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Radiogenic neodymium (Nd) isotopes (εNd) have the potential to serve as a geochemi-
cal tracer of the marine origin of Arctic sea ice. This capability results from pronounced
εNd differences between the distinct marine and riverine sources, which feed the sur-
face waters from which the ice forms. The first dissolved Nd isotope and rare earth
element (REE) concentration data obtained from Arctic sea ice collected across the
Fram Strait during RV Polarstern cruise PS85 in 2014 confirm the incorporation and
preservation of the parental surface seawater εNd signatures despite efficient REE rejec-
tion. The large εNd variability between ice floes and within sea ice cores (−32 to −10)
reflects changes in water mass distribution during ice growth and drift from the central

Arctic Ocean to Fram Strait. In addition to the parental seawater composition, our new approach facilitates the reconstruction of
the transfer of matter between the atmosphere, the sea ice and the ocean. In conjunction with satellite-derived drift trajectories,
we enable a more accurate assessment of sea ice origin and spatiotemporal evolution, benefiting studies of sea ice biology, bio-
diversity, and biogeochemistry.
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Introduction

The ongoing decrease in the age, thickness and extent of Arctic
sea ice cover is projected to strongly impact climate, weather,
ecosystems,matter fluxes and human activities in the near future
(IPCC, 2022). The transition from a perennial ice cover with
major sea ice transport systems to a seasonally ice-free ocean
with isolated ice fields and floes of different origin is already
impacting the distribution of gaseous, dissolved, and particulate
matter, with far reaching consequences for Arctic ecosystems
and biogeochemical cycles (e.g., Krumpen et al., 2019).
Accurate knowledge of sea ice origin and drift is therefore
required to understand the changing role of the marine cryo-
sphere in regulating matter fluxes and ecological processes.

Satellite-based sea ice motion products are currently the
only available resource for reconstructing sea ice origin and drift
trajectories (Krumpen et al., 2021). However, these mainly pro-
vide information about ice and atmospheric conditions, while
the water mass distribution during ice growth and drift remains
unexplored. Biological and biogeochemical processes in sea ice
are, however, tightly linked to the parental seawater composi-
tion. Geochemical provenance tracers have the potential to
reveal this composition as well as biogeochemical atmos-
phere-ice-ocean exchange during drift, thus ideally comple-
menting satellite-based observations.

Radiogenic neodymium (Nd) isotopes (expressed as εNd=
(143Nd/144Nd)sample/(143Nd/144Nd)CHUR− 1}× 104, with CHUR=
0.512638; Jacobsen and Wasserburg, 1980) are a powerful tracer
of water mass mixing and ocean circulation (Frank, 2002), but
their application as a tracer of the water masses from which
sea ice forms is novel. This potential results from the incorpora-
tion of small amounts of Nd from the ocean surface layer into sea
ice during sea ice growth (Laukert et al., 2017c). Due to salt-
proportional rejection, the concentrations of Nd and other rare
earth elements (REEs) in sea ice drop below those of seawater.
This makes precise and accurate εNd analysis difficult but can be
compensated for by larger sample volume.

In the Arctic Ocean, the εNd signature of surface waters
reflects contributions from water masses and major rivers and
ranges between −17 and −5.5 (see Fig. S-1 and description of
marine εNd systematics in the Supplementary Information;
Andersson et al., 2008; Porcelli et al., 2009; Laukert et al.,
2017a, 2017b, 2017c, 2019; Paffrath et al., 2021). Significantly less
radiogenic εNd signatures (<−17) are only introduced via dis-
charge from Greenland and the Canadian Arctic Archipelago
(Filippova et al., 2017; Laukert et al., 2018; Grenier et al.,
2022). Four ice floes sampled in the central Arctic Ocean in
2012 had εNd compositions similar to their parental waters
(Laukert et al., 2017c), pointing to the incorporation of seawater
εNd signatures during sea ice growth. However, these samples
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were unfiltered and direct contributions from particulate phases
could not be excluded.

To further explore the suitability of Nd isotopes for tracing
the marine origin of sea ice, we determined dissolved Nd iso-
topes along with salinity, temperature, stable oxygen isotopes
and the complete set of REEs in different sea ice cores collected
from ice floes in FramStrait during cruise PS85 of RV Polarstern in
2014. Comparisonwith snow cover and surface seawater proper-
ties as well as ice drift trajectories reconstructed with IceTrack
(Krumpen et al., 2019) allows us to significantly expand our
knowledge of the mechanisms controlling εNd in the marine
cryosphere.

