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Abstract The Southern Hemisphere westerly winds (SHWWs) (45–65°S) are important regulators of the
Southern Hemisphere climate. The scarcity of observational records at the core of the wind belt hinders our
understanding of the environmental impact and long‐term variability of the westerly winds. The Cordillera
Darwin Icefield (CDI) (54–55°S) is favorably located to capture environmental changes at the current core of
the SHWW belt. Here, we present chemical and microparticle records from the first firn core from the CDI. We
evaluate regional climate reanalysis data using in situ automatic weather station observations and apply a
downscaling approach to study regional‐to‐local environmental conditions at the firn core site. We use these
records to assess the preservation of local‐to‐regional environmental information in the firn. Our CDI firn core
records present minor post‐depositional disruptions, preserving the original seasonality of locally sourced
impurities. Local surface air temperature and melt estimations suggest the icefield has been progressively
exposed to surface melt conditions, but not enough to produce significant melt at the firn core site. Air mass
trajectories demonstrate air parcels are directly transported from local marine and terrestrial environments,
establishing a route for the transport and deposition of chemical compounds and aerosols to the firn core site.
These results highlight the potential of high elevation sites (>2,000 m a.s.l) in the CDI to hold valuable
paleoenvironmental records directly from the core of the SHWWbelt, records which are currently threatened by
increasing surface air temperatures.

Plain Language Summary Westerly winds over the Southern Ocean play a crucial role in regulating
the climate of the Southern Hemisphere. The lack of meteorological records makes it difficult to understand how
these winds have changed over time. Without direct meteorological observations, natural climate archives, such
as ice, can provide insights into past wind changes. The Cordillera Darwin icefield, located in the southernmost
tip of South America, is well‐positioned to record changes in the westerly winds. Here, we present results from
the first firn core drilled from this icefield and include the sparse regional meteorological data to assess the
preservation of local‐to‐regional environmental information in the firn. Our firn core record presents minor
disruptions and so preserves the seasonal cycles of inputs of impurities. Air transport models demonstrate air
masses reaching the firn core site are directly transported from local marine and terrestrial environments,
establishing a route for the transport of impurities. Air temperature and surface melt estimations suggest the
icefield has been progressively exposed, although not enough to cause significant melt at the firn core site. These
results highlight the potential of high‐elevation sites (>2,000 m.a.s.l) in this icefield to hold valuable westerly
wind records, although currently threatened by increasing air temperatures.

1. Introduction
The Southern Hemisphere westerly winds (SHWWs) (45–65°S) are fundamental in the climate system, in part,
because of their strong imprint in Southern Ocean circulation, regulating the oceanic uptake of heat and carbon
dioxide (Le Queré et al., 2007; Lovenduski et al., 2007; Russell et al., 2006). Over the past few decades, the core
of the SHWWs has been strengthening and migrating south (Fogt & Marshall, 2020; Marshall, 2003), likely in
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response to the anthropogenic increase in greenhouse gas emissions and stratospheric ozone depletion (Cai &
Cowan, 2007; Deng et al., 2022; Gillett & Thompson, 2003; Polvani et al., 2011; Son et al., 2008). It has been
proposed that these SHWW deviations are responsible for shifting the main moisture‐carrying storm tracks south
(away from mid‐latitude continental landmasses), causing increased snowfall and surface air temperature
warming in West Antarctica and the Antarctic Peninsula, while promoting glacier thinning and retreat, as well as
instigating droughts and wildfires in Patagonia (Gorodetskaya et al., 2023; Holz & Veblen, 2011; Marshall
et al., 2017; Minowa et al., 2023; Möller et al., 2007; Wachter et al., 2020). Instrumental SHWWs data sets are
short and scarce, with only a few records extending beyond the satellite‐era (pre‐1979) (Fogt & Marshall, 2020).
The lack of longer‐term SHWWs records presents a major challenge in assessing the historical context of the
recently observed changes.

The Patagonia region provides an ideal geographical setting to study changes in the SHWW belt as it is the only
continuous landmass that extends to 56°S (Björck et al., 2012; Holz & Veblen, 2011; Kilian & Lamy, 2012;
Moreno et al., 2012, 2014; Van Daele et al., 2016; Xia et al., 2018 and references therein), providing a latitudinal
bridge between low and high latitudes. However, seasonal to annual resolution climate archives from Patagonia
are scarce, and very few paleo records capture environmental changes during the last century (Kilian &
Lamy, 2012 and references therein). This limits our ability to explore environmental changes prior to the
observational period or produce a detailed regional assessment of the recent changes.

Layers of snow, compacted into firn and accumulated over the years, preserve a broad and detailed record of
environmental conditions at approximately the time snow fell over the surface, making firn/ice cores faithful
recorders of highly resolved paleoenvironmental information (Alley, 2010). Only three ice cores have been drilled
within the core of the SHWW belt, one 14‐m firn core from Bouvet Island (Thomas et al., 2021) and two 1‐m long
ice cores from a glacier terminal margin in South Georgia Island (Mayewski et al., 2016) (Figure 1). Despite these
records being obtained from the core of the SHWWs, Bouvet and South Georgia islands are over 2,000 and
4,500 km East from Patagonia, respectively, and represent very different settings to the Patagonia‐Antarctic
latitudinal transect. Firn cores have been previously retrieved from the Patagonian Icefields (Aristarain & Del-
mas, 1993; Kohshima et al., 2002; Matsuoka & Naruse, 1999; Schwikowski et al., 2006, 2013; Vimeux
et al., 2008; Yamada, 1987) and from the northern Antarctic Peninsula (Fernandoy et al., 2018; Hoffmann‐Abdi
et al., 2023; Jiahong et al., 1998; Simoes et al., 2004), at the current north and south margin of the SHWW belt,
respectively (Figure 1). To date, no cores have been obtained from the core of the SHWW belt in the South
American sector, creating a 1,600 km latitudinal data gap.

The Cordillera Darwin Icefield (CDI) (54.5–55°S; 69–70.5°W) is located in the southernmost mountain range in
the South American Andes, directly in the path of the SHWW belt (Figure 1). Moisture‐carrying storm tracks
transported by the SHWW belt impact the steep Cordillera Darwin mountain range, leading to orographically
induced precipitation and the formation of large glaciers. The CDI is formed by over 600 glaciers, some extending
from CDI's highest peak, Mount Shipton (2,470 m a.s.l.) to sea level. The Cordillera Darwin steep topography
supports the development of glaciers at relatively high elevations (>2,000 m above sea level (a.s.l.)), a geographic
condition which is almost unique within the 53–63°S latitudinal band. CDI's margins are characterized by the
presence of dense deciduous and evergreen forest and fjords transitioning to steppe and cool semi‐desert to the
north (Barrera et al., 2000; Markgraf & Huber, 2010; Vidal et al., 2023), terrain which has historically hindered
access and prevented widespread exploration of the CDI. Despite its southern location, the region experiences
austral summer heatwaves (González‐Reyes et al., 2023), potentially causing surface melting of glaciers up to
relatively high elevations. A recent field study, focused on CDI's fresh snow composition, reported the presence
of considerable surface melt in CDI, at 1,800 m a.s.l, potentially threatening environmental records preserved in
CDI firn (Mayewski et al., 2016). However, the high‐elevation areas of the CDI (>2,000 m a.s.l.) might still
provide suitable conditions for preserving environmental records. In 2020, as part of the National Geographic
Cordillera Darwin Ice CorE Survey (CODICES) project, the first‐ever firn core was drilled on the CDI, providing
an unprecedented opportunity to evaluate the quality of environmental records in CDI firn.

In this study, we evaluate the preservation of chemical and microparticle records in our firn core from the CDI.
Physical firn properties, together with chemical and microparticle concentrations are used to assess the signal
preservation and propose a preliminary firn chronology. Airmass back trajectory analysis is incorporated to
identify moisture, aerosol, and particle primary source regions and support proposed chemical and microparticle
temporal variability. Short automatic weather station (AWS) records are incorporated to validate the use of the
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fifth generation of the European Center for Medium‐Range Weather Forecasts (ECMWF) ERA5 reanalysis data
for CDI and estimate local meteorological and melt conditions at different elevations. We use this information to
investigate the potential of CDI to preserve valuable temporally high‐resolution records from the current core of
the SHWW belt.

