies
using this detection method developed at IGE. Pinglot et al., 2003 reported a detection level of 10 mBq at a 97.5% confidence
level for 3 days of counting on ice core samples with a typical 2!°Pb activity of 20 — 50 mBq kg™'. These measurements included
Chernobyl fallout in sub-Arctic glacier sites, and the levels were similar in range to the background activities of 50-100 mBq
kg! found in our cores. On the other hand, detection levels of 13 and 25 mBq were calculated at 97.5 % confidence when peak
interferences where neglected or considered, respectively, for a 10 g sediment sample containing 1000 times higher 2!°Pb
activities as found in ice cores (~70 Bq kg'!) that was measured for 63 hours (Pinglot and Pourchet, 1995). Vimeux et al.
(2008) reported a lower detection limit of 4 mBq kg for 2'’Pb measurements (activities between 20 and 100 mBq kg™') on
relatively small (150-250 g) ice core samples from Patagonia. The 2!°Pb activities in C10 ranged from 50 — 700 mBq kg'!, with
the measurements done on the C10 drilling chips merged over 3 to 5 m, allowing to obtain sample weights of up to ~ 3 to 5
kg. Since these sample masses, type (ice core sample) and geometry (filter) are comparable to those used in the Pinglot et al.
(2003) study but are very different from the sediment sample in Pinglot and Pourchet (1995), we assume in the following a
detection level of 10 mBq and an uncertainty of 30 mBq for the C10 2!°Pb measurements. Note that, the dataset from Vincent
et al. (1997) was complemented by two additional samples for which 2!°Pb analysis and quality control were not available in
1997. Initially suspected to be contaminated, these two samples, containing 760 and 460 mBq kg' of 2!°Pb, were not included

reported by Vincent et al., 1997. Re-measurements of the respective ice core sections using samples extracted from the inner
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of the core confirmed however the initially measured values, hence they must be considered as valid and were included in the
data set of this study.

’H analyses (using liquid scintillation counting) in CDM ice were also performed at the Division for Climate and
Environmental Physics (CEP) of the Physics Institute, University of Bern, using ice core samples at higher depth resolution
than used at [UP.

Continuous flow analyses in the CDM core, including nitrate (NO3") and ammonium (NH4"), were made at Desert Research
Institute (DRI) in Reno from 45 to 86 m depth (see Legrand et al. (2018) and references therein). Additional NOs™ and NH4"
data that are useful to derive an age scale by annual layer counting at CDD (Preunkert et al., 2000) were obtained in CDM ice

with CFA measurements conducted at CEP along the whole ice core.

Table 1: Basic glaciological and radiometric parameters of the CDD ice.

Core name C10 CDK CDM
Drilling year 1994 2004 2012

Ice core length [m] 126 124 122.5
Surface (uppermost 15years) accumulation 6 (2.6) 3.8(2.5) 3.5(2.3)
[m (mwe)]

Accumulation over uppermost 30 years [m 2.9 (2.1) 2.7 (2.0) 2.6 (1.85)
(mwe)]

Firn-ice transition [m (years)] 56 (13) 54 (14) 52 (14)
Depth of the *H maximum [m] 87.67 - 93.3 (87.3)
Top and bottom depth of the >'°Pb anomaly  83-108 85—~108 81-~102

[m]

Working conditions of the CFA analyses at CEP are detailed in Kaufmann et al. (2008), Gfeller et al. (2014) and Erhardt et al
(2022). However, since the CDM ice core has a 3 inch diameter, the ice core cross section available for the CFA analyses at
CEP was only a section of 2.5 x 3.0 cm instead of the usual standard size of 3.2 x 3.2 cm used at CEP, for which the standard
melt head is designed for. This may have led to a higher risk of contamination of the inner sample melt water stream and
implied a reduced analyte spectrum. Despite the undersized core section available for the CFA analyses at CEP, 86% of the
ice core could be analyzed. The nitrate profile obtained at DRI and CEP (covering 97% in this depth range), were compared
from 45 to 86 m depth. Both datasets are in very good agreement. After having additionally discarded very high peaks in NO3
values (1.5% of CEP data), which were not present in the DRI dataset and could be attributed easily to contamination, mean
NOs™ values from 45.3-86.0 m were 263 ppb (CEP) and 255 ppb (DRI) (Fig. 3). The agreement is somewhat weaker for NH4"
likely because only 80% of the depth range is covered by the CEP measurements. After discarding additionally 8 % of the
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CEP NH4" data consisting of high NHa" peaks which were not present in the DRI dataset, the mean NHa" values of 101 ppb
(CEP) and 95 ppb (DRI) were in good agreement.