Tracer Data and Satellite-Based Sea
Ice Origin

The tracer data were determined in sea ice and snow samples
collected from nine sea ice floes of different sizes, ages, and ori-
gins across Fram Strait as well as in nearby surface seawater
(Fig. 1; see Supplementary Information for methodology and
data). Based on visual inspection, the ice cores and the filters
used for filtration of the melted sea ice samples were free of
ice rafted detrital material. The dissolved εNd of the sea ice ranges
between −31.6 and −10.1, while less variability is observed in
snow and surface seawater (average εNd=−14.7 ± 1.0 and
−11.1 ± 0.7, respectively; 1 s.d., n= 7). The least radiogenic
εNd compositions were determined in the lowermost ice core
intervals at stations 419, 454 and 472 and correspond to highest
Nd concentrations ([Nd]) and the lowest heavy (H) to light (L)
REE ratios normalised to PAAS (Post Archaean Australian
Shale × 106; see Supplementary Information) (Fig. 1). A low
HREE/LREE ratio generally indicates exchange with freshly
weathered rock material and is characteristic of freshwater that
has been recently discharged to the ocean (e.g., Laukert et al.,
2017a). [Nd] and HREE/LREE in our sea ice correlate well with
εNd (R2= 0.75 and 0.86, respectively; Fig. 2a,b). A correlation is
also observed between HREE/LREE and εNd (R2= 0.7) for sur-
face seawater despite the smaller range in εNd compositions.
In contrast, no significant correlations between any of these
parameters exist for the snow samples.On average, REE patterns
from sea ice are similar in the dissolved (<0.45 μm) and truly dis-
solved (<3 and 30 kDa) size fractions, exhibiting LREE depletion
and negative Ce anomalies, whereas REE patterns in snow are
much flatter, consistent with the origin of REEs from atmos-
pheric aerosols (Figs. S-2, S-3). The truly dissolved REE concen-
trations of sea ice average∼85% of the dissolved REEs, except at
station 481 where only ∼55 % of the dissolved REEs were
present in the truly dissolved pool. In snow, the truly dissolved
concentrations average 50–60 % of the dissolved REEs. The dis-
solved [REE] in sea ice on average correspond to only 10–30% of
the dissolved [REE] of Arctic surface seawater.

The stable oxygen isotope signatures (δ18O) of the sea ice
range from −5.8 to −0.7 ‰ at an average salinity of 3.6 ± 0.8
(1 s.d., n= 29). Melting of sea ice is evidenced by near zero sal-
inities only for the upper 50 cm of station 481 and the uppermost
10 cm of stations 461 and 472 (Fig. S-4). The snow samples have
more negative δ18O values reaching ∼−23 ‰ and salinities
approaching zero, consistent with atmospheric deposition.
Neither salinity nor δ18O in sea ice or snow correlate with
[Nd], HREE/LREE or εNd (Fig. 2c,d). Surface seawater δ18O val-
ues are not available for our samples but likely range between
−2.8 and þ0.3 ‰ (Laukert et al., 2017a).

Tracking of sea ice drift based on satellite data (see
Supplementary Information) reveals that the ice floes of stations
419 and 426 originated from the nearby Norske Øer Ice Barrier

(NØIB), a fast ice field that forms along East Greenland’s coast
and was sampled directly at station 408 (Fig. 1). The common
origin of this ice is confirmed by similar temperature and salinity
profiles, except at station 408 where near-freezing temperatures
reflect direct sampling from the NØIB (Fig. S-4). According to
IceTrack, all other ice floes originated from ice fields of the central
Arctic Ocean transported via the Transpolar Drift (Fig. S-5).
Exactly where and when the individual ice floes were formed
along the drift route cannot be determined from IceTrack alone.
However, the different ice thicknesses of these floes indicate that
they must have formed at different times and places along
the route.

Reconstructing Marine Provenance of
Sea Ice and Atmosphere-Ice-Ocean
Exchange

Our data show that the dissolved εNd signature of surface sea-
water is incorporated into sea ice during growth and preserved
during transport despite rejection of up to ∼90 % of the sea-
water REEs. Most upper ice core intervals have an εNd signature
between −15 and −10 and a salinity normalised [Nd] of ∼1
pmol, which is within the compositional range of surface sea-
water in the central Arctic Ocean (Fig. 3a) and hence in agree-
ment with ice growth along the drift route reconstructed for the
pack ice floes (Fig. S-5). We use the ratio of [Nd] and salinity
([Nd]/S) to correct for salt-proportional rejection of Nd, which
enables direct comparison between sea ice and seawater
(Laukert et al., 2017c). The least radiogenic εNd signatures
reported to date for waters circulating in the vicinity of
Greenland (∼−24; Laukert et al., 2018) are more positive than
the values determined in the lower ice core intervals at stations
419, 454, and 472 (reaching∼−32). However, despite the lack of
published seawater data with similarly low signatures, these
likely were introduced from Greenland through erosion and
weathering of metamorphic rocks with even lower εNd reaching
values of ∼−42 (Laukert et al., 2017a and references therein).
Dissolved εNd signatures of Canadian rivers draining the same
lithologies in a similar glacial environment are as low as those in
our ice cores and, due to the very high [Nd] and despite estua-
rine REE removal, likely extend well beyond coastal areas once
introduced into the surface ocean (Grenier et al., 2022).
Similarly unradiogenic εNd signatures are therefore expected
for surface waters near Greenland that were incorporated into
sea ice at the end of the Transpolar Drift at stations 419, 454,
and 472. Alternatively, the partial dissolution of small labile
particulate phases originating from Greenland and incorpo-
rated during sea ice formation and drift or during sample
processing may explain the very negative signatures. How-
ever, the ice core intervals with these signatures have [Nd]/S
and HREE/LREE/S values for a given εNd similar to Green-
land coastal waters or sea ice expected to form from them
(Fig. 3; the slight offset between actual and expected HREE/
LREE/S values in sea ice reflects a process discussed below),
which strongly suggests that these signals reflect direct incor-
poration of Greenland meltwater. Besides, a contribution of
Greenland-sourced particles to the sea ice signal would not
change our interpretation, given that their distribution in sur-
face waters will not be significantly different from that of
Greenland-sourced meltwater.