2. Methods
2.1. Ice Core Site

In March 2020, the CODICES project drilled a 3.25 m (9 cm diameter) firn core using a Kovacs Mark II hand
auger in the CDI, Chile. The drilling site was located in a flat, NW‐SE oriented 150 × 150 m saddle (54.6814°S,
69.6394°W, 2324 m a.s.l), SW from Monte Cresta Blanca's summit (Figure 1), one of the highest summits in the
Cordillera Darwin range. The drilling site was selected based on its high elevation (likely preventing seasonal
melt), favorable flat surface for helicopter landing and ice thickness (>60 m, estimated from exposed ice cliffs).
The Cordillera Darwin—Cresta Blanca firn core (CDB) drilling was stopped prematurely at 3.25 m depth due to
unexpected weather conditions risking helicopter transport safety.

2.2. Sample Preparation and Analyses

2.2.1. Sample Transport and Storage

Firn core sections of 0.4–0.92 m were retrieved in the field, handled using polyethylene gloves over a pre‐cleaned
polyethylene surface, sealed in polythene bags, and packed in insulating boxes. The firn cores were transported

Figure 1. The Cordillera Darwin—Cresta Blanca (CDB) firn core site. (a) Map of South America with an inset of Tierra del
Fuego (blue rectangle). The location of the Cordillera Darwin Icefield (red rectangle) is highlighted in relation to existing
firn/ice cores and the Southern Hemisphere westerly winds (SHWWs) (SHWW). The inset presents a satellite image of
Tierra del Fuego (Credit: European Union, Copernicus Sentinel‐3 imagery), highlighting the location of the CDB firn core
(red star) in relation to AWS sites included in this study (purple and red dots). (b) Monte Cresta Blanca from sea level to
summit in October 2023 (copyright: Cristian Donoso & Cristóbal Clement). The arrow in panel (b) indicates the drilling site
location. The yellow rectangle in panel (a) represents the area photographed in panel (b). Figure S1 in Supporting
Information S1 presents large scale maps for the areas from where point data were extracted.
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frozen (− 20°C) to the British Antarctic Survey (BAS), Cambridge UK, where the cores were stored at − 25°C. All
the cold laboratory working surfaces were pre‐cleaned using Isopropyl Alcohol (IPA). Once unpacked, firn
samples were handled using polyethylene gloves over the pre‐cleaned surfaces to avoid any potential contami-
nation from the lab environment. Firn core sections were analyzed for their physical properties in the cold lab
facilities at BAS. After conducting physical property measurements, firn core sections were sampled for various
discrete and continuous analyses using a stainless‐steel bandsaw.

2.2.2. Physical Properties

The length, diameter, and weight of each firn section was measured to obtain a density‐depth profile. Firn core
sections were inspected against backlight for the presence of melt layers. All visible, near‐horizontal, irregular or
discontinuous, bands of ice within the firn matrix, thicker than 0.5 cm, were logged, measured, and cataloged as
melt layers (Orsi et al., 2015). The thickness threshold was based on Orsi et al. (2015) observation of 0.5 cm thick
hard surface (“crusts”) formation at WAIS Divide, likely caused by wind action.

2.2.3. Continuous Samples

Insoluble microparticle concentration (MPC) was measured using a flow‐through Klotz Abakus laser particle
counter connected to the BAS Continuous Flow Analysis (CFA) system (Grieman et al., 2022). Insoluble mi-
croparticles were measured in the 0.9–50 μm size range. TheMPC record does not cover the full length of the core
due to problems in the data acquisition and instrument saturation, particularly from 2.75 to 3.25 m. MPC spikes
related to firn core breaks were removed from the MPC data set. MPC was used as the primary indicator for
annual layer counting based on insoluble dust being less prone to elution during meltwater percolation
(Koerner, 1997; Moser et al., 2024). Seasonal mineral dust emissions have been well‐documented from Tierra del
Fuego semi‐arid grasslands, with their peak occurring during austral summer (Cosentino et al., 2020, 2021), thus,
useful as a seasonal time marker.

Electric conductivity (EC) measurements represent the total soluble impurity content of firn (Stillman
et al., 2013). EC measurements were incorporated to complement MPC measurements for annual layer counting
and fill in the MPC gaps at the bottom of the record. EC was analyzed using an Amber Science flow‐through
meter connected to BAS CFA system.

2.2.4. Microscopy

Microscopic analyses of insoluble microparticles were included to explore the diversity, abundance, and temporal
variability of pollen grains, spores, and diatoms preserved in the CDB firn core. Discrete 8 cm2 firn sections were
cut at 15 cm depth resolution for microscopic analyses. Firn samples were melted and then filtered through 13 mm
diameter, 1.0 μm pore size Whatman™ Polycarbonate membrane filters, inside pre‐cleaned polypropylene
Swinnnex™ filter holders. Each filter was then mounted onto an aluminum stub to be analyzed on a Quanta‐650F
scanning electron microscope (SEM) at the Earth Sciences Department of the University of Cambridge. Each
filter was imaged at 800×magnification using backscattered electron imagery (BSEI) in a low‐pressure mode for
microparticle identification and physical characterization, following the analysis strategy presented in Tetzner
et al. (2021).

Diatom identification and ecological associations were based principally on Hasle and Syvertsen (1997),
Krammer (2000) and Rumrich et al. (2000). Diatoms were identified to species level where possible. Insufficient
image resolution sometimes prevented the recognition of diatom diagnostic features. In these cases, diatoms were
combined in genera/morphological groups. Diatoms identified as Fragilariopsis cylindrus may also include F.
nana (distinguished from F. cylindrus by size as per Cefarelli et al., 2010). Diatoms that were not possible to
classify (e.g., fragments with undiagnostic features, and poorly ornamented or indistinct fragments) were not
considered for ecological associations and assemblage composition studies but were considered in the reported
total diatom count. The main diatom assemblage composition was determined from the identified species and
groups with abundances higher than 2.0% of the whole assemblage. Ecological associations were determined for
the species that integrated the main diatom assemblage.

The identification of pollen grains and spores was supported by a pollen reference collection and supplemented by
microphotographs (Heusser, 1971; Moore et al., 1991; Shumilovskikh & van Geel, 2020; Wingenroth &
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Heusser, 1984). Pollen from the deciduous species Nothofagus pumilio and N. antarctica, and the evergreen
species N. betuloides present in the region, are reported as Nothofagus dombeyi type, given the similarities in
pollen morphology and hence difficulty in species separation.

2.2.5. Discrete Samples

Discrete firn core samples were cut at 2.5 cm resolution for stable water isotope and major ion analyses.

Ion chromatography was performed using a high‐performance reagent‐free Dionex Integrion ICS‐2500 anion and
IC 2000 cation systems in the BAS class‐100 clean room. Major ions [Na+, Ca2+, NH4

+, SO4
2− , Cl− , NO3

− ] were
measured, with an average analytical precision of 0.03–0.07 ppb, to assess the seasonal preservation of soluble ions
in the firn. To calculate the ionic contribution from terrestrial sources, [Na+] and [Ca2+] were used to calculate the
non‐sea‐salt fraction of calcium [nssCa2+] using the expression [nssCa2+] = [Ca2+]− [Na+]* Rsea water Ca/Na

where Rsea water Ca/Na is the mean ratio (weight by weight w/w) of Ca/Na in bulk seawater (0.038) (Bowen, 1979).

Stable water isotopes (δ18O and δD) were measured using a Picarro L2130‐i analyzer, with an accuracy of 0.3 and
0.9‰ for δ18O and δD, respectively. Isotopic values are reported relative to the Vienna Standard Mean Ocean
Water standard. Stable water isotopes were included to assess the indirect preservation of the seasonal temper-
ature variability and potential disruptions caused by melt (Huber et al., 2024; Moser et al., 2024). The second‐
order isotope parameter, deuterium excess (d‐excess = δD‐8*δ18O), was calculated to explore seasonal
changes in the vapor source conditions (Dansgaard, 1964; Pfahl & Sodemann, 2014).

