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ARTICLE INFO ABSTRACT

In this paper, we present the finding of a new cryptic refugium in the Central European Alps at 2900 m asl,

Dataset link: PC2values (Original data)

revealed through multiproxy analyses of paleolacustrine sediments at the foot of Gran Zebru peak. The sediment
core revealed the presence of a paleolake from ca 30,000 cal BP until 18,500 cal BP, when a hiatus in sedi-

Ilf::tw ;Zisi:al maximum mentation occurred, followed by an intense weathering phase lasting until 13,700 cal BP. Lake sedimentation
Nunatak then restarted and continued until 9000 cal BP. Throughout this interval, glaciers surrounded the nunatak and
Climate change flowed into the valleys, as also occurred during at least three subsequent periods (13,700-13,000, 11,500-11,000
Paleolimnology and 10,000-9600 cal BP.), when the presence of trees, and therefore of a cryptic refugium, was demonstrated by
XRF plant macroremains. Since at least 26,700 cal BP, these climatic phases were also recorded by the second
Diatoms principal component (PC2) of the sediment geochemistry, which explains approximately 20% of the total
Macroremains

variance. PC2 is characterized by a strong positive loading of Ca/Ti (0.921) and a weaker negative loading of Si/

Ti (—0.364), which closely mirror the temperature reconstructions based on Greenland ice cores.

1. Introduction

The Pleistocene glacial evolution of the European Alps is still
debated, especially in their interior regions, where different glaciations
may overlap or be indistinguishable (Kelly et al., 2004). The evolution of
the glacier extent in this part of the mountain chain is not well constrain
(Longhi et al., 2020). However, according to the glacial map of Ehlers
et al.,, 2011, not shown) several peaks in the Italian central alps pro-
truded above the ice cover and may have functioned as nunataks.

The term nunatak was introduced since 1877 to describe a mountain
peak or ridge that protrudes through the surface of an ice sheet or
glacier. Only a few years later, Blytt (1882) proposed his “nunatak
theory”, identifying these areas as sites of in situ glacial survival for
various living organisms (e.g. plants and mammals), which could sub-
sequently act as sources for their rapid expansion into newly ice-free
areas, thus acting as “biological refugia”.

Since then, many studies have been carried out both to identify such
areas and to investigate their characteristics (e.g. Ballantyne, 1998;

Birks, 1994; Birks and Willis, 2008; Carcaillet and Blarquez, 2017;
Carcaillet et al., 2018; Goodfellow, 2007; Kullman, 2008; McCarroll
et al.,, 1995; éberg and Kullman, 2011; Parducci et al.,, 2012;
Schonswetter et al., 2005) as well as to analyze the mechanism involved
and to classify different type of refugia (e.g. Brochmann et al., 2003;
Holderegger and Thiel-Egenter, 2008; Rull, 2008; Stewart et al., 2010).

Only a limited number of these studies have focused on the European
Alps (Carcaillet and Blarquez, 2017; Carcaillet et al., 2018;
Schonswetter et al., 2005;) and, to the best of our knowledge, only one
has been conducted at high elevation on the Italian Alps (Pintaldi et al.,
2021). Among the different types of refugia described by Holderegger
and Thiel-Egenter (2008), nunatak refugia may provide spatially limited
patches of suitable habitat, acting as the microrefugia sensu Rull (2008)
such steep, south-facing slopes of high summits during glaciations (see
Fig. 1, p. 477 in Holderegger and Thiel-Egenter, 2008).

These microrefugia comprise areas with sheltered topography and
buffered, stable local microclimates (Stewart and Lister, 2001), char-
acterized by exceptional physiography (e.g. warm soils or freshwater
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springs), and well exposed to sun light (high solar irradiance). Together,
these conditions favor the biogeochemical processes required for tree
growth and their associated biota.

In some cases, nunatak can host lakes or paleolake, whose sediments
archive paleoclimatic information and give the opportunity to constrain
the timing of deglaciation in these areas (i.e. Carcaillet and Blarquez,
2017; Gjeerevoll, 1963; Paus, 2010; Paus et al., 2011).

Paleolacustrine sediments have become increasingly important for
the study of long-term environmental change due to their ability to
provide high-resolution records of past conditions. The last 30,000 years
have been marked by significant climatic variations, including the Last
Glacial Maximum (LGM), the termination of the LGM, and the Holocene
(Alley et al., 2010). These climatic fluctuations significantly affected the
environment, leading to changes in vegetation patterns, lake levels, and
sedimentation rates.

The use of multiproxies in the analysis of paleolacustrine and other
sedimentary archives has substantially improved the understanding of
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past environmental changes. Grain size variations have been widely
used to detect changes in depositional energy related to wetter and dryer
periods (Schmidt et al., 2006). Similarly, organic matter (OM) has been
widely used in paleoenvironmental studies to infer changes in vegeta-
tion, lake productivity, and temperature (Heiri et al., 2001).

Pigment analyses provide insights into changes in primary
productivity.

over time and has been used to reconstruct past environmental
conditions, as well as to assess the potential occurrence of eutrophica-
tion and acidification processes (Jiménez et al., 2015). Another widely
applied approach is plant macroremains analysis, which allows the
reconstruction of past environmental changes, including shifts in vege-
tation cover and lake level fluctuations (Blaauw et al., 2007; Meeks
et al., 2017).

