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Prof. Dr. Georgina E. King Université de Lausanne Expert interne
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Synopsis

Afin d’appréhender l’effet des variations climatiques sur les environnements alpins, il est

nécessaire d’étudier le passé des systèmes montagneux. Depuis le dernier maximum glaciaire

(LGM), il y a environ 20 000 ans, les glaciers alpins se sont retirés des régions de plaine

et de leurs zones d’accumulation en altitude. Cette transition modifia considérablement la

géographie alpine en allimentant de grands lac d’eau douce, en libérant de considérable quan-

titée de sédiments et en exposant d’importantes étendues de surfaces rocheuses. Pourtant, les

reconstitutions des conditions environnementales depuis le LGM restent peu documentées.

Une des principales limitations est le manque de contraintes temporelles précises dans la

reconstruction des extensions glaciaires passées.

Différentes méthodes géochronologiques ont été développées et appliquées pour dater les

marqueurs géomorphologiques ou sédimentaires spécifiques de la dynamique des glaciers.

Récemment, la datation de l’exposition de surface par luminescence stimulée optiquement

(OSL) a été développée, offrant l’occasion d’améliorer les reconstructions des extensions

glaciaires passées. Cette méthode est basée sur la sensibilité du signal OSL des minéraux

à la lumiére. Lors d’une exposition le signal OSL est remis à zéro dans les premiers mil-

limètres supérieurs de la surface rocheuse exposée.

Dans cette thèse, j’étudie le potentiel de la datation d’exposition de surface OSL à partir de

polis glaciaires sur les flancs de la Mer de Glace, glacier emblématique du massif du Mont-

Blanc. Je montre tout d’abord que cette méthode permet de reconstruire les épaisseurs passées

du glacier depuis le Petit Âge Glaciaire, c’est à dire depuis la deuxime moitié du XIXe siècle.

Je montre ensuite que sur de plus longues périodes, la méthode est sensible à l’érosion de

surface. En la combinant avec une autre méthode de datation: la datation par cosmogénie

nucléide, je montre qu’il est possible de contraindre l’évolution de l’érosion de surface et des

variations d’épaisseur du glacier depuis 20 000 ans.

En appliquant cette nouvelle approche sur des profiles verticaux de surfaces de roches mou-

tonées sur les bords de la Mer de Glace, je démontre que l’intensité de l’érosion varie avec

l’altitude. Plus les surfaces sont haute, plus l’érosion est faible. De plus, les résultats mon-

trent des intensités d’érosion très fortes par rapport à ce qui est généralement admis dans ces

environnements de montagnes. La distribution vertical et l’intentisté des taux d’érosion pour-

raient la conséquence des facteurs morphomètrique et climatiques propres aux environnement

de haute montagne, comme la pente des surfaces rocheuses ou la distribution du manteau

neigeux. Enfin, les reconstitutions glaciaires suggèrent des secnarios d’amincissement glaciaire

potentiellement rapide à la fin du dernier maximum glaciaire.
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Abstract

Assessing the impact of Quaternary glaciation at the Earth’s surface implies understanding

of the long-term evolution of alpine landscapes. In particular, it requires simultaneous quan-

tification of the impact of climate variability on past glacier fluctuations and on bedrock

erosion. Since the Last Glacial Maximum (LGM), about 20 kyr ago, Alpine glaciers retreated

rapidly from lowland regions and thinned in their high-elevation source areas. This transition

created widespread bare-bedrock surfaces that could then erode by a combination of large-

scale debuttressing or local frost cracking and weathering. During this period, paleo-glacier

reconstructions are limited because they often lack precise temporal constraint.

Different geochronological methods have been developed and applied to date specific geo-

morphological or sedimentological markers for paleo-glacier dynamics. Recently, optically

stimulated luminescence (OSL) surface exposure dating has been introduced and provides us

with an opportunity to improve paleo-environmental conditions. This method is based on the

sensitivity of the OSL signal from rock minerals to light, resulting in bleaching of the OSL

signal within the upper first millimeters of the exposed rock surface, a process that depends

on the exposure age, the rock type, the surface erosion and the local setting (e.g., topographic

shielding, bedrock orientation).

In this thesis, I first investigate the potential of OSL surface exposure along a vertical cross-

section of polished bedrock surfaces with known post-LIA (Little Ice Age) exposure ages (from

3 to 137 years) along the Mer de Glace glacier (Mont Blanc massif, France). The luminescence

signals from rock slices exhibit increasingly deep bleaching profiles with elevation and thus

exposure age, which is consistent with progressive glacier thinning since the LIA.

Then, I present a new approach for evaluating post-glacial erosion of “roche moutonnées”

over timescales from 101 to 104 years by combining in terrestrial cosmogenic nuclide (TCN)

dating with 10Be and OSL surface exposure dating. Using a numerical approach, I show how

it is possible to simultaneously invert OSL signals and 10Be concentrations into quantitative

estimates of post-glacial exposure duration and bedrock surface erosion.

Finally, I apply this new approach on nine bedrock surfaces sampled over two elevation profiles

located on the flanks of the Mer de Glace. My results reveal bedrock surface erosion rates from

3.5×10−3 to 4.3 mm a−1 over ∼500-m elevation gradient, with a clear anti-correlation between

erosion rate and elevation. The observed spatial variability in erosion rates and surprisingly

high rates might reflect morphometric (elevation and surface slope) and climate (temperature

and snow cover) controls. Furthermore, and more importantly, the derived erosion rates can

be used to correct the timing of deglaciation based on TCN dating, potentially suggesting

very rapid ice thinning post-LGM.





Résumé

L’évaluation de l’impact des glaciations quaternaires à la surface de la Terre requiert de

comprendre l’évolution à long terme des paysages alpins. En particulier, cela nécessite la

quantification simultanée de l’impact de la variabilité climatique sur les fluctuations passées

des glaciers et sur l’érosion du substratum rocheux. Depuis le dernier maximum glaciaire

(LGM), il y a environ 20 000 ans, les glaciers alpins se sont retirés des régions de plaine

et de leurs zones d’accumulation en altitude. Cette transition denuda de grandes étendues

de surfaces rocheuses qui subirent ensuite l’action combinée de processus de désagrégation

à grande échelle, de cryoclastie et d’altération. Durant cette période, les reconstructions

paléo-glaciaires sont délicates car elles manquent souvent de contraintes temporelles précises.

Différentes méthodes géochronologiques ont été développées et appliquées pour dater les

marqueurs géomorphologiques ou sédimentaires spécifiques de la dynamique des glaciers.

Récemment, la datation de l’exposition de surface par luminescence stimulée optiquement

(OSL) a été développée et offre l’occasion d’améliorer les reconstructions des étendues

glaciaires du passées. Cette méthode est basée sur la sensibilité du signal OSL des minéraux à

la lumiére. Lors d’une exposition le signal OSL est remis à zéro dans les premiers millimètres

supérieurs de la surface rocheuse exposée.

Dans cette thèse, j’étudie le potentiel de la datation d’exposition de surface OSL à partir de

polis glaciaires sur les flancs de la Mer de Glace, glacier emblématique du massif du Mont-

Blanc. Je montre tout d’abord que cette méthode permet de reconstruire les épaisseurs passées

du glacier depuis le Petit Âge Glaciaire, c’est à dire depuis la deuxime moitié du XIXe siècle.

Je montre ensuite que sur de plus longues périodes, la méthode est sensible à l’érosion de

surface. En la combinant avec une autre méthode de datation: la datation par cosmogénie

nucléide, je montre qu’il est possible de contraindre l’évolution de l’érosion de surface et des

variations d’épaisseur du glacier depuis 20 000 ans.

Enfin, j’applique cette nouvelle approche sur neuf surfaces du substrat rocheux provenant de

deux profils d’altitude situés sur les flancs de la Mer de Glace. Mes résultats révèlent des

taux d’érosion de la surface du substrat rocheux allant de 3,5 à 4,3 mm a−1 sur un gradient

d’altitude de 500 mètres, avec une nette corrélation entre le taux d’érosion et l’altitude. La

variabilité spatiale observée ainsi que l’intensité étonnement élevée des taux d’érosion reflétent

potentiellement le contrôle des conditions morphométriques (élévation et pente de surface)

et climatiques (température et couverture de neige) locales. De plus, les taux d’érosion

calculés permettent de corriger la chronologie de déglaciation obtenus grâce aux datation

cosmogéniques, suggèrent un amincissement glaciaire post-LGM potentiellement trés rapide.
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Introduction
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2 CHAPTER 1. INTRODUCTION

1.1 Scientific context and introduction

The evolution of the Earth’s surface and everything that develops there, lakes, mountains,

biodiversity and so on is governed by a sensitive balance between tectonic activity, surface

processes and climate. During the Quaternary, the last 2.6 million years of Earth history, this

equilibrium was mainly dominated by surface processes and climate since tectonics acts at

longer timescales. The Earth’s global climate, for instance, has shown important variability.

Reconstructions extracted from polar ice cores and deep-water sediments (e.g., Emiliani, 1955;

Shackleton and Opdyke, 1973; Dansgaard et al., 1993; Augustin et al., 2004) provided us with

key insights into climate alternations, at a global scale, between glacial and interglacial cycles

of about 100 000 years for at least the last million years (Hays et al., 1976; Augustin et al.,

2004). Records from Antarctica covering the paleo-climatic records onshore, about 800 000

years (EPICA members, 2004; Jouzel et al, 2007), have highlighted the forcing, essentially

orbital, at the origin of these cycles.

In the European Alps and other mountain ranges at mid-latitude, reconstructions of climate

and the effects of its fluctuations on the Earth’s surface are more challenging. Given that

the necessary altitude to maintain cold-based glaciers is higher than 3500 or 4000 m.a.s.l. in

the Alps, conditions of alpine mountain glaciers for paleo-climatic reconstructions are limited

(Haeberli and Alean, 1985; Haeberli and Funk, 1991; Lüthi and Funk, 2001; Suter et al.,

2001; Suter, 2002; Vincent et al., 2007). To overcome the difficulties of reconstructing the

paleo-climate in mid-latitude regions, scientists have developed techniques based on the study

of lacustrine or marsh sediments (e.g., Schmidt et al., 2008; Giguet-Covex et al., 2012; Heiri

et al., 2003; Millet et al., 2009; Ilyashuk et al., 2011), treelines (e.g., Haas et al., 1998;

Tinner and Theurillat, 2003; Nicolussi et al., 2005; Blarquez et al., 2010; Berthel et al.,

2012), tree rings (e.g., Baillie and Pilcher,1973; Schweingruber, 2007; LeRoy et al., 2015) and

speleothems (e.g., Vollweiler et al., 2006; Boch and Spötl, 2011). Nevertheless, the study of

glacial landforms and chronologies represents the reference series against which other paleo-

environmental reconstructions are evaluated. Because mountain glaciers respond quickly to

slight changes in climatic forcing and because they are widely distributed in the Alps, they

represent the climatic proxy with the greatest potential (e.g., Denton and Karléen, 1973;

Hoelzle et al., 2003; Beedle et al., 2009; Six and Vincent, 2014).

In the European Alps, most of the glacial landforms that remain in the foreland are related to

the last important Alpine glaciation, the Last Glacial Maximum (LGM; Ivy-Ochs, 2015) and

except in few areas most of the evidence of previous glacial cycles has been superimposed by

the LGM glacial processes and other later geomorphological processes. Although the glacial

history of the European Alps has been studied for nearly 300 years (e.g., Windham and

Martel, 1744, p. 21; de Saussure, 1779; Venetz, 1821; de Charpentier, 1841; Agassiz,1840;

Forbes, 1846; Penck and Bruckner, 1901/1909), the spatial variations and the timing of
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the LGM remain uncertain (e.g., Ivy-Ochs et al., 2006; Ivy-Ochs, 2015 and Monegato et

al., 2018). Past ice-extent in foreland regions have been widely investigated, bringing a

considerable knowledge about horizontal fluctuation of alpine glaciers. Yet, in order to fully

extract climatic signals from glacier fluctuations, the variation of ice thickness should also

be constrained. Indeed, more studies in the high part of the Alps (i.e., High Alps; Wirsig et

al., 2016) should be conducted. New methodological approaches should also be developed to

better link the Lateglacial, Holocene and Little Ice Age timescales relative to the ice thickness

variation since the LGM. The studies presented in this manuscript address these challenges.

Associated with glacier fluctuations, surface processes are a major component of the develop-

ment of the alpine morphology. The retreat of glaciers commonly exposes a landscape that

is susceptible to rapid change (e.g.,  Loziński, 1909; Anderson and Anderson, 2010; Hall et

al., 2012; Moses et al., 2014). In this context, glacially-polished bedrock, or so-called “roches

moutonnées”, are extensively present in the High Alps. Their wide distribution both vertically

and horizontally, offers the possibility to reconstruct past ice-extents and paleo-environmental

conditions through the quantification of postglacial bedrock erosion (e.g., Gianotti et al., 2008,

2015; Wirsig et al., 2016b). In this thesis, efforts are made to characterize the development

of deglaciated bedrock surfaces, surfaces where new methodological techniques (optically-

stimulated luminescence) can be developed to extract paleo-environmental conditions from

the evolution of such surfaces.

The primary objectives of this PhD thesis are:

1. To constrain the ice extent history of a high alpine environment since the

LGM at both Little Ice Age and Lateglacial timescales.

2. To explore the geomorphological processes experienced by deglaciated

bedrock surfaces.

3. To develop a new approach based on both terrestrial cosmogenic nuclide and

luminescence dating to achieve 1) and 2).

In this introduction, I first present the glacial history of the European Alps and the different

uncertainties relative to the spatial variation, the timing of the LGM and post-LGM history.

Later, I discuss the morphological evolution induced by ice-extent fluctuations with a focus on

the evolution of deglaciated bedrock surface. Then I introduce the different methodological

approaches that will be tackled to work on both ice-extent reconstruction and bedrock surface

erosion. I finally introduce the study site (Mer de Glace, Mont-Blanc massif), justifying my

choice by a short state-of-the-art of the evolution of the alpine environment in this specific

region since the LGM.
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1.2 Glacial history of the European Alps

In the Alps, the observations of naturalists, travelers and the alpine population watching

their fields being destroyed by glacier advances brought understanding about how ice extents

change in time. The scientific interest for alpine glaciers was first stimulated by fear rather

than curiosity. In May 1595, the rupture of an ice pocket of the glacier Giétroz located in

the Swiss Alps, destroyed more than 500 buildings and killed 140 people. In the same area,

another historic disaster occurred after a landslide in spring 1818, blocks of ice obstructed

the local river and created a natural dam (Fig. 1.1). When the dam broke, the flood and ice

blocks caused the death of 44 people as well as a lot of damage. The preoccupation caused

by these repetitive glacial disasters led to the first scientific studies on glaciers. They had to

be understood to better protect the population.

Figure 1.1: Illustration of the lake formed by the Gietroz glacier disaster, 1818 (gi-
etroz1818.ch).

The discovery of distant rock blocks and therefore erratic provenances has also stimulated the

study of glaciers. The size of the blocks, their contradictory nature with their environment

and their inexplicable positions by known geomorphological processes had intrigued geolo-

gists. The existence of these blocks was initially interpreted as a biblical proof of the Flood.

Louis Agassiz was the first to defend the “glacial theory” (Agassiz 1837). He claimed during

the famous “Neuchtel speech” and in front of the Swiss Academy of Natural Sciences that

the enormous accumulations of erratic blocks were formed by an old glacial extension. His

theory gained general acceptance once the two actual ice sheets on Earth were discovered and

explored: Greenland and Antarctica (e.g., Emiliani, 1955; Shackleton and Opdyke, 1973). In
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the European Alps, the systematic classification of fluvio-glacial deposits on the alpine margin

led to the designation of the existence of four large glaciations (Penck and Bruckner, 1909).

Later on, studies of glaciofluvial stratigraphy in the foreland indicate at least 15 Pleistocene

glaciations (Schluchter, 1988; Ivy-Ochs et al., 2008; Preusser et al., 2011).

From the mid-20th century, paleo-climatic records extracted from polar ice cores and deep-

water sediments provided a much better understanding of Earth’s environmental history (e.g.,

Dansgaard et al., 1993; Augustin et al., 2004). describing several dozen glacial and interglacial

periods. During the last 800 kyr, these ice cycles followed each other with a frequency of

about 100 ka (Hays et al., 1976; Augustin et al., 2004).

However, this global signal is governed in a large part by the ice caps of North America

and Eurasia. The climatic signal of the Alps remains difficult to characterize where the ice

sheets did not leave a continuous trace in the landscape, and much of this evidence has been

superimposed by glacial processes and other later geomorphological processes (e.g., Kleman,

1994; Kleman et al., 2006, 2010).

In the European Alps, the last glacial cycle (Würm) was marked by two or three periods of

glacier advance during which piedmont lobes were formed (Preusser, 2004; Ivy-Ochs et al.,

2008). Most of the glacial formations that remain in the foreland present a record of the last

important glaciation of the Alps, the Last Glacial Maximum (LGM; Ivy-Ochs, 2015). The

spatial extent and thickness of the LGM glaciers in the Alps have been reconstructed through

mapping and dating moraine deposits, erratic boulders and trimlines across the mountain

range (e.g., Penck and Brückner, 1909; Castiglioni, 1940; van Husen, 1987; Bini et al., 2009;

Coutterand, 2010). Nevertheless, after being studied for three centuries, the spatial variations

and the timing of the LGM remain uncertain.

The trimline for instance, representing in the topography the boundary between an ice-

moulded downslope area and a frost-shattered upslope zone (Florineth and Schlüchter, 1998;

Kelly et al., 2004), is generally assumed in the Alps to be the maximum elevation of the active

LGM ice surface (subaerial/subglacial boundary) (Florineth and Schlüchter, 1998; Kelly et al.,

2004; Cossart et al., 2012). This assumption has been repeatedly questioned in other glaciated

regions of the globe (e.g., Kleman, 1994; Kleman et al., 2010; Fabel et al., 2012; Ballantyne

and Stone, 2015) and recent studies involving ice dynamic modelling of the Alps showed that

the maximum ice thickness is about several hundred meters higher than the mapped trimlines

(Cohen et al., 2017; Seguinot et al., 2018). These results have been obtained with a model

set-up correcting the basal topography with an estimation of present-day ice thickness but

without removing post-glacial sediment fills and lake surface topography. The true maximum

elevation of the active LGM ice surface might be somewhere in between the lowest and the

highest endmembers, corresponding to the mapped trimlines and the maximum ice thickness
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inferred by ice dynamic modelling respectively. These differences in ice thickness might have

important consequences for our understanding of ice-climate interactions.

Figure 1.2: Example of trimline mapping the Grimsel Aar region (Switzerland) performed
by S. Coutterand (www.glaciers-climat.com).

The timing of the transition from the LGM to its present state in the Alps has been intensely

studied (Schlüchter and Röthlisberger, 1995; Ivy-Ochs et al., 2004; Ivy-Ochs, 2015, and refer-

ences therein; Fig. 1.3). Most available data are from the forelands, where fluctuations of the

ice margin are better recorded than elevation changes of the ice surface in the high part of

the Alps. The last LGM advance phase is recognized on both sides of the Alps ending around

21-19 ka, followed by retreat of the glacier lobes from the forelands (Lister, 1988; Monegato

et al., 2007; Starnberger et al., 2011; Ravazzi et al., 2012; Fontana et al., 2014; Reber et al.,

2014). Even if this timing is in good agreement with the maximum expansion of continental

ice sheets recorded by marine oxygen isotope stage (MIS) 2 (29-14 ka; Lisiecki and Raymo,

2005), the regional variation between different piedmont lobes exists (Wirsig et al., 2016). It

is unclear whether these differences relate to climate or glacier dynamics, uncertainties in the

dating methods, or both (Seguinot et al., 2018).

Comparably little chronological information is available from the High Alps. In the Central

Alps, the highest ice surface appears to have been maintained until 23 ± 1 ka (Wirsig et al.,

2016a) and severe ice surface lowering initiated at∼ 18 ka (Dielforder and Hetzel, 2014; Wirsig

et al., 2016). A recent study has shown synchronicity between the ice surface lowering on
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the southern side of the Mont Blanc massif (Western Alps) and in the Zillertal Alps (Eastern

Alps) at approximately 19-18 ka (Wirsig et al., 2016b).

Figure 1.3: Ages correlated to the LGM in the Alps. The map shows a compilation of
published ages by Ivy-Ochs (2015) and Wirsig et al (2016b) that were correlated to the
end of the LGM in the Alps. The color type indicates in which context an age has been
interpreted by the authors. The LGM ice extent is from Ehlers and Gibbard (2004, http://
www.qpg.geog.cam.ac.uk/lgmextent.html). Figure modified from Wirsig et al. (2016b).

1.3 Lateglacial and Holocene chronology in the Alps

The first part of the transition from the LGM to its present state is called the Lateglacial

and refers to the time between the retreat of the LGM glaciers from the forelands and the

beginning of the Holocene (starting at 11.7 ka). Vegetation re-colonized some ice-free inner-

Alpine valleys prior to 18 ka (Reitner, 2007; Klasen et al., 2007; Gianotti et al., 2015). The

ice retreat was disrupted by at least two major and several minor glacier re-advances into

ice-free valleys (e.g., Penck and Bruckner, 1901/1909; Ivy-Ochs, 2015). The Gschnitz stadial

re-advance (Hantke, 2011) is caused by consistent atmospheric cooling at 17 - 16 ka (Ivy-

Ochs et al., 2006a). Later on, glaciers diminished due to temperature increases of 4-6◦C

at the beginning of the Bølling-Allerød interstadial at around 14.5 ka (Vescovi et al., 2007).

Therefore, the ice disappeared from main and tributary valleys across the Alps (Maisch, 1987;

van Husen, 1997; Ivy-Ochs et al., 2006b; Heiri et al., 2014). Finally, climatic deterioration



8 CHAPTER 1. INTRODUCTION

during the Younger Dryas at 12.9-11.5 ka (Bond et al., 1992; Clark et al., 2012) caused the

last major Alpine-wide re-advance: the Egesen stadial that is dated to 13.0-11.5 ka (e.g.,

Ivy-Ochs et al., 1996, 1999, 2008; Schindelwig et al., 2012). This event marks the end of the

Lateglacial and the beginning of the Holocene.

During the initiation of the Holocene (11.5-10.5 ka), conditions remained cold but increasingly

dry leading to slow reduction of the ice-extent. Warm and possibly dry conditions in the early

and mid-Holocene caused glaciers to be mostly smaller than today (e.g., Maisch et al., 1999;

Nicolussi and Schluchter, 2012). During the late Holocene at around 3.3 ka, the shift towards

generally glacier-friendly climate is marked by a depression in treelines (Holzhauser et al.,

2005; Nicolussi et al., 2005; Joerin et al., 2006).

The last period favorable to the glaciers is the Little Ice Age (LIA) extending from 1350 to

1850 AD. It is characterized by the most important glacial recurrence of the Holocene, with

four maxima: around 1350, 1600, 1820 and 1850 AD. This cold climatic period has affected

the entire globe and is characterized by successive advances of glaciers, which correspond to

several minima of average temperatures (1 to 1.5◦C lower than today) and noticeable increase

in precipitation (e.g., Vincent et al., 2015). This situation has generated positive glacier mass

balances and, consequently, a significant development of glacial tongues. In the Alps, the

traces of the LIA are generally well underlined by the immense lateral moraines (several

hundred meters; e.g., Bosson glacier, Mont Blanc massif) built or simply reloaded at this

time, as well as by some frontal moraines located downstream.

1.4 Evolution of the alpine landscape in Lateglacial/Holocene

context

Associated with the climatic variability of the Lateglacial and Holocene and the recurrent

glacier lowering, the Earth’s surface has suffered important morphological modifications. Such

changes are even more expressed in alpine environments, where the main erosion agents vary

from ice (i.e., glacial processes) to water (i.e., fluvial processes) and landslides (i.e., gravita-

tional processes). Debuttressing of glacially steepened rockwalls may result in slope failure

or enhanced rockfall activity; glacier forelands are exposed to wind erosion, frost action and

chemical weathering and rivers entrain and redistribute large amounts unconsolidated glacio-

genic sediment that is subsequently redeposited in a variety of terrestrial, lacustrine and

marine sediment sinks (Ballantyne, 2002). However, quantifying their respective contribu-

tions in sediment production and their respective control on morphological evolution of high

mountain environments remains challenging because both ice-extent fluctuations and associ-

ated bedrock surface erosion must be reconstructed simultaneously.
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Figure 1.4: Simplified scheme of general patterns and chronology of glacial fluctua-
tions since the LGM in the Alps modified from Wirsig (2016) and from www.glaciers-
climat.com/cg/le-tardiglaciaire. The given ages are approximate. Please refer to the text for
details and references. Ivy-Ochs et al. (2008, 2009) and Ivy-Ochs (2015) provide in depth
discussions of the chronology of the Alpine LGM, Lateglacial and Holocene.

Because glacially-polished bedrock, or so-called “roche moutonnées”, are widely distributed

in the High Alps both vertically and horizontally, they offer the possibility to reconstruct

past ice-extents and paleo-environmental conditions through the quantification of bedrock

surface erosion. These landforms are smooth and glossy, resulting from glacial abrasion,

quarrying and melt-water erosion during glacial periods (e.g., Sudgen et al., 1992; Bennett

and Glasser, 2009; Siman-Tov, 2017). Indeed, striations are the products of individual rocks

that were embedded in the sole of the glacial ice as it slid across the bedrock. The erosion

resulting from the sum of all these scratches is the process called subglacial abrasion. It is

abrasion that smoothed the bed. It is the short wavelength bumps in the bed that are gone,

making it look smoother (Anderson and Anderson, 2010). Following ice retreat, these striated

bedrock surfaces are exposed to post-glacial erosion, which results in the transition from a

well-preserved glacially-polished surface to a coarse-grained rough surface.

Post-glacial bedrock surface erosion is due to the alteration of rock surfaces exposed to at-

mospheric conditions. Their evolution is the result of a combination between physical (e.g.,

frost-cracking), chemical and biological processes that weaken which modify the rock surface

(e.g., deterioration, decay, crumbling, decomposition, rotting, disintegration, disaggregation

or breakdown) and ultimately results in its progressive erosion (e.g.,  Loziński, 1909; Anderson

and Anderson, 2010; Hall et al., 2012; Moses et al., 2014).
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4 m

Figure 1.5: Picture of a post-LIA glaciated polished bedrock surface on the side of the
Mer de Glace, Mont Blanc massif (France). Red arrows show the direction of ice flux.

Over contemporary timescales, the effect of atmospheric temperature variations on bedrock

surfaces in alpine regions has been discussed (see Matsuoka, 2008 for a review). These vari-

ations are strongly influenced by slope inclination, slope aspect, local climatic conditions

(including the seasonal snow cover), and the thermal properties of the rock (Coutard and

Francou, 1989; Matsuoka, 1990, 2008; Gruber et al., 2004a; Grab, 2007; Noetzli et al., 2007).

Combination of laboratory experiment, theoretical approaches, numerical modelling and field

monitoring have highlighted the different controls of rock weathering and especially frost

weathering. It results from freezing and thawing of water within rock or mineral particles.