2.3. Meteorological Data

Meteorological data are included to study the occurrence of above‐freezing temperatures at high‐elevation sites
(≥2,000 m a.s.l.) in the Cordillera Darwin region. In situ meteorological data in this region are scarce. The nearest
meteorological station, Timbales, operated by the Chilean Army, is situated 47 km southwest of the drilling site,
in the fjords adjacent to the Cordillera Darwin. However, the intermittent nature of its data restricts its direct use
for studying temperature variability in the region. The nearest permanently operated meteorological station is
located 90 km from the drilling site, in Ushuaia, Argentina. Nevertheless, this station is situated outside the
Cordillera Darwin region. Two Automatic Weather Stations (AWS), 7 km apart, provide the only continuous in
situ meteorological measurements available for the Cordillera Darwin region (Table 1; Figure 1). These two
stations are installed at sea level and over 60 km east from the drilling site, thus, restricting their direct use to
estimate temperatures at high elevations. Climate reanalysis data offer the possibility to obtain meteorological
data closer to the drilling site. However, climate reanalysis data sets must first be assessed against independent
direct measurements to validate their regional use.

The two AWS data sets are used in this study to validate climate reanalysis temperature data sets. The AWS‐YEN
temperature data set was obtained from CR2‐Explorador Climático (https://explorador.cr2.cl/) (data downloaded
on the 21/11/2023). The AWS‐BEA temperature data set was obtained from STARM Oceanographic Data portal
(www.starm.cl) (data downloaded on the 21/11/2023). Daily AWS data sets were compared during their over-
lapping period (24/5/2019‐5/6/2020) to cross‐compare AWS measurements and assess their accuracy.

Table 1
Summary of AWS and ERA5 Grid Point Geographical Locations and Main Features of the Temperature Data Sets Analyzed in This Study

Station name
Data interval used

(from‐to)
Long
(°W)

Lat
(°S)

Elevation
(m a.s.l.)

Temporal
resolution

Distance to drill
site (km)

Distance to nearest ERA5 grid
point (km)

AWS‐YEN 01/11/16–05/06/20 68.68 54.88 10 Daily 65 14

AWS‐BEA 24/5/19–1/5/2023 68.7 54.95 10 30‐min 66 6

ERA5‐YEN/BEA 1/11/2016–1/5/2023 68.75 55 315 Hourly 66 0

ERA5‐DRILL (ERA5‐
2000)

1/1/1979–31/12/2022 69.75 54.75 671 Hourly 12 0

DOWN‐DRILL 1/1/2000–31/12/2022 69.64 54.68 2195 Daily 0.1 12

DOWN‐2000 1/1/2000–31/12/2022 69.63 54.68 2018 Daily 0.6 12
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Surface air temperature data from ERA5 (Hersbach et al., 2020), was used to obtain meteorological data from the
vicinity of the drilling site. Surface air temperature data sets from two ERA5 grid points (0.25° resolution) were
incorporated in this study: ERA5‐YEN/BEA and ERA5‐DRILL (Table 1). ERA5‐YEN/BEA and ERA5‐DRILL
grid points were selected because they are the closest ERA5 grid points to the AWS stations and the drilling site,
respectively (Figure S1 in Supporting Information S1). The daily ERA5‐YEN/BEA data set was compared with
daily AWS data sets to assess ERA5 performance in the Cordillera Darwin region. All AWS data sets presented in
this study were not previously assimilated into the ERA5 ECMWF model.

All ERA5 temperature data sets were corrected for elevation using seasonal lapse rates measured in Ushuaia's
meteorological station, the only radiosonde measurements available in the vicinity of CDI. A 5.7°C/km lapse rate
was used between October and March while a 7.1°C/km lapse rate was used between April and September
(Buttstadt et al., 2009; Schneider et al., 2003). After correcting for elevation, ERA5 records were corrected for
temperature biases obtained from the mean residuals between ERA5‐YEN/BEA and AWS‐BEA, and between
ERA5‐YEN/BEA and AWS‐YEN temperature data sets. ERA5‐DRILL temperature data sets were corrected for
elevation and for ERA5 temperature biases, aiming to obtain the closest analogs to meteorological conditions
present at the firn core site over the satellite‐era (1979–2022 CE).

2.4. Downscaling Approach

A downscaling scheme (DOWN) combining statistical downscaling with radiation and orographic precipitation
modeling was applied to ERA5 atmospheric parameters to produce high spatial resolution (200 × 200 m grid cell)
climate variables for the CDB site (DOWN‐DRILL) (Figure S1 in Supporting Information S1). The use of this
downscaling routine to generate high spatial resolution climate variables has been thoroughly implemented and
validated in the Cordillera Darwin Region (Temme et al., 2023). Data used in this study were generated with the
same inputs as detailed in Temme et al. (2023). All DOWN temperature data sets were estimated and corrected
using an annual standard moist adiabatic lapse rate (6.0°C/km) (Farnsworth et al., 2021).

Surface air temperatures were also evaluated at DOWN‐2000 coordinates and at ERA5‐DRILL coordinates, but
at 2,000 m a.s.l. (ERA5‐2000) (Figure S1 in Supporting Information S1). DOWN‐2000 and ERA5‐2000 were
incorporated to study surface air temperature at 2,000 m of elevation and explore the potential altitude threshold
for the ideal preservation of ice core records.

A Precipitation‐Weighted Temperature parameter (PWT) was calculated to estimate the annual surface air
temperature amplitude during precipitation events, likely related with CDB's stable water isotope annual
amplitude (Brönnimann et al., 2013). The PWT parameter was calculated using DOWN‐DRILL daily snowfall
and surface air temperature. A minimum snowfall threshold of 1 cm was set for the PWT calculation. This
threshold was set based on previous studies analyzing Antarctic snowfall reanalysis representation limitations and
reported ERA5 errors in extratropical regions (Lavers et al., 2022; Tetzner et al., 2019; Thomas & Bracegir-
dle, 2009). A similar approach was applied to estimate snow accumulation at the CDB site. DOWN‐DRILL daily
snow accumulation values presented a log‐normal distribution, with 79% of the days reporting precipitation below
daily observed Alpine snow redistribution values (2.86 cm/day) for wind speeds between 5 and 10 m s− 1

(Voordendag et al., 2024). Annual DOWN‐DRILL snow accumulation values were estimated after accounting for
potential snow redistribution in order to ensure comparability. The annual positive degree‐day sum (PDD)
parameter was calculated for DOWN‐DRILL, DOWN‐2000, ERA5‐DRILL, and ERA5‐2000. This parameter
represents the sum of daily mean air temperatures above the melting point (0°C) during a year (Cogley
et al., 2010). The annual positive degree‐day sum parameter was included in this study to quantify the exposure of
these sites to surface air temperatures above the melting point. A potential source of error for PDD estimated
values is the use of standard or seasonal lapse rate values to correct for elevation. In absence of long radiosonde
observations near CDI, the reference values used in this study (5.7 and 7.1°C/km) are the most representative
estimates for the region. However, it remains unclear how representative these lapse rate values are on a daily
basis and how they could contribute to increase PDD and temperature estimates uncertainty. PDD estimates,
together with a reference snow degree‐day factor previously used in the Southern Patagonian Icefield
(4.92± 1.54 mmw.eq. °C− 1 d− 1) (Bown et al., 2019), were used to estimate annual melt production at CDB and at
2000 m of elevation. This Southern Patagonian Icefield reference value was applied to CDI because of its similar
magnitude to uncertain values reported for Tierra del Fuego (4.4–4.7 mm w.eq. °C− 1 d− 1; Buttstädt et al., 2009).
Annual PDD‐derived melt estimates were compared with annual melt layer thickness in the CDB firn core to
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assess accuracy of the estimate. The 10 cm w.eq. melt, roughly equivalent to ∼20–30 cm of snow, was set as a
threshold for the correct preservation of seasonal records in the firn, given that this amount of melt could
considerably disrupt a 1‐m annual firn layer (Moser et al., 2021).

