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Abstract:

Moraines are often used to reconstruct the extent and chronology of past glaciations. A common
method to estimate the timing of their formation is cosmogenic nuclide exposure dating.
However, the accuracy of the method is often affected by post-depositional processes and signal
inheritance from prior exposure.

This thesis aims to evaluate the controls on moraine denudation and preservation and
derive implications for the reliability of exposure dating. A global dataset of 10083 samples
dated with 1°Be was compiled and grouped into 3243 moraine ridge groups (1620 suitable for
the analysis with > 3 samples). Clustering of moraine ages, used an indicator of dating quality,
was compared to climate, topography, ice mass type, or sample size.

Only 23 % of analysed moraines showed well-clustered exposure ages, increasing to 46
% after removing outliers. The highest proportion of well-clustered ages was observed for
moraines between 10 to 15 ka and significantly decreased for older and younger moraines. The
well-clustered moraines were also more frequent in milder climates with higher temperatures
and precipitation and lower annual temperature ranges. Nevertheless, the findings highlight the
importance of considering also glacial dynamics. Poorly clustered regions (the Antarctic Ice
Sheet, mountain glaciers, icefields and icecaps in Greenland, northeastern Asia, and High Asia)
are likely affected by the extreme climate conditions and their complex glacial histories.

A key implication for sampling strategies is the effect of sample size. While 36 % of the
examined moraines comprised only three samples per moraine, sampling at least four boulders

significantly increases the likelihood of obtaining a well-clustered age by approximately 20 %.

Keywords: moraines, cosmogenic isotope ’Be, denudation, Pleistocene



Abstrakt

Morénové akumulace predstavuji vyznamny archiv historie zalednéni. Jednou z nejcastéji
vyuzivanych metod datovani morén je datovani kosmogennimi nuklidy, jehoz spolehlivost je
vSak do zna¢né miry ovlivnéna post-depozi¢nimi procesy nebo piitomnosti zdédénych nuklida
vlivem ptedchozi expozice kosmickému zafeni.

Cilem této prace je zhodnotit procesy denudace morénovych akumulaci a faktory, které
mohou ovlivnit spolehlivost jejich datovani kosmogennimi nuklidy. Byl analyzovan globalni
dataset obsahujici 10083 vzork z 3243 morén datovanych pomoci izotopu '°Be, vhodnych pro
analyzu bylo 1620, nebot’ obsahovaly alespon tfi vzorky. Jako ukazatelem kvality datovani byla
pouzita mira klastrovani (shody) stafi vzorkl jednotlivych morén, ktera pak byla porovnana
klimatickymi podminkami, topografii, typem zalednéni ¢i poctem datovanych vzorkd.

Kvalitni datovani vykazovalo pouze 23 % morén, resp. 43 % po odstranéni odlehlych
hodnot. Nejvyssi podil dobfe klastrovanych morén byl pozorovan pro 10-15 tis. let staré
morény, a s rostoucim i klesajicim stafim se vyznamné snizoval. Kvalita datovéani se také
zlepSovala pro mirnéjsi klima s relativné vy$s$imi teplotami, srdZkami a niz$i ro¢ni teplotni
amplitudou. Vysledky zéroven ukazuji, Ze nelze opomijet vyznam historie a dynamiky
zalednéni. Oblasti s nejhorSimi kvalitou dat se vyznacuji nejen extremitou klimatu, ale i slozitou
historii zalednéni (Antarkticky ledovcovy $tit, horské zalednéni, ledovcova pole a Capky v
Gronsku, vysoka a severovychodni Asie).

Vyrazny vliv na spolehlivost datovani mé také pocet datovanych vzorkl. Zatimco
nejcastéji (ve 36 %) jsou odebirany tfi vzorky, datovani nejméné Ctyf vyrazné zvysSuje

pravdépodobnost spolehlivého vysledku, a to az o 20 %.

Kli¢ova slova: ledovcové morény, kosmogenni izotop '°Be, denudace, pleistocén
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1. Introduction

Glaciers are sensitive indicators of climate conditions (Mackintosh et al., 2017), and a better
understanding of glacier-climate interactions and accurate records of past glaciation are
therefore crucial for improving projections of future glacier behaviour. Moraines and other
glacial landforms record former ice advance and retreat, but accurate reconstructions based on
these landforms require a robust understanding of their formation and age.

One of the most frequently used dating methods in paleoglaciology, well-suited to
dating moraines, is cosmogenic nuclides exposure dating, allowing precise and direct dating of
glacial deposits on timescales spanning hundreds (Abbiihl et al., 2009; J. T. H. Anderson et al.,
2017; Bakke et al., 2021; Balco et al., 2016; Barnard et al., 2004b; Braumann et al., 2020;
Murari et al., 2014) to millions of years (Balter-Kennedy et al., 2020; Hodgson et al., 2012;
Smith et al., 2005a; Valletta et al., 2017). Cosmic rays split atoms in exposed surface rocks at
predictable rates, producing rare isotopes (°Be, 2°Al, 3°Cl, *C, 3He, *'Ne). Their subsequent
concentrations provide exposure ages or rates of surface processes (Gosse & Phillips, 2001).
Glacial erosion transports fresh rocks to the surface, where they remain shielded by overlying
ice until the glacier retreats, enabling direct dating of glacier fluctuations (Balco, 2020). Thanks
to the abundance of target minerals in which cosmogenic nuclides are produced, this method is
applicable on a global scale in a wide range of environments (Balco, 2011; Expage, 2023;
ICE-D, 2024).

In theory, the concentrations of cosmogenic nuclides directly correspond to the exposure
ages and, therefore, precisely record the depositional age of landform and glacier retreat.
However, moraines are subject to post-depositional disturbances, which, together with nuclide
inheritance, alter the nuclide concentration and can significantly affect the accuracy of the age
estimate; therefore, the landform degradation cannot be ignored (Balco, 2011; Putkonen &
O’Neal, 2006). Incomplete exposure due to erosion of surface material or post-glacial
exhumation reduces cosmogenic nuclide concentrations, resulting in age underestimates.
Conversely, inheritance from previous episodes of exposure results in overestimated ages
(Balco, 2011; Heyman et al., 2011b).

Several studies have addressed the question of quantification of the effects of these
geological processes on exposure ages (moraine age scatter) using numerical models of moraine
degradation/moraine topographic evolution/boulder exhumation (Hallet & Putkonen, 1994;
Putkonen & O’Neal, 2006; Putkonen & Swanson, 2003). These studies combined numerical
modelling of moraine degradation with field observations of moraine topography (cross-profile
— slope, crest height).

This work examines the reliability of cosmogenic nuclide exposure dating of moraines.
All papers listed in the global database of published '°Be and 2°Al data from glacial samples
(Expage database; Heyman, 2023) were reviewed to compile a global dataset of all published
exposure ages on moraine boulders, comprising more than 10,000 samples. Information from

the original papers was then combined with climate and terrain data to assess the controls on
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moraine preservation or denudation and derive implications for the reliability of exposure
dating.

Unlike previous studies, which were either limited by the amount of data available at
the time or focused on specific regions (Hallet & Putkonen, 1994; Putkonen & O’Neal, 2006;
Putkonen & Swanson, 2003) this study benefits from the use of all currently available global
data. Heyman (2016) examined moraines on a global scale but primarily focused on a specific
characteristic — boulder height. Also, while some earlier studies examined detailed moraine
topographic data (cross-profiles, moraine slope angle, moraine height) (Putkonen & Swanson,
2003; Putkonen & O'Neal, 2006), such an approach would be very time-consuming at the global
scale. This work uses data from global datasets extracted for moraine locations and focuses on

environmental controls rather than site-specific moraine morphology.

2. Cosmogenic nuclides production

The Earth is constantly bombarded with high-energy cosmic radiation, produced mainly
by supernova explosions (Gosse & Phillips, 2001; Von Blanckenburg & Willenbring, 2014).
This primary cosmic ray flux is composed of solar, and most importantly (for cosmogenic
nuclides production), galactic cosmic rays. Approximately 87 % of galactic cosmic ray particles
consist of protons, 12 % of alpha-particles (helium nuclei) and 1 % of heavier nuclei (Masarik
& Beer, 1999). The sources of solar radiation are solar flares and coronal mass ejections, and it
is composed in 98 % of protons, with the remaining 2 % accounting for heavier nuclei particles.
Due to substantially lower energy of particles, solar radiation can cause nuclear reactions (and
produce CN) only at the top of the atmosphere at higher latitudes, especially during higher solar
activity (Masarik & Beer, 1999).

The trajectories of the charged particles of the primary cosmic radiation are affected by
the Earth’s magnetic field and need kinetic energy high enough to exceed cut-off rigidity Rc
(momentum of a particle per unit charge) and penetrate the atmosphere (Dunai & Lifton, 2014).
The rigidity changes with the angle of incidence or magnetic field “strength”; therefore, the
highest cut-off rigidity values are at the equator (approx. 17 GV), decreasing towards the poles
(almost 0) (Darvill, 2013; Dunai & Lifton, 2014; Masarik & Beer, 1999) (see Fig. 1). However,
the increase in cosmic ray flux at high latitudes (due to low cut-off rigidity) does not cause
an appropriate increase in cosmogenic nuclides production because the energy of particles is
too low to induce nuclear reactions (Dunai & Lifton, 2014).

The interaction/collision of primary cosmic rays with atoms in the high atmosphere
results in spallation, triggering a cascade of secondary cosmic rays composed of nucleons and
mesons. For cosmogenic nuclide production, the most significant are neutrons and muons
(Darvill, 2013; Dunai & Lifton, 2014). Spallation is a process in which high-energy nucleons
collide with atmospheric nuclei, ejecting protons and neutrons and producing lighter nuclei.

Spallation in the atmosphere produces meteoric cosmogenic nuclides such as "Be, °Be, *C, and



36(l; they attach to aerosols and are deposited on the Earth's surface via dry or wet deposition
(Dunai & Lifton, 2014; Von Blanckenburg & Willenbring, 2014).

Figure 1 The effect of Earth’s geomagnetic field on incoming primary cosmic rays (Darvill, 2013).
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The secondary cosmic rays have maximum intensity at an atmospheric depth of 80-90
g/cm2 (collision length) and decrease exponentially with atmospheric depth due to
the interactions/collisions with particles (Dunai & Lifton, 2014; Gosse & Phillips, 2001). This
“attenuation” is described by attenuation length (a thickness of a material/mass that attenuates
the intensity of cosmic radiation by e! ~ to 37 %) and varies with the energy of secondary

radiation being approx. 150g/cm2 in lower and 130 g/cm2 in higher latitudes and
the material density (air vs. rock) (Dunai, 2000; Gosse & Phillips, 2001).

