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Abstract

A Schmidt hammer was applied for relative-age dating to 48 sites in 5 different massifs
of the Cantabrian Mountains (NW Spain). The sample included glacial (moraines,
erratics, and polished bedrock) and periglacial (rock glaciers, blockfields, and talus
slopes) sites from the last glaciation to the present in different geomorphological
contexts. The rebound (R) values agree with the morphostratigraphic reconstructions,
showing progressively lower values for older deposits. Six stages from the Last Glacial
Maximum to the present are inferred. The results differ according to the lithology: i) the
quartzites showed higher R-values and very low weathering rates; ii) the granodiorites
showed larger differences in R-values reflecting clearly age differences; iii) sandstones
appear to be unsuitable for Schmidt hammer measurements in some areas; however,
quartzite sandstones provide better results. The rock glaciers formed in different periods
after deglaciation (i.e. just after the Last Glacial Maximum, Bolling/Allergd, Holocene),

indicate a paraglacial dependence rather than climate-driven landforms. The sampled



blockfields stabilized after the (almost) total deglaciation of the cirques, but their origin
and significance in this mountainous area remain poorly understood.
Key words: Schmidt hammer; Deglaciation; Rock glaciers; Blockfields; Cantabrian

Mountains

1. Introduction

A Schmidt hammer is an instrument that measure the uniaxial compressive strength (in
MPa/Nmm?) of a surface, giving a rebound (R) value between 0 and 100 that could be
used to assess rock hardness. Exposed rock surfaces progressively exhibit lower R-
values as weathering increases, allowing these values to be used for relative age dating
(Goudie, 2006). The use of Schmidt hammer in geomorphology has increased in recent
years and detailed descriptions about different types and applications could be found in

the work of Matthews and Winkler (2022).

Specifically, the Schmidt hammer has been used to reconstruct glacier evolution and
deglaciation, mainly from the Holocene (Evans et al., 1999; Winkler et al., 2003;
Winkler, 2005; Shakesby et al., 2004, 2006, 2011; Ffoulkes and Harrison, 2014;
Matthews et al., 2014; Tanarro et al., 2021), but also from the Younger Dryas
(Anderson et al., 1998; Ballantyne, 1997; Hughes et al., 2019; Matthews et al., 2023) or
from earlier in the Last Glacial Period (McCarroll and Nesje, 1993; Rae et al., 2004,
Engel, 2007; Cerna and Engel, 2011; Klapyta, 2013; Tomkins et al., 2016, 2018b,
2018a; de Marcos et al., 2022; Tonkin, 2022). For granite surfaces, the maximum age
range could be around 50 ka (Tomkins et al., 2018a), but could be even greater for areas

with different lithologies or weathering rates (Matthews and Winkler, 2022).



Periglacial deposits are difficult to date (Rode and Kellerer-Pirklbauer, 2012) and are
often associated with long periods of activity. Due to the homogenous lithology
common in coarse periglacial deposits, the Schmidt hammer has been used for dating
such deposits (Clark and Wilson, 2004; Wilson and Matthews, 2016; Wilson et al., 2017;
Marr et al., 2022), including rock glaciers and protalus ramparts (Shakesby et al., 1987;
Aoyama, 2005; Frauenfelder et al., 2005; Kellerer-Pirklbauer et al., 2008; Bohlert et al.,
2011; Rode and Kellerer-Pirklbauer, 2012; Ktapyta, 2013; Matthews et al., 2013;
Scapozza et al., 2014, 2021; Winkler and Lambiel, 2018; Nesje et al., 2021; de Marcos

et al., 2022; Santos-Gonzalez et al., 2022a).

In combination with other dating methods (i.e. cosmic ray exposure, CRE ages), it is
possible to use control boulders of known ages to perform Schmidt hammer exposure—
age (SHD or SHED) dating using a calibration curve (i.e. Shakesby et al., 2011;
Matthews et al., 2015; Tomkins et al., 2016, 2018a, 2018b; Wilson and Matthews, 2016;
Winkler and Lambiel, 2018; Marr et al., 2019; Wilson et al., 2019a, 2019b; Linge et al.,
2020; Winkler et al., 2020; Matthews et al., 2023). This method has been recently

extensively reviewed by Matthews and Winkler (2022).

Due to some advances in comparison with other techniques (including lower cost and
rapid results), the Schmidt hammer is increasingly used for glacial and periglacial
Quaternary research. However, important limitations to Schmidt hammer use remain,
particularly that comparisons between samples are only possible when lithology is the
same and weathering rates are similar (Kellerer-Pirklbauer et al., 2008; Matthews et al.,
2013; Tomkins et al., 2016; Matthews and Winkler, 2022), which makes regional

comparisons challenging.

The sampling strategy using Schmidt-hammer has been also a relevant topic. One of the

main opportunities of this technique is that it is possible to test a larger number of



boulders than with other procedures (i.e. cosmogenic dating) without a cost increment.
Due to that, several boulders are usually sampled. This seems to reduce uncertainties as
many boulders are sampled, but is necessary to i) take consistent and comparable
sampling in each study area and ii) minimise non-age-related influences on R-values
(Matthews and Winkler, 2022). In that sense, it is important to choose only boulders
that could reflect the deposition age, not the age of post-depositional processes. Because
of that, some authors discarded potentially unrepresentative impacts (i.e. Kellerer-
Pirklbauer et al., 2008; Ktapyta, 2013; Ffoulkes and Harrison, 2014; Tomkins et al.,
2016). Also, the number of boulders without signs of being affected by post-
depositional processes available could be a limitation in some cases. So, different
strategies could be found, including a single impact in a large number of boulders (i.e.
Matthews et al., 2014; 2015) or multiple impacts per boulder, usually when scarce
boulders are available (i.e. Matthews et al., 2013; Nesje et al., 2021). Therefore,
different study cases would require different case-related solutions (Matthews and

Winkler, 2022).

During Last Glaciations, extensive ice sheets covered northern Europe, while in the
Mediterranean area smaller glaciers covered mountainous areas (Hughes and
Woodward, 2008). The chronology of the maximum glacial extension in the
Mediterranean mountains remains in debate, but in some areas an earlier maximum than
in the ice sheet occurred (Garcia-Ruiz et al., 2003; Hughes, 2022). The rapid response
of these glaciers to climate changes makes the study of glaciation specially relevant and
is important to correlate marine and continental proxies to understand past circulation

pattern.

The Cantabrian Mountains (NW Spain) range was glaciated during the Quaternary and

shows well-developed glacial and periglacial landforms; however, chronological data



are scarce (Jiménez-Sanchez et al., 2022; Pellitero, 2022; Pérez-Alberti and Valcarcel,
2022; Ruiz-Fernéndez et al., 2022a, 2022b; Santos-Gonzélez et al., 2022b; Serrano et al.,
2022a, 2022b). Therefore, main glacial stages and the significance and formation of
periglacial landforms, such as rock glaciers and blockfields, and their relation to the
deglaciation process, are still poorly understood. Schmidt hammer can significantly help

to better understand the geomorphological evolution of this area.

In this context, the objectives of this work are to:

) Apply the Schmidt hammer to five different massifs in a geologically complex

area to explore possible method limitations.
i) Identify different glacial stages from the last glaciation.

iii)  Analyse whether rock glaciers formed during the same cold stage (climate-

related) or during different stages following the deglaciation process (paraglacial origin).

iv) Study the relative chronology of blockfields and other periglacial deposits, such

as talus slopes.

2. Study area

The Cantabrian Mountains are in northwestern Spain, running parallel to the Cantabrian
Sea, located only 25-80 km north of the main summits, and reaching 2000-2648 m a.s.l.
(Fig. 1). This mountain range presents great geological diversity. In the west,
Palaeozoic and Precambrian siliceous materials are dominant, including slate, quartzite,
and sandstone. In the central and eastern parts, Paleozoic lutite, sandstone, and
quartzarenite sandstone alternate with limestone and dolomite with complex geological

structures, including overthrusts. Montes de Leo6n is located 50 km southwest of the



Cantabrian Mountains and shows similar characteristics to those of the western sector of

the range.