A regional study of the climatological annual cycle was conducted to explore how the seasonality of some
meteorological parameters could have potentially driven the variability of the records preserved in the CDB firn.
Monthly reanalysis 10 m wind speed, 850 hPa relative humidity, and precipitation data sets from ERA5 were used
to obtain the climatological annual cycle for an extended region centered in CDI (53–55.5°S; 67–74°W) between
1979 and 2023 CE (representative of satellite era) and between 2017 and 2019 CE (representative of CDB's top
three years). The same annual cycle analysis was conducted for the surface air temperature parameter, but with a
local approach (vicinities of the drill site), using ERA5‐DRILL and DOWN‐DRILL data. Temperature values
obtained from reanalysis (ERA5) or downscaling (DOWN) are presented next to their respective root‐mean‐
square error (RMSE) values. Common temperature statistics derived from ERA5 data set or from the down-
scaled data set (DOWN) are presented next to their respective calculated Standard Deviation (SD) and Standard
Error (SE) values.

2.5. Firn Core Snow Accumulation Estimation

Annual snow accumulation is derived from the annual layer thickness obtained from the CDB ice chronology.
The annual layer thickness is converted to water equivalent (w.eq.) using the density‐depth profile (see Sec-
tion 2.2.2). Firn thinning due to vertical compaction was corrected using a Nye model (Nye, 1963).

2.6. Backward Trajectories

Back trajectory analysis is performed to track the transport pathways followed by air masses before reaching the
Cordillera Darwin. Three‐dimensional air parcel pathways were calculated using the National Oceanic and At-
mospheric Administration's Hybrid Single‐Particle Lagrangian Integrated Trajectory model (NOAA—HYS-
PLIT) (Draxler & Hess, 1998; Stein et al., 2015). Back trajectories were initiated from the CDB drilling site
(2,324 m a.s.l.) at mid‐day, every day, between the 1st of October 2016 and the 6th of March 2020. This period
was selected because it covers the proposed CDB chronology (see Section 3.3). Each trajectory was calculated
over a 120‐hr (5 days), 24‐hr, and 6‐hr period, using the NCEP/NCAR Reanalysis archives (1948–present) (2.5°
latitude‐longitude resolution). These periods were selected to ensure the trajectories represented the transport of
small and large particles, from their source, until reaching CDB. Back trajectories are presented as annual and
seasonal compilations. For each compilation, a back trajectory cluster analysis was generated incorporating all the
trajectories during the correspondent time interval. Back trajectory clusters were calculated using the HYSPLIT
clustering tool. The optimal number of clusters to be calculated was decided based on the “elbow method” which
allows identifying the minimum number of clusters to calculate while representing the maximum variance. Each
cluster plot shows the most frequent trajectories followed by air masses and the percentage of trajectories, among
all trajectories, that were incorporated into each cluster path. Back trajectory frequency plots show the sum of the
number of trajectories that passed through each grid cell divided by the total number of trajectories analyzed.

3. Results
3.1. Meteorology

3.1.1. Evaluating the Representativity of ERA5 Temperature Estimates

During their overlapping period (24/5/2019‐5/6/2020), ERA5‐YEN/BEA, AWS‐BEA, and AWS‐YEN show
similar daily mean surface air temperature values (+5.85°C, +6.29°C and +6.53°C, respectively), with ERA5
presenting a cold bias of − 0.52°C (SD:±1.17°C; SE: 0.06°C) (Figure S2 in Supporting Information S1). There is
a statistically significant positive correlation between the daily mean surface air temperature values from both
AWS stations (R = 0.97, p < 0.01, n = 373). Similarly, there is a statistically significant positive correlation
between the daily mean surface air temperature values of ERA5‐YEN/BEA and AWS‐BEA (R = 0.96, p < 0.01,
n = 379), and of ERA5‐YEN/BEA and AWS‐YEN (R = 0.94, p < 0.01, n = 373).
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3.1.2. Surface Air Temperatures in the CDB Area

Daily mean surface air temperature in the vicinity of the CDB drilling site (ERA5‐DRILL) is estimated to be
− 9.39°C (SD: ±3.94°C; SE: 0.03°C) (1979–2022 CE) with a positive trend of +0.34°C per decade (Figure 2a).
Similarly, the daily mean surface air temperature at DOWN‐DRILL over the downscaling evaluation period
(2000–2022 CE) is estimated to be − 8.51°C (SD: ±3.38°C; SE: 0.04°C) with a positive trend of +0.48°C per
decade (Figure 2b).

The climatological (1979–2022 CE) surface air temperature annual cycle indicated by ERA5‐DRILL shows the
highest annual temperatures occur during February and the lowest temperatures during July (Figure S3 in Sup-
porting Information S1), with a mean annual amplitude of 9.83°C (SD: ±1.42°C; SE: 0.21°C). When evaluated

Figure 2. Estimated temperature and melt timeseries in the vicinity of the CDB drilling site. (a) ERA5‐DRILL daily mean surface air temperature timeseries (1979–2022
CE). Red line indicates the linear trend. (b) DOWN‐DRILL daily mean surface air temperature timeseries (2000–2022 CE). Purple line indicates the linear trend.
(c) PDD timeseries for ERA5‐DRILL (blue) and ERA5‐2000 (orange). (d) PDD timeseries for DOWN‐DRILL (purple) and DOWN‐2000 (green). (e) Estimated melt
timeseries for ERA5‐DRILL (light blue) and ERA5‐2000 (dark blue). (f) Estimated melt for DOWN‐DRILL (light green) and DOWN‐2000 (dark green). Black lines in
panels (c–f) represent error bars. Orange line in panels (e, f) represent observed total annual melt layer thickness at CDB site. Brown dashed lines in panels (e–f)
represent the 10 (cm w.eq.) threshold.
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over 2017–2019 CE, representative of CDB's top three years, the annual cycle is slightly shifted, presenting the
lowest temperature during June at ERA5‐DRILL and at DOWN‐DRILL. For the 2017–2019 CE period, DOWN‐
DRILL surface air temperature estimates, with a comparatively higher spatial resolution, indicate a mean annual
amplitude of 8.15°C (SD:±1.12°C; SE: 0.65°C) and a PWTmean annual amplitude of 7.64°C (SD:±1.84°C; SE:
1.06°C) (Figure S4 in Supporting Information S1).

Over the ERA5 evaluation period (1979–2022 CE), ERA5‐DRILL presented 57 days (out of 16,071) of daily
mean surface air temperatures above the freezing point, with a mean value of +1.01°C (SD: ±0.98°C; SE:
0.13°C) and an absolute maximum of +4.33°C (RMSE: 1.29°C) on 5/2/2019. Of these days, 72% occurred after
the year 2000 CE. The PDD parameter for ERA5‐DRILL presented a mean value of +1.31°C (SD: ±2.05°C; SE:
0.31°C), with an absolute maximum of +7.67°C (SD: ±2.82°C; SE: 0.10°C) (2019 CE) and a considerable in-
crease in PDD frequency and magnitude since 2004 CE (Figure 2c). Amean annual melting of 0.64 cmw.eq. (SD:
±1.01 cm w.eq.; SE: 0.15 cm w.eq.) was estimated for ERA5‐DRILL, with a maximum of 3.77 ± 1.4 cm w.eq. in
2019 CE (Figure 2e).

Over the downscaling evaluation period (2000–2022 CE), the DOWN‐DRILL site presented 50 days (out of
8401) of daily mean surface air temperatures above 0°C, with a mean value of +1.22°C (SD: ±1.13°C; SE:
0.16°C) and an absolute maximum of +4.87°C (RMSE: 1.25°C) occurring on 5/2/2019. The PDD parameter for
DOWN‐DRILL presented a mean value of +2.65°C (SD: ±3.20°C; SE: 0.67°C), with an absolute maximum of
+11.14°C (RMSE: 1.25°C) during the austral summer 2003/2004 CE (Figure 2d). DOWN‐DRILL exhibited a
mean annual melting value of 1.31 cm w.eq. (SD: ±1.58 cm w.eq.; SE: 0.33 cm w.eq.), with a maximum of
5.48 ± 4.99 cm w.eq. in 2004 CE (Figure 2f).