Part of the secondary ray particles that reach the Earth’s surface interact with minerals
in rocks/solids and produce in-situ cosmogenic nuclides in their surface layer (due to the
attenuation). The radioactive cosmogenic nuclides ('°Be, '“C, 2°Al, 3°Cl, >*Mn) decay with time,
while stable (noble gases — *He, 2!Ne) remain in minerals until they diffuse (Von Blanckenburg
& Willenbring, 2014). Their production rate is substantially lower than that of meteoric
cosmogenic nuclides (Von Blanckenburg & Willenbring, 2014).

3. Analysis of in-situ cosmogenic nuclides

First, the rock samples are physically (crushing, grounding, pulverization, sieving and magnetic
separation, heavy liquid separation) and chemically processed (repeated acid etches) to isolate

and purify the target minerals (see Tab. 1), isolate the nuclides and separate them from meteoric
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cosmogenic nuclides (Corbett et al., 2016; Gosse & Phillips, 2001; Mifsud et al., 2023). The
nuclide concentration is then measured as the ratio of the radioactive nuclide and its stable
isotope using accelerator mass spectrometry (AMS) or gas mass spectrometry (for noble gases).

This ratio is converted into isotope concentration to calculate age (Gosse & Phillips, 2001).

Table 1 The most common in-situ cosmogenic nuclides, production rate at SLHL. (Darvill (2013); Von
Blanckenburg & Willenbring (2014).

. Production rate .
Isotope Half-life o Mineral
[atoms gly?]

3He stable 75-120 olivine, pyroxene
2INe stable 18-21 quartz, pyroxene,

olivine

10ge 1.4 Ma 4-5 quartz

26| 0.7 Ma 35 quartz
36| 0.3 Ma 70 (Ca) calcite, K-feldspar

200 (K)
14¢ 5.7 Ka 18-20 quartz

3.1. Production rate and scaling

The second requirement for successful exposure age estimate is (besides the accurate nuclide
concentration measurement) an estimate of the production rate of the nuclides at the sampling
site, which is based on physical principles and empirical approaches, including measurements
of contemporary cosmic-ray flux and long-term production rates derived from nuclide
concentrations in independently dated features using alternative dating techniques (Balco,
2011; Davies, 2022). The production rate varies with latitude (position in the geomagnetic
field), elevation, the thickness and density of the sample (Dunai, 2000; Lal, 1991; Stone, 2000),
and with time because of the temporary changes in the geomagnetic field (Fig. 2) (Balco, 2020).

Published production rates are usually normalised to sea-level and high latitude (SLHL),
so they must be scaled for a specific locality according to its latitude and elevation to get
a site-specific production rate estimate. The scaling models consider latitude, elevation,
atmospheric pressure, geomagnetic field variability and changes in solar activity (Darvill,
2013). The different scaling models have very similar results for higher latitudes (>30°) and
lower elevations below 3000 m, but there are significant differences at lower latitudes and
higher elevations (Balco et al., 2008; Dunai & Lifton, 2014). When comparing various results,
they should be recalculated with the same scaling scheme, and hence, it is necessary that

publications provide all the original input data (Balco et al., 2008).
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4. Exposure dating with cosmogenic nuclides

Cosmogenic nuclide exposure dating of glacial sediments allows a direct reconstruction of
glacier retreat. Glaciers transport fresh rock previously shielded from cosmic radiation,
resulting in negligible nuclide concentrations. This can occur through quarrying at the glacier
bed, where ice removes fresh rock from the underlying surface, or by incorporating rockfall
debris from surrounding mountain slopes (Balco, 2011; Ivy-Ochs & Briner, 2014). Once
deposited on moraines, these boulders remain in place as the glacier retreats, becoming exposed
to cosmic rays and accumulating cosmogenic nuclides. If they remain undisturbed for the
duration of the exposure, their nuclide concentrations provide a reliable estimate of the exposure
age (Balco, 2011; Ivy-Ochs & Briner, 2014). The timescale over which an isotope can be used
for dating is limited by saturation, when the production rate of that particular cosmogenic
nuclide reaches equilibrium with the erosion rate and decay (Darvill, 2013).

The relationship between the measured concentration of '°Be nuclides (Nio, atoms g)
and the surface exposure age (t, years) assuming zero surface erosion is:

[1 — exp(—440t)]

Pio
A1o

where A, is the °Be decay constant (4.99x107y!), Py is the production rate of '°Be (atoms

Nip =

g 'y ") (Balco, 2020). This equation describes the '°Be concentration growth over time due to
exposure to cosmic rays, and it reaches equilibrium once production equals decay.
When calculating the exposure age, two types of uncertainties are reported to reflect

different sources of error: internal and external uncertainty. Internal uncertainty considers only
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uncertainty in nuclide concentration measurement and should be applied to compare samples
from a single site (e.g., single moraine). External uncertainty includes the measurement error
and uncertainty corresponding to the production rate and scaling scheme. When comparing
results to those from different sites (with different production rates) or to different dating
methods, external uncertainty should be used (Balco et al., 2008).

4.1. Assumptions for exposure dating

The accuracy of exposure dating relies on several key assumptions: 1) The sample does not
contain inherited nuclides from previous episodes of exposure (it has not been exposed to
cosmic rays prior to the event studied, or subglacial processes sufficiently eroded its surface
before deposition). 2) The sample has remained in a stable position and has not suffered from
significant erosion since its deposition. 3) After the glacier retreat, the sample has not been
shielded from cosmic rays by topographic obstacles, vegetation, snow, or sediment cover
(Gosse & Phillips, 2001; Balco, 2011). These assumptions must be considered when selecting
sampling sites and individual boulders to minimise the effect of inappropriate sampling.
However, since these conditions are rarely met, it is crucial to account for these variables in

data analysis.

4.1.1. Shielding of cosmic radiation

Shielding of cosmic rays by topography, slopes, or surrounding landforms reduces the
production rate. Topographic shielding is quantified during sample collection and must be
considered for exposure age estimate (Balco et al., 2008; Darvill, 2013). Similarly, other factors
such as snow cover, vegetation, soil, or sediments can also shield cosmic rays, but this effect is
difficult to quantify, so rock samples should be collected in locations least affected by this
shielding (Darvill, 2013).

4.1.2. Incomplete exposure

After glacier retreat, several processes can cause incomplete exposure of boulders, resulting in
lower nuclide concentrations and an underestimation of exposure age. These include slope
processes and boulder movement (e.g., the overturning of boulders), which expose previously
shielded rock surfaces with lower nuclides concentration or moraine denudation, resulting in
the exhumation of previously buried boulders with an exposure time not corresponding to the
age of moraine deposition (Balco, 2011; Darvill, 2013). The intensity of such processes varies
by environment. For example, moraines formed by ice sheets further from rugged, high-
mountain areas are typically larger and flatter with broader ridges (Balco, 2011; Barr & Lovell,
2014) with boulders in more stable positions, making the moraines less prone to processes like
slope movements compared to moraines in mountain regions (Balco, 2011; Barr & Lovell,

2014). Other post-depositional processes affecting the reliability of exposure dating are
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weathering and erosion, which remove the surface layers with high nuclide concentrations
(Balco, 2011; Darvill, 2013).

4.1.3. Inherited cosmogenic nuclides

Accuracy of exposure dating is affected when boulders contain inherited cosmogenic nuclides
accumulated during exposure prior to their transport and deposition by a glacier. This results in
overestimating deposition age (Balco, 2011; Darvill, 2013). Nuclide inheritance can occur due
to insufficient surface erosion during subglacial transport, particularly in cases of glacier
readvances or the incorporation of material from non-glaciated surrounding areas transported
to the glacier through rockfall or other mass movements (Balco, 2011). When multiple boulders
are sampled, outliers with significantly higher nuclide concentrations typically indicate
inherited nuclides (Balco, 2011; Putkonen & Swanson, 2003).

Understanding the depositional environment and related processes affecting a moraine
is crucial for improving dating accuracy. Mountain glacier moraines are generally more
susceptible to post-depositional disturbances and nuclide inheritance. Their sharper ridges and
steeper slopes make them more prone to surface lowering caused by erosion or slope processes.
Additionally, the rugged terrain increases the likelihood of slope processes (e.g., rockfalls) from
surrounding unglaciated slopes and peaks. Moreover, the "re-deposition" of previously exposed
boulders during subsequent glacier readvances can complicate age estimates (Balco, 2011; Barr
& Lovell, 2014). Moraines deposited by ice sheets are generally supposed to be larger,
broad-crested, flat, and deposited away from mountain centres (Barr and Lowell, 2014; Balco,
2011). The boulders are in more stable positions, and moraines are less likely to be exposed to,
e.g. slope processes than in mountain environments (Barr and Lowell, 2014; Balco, 2011).

A specific challenge arises in polar and high-elevation regions with cold-based glaciers,
which are frozen to their bed and cause minimal erosion. This leaves landforms and erratics
deposited during previous glacial advances undisturbed, resulting in a mosaic of glacial deposits
and landforms of mixed-age populations, leading to potential misinterpretation of exposure
ages (Balco, 2011; Bentley et al., 2017). It is, therefore, essential to identify these areas and
collect multiple samples to distinguish between different generations of moraines (Balco,
2011).

Climate conditions and related geomorphic processes significantly influence moraine
degradation due to effects on weathering, slope, and stability. A range of weathering processes
that might cause moraine degradation, operate in the periglacial environments. These include
various types of chemical weathering like solution or oxidation (Auqué et al., 2019; Dixon &
Thorn, 2005), biological or biochemical weathering, which involves the growth of biota
(e.g. lichens, fungi) that colonise the rock surfaces and may directly lead to rock disintegration
or contribute to chemical processes (Etienne, 2002; Ganyushkin et al., 2021), and mechanical

weathering.
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Mechanical weathering processes include, in particular, thermal stress fatigue (Hall,
1999), salt weathering (Matsuoka, 1995), and frost weathering (Hales & Roering, 2007;
Kellerer-Pirklbauer, 2017). Thermally induced stress of rock surface caused by rapid
temperature fluctuations (>2°C/min) is important in cold, arid regions, as it can contribute to
weathering even in the absence of moisture (Hall, 1999). Another key process in cold, arid
regions is salt crystallisation within rock fractures due to evaporation or sublimation, which
leads to the disintegration of rock (Matsuoka, 1995).

Frost weathering includes two main processes: freeze-thaw weathering and ice
segregation, both of which have been extensively studied. First, the number of freeze-thaw
cycles has been identified as a key parameter for frost weathering, even though it is most
effective in shallow rock depths (Kellerer-Pirklbauer, 2017). Some authors have rather used
effective freeze-thaw cycles (where temperature crosses £2 °C thresholds) (Matsuoka, 1990) or
have discussed the importance of the duration of a freezing event (Matsuoka, 1990) and freezing
intensity (McGreevy & Whalley, 1982). The second process, ice segregation, is most effective
within the temperature range of -3 to -8 °C in the presence of available moisture (R. S.
Anderson, 1998; Hales & Roering, 2007; Hallet & Putkonen, 1994).