The generation of new microcracks within the bedrock provides additional avenues for surface

water to penetrate the rock, carrying with it the ability both to attack the rock chemically,

and to remove the solutes produced (Anderson, 1998). The efficacy of frost weathering de-

pends mainly on the duration passed by the bedrock surface into the frost cracking window

(approximatively -3◦ C and -6◦C; Hallet et al.,1991; Anderson, 1998) but also on the num-

ber of freeze-thaw cycles it experienced (Kellerer-Pirklbauer, 2017). Finally, the intensity

duration of the seasonal snow cover has a major role by shielding the bedrock surface from

atmospheric temperature fluctuations.
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Over Holocene timescale, the very efficient frost-driven processes that control the geomorphic

activity has been questioned among the international scientific community. Instead, the

role of non-cold-related processes, such as chemical, biogenic and rainfall-induced processes,

is being emphasized (e.g., André, 2003; Dixon and Thorn, 2005). To assess the impact of

postglacial rock weathering over those timescales (centuries to millennial), ice-polished quartz

veins preserved on roches moutonnées were used as reference surfaces (André, 1996). This

approach is commonly used to perform surface erosion correction for surface exposure dating

using terrestrial cosmogenic nuclides (e.g., Lal et al., 1991; Balco et al., 2008; Wirsig et al.,

2016b). Results range from 0.1 to 10 mm ka−1 depending of the lithology and the location

(Colman, 1981; Zimmerman et al., 1994; André, 2002; Nicholson, 2008; Kirkbride and Bell,

2010).

Despite their potential to reconstruct paleo-climatic conditions, post-glacial bedrock surface

have been poorly studied. This is a consequence of a methodological gap to estimate the

erosion rate these surfaces are experiencing between contemporary and Lateglacial timescales.

1.5 Methodological approaches

1.5.1 Terrestrial cosmogenic nuclide dating

The ice-extent reconstruction of the Lateglacial and Holocene epochs presented in the previous

sections were mainly achieved using terrestrial cosmogenic nuclide (TCN) surface exposure

dating of polished bedrock or erratic boulders (see Ivy-Ochs et al., 2006, 2009, 2015 for

reviews). This method has been developed over the last decades to determine both surface

exposure duration and erosion rate over timescales of 103 - 106 years (Lal, 1991; Goss and

Philips, 2000; Balco, 2011; Ivy-Ochs and Briner, 2014). TCN surface exposure dating relies

on the production of cosmogenic isotopes in material at or near the Earth’s surface (Gosse

and Philips, 2001). By exposure to cosmic rays, cosmogenic nuclides are produced in minerals

located in the top few meters of soil or bedrock (Lal and Peters, 1967). The quantification

of the TCN concentration into targeted crystal gives information about either the exposure

duration or the surface erosion rate since deglaciation for glacial bedrock surfaces.

Because, beryllium-10 (10Be) is produced mainly by cosmogenic rays from the parent isotope

oxygen-16 (160), which is abundant in the most common mineral at the Earth’s surface, quartz,
10Be is the appropriate isotope in surface dating (Nishiizumi et al., 1989). Production rates

are strongly influenced by geomagnetic latitude (Lal, 1991), altitude (Stone, 2000), through

shielding by surrounding topography (Dunne et al., 1999; Choi et al., 2012; Regard et al.,

2012), and through seasonal shielding of snow, sediment, or peat (Gosse and Phillips, 2001).

The cosmogenic nuclide concentrations must also be corrected for surface erosion since the first

exposure in the context of glacial polish, which can potentially lead to an underestimation of
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the exposure age (Gosse and Phillips, 2001). Erosion is often estimated from field observations

(Gosse and Phillips, 2001). The combination of different cosmogenic nuclide pairs (e.g., 10Be

and 14C; e.g., Goehring et al., 2012; Hippe et al., 2017) provides us with important information

on Alpine glacier paleo-geography since the LGM (Ivy-Ochs et al., 2006; Wirsig et al., 2016).

However, the cosmogenic nuclide production rate and the integration of production over the

first 1-2 m below a rock surface may limit the resolution of such methods for recent and/or

complex exposure histories.

To sum up, in glacial and paraglacial landscapes, TCN surface exposure dating provides a

unique method to directly date the formation of glacial landforms and to quantify rock surface

weathering over timescales of 103 to 106 years (Ivy-Ochs and Briner, 2014; Hippe, 2017).

1.5.2 Reconstruction of ice-extent and post glacial erosion over contem-

porary timescale

From centennial to annual timescales and especially since the Little Ice Age (LIA: 15th to

19th centuries), past glacier extents in the European Alps are well constrained using histori-

cal maps, survey reports and aerial photogrammetry, glacier fluctuations have been precisely

reconstructed over the last two centuries (e.g., Nussbaumer et al., 2007; Vincent et al., 2014).

Nevertheless, it appears not possible to use these approaches in remote areas where there

are no historical documents on glaciers. In an effort to improve the continuity of glacier

reconstructions, it is important to bridge the time gap between the short and long timescales.

Different geochronological methods have been developed in this sense, such as lichenome-

try (Winkler, 2004), varve chronologies (Stewart et al., 2011), dendrochronology (Baillie,

1995) and radiocarbon dating (Hajdas, 2008). However, organic matter can be scarce for

glacial/periglacial deposits because of the extremely active geomorphic processes associated

with glacial environments.

Analytical methods to quantify erosion differ depending on the timescale of interest (see

Moses et al., 2014 for a complete review). Over short timescales (from a few seconds to

decades) erosion can be quantified through remote sensing (e.g., photogrammetric methods;

Terrestrial Laser Scanner; c.f., Armesto-Gonzlez et al., 2010; Duffy et al., 2013) or measured

relatively to anthropogenic reference features (historic or experimental; e.g., Nicholson, 2008;

Häuselmann, 2008; Stephenson and Finlayson, 2009).

Consequently, complementary approaches are still needed to quantify both ice-extent variation

and bedrock erosion over multiple timescales, and more specifically methods that can bridge

short and long timescales. The important contributions of this thesis are made through new

applications of optically stimulated luminescence (OSL) dating.
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Figure 1.6: Example of a reconstruction made possible using painting with two different
views of the Mer de Glace from the Montenvers (Mont Blanc massif, France). On the
left, a painting from Burmese just after the maximum of the Little Ice Age (around 1850).
The photograph on the right was taken at the same position in 2000. The arrows indicate
the same positions on the glacier margin, and indicate the level of lowering of the glacier
surface. Painting from the Gugelmann Collection, Swiss National Library, Bern. Photo of
M. J. Hambrey, 2000 (swisseduc.ch).

1.5.3 Optically stimulated luminescence dating

Luminescence dating is based on the accumulation of electrons through time in the crystalline

lattice of certain minerals that are sensitive to sunlight exposure (Aitken, 1985; Huntley et al.,

1985). Minerals such as Quartz or Feldspar have defects or impurities in their crystal lattice.

Due to the energy released by radioactive decay of the surrounding material, electrons escape

from their equilibrium state (valence band) and are trapped into the crystal defects after

passing by the conduction band (Fig. 1.7A). Because of the finite number of traps, electron

filling occurs until saturation is reached.

By giving energy to the system as light or heat (bleaching processes), electrons are released

and return to their equilibrium state, producing photons. The energy signal released is called

luminescence (Fig. 1.7B). The intensity of the luminescence signal is thus proportional to

the number of trapped electrons. If the luminescence is reset by photon stimulation in the

laboratory, the signal emitted from the mineral is called optically stimulated luminescence
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(OSL) (Aitken, 1985; Huntley et al., 1985). In OSL dating, the system records the last

bleaching event through exposure to light. In a rock surface continuously exposed to daylight,

this bleaching will propagate deeper into the surface with time (Sohbati et al. 2012).

Figure 1.7: Schematics of trap charging and charge bleaching processes (modified from
Rhodes, 2011). (A) Excited by ionizing radiation, electrons from the valence band move to
the conduction band of the crystal and become trapped in crystal defects or impurities. (B)
Through stimulation by sunlight, electrons may receive sufficient energy to escape their trap
and recombine with a hole, thereby releasing energy in the form of light: the luminescence.

Luminescence dating is commonly used to date sediment burial in a range of geomorphological

environments (e.g., Duller, 2008; Rhodes, 2011; Fuchs and Owen, 2008) but can also be used

to determine rates of bedrock cooling (Guralnik et al., 2015; King et al., 2016; Brown et al.,

2017), and the exposure age of rock surfaces (Polikreti et al., 2003; Sohbati et al., 2011). This

latter application is based on the principle that when a rock surface is exposed to light, the

luminescence signal, which is initially homogenous within the rock sample, will progressively

decrease at depth until being completely zeroed, a phenomenon called “bleaching” (Aitken,

1998).

In surface exposure dating, the assumption is made that the longer a surface has been exposed

to daylight, the deeper the bleaching signal will be (Polikreti et al., 2002). In granitic and

gneissic rocks, bleaching through time has been shown to occur over the first few centimetres

of the rock surface depth (Vafiadou et al., 2007; Sohbati et al., 2011; Freiesleben et al.,

2015). The luminescence signal of a rock surface is reflecting an equilibrium between electron

trapping, due to ambient radiation (cosmic rays, high energy solar particle flux and radioactive

decay in the rock matrix), electron detrapping due to anomalous fading and/or thermal signal

losses, electron detrapping due to bleaching processes and surface erosion.
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Rock surface exposure dating using OSL has recently shown promising potential (e.g., Sohbati

et al., 2012a). Sohbati et al. (2012c) were able to quantify the exposure age of historical rock

art from the Great Gallery rock art panel in Canyonlands National Park (south-eastern Utah,

USA). Some of the paintings were damaged by a rockfall, burying them under sediment. Using

a road cut of known age to constrain the bleaching rate for this specific site and lithology,

Sohbati et al. (2012c) were able to quantify the exposure age of both the modern analogue

(∼ 130 yr) and the rock art (∼ 700 yr). This method is attractive because of the short time

required for sample preparation (Sohbati et al., 2011), although one current disadvantage

is the requirement for calibration of this chronometer on rock surfaces with independently-

known exposure ages (Sohbati et al., 2012a).

Besides the promising potential of OSL surface exposure dating, it has never been applied

in alpine environments. The primary objective of this thesis is to use OSL surface exposure

dating to constrain both ice-extent history and surface erosion rate from deglaciated bedrock

of the Mer de Glace in the Mont Blanc massif (France) over late Pleistocene to Holocene

timescales.

1.6 Study area

In order to develop, validate and apply new methodology to quantify both ice-extent variation

and bedrock erosion over multiple timescales, the Mer de Glace, in the Mont Blanc massif,

is an appropriate laboratory. This iconic massif of the Alps was the site of the development

of glaciology. It has received high interest since the beginning of the study of Quaternary

glaciations (de Saussure, 1779-1796). In 1842, physicist James David Forbes settled in the

Mer de Glace and began a long series of measurements of the movement and temperature

of the ice. From 1891 to 1899, Joseph Vallot measured the speed of the ice on the terminal

tongue of the Mer de Glace with a line of painted stones. This survey method was then

adopted by Waters and Forests management services from 1907 to 1960, providing a unique

half-century database for changes in glacier shape and flow. Due to easy access to glaciers

from the Chamonix valley, the Mont Blanc massif has been followed by glaciologists of all

nationalities.

The Mont Blanc massif is one of the Alpine external crystalline massifs that form a discon-

tinuous belt along the periphery of the Alps. The Mont Blanc massif is mostly composed of

calcalkaline granite, locally called “Protogine” that constitutes the “needles” of the Aiguilles

de Chamonix (Leloup et al., 2005). To the NW, the Mont Blanc massif is separated from

the Aiguilles Rouges massif by a strip of Mesozoic sedimentary rocks, commonly called “the

Chamonix syncline”, outcropping in the Chamonix glacial valley. The Aiguilles Rouges are

mostly composed of Variscan metamorphic rocks and granites.
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In the Mont-Blanc massif, glaciers cover an area of 145 km2 approximately 30% of the massif

including Europe’s highest summit, the Mont Blanc at 4810 m (Deline et al., 2012). There

are more than 101 glaciers involving 15 glaciers of more than 5 km2 and among them the

Mer de Glace (Fig. 1.8). The Mer de Glace glacier is about 11.5 km long and is located in

the Mont Blanc massif. The modern glacier covers an area of 30.4 km2 (excluding former

tributary Talèfre Glacier) and spans an elevation range from 4205 m to 1531 m.a.s.l. (data

from 2008; Gardent et al., 2014). The mean equilibrium line altitude (ELA), reconstructed

using remote sensing methods, was about 2880 m.a.s.l. between 1961 and 1990 for five of the

main north-facing Mont Blanc massif glaciers, including the Leschaux Glacier for the period

1984-2010 (Rabatel et al., 2013).

Figure 1.8: Extent of glaciers in the Mont-Blanc massif. The ice extent was downloaded
from the GLIMS database (Global Land Ice Measurements from Space, Raup et al., 2007).
The ice extent in Switzerland were produced from images of 2011 by Smiraglia et al. (2015).
The ice extent in Italy was produced from 2009 images by Fischer et al. (2015). The ice
extent in France was produced from of 2004 images by Rabatel et al. (2016).
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The ice cover of the Mont Blanc massif was completely different during the cold stages of

the Quaternary period, when the Mont Blanc glaciers were anastomosed and flowed into the

valleys down to the Alpine lowlands. Through mapping and dating glaciological deposits

(moraines, erratic boulders or glacio-lacustrine deposits, Bini et al., 2009) of the LGM extent,

it was possible to reconstruct its paleo-geography (Fig. 1.9). Coutterand (2010) summarized

existing work on the ice-extent reconstitution of the LGM in the north-western Alps.

Figure 1.9: Paleo-geographic map of the western Alps during the LGM (Bini et
al., 2009; Coutterand, 2010). Glacial flux interpreted by S. Coutterand (www.glaciers-
climat.com/cg/le-quaternaire-dans-les-alpes/).

LGM ice thickness in accumulation areas was assessed by performing trimline mapping (e.g.,

Coutterand and Buoncristiani, 2006). This method is useful for identifying the maximum ice

elevation, 2300 m.a.s.l. at the actual glacier tongue of the Mer de Glace for instance, but needs

to be coupled with absolute dating methods (Fig. 1.10). Using TCN dating, Wirsig et al.

(2016b) shows that identical ages from both Mont Blanc (Italy) and Zillertal Alps (Austria)

suggest synchronous decay of the LGM glaciers in the accumulation zones of the Western and

Eastern Alps. Thus, the High Alpine ice surface started to lower roughly synchronously to
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the downwasting of the glacier tongues in the forelands that was completed 19-18 ka (Wirsig

et al., 2016b).

Figure 1.10: Cross-section of the glacier which occupied the valley of Chamonix during the
LGM. Illustration realized by S. Coutterand (www.glaciers-climat.com/cg/le-quaternaire-
dans-les-alpes/).

Le Roy et al. (2015) studied the pre- and early Little Ice Age of the Mer de Glace glacier. Their

study is based on both radiocarbon and dendrochronological analysis of over 240 glacially

buried Pinus cembra subfossil logs and wood remains found either embedded-in-till or as

detrital material collected on the right lateral moraine in front of the Montenvers train station.

Past glacier margin behavior was reconstructed in space and time since 4000 cal. year BP. The

results showed a synchronicity of late Holocene glacier variability and forcing at a regional

scale, although occasional differences could be detected between “Western” and “Eastern”

records. The Mer de Glace record also confirms the link between the timing of sediment

erosion in a high-elevation glaciated Alpine catchment and subsequent deposition in the sub-

alpine Lake Bourget.

Nussbaumer (2007) reconstructed the history of the Mer de Glace from 1570 to 2003 according

to pictorial and written documents. The comparison of the new Mer de Glace curve length

with the curve length from the Unterer Grindelwaldgletscher (Swiss Central Alps, Aar massif)

yielded an astonishing simultaneity between the two glaciers, despite the different settings of

the glaciers in the western, and central Alps, respectively. Similarities between the different

glaciers suggest that the western and central European Alps were affected on the whole in a

similar way by the climate during the LIA.

Vincent et al. (2014) constrained the changes in ice thickness observed along the tongue

of the Mer de Glace. They used historical maps surveyed between 1900 and 1905, cou-
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pled with photogrammetric measurements performed using aerial photographs (French Na-

tional Geographic Institute in 1958 and by Laboratoire de Glaciologie et Géophysique de

l’Environnement, Grenoble in 2003 and 2008) and results from satellite-derived digital eleva-

tion models (DEMs). According to these results, Vincent et al. (2014) showed that the Mer

de Glace lost about 180 meters of thickness since 1890, with 100 meters lost over the last

25 years on the Montenvers cross section and about 120 meters since 1923 on the Trélaporte

cross section.

Although studied for several centuries, the evolution of the glaciers of Mont Blanc since

the LGM is still not entirely constrained. The rate of Lateglacial deglaciation as well as

the evolution of morphology should be better characterized. The Mont Blanc area being

dominated by prevailing westerlies, this could, for example, make it possible to evaluate the

influence of the different climatic regimes of the Alps and contributing to the development of

a more detailed understanding of the deglaciation chronology in the High Alps.
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Figure 1.11: (A) Ice-extent of the Mer de Glace with the formerly connected Talèfre (Tf)
at the East, the survey was produced from 2004 images by Rabatel et al. (2016). (B)
Diachronic map of glacier extension of the Mer de Glace. 1840 extent is from the General
Staff surveyed by Captain Jean-Joseph Mieulet. 1939 was extracted from the map of the
French National Institute of Geography (IGN). 1967 extent was extracted by Gardent et
al.,(2014). 2018 extent was interpreted from the orthorectified aerial photograph of the Mer
de Glace acquired in 2018 (source: www.geoportail.gouv.fr).
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1.7 Organisation of the dissertation

This dissertation is composed of three publications supported by a framework of detailed

information on the systematics, methodology and interpretation of the relevant luminescence

and cosmogenic nuclides dating. The thesis is structured in 4 main parts.

The first part investigates the potential of OSL surface exposure dating along a vertical

cross-section of polished bedrock surfaces with known post-LIA (Little Ice Age) exposure

ages (from 3 to 137 years) along the Mer de Glace glacier. The luminescence signals from

rock slices exhibit increasingly deep bleaching profiles with elevation and thus exposure age,

which is consistent with progressive glacier thinning since the LIA. In this part, I show that

OSL surface exposure dating can be applied to periglacial environments, and is a promising

tool for high-resolution reconstruction of ice extent fluctuations, both in space and time over

timescales from 101 to 102 years.

The second part is introducing a new approach for evaluating post-glacial bedrock surface

erosion in mountainous environments by combining TCN and OSL surface exposure dating.

Using a numerical approach, I show how it is possible to simultaneously invert bedrock OSL

signals and 10Be concentrations into quantitative estimates of both post-glacial exposure

duration and bedrock surface erosion.

In the third part, this new approach is applied on nine bedrock surfaces sampled over two

elevation profiles located on the flanks of the Mer de Glace. The results show a clear anti-

correlation between erosion rate and elevation which bring new insight on spatial variability

of erosion rates reflecting geometric and climate controls. The derived erosion rates can be

used to correct the timing of deglaciation age based on TCN data, suggesting very rapid ice

thinning after 18 ka.

The final part provides a synthesis of the results and conclusions presented in this dissertation.

It further discusses potential directions for future studies addressing the open questions of

the deglaciation chronology, bedrock erosion and potential of OSL surface exposure dating.

References are listed in a single bibliography at the end of the dissertation to avoid duplication.

The appendix of the Chapter 2, 3 and 4 are regrouped in one main Appendix chapter in order

to facilitate the reading of the manuscript. Later on the publications that I contributed to

during my PhD are provided, including a brief statement of my own contribution, as well as

datasets not shown in the previous sections.



22 CHAPTER 1. INTRODUCTION



CHAPTER 2

Investigation of OSL surface exposure dating to reconstruct post-LIA

glacier fluctuation in the French Alps (Mer de Glace, Mont Blanc massif)

Benjamin Lehmann1, Pierre G. Valla1,2, Georgina E. King1,2and Frédéric

Herman1

1Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, 1012, Switzerland.
2Institute of Geological Sciences and Oeschger Centre for Climate Change Research, University of Bern,

Bern, 3012, Switzerland.

23



24 CHAPTER 2. OSL SURFACE EXPOSURE DATING AND POST-LIA GLACIER FLUCTUATION

Abstract

Providing quantitative constraints on late Pleistocene glacier fluctuations remains an impor-

tant challenge for understanding glacier response to past and future climate changes. In most

mountainous settings, paleo-glacier reconstructions are limited because they often lack precise

temporal constraint. Different geochronological methods have been developed and applied to

date specific geomorphological or sedimentological markers for paleo-glacier dynamics. Re-

cently, OSL (optically stimulated luminescence) surface exposure dating has been introduced

and provides us with an opportunity to improve paleo-glacier reconstructions. This method is

based on the sensitivity of the OSL signal from rock minerals to light, resulting in bleaching of

the OSL signal within the upper first millimeters of the exposed rock surface, a process that

depends on the exposure age, the rock type and the local setting (e.g., topographic shielding,

bedrock orientation). Here, we investigate the potential of OSL surface exposure along a ver-

tical cross-section of polished bedrock surfaces with known post-LIA (Little Ice Age) exposure

ages (from 3 to 137 years) along the Mer de Glace glacier (Mont Blanc massif, France). The

infra-red stimulated luminescence (IRSL) signals from rock slices exhibit increasingly deep

bleaching profiles with elevation and thus exposure age, which is consistent with progressive

glacier thinning since the LIA. Our results show that OSL surface exposure dating can be

applied to periglacial environments, and is a promising tool for high-resolution reconstruction

of ice-extent fluctuations, both in space and time.
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2.1 Introduction

During the last ca. 5 Ma of the Earth’s history, global climate cooled and evolved towards os-

cillating climatic conditions that intensified towards the present (e.g., Zachos et al., 2001; Her-

bert et al., 2016). This climate shift left a strong imprint on mountain topography (e.g., Penck,

1905; Broecker and Denton, 1990; Molnar and Engand, 1990; Peizhen et al., 2001; Egholm et

al., 2009). However, understanding paleo-climatic conditions in mountainous areas over the

Plio-Pleistocene epochs remains difficult. Local records of successive glacial/interglacial cycles

are scarce or poorly preserved over such long timescales (Ehlers and Gibbard, 2007). Polar

ice-sheets and marine cores are useful for providing long-term global climatic records but are

unable to describe regional continental climate. In contrast, glaciers and their fluctuations

through time provide invaluable information on past mountain climatic conditions. Through

mapping and dating moraine deposits and erratic boulders, it is possible to reconstruct the

history of ice-extent (e.g., for the European Alps: Ivy-Ochs et al., 2006; Bini et al., 2009;

Preusser et al., 2011; Schimmelpfennig et al. 2014; Ivy-Ochs et al., 2015; Wirsig et al., 2016).

Past glacier extents in the European Alps are well constrained since the Little Ice Age (LIA:

15th to 19th centuries). Using historical maps, survey reports and aerial photogrammetry,

glacier fluctuations have been precisely reconstructed over the last two centuries (e.g., Vin-

cent et al., 2014). To go further back in time into the Pleistocene, different geochronological

methods can be used such as lichenometry (Winkler et al., 2004), varve chronologies (Stew-

art et al., 2011), dendrochronology (Baillie, 1995) and radiocarbon dating (Hajdas, 2008).

However, organic matter can be scarce for glacial/periglacial deposits because of extremely

active geomorphic systems associated with glacial environments. In addition to these meth-

ods, surface exposure dating of polished bedrock or erratic boulders using terrestrial in situ

cosmogenic nuclides has been developed over the last decades (Lal et al., 1991; Gosse and

Philips, 2001; Balco, 2011; Ivy-Ochs and Briner, 2014), and has been widely used in the

European Alps (see Ivy-Ochs et al., 2006; 2009 for reviews). The combination of different

cosmogenic nuclide pairs (e.g., 10Be and 14C: e.g., Goehring et al., 2012; Hippe et al., 2014)

provides us with important information on Alpine glacier paleo-geography since the Last

Glacial Maximum (LGM; Ivy-Ochs et al., 2006; Wirsig et al., 2016). However, the cosmo-

genic nuclide production rate and the integration of production over the first 1-2 meters below

a rock surface may limit the resolution of such methods for recent and/or complex exposure

histories.

Here we investigate whether optically stimulated luminescence (OSL) surface exposure dating

can be used to reconstruct recent glacier fluctuation. Luminescence dating is based on the

accumulation of trapped electrons through time in the crystalline lattice of certain minerals

(e.g., quartz or feldspar). Some of these trapped electrons are sensitive to daylight exposure

(Aitken, 1985; Huntley et al., 1985). Luminescence dating is commonly used to date sediment
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burial in a range of geomorphological environments (e.g., Duller, 2008; Rhodes, 2011; Fuchs

and Owen, 2008) but can also be used to determine rates of bedrock cooling (Guralnik et

al., 2015; King et al., 2016; Brown et al., 2017), and the exposure age of archaeological rock

surfaces (Polikreti et al., 2003; Sohbati et al., 2011). This latter application is based on the

principle that when a rock surface is exposed to light, the luminescence signal, which is initially

homogenous within the rock sample (at a given level or in field steady-state; e.g., Valla et

al., 2016), will progressively decrease at depth until being completely zeroed, a phenomenon

called “bleaching” (Aitken, 1998). The assumption used in this study is that the longer a

surface has been exposed to daylight, the deeper the signal bleaching will be (Polikreti et al.,

2002). In granitic and gneissic rocks, bleaching through time has been shown to occur over

the first few centimetres depth of the rock surface (Vafiadou et al., 2007; Sohbati et al., 2011;

Freiesleben et al., 2015). In alpine environments, glacier advances during the late Pleistocene

to Holocene have been associated with subglacial erosion of bedrock at the centimetre-scale

(e.g., Goehring et al., 2011). This means that only the most recent exposure history of the

bedrock will be recorded, as earlier exposure histories and OSL bleaching evidence will have

been eroded by subsequent glacier advances. OSL surface exposure dating would thus in

theory, enable past glacier extents to be reconstructed with a high temporal resolution for

both recent and complex exposure histories. Furthermore, this method is attractive because

of the short time required for sample preparation (Sohbati et al., 2011), although one current

disadvantage is the requirement for calibration of this chronometer on rock surfaces with

independently known exposure ages (Sohbati et al., 2012a).

In the following, we first introduce the study site, i.e., the Mer de Glace, and our sampling

strategy. We have targeted several independently dated glacially eroded bedrock surfaces,

which represent past elevations of the glacier surface since the LIA. We then review the basic

principles of the method and present the luminescence signals for six different surfaces along a

vertical cross section above the present-day Mer de Glace. Our results show a strong correla-

tion between sample elevation, exposure age and bleaching depth. Finally, we use this dataset

to show that model calibration requires multiple samples of known age to take full advantage

of OSL surface exposure dating in both glaciated and formerly glaciated environments.

2.2 Setting and sampling strategy

2.2.1 Geomorphological setting

The Mer de Glace glacier (Fig. 2.1) is about 11.5 km long and is located in the Mont Blanc

massif. The modern glacier covers an area of 30.4 km2 (excluding former tributary Talèfre

Glacier) and spans an elevation range from 4205 m to 1531 m.a.s.l. (data from 2008; Gardent

et al., 2014). The mean equilibrium line altitude (ELA), reconstructed using remote sensing
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methods, was about 2880 m.a.s.l. between 1961 and 1990 for five of the main north-facing

Mont Blanc massif glaciers, including the Leschaux Glacier for the period 1984-2010 (Rabatel

et al., 2013).