ERA5 daily mean surface air temperature in the vicinity of the CDB site, at 2000 m of elevation (ERA5‐2000), is
estimated to be − 7.31°C (SD: ±3.77°C; SE: 0.03°C). Since 1979, 247 days presented above‐zero temperatures.
During these 247 days, daily mean surface air temperatures was +1.23°C (SD: ±1.11°C; SE: 0.07°C), with an
absolute maximum of +6.17°C (RMSE: 1.29°C). The PDD parameter for ERA5‐2000 presented a mean value of
+6.89°C (SD: ±6.27°C; SE: 0.92°C) between 1979 and 2022, with a maximum of +23.11°C (RMSE: 1.29°C) in
2004 (CE) and higher‐than‐average values concentrated over the last two decades (Figure 2c). The ERA5‐2000
melt estimation presented a mean annual value of 3.39 cm w.eq. (SD: ±3.01 cm w.eq.; SE: 0.45 cm w.eq.), with a
maximum of 11.37 ± 7.81 cm w.eq. in 2004 CE.

DOWN‐2000 daily mean surface air temperature (2000–2022 CE) is estimated to be − 7.44°C (SD:±3.38°C; SE:
0.04°C). Over the downscaling evaluation period, 114 days presented daily mean surface air temperatures above
0°C. The mean surface air temperature during these days was +1.31°C (SD: ±1.17°C; SE: 0.11°C), with a
maximum of +5.94°C (RMSE: 1.25°C). The PDD parameter for DOWN‐2000 presented a mean value of
+6.40°C (SD: ±5.44°C; SE: 1.13°C), with an absolute maximum of +20.12°C (RMSE: 1.25°C) in austral
summer 2004 (CE) (Figure 2d). The DOWN‐2000 data set presented a mean annual melting value of 3.15 cm w.
eq. (SD: ±2.68 cm w.eq.; SE: 0.56 cm w.eq.), with a maximum of 9.90 ± 6.34 cm w.eq. in 2004 CE (Figure 2f).

Data presented in Section 3.1.2 is summarized (Table S1).

3.1.3. Regional Climatological Annual Cycle

The regional climatological (1979–2023 CE) wind speed annual cycle shows stronger‐than‐average winds during
austral spring‐summer (Figure S3 in Supporting Information S1). Over the targeted period (2017‐19 CE),
stronger‐than‐average winds occur during austral spring‐summer, with this summer winds being considerably
stronger than the climatological summer wind. The relative humidity annual cycle, for the climatological and
targeted period, presents minor variability throughout the year (74%–82%), with the highest values during austral
summer and the lowest values during austral winter. The regional climatological precipitation annual cycle ex-
hibits higher‐than‐average values between austral mid‐spring and early autumn, when precipitation is ∼50%
higher than during austral winter. The annual cycle of precipitation over the targeted period follows a similar
pattern to the climatological annual cycle, but with considerably (∼25%) higher precipitation during December‐
January.
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3.1.4. Downscaled Snow Accumulation Estimation at the CDB Site

The DOWN‐DRILL snowfall data set (accounting for snowdrift) revealed a total of 80, 84, and 70 snowfall days
(≥2.86 cm/day) for the years 2017, 2018 and 2019, respectively. The annual snow accumulation at the CDB site is
estimated to be 0.59, 0.62, and 0.48 m w.eq. for years 2017, 2018, and 2019, respectively, when using the CDB
density‐depth profile (See Section 3.2.1).

3.2. Firn Analyses

3.2.1. Firn Physical Properties

The CDB density‐depth profile describes a logarithmic growth, with values increasing from 450 (kg/m3) at the
surface to ∼600 (kg/m3) at the bottom of the core. Visual logging of the CDB firn core enabled the identification
of a wide variety of thin (<1–2 mm) ice features and wind crusts intercalated within the firn. Seven melt layers
>0.5 cm were evident, with thickness ranging up to 5 cm (Figure 3).

3.2.2. Major Ions

[Na+], [Cl− ], and [SO4
2− ] were the largest contributors to the CDB ion budget, with mean concentrations of 406,

249, and 104 ppb, respectively. Together, they account for 86% of CDB total ion concentration. The mean CDB
[Cl− ]:[Na+] ratio was 1.67. The ion concentration‐depth profiles of these three species presented similar vari-
ability, drawing three clear periodic cycles down‐core. Higher concentrations were centered at 0.15, 1.05, 2.30,
and 2.97 m (Figure 3b).

The other ions, [nssCa2+], [NO3
− ], and [NH4

+], are comparatively less concentrated, with mean values of 54, 36,
and 7.6 ppb, respectively. [nssCa2+] and [NO3

− ] presented similar cyclicity to the most concentrated ions, with
the exception of an absent enhancement in [nssCa2+] at ∼2.3 m (Figure 3d). In turn, [NH4

+] presents a higher‐
frequency variability, when compared with [nssCa2+] and [NO3

− ], with less clear cyclicity. Nevertheless, [NH4
+]

peaks were still identifiable and align with previously identified cation and anion enriched horizons (Figure 3c).

3.2.3. Stable Water Isotopes

δ18O values ranged between − 7.4‰ and − 17‰, with a mean value of − 13.1‰ (±1.9‰). δD values ranged
between − 49.9‰ and − 129.7‰, with a mean value of − 97.6‰ (±15.5‰) (Figure 3e). Both isotope‐depth
profiles exhibit a negative trend (− 11.3 (‰/m) for δD) with the lowest values at the bottom of the core. CDB
stable water isotope depth profiles exhibits low‐range variations with no clear seasonality (Figure 3e). The linear
δ18O–δD relationship was used to obtain a Local Meteoric Water Line (LMWL) for the Cordillera Darwin,
δD = 8.12*δ18O + 9.07 (R2 = 0.99, p < 0.01).

Mean deuterium excess (d‐excess) was 7.4‰ (±1.2‰) with values ranging from 5.3 to 11‰ (Figure 3e). The
CDB d‐excess record is characterized by 2 cycles of higher‐than‐average values (centered around 1.2 and 2.15 m)
followed by intervals of lower‐than‐average values (between 1.3–1.8 m and 2.4–2.7 m). Above 1.20 m and below
2.7 m, this cyclicity is less conspicuous and obscured by higher and lower amplitude variability, respectively.

3.2.4. Insoluble Microparticles

Microparticle concentrations (MPC) values ranged from 11,400 (particles/ml) to 600 (particles/ml), with a mean
value of 2,500 (particles/ml) (Figure 3a). The MPC‐depth profile is characterized by 2.5 cycles of higher‐than‐
average values (centered around 1.02 and 2 m, when values consistently exceed 4,000 particles/ml) followed by
intervals of lower‐than‐average values (with lowest values between 0.3 and 0.5 m, 1.4–1.5 m, and 2.4–2.5 m).

The most abundant microparticles observed were assortments of amorphous mineral dust grains, diatoms, pollen
grains, and spores. A total of 660 diatom valves and fragments were found in the CDB firn core. Diatoms were
well preserved with many intact cells (two valves and a girdle band) and colonies of up to four cells. There is no
statistically significant correlation between the diatom abundance and the volume of meltwater filtered per sample
(R = 0.03, p > 0.05 n = 21). The total diatom concentration presented a mean value of 429 (diatoms L− 1). The
total diatom concentration‐depth profile exhibits three cycles, with diatom enhancements at 0.15, 1.20, 2.25, and
3 m (Figure 3f). Of the total diatoms counted, 455 (69%) were identified to genus level or higher. A total of 48
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diatom species and genus–taxon groupings were identified. Of these, five occurred at ≥2% relative abundance,
representing 63.2% of the identified diatoms.

The CDB main diatom assemblages comprised Pinnularia spp. (43%), Luticola spp. (25%), Nitzschia spp. (23%),
Fragilariopsis cylindrus (6%), and Cyclotella s.l. group (4%). Pinnularia spp. was comprised of mostly P.
borealis s.l., characteristic of subaerial environments (e.g., soils, ephemeral ponds) (Pinseel et al., 2020). Luticola
spp. was mostly comprised of Luticola cf. mutica/cohnii and Luticola cf. muticopsis, common in sub‐aerial
habitats, moist soils, stream edges, among moss patches and cryoconite holes (Kociolek et al., 2017). Nitz-
schia spp. was comprised of unspecified fragments of Nitzschia sensu lato, a cosmopolitan genus with freshwater
and marine species (Lowe, 2003). The Cyclotella group is comprised of unspecified specimens of Cyclotella
sensu lato (including Lindavia, Discostella, Tertiarius, and Pantocsekiella and other morphologically similar
types), a cosmopolitan genus complex with broad ecological affinities across aquatic environments (Lowe, 1975).