Glacial (Santos-Gonzalez et al., 2013, 2022b; Serrano et al., 2015, 2017, 2022a, 2022b;
Jiménez-Sanchez et al., 2022; Pellitero, 2022; Pérez-Alberti and Valcarcel, 2022;
Redondo-Vega et al., 2022; Ruiz-Fernandez et al.,, 2016, 2022b) and periglacial
(Redondo-Vega et al., 2010; Gémez-Villar et al., 2011; Pellitero et al., 2011; Pisabarro
et al., 2017; Gonzalez-Gutiérrez et al., 2019) landforms are widely distributed along the
range, with small ice patches from the Little Ice Age (LIA) remaining in the highest
areas (Serrano et al., 2018; Ruiz-Fernandez et al., 2022a). Maximum glacial extension
probably occurred prior to the Last Glacial Maximum (LGM), as indicated by
chronological data in this range (Jalut et al., 2010; Moreno et al., 2010; Serrano et al.,
2012, 2013; Frochoso et al., 2013; Ruiz-Fernandez et al., 2016; Rodriguez-Rodriguez et
al., 2017, 2018), when the Equilibrium Line Altitude (ELA) was between 1000-1800 m
a.s.l., depending on the different massifs (Santos-Gonzélez et al., 2013). Previous
glaciations could also have occurred during Marine Isotope Stage (MIS) 5d and MIS 3,

according to Rodriguez-Rodriguez et al. (2018).

FIGURE 1

Four massifs were selected on the southern slopes of the Cantabrian Mountains
(Valdeprado, Arcos del Agua, San Isidro, and Pefia Prieta), and one additional massif

was selected in Montes de Ledn (Vizcodillo) (Fig. 1).

Valdeprado comprises Cambrian and Lower Ordovician quartzite, sandstone, and slate

(Cabos Series). This valley was part of the Sil Glacier Complex, the largest in the



Cantabrian Mountains (Santos-Gonzalez et al., 2013, 2022b). Chronological data from
the upper part of the basin indicate a glacial maximum prior to the LGM, probably
before 35 ka (Jalut et al., 2010). The area analysed is located toward the headwaters of
Busmor Valley, a tributary valley of Valdeprado, where two rock glaciers at different
altitudes are present (Alonso, 1989; Alonso and Trombotto Liaudat, 2009; Redondo-
Vega et al.,, 2010; Gomez-Villar et al., 2011; Santos-Gonzalez, 2011; Gonzalez-
Gutiérrez et al., 2019). There are no chronological data, but another rock glacier and a
debris avalanche located in the upper Sil basin (Muxivén peak) indicate that these
deposits were formed during the deglaciation of the Bglling-Allered interstadial

(Santos-Gonzélez et al., 2022a).

The Arcos del Agua massif is located in the southwesternmost part of the range. During
the local LGM, a glacial tongue over 15 km long occupied the main Valle Gordo Valley
(Garcia de Celis and Martinez-Fernandez, 2002; Santos-Gonzalez et al., 2022b), but no
clear moraines related to this stage have been identified. This study focuses on two
glacial cirques on the northern slopes of Pefia Cefera (2011 m a.s.l.) and Arcos del Agua
(2063 m a.s.l.), as well as on the summit. The lithology is the same as that of
Valdeprado, with the main periglacial deposits composed of quartzite from the Cabos
Series. Some rock glaciers exist in this area at different altitudes (Garcia de Celis, 1991;
Redondo-Vega et al., 2010; Gomez-Villar et al., 2011a). In the cirque, small moraines
surround closed depressions with ponds. Extensive blockfields exist at the summit and

connect with large debris slopes (Garcia de Celis, 2002).

San Isidro is in the central part of the Cantabrian Mountains. The area was occupied by
a small icefield that generated a glacier over 16 km long (Rodriguez-Rodriguez et al.,
2016, 2018) and left a notable imprint in the relief (Danis-Alvarez and Santos-Gonzalez,

2017). The glacial maximum has been dated in the frontal area, where some large



erratics are present (Redondo-Vega et al., 2014), indicating the possibility of at least
three glacial cycles (Rodriguez-Rodriguez et al., 2016, 2018). During glacial retreat,
many rock glaciers were generated in glacial cirques (Rodriguez Pérez, 1995; Gomez-
Villar et al., 2011; Gonzélez-Gutiérrez et al., 2019; Rodriguez et al., 2022). One of these
rock glaciers was dated by Rodriguez-Rodriguez et al. (2016), indicating an age of

15.2-16.3 ka for its stabilisation and 17.4-18.8 ka for deglaciation.

To the east, the Pefia Prieta Massif (2539 m a.s.l.) is one of the highest in this range and
contains abundant glacial and periglacial deposits (Pellitero, 2022). The local LGM
occurred before 35 ka (Serrano et al., 2013), but the main lower moraines are related to
the LGM (Pellitero et al., 2019). Other upper moraines are probably related to the
Oldest Dryas (Pellitero et al., 2019). Small-rock glaciers are present in the highest
cirques (Redondo-Vega et al., 2010; Gomez-Villar et al., 2011; Pellitero, 2014), but no
chronological data exist. Periglacial landforms are widespread in the uppermost areas
(Pisabarro et al., 2017) and the thermal regime of the uppermost rock glacier (in the
Hoyo Empedrado upper valley) indicates that permafrost may be present in this area
(Meldn-Nava et al., 2022), so it could be an intact rock glacier rather than a relict

glacier.

The Vizcodillo massif hosts most of the best-preserved glacial landforms in the Montes
de Ledn area (Stickel, 1929; Schmitz, 1969; Redondo-Vega et al., 2002b, 2022). This
area has greater summer aridity than the massifs located in the Cantabrian Mountains.
Three main moraine stages have been observed in this massif (Redondo-Vega et al.,
2022), but no chronological data are available. Periglacial landforms appear in the upper
part of the massif, including blockfields and ploughing boulders (Santos-Gonzéalez et al.,

2016).



3. Methods

3.1. Schmidt-hammer procedures and sampling strategy

The electronic Proceq® Rock Schmidt hammer (Type N) was used, with an impact
energy of 2.207 Nm. The instrument was new for this work and calibrated manually

using a test anvil.

For a successful performance of the study, areas with preserved glacial and periglacial
landforms related to different geomorphological stages and with lithological

homogeneity were selected. For this purpose, the following criteria were used:

- Deglaciated areas with enough boulders available for sampling. For this reason,
massifs composed of shale or slate could not be sampled due to the low number
and small size of boulders. The calcareous massifs were also rejected because of
their remarkable karstic features after deglaciation and rock micro-topography.
Sandstone shows remarkable weathering features and poorly preserved
landforms. Therefore, only quartzite, quartzarenite sandstone and granodiorite
massifs were sampled.

- Areas where relict rock glaciers are located at different altitudes and past glacial
environments: Valdeprado, Arcos del Agua, San Isidro, and Pefia Prieta.

- Massifs with clear moraine ridges that are representative of different glacial
stages: Vizcodillo and Pefia Prieta.

- Areas with blockfields and adjacent glacial and periglacial deposits to compare
relative ages: Vizcodillo and Arcos del Agua.

Several sample selection procedures were performed during sampling. Although fewer
boulders than usual were sampled, the two golden rules defined by Matthews and

Winkler (2022) were considered: (1) consistent and comparable sampling and



measurement must be followed for all sites within a particular study; and (2) the chosen
strategy needs to be adapted to local conditions in order to minimise non-age-related
influences on R-values and hence potential dating errors. These procedures were the

same than in the work of Santos-Gonzélez et al. (2022a).

- The same lithology was always chosen at each site, including mainly Ordovician
quartzite (Valdeprado, Arcos del Agua, Muxivén), quartzarenite sandstone (San
Isidro), and granodiorite (Pefia Prieta).

- In moraines and rock glaciers, only stable boulders in ridges were selected (except
in HP-09 where one furrow were sampled for comparison), in order to reduce the
possible influence of the longer persistence of snow in furrows on R-values
(Winkler and Lambiel, 2018). For erratics, only boulders over 1 m high were
sampled. In blockfields and talus slopes, stable boulders in representative sections
of the deposits were selected. In the rock outcrop and the polished bedrock,
representative well-preserved sections of the sites were selected. The objective was
to search sites that had not been affected by post-depositional processes.

- Only boulders over 50 cm in length (preferably 1 m) located in stable and
prominent locations were selected, in order to avoid sampling boulders that may
had been exhumed by erosion and to ensure that only subaerial erosion have
occurred.

- Due to boulder limitations in some sites (mainly moraines and erratics), only six
boulders were selected at each landform, except for sample HP-01, where only four
boulders could be sampled, and sample VI-06, which was a polished threshold in
the cirque where 40 impacts were performed. A total of 72-120 impacts per site
(600-1440 per massif) were performed, varying between 20 impacts per boulder

(Arcos del Agua, Valdeprado and Vizcodillo) and 12 impacts per boulder (San



Isidro and Pefia Prieta). Outliers were not removed, but clearly anomalous readings
(i.e. where non-visible cracks occurred) were. The sample selection procedures
were similar to those for cosmogenic dating, seeking high-quality data instead of
sampling multiple boulders with possible differences in geomorphological
evolution, although losing an advantage of this method, such as the possibility of
sampling a large number of boulders, especially in periglacial deposits.