The Mer de Glace is an appropriate laboratory for validating the application of OSL surface

exposure dating for paleo-glacier reconstruction. Numerous studies have provided detailed

reconstructions of Mer de Glace fluctuations from the LGM towards the Holocene and present

day (Coutterand and Buoncristiani, 2006; Nussbaumer et al, 2007; Vincent et al., 2014;

LeRoy et al., 2015). The Montenvers site (Fig. 2.1) was chosen as an optimal study site

as the evolution of the glacier thickness since the LIA has been reconstructed by Vincent et

al. (2014) using historical maps, aerial photogrammetry and satellite-derived digital elevation

models (see Section 2.3 for details). Furthermore, the rock type is generally homogenous along

the valley flank (i.e., orthogneiss; Dobmeier et al., 1998), avoiding any lithological dependency

of the OSL surface exposure dating approach although occasional granitic lenses are exposed

in the lower part of the profile (see Section 2.2 for details).

Our sampling strategy was to collect glacially polished bedrock surfaces with the best-

preserved erosion patterns (glacial striations, roches moutonnées; Fig. 2.2) to ensure that

sample bleaching profiles reflect the period of time since post-LIA deglaciation. The samples

were also selected to have low topographic shielding and vegetation cover (e.g., lichen). Steep

slopes were selected (i.e., above 30◦) to limit any potential snow cover effects. In particular,

we focused on rock surfaces exhibiting striations parallel to the Mer de Glace flow line in

order to avoid the potential influence of tributary glaciers.

2.2.2 Sample description

We collected six samples along the Montenvers profile during several field campaigns (2015-

2016), ranging in elevation from 1841 to 1696 m.a.s.l. (Fig. 2.1 and Table 2.1). Samples

MBMV1, MBMV7, MBMV8, MBMV10 and MBMV11 consist of coarse-grained orthogneiss,

typical for the Aiguilles Rouges massif (Dobmeier et al., 1998). These rocks mainly comprise

coarse K-feldspar crystals, quartz, biotite and muscovite. Only MBMV6 was collected from

a granitic lens, which consists of bigger quartz and feldspar crystals than the orthogneiss

(Fig. 2.3). Because differences in crystal properties may influence light penetration, i.e.,

due to both crystal size and distribution, sample MBMV6 is used to explore any potential

lithological effect on the OSL surface exposure dating approach.

2.2.3 Independent age calibration from glacier thickness reconstruction

We use the historical post-LIA reconstruction of the Mer de Glace thickness (Vincent et

al., 2014) available for two cross-sections: Montenvers and Echelets (Fig. 2.1). Samples
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Figure 2.1: Sampling map of the Montenvers site, Mer de Glace. The orthorectified aerial
photograph of the Mer de Glace was acquired in 2016 (source: www.geoportail.gouv.fr).
The black lines show the two cross-sections produced by Vincent et al. (2014) which we
interpolated to reconstruct glacier surface elevations at two different locations (red lines 1
and 2, see Section 2.3 and Appendix Fig. A2.1) where samples were collected (yellow dots
with numbers). Upper right inset represents the collected samples projected along cross-
section 1. Bottom right inset shows location of the study area within the western Alps.

MBMV1, MBMV7, MBMV10 and MBMV11 were collected from the same profile located

290 m upstream of the Montenvers cross-section and 690 m downstream of the Echelets

cross-section (cross-section 1, Figs. 2.1 and 2.4). Samples MBMV6 and MBMV8 were taken

along a profile (cross-section 2, Fig. 2.1) located 200 m upstream of the cross-section 1.

Because glacial thinning would progressively expose bedrock surfaces at lower elevations, we

can use the relationship between exposure age and sample elevation to constrain the temporal

evolution of glacial thickness (Figs. 2.1 and 2.4).

Post-LIA thickness reconstructions of the Mer de Glace for cross-sections 1 and 2 have been

interpolated from the Montenvers and Echelets cross-sections. Exposure ages from 2 to 137

years were obtained for the different samples, using either cross-section 1 (MBMV1, MBV7,
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(a) (b)

(c)

(d)

Figure 2.2: Sampling sites and sample details at the Montenvers site. (a-b) Sampling sites
for MBMV7 and MBMV6. (c-d) Outcrops and samples MBMV7 and MBMV6.

Table 2.1: Sample characteristics from the Montenvers cross-section. Estimated exposure
ages were reconstructed using differential GPS and ice-thickness reconstruction as shown
in section 2.3. Shielding factors were calculated with the geometric shielding calculator
(CRONUS-Earth project). Note that all estimated exposure ages are referenced from 2015
(date of the first field campaign).

Latitude Longitude Elevation Topographic Surface

 [m a.s.l.] shielding factor  orientation

MBMV1 45°55'54.0''  06°55'07.7'' 1841 Gneiss 137 (1) 0.81 N8 55°E

MBMV6 45°55'48.9''  06°55'17.7'' 1696 Granite 2 (2) 0.92 N0 30°E

MBMV7 45°55'52.7''  06°55'09.9'' 1804 Gneiss 69 (2) 0.79 N374 60°E

MBMV8 45°55'47.7''  06°55'18.5'' 1699 Gneiss 3 (2) 0.81 N13 54°E

MBMV10 45°55'54.0''  06°55'14.1'' 1735 Gneiss 18 (2) 0.79 N0 60°E

MBMV11 45°55'54.3''  06°55'11.5'' 1760 Gneiss 30 (2) 0.88 N355 75°E

WGS 84
LithologySample ID

Reconstructed 

Exposure Age [yr BP]

MBMV10 and MBMV11) or cross-section 2 (MBMV6 and MBMV8) (see Appendix Chapter

A2.1). All exposure ages are relative to the first sampling campaign in summer 2015.

2.3 Methodology: OSL surface exposure dating

2.3.1 Theoretical approach

Minerals such as quartz and feldspar naturally contain defects or impurities in their crystal

lattice. Energy released by ambient radiation (i.e., cosmic rays and the flux of high-energy
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Figure 2.3: Pictures of selected rock slices (see section 3.1 for details), showing the
difference in composition and texture between orthogneiss (MBMV1, MBMV7, MBMV8,
MBMV10, and MBMV11) and granite (MBMV6).

solar particles or/and radioactive decay in the rock-matrix) excites electrons from their equi-

librium state (valence band), and these can become trapped at higher energy levels within

the crystal. Because of the finite number of traps, electron filling occurs until saturation

is reached. By giving energy to the system in the form of light or heat (natural bleaching

processes), electrons are released and return to their equilibrium state, producing photons.

This phenomenon is called luminescence and the intensity of a given luminescence signal is

thus proportional to the number of trapped electrons (Aitken, 1985; 1998). In a rock surface

continuously exposed to daylight, the progressive bleaching of the luminescence signal is ex-

pected to propagate deeper into the surface with time (Habermann et al., 2000; Polikreti et

al., 2002; Laskaris and Liritzis, 2011).

Rock surface dating was first used in archaeology, and was based on thermally-stimulated mea-

surements, i.e., thermoluminescence (TL; Liritzis et al., 1994; Richards et al., 1994; Theocaris

et al., 1997; Polikreti et al., 2002; 2003). More recently, optically stimulated luminescence

dating (OSL; e.g., Habermann et al. 2000; Vafiadou et al., 2007) has been introduced to date

surface exposure, which benefits from improved measurement reproducibility and more rapid

signal bleaching following exposure to daylight than typically-used TL signals (e.g., the 325◦C

TL peak in quartz). The potential of OSL for dating exposure events in geomorphological

(Freiesleben et al., 2015; Sohbati et al., 2015) and archaeological (Liritzis, 2011) contexts has

recently been investigated, and a range of applications including relative sea-level changes

and coastal geomorphology (Simms et al., 2011; Simkims et al., 2013) have been published.
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However, OSL surface exposure dating has not yet been applied to glacially polished bedrock

surfaces.

In mountainous environments, OSL dating can be used to evaluate the exposure age of a

polished bedrock surface as described in Fig. 2.4. At the initial condition (t1 in Fig. 2.4), the

glacier has reached its maximum thickness. Ice and periglacial sediments cover the bedrock

surface, and the luminescence signals of bedrock minerals are in field steady-state and uniform

in the rock column. When the glacier retreats, freshly-eroded surfaces are exposed to daylight

(point a at time t2, Fig. 2.4). The initial luminescence signals start to bleach for these exposed

surfaces, while the sample at lower elevation is still covered by the glacier and its luminescence

signals remain uniform in the rock (point b at time t2, Fig. 2.4). As the glacier continues to

thin, the lower part of the bedrock flanks are uncovered (t3, Fig. 2.4) and the luminescence

signals start to bleach for the lower-elevation surfaces. Therefore, in a setting affected by

progressive glacier retreat and thinning, there is a direct correlation between the elevation

of the studied site and the exposure age, with the assumption that the longer a surface is

exposed to daylight, the deeper into the rock the luminescence signal is bleached (Freiesleben

et al., 2015; Sohbati et al., 2011).

2.3.2 Modelling approach

To assess rock surface exposure durations to daylight from a luminescence depth profile, we

use the model proposed by Sohbati et al. (2011; 2012a,b) who provide an in-depth review

of each parameter. When a rock surface is exposed to daylight, both detrapping (due to

the release of energy by daylight) and trapping (due to absorption of energy from ambient

radiation) occur simultaneously. The trapped-charge concentration during light exposure is

given by the following differential equation:

∂n(x, t)

∂t
= −E(x)n(x, t) + F (x)[N(x)− n(x, t)] (2.1)

Where n(x, t) is the trapped charge concentration [m−3] at time t [s] and depth x [m], N(x)

is the concentration of sites [m−3] available for trapping at depth x, E(x) is the charge

detrapping rate [s−1], and F (x) is the trap filling rate [s−1]. The charge detrapping rate,

E(x), is itself given by:

E(x) = σϕ0e
−µx (2.2)

where ϕ(λ, x) is the photon flux [cm−2 s−1] describing the rate of incoming photons that

can bleach the trap of interest. σ(λ) is the photoionization cross section [cm2] describing the

probability of this specific trap to be excited by light stimulation. It is averaged over the
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Figure 2.4: Sketch linking glacier thinning and OSL signal evolution for two bedrock sur-
faces located at different elevations along the valley flank. Straight arrows (grey) represent
cosmic rays and high-energy solar particle flux; this radiation, together with radioactive
decay in the rock matrix build up the latent luminescence signal. Other arrows (black) rep-
resent low energy electromagnetic radiation from the sun; this radiation bleaches the latent
luminescence signal. At the initial time t1, the glacier is at its maximum extent and the
OSL signals for both surfaces are in field steady-state and uniform within the rocks, L0.
At time t2, the glacier has retreated and exposed the surface (a), the OSL signal begins to
bleach whilst surface (b) remains covered with its luminescence signal unchanged. In the
final step t3, the glacier size has shrunk, surface (a) remains exposed and its OSL signal is
bleached at greater depth while surface (b) has just been exposed to daylight and its OSL
signal has been bleached just below the exposed surface.

wavelengths present in the solar spectrum at the surface (x = 0). Here, we assume that the

photon flux does not fluctuate through time, and we are only concerned with the product of

the two parameters, which is given by σϕ0 [s−1] (i.e., the effective decay rate of luminescence;

Sohbati et al., 2011). Equation (2.2) also includes a decay term for light attenuation with

depth. The light attenuation coefficient µ [m−1] describes how deep into the rock a photon will

penetrate and affect the luminescence signal. µ is assumed to be independent of wavelength

in the spectral range of interest (Sohbati et al., 2011).

For surface exposure dating of terrestrial surfaces, the effect of trap filling during daylight

exposure over short timescales (i.e., centuries) is often negligible (i.e., F (x)≈ 0) (see Appendix

Chapter 7.1.2). The trapped charge population at a given depth (x) can then be approximated

by:
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n(x) = n0e
−E(x)t (2.3)

where n0 is the initial charge population [m−3] assumed to be constant with depth within the

rock column prior to bleaching. Assuming that the luminescence signal (L) is proportional

to n, Eq. (2.3) becomes:

L =
Lx

Tx
= L0e

−σϕ0te−µx (2.4)

where Ln/Tn is the normalized natural luminescence signal measured at depth x [m] after

exposure age t [s]. L0 is the normalized natural luminescence signal before bleaching (Fig.

2.4), which is sample dependent and can be constrained in the laboratory.

Equation 2.4 can predict the rock luminescence profiles for different exposure ages, however

the mean photon flux ϕ0, the photoionization cross-section σ, and the attenuation coefficient

µ must first be quantified. ϕ0 is mainly controlled by the latitude and the cloudiness; and it

is broadly correlated to elevation (Blumthaler et al., 1997). The solar irradiance is fluctuating

over decadal timescales (Lean, 1987) making the independent determination of the photon

flux impossible without knowing the time of exposure. The photoionization cross-section σ,

depends on both the mineral and the trap targeted (Bailey, 2004). For samples coming from

the same region and from a similar lithology, σϕ0 is assumed to be uniform and µ is expected

to be of the same order of magnitude between samples, but not necessarily equal.

The OSL-depth profile of exposed rock surfaces with independently constrained exposure

durations can be used to calibrate the σϕ0 and µ parameters by fitting the luminescence

signal bleaching with depth (Singarayer, 2002; Sohbati et al., 2012a). These constrained

parameters can then be used to determine the exposure histories of unknown-age surfaces

from the same region.

Here, our objective is to demonstrate the validity of the proposed model (Eq. 2.4) on polished

bedrock surfaces and to calibrate the model parameters on surfaces with known exposure

age. To do so, the unknown σϕ0 and µ parameters are inverted for each sample using a

probability density function of the model parameters, given the observed OSL-depth profile

data. This includes a least absolute deviation regression Lsample (Eq. 2.5), in which we

randomly prescribed a range of different σϕ0 and µ values. From the residual likelihood

Lsample obtained, we select the maximum likelihood values of σϕ0 and µ. The modelled

luminescence signals (LnTn)m are calculated for each rock slice of a given sample using the

known exposure age of each sampling site, giving:

Lsample = exp(− 1

2a

n∑
i=1

∣∣∣∣∣LxTx (i)

obs
− Lx

Tx

(i)

m

∣∣∣∣∣) (2.5)
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where n is the number of rock slices per sample, Lx
Tx

(i)

m
is the luminescence signal calculated

using Eq. (2.4), LxTx
(i)

obs
is experimentally measured for each rock slice i and a is the uncertainty.

Given that the scatter of the plateau signal (L0) for every independent sample is larger than

the analytical error, we use the standard deviation around the plateau value L0 to estimate

a. Then, we compute the combined likelihood for a number of samples p using:

Lcombined =

p∏
j=1

Lsample(j) (2.6)

This approach provides the most likely common values of σϕ0 and µ. Once the parameters of

the model are determined as shown above, it is possible to invert the exposure age for other

rock surfaces using the constrained σϕ0 and µ values (cf. Eq. (2.5)).

Table 2.2: Summary of symbols.

11	

Symbol Unit Definition 

𝑛	 m-3	 Concentration of trapped charge 

	𝑥	 m	 Depth 

𝑡	 s	 Time 

𝑁	 m-3	 Concentration of sites available to trap charge 

𝐸	 s-1	 Charge detrapping rate due to solar radiation 

𝐹	 s-1	 Charge trapping due to ionising radiation 

𝜎	 cm2	 Photionization cross-section 

𝜑	 cm-2	s-1	 Photon flux 

𝜎𝜑8888"	 s-1	 Charge detrapping rate 

  µ	 m-1	 Attenuation coefficient 

𝐿𝑥	 Counts	 Regenerated luminescence signal 

𝑇𝑥	 Counts	 Test dose signal 

𝐿	 Counts	 Luminescence 

In order to verify our modelling approach, we show a synthetic inversion. We produce a 290	
synthetic luminescence signal (Lx/Tx	for depths in between 0 and 14 mm) using Eq. (4) and sample-291	
specific σφ8888" and µ parameters (obtained from initially fitting every sample using their independent age292	
control, see Section 5.2 for details) and assuming a constant µ value (i.e. homogenous lithology with293	
rock depth). The first step of the synthetic test is to invert parameters σφ8888" and µ knowing the exposure294	
age t for each individual sample as presented above. Then, using these σφ8888" and µ parameters, we295	
subsequently invert for the exposure age t using Eq. (4). In order to study the effect of potential296	
uncertainties from the experimental data on the exposure age determination, we reproduce this synthetic 297	
test with white noise on the luminescence signal, with four different amplitudes between 0 and 100 % 298	
(Fig. 5). Our synthetic results show that our inversion approach can recover the exposure age with 0 to 299	
50% noise. The synthetic test with 100% noise on the luminescence signal provided age outcomes with 300	
larger uncertainties (>20%). The best results are obtained using the best-fit of σφ8888" and µ and the median301	
value of the predicted exposure ages. The resulting uncertainties are correlated with the magnitude of 302	
the noise, however any potential variability in the luminescence signal does not appear to produce a 303	
significant bias on the inverted exposure age. 304	

305	

In order to verify our modelling approach, we show a synthetic inversion. We produce a

synthetic luminescence signal (Lx/Tx for depths between 0 and 14 mm) using Eq. (2.4)

and sample-specific σϕ0 and µ parameters (obtained from initially fitting every sample using

their independent age control, see Section 5.2 for details) and assuming a constant µ value

(i.e., homogenous lithology with rock depth). The first step of the synthetic test is to invert

parameters σϕ0 and µ knowing the exposure age t for each individual sample as presented

above. Then, using these σϕ0 and µ parameters, we subsequently invert for the exposure age

t using Eq. (2.4). In order to study the effect of potential uncertainties from the experimental

data on the exposure age determination, we reproduce this synthetic test with white noise
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on the luminescence signal, with four different amplitudes between 0 and 100 % (Fig. 2.5).

Our synthetic results show that our inversion approach can recover the exposure age with

0 to 50% noise. The synthetic test with 100% noise on the luminescence signal provided

age outcomes with larger uncertainties (>20%). The best results are obtained using the

best-fit of σϕ0 and µ and the median value of the predicted exposure ages. The resulting

uncertainties are correlated with the magnitude of the noise, however any potential variability

in the luminescence signal does not appear to produce a significant bias on the inverted

exposure age.
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Figure 2.5: Results (median value) of inverted exposure age from the synthetic test, (a)
without noise on the luminescence signal, (b) with 25%, (c) 50%, and (d) 100% noise. Error
bars represent ±2σ on the inverted age.
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2.4 Sample preparation and analysis

The bedrock samples were cored to 30 mm depth using a Husqvarna DM220 drill, with 10-

mm diameter. Cores were then sliced into 0.7-mm thick rock slices with a BUEHLER IsoMet

low speed saw equipped with a 0.3-mm thick diamond blade. The samples were drilled and

sliced under wet conditions (water and lubricant, respectively) to avoid any heating that

could potentially reset the OSL signal. Sample preparation was done under subdued red light

conditions. The thickness of each rock slice was measured to determine the precise depth

of each luminescence measurement. All luminescence measurements were performed using

RisøTL-DA 20 TL/OSL luminescence readers (Bøtter-Jensen et al., 2010) equipped with 90Sr

beta sources at the University of Lausanne (Switzerland). The readers have dose rates of

∼0.1 and ∼0.2 Gy s−1 and measurement reproducibility of 1.14 % and 1.26 % respectively.

We first perform a preheat at 250 ◦C before giving infrared (IR) stimulation (870 nm, Full

Width Half Max (FWHM) 40 nm) at 50 ◦C. Luminescence signals are detected through a

filter combination of a Schott BG-3 and Schott BG-39. A uniform test dose was used (27.2

Gy) to measure the subsequent luminescence response (Tx) and to normalize the natural

infrared stimulated luminescence (IRSL) signal (Lx) for every rock slice. Infrared stimulated

luminescence was measured for 200 s and signals were integrated over the first 6 seconds

whereas the background signal was integrated between 70-100 seconds. Measurements were

analysed using Analyst v.3.22b (Duller, 2005). All thermal treatments and stimulations at

temperatures greater than 200◦C (i.e., preheat step) were carried out in nitrogen atmosphere.

The experimental approach was validated using a dose recovery and preheat plateau test (see

Appendix Chapter 7.1.3; Murray and Wintle, 2000; Wintle and Murray, 2006).

2.5 Results

2.5.1 Experimental results

Figure 2.6 shows the luminescence measurements for representative samples MBMV1 and

MBMV10 (results of the others samples are presented in Fig. 2.8). Three replicates (i.e.,

individual cores) per sample were sliced in a way that a depth and an IRSL signal can be

attributed to each rock slice (unique colour/symbol for each individual rock slice in Fig. 2.6).

The results show similar behaviour between the different cores for a given sample (Fig. 2.6).

The IRSL signal is bleached near the surface and reaches a plateau at depth. Furthermore,

and more importantly, the transition from a bleached signal to the plateau varies with the

exposure age. The three core measurements reproduce well for both samples illustrated in

Fig. 2.6, with the mean standard deviation between the three cores ranging from 7 to 27%
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for all the studied samples. These results confirm experimentally that cores extracted from

one individual sample record the same exposure history, supporting the proposed approach.
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Figure 2.6: Infrared stimulated luminescence (IRSL) signal with depth for samples (a)
MBMV10 and (b) MBMV1. Each coloured data point represents an individual rock slice.
IRSL signals were normalized by L0, which was determined by taking the average of the
luminescence measurements along the plateau. The plateau was defined when the lumines-
cence signal is fluctuating by less than 20%.

2.5.2 Independent parameter determination

In this section, we determine the σϕ0 and µ parameters individually for each sample in

order to study their potential variability from one rock surface to another (Table 2.3). As

explained in Section 3.2, bedrock surfaces from the same location should share a common

σϕ0 parameter (i.e., same order of magnitude; Blumthaler et al., 1997). Similarly, we expect

that the µ parameter should be similar for samples from a uniform lithology. The determined

parameters are then used in the inversion of the exposure ages for each sample individually

(see Section 2.5.5). All inversion outcomes are summarized in Table 2.3. Samples MBMV1,

MBMV8, MBMV10 and MBMV11 share similar effective decay rates (σϕ0 ) with the same

order of magnitude (from 1.4×10−8 to 2.2×10−7 s−1) and show attenuation coefficients (µ)

between 1.07 and 1.89 mm−1. Samples MBMV6 and MBMV7 behave differently with much

lower effective decay rates (σϕ0 of 2.0×10−6 and 4.2×10−6 s−1, respectively), and different

attenuation coefficients (µ of 0.92 and 2.50 mm−1, respectively).

2.5.3 Parameter determination from joint probability estimates

We evaluate now the parameter determination from joint probability estimates in order to

illustrate the benefit of having several known-age calibration samples. Figure 2.7a presents

modelled results for sample MBMV10, which is representative of the other samples (except

MBMV6 and MBMV7, see Section 5.2). The results show that log (σϕ0) and µ co-vary,
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which we attribute to measurement uncertainties and variability between the different cores.

Figure 2.7b shows the area of acceptable fits when all the gneissic samples are included (i.e.,

excluding the granitic sample MBMV6).

      All samples together      Sample MBMV10

Figure 2.7: Relationship between the σϕ0 and µ parameters (a) for sample MBMV10,
and (b) for all of the gneiss samples (i.e., excluding MBMV6) enabling determination of
the shared σϕ0 and µ parameters (1.0×10−7 s−1 and 1.48 mm−1 respectively). For both
Figures, the colour scale shows the likelihood between modelled and experimental data (Eq.
2.6, note the differences in scaling between the two panels), and the star is the best-fit
parameter values. Zero probability is not shown for clarity.

We then contrasted individual estimates of σϕ0 and µ for each sample, using different com-

binations of samples to estimate these parameters. The results are summarized in Tables 2.3

and A2.3. When inverting the model parameters with any combinations of three samples, all

estimates of the effective decay rates are between 6.6×10−8 and 1.4×10−7 s−1, and all esti-

mates of the attenuation coefficients are between 1.33 and 1.57 mm−1. Combinations of four

samples provide σϕ0 values ranging from 7.2×10−8 to 1.2×10−7 s−1 and µ values between

1.38 and 1.53 mm−1. According to Table 2.3 and Fig. 2.7b, a common likelihood exists for

all the gneissic samples calibrated together, giving an effective decay rate of 1.0×10−7 s−1

and an attenuation coefficient of 1.48 mm−1.

Figure 2.8 depicts the normalized IRSL signals measured for all samples and their individually-

constrained best-fit models (red lines) as described previously and illustrated in Fig. 2.7a.

The obtained outcomes show that the proposed model accurately describes the luminescence

bleaching process through depth and time. The best-fit model calibrated with all of the

gneissic samples together (black dashed lines, parameters in Table 2.3) fits close to the best-

fit model determined for each sample individually (except MBMV6). These results confirm

a key objective of the study, which is the possibility to calibrate the model parameters using

different surfaces along a vertical profile, with the same lithology and different (independently-

determined) exposure ages.
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Table 2.3: Best-fit values of σϕ0 and µ determined for every sample individually and for all
samples excluding MBMV6. Combinations of three or four samples are presented in Table
A2.3 (Appendix Chapter 7).

Parameter σφ0 [s − 1] μ [mm − 1]

Samples Best- fit σ -1σ Best-fit -1σ

Individually
MBMV1 1.4 10−8 1.5 10−8 1.3 10− 8 1.07 1.08 1.05
MBMV6 2.0 10−6 2.2 10−6 1.8 10− 6 0.92 0.95 0.92
MBMV7 4.0 10−6 5.0 10−6 3.6 10− 6 2.52 2.56 2.46
MBMV8 2.2 10−7 2.4 10−7 1.5 10− 7 1.89 1.98 1.70
MBMV10 1.5 10−7 1.5 10−7 1.1 10− 7 1.82 1.87 1.75
MBMV11 4.2 10−8 5.3 10−8 3.9 10− 8 1.21 1.22 1.13
All samples together

excluding MBMV6
1.0 10−7 1.1 10−7 9.5 10− 8 1.48 1.50 1.44

+1 σ+1

2.5.4 Evolution of the luminescence signal through time

Compiling the best-fit models determined for each sample individually, a positive correlation

between the exposure age and the depth at which the natural IRSL signal is zeroed can be

clearly observed for samples within the same lithology (Fig. 2.9a). If we consider the inflection

point of each individual model (Lx/Tx= 0.5 on Fig. 2.9a) as a proxy for the bleaching depth,

this value ranges between 1.7 and 4.2mm for 3 and 137 years of daylight exposure, respectively

(Fig. 2.9b). The granitic sample MBMV6 does not follow this correlation, its bleaching depth

being at 7 mm after 2-yr exposure to daylight.