Diatom analysis has been extensively in paleolacustrine sediment
studies. Diatoms provide valuable information on past water chemistry,
such as pH and nutrient availability, and they can be used to infer
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Fig. 1. The study area in the Central European Alps (a); b) detail of the Cedec Valley and Forni Glacier areas where are shown the Late Glacial and Early Holocene
glacial advances (green line = 15,000; orange line = 11,800 and red line 9700 Cal BP years (Longhi and Guglielmin, 2021 redrawn); c) upper cedec Valley, Gran
Zebrui (3949 m asl) and GZG area. Legend: 1) body of frozen debris below the GZG (Forte et al., 2021), 2) GZG limit on 2021 CE; 3) GZG limit at 1931 CE; 4) GZG
limit at Little Ice Age; 5) Trimline; 6) our paleolacustrine core. The basemap for the panel a is Google — Maxar Technologies 2025 and for panels b and ¢ from is
ortophoto AGEA 2018 (from Geoportale Regione Lombardia). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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environmental changes including variations in lake level, temperature
and ice cover dynamics (Battarbee et al., 2001; Riihland et al., 2015;).

Among the chemical proxies X-ray fluorescence (XRF) analysis is
commonly applied to determine elemental composition and to infer past
environmental processes, such as changes in erosion rates, sediment
sources, and atmospheric deposition (Biskaborn et al., 2012; Cartier
etal., 2018; Vyse et al., 2020). In particular, some of these proxies, such
as plants macroremains and charcoal, can indicate whether surrounding
areas provided suitable conditions for biological refugia, as demon-
strated, for example, by Carcaillet and Blarquez (2017).

This work aims to demonstrate, through the multiproxy analyses,
that even in the interior part of the Alps at high elevation, within areas
characterized by substantial ice accumulation, not only rocky peaks
protruded above the ice, but also some ice-free slopes could persist.
Specifically, we found that areas around 3000 m asl at the foot of Gran
Zebru peak, may have served as nunatak refugia and biodiversity hot-
spots, favouring an ecological connection between the two sides of the
Alps.

2. Study area

The study area is located in the upper part of the Val Cedec (Fig. 1) a
north-south glacial valley located in the Central Italian Alps. The upper
part of the valley was covered by the Gran Zebru Glacier (GZG) during
the Little Ice Age (LIA) up to 1872 CE (Pelfini, 1992), except over the
trimline that is detectable on the rock cliffs between 3050 and 3150 m
asl. The flat area, where the paleolacustrine sediments analysed were
found, was abandoned by the LIA GZG around 1952 CE. The paleolake is
roughly quadrangular (~ 70 m x 60 m) and occupies an area of more
than 4000 m?. It is difficult to precisely define the extent of the nunatak
refugium due to the high slope dynamics. However, the occurrence of
paleosols (podzols older than 14,000 cal BP, Longhi and Guglielmin,
unpublished results) in nearby areas (less than 300 m, see Fig. 2)
together with the presence of pebbles and rock outcrops showing well-
developed weathering rinds and, in some cases, also varnish provides
indirect evidence of prolonged ice-free conditions.

A tentative reconstruction of the refugium extent around 15,000 cal
BP is reported in Fig. 2. The area is characterized by south-facing slopes,
as well as terraces and small depressions surrounding the investigated
paleolake at the foot of the rock cliffs, reaching elevation of approxi-
mately ~2750 m asl. The geology of the area is quite complex because
different rock types are present, including sedimentary limestones
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(Calcare di Quattervals), magmatic bodies (Gran Zebru pluton), and
metamorphic rocks (Deichmann et al., 2012).

Recent climatic record achieved during the Glacier CC project funded
by Stelvio National Park indicated that the mean annual air temperature
is around —2 °C with the mean summer (JJA) air temperature exceeding
4 °C in 2020 and a total snow accumulation of only 0.2 m of water
equivalent (Tarca and Guglielmin, 2022).

3. Methods
3.1. Coring, field description, and subsampling

In the deepest part of a paleolake (Fig. 2), following the current
surface morphology, and at an elevation of 2950 m a.s.l., a 1.05 m
sediment core was sampled using an Eijkelkamp piston sampler 01.09.
The core was then described reporting texture and colour differences
using the Munsell colour chart. The core segments were then sealed in
aluminum foil and kept frozen at —20 °C.

Once in the lab, the core was sewed in 4 parts: one of these parts was
kept untouched for XRF analysis, while from each of the other three
faces a sample was extracted using a 1 cm® standard sampler for further
analysis. All the laboratory analyses were performed only in the finer
units below the depth of 45 cm.

3.2. Radiocarbon dating

Four samples were collected at different depths from key points of
interest within the core, sealed in aluminum foil, and frozen at —20 °C.
The samples were kept frozen until being sent to Beta Analytic Labo-
ratories for radiocarbon dating. Respectively TBC-A at the beginning of
the lacustrine sediments 46,/48 cm, TBC-B at 79/81 cm, TBC-C at 89/91
cm, and TBC-D at 103/105 cm (the bottom of the lacustrine deposits).
All conventional radiocarbon ages (CRA) were calibrated against the
IntCal20 Northern Hemisphere calibration curve (Reimer et al., 2020)
using the CLAM package. The subsequent age-depth model was gener-
ated with CLAM (version 2.6.2, Blaauw, 2010) using a linear accumu-
lation model, accounting for the hiatus at 84-88 cm (see Fig. 3).
Radiocarbon ages are reported as conventional radiocarbon years BP
e yr BP) and as calibrated age ranges with a 2¢ error (95.4%) (cal. yr
BP; relative to 1950 CE). To better evaluate the validity of the bulk
sediment dating, §'3C (Keith and Weber, 1964; Aitken, 1990) was
calculated separately from the AMS carbon dating with IRMS by Beta