3. Data and Methods
3.1 Ice Core Dating

The net annual accumulation in the upper layers of the site covering the upper 15 years is on average 2.5 m water equivalent
(mwe) (Table 1), a typical order of magnitude encountered at high alpine glacier sites (Vincent et al., 2020; Bohleber, 2019).
The surface mass balance observed in the upstream area of the drilling site (i.e., upwind in the southeastern Dome du Gouter
flank, Fig.1) decreases by one order of magnitude and reaches only ~0.2 mwe yr'! at the summit of the Dome de Gouter
(Vincent et al., 1997, 2020), where the glacier thickness is only ~40 - 45 m. In addition to the annual layer thinning caused by
the glacier flow, this upstream net accumulation decrease which is accompanied by a decrease of the winter to summer net
snow accumulation rate, also impacts the annual layer thickness at the drill site. As a consequence, annual layer thicknesses
of only 0.7 and 0.2 mwe are observed at 100 m and 118 m depth (Preunkert et al., 2000) and the winter to summer layer
thickness ratio, calculated on the basis of the ammonium depth stratigraphy (see details in Preunkert et al., 2000), decreases
from 1 at the surface to 0.5 at 100m depth.

Based on the well-marked seasonality in the chemical stratigraphy for all cores, annual layer counting was used as the main
dating tool over the time period of interest in this study. This was supplemented by Saharan dust events such as the one in
1977 (Preunkert et al., 2000 for C10; Legrand et al., 2013 for CDK, Legrand et al., 2018 and this study for CDM) and
radiometric analyses aimed at detecting fallout from atmospheric thermonuclear bomb testing via *H (Legrand et al., 2013 for
CDK and this study for CDM) and *’Cs (Vincent et al., 1997) for C10, as already done for other Alpine ice cores records (e.g.
Schotterer et al., 1998). Fallout from atmospheric thermonuclear bomb testing typically leads to elevated '3’Cs and 3H levels
from 1954 to about 1975, with maxima in 1963 if the depth-age relationship is well preserved. The 2!°Pb depth profiles (Vincent
et al., 1997 for C10) were also obtained in the three ice cores, but because of the presence of the strong anomalies discussed

in Section 3.2, these data are not useful as dating tools.

3.1.1 The C10 core

The dating of the C10 ice core back to 1925 obtained from annual layer counting of the ammonium record was initially
established by Preunkert et al. (2000). More recently, the availability of additional measurements such as lead, cadmium and
thallium allowed the dating to be extended back to 1890 without changing the original dating back to 1935 (Legrand et al.,
2018).

The agreement between results of the annual layer counting and several time markers shows that the depth-age relation is

continuous and increases monotonically with depth (Fig. 3). The dating of the C10 core was found to be in excellent agreement
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Figure 3. Comparison of nitrate depth stratigraphies of CDM (this study), CDK (Legrand et al., 2013) and C10 (Preunkert et al.,
2003) ice. In addition, for each core the bomb test horizons also are reported (this study for CDM, Legrand et al., 2013 for CDK and
Vincent et al., 1997 for C10). Red lines, complemented by annual layer marks in the upper undisturbed part of CDM, show common
years in the different cores. Grey zones mark depth layers which do not fit in the continuous depth stratigraphies in CDM and CDK.
Note that the chronological changes of the NO3 concentrations are offset in depth relative to each other due to the
different years the cores were drilled.
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with several outstanding atmospheric changes or events that occurred during the 20™ century such as the '*’Cs peak caused by
nuclear weapons testing fallout (Vincent et al. 1997), the well-marked increase of fluoride after 1930 resulting from the rapid
growth of the aluminum industry (Preunkert et al., 2001b), the large increase of sulfate after World War II (Preunkert et al.,
2001a), and hydrochloric acid (HCI) peaks during the hot summers from 1947 to 1949 caused by large forest fires (Legrand et
al., 2002). Several of these events are recorded within the depth interval where increased 2!°Pb values were observed (Vincent
et al. 1997, Fig. 3 and Section 3.2). Thus, we can assume that the depth-age relation of the C10 core was not significantly
disturbed (i.e., by more than the dating uncertainty estimated to be + Syr, at a depth of 90 m (Preunkert et al., 2000)) by the

upstream crevasses which caused the anomaly of the 2!Pb record discussed in Section 3.2.