4.2. Moraine ages scatter and identification of processes from data analysis

To identify the processes affecting moraine boulders and improve age estimates, multiple
samples should be collected from a single moraine. Although generally a higher number of
samples is preferable, the cost constraints of the method often dictate the sampling strategies.
The minimum recommended number of samples per moraine is at least three (Darvill, 2013;
Gosse & Phillips, 2001), though even this is often not met. According to Putkonen & Swanson
(2003), for the same level of accuracy, the minimum number of samples is one to four for
smaller, younger moraines and six to seven samples for older, larger moraines.

In theory, without prior or incomplete exposure, all boulders from a single moraine
would yield a well-clustered age, but due to the processes mentioned in section 2.1, that is not
always true. Analysing more samples per moraine helps better to estimate the moraine age and
gives evidence of the processes affecting the moraine. The scatter of exposure ages, their
distribution, and identification of outliers or data skewness indicate signatures of inheritance or
moraine degradation (Applegate et al., 2010, 2012; Balco, 2011; Hallet & Putkonen, 1994;
Putkonen & Swanson, 2003).

The processes affecting moraine stability and degradation are crucial in estimating
moraine deposition age. When exposure ages are well-clustered, the mean age of dated boulders
reasonably approximates moraine formation (Balco, 2011). The mean age (after removing clear
outliers) might be considered a robust approach, particularly for comparing moraines across
different environments. However, some studies use the mean only when ages follow a normal
distribution or are well-clustered (Amidon et al., 2013; Owen et al., 2012; Winsor et al., 2014).
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Significant scatter in ages (indicating post-depositional processes or inheritance)
complicates interpretation, and different studies propose alternative approaches. Some authors
argue that moraine degradation plays a more significant role than prior exposure as inheritance
produces rare and easily identifiable outliers and suggest preferring older ages when other
evidence is absent (Heyman et al., 201 1b; Putkonen & Swanson, 2003). The oldest age would
then represent the most accurate estimate of moraine formation age (Chevalier et al., 2011;
Hallet & Putkonen, 1994; Rohringer et al., 2012; Stiibner et al., 2017; Zech J. et al., 2009).

Applegate et al. (2012) attempted to differentiate between the processes by analysing
data skewness and suggested using the youngest, oldest, or mean age when skewness indicates
inheritance, degradation, or neither. While statistical methods help distinguish these effects,
they are most reliable with larger sample sizes. In smaller datasets, field observations often
guide interpretations (Stiibner et al., 2017). On the other hand, reliance on field observations
introduces subjectivity and potentially inconsistent estimates. Furthermore, methods that
depend on extreme values (i.e., selecting the youngest or oldest sample) can be skewed by
a single outlier (Balco, 2011).

Beyond these conventional methods, other such as probabilistic approaches comparing

modelled and observed age distributions offer additional insights (Balco, 2011).

5. Methods

5.1. Data compilation

5.1.1. Exposure age data
We reviewed the original papers listed in the global database of published °Be and 2°Al data
from glacial samples (Expage, 2023) and compiled a database including only boulder, cobble
and pebble samples from moraines, that comprised 526 publications (Table 2). The exposure
ages in Expage database are recalculated using modified version of the CRONUS calculator
(Balco et al., 2008) and we used these recalculated ages, not the age calculations as originally
published. No additional snow-shielding correction was applied to the exposure ages. In regions
with frequent snow cover, snow can reduce the cosmogenic nuclide production rate (Schildgen
et al., 2005), and the absence of the snow cover correction can introduce some error in
the calculated exposure ages. However, this does not significantly affect our analysis, focusing
on the clustering of exposure ages for individual moraine sites.

For the clustering analysis, we used the internal uncertainty that considered only
measurement uncertainty in the nuclide concentration (Balco et al., 2008). Unlike the external
uncertainty, the internal uncertainty is the same for all scaling schemes and should be
considered when comparing measurements from one site (Balco et al., 2008).

Other data used from the database were geographic coordinates, latitude and longitude,
and elevation of samples. Elevation and latitude were used as some of the potential descriptors

of the environment examined to assess possible relationship with moraine age scatter.
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5.1.2. Data from the original publications

Based on the information in the original publications, moraine samples were identified and
classified into moraine ridge groups, assuming each group represents a single deglaciation age.
Moraine ridge was defined as a continuous crest and the classification was based on topography
maps in the figurework of the published papers. Groups from multiple papers were not
combined. The dataset comprised 10 083 samples categorized into 3243 moraine ridge groups.
We also classified the type of ice mass that formed the moraines into four categories: (i) Ice
sheet in low relief, (ii) Ice sheet in high relief, (iii) Icecap or icefield outlet glaciers, and (iv)
Mountain glaciation, assuming that geomorphic processes affect the exposure age scatter
differently for different size and shape of moraines.

The data were categorized into regions based on their geographic location. The main
regions include Africa, Alaska, Antarctica, British Isles, Europe and western Asia (Eu. +
W-Asia), Greenland, High Asia, Japan and Taiwan, North America (N-Am.), northeastern Asia
(NE-Asia), northern South America (NS-Am.), Oceania, southern South America (SS-Am.)
and Svalbard. For some analyses region and type of ice mass were combined (either grouping
ice sheet and ice sheet in high relief or icefield/icecap and mountain glaciation). When referring
to specific ice sheets we use their established names: Antarctic ice sheet (AIS), British-Irish Ice
Sheet (BIIS), Cordilleran Ice Sheet (CIS), Laurentide Ice Sheet (LIS), Fennoscandian Ice Sheet
(FIS), and Greenland Ice Sheet (GIS). The regionalisation is supposed to reflect the extent and
configuration of past glaciations.

Table 2 List of publications with moraine samples dated with '’Be included in the database

Abbuhl et al., 2009

Abramowski, 2004

Abramowski et al., 2006

Ackert et al., 2007

Ackert. et al., 2008

Akgar et al., 2007

Akgar et al., 2014

Akgar et al., 2020

Alexanderson & Fabel, 2015
Alexanderson & Hakansson, 2014

Balco et al., 2002

Balco et al., 2009

Balco et al., 2014

Balco et al., 2016

Balco & Schaefer, 2006
Ballantyne et al., 2008
Ballantyne et al., 2009
Ballantyne et al., 2013
Ballantyne et al., 2014
Balter-Kennedy et al., 2020

Batbaatar & Gillespie, 2016
Becker et al., 2018

Benn et al., 2006

Benson et al., 2004

Benson et al., 2007

Bentley et al., 2007
Bentley et al., 2017

Bichler et al., 2016

Biette et al., 2020

Blard et al., 2013

Alloway et al., 2018
Amidon et al., 2013
Amos et al., 2010
Anderson et al., 2017
Anderson et al., 2020
Anjar et al., 2014
Anjar et al., 2021
Aoki, 2000

Aoki, 2003
Arzhannikov et al., 2012
Badding et al., 2013
Baietal., 2018

Bakke et al., 2021
Balbas et al., 2017

Barnard et al., 2006
Barnard et al., 2004a
Barnard et al., 2004b
Baroni et al., 2017
Baroni et al., 2018
Baroni et al., 2021
Barrows et al., 2001
Barrows et al., 2002
Barrows et al., 2007
Barrows et al., 2013
Barth et al., 2016
Barth et al., 2018
Batbaatar et al., 2018
Batbaatar et al., 2020
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Blomdin et al., 2018
Bohlert et al., 2011
Boxleitner et al., 2017
Boxleitner et al., 2018
Boxleitner et al., 2019a
Boxleitner et al., 2019
Braakhekke et al., 2020
Bradwell et al., 2008
Bradwell et al., 2021a
Bradwell et al., 2021b
Braucher et al., 2006
Braumann et al., 2020
Briner, 2009

Briner et al., 2003



Briner et al., 2005
Briner et al., 2007
Briner et al., 2014
Briner et al., 2017
Briner & Hormes, 2018
Bromley et al., 2015
Bromley et al, 2016
Bromley et al, 2020
Brook et al., 2008
Brook et al., 1993
Brook et al., 1995
Brook et al., 2008
Brown et al., 1991
Brown et al., 2002
Brugger, 2007
Brugger et al., 2019a
Brugger et al., 2019b
Carcaillet et al., 2013
Carlson et al., 2014
Carrasco et al., 2013
Carrasco et al., 2015
Ceperley et al., 2019
Clark et al., 2003
Clark et al., 2009a
Clark et al., 2009b
Cogez et al., 2018
Colgan et al., 2006
Corbett et al., 2015
Cossart et al., 2012
Crest et al., 2017
Crump et al., 2017
Crump et al., 2019
Crump et al., 2020
Cunningham et al., 2018
Dahms et al., 2018
D’Arcy et al., 2019
Darvill et al., 2018
Davies et al., 2017
Davies et al., 2018
Davis et al., 1999
Davis et al., 2015
Delmas et al., 2008
Delmas et al., 2011
Denton et al., 2021
Di Nicola et al., 2009
Dieleman et al., 2018
Dong et al., 2014
Dong et al., 2016
Dong et al., 2017a
Dong et al., 2017b
Dong et al., 2018
Dong et al., 2020
Dong et al., 2022
Dortch et al., 2013
Dortch et al., 2010a
Dortch et al., 2010b
Dortch et al., 2010c
Doughty et al., 2015
Douglass et al., 2005

Douglass et al., 2006
Dowling et al., 2021
Dithnforth & Anderson, 2011
Egli et al., 2020

Engel et al., 2011
Engel et al.,, 2014
Engel et al., 2015
Engel et al., 2017
Everest et al., 2006
Everest & Kubik, 2006
Fabel et al., 2004
Fabel et al., 2006
Fame et al., 2018
Farber et al., 2005
Favilli et al., 2009
Federici et al., 2008
Federici et al., 2012
Fernandez et al., 2022
Fernandez-Fernandez et al., 2017
Fink et al., 2006

Finkel et al., 2003
Finlayson et al., 2011
Finlayson et al., 2014
Fleming, 2019
Fogwill, 2003

Fogwill et al., 2014
Fuetal,, 2013
Ganyushkin et al., 2018
Garcia et al., 2012
Garcia et al., 2018
Garcia et al., 2019
Garcia et al., 2020
Garcia-Ruiz et al., 2020
Gayer et al., 2004
Gheorghiu et al., 2012
Gheorghiu et al., 2015
Gianotti et al., 2008
Gillespie et al., 2008
Glasser et al., 2006
Glasser et al., 2009
Glasser et al., 2011
Glasser et al., 2012
Glasser et al., 2014
Goehring et al., 2010
Goehring et al., 2012
Gosse et al., 1995a
Gosse et al., 1995b
Graf et al., 2008
Grant, 2016

Gribenski et al., 2016
Gribenski et al., 2018
Grin et al., 2016
Gump et al., 2017
Hakansson et al., 2007
Hall et al., 2009