2.5.5 Inversion for exposure age

Once the model parameters have been determined by different sample combinations, it is

possible to subsequently invert the exposure age as explained above. Figure 2.10 compares

the exposure ages inverted from the different sample combinations, with the observed exposure

age (all results are compiled in the Appendix Chapter Table A2.4 and Fig. A2.3). Figure

2.10a shows that our modelling approach is able to recover the observed exposure ages using

parameters determined for each individual sample (<10% difference). When the exposure

ages are inverted using the parameters determined for all of the gneissic samples together

(as shown in Fig. 2.7b), there are slight differences between the inverted exposure age and

independent age control (Fig. 2.10b, Table A2.4 and Fig. A2.3). The inverted ages are almost

all within 20% of the observed ages except for sample MBMV11, which is overestimated by

90%.
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Figure 2.8: Normalized infrared stimulated luminescence (IRSL) profiles with depth and
best-fit models. Coloured data point represents individual rock slice (each symbol/colour
represents one core). The red lines show the best-fit model for each sample taken individu-
ally. The dashed black lines represent the best-fit model from a common calibration of the
parameters using all gneiss samples together σϕ0 = 1.0×10−7 s−1 and µ =1.48 mm−1, cf.
Fig. 2.7b and Table 2.3). Raw IRSL data are presented in Table A2.2 (Appendix Chapter
7)

Taking different calibration combinations with four (Fig. 2.10c) or three (Fig. 2.10d) samples

also results in different performance regarding age predictions. For all gneissic samples, except

MBMV11, the inverted exposure ages at 2σ are still within 20% of the observed ages. Note

that in our approach the inverted exposure ages with four and three samples calibrations
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Figure 2.9: (a) Compilation of the best-fit models for each individual sample (cf. red lines
in Fig. 2. 8). (b) Correlation between the IRSL bleaching depth (i.e., the inflection point
of the models presented in (a)) and the exposure age of each individual sample. The star
symbol indicates the granitic sample (MBMV6); all the other samples are gneiss.

are only shown when the specific sample is not part of the calibration combination (grey

shadow in the Appendix Chapter Table A2.4). Although the match between the inverted

and observed ages, as well as the trend between samples, is preserved independent of the

calibration approach, our results show that the higher the number of calibration sites is, the

better the inversion of exposure ages would be.
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Figure 2.10: (a) Correlation between inverted (median values) and observed exposure
ages resulting from different calibration combinations to constrain the model parameters.
The error bars on the inverted exposure ages are ±2σ as presented in Table 2.3 (all results
presented in the Appendix Chapter Table A2.4).

2.6 Discussion

Our results from the Mer de Glace glacier have allowed validation, over post-LIA timescales

(i.e., over 2-137 years), of the assumption that the longer a rock surface has been exposed to

daylight, the deeper the luminescence signal has been bleached (Polikreti et al., 2002; 2003;

Sohbati et al., 2011; 2012). Using the mathematical model proposed by Sohbati et al. (2011),

we accurately describe the time evolution of luminescence within a rock column. The different

combinations of samples used to calibrate the model give parameter values (σϕ0 and µ) that

are on the same order of magnitude for samples within similar regions and lithology, and

which agree with published values (Sohbati et al., 2011; 2012a,b).

We also observe that the evolution of luminescence signals with both time and depth within

bedrock is mainly controlled by rock characteristics (lithology, texture, weathering and min-
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eral composition). These rock properties will govern the light attenuation and penetration

into rocks (parameter µ in Eq. 2.4), and thus the net bleaching effect on the luminescence

signal. At the regional scale, the lithology should preferably be uniform to enable model

calibration on some known-age surfaces (through independent dating) before application to

reconstruct the exposure history of other bedrock surfaces with unknown exposure age. We

see that in a granitic rock, comprising coarse quartz and feldspar grains (translucent minerals),

the luminescence-bleaching front will propagate much faster than in gneiss bedrock.

Our inversion approach to constrain rock surface exposure ages from OSL data, reveals that

the number of calibration samples is critical for constraining the model parameters and thus

obtaining accurate exposure ages. Fortunately, calibration rock surfaces in periglacial envi-

ronments can often be found from historical or remote-sensing paleo-glacier reconstructions.

Other types of bedrock surfaces can be used for independent constraint, e.g., anthropogenic

structures such as road-cut outcrops (e.g., Sohbati et al., 2012a) or landslide scars. The

combined investigation of OSL systems with other surface exposure dating methods such as

terrestrial in situ cosmogenic nuclides will also enable us to quantitatively assess the method’s

accuracy over longer timescales such as the late Pleistocene.

Experimental luminescence data presented in Fig. 2.8 confirms that each individual sample’s

exposure history has been recorded in its luminescence depth profile. For the six bedrock

surfaces studied here, each luminescence profile exhibits a fully-bleached signal at shallow

depth (i.e., from 1 to 7 mm depending on both the exposure age and lithology, Fig. 2.9),

followed by a sharp transition to a plateau of intensity deeper into the rock. These simple

and homogeneous luminescence profiles can be compared with complex profiles previously

observed following multi-stage exposure histories obtained from buried cobbles (Freiesleben et

al., 2015; Sohbati et al., 2015). This confirms that the glacially-polished surfaces we sampled

along the Montenvers cross-sections have experienced a simple exposure history. Furthermore,

field evidence for surface preservation with glacial features (striations, flutes) indicate that the

bedrock surfaces have been eroded and polished by subglacial processes before deglaciation.

Weathering or mechanical erosion may lead to an underestimation of the true exposure age.

Thereby, the inferred exposure history from these well-preserved rock surfaces can be used to

reconstruct the paleo-glacier thickness and extent since the LIA.

Bleaching of the OSL signal has occurred at less than 1 cm depth below the exposed surface

after more than 137 years of daylight exposure, highlighting the high temporal resolution

of this novel method for paleo-glacier reconstruction. In mountainous locations such as the

Mont Blanc massif, where the glacial history has been complex with several glacier fluctua-

tions during the late Pleistocene to Holocene (recurrent retreat/advance cycles; e.g., LeRoy

et al., 2015), the application of absolute dating methods such as terrestrial in situ cosmo-

genic nuclides are difficult due to potential inheritance from previous exposure events (e.g.,

Goehring et al., 2011). One of the main advantages of OSL surface exposure dating is that
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daylight bleaching of the OSL signal occurs within the first few millimetres below the exposed

rock surface. Short glacier re-advances over the late Holocene (e.g., LeRoy et al., 2015) would

have easily eroded the first centimetres of bedrock, consequently resetting the OSL system

before the post-LIA glacier retreat. We have thus shown in this study that well-preserved

polished bedrock surfaces can be used for the application of OSL surface exposure dating in

order to constrain the timing of the last glacial retreat from the LIA to present day, improving

our temporal resolution for glacier reconstruction. Over such timescales, the contribution of

the trap filling rate (F (x) in Section 2.3) from radioactive decay in gneissic or granitic rock

can be assumed to be negligible (see Appendix Chapter Fig. A2.2). However, this contri-

bution may have to be taken into account when extending paleo-glacier reconstruction using

OSL surface exposure dating to longer timescales, e.g., since the Last Glacial Maximum or

further back into the Quaternary. Over the same timescales, weathering and erosion of the

surface are likely to play a significant role.

2.7 Conclusion

In this study, we have investigated the potential of OSL surface exposure dating for quantita-

tively reconstructing post-LIA glacier retreat. We worked along an altitudinal cross-section

of the Mer de Glace glacier (Mont Blanc massif, France), and collected glacially-polished

bedrock surfaces with known exposure ages (from 3 to 137 years) along the Montenvers pro-

file from around 1841 m.a.s.l. elevation to the present-day glacier position (1696 m.a.s.l.).

We have developed a statistical approach to calibrate the bleaching model parameters from

known-age samples. Experimental IRSL depth-profile data for five different polished bedrock

surfaces show an increase of the luminescence signal bleaching depth with exposure age. We

conclude that OSL surface exposure dating can be applied to glacial and periglacial envi-

ronments, and is a promising tool for high-resolution reconstruction of recent ice-extent and

thickness fluctuations, both in space and time. However, we find that several calibration

samples must be used to calibrate the model parameters before inferring exposure ages on

bedrock surfaces within a specific area, taking into account the potential variation in bedrock

lithology. We also find that measurement uncertainties, intrinsic data noise or both can re-

sult in large uncertainties on inverted ages, especially when applying this method over 103-104

years timescales.
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Abstract

Assessing the impact of Quaternary glaciation at the Earth’s surface implies understanding of

the long-term evolution of alpine landscapes. In particular, it requires simultaneous quantifi-

cation of the impact of climate variability on past glacier fluctuations and on bedrock erosion.

Here we present a new approach for evaluating post-glacial bedrock surface erosion in moun-

tainous environments by combining terrestrial cosmogenic nuclide 10Be (TCN) and optically

stimulated luminescence (OSL) surface exposure dating. Using a numerical approach, we

show how it is possible to simultaneously invert bedrock OSL signals and 10Be concentrations

into quantitative estimates of post-glacial exposure duration and bedrock surface erosion. By

exploiting the fact that OSL and TCN data are integrated over different timescales, this ap-

proach can be used to estimate how bedrock erosion rates vary spatially and temporally since

glacier retreat in an alpine environment.
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3.1 Introduction

During the last few million years of the Earth’s history, global climate cooled and evolved

towards cyclic glaciations in high-latitude and high-altitude regions (e.g., Miller et al., 1987;

Zachos et al., 2001; Lisiecki and Raymo, 2005, 2007). It has been suggested that rates of

erosion varied during these multiple cycles, and that such variations could in turn feedback

into climate (e.g., Molnar and England, 1990; Raymo and Ruddiman, 1992; Champagnac et

al., 2007; Herman and Champagnac, 2016). Such erosion rate variations are most expressed

in alpine environments, where the main erosion agents vary from ice to water and landslides,

during glacial and interglacial periods respectively. However, quantifying how their respective

contributions in sediment production have varied remains challenging because both ice-extent

fluctuations and associated bedrock surface erosion must be reconstructed simultaneously.

Glacially-polished bedrock offers the possibility to reconstruct past ice-extents and quantify

concomitant bedrock surface erosion. These landforms are smooth and glossy, resulting from

glacial abrasion, quarrying and melt-water erosion during glacial periods (e.g., Bennett and

Glasser, 2009; Siman-Tov, 2017). Following ice retreat, they are exposed to post-glacial

erosion, which results in the transition from a well-preserved glacially-polished surface (Figs.

3.1a and 3.1b) to a coarse-grained rough surface (Figs. 3.1c and 3.1d). Post-glacial bedrock

surface erosion is due to the alteration of rock surfaces exposed to atmospheric conditions.

Rock alteration can occur through different ways, involving physical (e.g., frost-cracking),

chemical and biological processes that weaken and modify the rock surface and ultimately

results in its progressive erosion (e.g.,  Loziński, 1909; Anderson and Anderson, 2010; Hall

et al., 2012; Moses et al., 2014). Because we are concerned with the removal of bedrock

surface material since exposure to the atmosphere following glacial retreat, rather than the

modification of its physical and chemical characteristics caused by weathering, we hereafter

use the term “erosion”. Our objective is to develop an approach that may be used to address

the following questions: How fast is the transition from a polished bedrock to a coarse-

grained surface (Fig. 3.1)? How much information about postglacial exposure is preserved

on weathered rock surfaces? What analytical tools or approach can we use to quantify this

morphological transition?

Analytical methods to quantify erosion of rock surfaces differ depending on the timescale of

interest (see Moses et al., 2014 for a complete review). Over short timescales (from a few

seconds to decades) erosion can be quantified through remote sensing (e.g., photogrammetric

methods; Terrestrial Laser Scanner; c.f., Armesto-Gonzàlez et al., 2010; Duffy et al., 2013)

or measured relatively to anthropogenic reference features (historic or experimental; e.g.,

Nicholson, 2008; Häuselmann, 2008; Stephenson and Finlayson, 2009). Over longer timescales

(103-107 years), erosion can be measured relative to a natural reference feature (e.g., resistant

mineral veins such as quartz or a surface of known age), or quantified using surface exposure
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dating with terrestrial cosmogenic nuclides (TCN; Lal, 1991; Balco et al., 2008; Bierman and

Nichols, 2004; Brandmeier et al. 2011; Liu and Broecker, 2007). TCN methods rely on the

production of specific isotopes in terrestrial material by cosmic rays at or near the Earth’s

surface (Gosse and Philips, 2001), such as minerals located in the top few meters of soil

or bedrock (Lal and Peters, 1967). In glacial and paraglacial environments, the formation

of glacial landforms can be directly dated over timescales of 103 to 106 years with TCN

surface exposure dating (Ivy-Ochs and Briner, 2014). However, TCN concentrations must

also be corrected for surface erosion, which would otherwise lead to an underestimation of

the exposure age (Gosse and Phillips, 2001). The combination of short-lived radionuclides

such as 14C with long-lived radionuclides (i.e., 10Be, 26Al, 36Cl) can be used to resolve and

quantify complex exposure histories with burial episodes, but this approach does not allow

the quantification of erosion during exposure (Hippe, 2017).

Consequently, complementary approaches are still needed to quantify bedrock erosion over

multiple timescales, and more specifically methods that can bridge short and long timescales.

In this study, we couple TCN with optically stimulated luminescence (OSL) dating. Rock

surface exposure dating using optically stimulated luminescence (named hereafter as OSL

surface exposure dating) has recently shown promising potential (e.g., Sohbati et al., 2012a;

2018; King et al., 2019). Luminescence dating is based on the accumulation of trapped elec-

trons through time in the crystalline lattice of specific minerals (e.g., quartz or feldspar),

which are sensitive to daylight (Aitken, 1985; Huntley et al., 1985). In addition to its com-

mon application to date sediment burial in a range of geomorphological environments (e.g.,

Duller, 2008; Rhodes, 2011; Fuchs and Owen, 2008), luminescence dating can also be used to

determine the exposure of both naturally formed and anthropogenically formed rock surfaces

(e.g., Polikreti et al., 2003; Sohbati et al., 2011; Gliganic et al., 2018; Lehmann et al., 2018).

This latter application is based on the principle that when a rock surface is exposed to day-

light, the luminescence signal, which is initially homogenous within the rock, will progressively

decrease at depth until completely zeroed, a phenomenon called “bleaching” (Aitken, 1998).

The assumption is that the longer a surface has been exposed to daylight, the deeper the

OSL signal bleaching will be (Polikreti et al., 2002). In granitic and gneissic rocks, bleaching

through time has been shown to occur over the first few millimeters to centimeters below the

rock surface (Vafiadou et al., 2007; Sohbati et al., 2011; Freiesleben et al., 2015). Due to

attenuation of daylight, the bleaching rate decreases exponentially with depth. It becomes

negligible at depth where the luminescence signal is effectively unbleached and remains in

field saturation. For long timescales, trapping due to ionizing radiation will compete with

detrapping due to daylight exposure at all depths (after ∼ 104 a in Fig. A3.1), ultimately

resulting in an equilibrium bleaching profile (after ∼ 106 a in Fig. A3.1, cf. Sohbati et al.,

2012a).
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For a bedrock OSL profile which is not in equilibrium, measuring and calibrating the depth-

dependent luminescence signal beneath the exposed surface by generating multiple lumines-

cence depth profiles enables estimation of an apparent exposure age. OSL surface exposure

dating is thus presented as a relatively new surface exposure dating method and has already

been applied on both geological and archaeological rock surfaces (Polikreti, 2007; Sohbati et

al., 2012a; Freiesleben et al., 2015; Lehmann et al., 2018; Meyer et al., 2018; Gliganic et al.,

2018). Sohbati et al. (2012c) were able to quantify the exposure age of historic rock art from

the Great Gallery rock art panel in Canyonlands National Park (southeastern Utah, USA).

Some of the paintings were damaged by a rockfall event, and conventional luminescence was

applied on a rockfall boulder and buried sediments (Chapot et al., 2012). This provided a

minimum age for the event. Using a road cut of known age to constrain the bleaching rate

for this specific site and lithology, Sohbati et al. (2012c) were able to quantify the exposure

age of both the modern analogue (∼130 a) and the rock art (∼ 700 a). In a periglacial envi-

ronment, Lehmann et al. (2018) showed that the infrared stimulated luminescence at 50◦C

(IRSL50) signals from crystalline bedrock slices exhibit increasingly deep bleaching profiles

with elevation and thus exposure age, which is consistent with progressive glacier thinning

since the Little Ice Age (LIA, 101-102 a). Note that several signals can be targeted in the

same rock slice depending on the mineral (e.g., Sohbati et al., 2015; Jenkins et al., 2018).

OSL is usually used to analysed the luminescence of quartz (Murray and Wintle, 2000) and

IRSL for potassium-rich feldspar signal (both at 50C and 225C, Buylart et al., 2009).

Recently, Sohbati et al. (2018) showed that surface erosion has to be taken into consideration

when OSL surface exposure dating is applied to natural bedrock surfaces. Indeed, removal

of material would bring the bleaching front towards the surface, which may lead to a consid-

erable underestimation of the OSL surface exposure age if not accounted for. When bedrock

surface erosion is high (> 10−2 mm a−1), the competition between bleaching and surface

removal will potentially prevent the use of OSL surface exposure dating as a chronometer for

bedrock surface exposure (Sohbati et al., 2018). In practice, when erosion is maintained long

enough, an equilibrium between trapping, bleaching (i.e., detrapping) and erosion is reached,

consequently the bleaching profile reaches steady state. Sohbati et al. (2018) explained

that the sensitivity difference to erosion between TCN and OSL surface exposure dating can

be exploited to calculate erosion rate experienced by rock surfaces. Indeed, TCN dating is

mainly sensitive to cosmic rays over the top ∼50-60 cm below the exposed bedrock surface

(depending on rock density; Lal et al., 1991) while OSL surface exposure dating is sensitive

to light penetration of only millimeters to centimeters (Sohbati et al., 2011, 2012a, 2012b).

Thus, using both OSL surface exposure dating and TCN methods, it is possible in theory to

quantify surface erosion over different timescales (i.e., 102 -104 a).

Here we couple TCN and OSL surface exposure dating to quantify post-glacial erosion in

paraglacial environments. To achieve this, we developed a new model which depends on
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the exposure age, the surface erosion, the trapping and detrapping (bleaching) rates and the

athermal loss (c.f. Eq. 3.1, Section 3.2.1). Using this model, we then investigate different

synthetic scenarios in which erosion rates follow a series of step functions in time. After

this synthetic experiment, the model is used to invert OSL surface exposure data from two

glacially polished bedrock surfaces sampled along the Mer de Glace glacier (Mont Blanc

massif, European Alps). We find that the relationships between the depth of luminescence

bleaching, the exposure age and the surface erosion allow discrimination between transient and

steady state regimes. Finally, we discuss our findings regarding post-glacial surface erosion

in paraglacial environments, and the benefits of OSL surface exposure dating combined with

TCN surface exposure dating.

dc

a b

2m 10cm

1 m 10cm

Figure 3.1: Granitic bedrock surfaces along the Mer de Glace glacier (Mont-Blanc massif,
European Alps). Surfaces (a) and (b) present well-preserved glacial morphologies exposed for
only a few years (striations). Surfaces with longer aerial exposure (Late Glacial to Holocene
timescales) show glacially abraded surfaces at the macro-scale (c), but at the cm-scale they
reveal a coarse-grain rough surface (d).
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3.2 Methodology: combining TCN 10Be and OSL surface ex-

posure dating

In the following, we focus on the theoretical aspects of both OSL and TCN 10Be surface

exposure dating methods. We show how different time-dependent exposure and erosion his-

tories are recorded by each technique. Finally, we combine OSL surface exposure and TCN
10Be dating to constrain erosion rate and exposure duration simultaneously. Note that all the

symbols used below are defined in Table 3.1.

3.2.1 OSL surface exposure dating

The bleaching model

The intensity of a luminescence signal reflects the number of trapped electrons (Aitken, 1985).

For a rock surface exposed to daylight, the luminescence signal intensity, i.e., the trapped elec-

tron concentration, is controlled by the competing processes of electron trapping in response

to ambient radiation and electron detrapping due to daylight exposure combined with anoma-

lous fading for feldspar IRSL (Habermann et al., 2000; Polikreti et al., 2003; Sohbati et al.,

2011). Sohbati et al. (2011, 2012a, b) introduced a mathematical model that describes the

process of luminescence bleaching with depth in a homogeneous lithology, enabling the quan-

tification of rock surface exposure duration. Here we propose a new model describing the

evolution of luminescence in rock surface as a function of different parameters characterizing

the probability of charge trapping, the wavelength-specific photon flux (ϕ), the mineral- and

wavelength-specific photo-ionization cross-section (σ) and the lithology-specific light attenu-

ation factor (µ) (Eq. 3.1). Thus, the measured luminescence signal L(x, t, r′) [dimensionless]

at given depth x [mm], time t [a] and recombination center distance r′ [dimensionless], can

be described by the following differential equation:

dL(x, t, r′)

dt
=

Ḋ

D0
[1− L(x, t, r′)]− L(x, t, r′)σϕ0e

−µx − L(x, t, r′)se−ρ
′− 1

3 r′ + ε̇(t)
dL(x, t, r′)

dx
(3.1)

The first term on the right-hand side of Eq. (3.1) describes the electron-trapping rate in

response to ambient radiation with Ḋ (x) the environmental dose rate [Gy a−1] at depth x

[m] and D0 the characteristic dose [Gy]. In the context of bedrock surface exposure dating, the

dose rate can be approximated as a depth-independent constant in the case of homogeneous

lithology i.e., Ḋ(x)= const (e.g., Sohbati et al., 2018).

The second term describes the electron-detrapping or bleaching rate due to daylight exposure

where σ(λ) is the luminescence photoionization cross section [mm2] defining the probability
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of a specific trap being excited by light stimulation. ϕ0 (λ, x) is the photon flux [mm−2 a−1]

as a function of wavelength at the rock surface (x = 0) and describes the rate of incoming

photons that can bleach the trap of interest. Here we assume that the photon flux does

not fluctuate through time (Sohbati et al., 2011). We are only concerned with σϕ0 [a−1],

which is the effective decay rate of luminescence at the rock surface following exposure to a

particular light spectrum (Sohbati et al., 2011). The light attenuation coefficient µ [mm−1]

describes how deep into the rock a photon will penetrate and affect the luminescence signal.

µ is assumed to be independent of wavelength in the spectral range of interest (Sohbati et al.,

2011).

The third term on the right-hand side of Eq. (3.1) represents the athermal loss of the IRSL

signal of feldspar thought to be due to quantum mechanical tunneling of trapped electrons

(Wintle, 1973; Visocekas et al., 1998) to the nearest available recombination centers (Huntley,

2006). s is the frequency factor equal to 3×1015 s−1, and ρ′ is the dimensionless recombination

center density (Tachiya and Mozumder, 1974; Huntley, 2006).

The fourth term describes the advection of the luminescence signal in response to erosion ε̇ (t)

= dx/dt [mm a−1] on the propagation of the luminescence bleaching front into the rock, using

a Eulerian system of reference. Equation (3.1) is solved using the finite difference method

including a second-order upwind scheme for the advection term. This approach is different

to the one recently proposed by Sohbati et al. (2018), who used an analytical solution that

is based on a confluent hypergeometric function and that requires steady erosion rates. We

benchmarked our approach against that of Sohbati et al. (2018) and obtain exactly the same

results using our numerical solution (Fig. A3.3).

Ou et al. (2018) experimentally derived µ for different rock types (greywacke, sandstone,

granite and quartzite) using both direct measurements with a spectrometer and bleaching

experiments. They showed that the attenuation coefficients are different according the energy

of stimulation (e.g., IRSL measured at 50◦C and the post-IR IRSL signal measured at 225◦C).

Meyer et al. (2018) and Gliganic et al. (2018) have shown that the distribution of opaque

minerals between rock slices can significantly affect the reproducibility of luminescence-depth

profiles. They conclude the need for close petrographic analysis of luminescence-depth profile

samples to ensure that the rock cores from calibration and application sites have a similar

mineralogical composition and therefore share similar µ parameter. In this study, we refer to

Sohbati et al. (2011, 2012a) for a complete description of σϕ0 and µ parameters and their

control on the penetration of the bleaching front into a rock surface.

Alternatively, σϕ0 and µ can be determined from a known-age rock surface with no erosion (ε̇

(t) = 0) with a uniform lithology (Sohbati et al., 2012a, Lehmann et al., 2018, Meyer et al.,

2018) and a negligible contribution of athermal loss (as presented in Fig. A3.2). Under these
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conditions, Sohbati et al. (2012a) proposed the following analytical solution for Eq. (3.1),

neglecting the athermal loss:

L(x, t) =
σϕ0e

−µxe
−t(σϕ0e−µx+ Ḋ

D0
)

+ Ḋ
D0

σϕ0e−µx + Ḋ
D0

(3.2)

For non-eroding surfaces, OSL surface exposure dating can theoretically be used for a broad

range of timescales from 0.01 to 105 years (Fig. A3.1, and Sohbati et al., 2012a, 2012b, 2018).

Under these geomorphic conditions for natural rock surfaces (e.g., glacially-polished bedrock),

OSL surface exposure dating has been successfully applied by solving Eq. (3.2) over 101-102

a timescales (Lehmann et al., 2018; Gliganic et al., 2018). At longer timescales and/or for

rock surfaces affected by erosion, the measured OSL signals do not only reflect the exposure

age.

Sensitivity analysis to model parameters

In this section, we investigate the respective contribution of the different terms in Eq. (3.1)

for the interpretation of a measured OSL bleaching profile. We investigate the sensitivity of

the model to athermal loss, trapping rate and erosion. We use σϕ0 = 129 a−1 and µ = 0.596

mm−1 that were determined from two calibration rock surfaces of similar granitic lithology

from the Mont Blanc massif, with no erosion and known exposure age (Fig. A3.2). The values

Ḋ = 8 Gy ka−1 (Table 3.2) and D0 = 500 Gy were selected as they are comparable to the

average values for samples used in this study.

Athermal loss In this section, we investigate the role of athermal loss when constant

erosion rates are low (i.e., 10−5 mm a−1) and high (i.e., 101 mm a−1). In Eq. (3.1), ρ′ is

varied between 10−10 and 10−5 (natural values vary between 10−6.5 and 10−4.5; Valla et al.,

2016; King et al., 2018), and is integrated over dimensionless distances, r′, ranging from 0

to 2.5 (Kars et al., 2008) in all cases. Four model runs were done to test whether the shape

of the bleaching profile (i.e., luminescence signal vs. depth) changes with different athermal

loss rates, rather than the absolute luminescence signal intensity level which reduces as ρ′

increases. To remove this effect, the luminescence signals were normalized using the steady

state luminescence plateau as unity (NLS for Normalized Luminescence Signal; Figs. 3.2 and

A3.2a). Figure 3.2 shows that the shape of the IRSL profiles would be indistinguishable within

uncertainties for the two end-member athermal fading rates. We thus find that athermal loss

is negligible, and it is not included in the following calculations or considered further.
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Figure 3.2: (a) Synthetic luminescence profiles predicted by Eq. (3.1) for two dimensionless
recombination center densities ρ′ (10−10 and 10−5) and two erosion rates ε̇ (10−10 and 10−5

mm a−1). (b) Comparison of the normalized luminescence signal (NLS) for the different
values of ρ′ and ε̇. Values for the different parameters σϕ0, µ, Ḋ and D0 are described in
Sect. 2.1.2.