- For each boulder, the impacts were restricted to flat and smooth surfaces, without
visible cracks or weaknesses, and in lichen-free areas (Guglielmin et al., 2012).

- All data from each massif were collected on the same day, during sunny summer

days and performed by the same person.

3.2. Sampling sites

A total of 4600 R-values were obtained from 48 sample sites in the five selected massifs
(Table 1). Note that in each massif, not all the glacial / periglacial stages could be

sampled, as some of them do not show suitable boulders for sampling.

TABLE 1

In Arcos del Agua, the following main glacial and periglacial landforms of the Pefa

Cefera and Arcos del Agua cirques (composed of quartzite) were selected:

- The Pefia Cefera rock glacier, which is one of the longest in the Cantabrian

Mountains (Garcia de Celis, 1991; Redondo-Vega et al., 2010; Gomez-Villar et



al., 2011) and is one of the few rock glaciers that occurs outside a glacial cirque.
Three sampling points were selected in the lower (AR-01) and central (AR-02
and AR-03) parts of the rock glacier at altitudes of 1600-1700 m a.s.l. The upper
part was covered by talus slopes, where four measurements were taken in a
debris cone (AR-04), a talus slope at the base of the cirque (AR-05), a recent
(<10 years according previous field work) small debris fall composed of lichen-
free boulders (AR-06), and the highest part of the talus slope (AR-07). All were
located between 1750 and 1830 m a.s.l.

- Outside of the glacial cirques, on the southern side of the range are quartzite
blockfields and talus slopes (Garcia de Celis, 2002). Two samples were
collected very close to the Pefia Cefera peak (AR-08 and AR-09) at an altitude
of approximately 2000 m a.s.l.

- In the Arcos del Agua cirque, Schmidt hammer measurements were performed
in a small lobate rock glacier (AR-10), a small tongue-shaped rock glacier (AR-
11), and a moraine (AR-12), all of which were located at an altitude of
approximately 1900 m a.s.l.

In Valdeprado, two different rock glaciers composed of quartzite were sampled on the
northern slope of the EI Miro peak (1985 m a.s.l.), with the frontal parts located at 1720
m a.s.l. (in a glacial cirque) and 1545 m a.s.l. (over a glacial trough). The lower part
shows some dense vegetation cover. Two samples were taken from two ridges (VP-01
and VP-02) and two other measurements were taken from two areas of the upper ridge
(VP-04 and VP-05). The talus slope supplying the lower rock glacier (VP-03) was also

sampled.

Nine sampling sites composed of quartzite were selected in Vizcodillo (Table 1). Two

of these are related to the local LGM (Redondo-Vega et al., 2002b; 2022) (VI-01 and



VI-02). Two other samples were collected from the moraines that enclosed Lake
Truchillas: one from the external moraine (VI1-03) and the other from the internal
moraine (VI1-04). Two other samples were collected from a talus slope near the lake
(V1-05) and on a polished bedrock in the upper part (VI1-06). Three other samples were
collected from the summit blockfields around the Vizcodillo peak (VI-07, VI-08, and

VI-09).

In San Isidro, two rock glaciers were selected. The first was located SE of Lake Ausente
in a glacial cirque, where a rock glacier composed of quartzarenite sandstone exhibit
well-preserved furrow and ridge morphology. Its limits are well-defined and show a
high front over the limestone outcrops. Three samples were collected from the lateral
part (AU-01), a ridge in the inner part (AU-02), and the frontal part (AU-03).
Chronological data exist for another rock glacier located immediately to the north
(Rodriguez-Rodriguez et al., 2016), but no Schmidt hammer measurements were
performed because of the high degree of sandstone weathering. The other rock glacier is
located very close to the San Isidro ski resort and has been affected by a gravel pit that
has dismantled its right lateral part. In this area, seven samples were collected: six on
ridges along the rock glacier and one on the talus slope that supplied the rock glacier

(S1-01 to SI-07).

In Pefia Prieta, twelve sites composed of granodiorite were sampled. The lowest one
(HP-01) include four erratic boulders in a difluence pass between Hoyo Empedrado and
Naranco valleys. Another two samples were collected from the moraines that enclosed
the Hoyo Empedrado pond (HP-02 and HP-03). In the cirque, two small rock glaciers,
including their ridges (HP-05 and HP-08), frontal parts (HP-04) and furrows (HP-09),
and their talus slopes supply areas (HP-06, HP-07, HP-10 and HP-11) were sampled. A

rock outcrop of the cirque walls was also sampled (HP-12).



3.3. Geomorphological mapping and Statistics

The primary glacial and periglacial deposits of the five massifs were mapped based on
fieldwork, orthophotos, and previous studies. Detailed geomorphological maps of the
five areas were constructed using the ArcGIS Pro software. Unmanned aerial vehicle
(UAV) was also used to obtain images and enhance geomorphological maps in all the

study areas.

The Schmidt hammer rebound values were processed using Rstudio version 4.3.1. (R
Core Team, 2022). For each location descriptive statistics, such as mean values,
medians, standard deviation (SD) and 95% confidence intervals (CI) for the mean of the
samples were calculated. Additionally, a boxplot representation was created using the
ggplot library (Wickham, 2016) to display the R-values for each site, with labels

indicating the location, lithology, and age dating information for some samples.

A Kruskal-Wallis test was performed, revealing a significant difference among the
lithological groups (quartzite, quartzarenite sandstone, and granodiorite) with a p-value
of 6.348e-08. Subsequently, pairwise comparisons were conducted using the Wilcoxon
rank-sum exact test with Bonferroni correction. These pairwise comparisons identified
statistically significant differences between all lithological groups, with the most
significant differences observed between quartzites and granodiorites. Consequently, a
density plot was created using the ggdensity library (Otto and Kahle, 2023) to visualize

differences between site means and standard deviations based on lithology.

4. Results



Over 4600 R-values obtained for the 48 sample sites of the five massifs analysed are
summarised in Table 2 and shown in Fig. 2. Another 780 R-values obtained in a
previous study in the Muxivén area (Santos-Gonzalez et al., 2022a) are included for

comparison in Fig. 2.

TABLE 2

FIGURE 2

The data show small differences in the mean and median R-values. The SD range
between 2.0 and 12.8, with higher values in Pefia Prieta and San Isidro, and lower

values for quartzites. The Cl also increased in the former areas compared with the latter.

Detailed data for each massif, including geomorphological maps and site overviews, are

presented in the following subsections.

4.1. Arcos del Agua

The mean R-value data show clear differences between the sampled landforms and SD

values from 2.4 to 5.2 (Fig. 3, Fig. 4).

- Lower values in the tongue-shaped rock glacier, ranging between 70.7 in the
frontal part, and 72.0 and 71.7 in the central part.
- The moraine that encloses the Arcos del Agua pond gives R-values of 73.1,

slightly lower than the values for the rock glacier located in the cirque (74.0), the



debris cone that cover the tongue-shaped rock glacier (74.4), and the lobate rock
glacier (75.0).

- The two sampled blockfields in the summit area show R-values from 74.9 to
76.8.

- Talus slopes in the Pefia Cefera cirque present R-values that increase from 76.2
at the cirque floor to 77.4 at the highest part of the cirque. A recent (<10 years)

rockfall deposit near the cirque bottom has R-values of 78.0.

FIGURE 3

FIGURE 4

4.2. Valdeprado

Two rock glaciers were sampled in the upper part of Busmor Valley (Fig. 5). The results
show significant differences between the lower and upper rock glaciers. In the lower
rock glacier, the values ranged between 65.8 and 69.2, while in the upper rock glacier,
values ranged between 74.4 and 75.5. A talus slope showing recent activity was also
sampled and presented an R-value of 76.6. SD ranged from 2.5 to 6.8, with higher

values in the lower rock glacier.

The vegetation cover of the two rock glaciers is also noticeable. The lower part clearly
shows denser vegetation cover than the upper part, where vegetation covers only the

front part of the rock glacier (Fig. 6).

FIGURE 5



FIGURE 6

4.3. Vizcodillo

In the Vizcodillo massif, different glacial and periglacial landforms were sampled,

revealing some differences between the sampled sites (Fig. 7, Fig. 8):

The lower moraines of the Millin and Del Lago valleys showed similar values of

73.9 and 74.1, respectively.