Hall et al., 2016

Hall et al., 2020
Harrison et al., 2010
Heath et al., 2020
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Chen et al., 2015
Chenet et al., 2016
Chevalier et al., 2011
Chevalier et al., 2016
Chevalier et al., 2018
Chevalier et al., 2022
Chevalier & Replumaz, 2019
Hebenstreit et al., 2011
Hedrick et al., 2011
Hedrick et al., 2017
Hein et al., 2009

Hein et al., 2010

Hein et al., 2011a
Hein et al., 2011b
Hein et al., 2016a
Hein et al., 2016b
Hein et al., 2017
Heine et al., 2009
Henriksen et al., 2014
Heyman et al., 2011a
Hodgson et al., 2012
Hofmann, 2018
Hormes et al., 2008
Houmark-Nielsen et al., 2012
Howle et al., 2012

Hu et al., 2017
Hubert-Ferrari et al., 2005
Hughes et al., 2014
Hughes et al., 2018
Ivy-Ochs et al., 1996
Ivy-Ochs et al., 1999
Ivy-Ochs et al., 2004
Ivy-Ochs et al., 2006a
Ivy-Ochs et al., 2006b
Ivy-Ochs et al., 2008
Ivy-Ochs et al., 2018
Jackson et al., 1997
Jackson et al., 2019
Jackson et al., 2020
Johnsen et al., 2009
Johnsen et al., 2010
Jomelli et al., 2011
Jomelli et al., 2014
Jones et al., 2021

Joy et al., 2017
Kaplan et al., 2004
Kaplan et al., 2005
Kaplan et al., 2007
Kaplan et al., 2008
Kaplan et al., 2010
Kaplan et al., 2011
Kaplan et al., 2013
Kaplan et al., 2016
Kawamata et al., 2020
Kelley et al., 2014
Kelly et al., 2004

Kelly et al., 2008

Kelly et al., 2014

Kelly et al., 2015



Kerschner et al., 2006
Khandsuren et al., 2019
Kiernan et al., 2004
Kiernan et al., 2010
Kiernan et al., 2014
Kiernan et al., 2017
Kirkbride et al., 2014
Kleman et al., 2020
Koester et al., 2017
Koffman et al., 2017
Kohut, 2011

Kong et al., 2009a
Kong et al., 2009b
Koppes et al., 2008
Kronig et al., 2018
Kuhlemann et al., 2009
Kuhlemann et al., 2013a
Kuhlemann et al., 2013b
Laabs et al., 2007
Laabs et al., 2011
Laabs et al., 2013
Laabs et al., 2020
Landvik et al., 2003
Lane et al., 2020
Larsen et al., 2012
Larsen et al., 2014
Larsen et al., 2016
Larsen et al., 2021
Lasserre et al., 2002

Le Roy et al., 2017

Lee et al.,, 2014

Leger et al., 2021
Leonard et al., 2017

Marsella et al., 2000
Martin et al., 2018
Martin et al., 2020
Martini et al., 2017
Mathers, 2014
Matmon et al., 2006
Matmon et al., 2010
Mattas, 2021
Matthews et al., 2008
May et al., 2011
McCarthy et al., 2008
Mendelova et al., 2020
Menounos et al., 2013a
Menounos et al., 2013b
Menounos et al., 2017
Mentlik et al., 2013
Meériaux et al., 2004
Mey et al., 2020
Meyer et al., 2020
Moller et al., 2010
Moore et al., 2022
Moran et al., 2016a
Moran et al., 2016b
Moran et al., 2017
Moreiras et al., 2017
Moreno et al., 2009
Munroe et al., 2006
Murari et al., 2014
Murray et al., 2012
Nimick et al., 2016
Nishiizumi et al., 1993
Norris et al., 2022
Oberholzer et al., 2003

Potsch, 2017
Pratt-Sitaula et al., 2011
Protin, 2019

Protin et al., 2019

Protin et al., 2021
Putnam et al., 2010
Putnam et al., 2012
Putnam et al., 2013a
Putnam et al., 2013b
Putnam et al., 2019
Quirk et al., 2018

Quirk et al., 2020

Quirk et al., 2022

Reber et al., 2014a
Reber et al., 2014b
Refsnider et al., 2008
Regnéll et al., 2022
Reitner et al., 2016
Reusche et al., 2014
Reusche et al., 2018
Reuther et al., 2007
Reuther et al., 2011
Reynhout et al., 2019
Reynhout et al., 2022
Ribolini et al., 2018
Rinterknecht et al., 2004
Rinterknecht et al., 2006
Rinterknecht et al., 2009
Rinterknecht et al., 2012a
Rinterknecht et al., 2012b
Rinterknecht et al., 2014
Roberts et al., 2013

Rodriguez-Rodriguez et al., 2014

Lesnek & Briner, 2018 O’Hara et al., 2017
Levy et al., 2012 Oliva et al., 2021
Levy et al., 2014 Orretal., 2017

Rodriguez-Rodriguez et al., 2016
Rodriguez-Rodriguez et al., 2017
Rodriguez-Rodriguez et al., 2018

Levy et al., 2016

Levy et al., 2018

Levy et al., 2020

Li et al., 2011

Lietal., 2014

Lietal., 2016

Licciardi et al., 2001
Licciardi et al., 2004
Licciardi et al., 2009
Licciardi & Pierce, 2008
Licciardi & Pierce, 2018
Lifton et al., 2014

Liu et al., 2017

Liu et al., 2018

Lowell et al., 2013
Luna et al., 2018
Makos et al., 2016
Makos et al., 2018
Mangerud et al., 2008
Mangerud et al., 2013
Marcott et al., 2019
Margold et al., 2016
Margreth et al., 2017

Orretal., 2018
Owen et al., 2002
Owen et al., 2005
Owen et al., 2006a
Owen et al., 2006b
Owen et al., 2009
Owen et al., 2010
Owen et al., 2012
Owen et al., 2003a
Owen et al., 2003b
Owen et al., 2003c
Palacios et al., 2019
Palacios et al., 2020
Pallas et al., 2006
Pallas et al., 2010
Pendleton et al., 2015
Pendleton et al., 2017
Peng et al., 2019
Peng et al., 2020
Phillips et al., 2000
Phillips et al., 2016
Philipps et al., 2017
Pierce et al., 2017
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Réhringer et al., 2012
Romundset et al., 2017
Rood et al., 2011
Rother, 2006

Rother et al., 2014a
Rother et al., 2014b
Rother et al., 2017
Ruleman et al., 2018

Ruszkiczay-Rudiger et al., 2016
Ruszkiczay-Rudiger et al., 2021

Sagredo et al., 2011
Sagredo et al., 2017
Sagredo et al., 2018
Saha et al., 2016
Saha et al., 2018
Saha et al., 2019
Schaefer et al., 2006
Schaefer et al., 2008
Schaefer et al., 2009
Schaefer et al., 2015
Schéfer et al., 2002
Scherler et al., 2010
Scherler et al., 2014



Strelin et al., 2014
Stroeven et al., 2010
Stroeven et al., 2014

Schimmelpfennig et al., 2012
Schimmelpfennig et al., 2014
Schindelwig et al., 2012

Winsor et al., 2015
Wittmeier et al., 2020
Wiithrich et al., 2018

Schweinsberg et al., 2019
Schweinsberg et al., 2020
Seong et al., 2007

Seong et al., 2009
Shakesby et al., 2008
Shakun et al., 2015
Shulmeister et al., 2005
Shulmeister et al., 2010
Shulmeister et al., 2018
Siame et al., 2007
Sinclair, 2019

Small et al., 2012

Small et al., 2017

Small et al., 2021

Small & Fabel, 2016
Smith et al., 2005a

Smith et al., 2005b

Smith et al., 2011

Smith et al., 2016

Smith & Rodbell, 2010
Sgndergaard et al., 2019
Standell, 2014

Stansell et al., 2015
Stansell et al., 2017

Steig et al., 1998
Steinemann et al., 2020
Storey et al., 2010 Strand et al., 2019
Strand et al., 2022
Strasky et al., 2009a
Strasky, 2009b

Stroup et al., 2014
Stroup et al., 2015
Stlibner et al., 2017
Suganuma et al., 2014
Sutherland et al., 2007
Svendsen et al., 2019
Terrizzano et al., 2017
Thorndycraft et al., 2019
Tielidze et al., 2020
Todd et al., 2010
Tschudi et al., 2003
Tulenko et al., 2018
Ullman et al., 2015
Ullman et al., 2016
Valentino et al., 2021
Valletta et al., 2017
Voisine et al., 2020
Wang et al., 2006
Wang et al., 2013
Wang et al., 2020
Ward et al., 2015
Ward & Anderson, 2011
Wesnousky et al., 2012
Wesnousky et al., 2016
Wilson et al., 2013
Wilson et al., 2018
Wilson et al., 2019
Wilson et al., 2020
Winkler, 2014

Winsor et al., 2014

Xu et al., 201

Xu et al., 2020
Young et al., 2009
Young et al., 2011
Young et al., 2011
Young et al., 2012
Young et al., 2013
Young et al., 2015
Young et al., 2019
Young et al., 2020
Young et al., 2021
Young et al., 2021
Zahno et al., 2009
Zahno et al., 2010
Zasadni et al., 2020
Zech, J. et al., 2009
Zech, J. et al., 2010
Zech, J. et al., 2017
Zech, R., 2012
Zech, R. et al., 2005
Zech, R. et al., 2006
Zech, R. et al., 2007a
Zech, R. et al., 2007b
Zech, R. et al., 2009
Zech, R. etal., 2011
Zech, R. et al., 2013
Zeng et al., 2021
Zhang et al., 2016
Zhang et al., 2018
Zhou et al., 2007

5.1.3. Climate and terrain variables from other datasets

The topographic and climate variables selected for the analysis (summarised in Table 3) are
assumed to influence the intensity of geomorphic processes and hence the rate of denudation,
or to sufficiently characterize the environments (e.g. Conrad continentality index — CCI,
elevation). Relative topography should reflect the surrounding landscape dynamics, assuming
more active geomorphic processes for higher relative topography (Barr and Lowell, 2014).
Climate controls like temperature, precipitation or temperature ranges are linked to weathering
processes (e. g., Ovlmo, 2010; Hall, 1999), while being simple and easily accessible, reducing

potential cumulative errors.
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Table 3 Examined variables

Variable Source dataset

Exposure age

Elevation Expage database
Latitude
Ice Mass Original publications

ASTER GDEM v3, ArcticDEM,

Landscape relief (Demek et al., 1971) (within a buffer of 2 km) ;
CryoSat-2 Antarctica 1km DEM

Mean annual precipitation

Mean annual 2 m air temperature
Mean annual range of 2 m air temperature (1951-2020) ERALClim
Mean diurnal range of 2 m air temperature
Conrad's continentality index

Time spent in frost cracking window (-8 to -3 °C)

1951-202 ERA5-L Hourl
Number of freeze-thaw cycles (1951-2020) S-Land Hourly

Képpen-Trewartha climate classification (1951-2020) Belda et al., 2014

The Conrad continentality index, a function of latitude and annual mean temperature,
and Trewartha climate classification (based on temperatures and precipitation) were included
as alternative descriptors of climate conditions. The only more complex variables were
simplified descriptors of frost weathering processes, included to provide an insight into this
mechanism operating in periglacial environments.