Figure 3. CDB firn core chemical and insoluble microparticle records. (a) Insoluble microparticle concentration (brown) and
electric conductivity (yellow). (b) Cl− (dark blue), Na+ (light blue), and SO4

2‐ (red) concentrations. (c) NH4
+ concentration

(green). (d) nssCa2+ (purple) and NO3
− (orange) concentrations. (e) δD (red) and d‐excess (blue). (f) Diatom (blue bars),

pollen (orange bars), and spore (light blue diamonds) counts per sample. Vertical pale blue lines represent the position and
thickness of melt layers. Vertical black dashed lines indicate the austral early summer peak depth (January).
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Of the five key taxa identified in the diatom assemblages, only one, F. cylindrus, is exclusively marine (sea‐ice‐
affiliated diatom). The remaining four taxa have been identified in marine, freshwater, and brackish environments
(Bagmet et al., 2022; Ciniglia et al., 2007; Kociolek et al., 2017; Lowe, 1975) and can be found in the Patagonia
region and its surrounding ocean (Almandoz et al., 2011; Espinosa, 2008; Pinseel et al., 2020; Simonato
et al., 2017). The three most abundant diatoms are almost exclusively present at the depths where total diatom
enhancements were identified.

A total of 39 pollen grains were found in the CDB ice core. Pollen grains were found in various states of pres-
ervation, with 59% of the pollen grains being crumpled and 5% broken. The pollen‐depth profile was charac-
terized by a major enhancement centered at 2.1 m depth (Figure 3f). Of all the pollen grains counted, 28 (72%)
were possible to identify to their family/species level. The most abundant pollen grain found was Nothofagus
dombeyi‐type (64%), common from evergreen and deciduous species in the west Patagonia region (McCulloch
et al., 2022). Less abundant herbaceous pollen types found at CDB are typical of the Southern Patagonia steppe
and montane flora (e.g., Empetrum rubrum, Poaceae) (Lorion & Small, 2021; Mancini et al., 2012).

A total of 44 spores were found in the CDB ice core. The spore‐depth profile presents a major enhancement at
1.5 m depth (Figure 3f). Of all the spores found, 39 were identified to their family/species level. The most
abundant spores were fungal Basidiospores (21%), Gelasinospora spp. (13%), and Sordaria‐type (23%).
Windblown fungal Basidiospores are commonly found as aerosols in the atmosphere year‐round (Hassett
et al., 2015).Gelasinospora is a genus closely related to Sordaria‐type. While the presence ofGelasinospora spp.
spores is commonly associated with forest‐steppe ecotone communities in Tierra del Fuego, the presence of
Sordaria‐type spores is indicative of the presence of herbivorous grazers (Musotto et al., 2017).

3.3. CDB Chronology

The CDB chronology was derived using annual layer counting and assumes that the observed cyclicity in
chemical and microparticles derives from seasonal deposition. Mineral dust emissions from Tierra del Fuego's
semi‐arid grasslands have a marked seasonality, with clear enhancements during the austral summer (Cosentino
et al., 2020, 2021). The seasonal variability in mineral dust deposition has been used previously for annual layer
counting in ice cores from the Andes region (Reis et al., 2022; Thompson et al., 1979), therefore, enabling its use
for the CDB chronology development. The identified MPC and EC enhancements were, therefore, assigned as
austral summer datums, with peaks representing approximately the early‐to‐mid austral summer (January/
February). The ascribed chronology of the CDB core extends from approximately austral spring 2016 until late
summer 2020 (Figure 3).

3.4. Snow Accumulation

Based on the CDB chronology, the mean annual snow accumulation at CDB drill site was estimated to be 0.51 m
w.eq. for the period between January 2017 and January 2020. Snow accumulation estimates were 0.5, 0.57, and
0.45 m w.eq. for the years 2017, 2018, and 2019, respectively.

3.5. Melt Estimation Assessment

Based on the CDB chronology, the total annual melt layer thickness (see Section 3.2.1) magnitude is similar
(≤5.5 cm w.eq.) to total annual melt estimated at CDB drill site using ERA5 and DOWN data sets (Figures 2e and
2f), with melt layer thickness being comparatively higher on 2017 and 2018, and lower on 2019.

3.6. Back Trajectory

Back trajectory analyses show >90% of all air masses reaching CDB originate from the southeastern Pacific
Ocean and the Amundsen and Bellingshausen Seas (Figure 4), and travel over the 50°–60° latitudinal band with
slight variations throughout the year (Figures S5 and S6 in Supporting Information S1). Austral autumn‐winters
(April to September) present a slight increase (∼5–10%) in the number of trajectories originating south of the
60°S latitudinal band. In turn, austral spring‐summer (October toMarch) present a slight increase (∼5–10%) in the
number of trajectories originating north of the 50°S latitudinal band. Given CDI's location, all trajectories have a
short interaction with land before reaching CDB (Figures 4b and 4c). The trajectory frequency analysis show that
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∼80–90% of all the trajectories (2016–2020 CE) traveled over the Chilean fjords, northwest of CDB (Figure S7 in
Supporting Information S1).

4. Discussion
4.1. Chemical and Microparticle Record Preservation

Annual positive degree‐day sum (PDD) estimates for ERA5‐DRILL and DOWN‐DRILL, obtained from vali-
dated and corrected ERA5 mean daily temperatures, suggest the CDB site had been progressively exposed to
temperatures above the freezing point (Figure 2). This trend has indicated the potential to produce surface melt
which may disrupt the chemical and microparticle records preserved in the CDB firn (Moser et al., 2024).
Disruptions to the firn matrix caused by melt and percolation are characterized by the abnormal densification of
the firn, visible as melt features and the homogenization or attenuation of chemical species down‐core in the
affected section (Moser et al., 2024). Our physical firn properties reveal a normal logarithmic densification
pattern for the CDB firn core, with only few, thin, and limited melt layers. Observed melt layers were not directly
aligned with chemical or microparticle peaks, therefore, suggesting that ion concentration and microparticle
increases were not caused by melt alteration. Despite PDD values suggesting that CDB could have been pro-
gressively exposed to temperatures above freezing, firn core melt layer observations confirm that shallow firn
layers at this site have not been substantially disrupted by melt. These observations are further supported by melt
estimates suggesting snow melt has been limited at the CDB drill site over the satellite‐era, with annual melt
values permanently below 10 (cm w.eq.). Although melt estimates and melt layer thickness observations broadly
agree on their magnitude, they presented considerable discrepancies in their variability (Figure 2). These dis-
crepancies could indicate that the use of Ushuaia's summer seasonal mean lapse rate over daily/synoptic time-
scales (5.7°C/km; ERA5‐DRILL) or a constant standard moist adiabatic lapse rate (6.0°C/km; DOWN‐DRILL),
has led to small overestimations of CDB summer surface air temperatures and, consequently, PDD and melt
values at CDB. The high relative humidity of air parcels reaching CDI during the austral summer (RH > 80%)
(Figure S3c in Supporting Information S1) supports a slightly more saturated adiabatic lapse rate which should be
more realistic for summer conditions in this region (4.5–5.5°C/km), as reported in the sub‐Antarctic Marion
Island (47°S) (Hedding, 2006). The preservation of undisrupted firn at this elevation is supported by previous firn

Figure 4. Maps of Antarctica, the Southern Ocean, and South America showing the clusters of all 5‐day, 1‐day, and 6‐hr air
mass trajectories reaching the CDB site throughout the year. The yellow circle indicates the location of the CDB site.
Percentages indicate the relevance of each cluster.
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cores drilled at similar elevations from the Southern Patagonian Icefield (Aristarain & Delmas, 1993; Schwi-
kowski et al., 2006, 2013). Our results support that CDB firn has not been significantly disrupted by melt and
percolation but cannot discard significant surface melt occurring below 2,000 m a.s.l., in line with previous re-
ports of considerable surface melt occurring at 1,800 m a.s.l. in Cordillera Darwin (February–March 2006)
(Mayewski et al., 2016) and below 1,800 m a.s.l. in the Patagonian Icefields (Kohshima et al., 2002; Matsuoka &
Naruse, 1999; Yamada, 1987).