- The moraines that enclosed Lake Truchillas exhibited different values. The
external moraine had mean R-values of 75.2 and the internal had R-values of
76.8.

- Atalus slope in the lake margin provided a slightly higher value (77.3).

- A polished threshold at the top of the cirque also showed a value similar to the
talus slope (77.5).

- The samples in the blockfields located near Vizcodillo peak ranged between

78.8 and 79.6.

SD values were low, ranging between 2.0 and 4.3.

FIGURE 7

FIGURE 8



4.4. San lsidro

The sampled sites and mean R-values in the San Isidro area are shown in Fig. 9 and Fig.
10. The rock glacier located near the San Isidro ski resort presented very similar mean
values throughout its surface ranging from 73.0 to 74.3. The talus slope sampled

immediately south of the rock glacier exhibited similar values.

In contrast, greater differences were observed in the Ausente rock glacier, which is
composed of more intensely weathered quartzarenite sandstone. In this case, the two
ridges at the frontal part of the rock glacier gave mean R-values of 67.6 and 69.9. The
lateral ridge of the rock glacier showed a lower value (63.3). In any case, mean SD was
high (8.0) in the Ausente rock glacier, and greater than for the Cebolledo rock glacier

(4.3).

FIGURE 9

FIGURE 10

4.5. Pefia Prieta

The R-values in Pefia Prieta showed greater differences than in other massifs, and also

higher SD values (mean: 8.0) (Fig. 11 and Fig. 12):

- Four erratic boulders located in a difluence pass from the Hoyo Empedrado

valley indicated an R-value of 37.0.



- The moraines that enclosed the Hoyo Empedrado Pond gave mean R-values of
52.9 and 57.3.

- Two small lobate rock glaciers in the upper part of the cirque showed R-values
of 61.0 for the front of the lower rock glacier, 65.6 and 67.2 in the frontal ridge
of the lower and upper rock glacier, respectively, and 69.1 in the furrow of the
upper rock glacier.

- The talus slopes that supplied debris to the rock glaciers showed R-values
ranging from 67.1 and 67.9 for the lower slopes, and 69.2 to 70.4 in the upper
slopes.

In the rock wall located in the upper part of the cirque, an R-value of 67.8 was

obtained.

FIGURE 11

FIGURE 12

5. Interpretation and Discussion

5.1. Geomorphological evolution and probable chronology

The R-value data showed significant differences related to lithology and deposit age.
Although the SD values generate uncertainty and more chronological data are needed,
the R-values show a geomorphological evolutionary sequence in each massif, which
allows several stages to be established. These phases are relatively similar between

massifs, so it is possible to correlate them with each other. Moreover, they can be



related to the known chronological evolution of some massifs in the Cantabrian
Mountains and elsewhere in the Iberian Peninsula, establishing a tentative chronology

for all the sites sampled (Fig. 13).

FIGURE 13

Stage 1) The most external deposits analyzed are the lower moraine of Vizcodillo and
some erratics in Pefia Prieta. The R-value data differed notably for the quartzite
boulders from Vizcodillo (73.8 and 74.1) than for the granodiorite boulders from Pefia
Prieta (37.0); however, both cases showed the lowest values in their respective study
areas (Fig. 13). In Pefia Prieta, two erratic boulders in the same location were sampled
by Pellitero et al. (2019) using °Be exposure dating, obtaining 15.7 and 20.0 ka, so it
was not clear if they were related to the LGM or to the Oldest Dryas. In other massifs,
such as Arcos del Agua and Valdeprado, moraines of the local LGM are very scarce or
non-existent because of the unfavourable topographic conditions for their deposition
and preservation (Santos-Gonzalez et al., 2018). Although previous glacial stages
probably occurred in the Cantabrian Mountains (Rodriguez-Rodriguez et al., 2016,
2018), the local LGM probably occurred prior to the LGM at approximately 35 ka (Jalut
et al., 2010; Moreno et al., 2010; Frochoso et al., 2013; Serrano et al., 2012, 2013;
Rodriguez-Rodriguez et al., 2017, 2018). In many massifs, moraines probably reached
similar positions during the LGM; however, data on these periods remains scarce
(Pellitero, 2022; Rodriguez-Rodriguez et al., 2022; Santos-Gonzalez et al., 2022b).

Given the R-values and geomorphological context, the external deposits sampled in this



work were probably deposited during the LGM, but could also be related to previous

advances.

Stage 2) After the LGM, glaciers retreated to the highest areas. During this recession,
the lower rock glaciers of Valdeprado and Arcos del Agua likely formed. The data in
both areas clearly indicate lower values for these rock glaciers than for the upper ones,
and also lower values for the moraine in the Arcos del Agua cirque (Fig. 13). This stage
should occur after the deglaciation of the main valleys, which usually occurred after the
LGM (Serrano et al., 2015, 2022a, 2022b; Jiménez-Sanchez et al., 2022; Pellitero, 2022;
Pérez-Alberti and Valcarcel, 2022; Redondo-Vega et al., 2022; Ruiz-Fernandez et al.,
2022b; Santos-Gonzalez et al., 2022b), and before the moraines in the cirques, because
the R-values of these rock glaciers show intermediate values. So, these rock glaciers
probably occur just after the LGM, only where topographic conditions were favourable

for the genesis of rock glaciers.

Stage 3) The R-value data in the moraines in the Arcos del Agua and Vizcodillo cirques
(AR-12, VI-03, and VI1-04) and those that enclosed Hoyo Empedrado Pond (HP-02 and
HP-03, Pefia Prieta massif), show an intermediate stage with glaciers restricted to
cirques (Arcos del Agua and Vizcodillo) or generating small tongues in the highest
areas (Pefia Prieta). These moraines likely formed during the Oldest Dryas, when
glaciers were usually restricted to cirques in the Cantabrian Mountains (Oliva et al.,
2023a). In San Isidro, the glaciers retreated strongly at 17.7 ka (Rodriguez-Rodriguez et
al., 2016, 2018), but the extension during the Oldest Dryas has not been reconstructed

and no moraines of this area were sampled in this work.

Stage 4) R-values in the upper rock glaciers of Arcos del Agua and Valdeprado indicate
that they stabilized slightly later than the formation of earlier moraines. The large

contributions of debris necessary to form the rock glaciers are indicative of extensive



deglaciation of the cirque walls, which favoured paraglacial dynamics. This process
occurred during the Bglling—Allerad warming when glaciers disappeared in many
massifs or became restricted to the uppermost areas (Oliva et al., 2023a). During this
retreat, the conditions were favourable for permafrost occurrence and for intense
paraglacial dynamics, as the cirque walls supplied high quantities of debris over glacier
remnants. In the Muxivén area, a rock avalanche formed and contributed to formation of
rock glaciers and a debris avalanche, which stabilized at 14-13.5 ka (Santos-Gonzélez
et al., 2022a). Similar processes have been shown for rock glaciers in San Isidro
(Rodriguez-Rodriguez et al., 2016) and Redes (Rodriguez-Rodriguez et al., 2017),
where the upper rock glaciers stabilised slightly later than the lower ones. So, during
this period, the rock glaciers of San Isidro (AU, Sl) and the upper rock glaciers of Arcos
del Agua (AR-10, AR-11) and Valdeprado (VP-04, VP-05) likely formed and stabilised,
as probably occurred for most of the rock glaciers in the Cantabrian Mountains. The

lower talus slopes probably also stabilized during this period.

Stage 5) In Vizcodillo, the internal moraine of Lake Truchillas had a higher R-value
than the external one, which indicates that they could be formed in different glacial
stages, although R-value differences are small and in the range of SD. This stage, only
observed in this massif, could have formed during the Younger Dryas, a period in which
small glaciers could have occurred, but no chronological data exist for NW Spain (Oliva
et al., 2023b). In any case, the data is insufficient to have a clear view, and it could also

be related to other periods, as the Bglling—Allergd.

Stage 6) In cirques, talus slopes show higher R-values than moraines and rock glaciers,
indicating that they were subsequently stabilized. In some favourable areas, some
dynamics still persist (AR-06). These talus slopes are common in all areas and have

been sampled in Arcos del Agua, Valdeprado, Vizcodillo and San Isidro. They are also



common in most of the mountain range and were frequently formed during deglaciation
(i.e. Ruiz-Fernédndez et al., 2016), although there are few detailed studies on them (i.e.
Pefia-Pérez, 2021). The high R-values in the upper part of the Vizcodillo cirque (V1-06)

may also indicate glacial activity close to the Holocene.