3.1.2 The CDK core

As done in the C10 core, the dating of the CDK ice core primarily was achieved by annual layer counting largely using the
ammonium stratigraphy. However, the seasonality of ammonium as well as those of other major ions such as nitrate and sulfate
disappears at 89.5 m and then recovers at 92 m (Legrand et al., 2013). Since the CDK 3H profile lacks the main bomb maximum
and 2'°Pb anomalies were detected in this depth zone, Legrand et al. (2013) already concluded that net snow depositions of a
few years around 1963 are missing due to the existence of upstream crevasses, but suggested neither a reasonable glaciological
mechanism for this effect nor an explanation for whatever reason it appeared in CDK and not in C10. The comparison of
ammonium, nitrate, and sulfate mean summer concentrations in the CDK core with those in C10 layers deposited above 89 m
and between 92.0 and 106 m depth, however, suggests a reliable CDK record for the time intervals 2004-1970 and 1954-1925
(see Legrand et al., 2013 and Fig. 3 and 4).

3.1.3 The CDM core

Tonic species were analyzed as discrete samples using ion chromatography along the upper 35 m of the CDM core at IGE.
From 45 m to 86 m depth, sections were measured using CFA at DRI (Legrand et al., 2018). These previous data were
complemented by CFA measurements (NOs™ and NH4") performed at CEP. Figure 3 shows sequences of the CDM depth-
profile for nitrate in comparison with those from CDK and C10. Down to 81 m depth, the nitrate CDM stratigraphy matches
very well those from C10 and CDK, where this depth is dated to 1979 based on annual layer counting. Below 81 m depth, the
CDM depth profile differs from those of the two other cores. The possibility that the three NOs™ peaks between 81 and 88 m
depth in the CDM core (Fig. 3) correspond to those seen between 73.2 and 78 m depth in CDK, would imply an annual layer
thickness 1.75 times larger in the CDM than the CDK core. This conflicts with the expected decrease of annual layer thickness
for strata having the same age in CDM compared to CDK drilled 8 years before. For instance, for the interval 1992-79 the
annual layer thickness in CDM is approximately half that in CDK, as expected since the corresponding ice layers are deeper
in the CDM core than in CDK (hence likely more thinned by glacier flow and having been deposited upstream further away
from the drill site). In addition, the preceding assumption that the three nitrate peaks between 81 and 88 m depth in CDM date
to 1978, 1977, and 1976, is in conflict with the 3H level found in this core (see Fig. 3). Therefore, it is assumed that a
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discontinuity occurs between 81 and at least 88 m depth in the CDM stratigraphy. Interestingly, whereas a winter to summer
layer thickness ratio of ~0.55 is expected at ~80—100 m depth at this drill site, as seen in the C10 core (see Section 3 and
Preunkert et al., 2000), a very high winter to summer layer contribution (>2) is observed in the CDM core between 81 and 88
m depth. Such an unexpectedly high winter to summer contribution was also observed in CDK between 89.5 and 92 m depth,

i.e. where the NH4" seasonal cycle vanished.
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Figure 4: (a) Annual layer thickness of C10 (Preunkert et al. 2000) and CDK (Legrand et al., 2013) compared to CDM. To
compensate for the different drilling dates of the three cores, annual layer thickness data of C10 and CDM were shifted for +10 and
-8 years, respectively. For CDM, the annual layer thickness is estimated via the ammonium stratigraphy back to 1980 and via the
nitrate (and ammonium) stratigraphy further back in time (Section 3.1.3). (b) comparison of nitrate summer half-year means of
C10 (Preunkert et al., 2003), and CDK (Legrand et al., 2013) with CDM. The thick solid lines for C10 and CDK refer to the smoothed
profile (single spectrum analysis, see Legrand et al., 2013). CDM depth intervals for which the dating is uncertain (Section 3.1.3),
are marked with dashed lines.