Trapping Here we illustrate the importance of the trapping term and the effect of the

different trapping parameters, i.e., the environmental dose rate (Ḋ) and the characteristic

dose of saturation (D0), on OSL surface exposure dating. Assuming a non-eroding rock

surface, the bleaching front will keep propagating with time if trapping is not accounted

for (Fig. A3.1; of Sohbati et al., 2012). In contrast, a secular equilibrium (Sohbati et al.,

2018) defined by the steady state between trapping and light-stimulated detrapping at depth,

can be reached when trapping is considered. In this case, the depth and the time at which

the secular equilibrium occurs depends only on Ḋ, D0, σϕ0 and µ parameters. Using the

parameters mentioned in Sect. 3.1.2., and solving Eq. (3.1) without considering athermal

loss, our simulations show that for typical granitic rocks (i.e., Ḋ between 2 and 8 Gy ka−1)

the bleaching front stabilizes at around 20-25 mm depth after an exposure duration of 105-106

a (Fig. 3.3).

In Figure 3.4 we investigate the effects of Ḋ/D0 on setting the depth of the bleaching front.

We use extreme values of D0 of 100 and 2000 Gy and Ḋ of 2×10−3 and 10−2 Gy a−1 (King

et al., 2016; Jenkins et al., 2018; Biswas et al., 2018), resulting in Ḋ/D0 from 10−6 a−1

to 10−4 a−1. Our simulations show that the higher the Ḋ/D0, the closer to the surface the

steady-state bleaching profile is which is a consequence of more rapid saturation of the sample

luminescence signal. The steady state bleaching depth varies between around 22 and 31 mm

(measured at the inflection point) for our end-member simulations (Fig. 3.4). The influence

of Ḋ/D0 on the bleaching profile is minor relative to the other parameters (µ, ε̇), however,

dose rate can vary by an order of magnitude between rock slices and may possibly explain

part of the noise observed in reported experimental data (Meyer et al., 2018).
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Figure 3.3: Synthetic luminescence profiles for bleaching models with exposure ages from
10−2 to 10−6 a and considering trapping rates of (a) 8×10−3 and (b) 2×10−3 Gy a−1. Panel
(c) shows the comparison of the normalized luminescence signal (NLS) for both models after
the different exposure ages. As there is no difference between the modeled profiles for both
scenarios between 10−2 and 10−3 a, the curves are overlying. The choice of parameters σϕ0,
µ, Ḋ and D0 is described in Sect. 3.1.2.

Erosion The effect of surface erosion on the luminescence signal has recently been high-

lighted by Sohbati et al. (2018) who proposed an analytical solution to account for this

process. In this section, we numerically solve Eq. (3.1), neglecting athermal loss, and test

the effect of different erosion rates on luminescence profiles. Figure 3.5a shows the resulting

synthetic luminescence profiles at steady state with erosion rates from 0 to 102 mm a−1.

Under these synthetic conditions, the effect of surface erosion starts to be noticeable from

around 10−4 mm a−1; and for an erosion rate of 102 mm a−1, the steady state bleaching front

is brought forward to 2 mm below the exposed surface. Indeed, surface erosion advects the

luminescence signal closer to the surface (Fig. 3.5). As a result, rock luminescence profiles re-

flect a competition through time between erosion, trapping and detrapping. When the effects

of the three processes are in disequilibrium, such as following initial bedrock surface exposure

or onset of surface erosion, a transient state occurs during which the luminescence signal

continues to evolve. After prolonged exposure, and assuming constant erosion, the competing

effects equilibrate, leading to a steady state where the bleaching profile is no longer propa-

gating into the rock. In Figure 3.5b, we evaluate the evolution of the luminescence profiles

from transient to steady state using a dimensionless parameter calculated from the product
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Figure 3.4: Synthetic luminescence profiles predicted by Eq. (3.1) for different values of
the ratio Ḋ/D0 (10−6, 5×10−6, 10−5, 5×10−5 and 10−4 a−1) and assuming no erosion. The
choice of parameters σϕ0, µ, Ḋ and D0 is described in Sect. 3.1.2.

of the profile depth at which luminescence reaches 50% of its saturation value (x50%), defined

as the inflection point NLS(x50% = 0.5) and the light attenuation coefficient µ (Sohbati et al.,

2018). We see that the higher the erosion rate is, the faster the system reaches steady state.

Consequently, to characterize how a surface is affected by erosion through time, an indepen-

dent temporal framework is needed to determine the duration of rock surface exposure. This

can be achieved through combining OSL surface exposure with TCN dating, which is briefly

introduced in the following section.

3.2.2 Terrestrial cosmogenic nuclide (TCN) dating

TCN dating is based on the observation that when cosmic rays reach Earth’s surface, they

produce cosmogenic isotopes in specific targets, such as the production of 10Be in quartz (e.g.,

Gosse and Philips, 2001, Dunai, 2010). The in situ production of quartz 10Be occurs predom-

inantly within a few meters of Earth’s surface and decreases exponentially with depth (Fig.

A3.4a; Portenga and Bierman, 2011 and references therein). The evolution of cosmogenic

nuclide C [atoms g−1] in time t [a] and rock depth x [mm] is a function of the disintegration

constant λ [a−1], the production rate of a radionuclide P [atoms g−1a−1] and the erosion ε̇

and can be described by the following equation (Gosse and Phillips, 2001):

dC(x, t)

dt
= −C(x, t)λ+ P (0, t)e−νx + ε̇(t)

dC(x, t)

dx
(3.3)
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Figure 3.5: Sensitivity of luminescence-depth profiles with erosion. (a) Synthetic lumines-
cence profiles at steady state with erosion rates from 0 to 102 mm a−1. (b) Transient to
steady state profile for erosion rates from 0 to 102 mm a−1, as a function of time [a] and as
the product of the attenuation factor µ [mm−1] and the depth x50% defined as NLS(x50% =
0.5). The choice of parameters σϕ0, µ, Ḋ and D0 is described in Sect. 3.1.2.

P (0) is the production rate of the radionuclide at the target surface. The symbol ν defines

the absorption coefficient [mm−1] of the target: ν = ρ
Λ . Λ is the mean attenuation length for

nuclear particles interacting within the target [g mm−2]. If the radionuclide concentration

at the surface represents the last exposure event, assuming there is no inheritance from a

potential previous exposure and that the erosion rate is constant, Eq. (3.3) can be solved

analytically (Lal, 1991), which gives:

C(x, t) =
P (0)

λ+ νε̇
e−νx[1− e−(λ+νε̇)t] (3.4)

When t >> 1/(λ + ν ε̇) the radionuclide concentration reaches a steady state, i.e., a secular

equilibrium is reached (Lal, 1991). Under these circumstances, a measured cosmogenic nuclide

concentration can be interpreted in terms of a maximum steady-state erosion rate. Here

we solve Eq. (3.3) numerically using the finite difference method, and use the analytical

solution to estimate the maximum possible erosion rate. The general behavior of the quartz
10Be concentration with erosion and exposure age is well documented in the literature (e.g.,

Lal, 1991), and we illustrate it in Figure A3.4 for comparison with OSL surface exposure

dating (Fig. 3.5). Note that for solving Eq. (3.3), the experimental measurement of 10Be

concentration Cexp must first be corrected by the depth normalization factor fE and by the

topographic shielding factor SF of the surface following the equation (Martin et al., 2017):

Ccorr =
Cexp

fE × SF
(3.5)
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with fE computed by integrating average production over the sample thickness using a single

exponential spallation attenuation equation (Balco et al., 2008):

fE =
Λ

ρ× E

[
1− −ρ× E

Λ

]
(3.6)

where ρ is the mean density of the targeted rock [g mm−3] and E the sample thickness [mm].

As we discussed previously, OSL surface exposure and TCN dating both depend on the timing

of surface exposure and erosion. These two processes are recorded at different depths into

the rock surface: centimeter-scale for OSL surface exposure dating and meter-scale for TCN,

therefore OSL surface exposure dating is potentially sensitive to surface erosion over shorter

timescales than TCN dating. To combine the two methods, one needs to solve Eqs. (1) and

(3) simultaneously, where the two unknowns are the exposure age t and the erosion rate ε̇.

Table 3.1: Symbol table

  Symbol Unit Description       
  Both methods         
   mm Rock depth       
  a Exposure age       
  ̇ mm a-1 Erosion rate     
  a Erosion onset time   

 a TCN exposure age without erosion correction 

 

 a TCN exposure age with erosion correction 

 

           
  OSL surface exposure dating         
  mm-3 Concentration of trapped charge     
  a-1 Maximum possible number of trapped electrons   
  σ mm2 Luminescence photoionization cross section   
  0 mm-2 a-1 Photon flux        

  λ mm Wave of light stimulation 
µ mm Attenuation coefficient  

    

  ̇ Gy a-1 Environmental dose rate     

  0 Gy Characteristic dose of saturation     

 s-1 Frequency factor   

 ′  Dimensionless recombination center density   

 ′  Dimensionless recombination center distance   

            
  TCN dating         

 atoms g-1 Number of atoms of the radionuclide within the rock 
 

  atoms g-1 a-1 Radionuclide production rate 
    

  mm-1 Absorption coefficient of the specific target 
    

  g mm-3 Mean density of the targeted rock 
    

  g mm-2 Absorption mean free path for nuclear interacting particles in the target 

  λ a-1 Disintegration constant 
    

  mm Sample thickness  
  

   Topographic shielding factor 
   

 

-1
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3.3 Inversion approach for synthetic erosion rates

In this section, we generate a series of forward and inverse models. The forward model cal-

culates a luminescence signal and a 10Be concentration from synthetic erosion and exposure

histories. The inverse model starts with the results (i.e., IRSL signal and 10Be concentra-

tion) and then recover the parameters (i.e., erosion and exposure histories). To validate the

inversion procedure, we use the forward model to create synthetic data which we then re-

trieve using the inverse model. For these tests, we use the same OSL surface exposure dating

parameters explored in the previous sections. σϕ0 = 129 a−1 and µ = 0.596 mm−1. The

value Ḋ = 8×10−3 Gy a−1 was selected as average value obtained for samples used in this

study (Ḋ = 7.4 and 8.4 ×10−3 Gy a−1 in Table 3.2). D0 = 500 Gy was selected as repre-

sentative value for IRSL50 signals from granite. The 10Be exposure age is estimated using

the measured quartz 10Be concentration of sample MBTP1 collected on a polished granitic

bedrock surface at 2545 m.a.s.l. from the Tête de Trélaporte located on the left bank of the

Mer de Glace glacier (Mont-Blanc massif, European Alps). Note that the lithology of this

sample is similar to that of the OSL surface exposure dating calibration site from which the

model parameters are taken (Fig. A3.2; Lehmann et al., 2018). The sample was located on

a surface presenting a shielding factor 0.963 and has a thickness of 8 cm (Table 3.2). Its

non-corrected 10Be concentration is equal to 474750 ± 17530 at g−1
qtz using the sea level high

latitude (SLHL) rescaled local production rate of the Chironico landslide: 4.16 ± 0.10 at g−1
qtz

a−1 (Claude et al., 2014), corrected for the samples’ longitude, latitude and elevation and

considering no erosion correction and the ERA40 atmospheric model (Uppala et al. 2005).

We use a disintegration constant λ of 4.9×10−7 a−1, a mean attenuation length for nuclear

interacting particles in the target Λ of 1.6×103 g mm−2 (Gosse and Phillips, 2001; Nishi-

izumi et al., 2007). The density of the Mont-Blanc granite is measured at around 2.55×10−3

g mm−3.

3.3.1 Forward modeling experiments

In the first scenario, a series of synthetic luminescence profiles were generated using Eq. (3.1)

in a forward model, together with erosion rates of ε̇ = 10−2 mm a−1 and ε̇ = 1 mm a−1. This

range of values is based on the results of the numerical experiment reported in Sect. 3.1.2.

For this scenario, erosion rates are assumed to be constant over the TCN exposure age ts =

t0, ts being the onset time of erosion (dashed lines in Figs. 3.7a-d). A reference luminescence

profile is also calculated assuming no erosion, using t0 and Eq. (3.2) (black dot in Fig. 3.6b

and black lines in Fig. 3.6c and Figs. 3.7a-d). In the third scenario, another set of synthetic

luminescence profiles were again generated using Eq. (3.1) in a forward model, but the erosion

rate was allowed to vary with time (Fig. 3.6 and green dots in Figs. 3.7a-d). The assumption

made here, is that the evolution of erosion in time can follow a step function (Figs. 3.6a and
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3.6b). This kind of erosion function in time was chosen to explore the effect of a non-constant

erosion rate in time on both the luminescence signal and 10Be concentration, but without the

intention of simulating climatic transitions. Initially null between the corrected exposure age,

tc and an onset time of erosion, ts, the erosion rate was fixed at zero (Fig. 3.6a). Between

ts and today a non-zero rate of erosion was included. Figure 3.6 illustrates the schematic

representation of four different erosion scenarios through time (Figs. 3.6a and 3.6b) and their

resulting luminescence signal (Fig. 3.6c). Note that the corrected exposure age tc is part of

the calculation and is obtained by solving Eq. (3.3) and using the nuclide concentration and

an entire erosion rate history. We report the four model outputs calculated using ts between

1 and 100 a, and erosion rates ε̇ between 10−2 and 1 mm a−1 (green dots respectively in

Figs. 3.7a-d). Note that we added 10% of white noise to the predicted OSL surface exposure

dating profiles (used for the inversion approach in Sect. 3.2).
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Figure 3.6: Schematic representation of four different erosion scenarios through time (a)
and (b) and their resulting luminescence signal (c). t0 is the uncorrected 10Be exposure
age, ts the onset times of erosion, tc the corrected exposure ages, and ε̇ the erosion rate.
Note that the luminescence plots in (c) are not model outputs but drawings, with the aim
of conceptualizing how the experiments are designed.

By applying a constant erosion rate of 10−2 mm a−1 to a rock surface exposed since t0 (16428

± 589 a), the luminescence signal is brought 7.8 mm closer to the surface (i.e., 17 mm deep

from the surface) compared to the reference signal (luminescence signal exposed since t0 and

no affected by erosion; black line in Figs. 3.7a-d at 24.8 mm deep from the surface). For

a constant erosion rate of 1 mm a−1, the luminescence signal is brought 15.4 mm closer to

the surface (i.e., 9.4 mm deep from the surface) compared to the reference signal (difference

between black lines and dash lines measured at NLS = 0.5 in Figs. 3.7a-d).

If an erosion rate of 10−2 mm a−1 is applied for a duration of 1 a before sampling and

integrated over its specific corrected exposure age (since tc = 16428 ± 589 a), the luminescence

signal is brought 0.4 mm closer to the surface compared to the reference signal (green dots

in Fig. 3.7a) and 1.2 mm if the same erosion rate is applied for 100 a before sampling and

integrated over its specific tc (16455 ± 588 a; green dots in Fig. 3.7b). In both scenarios,
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the predicted luminescence profiles do not overlap the luminescence profile predicted for a

constant erosion rate indicating that the system is in a transient state.

For an erosion rate of 1 mm a−1 applied during 1 a before sampling and for an exposure

time corrected with its specific erosion history tc (16455 ± 593 a), the luminescence profile

(green dots in Fig. 3.7c) is brought 1.2 mm closer to the surface compared to the reference

signal (black line in Fig. 3.7c). In this case, the luminescence profile is in transient state

with erosion because it is not overlapping the luminescence profile produced by applying the

same erosion rate for an infinite time (dashed line in Fig. 3.7c). Interestingly, the same effect

on the luminescence signal is produced by applying an erosion rate of 1 mm a−1 during 1

a (green dots in Fig. 3.7c) and an erosion rate 10−2 mm a−1 during 100 a before sampling

(green dots in Fig. 3.7b). For an erosion rate of 1 mm a−1 applied during 100 a before

sampling and for an exposure time corrected with its specific erosion history tc (16945 ± 600

a), the luminescence signal is brought 15.4 mm closer to the surface (green dots in Fig. 3.7d)

compared to the reference signal (black lines in Fig. 3.7d). A similar result is obtained when

erosion rate is applied for an infinite time (dashed line in Fig. 3.7d): in this scenario, the

steady state with erosion is reached.

3.3.2 Inverse modeling experiments

The synthetic data are now inverted to assess the extent to which it is possible to recover the

values of ε̇ and ts. Ultimately, our objective is to establish and validate a numerical protocol

that enables erosion rate histories to be estimated from paired OSL surface exposure and

TCN dating measurements on bedrock surfaces. To find the most likely solutions, we test 104

pairs of both ε̇ and ts (combination of 100 values of both parameters) in log space. The range

of possible erosion rates ε̇ varies between 10−5 and 101 mm a−1. These end-member values

were selected from the erosion sensitivity test performed in Sect. 3.1.2. The erosion onset

times ts range between 5×10−1 a and 3×104 a, this range being arbitrarily decided with the

upper boundary set to approximately twice the initial TCN age.

As mentioned above, the measured 10Be concentration has be to corrected for erosion. If the

applied erosion rate is too high or the duration is too long, or both, the 10Be concentration

must remain small (Fig. A3.4). On that basis, there is a range of solutions with high erosion

rates and durations which is unable to predict the observed 10Be concentration (Lal, 1991).

We call this the “forbidden zone”, and exclude it from the parameter search. Expressed

differently, for each ε̇ and ts pair, Eq. (3.3) is first solved and a first estimate of the corrected

exposure age tc is calculated. However, Eq. (3.3) does not yield a solution for a range of

values that produce too much erosion and thus too high 10Be concentration loss to fit the

measured sample concentration. In the studied cases, the forbidden zone is defined by the
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values between the pairs of ε̇ = 10 mm a−1, ts ∼110 a and ε̇ ∼ 5×10−1 mm a−1, ts = 29210

a.

For all the other pairs of ε̇ and ts, the corrected exposure age tc is subsequently used to predict

luminescence profiles (NLSinverse) that are compared to the synthetic luminescence profiles

(NLSforward) presented in the previous section (green dots in Figs. 3.7a-d). The quality

of these fits are evaluated using a misfit function and the inversion results are converted

into probability density functions using a likelihood function (Eq. 3.7). The least square

deviations regression method minimizes the sum of the square differences between the forward

NLSforward and the inverted values NLSinverse giving:

L = exp(− 1

σ2

n∑
i=1

[
NLS

(i)
forward −NLS

(i)
inverse

]2
) (3.7)

Where n is the number of rock slices per sample and σ is the standard deviation of the

normalized saturated luminescence signal intensities that form the plateau at depth (0.053 6

σ 6 0.059 for our samples).

The results of these inversions are shown in Figures 3.7e-h with the parameter space for

erosion rate/time and the resulting likelihood. The green circles depict the synthetic forward

modelled pair of ε̇ and ts (NLSforward) which should be recovered in the inversion (green dots

in Fig. 3.7a-d), and the black circles show the ε̇ - t0 pair used to produce the model assuming

erosion is constant (dashed lines in Figs. 3.7a-d). We then select the pairs of ε̇ and ts leading

to the maximum 5% likelihood values which are fitting the synthetic data (the threshold of

5% is arbitrarily chosen), and plot their corresponding luminescence profile values (red lines

in Figs. 3.7a-d).

The first noticeable observation is that the erosion rate ε̇ = 10−2 mm a−1 could be applied

over every time period below ∼3 ×10−3 a. The numerical solutions for both constant and non-

constant erosion rate lay outside of the forbidden zone (black and green circles respectively

in Figs 7e-f). As another example, an erosion rate equal to ε̇ = 1 mm a−1 could also be

applied for any time lower than 1200 a. Indeed, it is not possible to apply an erosion ε̇ = 1

mm a−1 during t0 as this pair of values would lie in the forbidden zone (Figs 7g, h) since such

a high erosion rate would imply too high 10Be concentration loss to fit the measured sample

concentration.

For the first scenario, the synthetic luminescence profile produced by applying an erosion rate

ε̇ = 10−2 mm a−1 during time period ts = 1 a has a great number of possible pairs of ε̇ and

ts that would reproduce this specific luminescence signal (Normalized likelihood ¿ 0.9: yellow

area in Fig. 3.7e). The acceptable solutions range between pairs of values below ε̇ ∼2 ×10−2

mm a−1 with ts = 5 ×10−1 a and ε̇ = 10−5 mm a−1 with ts = 103 a. These low values do

not produce enough erosion to significantly alter the TCN exposure age (tc ∼ t0).
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In the second scenario, the erosion rate is ε̇ = 10−2 mm a−1 during a time period ts = 100

a and the forward model pair values can be successfully recovered from the inversion with a

more restrained range of numerical solutions (Fig. 3.7f). The transient state with erosion is

well illustrated by trade-offs between erosion rate and time. To fit the forward luminescence

profile, low erosion rates should be associated with long time periods following the trend from

ε̇ ∼ 2 mm a−1 with ts = 5×10−1 a to ε̇ ∼ 1.4×10−4 mm a−1 with ts = 1.2×104 a. When

the erosion rate of 1.4×10−4 mm a−1 is applied longer than 1.2×104 a, a steady state with

erosion is reached and this specific erosion rate could be applied for an infinite time. The

highest correction of the TCN exposure age possible with these solutions is of the order of

0.1% (t0 = 16428 ± 589 a and tc = 16455 ± 588 a), which is insignificant compared to the

3.6% uncertainties on t0.

The third scenario, where the erosion rate is ε̇ = 1 mm a−1 during time period ts = 1 a,

shares the exact same solution as the second case (ε̇ = 10−2 mm a−1 with ts = 100 a). This

confirms the observation made with the forward modeling where both scenarios predicted

similar luminescence profile depths. This can be explained because both pairs of ε̇ - ts lie on

the trend from ε̇ ∼ 2 mm a−1 with ts = 5×10−1 a and ε̇ ∼ 1.4×10−4 mm a−1 with ts =

1.2×104 a.

In the fourth scenario, the erosion rate ε̇ = 1 mm a−1 is applied during time ts = 100 a,

the range of solutions is much more restrained than for the other scenarios. The synthetic

luminescence profile is at steady state with erosion, where the erosion rate ε̇ = 1 mm a−1

can be applied from 18 to 1200 a. For longer time of erosion, the pairs of ε̇ - ts lie within

the forbidden zone regarding the TCN concentration. In this case, the maximum correction

of the TCN exposure age is around 3.1% (t0 = 16428 ± 589 a and tcmax = 16945 ± 600 a),

which is comparable to the initial uncertainty on t0.

3.4 Application to natural samples

In this section, we apply the method presented above on two natural rock surfaces. Samples

MBTP1 and MBTP6 were collected from glacially-polished bedrock surfaces at 2545 and 2084

m.a.s.l. respectively from the Tête de Trélaporte located on the left bank of the Mer de Glace

glacier (Mont-Blanc massif, European Alps). Rock surfaces were collected for application of

both the TCN and OSL surface exposure dating methods (Fig. 3.9 and Tables 3.2 and 3.3).

Both samples are from the same phenocristalline granitic lithology of the Mont Blanc massif

(Fig. 3.8).
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(c)  Evolution of the luminescence signal

Synthetic values

ts = 1 a
TCN exposure age
t0        = 16428 ± 589 a
tcmax = 16455 ± 593 a

 = 1 mm a-1

0 10 20 30 40
Depth [mm]

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 L
um

in
es

ce
nc

e 
Si

gn
al

(d)  Evolution of the luminescence signal

Synthetic values

ts = 100 a
TCN exposure age
t0       = 16428 ± 589 a
tcmax  = 16945 ± 600 a

.
.

.
.  = 1 mm a-1

   
   

[m
m

 a
   

]
-1

   
   

[m
m

 a
   

]
-1

   
   

[m
m

 a
   

]
-1

   
   

[m
m

 a
   

]
-1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

100 102 104

tS  [a]

100 102 104

tS  [a]

100 102 104

tS  [a]

100 102 104

tS  [a]

10-5

10-4

10-3

101

100

10-1

10-2

10-5

10-4

10-3

101

100

10-1

10-2

10-5

10-4

10-3

101

100

10-1

10-2

10-5

10-4

10-3

101

100

10-1

10-2

(e)  Likelihood distribution

(f)  Likelihood distribution

(g)  Likelihood distribution

(h)  Likelihood distribution

No erosion
Erosion rate constant
Synthetic data
Inferred solutions

No erosion
Erosion rate constant
Synthetic data
Inferred solutions

No erosion
Erosion rate constant
Synthetic data
Inferred solutions

No erosion
Erosion rate constant
Synthetic data
Inferred solutions

N
or

m
al

iz
ed

  L
ik

el
ih

oo
d

N
or

m
al

iz
ed

  L
ik

el
ih

oo
d

N
or

m
al

iz
ed

  L
ik

el
ih

oo
d

N
or

m
al

iz
ed

  L
ik

el
ih

oo
d

Figure 3.7: Caption on the next page



3.4. APPLICATION TO NATURAL SAMPLES 67

Figure 3.7 on the previous page: Results of forward and inverse modeling experiments.
Green dots represent the simulated luminescence profiles for rock surfaces exposed to (a)
an erosion rate of ε̇ = 10−2 mm a−1 during time ts = 1 a, (b) an erosion rate of ε̇ = 10−2

mm a−1 during time ts = 100 a, (c) an erosion rate of ε̇ = 1 mm a−1 during time ts = 1
a and (d) an erosion rate of ε̇ = 1 mm a−1 during time ts = 100 a. Black lines represent
the reference luminescence profiles for a surface exposed since t0 = 16428 ± 589 a with
no erosion. Dashed lines show the luminescence profiles produced by applying a constant
erosion rates of (a) (b) ε̇ = 10−2 mm a−1 and (c) (d) ε̇ = 1 mm a−1 during t0. Red lines
represent the best-fitting profiles inverted for all numerical solutions with likelihood >5%.
tcmax represents the maximum corrected TCN exposure age using the forward modeled
values of ε̇ and ts. (e), (f), (g) and (h) represents the likelihood distributions inverted from
the synthetic luminescence profiles respectively in (a), (b), (c) and (d). Green open circles
represent the pairs of values of ε̇ and ts used in the forward model to produce the profiles,
and the black open circles represent the values ε̇ and t0 used to predict luminescence profiles
with constant erosion (dashed lines insets (a), (b), (d) and (c)). All models were performed
by solving Eq. (3.1) using the following parameters: σϕ0 = 129 a−1, µ = 0.596 mm−1, Ḋ
= 8×10−3 Gy a−1 and D0 = 500 Gy. TCN ages were calculated by solving Eq. (3.3) for
the 10Be concentration of sample MBTP1 presented in the following section.

Figure 3.8: Locations and sample pictures of MBTP1 and MBTP6, both located on the
Tête de Trélaporte along the Mer de Glace glacier (Mont Blanc massif, European Alps).
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3.4.1 Sample preparation, measurement and age calculation

The 10Be sample preparation method is comprehensively described in the literature (e.g.,

Kohl and Nishiizumi, 1992; Ivy-Ochs, 1996). We used quartz separates from grain sizes be-

tween 250 µm and 1 mm. The addition of a commercial 9Be carrier was followed by quartz

dissolution in HF and Be purification using ion-exchange columns and selective precipitation.