The R-values of the blockfields in Arcos del Agua and Vizcodillo indicate that many of
them were also active after cirque deglaciation. Some of them show very high R-values
and probably stabilized during the LIA, but others could only be active during other

previous cold periods of the Holocene.

In Pefia Prieta, the higher altitude compared to the rest of the massifs could allow the
genesis of periglacial landforms during the Holocene. The R-value indicates two
different stages of formation of small lobate rock glaciers in the cirque. Both could have
stabilized during the Holocene and the upper one (HP-08) probably during the LIA.
During the LIA small glacier was observed in a nearby cirque (Prado, 1852) and some
small glaciers developed in the highest areas of Picos de Europa (Serrano et al., 2018;
Ruiz-Fernandez et al., 2022a). Although no recent movements have been observed in
this rock glacier, the thermal regime indicates that permafrost is possible (Mel6n-Nava
et al., 2022), so it could be an intact rather than a relict rock glacier. The R-values also
show more recent dynamics for the upper talus slopes of the slope than for the lower
ones. Most of them were probably active at the beginning of the Holocene and

progressively ceased activity, with the highest areas the last to stabilise.

5.2. Rock glaciers generation in relation with deglaciation

Relict rock glaciers are widespread in the Cantabrian Mountains (Redondo-Vega et al.,

2010; Gémez-Villar et al., 2011; Pellitero et al., 2011; Gonzalez-Gutiérrez et al., 2019),



but chronological data only exist for rock glaciers in the areas of San Isidro (Rodriguez-
Rodriguez et al., 2016), Redes (Rodriguez-Rodriguez et al., 2017), and Muxivén
(Santos-Gonzalez et al., 2022a). In all three cases, the rock glaciers are related to
deglaciation, probably during the Bglling-Allerad interstadial, with the higher rock
glaciers stabilising slightly later (~13 ka) than the lower rock glaciers (14-15.7 ka). The
relationship between relatively warm periods and the generation of rock glaciers has
been observed in some areas, such as in the Alps (Bohlert et al., 2011; Scapozza et al.,
2014, 2021). Therefore, many studies suggest a paraglacial origin for rock glaciers,
rather than formed during a cold stage (Linge et al., 2020; Palacios et al., 2021; Oliva et

al., 2022).

Rock glaciers of the Cantabrian Mountains only occur in deglaciated areas affected by
an alpine style of glaciation that, with favourable lithological conditions, generates
sufficient debris supply, indicating a paraglacial dependence of rock glaciers (Santos-
Gonzaélez et al., 2018). The same geomorphological environment has been observed in
other mountainous areas (Onaca et al., 2017). In that sense, in addition to permafrost
occurrence, the availability of steep rock walls for debris production has been shown as
a main factor controlling the distribution of rock glaciers (i.e. Onaca et al., 2017), and in
the Cantabrian Mountains, this rarely occurs outside of glacial cirques and some over-
deepened glacial valleys, and preferable just after glacial retreat due to paraglacial
dynamics (Ballantyne, 2002). Because of that, the majority of the rock glaciers in the
Cantabrian Mountains occur in cirques, whereas some occur in upper glacial valleys

(Gomez-Villar et al., 2011).

In this study, two rock glaciers located in glacial valleys were sampled and compared to
nearby rock glaciers located at higher altitudes, in the cirques (Valdeprado and Arcos

del Agua). In both cases, the rock glaciers at higher altitudes showed higher R-values



than those at lower altitudes. These data indicate that, although many of the rock
glaciers probably occurred during deglaciation in the Bglling-Allergd interstadial or at
the end of the Oldest Dryas / Heinrich Stadial 1, some rock glaciers stabilised at an
earlier stage, probably just after or during the LGM. Furthermore, in the highest areas,

such as Pefa Prieta, rock glaciers were formed during the Holocene.

The R-value data are indicative of rock glacier stabilisation, which could occur
thousands of years after initial rock glacier generation, raising doubts about the
applicability of the method (Matthews et al., 2013). But previous Schmidt hammer
studies have shown consistent data for rock glaciers (i.e. Winkler and Lambiel, 2018),
instead of, in some cases, SHD results indicate long periods of rock glacier formation
(Rode and Kellerer-Pirklbauer, 2012), or notable differences between the stabilisation of

the rooting zone and the front (Scapozza et al., 2014).

In the Cantabrian Mountains, rock glaciers are usually small and consistent data were
obtained where multiple samples were taken from the same rock glacier (San Isidro)
indicating that stabilisation occurs at the same or similar time in many cases. However,
in other areas, R-value differences could indicate that the internal parts of the rock
glaciers stabilised later than the frontal or lower parts (Arcos del Agua). In many Iberian
mountain areas, rapid stabilisation of rock glaciers shortly after their formation has been
observed (Oliva et al., 2023a). This is the case for the Muxivén rock glaciers, where
rock avalanches and paraglacial processes in the cirque contributed to rock glacier

formation (Santos-Gonzalez et al., 2022a).

Age differences in rock glaciers have been previously noted by other authors based on
geomorphological sequences, such as in the Ancares range (Valcarcel-Diaz and Pérez-
Alberti, 2002), Valdeprado (Alonso and Trombotto Liaudat (2009) and Arcos del Agua

(Garcia de Celis, 2002). Pioneering works in the Pyrenees suggested that rock glaciers



formed during the same stage after deglaciation, whereas more recent studies have
shown different generation mechanisms for rock glaciers (Serrano, 2014; Oliva et al.,
2016), and a clear relationship with deglaciation processes driven by paraglacial rather
than climatic dynamics (i.e. Palacios et al., 2015). Because of this, although many
Iberian rock glaciers have ages of 15-13.5 ka (Rodriguez-Rodriguez et al., 2016;
Palacios et al., 2017; Andrés et al., 2018; Garcia-Ruiz et al., 2020; Santos-Gonzalez et
al., 2022a; Fernandes et al., 2023), shortly after a glacial advance at ~16 ka and
following an abrupt climate change (Cacho, 2022), others were formed during different
periods (Oliva et al., 2016) or still remain active (Chueca and Julian, 2005; Serrano et

al., 2010; Martinez-Fernandez et al., 2019).

The results of the present study show that, although many rock glaciers in the
Cantabrian Mountains may have occurred during the Bglling-Allergd interstadial or at
the end of the Oldest Dryas, others (such as the lower rock glaciers of Valdeprado and
Arcos del Agua) developed before outside of glacial cirques . These were probably
coeval with glaciers that occupied the cirques during the main deglaciation, just after the
LGM. This process occurred only at locations with a sufficient debris supply from the
lateral valley walls. Inside cirques, small differences also occurred depending on
location (Redondo-Vega et al., 2002a), as the Arcos del Agua data suggest; however,
further research is required. Furthermore, in the highest cirques such as Pefia Prieta,
some rock glaciers were related to the deglaciation of the highest cirques during the

Holocene.

5.3. Age and dynamics of blockfields



Blockfields were sampled in Vizcodillo and Arcos del Agua. In both areas, the
blockfields are located immediately above glacial cirques, at higher altitudes, and were
likely not affected by Quaternary glaciers. Several blockfields exist in the Cantabrian
Mountains and NW Spain, and are usually connected with more extensive block slopes
(Pérez-Alberti and Rodriguez-Guitian, 1993; Garcia de Celis, 2002; Valcarcel-Diaz and

Pérez-Alberti, 2002; Pellitero, 2009; Santos Gonzalez, 2011; Oliva et al., 2016).

Blockfields ages in the Cantabrian Mountains remain controversial. Pellitero (2009)
suggest that blockfields only occurred outside the glaciated area; therefore, they had to
have formed prior to or simultaneous with the LGM, as some blockfields were cut by
glacial erosion. In contrast, Valcarcel-Diaz and Pérez-Alberti (2002) reported that
blockfields are located in glaciated areas in the westernmost area of the Cantabrian
Mountains; therefore, they likely formed during or after the last glaciation, perhaps
when small glaciers occurred in cirques, but they did not rule out the possibility that
blockfields could also have been preserved from earlier stages under cold-based glaciers
in some locations. Viana-Soto and Pérez-Alberti (2019) associated blockfield deposits
with the LGM, when glaciers receded after the local LGM and cold conditions prevailed.
In Arcos del Agua, Garcia de Celis (2002) hypothesised that blockfields stabilized at
similar stages to rock glaciers because of similar vegetation cover and boulders
appearance. In Central Spain, an exposure age of ca. 83 ka was obtained for one boulder

of a blockfield (Palacios et al., 2012).