The inset in Fig. 3 (top panel) reports the *H profile measured on CDM ice core samples at CEP. Ages were assigned according

to the expected *H concentrations based on comparison with values obtained in a high-resolution ice core from Fiescherhorn,

10
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Switzerland (Schotterer et al. 1998). Strikingly, we find not one but two distinct peaks of 183.1 £ 9.7 TU and 162.7 + 8.8 TU
(one tritium unit, TU, being equal to 0.12 Bq L") less than 6 m apart, starting at 87.29 to 88.2 m and 93.29 to 94.1 m depth,
respectively. Both maxima are close to the *H peak value normally reached in 1963. Note that analytical or sample handling
errors can be excluded since this anomaly has been confirmed by independent measurements made on different aliquots.
Measurements on drill chips of the ice core from 87-88 m depth made at IUP indeed revealed 212 TU compared to 183.1 TU
measured at CEP. Based on the undisturbed depth-age scale of core C10 drilled 18 years before CDM, the 1963 maximum
would be expected at about 105 m depth in CDM (49 years before the 2012 drilling year). The *H profile of CDM, however,
indicates low values below 96.3 m depth suggesting the ice is older than 1954. Referring to the disturbed depth-age relation in
CDK, drilled 8 years before CDM, a 49-year-old ice layer should be located at 92 m depth, i.e., close to the second *H peak
observed from 93.29 to 94.1 m depth in CDM. We therefore assume at this stage that the *H peak observed between 93.29 and
94.1 m depth in CDM ice corresponds to 1963.

Following what is expected from the Fiescherhorn depositional record, a mean TU value around the 1963 peak should be 10
to 40 TU in the years 1958-1975. This is consistent with the observed value in CDM ice around the second *H peak (89.5 to
96 m depth) except for the value of 6.4 TU observed at 90.3-91.3 m depth. Since the *H profile is available only at coarse
resolution (75 cm long samples), it is not possible to be more accurate in dating the bomb test period (1954 to ~1976). Further
arguments as to whether the ice layers around the *H peak in the CDM core (i.e. from 88-96 m depth) are well preserved were
not conclusive. For example, if we assume that the profile is continuous between 93.3 and 96.3 m depth (i.e., 1954 as indicated
by *H data) this would imply an annual layer thickness of 0.28 mwe over the 1963-1954 years, which is similar to what is seen
in the C10 core (0.4 mwe). However, on the other hand, the NHs" and NOs depth stratigraphies from CDM do not agree with
those in this part of C10. Because of decreasing anthropogenic emissions back in time, we consistently observed a decreasing
trend in NH4" and NO3™ concentrations with age in the C10 ice (mean summer value in 1964-1968: NH4": 110 ppb; NOs: 178
ppb; in 1963—-1954: NHa*: 95 ppb; NOs™ 140 ppb). This feature, however, is not detected when comparing summer NH4* and
NO; means in CDM ice above and below the 1963 peak at 93.3 m. Over the 88 to 93.3 m depth interval in CDM ice, we
observed mean summer NH4" and NOs™ concentrations of 90 ppb and 175 ppb, respectively, which are lower than those
between 93.3 and 96.3 m depth (NH4™: 116 ppb; NOs: 193ppb; see also Fig. 4 for NO3). Finally, annual layer counting based
on the CDM nitrate or ammonium profiles suggests only 4 years instead of 9 years for the 93.3-96.3 m depth interval (i.e.,
from 1963 to 1954).

If the first *H peak is considered to be the true 1963 maximum, this would mean that a hiatus of 16 years exists in the CDM
record between 1979 at 81 m depth and 1963 in 87.3 m depth. The depth layers between 88 and ~93.3 m depth would then
correspond to years prior to 1963. This assumption is again in contradiction with the mean summer levels of NH4" and NO3
observed in C10 for this period (see discussions above). Another stratigraphic perturbation is therefore required to produce the
second 3H maximum at 93.3 m.

In summary, our results suggest a continuous depth-age relation from the surface back to 1980 and for years older than ~1954
(96 m), implying a disturbed interval in between encompassing at least 25 years in this core. However, to confirm the

assumption of the recovery of an undisturbed depth-age relation prior to 1954 done on the basis of the NOs™ profile and the
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observations made in C10 and CDK ice, further investigations of additional absolute time markers (as done in C10 ice, see

Section 3.1) are needed before the lower part of the CDM core can be used as an archive of past atmospheric changes.