The topographic relief and regional climate data were evaluated using Google Earth
Engine for all samples. Based on the digital elevation models ASTER GDEM v3 (NASA, 2019)
complemented by ArcticDEM (Porter et al., 2018) and CryoSat-2 Antarctica 1km DEM (Slater
at al., 2018), the relative topography was calculated for each sample as a difference between
the maximum and minimum elevation within a 2 km buffer zone (Demek et al., 1971).

Regional climate variables such as mean annual precipitation (P), mean annual 2 m air
temperature (T), mean diurnal temperature range (DTR), and mean annual range of 2 m
temperature (ATR) were derived from ERALClim (a database derived from ERAS-Land
reanalysis data) that covers the period from 1951 to 2020 (Lea et al., 2024). Using these data,
the Conrad continentality index (CCI) was determined to characterize the degree of
continentality (Conrad, 1946).

Two parameters were used as proxies for frost weathering intensity: the time spent in
the frost cracking window (FCW) (-8 °C to -3 °C) and the number of freeze-thaw (F-T) cycles
(oscillation over 0 °C). Both metrics were calculated for the period 1951 to 2020 using skin
temperature (temperature of the surface of the Earth) from ERAS-Land Hourly data (Mufioz
Sabater, 2019).

To better capture the prevailing climate conditions, each sample was assigned
a Trewartha climate classification category B to F (B: dry climates, C: subtropical climates,
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D: temperate climates, E: boreal, F: polar climates) applied from 1951 to 1980 (Belda et al.,
2014).

Before conducting the analysis, potential collinearity among the variables was evaluated.
Several variable pairs show moderate to strong correlations—for example, continentality with
diurnal (0.80) or annual temperature range (0.80) and elevation (0.61); diurnal temperature
range with elevation (0.75) and freeze—thaw cycles (0.67); precipitation with annual
temperature range (—0.71) and mean temperature (0.60); freeze—thaw cycles with elevation
(0.68); and mean temperature with annual temperature range (—0.61) (see correlation matrix in
Fig. 3). Some degree of correlation was expected, particularly because continentality is derived
from latitude and temperature range.

To further assess multicollinearity, variance inflation factors (VIF) were calculated.
After removing continentality and either annual or diurnal temperature range, all VIF values
decreased to below 4 (see Tab. 4). Nevertheless, all variables were retained for subsequent
analyses, as the primary aim was to identify the most relevant environmental descriptors that

may explain variations in moraine age clustering (moraine degradation).

Figure 3 Correlation matrix for examined variables, correlation
calculated with Spearman’s rank correlation coefficient.
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5.2. Data Analysis
To assess the quality of boulder group exposure ages, we evaluate their clustering, assuming
that in theory (without prior or incomplete exposure), all boulders from a single moraine would
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yield a single, well-clustered age. To quantify the clustering, we calculated the reduced
chi-square value (x3) (or mean square weighted deviation — MSWD) for all boulder groups
with at least three samples (Balco, 2011; Heyman et al., 2016):

n 2
2 _ 1 Z t;—t
AR n—1 - g;
=1
Where:

. t; = individual apparent exposure ages

e  {=group mean age
. o; = individual uncertainties (internal uncertainty — nuclide concentration
measurement error; Balco et al., 2008)

The x3 is close to 1 if the only source of scatter is the measurement uncertainty,
increasing with the exposure age scatter (Balco, 2011). We adopted the cut-off value of 2 for
well-clustered (y2 < 2) and scattered groups (y3 = 2) following Heyman et al. (2011b). To
get a better insight into the data for some analyses we also specified a “moderately clustered”
category (2 < y2 < 3.5). For instance, Blomdin et al. (2016) defined "moderately clustered"
as x4 > 2 with a standard deviation < 15% of the mean exposure age. However, we did not
adopt this approach because this criterion may not be meaningful prior to outlier removal, as
even a few extreme values can disproportionately inflate the standard deviation and distort how
well most of the samples cluster.

For the outlier identification a method based on an iterative reduced chi-squared
approach was used, where the outliers with the highest deviation are removed sequentially
(Dortch et al., 2022) until the y3 is lower than two or there are only three remaining samples in
the group.

To investigate the influence of examined variables, we compared their values with both
the y3 values and the ratio of well-clustered ages. For practical application, the y3 values were
classified into three categories—well-clustered, moderately clustered, and scattered—rather
than relying solely on the exact y3 values. In exposure dating, the optimal outcome is a
well-clustered set of moraine ages (or, alternatively, moderately clustered). For scattered
results, the precise y3 value offers limited additional information, as it mainly reflects poor or
questionable clustering.

The dataset was analysed as a whole and also subdivided into several groups based on
age type of ice mass or region. Because the data are not normally distributed, we used
Spearman’s rank correlation coefficient to assess statistical relationships, and did not apply
linear regression.

In addition, skewness of the exposure age distribution was used as an indicator of
nuclide inheritance (skew > 0.5) or incomplete exposure (skew < -0.5) (Applegate et al., 2010).
In the final part of the analysis, we investigated how the number of samples per moraine

influences clustering.
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6. Results

The dataset contains 3243 globally distributed moraine ridge groups (Fig. 4A). However, only
1620 of these moraines contain at least three samples per ridge and are therefore suitable for
further analysis (Fig. 4B). The decrease in the number of moraines with at least three samples

is particularly evident in the Alps, New Zealand, Patagonia, and the Rocky Mountains of
the USA.

Figure 4 Spatial distribution of moraine ridges dated with cosmogenic nuclides. A: all moraine ridges, B: moraine
ridges with at least 3 samples.

] 5 ~
A = - » h’ .
Sl > g - =
LA 10 - « ¥

- 4

. . ' . '!" ﬁj » -
y=2 = s, L
".

R AL o S
- ] - - - .' -
. ~ - . ."'_.- .
: ‘g‘.\.
moraine ridge

Point density/km? A
0.0 -

. 3.0

0 4 000 km
— — -
3 -’
- = L] ..1
B = e { e ” .
O I 2 ot
"\ . ' v L3 ".. .
& . I »
E - - b. -- f'." 03
-:..:; a :3 - b, ~
V: 3

moraine ridge (2 3 samples)

Point density/km? \
0.0 <he
ll
i3 e
.'l [ -
L
0 4000 km
h:i

The subset with at least three samples per moraine spans a broad temporal range, with
moraine ages ranging from 56 to 5.38 million years (Fig. 5A). Within this group, only 23 %

(373 moraines) have well-clustered exposure ages (Fig. SA, 5B). After removing outliers, the
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proportion of well-clustered moraines increases to 46 % (748 moraines) (Fig. 5C, D). Moraines
with mean ages between 10 and 20 ka tend to show the best clustering (Fig. 5B, D). The age
scatter gradually increases with older moraine ages, and substantial scatter is also observed
among the youngest moraines. Beyond 35 ka, only seven moraine groups are classified as
well-clustered when outliers are included, but this number increases to 47 after outlier removal.
Figure 5 Exposure age MSWD versus mean exposure age for all moraines with at least three boulders per group;
dotted line corresponds to a MSWD = 2. A: overview of the whole dataset, B: Moraines with mean exposure age
< 65 ka, C: overview of the whole dataset after removing outliers, D: Moraines with mean exposure age < 65 ka

after removing outliers; y-axes are shown with a logarithmic scale, x-axes on A, C are shown with logarithmic
scale, YD — Younger Dryas, B-A — Bolling—Allered, LGM — Last Glacial Maximum
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Although the MSWD values tend to increase with moraine mean ages, there is no
significant overall trend for the entire dataset, with a Spearman’s correlation coefficient of 0.33.
However, stronger correlations, indicating potential trends, are observed in specific regions,
including northeastern Asia (0.47), ice sheets in Alaska (0.69) and the Patagonian Ice Sheet
(PIS) (0.65). When considering only moraines older than 10 ka, the correlation strength
increases both globally (0.53) and regionally. In this “older than 10 ka” subset, higher values
are observed for mountain glaciation or icefield/icecap category in Greenland (0.79), northern
South America (0.72), Alaska (0.46) and Oceania (0.49) (see Table 5). The categories of
the Alaskan and Patagonian Ice Sheets consist only of moraines older than 10 ka, thus, no

change is observed in correlation values for these regions.
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Region All data Age > 10 ka
Global 0.33
High Asia 0.36
Europe + W-Asia 0.23
Greenland

cofield. N-Am. 0.15 0.27

cefeldl 2o | sk | os

and mountain .

ot NE-Asia | o047 | o049
glaciation

NS-Am. 0.14
Oceania 0.19
SS-Am. - | 032
FIS 028 | 036

e sh Jice | €S 0.28 | :

ce sheetandice | g || 032 | o029

sheet in high
. Alaska
relief

PIS

0=0.01,

Ho:

Table 5 Spearman’s rank correlation coefficient for
the relationship between moraine ridge exposure age
clustering and age for the whole dataset and
moraines older than 10 ka for significance level
p=0, Ha:
significant results are presented.

p#0. Only statistically

Figure 6 (or, in more detail, Table 6) presents an alternative approach, analysing only

the proportion of well-clustered moraine ages within 5 ka age bins. The highest proportion of

well-clustered ages occurs between 10 and 20 ka. When outliers are included, the highest

percentage of well-clustered ages is 38 % (between 10 to 15 ka). After removing outliers, this

percentage exceeds 60 % for the same interval. The proportion of scattered moraine groups

increases towards the younger and older age intervals.

Outliers Included

100%
|
75% II

50% |
25% II
01 T L

p—— 100%
75%
50%
25%

—— — —— —— — —— — —

Outliers Removed

———— —— — —— —— —

Figure 6 Proportion of
well-clustered (green), moderately
clustered (yellow) and scattered
(red) moraine ridge groups within
5-ky age intervals. Moraine
exposure ages clustering is
calculated including outliers (left)
and after removing outliers (right).

Table 6 Proportion of well—clustered (W-C) moraine ridge groups within 5-ky age intervals. OI: outliers
included, OR: outliers removed.