Fig. 2. Reconstruction of the GZN around 15,000 cal BP. In turquoise the extension of the lake while the yellow star indicates the paleopodsol dated around 15,000
cal BP. Glaciers are in blue with the white-dashed borders. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 3. Linear accumulation age-depth model accounting for the interruption of sedimentation (hiatus, dashed blue lines) after the deposition of the gravelly layer
between 88 and 84 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Analytic Laboratories.
3.3. Sediment analyses

The grain size distribution was measured merging 2/3 adjacent and
dried 1em® samples in order to have enough material and using a series
of sieves with varying mesh sizes (25 mm, 12.5 mm, 9.5 mm, 6.3 mm,
4.7 mm, 2.36 mm, 2 mm, 1.18 mm, 0.6 mm, 0.425 mm, 0.3 mm, 0.18
mm, 0.15 mm, 0.106 mm, and 0.075 mm), and then classified according
to the ASTM classification (ASTM, 2007).

The organic matter (OM) was estimated using the method of the Loss
Of Ignition (LOI) as well as the carbonates.

Indeed, the LOI method is widely used in sediment analysis to esti-
mate both organic and inorganic components, such as carbonates (Heiri
et al., 2001). During heating, the organic and the carbonates compo-
nents in the sample decomposed, releasing carbon dioxide and causing
weight loss that can be measured to determine the carbonate content
and organic carbon content (Nelson and Sommers, 1996). The samples
are dried at 100 °C before being weighed and placed in a crucible for
heating. The heating should be carried out in a muffle furnace at first
temperature of 400 °C for organic carbon and 900 °C for carbonates
(Heiri et al., 2001). Additionally, it is important to ensure that the
sample is well-mixed and homogeneous, as variations in carbonate
content and organic carbon across the sample can affect the accuracy of
the LOI measurement. The OM is then calculated with the equation:

OM — (Wlomc - W400°c) %100
Wiooec

Where W,o-. represents the weight of the sediment samples after the
400 °C heating while Wygp-. is the weight of the soil after the 100°C
drying.

The Inorganic Carbon (IC) is finally calculated with the equation:

IC = (W4OO°C - W900"’c

x 100
Waoooc )

where Wogo- represents the weight of the soil sample after the 900 °C
heating.

3.4. Clorophyll (CD) and total carotenoids (TC)

One sample (1 cm®) every 3 cm was then treated for algal and bac-
terial pigments extractions. The sample was soaked in a 90:10 solution
of acetone (4.5 ml) and distilled water (0.5 ml) in a nitrogen atmosphere
for 18 h following Lami et al. (2000). The extract was then centrifuged at
5000 rpm for 10 min, filtered, and 1 ml of acetone was added. This wash
was carried out for two times. The extracts were then preserved in the
dark to avoid photo-oxidation and then analysed using a spectropho-
tometer for total content in chlorophyll derivates (Adams et al., 1978)
and total carotenoids content (Lami et al., 1994) at 450 nm and 665 nm,
respectively. The concentrations of chlorophyll derivatives (CD) and
total carotenoids (TC) were respectively calculated as in Guilizzoni et al.
(1992) and Ziillig (1982).

3.5. Macroremains

One sample of 1ecm?® every 3 cm was then dried and sieved to remove
eventually large debris. The sediment was then washed, as macro-
remains usually float at the surface of the water (Jackson and Lyford,
1999). Macroremains were then hand-picked under a microscope and
identified to the lowest possible taxonomic level using reference books
and images (Jones, 1991; Van Geel et al., 1996; Pearsall, 2000). Finally,
macroremains abundance was counted and recorded.

3.6. Diatoms

One sample (1 cm®) every 3 cm was finally treated for diatoms
analysis following Lami et al., 2000. The sample was transferred to a
falcon tube and 5 ml of 30% hydrogen peroxide were added. The tubes
were then heated at 50 °C for 4 h and left to settle for at least 24 h (to
allow the sedimentation). The supernatant was removed and the sample
was washed at least twice with distilled water. The sediment was then
diluted in 10 ml of distilled water and, using a pipette, an aliquot of the
sample was placed on a coverslip and left to dry at a temperature of
approximately 50 °C. After the evaporation, a drop of high refractive
resin (Naphrax) was placed on the coverslip that was then laid on a glass
slide and let to dry overnight. Diatoms were counted and their occur-
rence was recorded. Finally, diatoms were identified to the lowest
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possible taxonomic level using reference books and images (e.g. Kram-
mer and Lange-Bertalot, 1986; Krammer and Lange-Bertalot, 1988;
Krammer and Lange-Bertalot, 1991a, 1991b).