Major ion profiles preserved in the undisrupted CDB firn record reveal clear and consistent variability down‐core,
likely indicating temporal changes in the ion load. Major ion peaks were found proximal, but not aligned, to
constrained melt layers and are consistently preceding MPC and conductivity enhancements. The Patagonia
region and its surrounding ocean is characterized by a marked seasonal wind regime (See Section 3.1.3), with
austral spring/summer higher‐than‐average wind speeds in the Patagonia coast enhancing sea‐spray formation
(Adame et al., 2019; Carrasco et al., 2002; Grigholm et al., 2009; Ovadnevaite et al., 2012). The close similarity
between the CDB [Cl− ]:[Na+] ratio (1.67) and the bulk sea water [Cl− ]:[Na+] ratio (1.8) (Hutton, 1977), indicates
a predominantly marine source for these ions, implying rapid aerosol transport. A marine source is supported by
back trajectories which indicate that most air parcels reaching CDB originated in the southeast Pacific Ocean and
the Amundsen and Bellingshausen Seas (Figure 4). The enhanced wind‐driven seasonal emission of marine
aerosols along the Patagonia coast and its effective atmospheric transport supports a marked seasonal deposition
of marine‐sourced [Cl− ] and [Na+] at the CDB site. A predominantly marine origin for these ions is consistent
with previous fresh snow studies conducted in the CDI (Grigholm et al., 2009), firn cores from the Patagonian
Icefields (Aristarain & Delmas, 1993; Schwikowski et al., 2006; Vimeux et al., 2008), and firn cores from the
northern Antarctic Peninsula (Hoffmann‐Abdi et al., 2023; Jiahong et al., 1998; Simoes et al., 2004). [Cl− ] and
[Na+] enhancements have been previously documented and identified as summer peaks in a core from the
Southern Patagonian icefield (Schwikowski et al., 2006).

Continentally‐sourced ions ([NO3
− ], [NH4

+], and [nssCa2+]) traditionally derived from biomass burning,
biomass emissions, and soil erosion, also present a marked increase during austral summer in the Patagonia region
(Holz & Veblen, 2011). Similarly, preferential mineral dust mobilization from erodible soils in Patagonia and
Tierra del Fuego during the arid season (austral summer) promote the availability of [nssCa2+] (Cosentino
et al., 2021). Back trajectories showmost air parcels were transported over, at least 100 km of forested fjords and/
or semi‐arid land right before reaching the CDB site (Figure 4), likely incorporating continentally‐sourced ions on
their way (Gong et al., 2022). The enhanced seasonal emission of continental ions, together with its effective
atmospheric transport support the seasonal deposition of these ions at the CDB site. Comparable [nssCa2+]
summer peaks from Patagonian mineral dust sources have been previously reported in a Patagonian ice core
(Vimeux et al., 2008), validating the [nssCa2+] seasonality as a regional feature.

The diatom record preserved in the CDB core varies down‐core with large increases in abundance coincident with
major ion and MPC peaks (Figure 3). Diatom identification, ecological affinities, and back trajectories indicate
diatoms reaching the CDB site could have originated from the wide variety of aquatic environments present in the
South Pacific Ocean and Southern Patagonia, with predominant freshwater species suggesting non‐marine
habitats as the primary sources (e.g., lakes, ponds, stream edges, moist soils). Diatom productivity in the
South Pacific Ocean and Southern Patagonia is light‐limited, with strong blooms occurring during the austral
spring (Almandoz et al., 2011; Deppeler & Davidson, 2017; Flores‐Melo et al., 2024). Similarly, the considerable
May‐to‐September snow cover in Tierra del Fuego (Pitman, 2023) likely limits the uplift of locally sourced
freshwater diatoms to austral spring and summer, when the climatological annual cycle supports strongest winds
occur (See Section 3.1.3). This marked seasonal diatom availability enables us to use the diatom record as a
biological tracer and interpret the CDB diatom peaks as austral spring markers, providing independent evidence
of elevated major ion concentrations during summer at the CDB site.

The CDB chronology can further be corroborated by modelled snow accumulation estimates, and using pollen
grains found at the CDB site. Annual snowdrift corrected DOWN‐DRILL snow accumulation estimates'
magnitude and variability (see Section 3.1.4) are in close agreement with annual firn snow accumulation esti-
mates derived from CDB chronology (see Section 3.4), therefore, further supporting the proposed CDB
chronology.

Land pollen grains and spores found at CDB can only be sourced from terrestrial environments. Back trajectories
confirm the Southern Patagonian region as the only landmass interacting with the air parcels reaching the CDB
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site (Figure 4), suggesting CDB pollen grains and spores are locally sourced. A local source for pollen and spores
is further supported by their taxonomical classification indicating they correspond to common species found in
the Patagonia region. The notable peak in the pollen grain record occurs slightly after the diatom peak, likely
during the austral summer of 2018. The proposed austral summer enhancement for locally sourced pollen is
consistent with pollen grain dispersal in the Southern Patagonia region, reaching its peak during austral spring‐
summer (Hechenleitner et al., 2005; Toro Manriquez et al., 2016). The presence of a prominent pollen peak and
the absence of pollen peaks in neighboring years is consistent with previous results observed in an ice core from
the Southern Patagonian icefield (Schwikowski et al., 2013). Schwikowski et al. (2013) suggested the absence of
regular austral summer pollen peaks can be explained by the inter‐annual variability in mast flowering. The
prolific wind pollinators of Nothofagus are considered to be masting species (Toro‐Manríquez et al., 2023) which
may create apparent hiatuses in the pollen record. Complementarily, apparent hiatuses in pollen deposition may
be associated with wind‐scouring events during austral summer. Given that austral summer pollen peaks are not a
consistent feature of the record, their use as seasonal markers is limited. Where found, however, cyclical vari-
ations in pollen concentrations can be used to confirm individual annual layers.

The stable water isotope and d‐excess records at CDB show no clear seasonal variability or pattern consistent with
the CDB chronology. Stable water isotopes have been traditionally used in ice core research because of their clear
seasonal cycle driven by a strong linear relationship with air condensation temperature (Dansgaard, 1964).
However, this is not always the case for ice cores in mid and tropical latitudes (Liu et al., 2023; Thompson
et al., 1995). Near‐surface post‐depositional processes (e.g., melt/refreeze, diffusion, sublimation and conden-
sation, wind drift) can dampen the stable water isotope seasonal signal (Casado et al., 2021; Moser et al., 2024),
although the thin melt layers observed at CDB suggest the effects of melt and refreeze are small. The close
similarity between the LMWL slope (8.12) and the GMWL slope (8.00) further supports the limited effect of melt
over the CDB record. Diffusion is not considered to play an important role smoothing the CDB stable water
isotope record because annual layers are considerably larger than the typical firn diffusion length (<15 cm)
(Gkinis et al., 2021). Sublimation or condensation between the snow surface and near‐surface air can produce
isotopic exchanges in the snowpack leading to secondary fractionation (Casado et al., 2018). The summits of
Cordillera Darwin are almost permanently cloud covered (Carrivik et al., 2016; Mayewski et al., 2016) and under
high relative humidity conditions throughout the year (≥74% RH), therefore, favoring surface condensation
which can disrupt the CDB seasonal isotopic profile.