The 10Be/9Be ratio was measured by accelerator mass spectrometry (AMS) on the 600 KV

TANDY system at the Laboratory of Ion Beam Physics (LIP) at ETH Zürich (Switzerland)

against the standard S2007N (Christl et al., 2013) that is calibrated against the 07KNSTD

standard (Nishiizumi et al., 2007). We correct for a long-term average full chemistry proce-

dural blank of 10Be/9Be (3.7 ± 2.2) ×10−15 . Ages are calculated using the SLHL rescaled

local production rate of the Chironico landslide: 4.16 ± 0.10 at g−1
quartz a

−1(Claude et al.,

2014), corrected for the samples’ longitude, latitude and elevation and considering no erosion

correction, with the Lifton-Sato-Dunai (LSD) scaling scheme (Lifton et al., 2014), the ERA40

atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016 geomagnetic database (for

ages between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages between 14-75 ka, GLOPIS-75,

Laj et al., 2004) with a modified version of the CREp online calculator to process non-linear

erosion rate correction by solving Eq. (3.3) (Martin et al., 2017). The reported errors propa-

gate uncertainties from AMS standard reproducibility, counting statistics, the standard mean

error of the samples, blank correction and the local production rate. These external errors

are used to compare absolute ages to independent chronologies. All errors are reported at 1σ.

For luminescence analysis we followed the methodology of Lehmann et al. (2018). The

bedrock samples were cored down to 30 mm depth using a Husqvarna DM220 drill, with 10-

mm diameter. Cores were then sliced into 0.7-mm thick rock slices with a BUEHLER IsoMet

low speed saw equipped with a 0.3-mm thick diamond blade. The samples were drilled and

sliced under wet conditions (water and lubricant, respectively) to avoid any heating that

could potentially reset the OSL signal. Sample preparation was done under subdued red-light

conditions. The thickness of each rock slice was measured to determine the precise depth

of each luminescence measurement. Luminescence measurements were performed using Risø

TL-DA 20 TL/OSL readers (Bøtter-Jensen et al., 2010) equipped with 90Sr beta sources at

the University of Lausanne (Switzerland). We performed a preheat at 250◦C before giving

infrared (IR) stimulation (870 nm, FWHM 40 nm) at 50◦C (the sample preparation and

analysis are described in further detail in the Figs. A3.2 and A3.5). The calculation of Ḋ was

achieved through the measurement of the concentrations of U, Th, K and Rb of the bulk rock

sample and the use of the DRAC online calculator (Table 3.2 and details in Table A1; Durcan

et al., 2015). The determination of D0 was done by constructing a dose response curve (DRC)

of the IRSL signal measured at 50◦C using a single aliquot regenerative dose (SAR) protocol

(Murray and Wintle, 2000; Wallinga et al., 2000) and fitting the DRC with single saturating
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exponential. The validity of the measurement protocol was confirmed using a dose-recovery

experiment (Wallinga et al., 2000). Recovered doses were within 10% of unity.

Table 3.2: Sample list and measurements

20 
 

Table 2: Sample list and measurements 

 
Sample 
ID   Latitude Longitude   Elevation   Thickness   Topographic   10Be conc.a   P(0) localb   �̇� spec.c 

    WGS 84   [m.a.s.l.]   [cm]   Shielding factor   [at gqtz
-1]   [at gqtz

-1]   Gy a-1 

                                

MBTP1   45.9083 6.9311   2545   8   0.963   474750 ± 17530   30.20 ± 0.72   7.4 10-3 

MBTP6   45.9129 6.9326   2094   7   0.594   84100 ± 13060   21.74 ± 0.52   8.4 10-3 

                                

 
(a) Measured against standard 07KNSTD (Nishiizumi et al., 2007), corrected for full process blank of (3.7 ± 2.2) × 10-15 10Be/9Be. (b) Local 

production rate using the sea level high latitude (SLHL) rescaled local production rate of the Chironico landslide: 4.16 ± 0.10 at gquartz-1 a-1 5 
(Claude et al., 2014), corrected for the samples’ longitude, latitude and elevation and considering no erosion correction, with the LSD scaling 

scheme (Lifton et al., 2014), the ERA40 atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016 geomagnetic database (for ages 

in between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages in between 14-75 ka, GLOPIS-75, Laj et al., 2004). (c) Dose rates were 

calculated using the concentrations of U, Th and K of the bulk rock sample and the DRAC online calculator (details in Table A1; Durcan et 

al., 2015). 10 
 

4.2 Experimental results 

Sample MBTP1 provided a 10Be concentration of 474750 ± 17530 at gqtz
-1. The solution of Eq. (3) gives an apparent 10Be age 

for sample MBTP1 of t0 = 16428 ± 588 a assuming sample thickness of 8 cm and a shielding factor of 0.963 (Tables 2 and 3). 

In the same way, the measured 10Be concentration of 84100 ± 13060 at gqtz
-1 for sample MBTP6 gives a 10Be age of t0 = 6667 15 

± 965 a, assuming a sample thickness of 7cm and a shielding factor of 0.594 (Tables 2 and 3). Apparent 10Be ages were 

calculated as described in Sect. 4.1, assuming no erosion. 

Figure 8 shows the infrared stimulated luminescence at 50°C (IRSL50) measurements of samples MBTP1 and MBTP6. 

Three replicates (i.e., individual cores) per sample were sliced in a way that a depth and an IRSL50 signal can be attributed to 

each rock slice. The IRSL50 signal is bleached near the surface and reaches a plateau at depth (even for sample MBTP1 where 20 

the plateau is poorly defined). The scattering of the measurements between rock slices is probably due to the granitic nature 

of the samples. Indeed, the phenocryst lithology can cause heterogeneity in the resulting IRSL50 signals (Meyer et al., 2018) 

caused by differential bleaching and possibly variations in the environmental dose rate, mainly beta dose heterogeneity 

(Morthekai et al. 2006) and thus the rate of electron trapping.  

As a reference profile, a model is computed by solving Eq. (2) using t0 and considering no erosion (black line in Fig. 9a) 25 

and lies at 25 mm below the rock surface. The bleaching front measured from the IRSL50 signal of sample MBTP1 (green 

dots in Fig. 9a) is located 4 mm closer to the surface compared to the reference profile (21 mm from the surface). The IRSL50 

profile considering no erosion correction gives an apparent age of about 2 orders of magnitude lower compared to t0, about 

642 ± 160 a (1; Table 3 and Fig. A5). 

For sample MBTP6, the reference profile is lying at 23.5 mm below the surface (black line in Fig. 9b). The measured 30 

IRSL50 profile (green dots in Fig. 9b) is approximately 16.5 mm closer to the surface in comparison to the reference profile 

(a) Measured against standard 07KNSTD (Nishiizumi et al., 2007), corrected for full process blank of
(3.7 ± 2.2) ×10−15 10Be/9Be.
(b) Local production rate using the sea level high latitude (SLHL) rescaled local production rate of
the Chironico landslide: 4.16 ± 0.10 at g−1quartz a

−1(Claude et al., 2014), corrected for the samples’
longitude, latitude and elevation and considering no erosion correction, with the LSD scaling scheme
(Lifton et al., 2014), the ERA40 atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016
geomagnetic database (for ages between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages between
14-75 ka, GLOPIS-75, Laj et al., 2004).
(c) Dose rates were calculated using the concentrations of U, Th and K of the bulk rock sample and

the DRAC online calculator (details in Table A1; Durcan et al., 2015).

3.4.2 Experimental results

Sample MBTP1 provided a 10Be concentration of 474750 ± 17530 at g−1
qtz. The solution of

Eq. (3.3) gives an apparent 10Be age for sample MBTP1 of t0 = 16428 ± 588 a assuming

sample thickness of 8 cm and a shielding factor of 0.963 (Tables 3.2 and 3.3). In the same

way, the measured 10Be concentration of 84100 ± 13060 at g−1
qtz for sample MBTP6 gives a

10Be age of t0 = 6667 ± 965 a, assuming a sample thickness of 7 cm and a shielding factor of

0.594 (Tables 3.2 and 3.3). Apparent 10Be ages were calculated as described in Section 3.4.1,

assuming no erosion.

Figure 3.9 shows the infrared stimulated luminescence at 50◦C (IRSL50, Normalized Signal)

measurements of samples MBTP1 and MBTP6. Three replicates (i.e., individual cores) per

sample were sliced in a way that a depth and an IRSL50 signal can be attributed to each rock

slice (Tables A3.2 and A3.3). The IRSL50 signal is bleached near the surface and reaches

a plateau at depth (even for sample MBTP1 where the plateau is poorly defined). The

scattering of the measurements between rock slices is probably due to the granitic nature

of the samples. Indeed, the phenocryst lithology can cause heterogeneity in the resulting

IRSL50 signals (Meyer et al., 2018) caused by differential bleaching and possibly variations

in the environmental dose rate, mainly beta dose heterogeneity (Morthekai et al. 2006) and

thus the rate of electron trapping.
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As a reference profile, a model is computed by solving Eq. (3.2) using t0 and considering no

erosion (black line in Fig. 3.9a) and lies at 25 mm below the rock surface. The bleaching

front measured from the IRSL50 signal of sample MBTP1 (green dots in Fig. 3.9a) is located

4 mm closer to the surface compared to the reference profile (21 mm from the surface). The

IRSL50 profile considering no erosion correction gives an apparent age of about 2 orders of

magnitude lower compared to t0, about 642 ± 160 a (1σ; Table 3.3 and Fig. A3.5).

For sample MBTP6, the reference profile is at 23.5 mm below the surface (black line in Fig.

3.9b). The measured IRSL50 profile (green dots in Fig. 3.9b) is approximately 16.5 mm

closer to the surface in comparison to the reference profile (7 mm from the surface). The

OSL surface exposure apparent age for sample MBTP6 is about 0.39 ± 0.02 a (1σ; Table 3.3

and Fig. A3.5).

3.4.3 Inversion results

In this section, we report the results from the inversion of ε̇ and ts for the IRSL50 profiles

of samples MBTP1 and MBTP6 following the procedure presented in Section 3.2. For both

samples, the corrected 10Be age are calculated using Eq. (3.3) with a range of erosion rates

from 10−5 and 101 mm a−1 and ts ranging from 5×10−1 a to 10log(t0)+0.25 a (this formula

limits the search to ∼30 ka because these surfaces are known to be post-LGM; Coutterand

and Buoncristiani, 2006).

The resulting forbidden zone for sample MBTP1 lies between the erosion rate/time pairs of

ε̇ = 10 mm a−1, ts ∼110 a and ε̇ ∼ 5×10−1 mm a−1, ts = 29210 a (already discussed in

Sect. 3.2). The inversion results indicate that sample MBTP1 reached a steady state with

erosion characterized by an erosion rate of ε̇ = (3.5 ± 1.2)×10−3 (1σ) mm a−1 applied during

a minimum duration of 2300 a (Fig. 3.9c). In these conditions, the corrected TCN age is tcss

= 16647 ± 593 a (1.1% of correction). The maximum corrected TCN age tcmax = 17396 ±
621 a is obtained by using ε̇ = (3.5 ± 1.2)×10−3 (1σ) mm a−1 and the maximum ts possible

(29214 a), this comprises a correction of about 5.8%.

For sample MBTP6, the forbidden zone lies in between the erosion rate/time pairs of ε̇ = 10

mm a−1, ts ∼150 a and ε̇ ∼ 1×10−10 mm a−1, ts = 11860 a. The inversion results show that

the IRSL50 profile of sample MBTP6 reaches steady state with erosion for an erosion rate

ε̇ = 4.3 ± 0.56 mm a−1 (1σ) applied since at least 4 a. In these conditions, the corrected

TCN age is tcss = 6857 ± 980 a (2.8% of correction). This steady state cannot be maintained

for longer than 344 a because further values correspond to the forbidden zone (Fig. 3.9d).

The maximum corrected TCN age tcmax = 68692 ± 10617 a would represent a significant

correction of 930%.

At steady state, the surfaces MBTP1 and MBTP6 would have lost 8.05 mm and 17.2 mm

respectively. These values seem realistic regarding the natural surface textures observed on
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site: no smooth surface or striations are preserved on the roches moutonnes (Fig. 3.8). By

taking the end-member hypothetical erosion values, the surfaces MBTP1 and MBTP6 would

have lost maximum 102 mm and 1479 mm respectively.
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Figure 3.9: IRSL50 profiles and inversion results for samples MBTP1 and MBTP6. (a) and
(b) Green dots represent the measured IRSL50 profiles for samples MBTP1 and MBTP6
respectively. Black lines represent the reference profiles calculated using Eq. (3.2) and
taking the TCN exposure age with no erosion correction (t0). Red lines represent inferred
fits where the likelihood is greater 0.95. tcss represents the corrected TCN exposure age
calculated at the steady state. tcmax represents the maximum corrected TCN exposure age.
(c) and (d) represent the likelihood distributions inverted from respective insets (a) and (b).
All models were computed by solving Eq. (3.1) and using the following parameters: σϕ0 =
129 a−1, µ = 0.596 mm−1, D0 = 500 Gy, Ḋ = 7.4×10−3 Gy a−1 and Ḋ = 8.4×10−3 Gy
a−1 for samples MBTP1 and MBTP6. Dose rates were calculated using the concentrations
of U, Th, K and Rb of the bulk rock sample and the DRAC online calculator (details in
Table A1; Durcan et al., 2015).
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Table 3.3: TCN and OSL surface ages and inversion results for samples MBTP1 and
MBTP6

23 
 

Table 3: TCN and OSL surface ages and inversion results for samples MBTP1 and MBTP6 

 

Sample 
ID 

TCN 
apparent age 

t0 (1) 
  TCN age corr. 

tCss  (2)   TCN age corr. 
tCmax  (2)   

OSL surface 
exposure 

apparent age (3) 
  tS at SS*   𝜀̇ at SS*   total erosion at 

SS* 

    [a]   [a]   [a]   [a]   [a]   [mm a-1]   [mm] 

MBTP1 16428 ± 588   16619 ± 593   17396 ± 621   642 ± 160   2300   3.5 ± 1.2 × 10-3   8.05 

MBTP6 6667 ± 965   6857 ± 980   68692 ± 10617   0.39 ± 0.02   4   4.3 ± 0.56   17.2 

 
(1) Ages are calculated using the sea level high latitude (SLHL) rescaled local production rate of the Chironico landslide: 4.15 ± 0.10 at g-1 

a-1 rescaled for every longitude (Claude et al., 2014), latitude and elevation and considering no erosion correction, with the LSD scaling 5 
scheme (Lifton et al., 2014), the ERA40 atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016 geomagnetic database (for ages 

in between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages in between 14-75 ka, GLOPIS-75, Laj et al., 2004) by solving Eq. (3). (2) TCN 

age corr. tcmax correspond to the maximum corrected TCN exposure ages calculating from the best maximum 5% solution. For (1) and (2) 

the errors represent the internal errors. (3) Ages were inverted using Eq. (2) and prescribing 106 solutions for a range of time from 0 to t0 

(TCN age calculated using the 10Be concentration of each sample and solving Eq. (3) without erosion correction). All models were calculated 10 
using the following parameters:  𝜎𝜑̅̅ ̅̅ 0 = 129 a-1, µ = 596 m-1, 𝐷0 = 500 Gy and �̇� = 7.4 × 10-3 Gy a-1 and �̇� = 8.4 × 10-3 Gy a-1 respectively 

for sample MBTP1 and sample MBTP6. The uncertainties represent 1 of the distribution presented in Fig. A5. *SS means steady state. 

 

5 Discussion  

The mismatch between OSL surface exposure and TCN ages presented in this study clearly show how significant the impact 15 

of erosion for OSL surface exposure dating is. If the luminescence bleaching front is interpreted without considering erosion, 

the resulting exposure age will be strongly underestimated (Figs. 5, 7 and 9). For samples MBTP1 and MBTP6 the apparent 

OSL surface exposure ages are 642 ± 160 a and 0.32 ± 0.02 a, respectively while apparent TCN exposure ages are 16428 ± 

589 a and 6667 ± 965 a respectively. We demonstrated in Sect. 2.1.2 that OSL surface exposure dating is hardly applicable to 

natural rock surfaces that experience even a minimal erosion rate about 10-4 mm a-1. Our models and results show that the 20 

position of the bleaching front is highly sensitive to the erosion rate history. Recent studies (e.g., Freiesleben et al., 2015; 

Sohbati et al., 2012a, 2015; Rades el al., 2018) have showed very convincingly that OSL-exposure can be used to identify 

multiple burial and exposure events in the history of a single clast. However, our results imply that erosion cannot be neglected. 

We show in this study that this high sensitivity to erosion can instead be used to estimate the erosion history of such rock 

surfaces. 25 

To do so, we have numerically solved the equation describing the evolution of luminescence signal of a rock surface 

exposed to light and erosion (Eqs. (1) and (2)). The validation of the model was tested on synthetic data and applied to two 

different glacially-polished bedrock surfaces. We assumed a simple erosion rate history following a step function. However, 

it is very likely that rock surfaces are subject to stochastic erosion processes (e.g., Ganti et al., 2016). These stochastic processes 

cover potentially temperature, moisture, snow cover or wind fluctuations along the year. The numerical approach adopted here 30 

(a) Ages are calculated using the sea level high latitude (SLHL) rescaled local production rate of the

Chironico landslide: 4.15 ± 0.10 at g−1 a−1 rescaled for every longitude (Claude et al., 2014), latitude

and elevation and considering no erosion correction, with the LSD scaling scheme (Lifton et al., 2014),

the ERA40 atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016 geomagnetic database

(for ages in between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages in between 14-75 ka, GLOPIS-

75, Laj et al., 2004) by solving Eq. (3.3). (2) TCN age corr. tcmax correspond to the maximum

corrected TCN exposure ages calculating from the best maximum 5% solution. For (1) and (2) the

errors represent the internal errors. (3) Ages were inverted (Fig. A3.5) using Eq. (3.2) and prescribing

106 solutions for a range of time from 0 to t0 (TCN age calculated using the 10Be concentration of

each sample and solving Eq. (3.3) without erosion correction). All models were calculated using the

following parameters: σϕ0 = 129 a−1, µ = 0.596 mm−1, D0 = 500 Gy, Ḋ = 7.4×10−3 Gy a−1 and Ḋ

= 8.4×10−3 Gy a−1 respectively for sample MBTP1 and sample MBTP6. The uncertainties represent

1σ of the distribution presented in Fig. A3.5. ∗SS means steady state.

3.5 Discussion

The mismatch between OSL surface exposure and TCN ages presented in this study clearly

show how significant the impact of erosion for OSL surface exposure dating is. If the lumines-

cence bleaching front is interpreted without considering erosion, the resulting exposure age

will be strongly underestimated (Figs. 3.5, 3.7 and 3.9). For samples MBTP1 and MBTP6

the apparent OSL surface exposure ages are 642 ± 160 a and 0.32 ± 0.02 a, respectively while

apparent TCN exposure ages are 16428 ± 589 a and 6667 ± 965 a respectively. We demon-

strated in Section 3.2.1 that OSL surface exposure dating is hardly applicable to natural rock

surfaces that experience even a minimal erosion rate of about 10−4 mm a−1. Our models and

results show that the position of the bleaching front is highly sensitive to the erosion rate

history. Recent studies (e.g., Freiesleben et al., 2015; Sohbati et al., 2012a, 2015; Rades el al.,

2018) showed very convincingly that OSL-exposure can be used to identify multiple burial

and exposure events in the history of a single clast. However, our results imply that erosion

cannot be neglected. We show in this study that this high sensitivity to erosion can instead

be used to estimate the erosion history of such rock surfaces.

To do so, we have numerically solved the equation describing the evolution of luminescence

signal of a rock surface exposed to light and erosion (Eqs. (1) and (3.2)). The validation of
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the model was tested on synthetic data and applied to two different glacially-polished bedrock

surfaces. We assumed a simple erosion rate history following a step function. However, it is

very likely that rock surfaces are subject to stochastic erosion processes (e.g., Ganti et al.,

2016). These stochastic processes cover potentially temperature, moisture, snow cover or wind

fluctuations along the year. The numerical approach adopted here would potentially enable

us to consider any type of erosion history (inverse exponential, stochastic distribution...). We

considered the erosion rate to be non-constant in time but instead to follow a step function

which changes from zero to a constant erosion rate at certain times of the exposure history.

We observed that the resulting erosion histories can follow two states: a transient state or a

steady state. Indeed, an experimental luminescence signal can be either at steady or transient

state with erosion. To identify at which state the signal is, a model using Eq. (3.1) should

try to fit the experimental luminescence signal considering a range of constant erosion rates

applied over the TCN exposure age t0 of the specific surface. If one specific erosion rate

enables the model to fit the experimental luminescence signal, the system is at steady state

with this specific erosion rate. If there is no unique solution, the system is at transient state

with erosion. Note that some erosion rates cannot be applied for long durations. Indeed,

the quantity of material removed and the concentration of cosmogenic nuclides in the rock

surface would not match with the measured nuclide concentrations. To avoid that, we have

defined a forbidden zone which characterized the range of pairs ε̇ and ts for which Eq. (3.3)

could not be solved.

When a luminescence profile is derived from multiple erosion rate ε̇ and time ts pairs, the

system is experiencing a transient state with erosion. This situation is characterized by a

trade-off between erosion rate and the time of erosion. During this state, the luminescence

signal does not evolve with depth if an increase of the erosion time is compensated by a

decrease of the erosion rate. On the other hand, when a luminescence signal is derived from

an erosion rate applied across a range of times ts, the system can be considered at steady

state regarding the luminescence profile. In this case, the erosion rate can be considered as

constant in time over the entire exposure age given by TCN dating providing that this solution

falls outside of the forbidden zone. At steady state, the time during which the erosion rate is

applied is always lower or equal to the maximum corrected TCN age (i.e., ts ≤ tcmax).

The luminescence profile from a given rock surface is able to give information about the

erosion history of this surface at both transient and steady state with erosion. The coupling

with TCN dating allows the determination of a limit in time of the steady state with erosion,

which cannot tend to infinity as discussed above (i.e., the forbidden zone). According to the

inverse modeling of sample MBTP1, the total erosion experienced by the rock surface is about

8.05 mm when the system reached steady state with erosion (ε̇ = 3.5×10−3 mm a−1 during

ts = 2300 a) and 17.2 mm for sample MBTP6 (ε̇ = 4.3 mm a−1 during ts = 4 a). This

quantity of material removal is plausible given field observations, where the micro-structures
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of striations (coated layer and glacial polish) are not preserved but where the macro-patterns

of glacial erosion can still be observed (moulded forms, whalebacks, grooves). By taking the

endmembers authorized by our model, we explore the limit of our method. The maximum

total erosion is about 102 mm for MBTP1 (3.5×10−3 mm a−1 during 29214 a) and about

1479 mm for MBTP6 (4.3 mm a−1 during 344 a). Such high difference of erosion between

two locations of the same vertical profile is unlikely.

The quantification of the erosion rate distribution brings the opportunity to quantitatively

correct TCN ages. These corrections can be minor but significant: for example about 1.1%

for MBTP1 by taking the steady state values, about 5.8% using the endmember values. For

sample MBTP6, the correction is about 2.8% by taking the steady state values. Using the

endmember values, the maximum corrected TCN age for the highest sample is tcmax(MBTP1)

= 17396 ± 621 a and the lowest sample is tcmax(MBTP6) = 68692 ± 10617 a (representing

a maximum correction of about 930%). The assumption that a surface at 2094 m.a.s.l. high

(surface MBTP6) was exposed almost 50 ka longer than a surface located 451 meters higher

(surface MBTP1 at 2545 m.a.s.l.) on the same vertical profile and in context of glacial thinning

is hardly acceptable. According to the known glaciological evolution of Western Alps during

LGM, exposure ages of > 25 ka are simply not possible. Surfaces at 2600 m.a.s.l. located

in accumulation zone of former glaciated area were covered by ice at least until the LGM

(e.g., Penck and Brückner, 1909; Bini et al., 2009; Coutterand, 2010; Seguinot et al., 2018)

which implies that the age estimates must be treated with caution. However, our results

imply that the uncertainty on the exposure age could be large. A correction of exposure age

of few thousand years would have significant implications when investigating how post-LGM

climate variability regionally impacted past ice extent.

We have presented the results using one luminescence signal only (IRSL50). Jenkins et al.,

(2018) and Sohbati et al. (2015) showed that multiple luminescence signals can be exploited.

Since the bleaching propagates at different rates within the rocks (c.f., Ou et al., 2018), using

multiple signals (e.g., pIR225 and OSL125) should enable us to better assess whether the

position of the bleaching front is steady or not and thus to further constrain the erosion

history (both erosion rate and duration).

Our results confirm the results of Sohbati et al. (2018), who derived an analytical solution

assuming steady erosion and using a confluent hypergeometric function. Here we solve the

transient solution of Eq. (3.1) using the finite difference method. An important difference to

the earlier study of Sohbati et al. (2018) is that here the system is fully coupled between OSL

and TCN surface exposure dating. OSL dating brings information about the evolution of the

erosion rate in time and TCN dating give a realistic timeframe to this evolution by setting a

forbidden zone.
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The most striking outcome of this new approach is the ability to quantify surface erosion rates

over timescales from 10 to 104 a. The quantification of erosion rates using TCN concentration

is limited (expressed in Sect. 2) with the minimum time given by t >> 1/(λ + ν ε̇). By

taking the two endmembers of erosion of this study, ε̇ = 10−5 mm a−1 and ε̇ = 10 mm a−1,

the time limits are respectively 2×106 and 6×104 a which means that one cannot use TCN to

constrain the erosion history of post-LGM surfaces. Consequently, the coupling of OSL and

TCN surface exposure dating makes the quantification of bare bedrock surface erosion possible

at the timescale of a single interglacial event and might bring insight into the processes of

topographic evolution in alpine environments.

3.6 Conclusion

In this study, we couple OSL and TCN surface exposure dating to constrain post-glacial

bedrock erosion and surface exposure duration. We numerically solve the equation describing

the evolution of luminescence signals in rock surfaces considering exposure age, bedrock sur-

face erosion and the trapping and detrapping rates due to bleaching and athermal losses. We

show that it is critical to account for bedrock surface erosion while interpreting luminescence

bleaching profiles. Even at low erosion rates (10−4 mm a−1) for periglacial environments,

only few years are needed to affect the luminescence profile of a rock surface.

We were able to discriminate between two regimes characterizing the relationships between

the depth of the luminescence bleaching, the exposure age and the bedrock surface erosion.

The transient state describes a rock surface with a luminescence profile in disequilibrium.

In contrast a rock surface in steady state is produced when the influence of bedrock surface

erosion, exposure age and trapping rate compensate one another. If the system is maintained

under these conditions, the luminescence signal no longer evolves with time. Indeed, the

determination of the time at which the steady state with erosion occurs is critical. For the

two natural surfaces we analyzed here, this time can range from 4 years (at an erosion rate

of 4.3 mm a−1) to 2300 years (at an erosion rate of 3.5×10−3 mm a−1). The approach

developed in this study thus brings a new asset to directly quantify an erosion correction for

TCN dating. We see that this correction can range from 1.2% to 930% for natural surfaces,

although one must keep in mind that the exposure age may be overestimated if not compared

to independent observations.