3.7. XRF

Sediment samples were analysed using a non-contact micro-XRF
scanning spectrometer on the untouched surface of the core. Once the
outline of the segment had been created on a polystyrene sample holder,
the segment under examination was laid down and positioned at the
most suitable point for analysis. The elemental composition of the
sediment samples was analysed in air by using a CRONO X-ray spec-
trometer by Bruker with rhodium anode. A 0.5 mm collimator, 200 pA
current power by 40 kV, and an acquisition time of 200 ms were
employed for the analysis. The analysis setup was optimized to collect
the main relevant elements: K, Si, Ca, Fe, Mn and Ti. Two different
complete line scans were collected per sample for reproducibility, and
the obtained values were averaged. Preliminary data interpretation was
done using proprietary software; further elaboration was realized with
ESPRIT Bruker and Origin 8.5 to enhance graph readability. The results
were subsequently reported as signal ratios, referred to Ti (i.e. Si/Ti, K/
Ti, Ca/Ti, Mn/Ti and Fe/Ti). Ti was selected as a normalizing element
because it is considered conservative, predominantly detrital in origin,
and minimally affected by post-depositional mobility (Boés et al., 2011).
Moreover, normalization to Ti reduces the influence of grain-size vari-
ability and sediment dilution effects, allowing a more robust comparison
of geochemical signals through the sedimentary sequence. In this
context, Fe/Ti and Mn/Ti ratios may provide information on redox-
sensitive processes and changes in bottom-water oxygenation, Si/Ti
reflects variations between biogenic silica production and siliciclastic
input, Ca/Ti is indicative of changes in carbonate precipitation and/or
endogenic productivity, and K/Ti represents variations in fine-grained
terrigenous input and weathering intensity within the catchment (as
synthesized in Table S1).

Principal Component Analysis (PCA) was applied to explore covari-
ance patterns among geochemical variables (element to Ti ratio in this
paper) and to identify dominant geochemical associations reflecting
sediment sources and depositional processes. PCA has been widely used
in lacustrine sediment studies for dimensionality reduction and proxy
interpretation (Grygar and Popelka, 2016; Reimann et al., 2008). The
geochemical variables were standardized and log-transformed to reduce
data skewness and heteroscedasticity, and to improve the robustness
and interpretability of the PCA results. The dataset was transformed into
z-scores prior to the analysis. The number of components was deter-
mined by retaining only those with eigenvalues greater than 1, ac-
cording to the Kaiser-Gutmann criterion. The PCA was performed using
packages implemented in the R statistical environment (R Core Team,
2023), following standard procedures for multivariate analysis of
geochemical datasets.

4. Results

4.1. Stratigraphy

The sampled core had a total length of 105 cm. The first 45 cm were
composed mainly of coarse debris like gravels and blocks with a diam-
eter of a maximum of 15-20 cm. Underlying this thick layer, as reported
in Fig. 4, there is a layer of 24 cm of non-laminated silty clays with a
colour of 7.5YR 5/3 further down until the depth of 84 cm there is a
layer 15 cm thick of laminated silty clays with a colour of 7.5YR 6/4. At
84 cm, an abrupt event is marked by a shift to coarser sedimentation,
consisting of 4 cm of silty clays with gravel and sand, and a distinctly
more reddish colour (5YR 3/3). The last 17 cm of the core are composed
of sediment similar to the second layer, with silty clays with a colour of
7.5YR 3/3. The bottom of this layer of silty clay is overlies large blocks
and boulders that made it impossible to continue the coring. The
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Fig. 4. Stratigraphy of the whole core obtained through the software
Tilia 3.0.3.

described stratigraphy suggests, from the bottom to the surface, a
lacustrine environment with almost continuous sedimentation from the
base to the depth of 45 cm, except for the discontinuity between 88 and
84 cm, where the occurrence of a sudden change in sedimentation after
an erosive phase is evident. A markedly different colour suggests an
interruption of the sedimentation. The latter 45 cm represents the cur-
rent discontinuous fluvial sedimentation.

4.2. Radiocarbon dating

The amount of terrestrial vegetal macroremains was low in all the
sediments and therefore we decided to date sample of bulk sediment
including all the terrestrial vegetal macroremains as reported in Table 1.
Despite it is well known that bulk sediment can give much older age than
the correct one for the possible contamination with “old carbon”, the
obtained 8'3C values ranging between —23.3%o and — 24.1%o are com-
parable to standard values for vegetation (Smith and Epstein, 1970)
probably because the selected samples contain a quite high number of
terrestrial plants macroremains (but unfortunately not enough to date
alone themselves). Moreover, the obtained ages are all in chronological
sequence with the depth that give us a certain confidence in regards. In
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Table 1
Depth (average), laboratory codes, conventional ages, radiocarbon calibrated
ages (average), and §13C of dated samples.

Depth Lab code Conventional Age Calibrated Age 813C

(cm) (BP) (95.4% Cal BP)

46 Beta - 8100 + 30 9.046 =+ 46 —24.1%0
561,801

79 Beta - 11,160 + 30 13.095 + 53 —23.3%0
643,178

90 Beta - 16,540 + 50 19.944 + 202 —23.8%0
561,800

104 Beta - 25,150 + 100 29.481 + 322 —24.0%o
643,179

addition, according the recommendations of Strunk et al. (2020) about
the reliability of the bulk sediments for the radiocarbon dating, in our
case the OM is high in all the dated samples. Therefore, although based
on bulk analysis, the chronology reported in this work results reasonably
consistent and acceptable (Taylor et al., 1987). The onset of the lacus-
trine sedimentation is set around 29,600 cal BP (see Table 1) during the
Pleistocene well before the Last Glacial Maximum (LGM) while the end
of the lacustrine story is set around 9100 cal BP, during the early Ho-
locene. As shown in the Age-Depth curve of Fig. 3, the layer between 84
and 88 cm marks an interruption in sedimentation lasting least 4800
years. This is also evident form the sedimentation rate: in the layers
above 84 cm it is about ca of 0.08 mm per year, whereas below 88 cm it
is much slower (ca 0.01 mm per year).