3.2 The *''Pb depth profiles

Figure 5 reports the !°Pb (half-life of 22.3 years) depth profiles of C10, CDK and CDM. 2!°Pb is produced through radioactive
decay from the noble gas **’Rn (half-life of 3.8 days), which is an intermediate product in the normal radioactive decay chain
of thorium and uranium, and emitted from the ground. ?*’Rn is almost entirely produced from Radium in soils, in particular
when granitic rocks are present. >*’Rn is released from soils into the atmosphere (Dérr and Miinnich, 1990; Turekian et al.,
1977), and its atmospheric sink consists in its radioactive decay producing 2'°Pb, which becomes immediately attached to
submicron aerosol particles (Whittlestone, 1990; Sanak et al., 1981).

Three common features can be identified in the 2'°Pb depth profiles in each of the records. First, in the upper core Sections
down to 80 m, the 2!°Pb activities are of the order of magnitude of those expected from atmospheric deposition at high Alpine
sites (Eichler et al., 2020; Gaeggeler et al., 2022). The fact that the expected decrease of !°Pb activities by a factor of two over
the 22 years (half life of 2'°Pb) is not observed at the drill site is not surprising since the 2!°Pb deposition at the glacier surface
is not constant in time and space. Based on atmospheric 2'°Pb measurements performed at high-elevation Alpine sites (see
Hammer et al. (2007) for Sonnblick at 3106 m asl, Austria and Gaeggeler et al. (1995) for Jungfraujoch station at 3450 m asl,
Switzerland), it was shown that the intensity of vertical upward transport of 2!°Pb-rich continental boundary layer air masses
strongly impacts 2!°Pb levels at high elevation sites. As a consequence, a strong seasonal cycle with 2'°Pb concentrations three
to four times higher in summer than in winter is observed at high altitude Alpine sites. As expected, this also is observed in
the snow deposition at CDD and shown in Fig S1a of the Supplement for summer 2004 and the outstanding hot summer 2003,
for which an extremely enhanced upward transport was already reported previously (Legrand et al., 2005). Whereas in 2004 a
summer to winter 2!°Pb ratio of 2 was found, this ratio reached a factor of 7 in 2003. Together with the systematic decrease of
the winter to summer layer thickness ratio with increasing core depth at the drill site (see Section 3 and Preunkert et al., 2000),
this pronounced 2!°Pb seasonality counteracts the expected 2'°Pb decrease from radioactive decay.

Second, a well-marked anomaly characterized by 2!°Pb enhancements (including 2'°Pb peaks up to 10 times higher >!°Pb than
expected from atmospheric deposition) is observed in the three cores. The anomaly extends from ~83 to 108 m depth (i.e., ~26
to 54 years) in C10, ~85 to 108 m (i.e., ~32 to 70 years) in CDK, and ~82 to 102 m (i.e., ~33 to more than 58 years) in CDM
ice. The 2!°Pb re-increase observed in CDK and CDM, however, is less pronounced than in C10. In addition, the starting depths
of the CDK and CDM 2!°Pb re-increases correspond to the 1970s, for which 2'’Pb enhancements have been reported at other
ice core sites (Eichler et al.,2000) and attributed to an enhanced vertical transport related to the temporal maximum of
atmospheric sulfate aerosol acting as transport vehicle. To check whether these atmospheric conditions also could be
responsible for the enhancement seen in CDK and CDM, we report exemplarily the CDK 2!°Pb activity, corrected for its
respective deposition date together with the corresponding sulfate concentration in Fig. S1b of the Supplement. As mentioned

above, a strong seasonality was detected in the uppermost part of the CDK core for a few years where ?!°Pb samples are
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available in seasonal resolution (Fig. Sla of the Supplement). If atmospherically derived, mean 2'°Pb concentrations of ice
layers from 60 to 85 m depth (i.e., from 1988 to 1972), i.e., in the period for which the sulfate aerosol maximum was observed
at CDD (Preunkert et al., 2001), would correspond to around 130 + 60 mB kg'of 2!°Pb in freshly deposited snow, which is
comparable to the atmospherically derived 2'°Pb further upward in the core. However, from 85 to 108 m depth, this connection
between sulfate levels and 2!°Pb activity no longer holds. Whereas sulfate concentrations strongly decrease, 2'°Pb at the time
of deposition (decay-corrected) would be strongly enhanced (mean of 600 mBq kg') and far above what is expected from
atmospheric 2!°Pb contributions. Thus, the mechanism proposed by Eichler et al. (2000) cannot be invoked in this part of the
CDD core. For CDM (not shown) a similar picture appears. While from 80 to 90 m surface decay-corrected >'°Pb (160 £ 70
mBq kg') would not have been significantly enhanced compared to the atmospherically derived 2'°Pb concentrations seen
further up in the CDM core, this is not the case between 90 and 103 m depth. As for CDK, mean values at the time of deposition
would have been around 650 mBq kg™ and thus far too high to what would be expected from atmospheric transport.