Finally, this new approach enables the quantification of erosion rates over surfaces exposed

for 10-104 a, filling a methodological gap in between short timescales (from few seconds to

decades) and long-time scales (> 105 a). The contribution of this approach will allow quan-

tification of the contribution of bare bedrock surface in sediment production and topographic

evolution of alpine environments over glacial-interglacial cycles. Measurements in locations
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where bedrock surface erosion is very low (e.g., polar areas, high mountain) need to be in-

vestigated to check if OSL surface exposure is potentially applicable to timescale > 102 years

without accounting for the effect of erosion rates. Another perspective is to investigate the

control of temperature and climate on erosion rate evolution in time, along an elevation tran-

sect. Using this approach, the contribution of post-glacial bedrock erosion can be quantified

and the feedback between erosion and climate evaluated.
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Abstract

Since the Last Glacial Maximum, about 20 kyr ago, Alpine glaciers retreated rapidly from

lowland regions and thinned in their high-elevation source areas. This transition created

widespread bare-bedrock surfaces that could then erode by a combination of large-scale de-

buttressing or local frost cracking and weathering. Quantifying the respective contribution

of these processes is necessary to understand the links between long-term climate forcing and

erosion dynamics in mountainous environments. Here we quantify the erosion histories of

post-glacial exposed bedrock along glacial valley profiles, to investigate potential variability

with elevation and time. Using a new approach that relies on optically stimulated lumines-

cence (OSL) and terrestrial cosmogenic nuclides (TCN) surface exposure dating, we estimate

the erosion rate of bedrock surfaces over timescales from 101 to 104 years. Nine bedrock

surfaces were sampled over two elevation profiles located on the flanks of the Mer de Glace

(Mont Blanc massif - European Alps). Our results reveal bedrock surface erosion rates from

3.5×10−3 to 4.3 mm a−1 over ∼500-m elevation gradient, with a clear anti-correlation between

erosion rate and elevation. The observed spatial variability in erosion rates and surprisingly

high rates cannot be explained by chemical weathering alone and must reflect morphometric

(elevation and surface slope) and climate (temperature and snow cover) controls. Further-

more, and more importantly, the derived erosion rates can be used to correct the timing

of deglaciation age based on TCN data, potentially suggesting very rapid ice thinning post

Gschnitz.
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4.1 Introduction

To understand the long-term evolution of alpine landscapes, the respective contributions of

various surface processes to sediment production and transport must be quantified. During

the Quaternary period, the alternation between glacial and interglacial periods has modu-

lated the efficiency of glacial, fluvial and hillslope processes (Koppes and Montgomery, 2009).

In that context, changes in bedrock morphology and corresponding sediment delivery have

been directly related to glacier extent, as glaciation is often thought to be the most efficient

erosional and sediment transport mechanism in mountain environments (e.g., Brozović et al.,

1997; Hallet et al., 1996; Montgomery, 2002; Mitchell and Montgomery, 2006; Egholm et al.,

2009; Herman et al., 2013). Recent studies have also revealed the importance of periglacial

processes during interglacial periods, operating over hillslope and bedrock valley flanks, such

that glaciers and rivers serve to transport material out of the system (Burbank et al, 1996;

Ballantyne, 2002; Scherler, 2015). Yet how quickly bare-bedrock surfaces weather and erode

during interglacials remains poorly known (e.g., Colman, 1981; Zimmerman et al., 1994;

André, 2002; Nicholson, 2008; Kirkbride and Bell, 2010).

The erosion of hillslopes in periglacial environments is governed by a combination of lands-

liding, rock shattering and weathering (e.g., Anderson and Anderson, 2010). Their relative

contribution to sediment production has been estimated over specific bedrock surfaces or

integrated over entire fluvial catchments using terrestrial cosmogenic nuclide (TCN) dating

(e.g., Portenga and Bierman, 2011 for a review). During the last decades, the development

of TCN dating, mainly using in-situ produced 10Be in quartz crystals, has significantly im-

proved our ability to quantify bedrock surface erosion over timescales from 104 to 106 years,

assuming that erosion occurs steadily through time (Balco et al., 2008; von Blanckenburg and

Willenbring, 2014; Hippe, 2017). Over modern timescales, geomorphologists working on frost

weathering processes have highlighted the feedbacks between temperature variation and snow

cover and their effects on the evolution of bedrock surfaces over diurnal to decadal timescales

(e.g.,  Loziński, 1909; Matsuoka and Murton, 2008). However, how the temporal gap between

these erosion estimates can be bridged remains challenging, in part because of the stochastic

nature of geomorphic processes (Ganti et al., 2016).

To address these issues, we have adopted a new method that combines optically stimulated

luminescence (OSL) and terrestrial cosmogenic nuclide (TCN) surface exposure dating (So-

hbati et al., 2018; Lehmann et al., in review) to quantify bedrock surface erosion in periglacial

environments from 101 to 104 years. Our results from the deglaciated bedrock surfaces of the

Mer de Glace (Mont Blanc massif, European Alps) reveal erosion rates that vary from 3.5 ±
1.2 ×10−3 to 4.3 ± 0.56 mm a−1 over an elevation difference of 451 m. These surprisingly

high rates of bedrock surface erosion, compared to previous studies in periglacial settings

(e.g., Colman, 1981; Zimmerman et al., 1994; André, 2002; Nicholson, 2008; Kirkbride and
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Bell, 2010) shed new light on the contribution of deglaciated bedrock surfaces in sediment

production and topographic evolution. Furthermore, by using these bedrock surface erosion

rates to correct exposure ages based on TCN data, our results suggest very rapid ice thinning

post Gschnitz stadial (∼ 17-16 ka).

4.2 Methods

We measured both 10Be concentrations (e.g., Gosse and Phillips, 2001; Ivy-Ochs and Briner,

2014) and OSL profiles (Sohbati et al., 2012) on exposed granitic rock samples to constrain the

erosion rate histories of natural bedrock surfaces (see Appendix A4.1). 10Be concentrations

provide us with constraints on the time since the rocks were exposed to cosmic rays (t0 and

tC in Fig. 4.1) and thus set a temporal framework for the possible erosion histories. OSL

profiles provide us with constraints on the erosion history since the rock has been exposed

to light following glacier retreat and ice thinning (tS and ε̇ in Fig.4.1; Lehmann et al., in

review). Note it is the difference of sensitivity between 10Be and OSL that makes it possible

to quantify surface erosion rate histories over short (< 102 a) and long (> 104 a) timescales

(Sohbati et al., 2018; Lehmann et al., in review).

The evolution in time of the OSL bleaching front into the rock surface depends on the exposure

age, the surface erosion, the trapping and detrapping (bleaching) rates and the athermal loss

(Eq. (3.1) in Chapter 3). While the trapping and detrapping rates and the athermal loss can

be constrained from laboratory measurements, the erosion rate history is unknown. Here we

constrain the erosion rate history by performing a joint inversion of the OSL and cosmogenic

nuclide data for each sample (Lehmann et al., in review). In the procedure, we assume that

erosion rates evolve as a step functions from no erosion to erosion going forward in time

(Lehmann et al., in review). The inferred erosion rate history includes a magnitude of erosion

rate, and two times; tS , the time at which erosion increases, and tC , the corrected exposure

age. It is worth to stress the tC is estimated by combining OSL and cosmogenic nuclide data

(Lehmann et al., in review). In turn, a range of solutions for the erosion rate history and

tC are inferred. Note that high erosion rates and durations which do not fit the observed
10Be concentration (Lal, 1991) are excluded from the parameter search, defining a “forbidden

zone” (see details in Appendix 4.1).

4.3 Study site

We collected samples along two elevation profiles at the Mer de Glace, European Alps, which

was deglaciated since the last glacial maximum (LGM, around 21 ka; Coutterand and Buon-

cristiani, 2006; Wirsig et al., 2016). The Mer de Glace glacier (Fig. 4.2) is about 11.5 km
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Figure 4.1: Schematic representation of four different erosion scenarios through time (A)
and (B) and their resulting luminescence signal (C). t0 is the uncorrected 10Be exposure
age, tS the onset times of erosion, tC the corrected exposure ages, and ε̇ the erosion rate.
Note that the luminescence plots in (C) are not model outputs but drawings, with the aim
of conceptualizing how the experiments are designed.

long and is located in the Mont Blanc massif. The modern glacier covers an area of 30.4

km2 (excluding former tributary Talèfre Glacier) and spans an elevation range from 4205 to

1531 m.a.s.l. (data from 2008; Gardent et al., 2014). The mean equilibrium line altitude

(ELA) was about 2880 m.a.s.l. between 1961 and 1990 for five of the main north-facing Mont

Blanc massif glaciers, including the Leschaux Glacier for the period 1984-2010 (Rabatel et

al., 2013; LeRoy et al., 2015). During the Little Ice Age (LIA), the ELA was around 2745

m.a.s.l. (Protin, pers. communication). At the onset of the Younger Dryas (∼13 ka) and the

Gschnitz stadial (∼17-16 ka), ELAs were 150-400 m and 650-700 m lower than during the

LIA respectively (Ivy-Ochs et al., 2006).

The first profile is located below the Tête de Trélaporte on the West side of the glacier (Fig.

4.3). Six bedrock surfaces were sampled (from 2545 to 2094 m.a.s.l). The second profile

is located below the Aiguille du Moine on the East side of the glacier (Fig. 4.3), where we

collected from three bedrocks surfaces at elevations ranging from 2447 to 2259 m.a.s.l. All the

surfaces are from the same phenocristalline granitic lithology of the Mont Blanc massif and

selected sampling sites can all be classified as glacially eroded bedrock surfaces (see Appendix

A4.1 for details). The surfaces are rough and exhibit a weathered texture without glacial

striations. All studied bedrock surfaces are located between the elevation limits of the LIA

and the LGM (Coutterand and Buoncristiani, 2006; Vincent et al., 2014) and were most likely

deglaciated in between ∼18-20 ka BP (Wirsig et al., 2016) and 1850 AD.

4.4 Results

In Fig. 4.4a, we report the estimated erosion rates and the timescales. The first observation

is that inferred erosion rates vary between 3.5 ± 1.2 ×10−3 to 4.3 ± 0.56 mm a−1 (Fig. 4.4a).

The high rates are constrained over timescales from 101 to 103 years, while the low erosion
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Figure 4.2: Study sites sampled along the Mer de Glace glacier at respectively A: Regional
scale, B: massif scale, C: local scale. The blue area shows the extent of the Mer de Glace
determined from aerial images in 2004 (Rabatel et al., 2016). The red lines depict the two
vertical profiles Trélaporte and Moine along which the bedrock surfaces were sampled (each
coloured dot represents a specific sample, round and triangle dots from Trélaporte and Moine
profiles respectively, see Fig. 4.3).

rates are constrained over longer timescales, from 101 to 103 years. Although the observed

trend may suggest that fresh surfaces are more prone to erosion, the decrease of erosion

rates within increasing time is common to most techniques that are used to constrain erosion

rates. Such a relationship has been argued to reflect a bias caused by the stochastic nature

of geomorphic processes (e.g., Koppes and Montgomery, 2009; Schumer and Jerolmack, 2009;

Ganti et al., 2016). Irrespective of this, as OSL surface exposure dating spans the gap between

contemporary observations and TCN estimations of erosion rates, it offers new insights into

erosion rate estimations.

The second striking result is the existence of an anti-correlation between erosion rate and

elevation (r2 = 0.53; Fig. 4.4b). The high erosion rates are observed at the lowest elevation,

and vice-versa. The decay of erosion rate with altitude is opposite to what is expected

for frost cracking (Anderson, 1998; Hales and Roering, 2007). Frost cracking predicts high

erosion rates at high altitude, where freeze-thaw cycles are most efficient. From present-

day temperature records (Argentière weather station located at 2400 m.a.s.l., Glacioclim

observatory), elevations at 1800, 2400 and 3200 m.a.s.l. are spending 8, 17 and 21% of

the year respectively in the frost cracking windows (-3 to -8◦C; Hales and Roering, 2007).

Furthermore, the decay of erosion rates with altitude is too pronounced to be explained by
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Figure 4.3: Topographic cross sections of the Trélaporte (West side) and Moine (East side)
vertical profiles along the Mer de Glace and corresponding sampled surfaces (MB stand for
Mont Blanc, TP for Trélaporte and AM for Aiguille du Moine). Grey lines represent the
elevation of trimlines (Coutterand et al., 2006) and blue lines represents elevation LIA
(Vincent et al., 2014).

chemical weathering alone, which is governed by temperature and therefore altitude (Lasaga

et al., 1994; West, 2012). In Fig. 4.4c, we investigate the relationship between the erosion

rates and surface slope (measured at the outcrop scale). Interestingly, a positive correlation

between erosion rates and surface slopes is observed, though the correlation is less significant

(r2 = 0.22) than with altitude. This may imply that water stagnates on the bedrock surface

may not have a primary effect on setting the erosion rate. An alternative possibility is snow

cover. The surfaces at high elevation with flatter slopes experience higher solid precipitation

and periods of snow cover during yearly cycles, which maintains the rock surface at 0◦C, and

in turn suppresses the efficiency of frost cracking. Surfaces at lower elevations with steeper

slopes, are less shielded by snow cover and thus experience more time in the frost cracking

window and are exposed to more freeze-thaw cycles. We also speculate that surfaces in the

vicinity of the glacier are influenced by cold katabatic winds coming from the glacier, which

in turn promotes frost cracking at lower elevation.

Finally, we show in Fig. 4.3d TCN exposure ages with elevation (detailed results are presented

in Table A4.2). If erosion is ignored, we observe a correlation between age and elevation that

corresponds to what is known as the deglaciation history of the Alps (Ivy-Ochs, 2015; Wirsig

et al., 2016). However, the exposure ages are significantly different when the full range of

estimated erosion is included. The range of corrected TCN exposure ages older than the

corrected age at the highest elevation (16.6 ± 0.6 kyr for MBTP1; Fig. 4.3d and Table A4.2)

are not physically plausible as a low altitude sample cannot be exposed before a high-altitude
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sample (grey area in Fig. 4.3d). In the worst-case scenario, the ages could potentially indicate

extremely rapid, synchronous deglaciation of the catchment.

Figure 4.4: Inverted values of bedrock surface erosion rate ε̇ [mm a−1] and erosion onset
time tS [a] for the Trélaporte and Moine samples. (b) Distribution of the bedrock surface
erosion rate ε̇ with elevation [m.a.s.l.]. (c) Distribution of the bedrock surface erosion rate ε̇
against surface slope [◦]. (d) Distribution of the 10Be surface exposure ages with elevation,
circles represent the erosion uncorrected ages, lines show all the possible ages corrected with
specific inverted values of ε̇ and tS presented in panel (a). Grey area in panel (d) shows the
area with low reliability in the present geomorphological context.
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4.5 Discussions and conclusions

Our results reveal bedrock surface erosion rates that range from 3.5×10−3 to 4.3 mm a−1

over a 451 m elevation difference. This dramatic variation is not due to lithological changes

since the geology is uniform. The surfaces are within the same tectonic unit, without tectonic

fault intersecting the profiles, which in turn excludes a tectonic control on setting the erosion

rates. Biological processes and the influence of vegetation are also likely to be minor. Because

of the high elevation (between 2094 and 2447 m.a.s.l.), vegetation is not a major component

of the environment (i.e., small patches of alpine meadow) and lichen cover does not differ

significantly along the profiles. We assumed that these surfaces are mainly affected by grain-

by-grain erosion because the character of the glacially polished bedrock surface is preserved

i.e. they do not present evidence or rockfall scar. The decrease in erosion rates with altitude is

also too pronounced to be explained by chemical alteration alone. This leads us to postulate

that erosion is governed by a combination of mechanical and chemical weathering since frost

cracking due to freeze-thaw cycle promotes water diffusion at both rock surface and grain

boundaries where chemical weathering is effective (e.g., Hoke and Turcotte, 2010). Therefore,

we conclude that a combination of climatic (temperature and snow cover) and morphometric

(elevation and surface slope) factors are controlling the variation of erosion rates.

Our results highlight an unexpected anti-correlation between erosion rate and elevation, i.e.,

lowest elevation, highest erosion rates. We also observe a correlation between erosion rate and

surface slope. We suggest that surfaces at high elevation with flatter slopes experience more

intense and longer snow cover during yearly cycles. Such a shielding preserves the rock surface

from frost cracking by keeping it at 0◦C. In contrast, surfaces at lower elevation with steeper

slope, are less shielded by snow cover and thus experience more time in the frost cracking

window and are exposed to more freeze-thaw cycles. The temperature gradient might also be

inverted at low elevation where the cold katabatic winds are flowing down the glacier which

in turn promotes frost cracking for surfaces at the vicinity of the glacier. The snow covers

surely have different effect on TCN and OSL dating. This aspect is not considered in the

presented methodological approach but should by address in future studies.

The high erosion rate intensities, between 3.5×10−3 to 4.3 mm a−1, are one to two or-

ders of magnitude greater than previously observed. Portenga and Bierman (2011) compiled
10Be erosion rates of outcropping bedrock surfaces and determined a mean erosion of about

12×10−3 mm a−1 (median = 5.4×10−3 mm a−1). Small et al. (1997) determined erosion

rates of alpine bedrock summit surfaces deduced from in-situ 10Be and 26Al. Their results

exhibit a maximum mean bare-bedrock erosion rate of about 7.6×10−3 mm a−1. Part of this

conflict is likely due to the timescale over which TCN erosion rates are averaged, which is

typically 104−6 years. Using reference surfaces such as ice-polished quartz veins preserved on

roches moutonnées, erosion rates from (0.1-10)×10−3 mm a−1 were measured depending of
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the lithology and the location (André, 2002; Nicholson, 2008; Kirkbride and Bell, 2010). In

contrast the intensities of erosion rates observed in this study are comparable to other erosion

processes such as debris flows and rock falls (Norton et al., 2010) or glacial erosion (Herman

et al., 2015).

Finally, we would like to stress that the use of terrestrial cosmogenic nuclides concentration

to compute erosion rates is only feasible under the assumption that erosion rates are constant

over timescales between 104 and 106 years. However, our new approach that relies combining

OSL and TCN surface exposure dating enables us to constrain time-varying erosion rates

over short (from a few years to decades) and long (< 105 years) timescales. Ice surface

lowering starting at ∼16.6 ± 0.6 ka at an elevation of 2550 m.a.s.l. shows synchronicity

with dating from the southern side of the Mont Blanc massif (Wirsig et al., 2016). The

large differences between TCN exposure ages with or without erosion correction show the

importance of carefully estimating the erosion rates to estimate deglaciation histories. If

true, the corrected ages could mean an extreme deglaciation event that coincides with the

end of last glacial maximum. The rapid thinning would have important implication for paleo-

climate reconstruction and the potential controls of precipitation and temperature on the

regional climate.
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J. González Holguera, G. Bustarret, U. Nanni and S. Vivero for their support during field

excursions; J. El Kadi, M. Faria and K. Haring are thanked for laboratory support.



CHAPTER 5

General Conclusion

87



88 CHAPTER 5. GENERAL CONCLUSION

In the first chapter, I have investigated the potential of OSL surface exposure dating for

quantitatively reconstructing post-LIA glacier retreat. This work involved setting up the

laboratory for that kind of experiments. I have worked along an altitudinal cross-section of

the Mer de Glace glacier (Mont Blanc massif, France), and collected glacially-polished bedrock

surfaces with known exposure ages (from 3 to 137 years) along the Montenvers profile from

around 1841 m.a.s.l. elevation to the present-day glacier position (1696 m.a.s.l.). I have

developed a statistical approach to calibrate the bleaching model parameters from known-age

samples. Experimental IRSL depth-profile data for five different polished bedrock surfaces

show an increase of the luminescence signal bleaching depth with exposure age. This work

led me to the conclusion that OSL surface exposure dating can be applied to glacial and

periglacial environments, and is a promising tool for high-resolution reconstruction of recent

ice-extent and thickness fluctuations, both in space and time. However, I found that several

calibration samples must be used to calibrate the model parameters before inferring exposure

ages on bedrock surfaces within a specific area, considering the potential variation in bedrock

lithology. I also found that measurement uncertainties, intrinsic data noise or both can result

in large uncertainties on inverted ages, especially when applying this method over 103 - 104

years timescales.

In the second chapter, I discovered how critical it is to account for bedrock surface erosion

while interpreting luminescence bleaching profiles. Even at low erosion rates (10−4 mm a−1)

for periglacial environments, only few years are needed to affect the luminescence profile of

a rock surface. Indeed, I coupled OSL and TCN surface exposure dating to constrain post-

glacial bedrock erosion and surface exposure duration. I numerically solved the equation

describing the evolution of luminescence signals in rock surfaces considering exposure age,

bedrock surface erosion and the trapping and detrapping rates due to bleaching and athermal

losses. Doing so, I was able to discriminate between two regimes characterizing the relation-

ships between the depth of the luminescence bleaching, the exposure age and the bedrock

surface erosion. The transient state describes a rock surface with a luminescence profile in

disequilibrium. In contrast, a rock surface in steady state is produced when the influence

of bedrock surface erosion, exposure age and trapping rate compensate one another. If the

system is maintained under these conditions, the luminescence signal no longer evolves with

time. Indeed, the determination of the time at which the steady state with erosion occurs

is critical. For the two natural surfaces I analyzed, this time can range from 4 years (at an

erosion rate of 4.3 mm a−1) to 2300 years (at an erosion rate of 3.5×10−3 mm a−1). The

approach developed in this study thus brings a new asset to directly quantify the correction

TCN dating of erosion. In turn, I found that this correction can range from 1.2% to 930%

for natural surfaces, although one must keep in mind that the exposure age may be over-

estimated if not compared to independent observations. Finally, I demonstrated that this

new approach enables the quantification of erosion rates over surfaces exposed for 10-104 a,
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filling a methodological gab in between short timescales (from few seconds to decades) and

long-time scales (> 105 a). The contribution of this approach will enable the quantification

of the contribution of bare bedrock surface in sediment production and topographic evolution

of alpine environments over glacial-interglacial cycles.

In the last and final chapter, I have applied the method described in Chapter 2 on two

vertical profile of the side of the Mer de Glace. My results reveal that bedrock surface erosion

rates range from 3.5×10−3 to 4.3 mm a−1 over a 451 m elevation difference. This dramatic

variation is not due to lithological changes since the geology is uniform. The surfaces are

within the same tectonic unit, without tectonic fault intersecting the profiles, which in turn

excludes a tectonic control on setting the erosion rates. Biological processes and the influence

of vegetation are also likely to be minor. Because of the high elevation (between 2094 and 2447

m.a.s.l.), vegetation is not a major component of the environment (i.e., small patches of alpine

meadow) and lichen cover does not differ significantly along the profiles. I speculate that these

surfaces are mainly affected by grain-by-grain erosion because the character of the “roche

moutonnées” is preserved i.e., they do not present evidence or rockfall scar. The decrease

in erosion rates with altitude is also too pronounced to be explained by chemical alteration

alone. This leads me to propose that erosion is governed by a combination of mechanical and

chemical weathering since frost cracking due to freeze-thaw cycle promotes water diffusion at

both rock surface and grain boundaries where chemical weathering is effective (e.g., Hoke and

Turcotte, 2010). Therefore, I conclude that a combination of climatic (temperature and snow

cover) and morphometric (elevation and surface slope) factors are controlling the variation of

erosion rates.

My results highlight an unexpected anti-correlation between erosion rate and elevation, i.e.,

lowest elevation, highest erosion rates. I also observe a correlation between erosion rate and

surface slope. I suggest that surfaces at high elevation with flatter slopes experience more

intense and longer snow cover during yearly cycles. Such a shielding preserves the rock surface

from frost cracking by keeping it at 0◦C. In contrast, surfaces at lower elevation with steeper

slope, are less shielded by snow cover and thus experience more time in the frost cracking

window and are exposed to more freeze-thaw cycles. The temperature gradient might also be

inverted at low elevation where the cold katabatic winds are flowing down the glacier which

in turn promotes frost cracking for surfaces at the vicinity of the glacier. The snow covers

surely have different effect on TCN and OSL dating. This aspect is not considered in the

presented methodological approach but should by address in future studies.

The high erosion rate intensities, between 3.5×10−3 to 4.3 mm a−1, are one to two or-

ders of magnitude greater than previously observed. Portenga and Bierman (2011) compiled
10Be erosion rates of outcropping bedrock surfaces and determined a mean erosion of about

12×10−3 mm a−1 (median = 5.4×10−3 mm a−1). Small et al. (1997) determined erosion

rates of alpine bedrock summit surfaces deduced from in situ 10Be and 26Al. Their results
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exhibit a maximum mean bare-bedrock erosion rate of about 7.6×10−3 mm a−1. Part of this

conflict is likely due to the time-scale over which TCN erosion rates are averaged, which is

typically 104−6 years. Using reference surfaces such as ice-polished quartz veins preserved on

roches moutonnes, erosion rates from (0.1-10)×10−3 mm a−1 were measured depending of

the lithology and the location (André, 2002; Nicholson, 2008; Kirkbride and Bell, 2010). In

contrast the intensities of erosion rates observed in this study are comparable to other erosion

processes such as debris flows and rock falls (Norton et al., 2010) or glacial erosion (Herman

et al., 2015).

Finally, I would like to stress that the use of terrestrial cosmogenic nuclides concentration to

compute erosion rates is only feasible under the assumption that erosion rates are constant

over timescales between 104 and 106 years. However, our new approach that relies combining

OSL and TCN surface exposure dating enables us to constrain time-varying erosion rates

over short (from a few years to decades) and long (< 105 years) timescales. Ice surface

lowering starting at ∼16.6 ± 0.6 ka at an elevation of 2550 m.a.s.l. shows synchronicity

with dating from the southern side of the Mont Blanc massif (Wirsig et al., 2016). The

large differences between TCN exposure ages with or without erosion correction show the

importance of carefully estimating the erosion rates to estimate deglaciation histories. If

true, the corrected ages could mean an extreme deglaciation event that coincides with the

end of last glacial maximum. The rapid thinning would have important implication for paleo-

climate reconstruction and the potential controls of precipitation and temperature on the

regional climate.



CHAPTER 6

Perspectives

The results presented in this manuscript open up perspectives both in methodological de-

velopment and in the understanding of the processes of the Earth’s surface. In this section,

I will first discuss the different methodological challenges that will need to be addressed in

future studies. Then, I set the perspectives for the understanding of the evolution of paleo-

environmental conditions.
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6.1 Methodological perspective

The experiments carried out during this project represent only the beginning of the develop-

ment of the promising OSL surface dating method already well addressed by R. Sohbati, M.

Meyer, L. Gliganic and X. Ou and others.

6.1.1 Calibration

The calibration of σϕ0 and µ has been proved to be of major importance to extract information

from OSL surface exposure signal. As shown in Chapter 2, the calibration can be made with

an independent age control. It can also be made by revisiting the sampling site and collecting

the scar remaining after earlier sample collection, which has a precisely known exposure age.

This approach has been performed in Gliganic et al., (2018) and is currently being tested

during the PhD project of J. Elkadi (University of Lausanne). This calibration and the

sensitivity of σϕ0 and most importantly µ could be assessed with laboratory experiments.

The latest development of CCD camera which enables the quantification of the luminescence

potential of a rock surface could bring improvement to our understanding of the control of

heterogeneity, grain size and lithology on the light attenuation coefficient µ. This approach

is going to be tested during the PhD project of J. Elkadi

6.1.2 Insolation and orientation control

To better understand how the OSL surface exposure signal evolves according to the insolation,

the exposure or the snow cover, a block of specific lithology could be exposed in a well-

controlled setting. Indeed, unbleached surfaces of a rock block could be exposed together

with insolation measurement placed on replicate of the rock block and recording the potential

snow cover during few months or years. Meyer and Gliganic, (pers. com.) performed this

experiment during 2017. Their preliminary results show no control of the insolation on the

bleaching profiles. To constrain the effect of the photon flux variability, similar experiments

could be performed in different locations of the globe with the same specific lithology and the

same experimental setting.