4.3. Sediment characteristics

The laboratory analyses (Fig. 5) revealed a less well-sorted grain size
distribution than that observed visually in the core, except for the 84-88
cm layer, which contains more than 10% gravel. The core below the
upper coarse sediment unit shows a relatively constant content of clay
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(ca 20%) with a slight peak at 52 cm (ca 26%). Silt content is more
variable, ranging from ca 9% in the gravel -bearing 84-88 cm layer to
nearly 23% between 49 and 52 cm. Fine sand also fluctuates markedly,
with the highest proportion (ca 60%) at 48 cm and the lowest (ca 42%)
at 52 cm. The OM content (percentage) ranges from less than 2 at 68 cm
to more than 22 at 78 cm, with 4 relative peaks (>15%) of OM content at
102-103; 50-51; 48 and 46 cm, and low values (<5%) at 80, 71 and 66
cm. The IC (carbonates) content is quite low, averaging about 5% with
values ranging from ca. 1% at 95 cm to 7.3% at 45 cm. It is also notable
that IC content decreases with depth from 7% in the upper part of the
core to 3% at the bottom.

4.4. Chlorophill and carotenoids

In Fig. 5, total pigments, expressed as chlorophyll derivates (CD),
total carotenoids (TC), and the ratio between chlorophyll derivates and
total carotenoids (CD/TC) are also reported. CD shows great variability
in the core ranging from non-detectable values at 51-52 cm to 127 mg
g1 OM at 69 cm. Other abundance peaks (>15 mg g~ ) are present at
73, 89, 96, 98 and 99 cm. The total carotenoids show the same pattern,
although at much lower concentrations (almost one order of magnitude
less), with a minimum (non-detectable values) at 51-52 cm, and a
maximum at 69 cm (16 mg g~! OM). Other abundance peaks (> 5 mg
g’l) are observed at 54, 98 and 99 cm. The CD/TC ratio (where TC are
multiplied per 100) points out that TC exceeds CD only between 55 and
57 cm.

4.5. Macroremains

As shown in Fig. 6, macroremains are generally rare and their
abundance decreases with depth, although in several levels they were
not found. At only 5 depths, more than 10 macroremains were found: 48,
51,63, 78 and 81 cm. The presence of wood fragments was observed at
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Fig. 6. Stratigraphy, macroremains and the main and total diatoms found in the core. Through the core. Macroremains and diatoms are expressed as coun-

ted numbers.

48, 51, 63, 78, 81 and 90 cm, while charcoal was present at 51, 75 and
78 cm. Particularly noteworthy is the presence Larix decidua at the same
depth where other unidentifiable wood fragments were found, down to
81 cm. The shrub Juniperus nana was found until 81 cm of depth, with
abundance peaks at 63 and 78-81 cm. The presence of herbaceous as
Carex sp., Cerastium sp., Salix sp., is less surprising and more abundant in
the upper part between 45 and 51 cm and 75-81 cm.

4.6. Diatoms

The total diatoms content is higher in the upper part of the core, up to
80 cm, where it suddenly decreases and then remains low to the bottom,
with a relative maximum at 96 cm (Fig. 6). The diatoms are unfrag-
mented, and it was possible to identify at least their genera of almost all
cases. The most abundant taxa are Staurositella venter and Staurosira
subsalina which were found at different abundance, but through the
entire core.

Regarding Staurosira subsalina, three abundance peaks occur in the
upper core (48-51 cm), at the end of the coarser episode (84-87 cm) and
between 90 and 102 cm, with the highest value at 96-99 cm.

Staurositella venter is abundant in the upper part, reaching its
maximum at 54-57 cm. This is followed by a period of relative paucity
between 63 and 72 cm, a second peak between 72 and 78 cm and then a
sharp decline.

Staurosira costruens is notably present and abundant until 81 cm,
with higher peaks at 44-57, 66-69 and 72-75 cm. Downwards, only at
96-99 cm, it was found (only 2 units).

Pseudostaurosira sp. is almost continuous from the 48 to 78 cm, but it
is absent below this depth,with the exception of the coarser layer be-
tween 84 and 87 cm.

Encyonema minatum, and Navicula sp. is present discontinuously and
at roughly one order of magnitude lower abundance, with gaps between
69 and 81 cm for the former and between 63 and 84 for the latter.
Encyonema minatum is absent also at the bottom of the core. Differently,
Cymbella sp. has been found only between 57 and 60 cm, whereas
Cyclotella sp. between 96 and 102 cm.

4.7. XRF

Fig. 7 shows the trends of several elemental ratios obtained through
XRF analysis, including Fe/Ti, Ca/Ti, K/Ti, Si/Ti and Mn/Ti. The Fe/Ti
signal ratio remains relatively stable across the sediment core, fluctu-
ating between 25 and 35. The lowest ratio levels were observed between
88 and 92 cm, whereas a general increase was recorded between 52 and
65 cm. The Ca/Ti ratio decreases with depth, starting at about 1.5 at 45
cm and steadily declining to values close to 0.5 at 105 cm, mirroring the
trend of IC. The K/Ti signal ratios showed marked decreases at about 50,
62, 69 and 89 cm. The Si/Ti ratio shows more pronounced fluctuations,
ranging from 0.4 to 0.8, with significantly higher values between 52 cm
and 60 cm, and between 72 and 76 cm. Although Mn/Ti varies
considerably throughout the core, it shows a marked decrease is
observed between 84 and 88 cm, followed by a general increase in the
more recent sediment. Interestingly, Mn/Ti and Fe/Ti exhibit a signifi-
cant negative correlation (r = —0.63, p < 1077), indicating that increases
in Fe are associated with decreases in Mn.