The CDB site, located in the core of the SHWW (SHWW) belt, is also constantly exposed to strong winds likely to
induce wind drift. Wind drift causes the removal and redistribution of surface snow, potentially creating strati-
graphical hiatuses, hardened surfaces (wind crusts) and/or the redeposition of snow removed from other surfaces
(Ekaykin et al., 2002), disrupting the stable water isotope seasonal cycle. The strong mean annual wind speed at
CDI (8 m/s, Grigholm et al., 2009) lies between the threshold wind speed for the initiation of wet (9.9 m/s) and dry
(7.7 m/s) blowing snow (Li & Pomeroy, 1997), suggesting recurring wind drift conditions. The wide presence of
thin (<2 mm), bubble‐sparse high‐density crusts, probably caused by wind, within the CDB firn supports the
frequent occurrence of wind ablation and wind scouring. The climatological annual cycle supports most wind
scouring and ablation will occur in austral summer, in phase with the highest snow accumulation, therefore,
limiting seasonal hiatuses in the record (See Section 3.1.3). In addition, the consistency in the annual layer
thickness interpreted from CDBmajor ion and microparticle records, in line with downscaled snow accumulation
estimates, does not indicate large hiatuses in the record. However, we cannot rule out the occurrence of frequent,
minor wind drift events, mostly during austral summer, causing the removal, mixing, homogenization, and/or
hardening of surface snow. Our results align with previous studies reporting wind drift among the main post‐
depositional processes disrupting Patagonia and northern Antarctic Peninsula firn core records (Aristarain &
Delmas, 1993; Fernandoy et al., 2018; Hoffmann‐Abdi et al., 2023; Schwikowski et al., 2006; Vimeux
et al., 2008).

In addition to post‐depositional processes, precipitation intermittency, regional intra‐annual changes in moisture
source location and condensation conditions can directly hinder the development of the stable water isotope
seasonality (Casado et al., 2020; Hoffmann‐Abdi et al., 2023). Precipitation intermittency may impact the
development of a clear, symmetrical, stable water isotope annual cycle by producing comparatively larger snow
deposition over a season. Our results demonstrate considerably higher precipitation during austral spring‐summer
at CDB (∼50% higher than austral winter) (see Section 3.1.3), suggesting precipitation intermittency could hinder
the formation of clear stable water isotope seasonality. The second‐order parameter, deuterium excess, show no
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marked seasonality aligned with the CDB chronology, suggesting a relatively constant moisture source for CDB.
A constant moisture source region is also supported by back trajectories originating from the southeast Pacific
Ocean (50–60°S) throughout the year (Figures S5 and S6 in Supporting Information S1). This moisture source is
characterized by a low dew point temperature, likely promoting condensation when airmasses reach the
Cordillera Darwin orographic barrier. A high condensation rate in the Cordillera Darwin region is supported by
the limited amplitude in the relative humidity annual cycle (74%–82%) (see Section 3.1.3), evidencing the
mountain range is permanently under high relative humidity conditions. Condensation temperature is a key
parameter defining the isotopic ratios preserved in the firn record (Markle & Steig, 2022). The proximity between
the moisture source and the precipitation site suggests condensation occurs under Cordillera Darwin's strong
maritime climate conditions (Hall et al., 2013; Holmlund & Fuenzalida, 1995). A maritime climate is charac-
terized by the presence of a large water body buffering seasonal temperature extremes and, therefore, reducing the
amplitude of air temperature and condensation temperature over the year (Oliver, 2005). A small annual
amplitude in air and condensation temperature is evidenced by CDB's annual temperature cycle analyses,
showing the annual mean air temperature and annual precipitation‐weighted temperature amplitudes are 8.15°C
and 7.64°C, respectively (see Section 3.1.2). This small amplitude in annual condensation temperature could
explain the absence of clear seasonality in the CDB stable water isotope record. A dominant local moisture source
with small relative humidity variability throughout the year and a supressed stable water isotope seasonality due
to the strong maritime climate at CDB is consistent with stable water isotope records obtained from other firn
cores drilled in Patagonia (∼600 km north of CDB) and the northern Antarctic Peninsula (∼1,000 km south of
CDB) (Fernandoy et al., 2018; Hoffmann‐Abdi et al., 2023; Jiankang et al., 2001; Simoes et al., 2004; Schwi-
kowski et al., 2006; Vimeux et al., 2008). Despite these numerous factors potentially explaining the lack of a clear
seasonality, CDB's stable water isotope records could still hold valuable environmental data (e.g., synoptic events
and moisture source variability), as seen in coastal Antarctic cores (Goursaud et al., 2019; Hoffmann‐Abdi
et al., 2023). However, its current interpretation is limited by the shortness of the record.

4.2. Implications and Potential for Future Ice Core Research in the Cordillera Darwin Icefield

CDB is the first firn core recovered from the 1,600 km latitudinal gap between the Southern Patagonian icefield
and the northern Antarctic Peninsula. The CDB core provides the first reference for the background chemical
composition and microparticle content preserved in the CDI over intra and inter‐annual timescales. Furthermore,
the CDB diatom, pollen, and MPC records provide a proximal reference for the concentration and diversity of
Patagonian airborne particles subsequently transported across Antarctica and the sub‐Antarctic region (Gassó &
Stein, 2007; Li et al., 2010; Tetzner, Allen, & Thomas, 2022).

CDB core data sets represent one of the few available in situ observations of snow accumulation in the CDI.
Previous studies, using satellite‐derived estimates, suggest that the upper section of the Marinelli glacier has been
increasing in mass (Melkonian et al., 2013). However, the satellite derived snow accumulation is more than
double the value estimated from our CDB core. This discrepancy could be explained by a combination of different
data acquisition periods (2001–2011 (Melkonian et al., 2013) versus 2017–2020 (this study)), satellite‐derived
data biases, post‐depositional processes, and the steep topography surrounding the confined CDB site. Despite
the satellite‐derived estimates identifying areas of snow accumulation which could be harvested for future ice
core research, our ERA5‐2000 and DOWN‐2000 surface air temperature estimations suggest well‐preserved ice
core records are confined to the icefield's high elevation areas (>2,000 m a.s.l.).

Our results show a considerable increase in PDD estimates over the last decades, suggesting sites above 2,000 m
of elevation have been progressively exposed to temperature induced melting conditions. Despite potential
inaccuracies in summer surface air temperature estimations, PDD at ERA5‐2000 and DOWN‐2000 are dispro-
portionately higher than ERA5‐DRILL and DOWN‐DRILL PDD (Figure 2). This large difference can be
explained by higher temperatures at lower elevation, where mean surface air temperature exceeds the melting
point for an extended period. Thus, while there is little evidence of significant melt at CDB, elevations below
2000 m are likely more vulnerable. This is consistent with evidence of significant melt at 1800 m elevation
(Mayewski et al., 2016). Surface melting is known to influence the elution of chemical and isotopic species, which
could risk the seasonal marker preservation. Soluble species are more susceptible to melt induced migration than
non‐soluble species, which are more stable (Moser et al., 2024). Thus, the non‐soluble pollen, diatoms and MPC
evaluated in this study provide promising seasonal markers for sites at risk of melt.
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A longer core from this region could provide useful information to directly and/or indirectly reconstruct past
environmental changes in the current core of the westerly wind belt. MPC, nssCa2+, marine ions, and diatom
records have the potential to be harvested for past wind proxies (Tetzner, Thomas, et al., 2022). However, a
thorough assessment should be conducted on each parameter to validate the environmental controls of these
proxies.

5. Conclusions
The CDI is located in a key position to record changes in the SHWW belt. In this study, we assessed the pres-
ervation of both soluble chemistry and insoluble microparticle records in the first firn core drilled from the CDI.
Our study confirms firn layers are well‐preserved at elevations >2,300 m a.s.l., with multiple, thin (<2 mm) crust‐
like features, but few thicker melt layers (>0.5 cm). Chemical impurities and insoluble microparticle records are
largely locally sourced and appear to preserve regional seasonality. Conversely, the stable water isotope records
lack of a clear seasonality, preventing their direct use to reconstruct local surface air temperatures. Surface air
temperature estimates are useful to assess current CDB site exposure to snow melt conditions, but largely based
on uncertain regional lapse rate values. Based on our surface air temperature estimations, we propose the 2,000 m
elevation contour as a threshold for the reliable preservation of paleoenvironmental information in the CDI firn.
Future research should be focused on (a) conducting long radiosonde monitoring campaigns, aiming to improve
regional lapse rate estimates (b) calibrating the environmental proxies preserved in the Cordillera Darwin ice core
record and, (c) investigating the development and frequency of thin ice features likely caused by wind erosion and
potentially disrupting the CDB record.
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