Mean exposure age [ka]

N I I = B - = B = N

— o — ~ ~ ™ ™ < < N n O

M 9 S5 &8 o \d 8 w o w g w

=) wn hul Al o o o o N = v G

Moraine | 1o 114 384 344 182 62 43 36 32 25 25 14
Ridges [n]

W-C(OI) [%] |14.5 26.3 38.0 340 225 48 47 00 31 00 00 00

W-C (OR) [%] |33.9 57.9 61.7 605 51.1 30.7 30.2 19.4 25.0 12.0 12.0 7.1
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The assumption that moraine age skewness can indicate inheritance (skew > 0.5) or
degradation (skew < -0.5), as proposed by Applegate et al. (2010), was also tested. Among
moraines with MSWD > 2, 26.6 % show signs of degradation, and 48.8 % signs of inheritance.
However, no significant correlation was found between skewness (or its absolute value) and
MSWD (r = 0.17). Independent age controls would be necessary to evaluate the influence of

inheritance versus denudation.

6.1. Climate and terrain variables

To investigate the relationship between the MSWD and the other variables, Spearman’s rank
correlation coefficients were calculated for the whole dataset and its specific subsets grouped
by age, type of ice mass and combination of region with type of ice mass (see Table 7, 8).
Across the whole dataset, none of the variables showed strong correlations with MSWD.
However, some subsets showed relatively higher values, suggesting a potential climate-driven
influence (annual mean temperature, annual temperature range, diurnal temperature range or
precipitation) on moraine age clustering. These included ice sheets in high relief, icefields and
icecaps and the regions of Alaska (icefields, icecaps and mountain glaciation) and
the Patagonian Ice Sheet.

Overall, moraine exposure age clustering tends to decrease (MSWD increases) with
higher age, elevation, annual and diurnal temperature ranges or continentality, and lower mean
annual temperatures, and precipitation (Table 7, 8). Nonetheless, there are some significant
exceptions to these general trends. In Greenland (icefields, icecaps and mountain glaciation)
the MSWD increases with lower annual temperature range and lower continentality. No
significant relationship was found between the MSWD and time spent in frost-cracking

window, number of freeze-thaw cycles and relative topography.

Type of ice mass Hemisphere  Table 7 Spearman’s rank correlation
o o o - = - coefficient for the relationship between
— >y B | '® O . .
© ® = Q ox | S| 25| S S moraine ridge groups exposure age
S 26|28 5 |GT|gs|5E| 3 S FU N
= ==& ) o888 3 Z clustering and the examined parameters
< < < o o - |lsw =

for significance level 0=0.05, Ho: p=0,
0.38 | 031 Ha: p#0. Only statistically significant

Age | 033 | 0.28 | 0.53 | 0.53

o o
N W
u W
S
w
o
o
N
o

NS | 0.21 |-0.19 | 0.20 | 0.24 | | 0.18 | 0.22 | 0.23 | 0.20  resulis are presented. Only subsets with
Elev. | 0.20 | 0.15 | 0.21 | 0.35 | 0.24 | 0.35 | 0.18 | | 0.24 statistically  significant results are
lat | | | | -0.25 | -0.34 | 0.23 | | | -0.18 included. OR: outliers removed, Age:
T | -0.32 | -0.25 | -0.35 | | -0.51 | -0.44 | -0.25 | -0.13 | -0.33  mean boulder group exposure age, NS:
ATR | 027 | 0.21 | 031 | | 0.24 [0.45 | 0.21 | 011 | 032 pymber of samples per group, Elev.:
DIR | 021 | 016 | 0.24 [045| | 034|017 | | 025 clevation, Lat latitude, FCW: time
P | -032 | -0.24 | -0.39 | 0.26 | -0.49 | -0.41 | -0.27 | -0.26 | -0.31 spent in FCW, F-T: number of F-T
FCW | -0.06 | | -0.06 | | -0.20 | | -011 | -0.27 | cycles, RT: relative topography.

FT | 010007 | 012 | 031 | -0.29 | 0.13 | 0.13 | -0.17 | 0.23

RT | | | -0.09 | | | 0.14 | -0.14 | |

ccl | 029|021 033 | | 0.21 | 0.46 | 0.23 | 0.21 | 0.35
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Table 8 Spearman’s rank correlation coefficient for the relationship between moraine ridge groups exposure age
clustering and the examined parameters for significance level 0=0.05, Ho: p=0, Ha: p#0. Only statistically
significant results are presented. Only subsets with statistically significant results are included.

Icefield, icecap and mountain glaciation fce shee;igzciézz;heet n

© s | 2 .
2 |2yl 2| 2 E 2 g % = 2 »
< 35| 33 9] T © : < %) © o
e I o z < 2 O <
T G

NS 021 | - | o021 058|019 - [033

Ele. | 0.6 | 039 |-0.16 | - - : -

Lat - |-038] - - | osa|

T -0.16 | - - - . | -

ATR | 022 | - - |-041 | -018 [Jo6AN

DTR | 023|036 |-017| - |-018] 039 | 0.18

P -0.21 |-0.41| - - | -0.18 | -0.42 | -0.22

FCW : : : : - |-033|

F-T - - - - - |-038]

RT 019 | - -~ Joe39| - -

ccl 028 | - - |-039]-023 0.17

Similar to the analysis of mean exposure age, the proportion of well-clustered moraine
groups was assessed across binned intervals of remaining variables. As shown in Figure 7,
the proportion of well-clustered moraines increases significantly with higher mean annual
temperature and precipitation and with lower annual temperature range and continentality.
A weaker effect is observed with a lower diurnal temperature range and lower elevation.
In contrast, certain variables appear to have no effect on moraine age clustering, including time

spent within the frost-cracking window, number of freeze-thaw cycles, latitude, and relative

topography (Fig. 7).

Figure 7 Proportion of well-clustered (green), moderately clustered (yellow) and scattered (red) moraine ridge
groups within bins of environmental and topographic variables.
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Finally, we examined the categorical variables, Trewartha climate classification and the
type of ice mass. In the case of ice mass type, no significant differences in clustering were
observed among the categories (Fig. 8, 9), and the improvement in clustering after outlier
removal was similar for all types (Fig. 8, 9). Regarding climate classification, moraines formed
in dry climates (B) exhibited the lowest proportion of well-clustered ages and showed the
smallest improvement after outlier removal, likely reflecting the influence of low precipitation
on age scatter. The proportion of well-clustered ages increased by more than 20 % for all
remaining climate categories after removing outliers. Clustering was highest in subtropical
climates (C) and progressively decreased toward colder climate types, consistent with the

observed effect of decreasing annual temperature on moraine age clustering (Fig. 8, 9).

Figure 8 Moraine ridge exposure age clustering against the climate types and type of ice mass before removing
outliers (red) and after removing outliers (blue). The black dotted horizontal line marks the MSWD=2. The y-axes
are shown with a logarithmic scale.
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Figure 9 Proportion of well-clustered (green), moderately clustered (yellow) and scattered (red) moraine ridge
groups for each category of climate classification and type of ice mass.
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6.2. Clustering among different regions

Regionally, most of the examined moraine ridges were located in High Asia (440 ridges), North
America (249) and Europe with western Asia (235) (Fig. 10). The highest proportions of well-
clustered ages (after removing outliers) were observed in the regions of the British Isles (68 %),
Europe and western Asia (60 %), Oceania (57 %), North America (55 %), and southern (53 %)
and northern (52 %) South America. In contrast, the regions with the lowest proportion of
well-clustered ages are northeastern Asia (21 % scattered ages), Antarctica (21 %) and High
Asia (30 %).

Figure 10 Proportion of well-clustered (green), moderately clustered (yellow) and scattered (red) moraine ridge
groups after removing outliers in examined regions.
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Clustering of moraine exposure ages was also examined across different regions in
combination with ice mass type (Fig. 11). In several regions, outlier removal had minimal
impact on clustering, and these can be divided into two categories: (1) regions with poor
clustering regardless of outlier removal, including the AIS, Greenland (icefield/icecap and
mountain glaciation), High Asia, and northeastern Asia; and (2) regions with consistently good
clustering, such as Oceania. The most significant improvement after outlier removal was

observed in North America (icefield/icecap and mountain glaciation), Alaska, GIS and PIS.
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Figure 11 Proportion of well-clustered, moderately clustered, and scattered moraine ridge groups for different
regions. OR: outliers removed.
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6.3. Sample size, outliers, and moraine exposure age clustering
The effect of varying sample sizes on the clustering of moraine exposure ages was examined to
see whether a higher number of samples allowing for removing more outliers improves
the clustering of ages. Table 9 summarizes the effect of outlier removal on the proportion of
well-clustered ages. As expected, the success rate is lowest for groups with the fewest samples
(three samples), gradually increasing with sample size. Notable shifts in success rates occur
between groups with three and four samples (from 30 % to 50 %) and between groups with six
and seven samples (from 53 % to 64 %). There is little difference between groups with four to
six samples, seven, eight, and 10 samples, and 11 and 12 samples. The group with nine samples
stands out with the highest success rate (85 %), which is higher than other groups. However,
for larger sample sizes, the results become less clear for larger sample sizes due to the limited

number of cases.

Table 9 Proportion [%] of well-clustered moraine age groups with respect to the number of samples per group and
number of outliers removed. Percentage >50 % is in green.

number of outliers removed

number
of groups
3 587 30.5

4 364 26.1 50.0

5 299 15.7 35.5 50.8

6 139 15.8 32.4 43.2 53.2
7

8

9

0 1 2 3 4 5 6 7 8 9

91 16.5 30.8 429 51.6 63.7

48 12,5 18.8 31.3 43.8 58.3 66.7

26 19.2 23.1 30.8 46.2 53.8 65.4 84.6

10 26 3.8 3.8 154 23.1 30.8 46.2 57.7 69.2

11 9 11.1 111 11.1 444 66.7 66.7 66.7 77.8 77.8

12 14 00 71 71 71 143 143 429 50.0 57.1 78.6

number of samples per group
(before removing outliers)
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To further understand the effect of sample size on moraine age clustering, Figure 12
illustrates the relationship between the number of samples and the percentage of well-clustered
ages, considering moraine ages. This figure clearly shows the effect of taking at least four
samples per group, with a higher number of samples proving especially effective for younger
moraines (at least seven samples) and older moraines (>20 ka: at least six samples; >30 ka:
at least eight samples). However, results for older moraines should be interpreted with caution
due to the limited number of cases. For moraines between 10 and 20 ka, the results for groups
with five to seven samples are very similar.

Figure 12 Proportion of
well-clustered moraine

groups (after removing
80 1 outliers) with respect to
mean moraine age and
60 - the number of samples
taken per moraine. Grey
40 dots: less than 10
moraines.
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7. Discussion

7.1. Data overview
Compared to previous studies attempting to assess cosmogenic exposure ages on moraines,
the dataset in this work is substantially larger. For instance, one of the more recent compilations
by Heyman et al. (2016) comprised 579 boulder groups with at least three boulders. The overall
trends and results related to clustering and moraine ages are very similar. As in the dataset in
this work, Heyman et al. (2016) observed the highest proportion of well-clustered ages within
the 10 to 15 ka range, 42 % of well-clustered ages (compared to 38 % in the dataset in this
work) with the fraction of scattered increasing towards younger and older ages. Overall,
Heyman's dataset comprised 21 % of well-clustered ages, while this study contained a slightly
higher proportion of 23 % of well-clustered ages.