5. Discussion

5.1. The glacial evolution of GZG: The existence of the “Nunatak Oasi”
during the LGM

According to the glacial map of Ehlers et al., 2011, not shown) and
the trimline position (Fig. 1c), the core site lay beneath the ice during the
LGM, whereas an extensive nunatak around the Gran Zebru peak
remained ice-free. Evidence of a possible major glacier retreat, or even
complete deglaciation, in the upper Val Cedec has been hypothesized by
Forte et al. (2021) to explain a large debris body beneath the current
eastern sector of the Gran Zebru Glacier (GZG in Fig. 1c), although its
age remains still unknown. Deglaciation chronologies for the high
elevation inner Valtellina are scarce. The GZG and the other glaciers of
the Cedec valley were connected along the valley floor and flowed into
the Forni glacier around 15,000 cal BP, but by 13,700 cal BP the Cedec
Glacier had separated from the Forni Glacier and terminated somewhere
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Fig. 7. Stratigraphy geochemical ratios trend (Fe/Ti; Ca/Ti, K/Ti;i/Ti, Mn/Ti), expressed as adimensional numbers.

along the Cedec valley floor (Fig. 1b). The only massive glacier retreat in
the area occurred later, between 9500 and 4100 cal BP, when the nearby
Forni Glacier underwent its largest Holocene recession, documented by
buried Pinus cembra wood dated 4100 cal BP at almost 2400 m a.s.l.
(Pelfini et al., 2014).

Despite of these constrains, the basal age of the fine sediments in our
core, derived from the age-depth model of Fig. 3, indicates that the site
was already ice-free by 30,000 cal BP. The non-laminated fine sediments
between 105 and 88 cm depth resemble the grain size distribution of a
modern lake near our site, where fine sand dominated over clay. As also
testified by the other proxies found in the sediments, we hypothesize the
presence of a small paleolake. There is no evidence of glacier burial until
18,500 cal BP, when these fine sediments were overlain by the coarser
layer between 88 and 84 cm. At that time, the Cedec and Forni Glaciers
were joined at the valley floor, yet the site under study apparently
remained ice-free. The poorly sorted coarse deposit between 88 and 84
cm is most plausibly the product of a mass movement (debris flow) or
fluvial event that infilled the depression hosting the paleolake. A current
drop in Mn supports this interpretation: high-energy events can trans-
port coarse material, while depleting mobile elements such as Mn, which
are usually associated with finer fractions or occurred in solution. The
reddish colour of this layer suggests an intense weathering that,
considering the closer 1*C ages, lasted at least 4800 years long. The
negligible change in iron content detected by XRF in this layer is best
explained by structural modifications of iron-bearing minerals rather
than by a change in overall Fe abundance. This hiatus probably spans
18,500-13,700 cal BP, a period without recorded glacial advances in the
area (Longhi and Guglielmin, 2021). Subsequently, between 84 and 69
cm, laminated fine sediments were deposited at higher rate than in the
deeper unit, reflecting very low energy conditions. The top of this
laminated unit dates to ca. 11,900 cal BP, only a few centuries younger
than the more widespread glacial advance in the area, corresponding to
the Younger Dryas period. (i.e.Longhi et al., 2020). Overlying sediments
are not laminated, but show greater grain size variability. Lacustrine
deposition ceased at ca 9000 cal BP, shortly after (few centuries) the
most extensive Holocene glacial event (Longhi et al., 2020). Above the
lacustrine sequence lies 45 cm-thick unit of coarse debris, indicative of a
high-energy depositional regime, likely driven by mass wasting or
fluvial activity, reflecting a recent and rapidly changing environment.
Although the contact between units is difficult to pinpoint, its irregular,
sharp nature suggests an erosional surface. Unfortunately, the absence of
4 ages in the upper unit prevents precise dating of this event. Whether

during the Little Ice Age (LIA), when GZG merged with Cedec glacier
(CdG) and reached ca 2680 m asl with its front, the paleolake was still
present or buried by the glacier, remains unknown. Historical docu-
ments indicate that the area was likely ice-covered by the GZG until
1931 (Fig. 1c) and lay close to the glacier front through the 1950s and
even the early 1960s. During this period of rapid glacial retreat, the
eastern part of the GZG was entirely buried by sediments, making it
likely that the coarse upper unit was deposited during this phase.

5.2. Paleoenvironmental conditions between 30,000 and 9000 cal BP

Through the different biotic and abiotic proxies analysed, we
tentatively reconstruct the different environmental conditions of the
lake. The continuous presence of Staurosirella venter, a strictly aquatic
species, indicates that the basin never fell completely dry once lacustrine
conditions were established. Other dominant diatoms can give more
details about the level of the water and of the edaphic conditions of the
paleolake. Our findings show that the core is dominated by fresh-
brackish water diatoms, particularly from the Staurosira genus. Most
of the taxa found in our samples are cosmopolitan, commonly present in
lake environments across middle to high latitudes in the Northern
Hemisphere, as documented by several studies (Blake Jr et al., 1992;
Cremer et al., 2001; Cremer and Wagner, 2004; Kienel and Kumke,
2002; Lotter and Biegler, 2000; Medvedeva et al., 2009; Smol et al.,
2005; Solovieva et al., 2008; Van Dam et al., 1994).