In Arcos del Agua and Vizcodillo, the R-values indicated that stabilisation of these
landforms occurred after the (almost) complete deglaciation of the glacial cirques.
Owing to the scarcity of absolute chronological data, it is not possible to assign a
definitive age for landform formation; however, blockfields stabilisation was probably

related to cold stages during the Holocene. In any case, the origin of the blockfields



could be related to previous glacial stages, and they could be active again in later

periods.

Some studies in northern Europe have indicated that, rather than being a Neogene
weathering remnant, blockfields have a Quaternary origin (Goodfellow et al., 2014;
Hopkinson and Ballantyne, 2014), whereas others have shown the complex and long-
term activity of these landforms in very different geographical areas, such as Norway
(Marr et al., 2018), the Sudetes (Engel & Braucher, 2020), Australia (Barrows et al.,
2004) or NE United States (Denn et al., 2018), among others, indicating the
transformation of this landforms during several cold periods. In a recent study, Marr et
al. (2022) inferred that blockfields could have formed prior to the LGM and later
reactivated during a cold event. This complex evolution and preservation during the
cold-based ice stage was also reported by Wilson and Matthews (2016), who observed
stabilisation of the blockfield during the early Holocene. The preservation of blockfields
under cold-based ice (and blockfield evolution throughout much or all of the Quaternary)
has been reported in previous studies in northern Europe (i.e. Goehring et al., 2008;

Fabel et al., 2012; Ballantyne and Stone, 2015).

More data are required to clarify the formation of blockfields and activity stages in the
Cantabrian Mountains. The Schmidt hammer data suggest that blockfields were still
active after deglaciation, but their formation age remains an open question. Furthermore,
only some blockfields were sampled and probably more boulders should be sampled in
each blockfield, as these landforms could have a longer and more complex history than
moraines or rock glaciers; therefore, more research is required to show whether the

different blockfields became inactive at similar stages.



5.4. Influence of lithology in R-value data and implications for Schmidt hammer

chronology

The Schmidt hammer has been shown as an effective tool for geomorphological
reconstruction in several studies, especially during the last decade (i.e. Shakesby et al.,
2011; Matthews et al., 2015; Tomkins et al., 2016, 2018a, 2018b; Wilson and Matthews,
2016; Winkler and Lambiel, 2018; Marr et al., 2019; Wilson et al., 2019a, 2019b; Linge
et al., 2020; Winkler et al., 2020). In all five study areas, the R-value data correlated
well with the geomorphological sequence, indicating that R-values are indicative of
greater weathering. Many factors introduce uncertainty in the application of the Schmidt
hammer, such as instrument wear (Shakesby et al., 2006), operator variance (Viles et al.,
2011), and possible reworking of deposits (Evans et al., 1999), among others (Matthews
and Winkler, 2022). Furthermore, gradual degradation arising from weathering can
restrict Schmidt hammer dating to a specific period (Cerna and Engel, 2011). However,
dating is dependent on the lithology and weathering rates, which could also vary

between glacial and interglacial periods (Matthews and Winkler, 2022).

Lithology plays an important role in the R-value data because the Schmidt hammer
measurements reflect the compressive strength of the rock. Therefore, it is not possible
to compare R-value data from different lithologies or with notable differences in climate
(that influence weathering rates) (Kellerer-Pirklbauer et al., 2008; Tomkins et al., 2016;
Matthews and Winkler, 2022). In complex geological areas such as the Cantabrian
Mountains, where lithological changes are very frequent, this limits the application of
the method because it is necessary to create multiple calibration curves depending on
rock characteristics and weathering rates. Even small differences in the same rock type
could influence the R-values, as has been shown in this work between the Ordovician

quartzite of the Barrios Fm. (Muxivén) and Cambrian-Ordovician quartzite of the Cabos



Series (Valdeprado and Arcos del Agua). Therefore, a major task when comparing R-
values is to avoid lithological differences during sampling in the same area (Matthews

et al., 2013; Matthews and Winkler, 2022).

In this study, quartzite exhibited the highest R-values and lowest weathering rates (Fig.
14a). Quartz shows much slower weathering rates than other minerals and therefore
exhibits limited R-value variation (Owen et al., 2007; Tomkins et al., 2016). High R-
values have also been observed for quartzite in previous studies (Tomkins et al., 2016).
For example, the Vizcodillo moraines, which should be related to the LGM, showed R-
values of 73.8 and 74.1, slightly lower than those for the moraines likely related to the
Oldest Dryas (75.2). Slightly higher decline rates have been observed in Arcos del Agua,
where the lower rock glaciers, probably related to the LGM, gave R-values of 70.7, 71.7,

and 72.0, whereas the recent talus slope gave an R-value of 78.0.

FIGURE 14

In contrast, the granodiorite showed larger differences between sampled sites (Fig. 14a).
Erratic boulders, probably from the LGM (Pellitero et al., 2019) in a difluence pass,
showed R-values of 37.0, while the moraine that likely formed during the Oldest Dryas
gave R-values of 52.9 and 57.3. The rock glaciers and talus slope formed in one of the
highest cirques in the range, gave R-values between 61.0 to 70.4. Granodiorite showed a
significantly higher SD than quartzite (Fig. 14b). This could be related to the variation
in mineral composition, which influences the R-values, as observed in Schmidt hammer
testing of gneiss (Tomkins et al., 2016). Therefore, careful sampling selection is

necessary. However, if there are clear age differences between the sampled sites, such



as in Pefia Prieta, good results can be obtained, as has also been demonstrated for
granite (i.e. Tomkins et al., 2018a) and gneiss (Rode and Kellerer-Pirklbauer, 2012; de

Marcos et al., 2022).

Quartzarenite sandstones show an intermediate evolution and have been sampled in San
Isidro, but are also present in other mountains in the range. In this massif, the Ausente
rock glacier dated by Rodriguez-Rodriguez et al. (2016) could not be sampled because
of the high weathering rates of sandstone boulders. Sandstone exhibited significant
surface weathering (Fig. 8C), which appears to be nonlinear, as indicated by Tomkins et
al. (2016). For this reason, sandstones appear to not be suitable, or present many

difficulties, for the application of the Schmidt hammer.

As the age—calibration curve depends on a rock’s resistance to subaerial weathering,
which depends on the rock type and weathering rates in the study area (Matthews and
Winkler, 2022), data from the present work imply that:

- Due to the slow weathering rates, for quartz-rich rocks, such as quartzite, it is
more difficult to establish a Schmidt hammer calibration curve, and small age
differences cannot be detected. However, high resistance to weathering could
offer the opportunity to date a wider range of time, perhaps even previous
glaciations. In contrast, granodiorite offers a better Schmidt hammer calibration
curve and allows smaller age differences to be differentiated; however, higher
rock weathering rates could limit the possibility of dating ancient deposits.

- Small differences in lithological composition affected the R-value data. For
example, present-day deposits in Muxivén (Barrios quartzite) gave an R-value of
79.9, compared with 78.0 in Arcos del Agua (Cabos Series quartzite). The

weathering rates are also slightly different. To compare data and obtain good



results, it is critical to carefully select sites to reduce the effects of lithological
variability (Matthews and Winkler, 2022).
To present an adequate calibration curve for the Cantabrian Mountains, such as that
obtained for the Pyrenees (Tomkins et al., 2018a), more chronological control points are
necessary because minor errors significantly alter the calculated exposure age (Tomkins
et al., 2016). For this purpose, future studies must consider possible differences in
weathering rate changes between the LGM and the present (Linge et al., 2020; Scapozza

et al., 2021; Matthews and Winkler, 2022).

Careful selection of boulders and sampling sizes are other major tasks. For this work, a
comparison has been made between glacial deposits (many of them with very few
boulders available) and periglacial deposits (which include many more boulders).
Although most work argues that every suitable boulder available for sampling should be
sampled to ensure that a representative sample is achieved (Matthews and Winkler,
2022) is also relevant to ensure that only boulders not affected by postdepositional
processes and without signs of exhumation are sampled, in order to obtain the
depositional age. In this work, the low number of boulders sampled may have affected
data representativeness in some cases, especially in periglacial deposits, which may
have a more complex depositional history. However, the careful selection of boulders
(and the surfaces sampled in each boulder) has probably also contributed to not

sampling boulders (and surfaces) affected by post-depositional processes.