Some previous studies used metrics different from MSWD to assess moraine age scatter,
such as moraine boulder age range. Putkonen & Swanson (2003) quantified moraine age scatter
using normalised age range — difference between maximum and minimum boulder ages divided
by the maximum age of the moraine, resulting in values between 0 and 1. Their dataset's average
normalised age range (comprising moraines younger than 100 ka) after removing old outliers
was 0.38, indicating a substantial scatter among moraine boulders.

The average normalised age range of the dataset presented in this study (including
moraines with at least two samples) is 0.31. After removing the old outliers, this value slightly
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increases to 0.32, probably because while removing old outliers reduces the absolute age range,
it also lowers the maximum boulder age, increasing the normalised age range. Applying
the same age limit of 100 ka as Putkonen & Swanson (2003) to our dataset does not impact
the average normalised age range, which remains 0.31.

Putkonen & O’Neil (2008) presented a different approach to age scatter, analysing
the absolute age range (the difference between maximum and minimum moraine boulder ages).
They found a positive correlation with moraine age, suggesting continuous moraine degradation
over time. After excluding old outliers, the regression model for their dataset is ty = 0.45t +
2000, where t; is the absolute age range and t is moraine age.

Applying the same approach to the dataset in this work (for moraines with at least two
samples after removing old outliers) yielded a considerably steeper relationship: tg = 0.87t —
3124. Because the oldest moraine in the dataset of Putkonen & O’Neil (2008) is 582 ka, the
same upper limit was also applied to the dataset in this paper resulting in even steeper
regression: tg = 1.03t — 9619 (see Fig. 13). Overall, the substantially steeper slopes observed
in this dataset indicate stronger time-dependent increase in age scatter and hence more
significant moraine degradation over time. However, moraines older than 582 ka appear to have
relatively lower absolute age scatter than expected from the regression for the younger ages.

In summary, the average scatter expressed by the normalised age range is slightly lower
than in the dataset of Putkonen & Swanson (2003). However, the linear regression shows
a substantially higher increase in absolute age scatter with moraine age than reported in the
previous study by Putkonen & O’Neil (2008). This suggests that despite more consistent
relative ages, post-depositional processes might play a more important role with increasing

moraine age in this dataset.

1000 A Figure 13 Absolute age scatter compared to
— 900 mean moraine age, datapoints older than 500 ka
= 200 - were excluded from the graph, but are included
b | in the regression calculation. Black dashed line:
= 00 the linear regression of the dataset; the red
m . . . ~
w500 dotted line: linear regression of Putkonen &
g-'ﬂ 500 O'Neal's (2003) dataset.
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7.2. Clustering for different moraine ages
The scatter in moraine ages is generally supposed to increase with moraine age due to moraine
degradation (Putkonen & Swanson, 2003; Putkonen & O’Neil, 2008). However, as shown in

previous studies (Heyman et al., 2016), the youngest moraines do not show the highest fraction
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of well-clustered ages. In this work, the highest proportion of well-clustered ages is observed
in the 10 to 15 ka interval, gradually decreasing toward older ages. There is also a significant
fraction of scattered ages for the youngest moraines (0-5 ka), with only 14.5 % (33.9 % after
removing outliers) of well-clustered ages.

Potential environmental influences were examined to gain better insight into the high
scatter observed among the youngest moraines. As demonstrated in Figure 14, these youngest
moraines with high scatter do not appear to be associated with any specific environmental
conditions. In contrast, older moraines (> 25 ka) with higher scatter show more expected
relationships between their MSWD values and the examined variables (see section 1.1.). For
instance, a high fraction of the scattered older moraines is located in regions with low
precipitation, large diurnal and annual temperature ranges or high continentality. Also,
the moraines at the lowest temperatures are almost exclusively associated with the old moraine
group (in the AIS region).

Figure 14 MSWD and examined variables, outliers included. Red: young moraines (0-5 ka), blue: older moraines
(> 25 ka). The precipitation was cut at 5000 mm (max. 18 000 mm).

1000000 .
100000 .
-] -]
10000 o o5 S g e S Wk . %
LB ] [
10007 o o " ZTam 130 ]
o - - -;l': 3 ':"_,5; ¥ n._* L= I = & e - °
= 100 o TR T N TP S gl e .
- L] o, B o i & ] 9
10 ™ E L) ""r ','._I gl T nﬁﬂ ?& iy D.-g 2
BRI gn %'?"g .............. _"'F"%"-""?""'; ............... ":.!I.F.‘ ........ ERPSREIS
L] e @-D I L'.":_ P s D_-':f‘ . o o
n .1_ '5 (-] . DD |'_.
. (=] (=]
0.01- .
-40 -30 =20 -10 0 10 o 1000 2000 2000 4000
Annual Temperature [7C] Annual Precipitation [mim]
1000000 -
100000 .
(-] [}
- (- -
10000 o o3 '5; . & . ' D A%
1o .° . s oS e B 2 . A Ry (L)
R & T ad o a8 e LT -
- | F [ TR L B W g T,
B I o/ 4 -:-'Eﬁg_': o 1 o S sne i e
. n _ St S o RS N k
1w " % i ﬁ%",‘fp‘-ﬂ'a g E : ‘LDQ_J’"L(’? Y D:T:a
A - SRR jlﬂp-'g.:;ia -l?d"lf ,_3 ‘t' -] o g!
N X p o2t g | . Y, o0 e I el i PRI
e e £, 8 -y * w &
0.1 5 " . H e
. - -
0.01 -
10 20 20 a0 ED 2 4 & g 10 12 14
Annual Temperature Range [°C] Diurnal Temperature Range [FC]

Unlike the older moraines, the youngest moraines seem to reflect the general distribution
of the whole dataset, suggesting different causes for the observed scatter. This supports
the assumption that denudation should have a negligible effect on the scattering among young

moraines. Another cause might be nuclide inheritance. Assuming skewness > 0.5 indicates
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inheritance and < -0.5 degradation (Applegate et al., 2010), then inheritance might significantly
contribute to scatter among the youngest ages. Based on skewness data, 60 % of the scattered
(MSWD > 2) young moraines likely suffer from inheritance, while 21 % from incomplete
exposure. Additionally, the relationship between MSWD and skewness is slightly stronger
(0.34) compared to the whole dataset (0.19).

Another possible contributor to scatter among young moraines (< 5 ka) is uncertainty
related to blank concentration—background contamination introduced during sample
preparation (Balco et al., 2008; Balco, 2011). However, no correction could be applied since
blank data are not available in this dataset.

Fig. 15 also reveals regional patterns. Young, scattered moraines are concentrated in

areas like Greenland, southern part of High Asia, and northern South America.

Figure 15 Regional distribution of scattered, young (< 5 ka, red) and old (> 25 ka, blue) moraines.
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Beyond 35 ka, only seven moraine groups are classified as well-clustered when outliers
are included, and 47 groups after outlier removal. These old, well-clustered moraines were
examined for common trends, but no patterns were found. Both groups span a wide range of
climatic and topographic conditions across different regions. They can be found in arid, cold
polar climates as well as in boreal or temperate climates with higher precipitation and
temperatures, at various elevations, and in continental, oceanic or moderate climates.

The seven well-clustered (outliers included) are located in Antarctica, High Asia,
southern South America and Oceania. The group of 47 well-clustered groups (outliers removed)
is distributed across Antarctica, High Asia, North America, Oceania, all regions of South
America, and includes one moraine in northeastern Asia. Some regions are not represented due
to the absence of moraines older than 35 ka (BIIS, British Isles, Greenland, GIS), or because

there are only a few of these moraines (FIS, Europe and western Asia, and likely CIS and LIS).
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7.3. Regional patterns
As shown in section 1.2. the clustering in several regions was only slightly affected by outlier
removal, suggesting either overall poorly clustered regions or consistently well-clustered
regions. The first group includes the AIS, Greenland (icefield/icecap and mountain glaciation),
High Asia, and northeastern Asia. Oceania is the only region representing the second group
with consistently well-clustered moraines. Some of the climate or topography-related
characteristics of these regions (with a comparison of the whole dataset) are shown in Fig. 16.

Figure 16 Boxplots for selected variables. Categories: regions with MSWD only slightly affected by outlier
removal and boxplots of GIS and the whole dataset for comparison.
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As shown in Fig 16. the moraines of the AIS are located in extremely cold and arid
environments. They represent the group of moraines with the lowest mean temperatures and
precipitation in the entire dataset (Fig. 17). These extremely cold and arid climate conditions
might indicate non-erosive cold-based ice. The periods of burial by cold-based ice might limit
the accuracy of cosmogenic nuclide dating in Antarctica (Bentley et al., 2017; Di Nicola et al.,
2007; Strasky et al., 2009a). Another source of scatter in Antarctica may include
post-depositional reworking of boulders causing overturning or rearrangement of boulders
(Strasky et al., 2009a) or the presence of reworked clasts with inherited nuclides (Bentley et al.,
2017). Several studies suggest that the poor clustering might reflect complex exposure histories
(Bentley et al., 2017; Strasky et al., 2009a).

In terms of inheritance vs. incomplete exposure, there is a slightly higher, though still
very weak, correlation between MSWD and skewness (0.33) compared to the full dataset (0.17).
Among the scattered AIS moraines, 31.4% exhibit signs of incomplete exposure and 48.6%
inheritance, which is similar to the full dataset (26.6% and 48.8%, respectively).

Figure 17 The relationship between mean annual temperature or precipitation and the MSWD for the whole
dataset. The points representing AIS are in dark red.
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The next poorly clustered region is Greenland (icefield/icecap and mountain glaciation).
While the environmental conditions in Greenland and the GIS are very similar (Fig 16), the GIS
shows substantially better clustering (see Fig. 11), probably reflecting different glacial
dynamics. The GIS moraines in this dataset are post-LGM, corresponding to recessional
positions. According to Larsen et al. (2021), the GIS recessional moraines yield more consistent
exposure ages due to intense glacial erosion during LGM that removed the nuclides from
previous episodes of exposure. In contrast, moraines deposited by mountain glaciers are often
highly scattered with signs of inheritance and exhumation (Larsen et al., 2021). This may be
caused by a higher frequency of Holocene glacier readvances of mountain glaciers (Larsen et
al., 2021).
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Interestingly, the skewness analysis of moraine age distributions (before outlier
removal) suggests that 72.0 % of the scattered GIS moraines exhibit inheritance and only
16.0 % incomplete exposure. For Greenland mountain glaciers, these values are 56.7 %
(inheritance) and 23.3 % (incomplete exposure).