In terms of water level, the presence of Staurosira subsalina is
particularly noteworthy. This species, typically associated with shallow,
slightly saline environments, suggests that the lake was especially
shallow and enriched in salts, possibly as a result of higher temperatures.
Conversely, the prevalence of Staurosira construens, a species typically
associated with shallow, clear waters and lower salinity, points to less
warm climatic periods. Our data showed that from the base of the core
up to 81 cm (ca 30,000-13,700 cal BP) the assemblage is dominated by
Staurosira subsalina. Staurosira construens is absent and Staurosirella
venter greatly reduced, implying a long phase of extremely shallow,
warm water.

A more recent phase, between 48 and 51 cm depth, corresponding to
approximately 9300 to 9600 cal yr BP, is characterized by the domi-
nance of Staurosira subsalina, alongside the presence of both Staurosirella
venter and Staurosira construens. This assemblage could suggest that the
lake was less shallow and cooler compared to earlier phases.

Our macroremain-based reconstruction of the surrounding
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environment aligns with the observations of Carcaillet and Blarquez
(2017), who documented the presence of trees and shrubs around
nunataks, even above glacial surfaces, in the western French Alps,
although at a lower elevation (approximately 2200 m a.s.L.).

At Gran Zebru nunatak, near 700 m higher in elevation, the macro-
remains identified suggested the existence of some trees mixed with a
thermophilous shrub, as Juniperus nana, mainly in the upper core above
the 84 cm. In particular, they are more abundant between 84 and 78 cm,
66 and 63 cm and subordinately between 54 and 51 cm, that corre-
sponds respectively to 13,700-13,000, 11,500-11,000- and
10,000-9600 cal BP, respectively. It is also worth noting that that an
unidentified wood fragment was found at 90 cm, corresponding to
19,900-19,600 cal BP, in the middle of the Last Glacial Maximum. In
addition, the presence of charcoal between 81 and 75 c¢m, corresponding
to 13,500 and 12,600 cal BP, indicates the occurrence of natural fires in
this harsh periglacial environment.

The absence of macroremains between 84 cm and 88 cm aligns with
the abrupt shift in sedimentation observed in this interval, possibly
reflecting a period of increased water energy. The presence in the core
further suggests that fire events, whether natural or anthropogenic, may
have played a role in shaping the vegetation and sedimentation dy-
namics, as seen in other alpine lake records (Finsinger et al., 2006).

5.3. Chemical inferences on paleoclimatic evolution of the Gran Zebri
Nunatak

Additional insights into past environmental and climatic dynamics
are provided by the geochemical composition of the sediment core. A
strong positive correlation (r = 0.892) between carbonates (determined
via LOI) and the Ca/Ti ratio (determined via XRF) indicates a significant
input of calcium carbonate into the lake. Both Ca/Ti and carbonate
content show a progressive increase from the bottom to the top of the
core. An increase in the Ca/Ti ratio in alpine lacustrine or fluvial sedi-
ments may be consistent with warmer climatic conditions, although it
should not be interpreted as a direct or exclusive proxy for temperature
(Grygar and Popelka, 2016). Higher Ca/Ti values could reflect enhanced
carbonate production or precipitation, potentially linked to increased
biological activity or evaporation during warmer periods (Bliedtner
et al., 2021; Haberzettl et al., 2007;). The carbonate accumulation in the
sediment record may result from both detrital input from carbonate
bedrock in the catchment and authigenic precipitation within the lake.
The presence of limestone units in the surrounding area suggests that a
detrital contribution to Ca cannot be excluded. However, several lines of
evidence support a predominantly authigenic control on Ca/Ti vari-
ability: (i) Ca/Ti is not correlated with terrigenous indicators such as K/
Ti and Fe/Ti; (ii) Ca/Ti co-varies with inorganic carbon content, indi-
cating in situ carbonate accumulation. The Ca/Ti signal is primarily
expressed in PC2 (Fig. S1), which is independent from the main terrig-
enous component (PC1) and shows correspondence with hemispheric/
global paleotemperature records. These observations suggest that car-
bonate precipitation was mainly driven by lake-internal processes, likely
modulated by temperature-dependent productivity and/or carbonate
saturation, although episodic detrital inputs from carbonate lithologies
cannot be fully excluded. In our case, the decoupling observed between
IC and biological proxies in Fig. 5 may suggest that the higher Ca/Ti
values may be associated with enhanced carbonate precipitation, not
directly coupled with organic productivity indicators such as organic
matter content or pigment concentrations but probably primarily
controlled by physico-chemical conditions (e.g., temperature, alkalinity
and carbonate saturation, see Bliedtner et al., 2021; Haberzettl et al.,
2007), which may be indirectly influenced by biological activity but do
not require a synchronous increase in organic matter accumulation.

The Si/Ti ratio presents a more complex pattern. The lack of corre-
lation with total diatom abundance suggests that the silica input may be
only partially biogenic, and likely includes a significant allochthonous
siliciclastic component. Still, this record should be interpreted with
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caution. Previous studies (Flower, 1993; Ma et al., 2023) have shown
that the preservation of diatom frustules strongly depends on the
chemical conditions of the lake water, as frustules may partially dissolve
post-deposition, complicating its paleoenvironmental interpretation.