Third, below the anomaly, a decrease in 2!°Pb is observed. However, it is worth noting that, especially in the case of the CDM
and CDK cores, 2!°Pb activity (after blank correction) is above detection limits even in the bottommost core sections, while in
C10 levels are below the detection limit. Since the age of the bottom core sections at CDD, however, exceeds several half-
lives of 2!°Pb (as for example indicated by radiocarbon dating for CDK (Preunkert et al., 2019)) a zero 2!°Pb activity is expected
if the 21°Pb were only of atmospheric origin.

As mentioned above, we attribute the 2!°Pb perturbations found at the drill site to the granite bedrock at CDD in combination
with the presence of crevasses in the vicinity of the drill site. Pourchet et al. (2000) conducted measurements of 2??Rn in snow
above a crevasse at the Mont Blanc summit, revealing unexpected peak values as high as 145,000 Bq m~, and free atmospheric
background values of a few tens of Bq m™ at this elevation. Based on calculations, the authors suggested the existence of

convective **’Rn transport and diffusion from the underlying fractured granitic bedrock.

4. Discussion of upstream crevasse impact on ice core records

Since the 2!°Pb anomalies are located at similar depths in C10, CDK and CDM cores (Section 3.2), and start in the three cores
~30 years before the drilling year, we assume that the 2!°Pb perturbations originate from the same area upstream where one or
more crevasses reach bedrock. Furthermore, since the 2'°Pb anomalies are restricted to a specific depth zone in the cores, we
assume that exchange of the gaseous 2*?Rn with the atmosphere is restricted or eliminated at the top by the presence of a snow-
bridge containing horizontal summer ice layers such as have been observed to occur regularly at the site (Preunkert et al.,
2000). Above the firn-ice transition of the glacier and below this snow-bridge, increased radiogenic Rn levels are then diffusing

into the firn surrounding the closed-off crevasse (see Fig. 2b).
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Figure 5: 2!°Pb profiles of the three CDD ice cores. The decay-corrected 2!’Pb activity is shown using the drilling year of the respective
ice cores as reference. For CDK (a) and CDM (b) the depths covered by the samples are plotted with thick black lines, whereas the
thin integrating lines are given to guide the eye and were used to calculate the 2'’Pb inventories. C10 21°Pb data (c) (lower x-axis,
black) from Vincent et al. (1997) and this study are compared to the ones of a 140 m long ice core extracted 30 m away from C10 in
1994 (Vincent et al., 1997, denoted here as C11, upper x-axis in ¢, orange). The depth scale of C11 was matched to achieve an overlay
of the depths in 1963 and 1954 obtained from the respective *’Cs signals. Blue dashed vertical lines indicate the approximate
boundaries of the anomaly. When available, absolute time markers detected over the 2!’Pb perturbed depth zones are also reported.
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The impact of the upstream crevasse on the depth-age relation of the ice cores changed, however, between the C10 core drilled
in 1994 and the CDM and CDK cores drilled after 2000. Whereas for C10 an excellent agreement between annual layer
counting and independent absolute time markers was found over the depth interval influenced by the crevasse, i.e. in which
increased 2'Pb values were observed (Fig. 5), this is not the case for the CDK and CDM ice cores. In the latter two cores, the
210Pb anomaly comprises the layers for which the depth-age relation was found to be disturbed (see Section 3 and Fig. 3 and
5). Furthermore, the CDK and CDM 2!°Pb anomaly inventories (Fig. 5) are 4 times lower than in C10, whereas we would have
expected similar 2'°Pb anomaly inventories if the bedrock surface of the crevasse and its surrounding ice layer stratigraphy
had remained unchanged. The spatial variability of the 2!'°Pb anomaly inventory at the CDD site can be estimated by examining
the !°Pb inventory of a 140 m long ice core extracted in 1994 almost at the low point of the Col du Dome saddle ~ 30 m south-
east from C10 (Vincent et al., 1997 and see Fig. 5c). This core revealed a 2!°Pb anomaly inventory of 80% of that in C10.
Hence, although this 1994 core does not have the same upstream ice flow characteristics as the 3 cores examined here because
of its different position and length, this difference is small compared to the difference seen between C10, CDK, and CDM.
Thus, the two preceding points suggest that the upstream glacier flow of the drill site in the area of the crevasse has changed
with time.