At station 419, despite the proximity to the Greenland
coast, surface seawater εNd signatures were around−11 and thus
differed markedly from the sea ice εNd of −27.6. The ice floes
from stations 454 and 472 originated from the central Arctic
Ocean and have similar ice core lengths and εNd distributions.
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They likely acquired their unradiogenic signatures from coastal
waters advected to the area northeast of Greenland via the
North-East Greenland Coastal Current (Laukert et al., 2017a).
The multi-year ice at station 419 thus likely originated from
the same area before it attached to the NØIB prior to sampling.
In contrast to εNd, δ18O is insensitive to Greenland meltwater
incorporation due to indistinguishable δ18O values in surface

waters along the East Greenland coast and Arctic open ocean
waters (> ∼−3 ‰; Laukert et al., 2017a).

The lower ice core interval at station 481 has some of the
highest HREE/LREE of all cores, which argues against incorpo-
ration of Greenland meltwater. The εNd signature of −15.5 thus
can neither be entirely explained by meltwater incorporation nor
by infiltration of snow meltwater (εNd=−13.7). Instead, it most

Figure 1 Locations of sea ice stations with approximate distribution of pack ice transported via the Transpolar Drift (TPD) and fast ice com-
prising the Norske Øer Ice Barrier (NØIB) in the Fram Strait in June 2014 obtained from satellite data. In addition, ice transport via the
Beaufort Gyre (BG) is indicated in the overview map. Below, the εNd (left bars) and HREE/LREE (right bars) distributions in snow cover
and sea ice cores are shown together with surface seawater signatures of nearby stations (horizontal bar at the bottom).
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likely reflects the uptake of Nd from Lena River freshwater char-
acterised by an εNd of ∼−17 to ∼−16 (Laukert et al., 2017b). This
is supported by a relatively low δ18O value of −5.8 ‰ in the
upper ice core interval and differences in the REE distribution

between the different size fraction pools. The incorporation of
a higher fraction of colloidal REEs (>30 kDa) at station 481
(∼45 %) than at all other stations (∼15 %) is consistent with
incorporation of river-borne REEs and colloids from the Lena
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River (Laukert et al., 2017b). The near zero salinity in the upper
ice core interval at this station indicates advanced melting from
the previous year, also supporting the formation of this multi-
year ice in the Laptev Sea and its long distance transport across
the central Arctic Ocean.

The salt-normalised HREE/LREE values in sea ice are
slightly lower than expected for a salt-proportional REE rejection
with no change in theHREE/LREE ratio (Fig. 3b). The rejection is
thus stronger for the HREEs than for the LREEs, which also
explains the overall lower HREE/LREE ratios in sea ice compared
to surface seawater. Despite the preferential rejection of HREEs,
the differences in HREE/LREE between the parental source
waters are maintained, as evidenced by a trend towards lower
HREE/LREE/S values with decreasing εNd in both sea ice and
seawater. Lower HREE/LREE ratios were also observed in unfil-
tered sea ice samples from the central Arctic Ocean and were
attributed to the contribution of particulate LREEs or differences
in the incorporation of distinct size fraction pools (Laukert et al.,
2017c). Our dissolved and truly dissolved REE data allow us to
exclude any direct contributions from particulate phases and
instead indicate the elemental fractionation of dissolved
REEs resulting from differential seawater/brine speciation.
Preferential HREE rejection into the water column could also
account for the accumulation of dissolved HREEs in bottom
waters of the Laptev Sea (Laukert et al., 2017b) but this requires
further investigation in future dedicated process studies.

Conclusions

Our data demonstrate that Nd isotopes are a powerful tracer of
the marine provenance of Arctic sea ice and biogeochemical
atmosphere-ice-ocean exchange in combination with other
source sensitive parameters. Even if exchange between sea ice
and seawater immediately before sampling cannot be fully
excluded at some stations due to indistinguishable εNd signa-
tures, the highly unradiogenic signatures of the Greenland-
influenced ice floes suggest that, despite near zero temperatures,
εNd signatures of sea ice are largely preserved during periods in
which the ice does not grow and even during periods of melting.
Combined with satellite-derived sea ice motion products, our
new approach enables a more accurate assessment of the water
mass composition during sea ice growth and drift, which is
essential for studies of sea ice formation andmarine biology, bio-
diversity and biogeochemistry.
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