Interestingly, Fe and Mn display a clear negative correlation
throughout the core (r = —0.634). Being redox-sensitive elements, this
pattern indicates that their distributions are influenced by fluctuations
in redox conditions within the lake. Elevated Fe concentrations
(accompanied by lower Mn) suggest less oxygenated waters, consistent
with a shallow, thermally stratified lake under warmer conditions
(Naher et al., 2013). However, such changes may also reflect seasonal
variability, as Fe and Mn are especially responsive to summer redox
dynamics. In the GZN record, Fe and Mn show marked variability
throughout the core, likely capturing short-term summer climatic fluc-
tuations superimposed on a broader warming trend, as indicated by the
increasing Ca/Ti ratio.

Principal component analysis of the elemental ratios shows that the
first two components (PC1 (49%) and PC2 (21%) together explain
roughly 70% of the total variance (see Table S2). PC1 is dominated by
strong positive loadings of Fe/Ti (0.914) and K/Ti (0.855) and a strong
negative loading of Mn/Ti (—0.793), consistent with the Fe—Mn nega-
tive correlation previously observed (see Table S3). Core fluctuations in
PC1 (Fig. S2) may be interpreted as changes in lake-water oxygenation:
higher PC1 scores indicate more reducing (less oxygenated) conditions,
most evident at 54-61 cm and 71-76 c¢m, with local minima at 60-63
cm, 68-71 cm, and 87-91 cm. Therefore, PC1 may capture short-term,
site-specific hydroclimatic variability.

PC2, which accounts for 21% of the variance, is characterized by a
strong positive loading for Ca/Ti (0.921) and a moderate negative
loading for Si/Ti (—0.364). The PC2 profile (Fig. 8) closely mirrors the
temperature reconstructions of Davtian and Bard (2023) based on
Greenland ice cores (GISP2 (9000-10,000 cal BP) and NGRIP
(10,000-30,000 cal BP)) and aligns well with the records of Kindler et al.
(2014) and Kobashi et al. (2017). Higher PC2 values coincide with
warmer intervals, a correspondence that is evident at least since
~26,700 cal BP and further supported by parallel changes in diatom
assemblages and woody macro-remain abundance.

Although the age-depth model assumes linear sedimentation in two
core segments and thus carries some uncertainty, the strong agreement
between PC2 and hemispheric/global temperature records enforces the
chronology. We infer that PC2 records a broader regional climate signal,
superimposed on the finer-scale, localized fluctuations captured by PC1.

5.4. Why a nunatak can provide more favourable climatic conditions?

The paleoclimatic signal from the site investigated in this paper can
be explained by the nunatak unique micro climate: the rock is sheltered
from wind and, more crucially, receives solar incoming radiation that is
repeatedly reflected by the surrounding ice. On Antarctic nunataks, the
surface ground temperature can be up to 25 °C higher than air tem-
perature, and normally 15 °C higher in summer, creating hotspots of
microbial diversity (Harris and Tibbles, 1997). In addition to the
nunatak effect itself, we must also consider that south-facing slope re-
ceives greater solar radiation, which can raise soil temperature by more
than 8 °C for several hours per day in summer season, with a mean
summer surface temperature 2-4 °C higher than air (Scherrer and
Korner, 2010). Therefore, if we account for the nunatak effect, we can
reasonably expect the ground-surface temperature in summer to be at
least 10 °C higher than the air temperature.

6. Conclusion

In this paper, we provided evidence, through a multiproxy approach,
that a “cryptic refugium” or better a “nunatak refugium” according to
Holderegger and Thiel-Egenter (2008) with warm ground surface and
freshwater lake in the inner central European alps existed during the



M. Guglielmin et al.

Catena 269 (2026) 110032

-10 3,0
85 16500 20500 22500 24500 26500 28500 30300
-15
20
-20
1,0
-25
=
E -30 0,0 5.
= 3]
o
|
-35
-1,0
-40 =
2,0
-45
-50 = 3,0

Age (years Cal BP)

Fig. 8. Paleotemperature reconstruction according to Davtian and Bard (2023) based on Greenland ice core isotopes (green line) and PC2 of chemical composition of
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sedimentation in which a quite strong weathering of the debris flows material suffered probably in the warmer period around 14,600 and 13,900 cal BP. (For
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Last Glacial Maximum, also favored by the effect of the surrounding ice
and the south-facing slope.

Plant macroremains indicate the presence of trees and shrub species,
such as Larix decidua and Juniperus nana, suggesting that warmer periods
allowed the persistence of this cryptic refugium at high altitude,
particularly between 13,700-13,000, 11,500-11,000 and 10,000-9600
cal BP. During these periods, glaciers flowed along the valley floor and
surrounded the nunatak. Weathering of the deposits dated between
18,500 and 13,700 cal BP suggests the continued existence of the refu-
gium at GZN. Even earlier, from 30,000 cal BP to 13,700 cal BP, the
dominance of Staurosira subsalina indicates the presence of a very
shallow and relatively warm lake. Furthermore, the recovery of an un-
identified wood fragment during the middle of the Last Glacial
Maximum (19,900-19,600 cal BP), supports the persistence of cryptic-
refugium conditions.

The use of XRF analyses with the other biological proxies allowed the
reconstruction of the local paleoclimate of the area through the PC2
profile (Fig. 8) that closely mirrors the regional temperature re-
constructions of Davtian and Bard (2023). Periods characterized by
higher PC2 values coincide with warmer intervals, at least since
~26,700 cal BP, and are further supported by parallel changes in diatom
assemblages and the abundance of woody macroremains.
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