Tracing back the arrival depths of the 2!°Pb disturbance at the drill site, model calculations made by Vincent et al. (1997) (not
shown) and Gilbert et al. (2014) (Fig. 2a, b and c) suggest that the origin of the 2!'’Pb anomaly should lie ~100-150 m upstream
of the drill site, which is in good agreement with visual observations of the crevasse obtained via aerial and ground-based
photos (see Fig. 2b and c, and Fig. 1). A bedrock reaching crevasse (see Fig. 2b) capped by snow and ice layers at the top
which is situated near or within the upstream flowline would lead to a continuous enrichment of 22Rn and ?!°Pb within the air
volume of the crevasse itself, and by diffusion or barometric pumping (Birner et al., 2018) of ??2Rn into the firn surrounding
the open part of the crevasse (see the shaded areas in Fig. 2b and ¢). As mentioned above, the ?2?Rn diffusion would be sealed
by the presence of a snow-bridge containing impermeable ice layers at the top (see dotted area in Fig. 2b and c) and the firn-
ice transition of the glacier at the bottom, respectively. This would imply that the firn ice transition lies at a depth of ~50 m
(i.e. ~20 years) in the surrounding area of the crevasse (see Fig. 2b), whereas the observed firn ice transition is located at ~25
m depth at the summit of Dome de Gouter (i.e., ~100 years, Rehfeld, 2009) and at ~50-55 m depth at the C10, CDK and CDM
drill site (i.e., ~13-14 years). After having been enriched in 2!°Pb, the firn/ice layers would continue to flow downslope and
thereafter arrive at the drill site as indicated by the bold green flow lines in Fig. 2b. A rough estimation for the transit time
between the crevasse and the drill site can be done following the flow lines of the ice flow model of Gilbert et al. 2014 (see
Fig. 2b). Doing so, 30-year-old ice found at a depth of ~80 m depth at the CDD drill site would have passed nearby or crossed
the crevasse ~25 years before.

Although speculative, we assume that the upstream crevasse of Fig. 1 and 2 already existed earlier in the 1970s but was limited
in its width and/or horizontal extension. If either the crevasse did not intersect the catchment area of the drill site or the crevasse

was so narrow, that even intersecting the catchment area of the drill site, the chronology of the C10 ice core was not disturbed,
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this would explain the occurrence of the 2!°Pb anomaly observed in C10 together with an undisturbed depth-age relation in.
For this hypothesis to hold we assume that a crevasse capped at the top. In this case the enhanced >*’Rn levels in the capped
crevasse entered the firn layers adjacent to the crevasse leading to elevated 2'°Pb inventories, which then flowed down to the
C10 location. In contrast, the crevasse later extended into the upstream flow line of cores CKK and CDM, thus not only
elevating the >!°Pb levels but also disturbing the chronologies. Assuming that the crevasse would have enlarged and also
propagated horizontally to definitely cross the flow line of the drill site, the appearances of winter snow enriched layers and
discontinuities (i.e. lacking and/or doubling of ice layers) in the depth-age relations of CDK and CDM, drilled 10 and 18 years
later than C10, can be explained. The presence of unexpectedly large winter snow layers observed in CDK and CDM (Section
3.1.3) can then be attributed to the disintegration of the snow bridge or directly to blowing winter snow filling the crevasse.
The lack of or the doubling of ice layers can be explained by a shift in the isochrones occurring from the ice layer transition
through the crevasse (or crevasse system).

For the ice layer transition through the crevasse, two scenarios could be imaginable. Due to the bedrock and glacier surface
inclination, ice of the upstream wall of the crevasse (left side of the crevasse in Fig. 2c) would be mapped offset to the
downstream wall of the crevasse (right side of the crevasse in Fig. 2¢) in the sense that an upstream isochrone arrives at a
deeper depth compared to this isochrone on the downstream side of the crevasse (see pink arrow in Fig. 2¢). This would result
in a layer doubling at the drill site after the inflow of the isochrones into the ice core drill site, as it is seen in CDM. On the
other hand, if the bottom of the crevasse is filled up with snow from the previously existing snow bridge and/or from wind-
blown surface snow, it might happen that isochrones of the upstream wall of the crevasse arrive at shallower depths compared
to the respective isochrones on the downstream wall of the crevasse (see orange arrow in Fig. 2¢). This would result in missing
layers at the drill site as seen in CDK.