The third region with poorly clustered ages is northeastern Asia. This region is
characterized by lower mean annual precipitation and temperature (Fig. 16) and notably
the highest annual temperature range among the whole dataset (Fig. 18), reflecting the strongly
continental climate. Moraines in this region are generally older and often predate the Last
Glacial Maximum (LGM). Given the observed relationship between clustering and moraine
age, this may reflect a greater influence of post-depositional processes or inheritance, possibly
driven by complex glacial histories involving multiple glacier readvances (Blomdin et al., 2018;
Gillespie et al., 2008). The skewness-based classification of scattered moraine groups in
northeastern Asia is consistent with the results for the whole dataset with 53.7 % showing

inheritance and 22.4 % incomplete exposure.

Figure 18 The relationship between MSWD and
ATR (annual temperature range) for the whole
dataset. The points representing NE-Asia are in dark
10000 1 red.
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The last of the poorly clustered regions is High Asia. In terms of climate characteristics,
mean annual temperatures are lower, with relatively high annual and diurnal temperature
ranges, but apart from the DTR, no climatic variable stands out (Fig. 16). The region also
features the highest elevations and a wide range of moraine ages. Heyman (2014) and Blomdin
et al. (2016) have reported similar patterns of poor clustering even after removing outliers in
this region. Many moraines predate the LGM, which may increase their susceptibility to post-
depositional processes and reflect complex glacial histories with multiple glacier readvances
(Heyman, 2014).

The skewness-based classification of the scattered moraine groups is very similar to that
of northeastern Asia (and the whole dataset), with 49.7 % indicating inheritance and 21.8 %
incomplete exposure.

Oceania is the only region where outlier removal had a small effect on clustering, and

which overall shows good clustering. As shown in the Fig. 16, the characteristics of this region
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correspond to the general trends associated with better clustering discussed in section 1.1. These
include lower elevations, high mean temperatures and precipitation, and lower ATR and DTR.
In contrast to the previously discussed regions (and the overall dataset), which show a higher
proportion of scattered groups indicating inheritance, Oceania shows an equal proportion of

groups indicating inheritance and incomplete exposure, both at 39.7 %.

7.4. Implications for sampling strategies
Previous studies have shown that sampling taller boulders increases the proportion of
well-clustered ages, likely due to their more probable continuous exposure to cosmic radiation
(Heyman et al., 2016). However, our work did not focus on specific characteristics or moraine
morphology (e.g., moraine height, slope angle, moraine shape or boulder height) but instead
examined broader climatic and topographic controls.

The results support the assumption that moraine age is one of the main factors
influencing the moraine age clustering (Heyman et al., 2016). However, the clustering does not
always decrease with increasing age. While the proportion of well-clustered groups decreases
from beyond about 15 ka, the youngest moraines (< 5 ka) show a significant scatter.

A key implication of this analysis is the relationship between the number of samples per
moraine group and the likelihood of well-clustered results. Although at least three samples per
moraine are generally recommended (Darvill, 2013), our results show that sampling more than
three boulders per moraine consistently improves the results. Nevertheless, 36 % of groups with
at least three samples only contain three boulders (Table 9).

To achieve a 50 % probability of obtaining well-clustered results within the "best " age
interval 10-20 ka (interval with the highest proportion of well-clustered ages), at least four
samples should be taken. More samples are required for similar accuracy for older and younger
moraines: at least seven samples for moraines younger than 10 ka; at least six for 20-30 ka, and
at least eight for moraines older than 30 ka.

Interestingly, increasing the number of samples per group does not always result in
a proportional increase of well-clustered ages. For instance, taking four to six boulders from
moraines younger than 10 ka makes a minor difference. In the 10-20 ka interval, clustering is
comparable for groups with five to seven samples, and in the 30-40 ka interval, for four to six
samples.

If moraine age estimates are not available prior to sampling, climate classification or
regionalisation may offer some insight. From the subtropical or boreal towards colder climates,
more samples are necessary for comparable likelihood of well-clustered moraine groups
(Fig. 19A). Subtropical climates are the only category where three samples yield comparable
results to moraines with four samples.

Regionally, taking only three samples most negatively affected North America and

Oceania, while taking at least five samples significantly improved clustering in northeastern
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Asia and Oceania. Sampling more than five boulders notably improved results in regions such

as Antarctica and Alaska (Fig. 19B).
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The results do not support the expected influence of glacier type on clustering, based on

the assumption of different moraine topography or the surrounding terrain (Barr and Lowell,

2014; Balco, 2011). This may suggest that ice mass type alone is not a reliable indicator of

moraine morphology or associated post-depositional processes. However, combining with

geographic regions may provide additional insights, reflecting distinct glacial histories and

environmental conditions.

Regarding direct climatic or topographic controls, the most important variables for

clustering are the annual mean temperature, precipitation, annual temperature range, and, to

some extent, elevation or diurnal temperature range.

7.5. Implications for moraine denudation

Various climatic, topographic, and glaciological factors control moraine preservation.

Degradation models indicate relatively high impacts of erosion (Putkonen & O’Neal, 2006;
Putkonen et al., 2008). Putkonen and O’Neal (2006) modelled degradation of Pleistocene
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moraines in western North America and suggested an average erosion depth of 25 % of the final
moraine height.

Denudation patterns linked to climate conditions or lithology offer insight into
weathering rate and surface stability (e.g., Olvmo, 2010; Summerfield et al., 1999). Weathering
rates increase with higher temperature and moisture availability, enhancing chemical and
mechanical weathering (Olvmo, 2010). Even in cold climates, some effective frost-weathering
processes require water availability (Anderson, 1998; Hales and Roering, 2007). However, our
dataset shows better clustering with higher precipitation or temperatures. This might suggest
the importance of other weathering processes active in cold, arid regions (e. g., thermal stress
fatigue, salt crystallisation (Hall, 1999; Matsuoka, 1995) or that weathering alone cannot
sufficiently explain moraine age scatter and preservation patterns.

Moraine preservation is also influenced by self-censoring and external censoring
processes, related to the topography and glacial history (Barr and Lowell, 2014). Self-censoring
includes obliterative overlap, where glacier readvances partially or completely erase older
landforms (Gibbons et al., 1984; Kirkbride & Winkler, 2012), and melting of ice-cored
moraines, delaying their stabilisation (Kirkbride & Winkler, 2012; Lukas, 2011). External
censoring, like post-depositional erosion, is more intense in dynamic terrain with steep slopes,
in the proximity of, e.g. proglacial rivers or the aggrading outwash fans (Kirkbride & Winkler,
2012; Barr and Lowell, 2014).

The existing literature assumes that topographic controls vary with moraine morphology
and ice mass type. While ice sheets are assumed to form moraines that are less prone to external
censoring (Barr and Lowell, 2014), smaller, sharp-crested moraines deposited by mountain
glaciers in topographically dynamic terrain should be more susceptible to reworking and
erosion (Barr and Lowell, 2014; Putkonen and O’Neil, 2006). However, the analysis of moraine
age scatter as an indicator of moraine degradation did not show any results that would suggest
the influence of ice mass.

Moraine preservation potential reflects the interplay between climate, topography,
lithology, and glacier dynamics. Climate influences weathering rates but also glacier behaviour,
which subsequently plays a role in moraine preservation as well (Olvmo, 2010). The age scatter
may reflect moraine denudation but also the intensity of other processes like post-depositional
reworking, or inheritance or the intensity of pre-depositional glacial erosion (Larsen et al.,
2021). However, the reliability of moraine age scatter to indicate the denudation may be
questionable. For example, although very low denudation rates in Antarctica allow
the preservation of old moraines (Summerfield et al., 1999, see Fig. 16), their exposure ages
are among the most scattered of all examined regions (Fig. 11).

In conclusion, geomorphological controls on moraine preservation are interconnected
and site-specific. Climate and topography provide broad constraints but cannot alone reliably
predict the clustering of moraine exposure ages without considering glacial history and

post-depositional processes — as has been shown, e.g. for Greenland mountain glaciation and
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GIS. There are very similar environmental conditions in Greenland and the GIS, but the GIS

moraines are better clustered, likely due to different glacial dynamics.

8. Conclusions

This work aimed to evaluate the controls on moraine preservation or denudation and derive
implications for the reliability of exposure dating and sampling strategies.

For that, we compiled a global database from 526 publications, containing 10 083
moraine samples dated with °Be and grouped into 3243 moraine groups. Of these, only 1,620
groups with at least three samples per moraine were suitable for further analysis. As a measure
of moraine exposure age quality, the MSWD was calculated and combined with various
climatic and topographic data.

The examined 1620 moraine groups span a broad temporal range from 56 years to 5.38
million years. Only 23 % of moraines show well-clustered exposure ages, increasing to 46 %
after removing outliers. Moraine age is one of the main factors influencing age clustering.
However, the youngest age group does not show the best results. Moraines with mean ages
between 10 and 15 ka show the best clustering. The likelihood of obtaining a well-clustered age
significantly decreases for older and younger moraines.

Another limiting factor is the number of samples taken per moraine. Although
a minimum of three samples is recommended to account for potential moraine degradation or
inheritance, only half of the original moraine groups (3242) meet this requirement. Among
the 1620 analysed moraines, 36 % contained only three samples. However, the results show
that sampling at least four boulders per moraine consistently and significantly improves
the likelihood of obtaining a well-clustered result. The optimal number of samples varies with
moraine age: for the youngest moraines, at least seven are needed to achieve a 50 % likelihood
of well-clustered results; for moraines between 10 to 20 ka four samples are sufficient. For older
moraines, the optimal number of samples increases with age.

Among climatic and topographical factors, higher mean annual temperature and
precipitation, lower annual temperature range, or lower continentality show better clustering.
Similarly, with these results, a trend was observed for the climate classification, where moraines
formed in dry climates exhibited the lowest proportion of well-clustered ages. The best
clustering was observed for subtropical climates and decreased toward colder climate types.

Some regions exhibited very poor clustering overall, even after removing outliers.
The worst results were found for the Antarctic Ice sheet, Greenland (mountain glaciation,
icefields and icecaps category), northeastern Asia, and High Asia. In some regions, poor
clustering corresponds with climatic variables, e.g., the very cold and arid environment of
the Antarctic Ice Sheet or a large annual temperature range in northeastern Asia. However,
the poor clustering is also likely influenced by complex glacial histories (Greenland) and
the mean moraine ages (High Asia). This is particularly evident in Greenland, where

the mountain glaciation and icefields or icecaps show significantly worse clustering than
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the Greenland Ice Sheet despite comparable climatic conditions. This contrast probably reflects
different glacial dynamics. The frequent Holocene readvances of mountain glaciers resulted in
a more complex moraine record, whereas the ice sheet formed well-preserved recessional
moraines.

Compared to the poorly clustered regions, the highest proportion of well-clustered
moraines is found in regions sharing milder climates with relatively higher precipitation and
temperatures. These include the British Isles, Europe and western Asia, Oceania, North
America, and South America.
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