6. Conclusions

The main conclusions of the work are summarized as:



The application of the Schmidt hammer to five different massifs in NW Spain
showed R-values indicative of a geomorphological evolutionary sequence of
glacial and periglacial deposits formed during different stages. In any case, the
small number of boulders sampled could reduce the significance of the data in
some cases, especially for blockfields.

In two areas (Valdeprado and Arcos del Agua), there was a clear relative age
difference between the lower and upper rock glaciers. The lower ones stabilized
immediately after or during the LGM. The upper rock glaciers, and others
studied in San Isidro (as those previously dated in the range) are probably
related to deglaciation processes during the Bglling—Allerad interstadial. The
highest rock glaciers in the range (Pefia Prieta) likely formed during the
Holocene. These data support the idea of paraglacial control rather than climate
dependence in the generation of rock glaciers.

Talus slopes formed after deglaciation, and the R-value data indicate that they
progressively become inactive from lower to higher altitudes.

The sampled blockfields showed strikingly young ages, indicating that they
probably stabilised during the Holocene. More research is required to
chronologically locate blockfields during their geomorphological evolution.
Relevant differences were found between the R-value data and weathering rates
of quartzite, quartzarenite sandstones, and granodiorite. Quartzites show a very
low R-value decrease with time, allowing dating of older deposits but
unsuccessfully distinguishing deposits with little age difference. In contrast,
granodiorite shows a greater decrease in the R-value with time, which could
allow the differentiation of deposits with little age difference but not ancient

deposits. Quartzarenite sandstones show intermediate values but cannot be



tested properly because of the poor preservation of low-altitude deposits. Other
lithologies could not be sampled due to the scarcity of boulders (slates, shales)
or due to intense weathering (sandstones, limestones).

- More chronological data are required to construct a proper calibration curve for
absolute Schmidt hammer dating in the Cantabrian Mountains, which must be

different for each lithological zone.
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Table 1. Location, geomorphological units,
sampled sites

and number of

impacts for each of the

Area | Lithology Landform Sample AIt;tL;dle) (@ X! \& Impacts
AR-01 1619 726696 | 4741779 120
Lower Rock glacier AR-02 1690 726545 | 4741599 120
g AR-03 1700 726487 | 4741532 120
s g AR-04 1751 726445 | 4741385 120
f":’ 2 Talus slopes AR-05 1783 726479 | 4741266 120
=5 = AR-06 1783 726455 | 4741270 120
> ) AR-07 1829 726472 | 4741137 120
8 £ - AR-08 1997 726196 | 4741114 | 120
< £ ocKiie AR-09 2003 725074 | 4740996 | 120
& Lobate rock glacier AR-10 1916 725965 | 4741185 120
Upper rock glacier AR-11 1929 725775 | 4741244 120
Moraine AR-12 1885 725847 | 4741439 120
e — Lower rock alacier VP-01 1556 701733 | 4753088 120
| £v . VP-02 1569 701681 | 4753039 | 120
8| 58 Talus slope VP-03 1672 701594 | 4752831 | 120
= ) U K alaci VP-04 1732 701386 | 4752838 | 120
> = pperrock glacler  ™p o5 1735 701364 | 4752823 | 120
Millin lowest moraine VI-01 1560 212539 | 4677764 120
8 Del Lago lowest |y g 1614 212408 | 4677261 | 120

N moraine
o s Intermediate moraine | VI-03 1802 211789 | 4676888 | 120
% 2‘ Most recent moraine VI1-04 1781 211710 | 4676805 120
< s Talus slope VI1-05 1754 211581 | 4676616 120
> iS5 Polished bedrock VI-06 1923 211290 | 4677099 | 120
S VI-07 2069 210718 | 4677125 120
< Blockfield VI-08 2092 210541 | 4677198 120
VI-09 2106 210500 | 4677320 120
Talus lope SI-01 1669 306184 | 4768488 72
% SI-02 1665 306188 | 4768504 72
3 __ SI-03 1666 306192 | 4768514 72
e S LEL Rock alacier SI-04 1665 306160 | 4768526 72
2 & . SI-05 1658 306118 | 4768555 | 72
% S g SI-06 1651 306118 | 4768586 72
% E é‘i SI-07 1644 306112 | 4768598 72
= Lateral ridge AU-01 1688 308886 | 4767879 90
& Rock glacier AU-02 1676 308975 | 4767830 90
AU-03 1677 308994 | 4767804 90
Erratics HP-01 1871 356210 | 4766366 48
. HP-02 2074 357333 | 4764886 72
Moraine

HP-03 2073 357358 | 4764810 72
o Lower rock glacier HP-04 2229 357842 | 4764526 72
s = HP-05 2233 357849 | 4764513 72
g 2 Talus lo HP-06 2242 357853 | 4764466 | 72
P S pe HP-07 2252 357859 | 4764436 | 72
& g Upper rock glacier HP-08 2267 357981 | 4764422 72
Furrow HP-09 2264 357990 | 4764404 72
Talus slope HP-10 2278 357996 | 4764377 72
HP-11 2290 357999 | 4764355 72
Rock outcrop HP-12 2313 358000 | 4764320 72

! Coordinate system: UTM Zone 29 N, datum ETRS_1989

Table 2. R-values and statics for all sampled sites. SD = standard deviation; Cl = 95%
confidence interval.




Area | Lithology Landform Sample | Mean R-value | Median R-value | SD | CI
AR-01 70.7 71.8 5.2 | 0.93
Lower Rock glacier AR-02 72.0 72.0 4.1 | 0.74
g AR-03 71.7 71.5 43 | 0.78
s % AR-04 74.4 74.5 3.4 | 0.61
f":’ a Talus slopes AR-05 76.2 77.0 3.0 | 0.54
=5 =] AR-06 78.0 78.0 24 1042
> S5 AR-07 77.4 77.5 2.7 | 0.48
S £ I AR-08 74.9 75.0 3.8 [ 0.68
< £ ocKiie AR-09 76.8 773 2.6 | 047
o Lobate rock glacier AR-10 75.0 75.0 3.5 | 0.62
Upper rock glacier AR-11 74.0 73.5 3.5 | 0.62
Moraine AR-12 73.1 73.5 3.8 | 0.68
o . VP-01 69.2 70.0 6.4 | 1.15
3| 29 Lower rock glacier =57, 65.8 64.5 6.8 | 1.21
5y £ 8 Talus slope VP-03 76.6 76.5 2.5 | 0.44
s 35S Unper rock alacier VP-04 74.4 75.0 3.7 1 0.66
> = PP glact VP-05 755 76.0 40 | 071
Millin lowest moraine VI-01 73.8 73.8 4.3 | 0.77
2 Del Lago lowest moraine | VI-02 74.1 74.0 3.0 | 0.54
° % Intermediate moraine VI-03 75.2 75.0 29 | 0.53
% o Most recent moraine VI1-04 76.8 77.0 3.1 | 0.55
S = Talus slope VI1-05 77.3 77.5 2.9 | 0.52
-E 2 Threshold VI1-06 77.5 77.5 25 | 0.78
g VI-07 78.8 79.0 3.0 | 0.54
< Blockfield VI1-08 79.6 80.0 2.2 | 0.39
VI1-09 78.8 79.0 2.0 | 0.36
Talus lope SI-01 74.0 74.0 3.9 | 0.90
% SI-02 73.5 74.0 59 | 1.37
g - SI-03 74.3 75.0 3.8 | 0.87
o S E . SI-04 73.2 73.0 4.3 | 0.99
2 & Rock glacier SI-05 74.0 74.0 41 | 095
= TE S1-06 73.0 735 43 | 1.00
n s @ S1-07 73.0 72.8 3.9 | 0.90
=0 Lateral ridge AU-01 63.3 66.5 10.7 | 2.22
o8 Rock glacier AU-02 67.6 69.5 6.3 [ 131
AU-03 69.9 70.8 6.8 | 1.40
Erratics HP-01 37.0 39.0 8.1 | 2.29
Moraine HP-02 52.9 53.8 8.0 | 1.86
HP-03 57.3 58.0 12.8 | 2.95
° Lower rock glacier HP-04 61.0 60.3 7.8 | 181
£ = HP-05 65.6 68.5 8.7 | 2.00
£ 2 Talus lope HP-06 67.1 68.0 7.1 | 1.64
= E P HP-07 67.9 69.8 7.8 | 1.80
& 8 Upper rock glacier HP-08 67.2 70.5 10.1 | 2.32
Furrow HP-09 69.1 70.8 6.5 | 1.50
Talus slope HP-10 70.4 71.0 6.0 | 1.39
HP-11 69.2 69.8 6.2 | 1.43
Rock outcrop HP-12 67.8 68.0 7.1 | 164

Figure captions

Figure 1. Location map of the Cantabrian Mountains (SW Europe) and location of the

different study areas.