We stress that although a decay-corrected 2'’Pb anomaly is visible in all three cores, the anomalies in the CDM and CDK cores
are smaller than in C10. This could be explained by a (temporary?) opening of the crevasse to the atmosphere. A partial
opening of the crevasse to the atmosphere would allow the bedrock-derived ??Rn in the crevasse to mix with the much lower

222Rn concentrations (Pourchet et al., 2000). This would have led to a strong reduction of additional **’Rn

atmospheric
accumulation and >'°Pb production in the crevasse and in the snow and firn around the crevasse, starting from the moment of
the opening to the atmosphere. This would explain ?!’Pb inventories of 70 and 55% in CDK and CDM compared to C10,
because of the radioactive decay of 2!°Pb accumulated before the opening of the crevasse to the atmosphere, over 10 and 18
years, respectively. However, the measured 2!°Pb anomaly inventories of CDK and CDM cores amount to only ~25% of the
C10 inventory. This suggests that in addition to the opening of the crevasse the isochrones in the CDK and CDM cores are
disturbed, leading to a lack of ice layers with high 2!Pb activities.

Interestingly, although recent long-term glaciological observations of the CDD site are only available since 1994 and show
only minor changes in glacier dynamics (Vincent et al., 2020), a glacier thickness reduction of ~6-7m, being the maximal
value of the whole saddle area, was observed from 1994 to 2017 in the crevasse area upstream of the C10, CDK, and CDM
drill sites (Fig. 2a). This could be a sign of a partly collapsing crevasse, that could lead to further stratigraphic disruptions

(compared to CDM and CDK) at the drill site in the future.
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5. Summary and conclusion

Combining existing and new chemical depth profiles, bomb test time markers, and the >'°Pb depth profiles of three ice cores
extracted at the same drill CDD site in 1994, 2004 and 2012, allowed us for the first time to highlight changes over time in the
depth-age characteristics at an alpine drill site. Because of the granitic bedrock prevailing at the site, the imprint of a crevasse
located upstream of the drill site is visible in all three ice cores, as a distinct anomaly in their 2!°Pb profiles extending over just
a few meters in depth and with 2!°Pb concentrations elevated by up to a factor of 10. Whereas the depth-age relation of the
C10 ice core drilled in 1994 does not appear to be disturbed by the crevasse in the upstream region, this is not the case for the
CDK and CDM ice cores drilled after 1994 (in 2004 and 2012). For CDK and CDM, the depth-age relationships were found
to be disturbed in ice layers deposited ~30 year before drilling and over a period of 16 years in CDK and at least 25 years in
CDM and we attribute this to an extension of the crevasse over time into the upstream flowline of our drill site. This finding
is consistent with long-term glaciological observations that show significant glacier thickness changes in the area surrounding
the upstream crevasse.

Although at this stage we can provide only a qualitative explanation for the recently observed stratigraphic discontinuities, our
work points towards the need for careful examination of depth-age relationships, when using ice cores from this CDD drill
site, to reconstruct past atmospheric conditions. More generally, since crevasses are often present on non-polar glaciers, such
disturbances in the depth-age relation, as observed at CDD, could also appear at other non-polar ice core drill sites but may be
undetected; particularly, when the bedrock is not granitic, when few or no absolute time markers are available, and/or when
only one core is collected from the site. To identify such depth-age problems, in addition to the commonly used annual layer
counting, an extended use of absolute time markers including bomb horizons through *H, *’Cs, or 2°Pu (Arienzo et al., 2016),
3Ar (Feng et al., 2019), large Saharan dust events or volcanoes (e.g., Plunkett et al., 2022) is mandatory. Furthermore, at other
non-polar sites where the net snow accumulation is far lower than at CDD (i.e., with ice as old as several thousands of years
located well above the bedrock), additional tools like '“C measurements (Jenk et al., 2006 and 2009; Hoffmann et al., 2018)
should be applied.

Data availability

Ice core data are available at NCEI (National Centers for Environmental Information) data base

(https://www.ncei.noaa.gov/access/paleo-search/study/38020 ).
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