Figure 2. R-values for the five selected study areas. Previous data in Muxivén area
(Santos-Gonzalez et al., 2022a) are also included for reference.

Figure 3. Geomorphological map and mean R-value and SD data in Arcos del Agua.
Figure 4. Mean R-values in the Arcos del Agua area represented on UAV images. A)
The Arcos del Agua cirque showing the moraine, upper rock glacier, lobate rock glacier,
and blockfields. B) Pefia Cefera rock glacier and talus slopes.

Figure 5. Geomorphological map and mean R and SD values in Valdeprado.

Figure 6. A) View of the Busmor rock glacier and talus slope. B) The upper rock glacier
and EIl Miro peak.

Figure 7. Geomorphological map and mean R-value and SD data in Vizcodillo (Del
Lago valley).

Figure 8. Sites sampled in the Vizcodillo massif. A) Blockfields around the Vizcodillo
peak. B) Blockfield immediately north of the Vizcodillo peak. C) UAV image of the
glacial cirque of Lake Truchillas, which shows two distinct moraine stages, a talus slope,
and a polished bedrock. D) Moraines in the Millin and Del Lago valleys.

Figure 9. Geomorphological map and R-value and SD data in San Isidro. A) Cebolledo
rock glacier. B) Ausente rock glacier.

Figure 10. A) View of the Cebolledo rock glacier and San Isidro ski resort. Note the
artificial talus slope generated by a gravel pit in the rock glacier. B) Ausente rock
glacier front. C) Detail of sandstone in another rock glacier immediately to the north of
the Ausente rock glacier affected by weathering, and no sampled in this work.

Figure 11. Geomorphological map and mean R-value and SD data in Pefia Prieta (Hoyo
Empedrado valley). The detailed area shows mean R-values and SD for the rock

glaciers.



Figure 12. View of the Hoyo Empedrado rock glaciers (Pefia Prieta massif), moraines
and, in the background, the difluence pass where erratics were sampled.

Figure 13. Different geomorphological stages based on R-value data and
geomorphological reconstructions, and probable chronological evolution. Note that SD
Is not represented in this schematic figure.

Figure 14. Density plot of mean values (a) and standard deviation (b) of R-values by

lithological groups.
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Graphical abstract

Highlights

Six stages from the Last Glacial Maximum to the present are inferred
Relevant differences between R-value and weathering rates depending on
lithology

Paraglacial control rather than climate dependence in the generation of rock
glaciers

Blockfields stabilized after the (almost) total deglaciation of the cirques

More chronological data are required to construct a proper calibration curve
for SHD



. \\
N e,
oo | U
e e T e
& 9 4 | etnr.
Ruhe @8 e w2 ez 66 G0 mememus ms TS AT ,. Swama My mams sawa e me
e |z |mowow @ nelma » oo o
viodito .
Arvcasg |
3 et
E sontiaro —
s .
At |20 : ’ o im0 s
masi) 507 st.3-oet 0 Sagez. sige oM

Graphics Abstract



Cantabrian Sea

Figure 1



AR-01 e
AR-021 S
AR-03 f,?
AR-041 = =
AR-051 8 |38
AR-061 o g
AR-071 8 7
AR-081 £ 2
AR-09+ 3
AR-101 -
AR-111 o =
AR-12{ © |ZL
VP-01{ & E
VP-02{ &
VP-031 ©
VP-04 1 g
VP-051
VI-01 1 ¢$>20 ka? (Redondo-Vega et al., 2022) .
VI-02 1 $>20 ka? (Redondo-Vega et al., 2022)
VI-031 © A ¢Oldest Dryas? (Redondo et al., 2022)
VI-041 T T
VI-051 8 i
VI-061 N | 5
VI-074 >
VI1-08 -
VI-09
SI-01{4 2 2
SI-02 g 2
SI-031 = S e
SI-041 § S
A
Sl07{ & | &€&
AU-01{ & | & e
AU-02 g T 15.7 £ 0.3 (Rodriguez-Rodriguez et al., 2016) —-
AU-031 < G 157:03 (Rodnguez Rodnguez etal, 2016)
HP-01 4 { 15. 7+08ka for 20.0+2.1 ka?) Pellitero et al. (2019)
HP-02 : - -
HP-03 - _8
HP-041 &
HP-051 © |2
HP-061 & |8
HP-071 £ | 8
HP-081 W | &
HP-09 - o | O
HP-101 o
HP-111 T
HP-12+
g5
X |2t
N O
= g 8
a3
%
g 14.0 + 0.9 ka (Santos-Gonzalez et al., 2022)
10 20 30 40 50 60 70 80 90
R-value

50th percentile (median)

(1.5¥IQR) I (1.5*IQR)
Sutlii:.c;s l ! °

...................................

25th per'ccntilc Interquartile range 75th percentile

(IQR)

Figure 2



6°14'I30"W

42°47'30"N-%

Péﬁa Cefera
(2011 m a.sd

Moraine ridge
Rock glacier
- Rock glacier front

Rock glacier ridge

4. % Blockfield

Talus slope

[:] Rock outcrop

— Countour line

Figure 3



A AR-09: 76.8
AR-08: 74.9

'ARL03: ?1.7\
AR:02: 72.0

AR-01: 70.7

Figure 4




6°32'W

6°31'30"W
!

42°54'N--

® Samples
—A—=A Cirque
Rock glacier
- Rock glacier front

Rock glacier ridge

. Talus slope

— Stream

I:l Pond
- Peat
- Rock outcrop

—— Countour lines
I I

Figure 5



VP-02: 65.8

VP-01:69.2

Figure 6




6°30'W 6°29'W

8 VI-03 t
% 75.2 SD: 2.9

O
2/

s/

&

® Samples
—A—4 Cirque
- Moraine
Moraine ridge

. Blockfield

Talus slope
River
Lake
Peat

Rock outcrop

—— Countour line

=

|
|

Figure 7




Figure 8



5°23'W 5°22'W 5°21'W
! _ ! _ !

T-43°3N

+143°2'30"N

| Rock outrop
—A—4 Cirque

- Moraine

= Ridge

D Doline

——— Blream

- Lake

T 1 Artificial scarp

E Gravel pit

— Countour line

Figure 9



Figure 10




43°2'N

—A—= Cirque

)( Difluence
- Moraine

Moraine ridge
m Rock glacier

- Rock glacier front |/

Rock glacier ridg

Talus slope

— Stream

Rock outcrop
43°1'N4

— Countour line

Figure 11



Figure 12



massif

Rvalue

Code
Pefia Prieta

Vizcodillo
Arcos del Ag
Valdeprado
San Isidro
Ausente

Altitude =
(m as.l)

Rock Talus Upper Talus Lower
outcrop | slope Rock slope Rock
glacier glacier Blockfields
Polished
bedrock
Internal Upper :
Upper Moraine Rock glaciers Upperimoraines
talus Lower Lower Lower
slopes talus rock moraines/
slopes glaciers erratics
AN o
N ) —
2 =S
67.8 704 69.2 672 679671 656 610 78.879.678876.8 74.9 775 77478 76674 77.3 768 74 7575574.469.967.6 73.74373.175.2 63.357.3529762744 717 72.0 707 658 692 741 73.8 370
12 1 10 08 07 06 05 04 09 07 06 1110 03 02 02-0 01 03 02 05 04 03 02 o01 01
a a_m a a_n A _n an
]
i a_n an an L a_n s_nn
u -—
AR ]
2300 | 2200-2280 2270 2250-2240 2230 2110-2070 1830-1780 1920  1830-1780 1670 1750 1780 1930-20 1730 1680 1670-40 1885 1800 1690 2070 1780-50 17001620 1570-1555  1610-1560 1870
St. 3 - Oldest Dryas? Stage 2 - LGM ending? Stage 1-LGM?
LIA?

Neoglacial - LIA?

Actual

Early Holocene

Figure 13



a)
0.20-

0.151

density
o
)

0.051

0.001 : :
40 50 60 70 80
Mean of R-values

b)

I
x|

0.4

density

0.2

0‘0- il | ”.I I 1 (RUIRN WED) I@WINT W r 1 1 1 111 1 1 r il 1 . r
25 5.0 7.5 10.0 12.5
Mean Standard Deviation of R-values

Lithology - Granodiorite [I] Quartzarenite sandstone - Quartzite

Figure 14