Although, such measurements are not representative of the time-scale of interest to study

the paleo-environmental conditions over 102-104 years; time-scales at which surface exposure

might have an important effect. The problematic to use calibration site and to apply it

on surfaces with different expositions, could be addressed with the topographic shielding

correction factor (TSF ) on each sampled surface. This factor varies from 1 for not shielding

to 0 for a total shielding. The parameter σϕ0 cal of the calibration site will be equal to:
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σϕ0cal = TSFcal × σϕ0initial (6.1)

The σϕ0 initial parameter represents the charge detrapping rate for a flat surface with no

shielding (TSF=1). When OSL surface exposure is applied to a surface with a different

topographic shielding than the calibration site (TSFcal), the model should use

σϕ0local = TSFlocal × σϕ0initial (6.2)

6.1.3 Snow cover control

The snow covers surely has different effects on TCN and OSL dating. This aspect is not

considered in the methodological approach presented in Chapter 2. For TCN dating the

snow cover correction is well constrained. The correction factor for TCN dating is already

established (e.g., Equation (3.76) in Gosse and Phillips, 2001). By considering a snow cover

of 50 cm during 6 months of the year (as mentioned by Wirsig et al., 2016), the correction

of TCN ages are significant. The maximum correction is about 5.8% (i.e., sample MBAM2,

from 12.2 ± 0.5 ka to 12.9 ± 0.5 ka) and the minimum correction is about 5.1% (i.e., sample

MBAM5, from 20.3 ± 0.9 ka to 21.3 ± 0.9 ka).

Table 6.1: Comparison of TCN exposure age with and without snow cover correction,
correction made using Equation (3.76) in Gosse and Phillips, 2001.

Sample TCN age [ka] TCN age [ka] Diff.

Correction no corr. 50 cm 6 months %
MBAM1 12.4 ± 0.5 13.1 ± 0.5 5.6
MBAM2 12.1 ± 0.5 12.8 ± 0.5 5.8
MBAM3 12.5 ± 0.5 13.2 ± 0.5 5.6
MBTP1 16.4 ± 0.6 17.4 ± 0.6 5.6
MBTP2 15.1 ± 0.6 15.9 ± 0.6 5.7
MBTP5 20.3 ± 0.9 21.3 ± 0.9 5.1
MBTP6 6.6 ± 0.9 7.0 ± 0.9 5.7
MBTP9 10.9 ± 0.5 11.5 ± 0.5 5.3

MBTP11 14.4 ± 0.5 15.2 ± 0.5 5.5

In case of the OSL surface exposure dating, for a snow cover sufficiently thick, the importance

bleaching processes is going to be considerably reduced, while the trapping rate is not going

to be influenced. Indeed, the dose rate should be integrated over the entire time calculated

with TCN dating (tBe). Although, bleaching processes should be applied over tOSL=tBe ×
Snowcorr. Snowcorr being the snow cover correction defined as Snowcorr= tsnow/12 with

tsnow being the persistence of the snow cover [months/year]. I propose to integrate both
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bleaching and trapping (dose rate) processes over the same time tBe, and use the following

modified Equation 3.1 of Chapter 3:

dL(x, t, r′)

dt
=

Ḋ

D0
[1− L(x, t, r′)]− Snowcorr × L(x, t, r′)σϕ0e

−µx + ε̇(t)
dL

dx
(6.3)

Note that the athermal loss component is not considered. The snow thickness at which

the bleaching process stops is still to be determined. This threshold will be dependent of

the snow density, the luminescence signals studied and the intensity of the photon flux.

Another question is how surface erosion rates are going to evolve in presence of snow cover.

Following the reasoning used in the interpretation of the Chapter 4, erosion rate might be

considerably reduced by snow cover. Finally, an important limitation comes from the difficulty

to extrapolate modern snow cover reports over longer time-scales. To explore the effect of

snow cover in the Mont Blanc massif specifically, two end-members could be considered, one

with no snow correction and one considering 50 cm during 6 months of the years (as mentioned

by Wirsig et al., 2016).

6.1.4 Multi-signal approach

In the studies of this manuscript, I presented results using the luminescence stimulation

(IRSL50) with the most sensitive signal. Using a specific combination of filters (AH3 and

U340), I was able to extract three different natural luminescence signals during the same

SAR analysis (e.g., IR50, pIR225 and OSL125; Fig. 6.1). The use of multiple luminescence

signals from the same sample (Jenkins et al., 2018 and Sohbati et al., 2015), should enable

to better OSL surface exposure dating. For lithologies presenting both K-feldspar (mainly

sensitive to IR50 and pIR225 stimulations) and quartz (sensitive to OSL125 stimulation), the

inversion of exposure time from the bleaching front position for the different signals can lead

to different scenarios. If all stimulations give the same results, the reliability of the exposure

age is validated. If not, it gives information about potential complex burial/exposure history.

Another approach is to compare the propagation rate for every stimulation for surfaces ex-

periencing erosion or not. Since the bleaching propagates at different rates within the rocks

(c.f., Ou et al., 2018 and Fig. 6.1), using multiple signals should enable us to better assess

whether the position of the bleaching front is steady or not and thus to further constrain the

erosion history (both erosion rate and duration).
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Figure 6.1: Normalized luminescence signal (NLS) profiles for (a)(d) IR50, (b),(e) Blue125
and (c),(f) pIR225 stimulations for sample MBTP7 and MBTP1.Coloured data point repre-
sents individual rock slice (each symbol/colour represents one core). The dashed black lines
represent the best-fit model using parameters σϕ0 = 129 a−1, µ = 0.596 mm−1.

6.2 Geomorphological perspective

6.2.1 Distribution of the erosion rate in time

The method developed in Chapter 2 is assuming a simple erosion rate history following a

step function. However, it is very likely that rock surfaces are subject to stochastic erosion

processes (e.g., Ganti et al., 2016; Fig. 6.2). These stochastic processes (Fig. 6.2) cover

potentially temperature, moisture, snow cover or wind fluctuations throughout the year. Fu-

ture studies should challenge the numerical approach adopted here by considering any type

of erosion history (inverse exponential, stochastic distribution...).
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Figure 6.2: Example of exponential and stochastic erosion rate function in time.

6.2.2 Ice-extent modelling

In Chapter 3, the different corrections performed on TCN ages are making different scenarios

of deglaciation post-LGM possible. Indeed, the climatic conditions controlling the ice-extent

in the Alps following the LGM are still debated (e.g., Florineth and Schlüchter, 2000; Kuh-

lemann et al., 2008; Clark et al., 2009; Luetscher et al., 2015). A scenario recently proposed

implies the waxing of the North American Ice Sheet (NAIS) at 26-23 ka pushed the North

Atlantic jet stream southwards (e.g., Monegato et al., 2017). This enhanced precipitation

rates in southern Europe by advection of moisture from the Mediterranean Sea, triggering

expansion of the Alpine glaciers. The decline of the North Atlantic Ice Sheet after 23 ka

would have led to the gradual re-establishment of westerly circulation and renewal of a mois-

ture supply to northern Europe, feeding the European ice sheet to its maximum volume. The

Alpine glaciers previously fed by advection of moisture from the Mediterranean Sea, would

have entered a final recessional phase after 22 ka and faded out after 17.5 ka (Monegato et

al., 2017). By challenging the different deglaciation scenarios presented in Chapter 3 and

using inverse approach to reconstruct the equilibrium line altitudes (ELA) (Vĭsnjević et al.,

2018), paleo-environmental conditions could be inferred. A pilot study has already been made

during the Bachelor project of A. Moreau (University of Lausanne). Using reference map of

the Magland stadial (∼17.4-17.7 ka) of the Arve glacier (Mont Blanc massif) made by Cout-

terand (www.glaciers-climat.com/cg/le-tardiglaciaire/), he could infer the ELA variability in

the Mont Blanc region.
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6.2.3 Application to different geomorphological contexts

In Chapter 3, I demonstrated how surface erosion rate controls the evolution of the OSL signal

of a rock surface. In order to challenge the potential application of OSL surface exposure

dating to time-scales > 102 years, measurements in locations where bedrock surface erosion

is very low (e.g., polar areas, high mountain) need to be investigated without accounting for

the effect of erosion rates.

Another exciting perspective is to apply the methodological approach developed in Chapter 2

and applied in Chapter 3 on steep cliff faces in order to investigate the control of temperature

and climate on erosion dynamics. Suitable sites would be rockwalls presenting consistent

lithology and slope along several hundred meters. Such surfaces could be found in different

part of the world (e.g., El Capitan from Yosemite Valley, Sam Ford Fjord in Baffin Island,

Trango Towers in Pakistan, Troll Wall in Norway, Cerro Torre in Patagonia). In high moun-

tain and glaciated areas, climate change, through deglaciation and frost cracking processes,

controls the spatial and temporal distribution of rockfall, which is a high hazard, sometimes

associated with high risks for infrastructure and people.

A pilot study has already been set up for the Master project of D. Rech (Unviersity of Lau-

sanne) focusing on the Aiguille du Midi and the Eperon des Cosmiques in the Mont Blanc

massif. These sites have already been dated with TCN and spectrometric reflectance (e.g.,

Bolhert et al, 2008; Gallach et al., 2017). The combination of the results from these rock sur-

faces with the results presented in this manuscript, will represent a unique dataset spreading

over a ∼3000 meters (from ∼1900 to 3842 m.a.s.l) vertical transect with consistent lithol-

ogy and will allow the characterization of topographic evolution of the Mont Blanc massif.

Indeed, the development and application of new dating techniques allow the calculation sur-

face erosion and the reconstruction of both paleo-glaciers and rockfall dynamics which will

bring crucial and novel insights into the importance of climate in the evolution of the Earth’s

surface.
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Figure 6.3: Sampling picture of the Éperon des Cosmiques cliff under the supervision of
the Mont Blanc summit and the Dôme du Gouter (Picture from F. Pallandre)
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7.1 Appendix Chapter 2

7.1.1 Ice surface reconstruction

Figure A2.1: (a) Reconstruction of averaged ice-surface elevation [m.a.s.l.] through time
along the Mer de Glace glacier (see locations of cross-sections on Figure 2.1). Averaged
ice-surface elevations at the Montenvers (crosses) and Echelets (circles) cross-sections. The
cross-sections 1 and 2 (red dashed lines) have been interpolated from the Montenvers and
Echelets cross-sections, and used to project the studied samples (yellow circles). (b) Ice-
surface elevation with respect to the horizontal distance from the glacier terminus used for
the interpolation of the Montenvers and Echelets cross-sections. The ice surface elevations
have been reconstructed from historical maps, survey reports and aerial photogrammetry
(modified from Vincent et al., 2014). The dataset was kindly provided by the French glacier
observatory GLACIOCLIM (http://www-lgge.ujf-grenoble.fr/ServiceObs/index.htm).
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7.1.2 Dose rate sensitivity

The sensitivity of luminescence signal evolution to the dose rate is tested after four different

daylight exposure times (1, 10, 100 and 1000 years of exposure), with a null dose rate and

an extremely high dose rate (Ḋ ≈ 14 Gy ka−1, King et al., 2016). We used an equation

developed by Sohbati et al. (2012) describing the luminescence evolution L(x) as a function

of the exposure time t [s], depth x [mm], charge detrapping rate σϕ0 [s−1], attenuation factor

µ [mm−1], a sample-dependent constant that characterises filling rate D0 [Gy] and the natural

dose rate Ḋ [Gy s−1].

L(x) =
σϕ0e

−µxe
−t[σϕ0e−µx+

Ḋ(x)
D0

]
+ Ḋ(x)

D0

σϕ0e−µx + Ḋ(x)
D0

(A2.1)

The resulting comparison shows that the luminescence signal is not sensitive to dose rate

over millenial timescales. We thus consider the dose rate as negligible for our applications of

OSL surface exposure dating, and do not take it into account in the luminescence evolution

equation.
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Figure A2.2: Evolution of the nomalised luminescence signal through time and depth for
1, 10, 100 and 1000 years of daylight exposure, taking into account (a) a null dose rate and
(b) an extremely high dose rate of ∼14 Gy ka−1 (King et al., 2016). Inset (c) shows the
comparison between the result with two different dose rates.
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7.1.3 Luminescence measurement tests

The purpose of the following tests is to find the most appropriate infrared stimulated lu-

minescence (IRSL) measurement conditions for analysis of the collected samples from the

Montenvers site. We first performed a residual dose determination. Under natural daylight

conditions, luminescence signals of feldspar may not be completely reset, leaving a residual

dose. The residual test allows the evaluation of this remaining natural dose (which may also

originate from other sources e.g., thermal transfer). We first reset the luminescence signal by

exposing rock slices (3 slices for a representative sample of Montenvers site) to daylight for

about 3 hours before analysing both slide sides. We then measured the residual dose using

infrared stimulation at 50◦C (IRSL50) following different preheat temperatures (during 60

s). The residual dose after a preheat temperature of 250◦C is 0.25 ± 0.45 Gy. With preheat

temperature equal to 275◦C, the residual dose is 0.85 ± 0.43 Gy. For preheat temperature

equal to 300◦C and 325◦C, the residual doses increase to 2.94 ± 0.41 Gy and 2.10 ± 0.52 Gy

respectively.

We then proceeded to a dose recovery test with preheat-plateau to determine the most ap-

propriate preheat temperature. Thereby we quantified the recovered doses with IRSL50 for

the same range of preheat temperatures explored in the residuals test. We analyzed 3 rock

slices with a laboratory beta dose of 27.25 Gy after complete optical bleaching (both disk

sides exposed to daylight for about 3 hours). The samples were not heated prior the daylight

bleaching. Preheat temperatures 250◦C, 275◦C, 300◦C, 325◦C were investigated, and results

are corrected for the residual dose values reported in Table A1. For preheat temperatures of

250◦C, 275◦, 300◦C and 325◦C, we obtained dose recovery ratios of 0.90 ± 0.10, 0.87 ± 0.17,

0.77 ± 0.23 and 0.85 ± 0.15, respectively (Table A2.1). The optimal preheat temperature

for both the residual dose and dose recovery is thus 250◦C, and was used in all subsequent

experiments.

Table A2.1: Results of the residual test and the dose recovery preheat plateau test after a
given beta dose of 27.25 Gy.
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rate of ~14 Gy/ka (King et al., 2016). Inset (c) shows the comparison between the result with two 705	
different dose rates. 706	

	707	

A3. Luminescence measurement tests   708	

The purpose of the following tests is to find the most appropriate infrared stimulated luminescence 709	
(IRSL) measurement conditions for analysis of the collected samples from the Montenvers site. We first 710	
performed a residual dose determination. Under natural daylight conditions, luminescence signals of 711	
feldspar may not be completely reset, leaving a residual dose. The residual test allows the evaluation of 712	
this remaining natural dose (which may also originate from other sources e.g. thermal transfer). We first 713	
reset the luminescence signal by exposing rock slices (3 slices for a representative sample of Montenvers 714	
site) to daylight for about 3 hours before analysing both slide sides. We then measured the residual dose 715	
using infrared stimulation at 50°C (IRSL50)	following different preheat temperatures (during 60 s). The 716	
residual dose after a preheat temperature of 250°C is 0.25 ± 0.45 Gy. With preheat temperature equal to 717	
275°C, the residual dose is 0.85 ± 0.43 Gy. For preheat temperature equal to 300°C and 325°C, the 718	
residual doses increase to 2.94 ± 0.41 Gy and 2.10 ± 0.52 Gy respectively.   719	

We then proceeded to a dose recovery test with preheat-plateau to determine the most 720	
appropriate preheat temperature. Thereby we quantified the recovered doses with IRSL50 for the same 721	
range of preheat temperatures explored in the residuals test. We analyzed 3 rock slices with a laboratory 722	
beta dose of 27.25 Gy after complete optical bleaching (both disk sides exposed to daylight for about 3 723	
hours). The samples were not heated prior the daylight bleaching. Preheat temperatures 250°C, 275°C, 724	
300°C, 325°C were investigated, and results are corrected for the residual dose values reported in Table 725	
A1. For preheat temperatures of 250°C, 275°, 300°C and 325°C, we obtained dose recovery ratios of 726	
0.90 ± 0.10, 0.87 ± 0.17, 0.77 ± 0.23 and 0.85 ± 0.15, respectively (Table A1). The optimal preheat 727	
temperature for both the residual dose and dose recovery is thus 250°C, and was used in all subsequent 728	
experiments. 729	

Table A1: Results of the residual test and the dose recovery preheat plateau test after a given beta dose 730	
of 27.25 Gy. 731	
 732	

Preheat Temperature (°C) 250 275 300 325 

Residual dose (Gy) 0.25 ± 0.45 0.85 ± 0.43 2.94 ± 0.41 2.1 ± 0.52 

Dose recovery ratio 0.9 ± 0.10 0.87 ± 0.17 0.77 ± 0.23 0.85 ± 0.15 

	733	
	734	
Table A2: Sensitivity corrected luminescence signal intensities with depth. The depth x (cm) is 735	
measured during core slicing with a high-precision numerical micrometre. IRSL measurements (Lx/Tx) 736	
are the results of the luminescence analysis (as explained in Section 4) and the analytical error on the 737	
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Table A2.2: Sensitivity corrected luminescence signal intensities with depth. The depth
x [cm] is measured during core slicing with a high-precision numerical micrometre. IRSL
measurements (Lx

Tx ) are the results of the luminescence analysis (as explained in Section

2.4) and the analytical error on the measurement (Lx
Txerr.) is calculated in Analyst v.4.31.7

including a measurement error of 1.5%. Note: Each line corresponds to the measurement of
one single rock slice.

 

x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err.

1.6 0.00 0.000 1.3 0.00 0.000 2.3 0.01 0.000 1.5 0.31 0.007 2.4 0.42 0.009 2.2 0.00 0.000
2.6 0.01 0.000 2.4 0.00 0.000 3.3 0.11 0.002 2.8 0.62 0.013 3.6 0.76 0.016 3.3 0.01 0.000
3.6 0.34 0.007 3.4 0.00 0.000 4.4 0.99 0.021 3.9 0.92 0.020 4.7 1.05 0.022 4.2 0.27 0.006
4.7 0.60 0.013 4.5 0.04 0.001 5.4 1.06 0.023 5.0 1.04 0.022 5.6 0.91 0.019 5.2 0.62 0.013
5.7 0.86 0.018 5.5 0.15 0.003 6.4 1.06 0.022 6.1 0.96 0.020 6.7 1.05 0.022 6.1 0.86 0.019
6.7 0.92 0.020 6.5 0.70 0.015 7.4 1.03 0.022 7.1 0.99 0.021 7.8 1.12 0.024 7.1 1.05 0.022
7.7 1.04 0.022 7.5 0.91 0.019 8.4 0.95 0.020 8.2 1.00 0.021 8.7 0.88 0.019 8.0 0.97 0.021
8.6 0.97 0.021 8.5 0.92 0.020 9.3 0.94 0.020 9.2 1.08 0.023 9.8 0.98 0.021 9.0 0.80 0.017
9.5 0.97 0.021 9.5 0.99 0.021 10.3 0.95 0.020 10.3 1.10 0.023 10.9 1.14 0.024 9.9 0.93 0.020

10.4 1.00 0.021 10.5 1.01 0.021 11.4 0.92 0.020 11.4 1.12 0.024 11.9 0.96 0.020 10.8 0.89 0.019
11.4 1.05 0.022 11.5 1.03 0.022 12.4 0.94 0.020 12.4 1.01 0.021 13.0 0.93 0.020 11.8 0.84 0.018
12.4 1.12 0.024 12.5 1.13 0.024

1.7 0.01 0.000 2.0 0.39 0.008 3.1 0.80 0.017
12.7 0.88 0.019

13.5 0.95 0.020 13.5 1.10 0.023
2.8 0.03 0.001 3.0 0.96 0.020 4.2 0.96 0.020 2.1 0.10 0.00214.5 0.98 0.021 14.5 1.03 0.022
3.7 0.42 0.009 4.0 0.89 0.037 5.3 1.06 0.023 3.2 0.80 0.01715.4 1.01 0.021

2.4 0.01 0.000 4.5 0.79 0.017 7.0 1.05 0.022 6.4 1.10 0.023 4.2 0.82 0.01816.4 0.98 0.021
3.3 0.02 0.000 5.5 0.84 0.018 8.0 0.95 0.020 7.4 0.97 0.021 5.1 0.88 0.01917.6 0.94 0.020
4.4 0.12 0.002 6.5 0.97 0.021 9.0 1.04 0.022 8.4 0.94 0.020 6.1 1.04 0.022

1.7 0.01 0.000 5.4 0.45 0.009 7.5 1.15 0.024 10.1 1.15 0.024 9.4 0.91 0.019 7.0 0.96 0.021
2.8 0.01 0.000 6.4 0.75 0.016 8.6 0.94 0.020 11.1 1.07 0.023 10.6 0.98 0.021 8.0 0.99 0.021
3.8 0.05 0.001 7.4 0.88 0.019 9.6 1.08 0.023 12.2 0.91 0.019 11.7 0.87 0.018 8.9 0.92 0.020
4.8 0.34 0.007 8.4 1.10 0.023 10.7 1.12 0.024 13.2 1.01 0.021 12.7 1.04 0.022 9.8 0.98 0.021
5.8 0.64 0.014 9.4 1.06 0.022 11.8 0.97 0.021

1.8 0.85 0.018
13.7 1.04 0.022 11.7 0.92 0.020

6.8 0.97 0.021 10.4 0.92 0.020
1.6 0.00 0.000 2.9 0.93 0.020 1.8 0.02 0.000

12.7 0.91 0.020
7.8 1.02 0.022 11.4 0.96 0.020

2.8 0.04 0.001 4.2 1.01 0.022 3.1 0.23 0.005 1.8 0.01 0.0008.9 0.94 0.020 12.4 0.86 0.018
3.8 0.42 0.009 5.4 0.90 0.019 4.2 0.73 0.015 2.8 0.21 0.00510.0 1.07 0.023 13.4 0.90 0.019
4.8 0.95 0.020 6.6 0.94 0.020 5.3 1.09 0.023 3.8 0.60 0.013

2.3 0.03 0.001
14.3 1.09 0.023

5.9 1.06 0.022 7.6 1.06 0.023 6.4 0.93 0.020 4.7 0.86 0.018
3.4 0.21 0.005

15.2 1.09 0.023
6.9 1.08 0.023 8.6 0.93 0.020 7.4 1.00 0.021 5.7 0.96 0.021

4.4 0.66 0.014 1.4 0.01 0.000 8.0 0.92 0.020 9.7 1.00 0.021 8.5 0.93 0.020 6.7 0.97 0.021
5.4 0.86 0.018 2.2 0.01 0.000 8.9 1.07 0.023 10.7 1.06 0.023 9.7 1.07 0.023 7.7 0.90 0.019
6.4 0.96 0.020 3.0 0.15 0.003 10.0 0.94 0.020 12.1 1.04 0.022 10.8 0.96 0.021 8.7 0.94 0.020
7.3 1.08 0.023 3.9 0.31 0.007 11.3 0.94 0.020 13.4 0.84 0.018 9.6 1.04 0.022
8.3 1.01 0.021 4.7 0.70 0.015 12.4 1.00 0.021 10.6 1.21 0.026
9.2 1.10 0.023 6.3 0.93 0.020 11.5 1.00 0.021

10.2 1.00 0.021 7.1 0.82 0.017 12.4 0.93 0.020
11.2 0.96 0.020 7.9 0.89 0.019

1.9 0.03 0.00112.3 0.88 0.019 8.6 0.89 0.019
3.2 0.15 0.00313.2 0.88 0.019 9.4 0.79 0.017
4.1 0.53 0.01114.2 0.97 0.021
5.1 0.99 0.02115.2 0.90 0.019
6.1 1.05 0.022
7.0 1.1 0.024
7.9 1.2 0.026
8.8 1.0 0.022
9.8 1.1 0.024

10.7 1.2 0.026
11.6 1.1 0.024
12.6 0.9 0.019

MBMV6MBMV1 MBMV7 MBMV8 MBMV10 MBMV11
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Table A2.3: Best-fit values of σϕ0 and µ determined for each sample, calculated from
combinations of three and four samples.

	 29	

measurement (Lx/Tx err.) is calculated in Analyst v.4.31.7 including a measurement error of 1.5%. Note: 738	
Each line corresponds to the measurement of one single rock slice. 739	

 740	
 741	
 742	
Table A3: Best-fit values of 𝜎𝜑8888" and µ determined for each sample, calculated from combinations of 743	
three and four samples.  744	

Calibration     𝜎𝜑8888"  [s-1]   µ [mm-1] 

combination   Best-fit        +1σ -1σ   Best-fit +1σ -1σ 

with 3 samples, MBMV...               

1 7 8   1.2 × 10-7 1.2 ×	10-7 1.1 ×	10-7   1.51 1.52 1.50 

1 7 10   6.6 ×	10-8 7.6 ×	10-8 6.4 ×	10-8   1.42 1.43 1.38 

1 7 11   9.4 ×	10-8 9.6 ×	10-8 7.8 ×	10-8   1.42 1.45 1.39 

1 8 11   7.4 ×	10-8 7.5 ×	10-8 6.1 ×	10-8   1.39 1.39 1.34 

1 8 10   1.0 ×	10-7 1.0 ×	10-7 1.0 ×	10-7   1.42 1.43 1.41 

1 10 11   6.6 ×	10-8 8.3 ×	10-8 6.0 ×	10-8   1.39 1.39 1.33 

7 8 10   1.3 ×	10-7 1.3 ×	10-7 1.3 ×	10-7   1.58 1.58 1.56 

7 8 11   1.2 ×	10-7 1.2 ×	10-7 1.2 ×	10-7   1.51 1.52 1.50 

7 10 11   1.4 ×	10-7 1.5 ×	10-7 1.3 ×	10-7   1.58 1.60 1.55 

8 10 11   8.1 ×	10-8 9.1 ×	10-8 7.3 ×	10-8   1.34 1.37 1.31 

with 4 samples, MBMV…               

1 7 8 10 9.5 ×	10-8 9.9 ×	10-8 8.5 ×	10-8   1.48 1.48 1.45 

1 7 8 11 1.1 ×	10-7 1.1 ×	10-7 1.1 ×	10-7   1.48 1.49 1.47 

1 7 10 11 7.4 ×	10-8 8.1 ×	10-8 6.5 ×	10-8   1.38 1.41 1.36 

1 8 11 10 9.0 ×	10-8 9.4 ×	10-8 8.7 ×	10-8   1.42 1.42 1.40 

7 10 11 8 1.2 ×	10-7 1.2 ×	10-7 1.2 ×	10-7   1.53 1.53 1.52 

 745	
 746	

x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err. x [cm] Lx/Lx Lx/Tx err.

1.6 0.00 0.000 1.3 0.00 0.000 2.3 0.01 0.000 1.5 0.31 0.007 2.4 0.42 0.009 2.2 0.00 0.000
2.6 0.01 0.000 2.4 0.00 0.000 3.3 0.11 0.002 2.8 0.62 0.013 3.6 0.76 0.016 3.3 0.01 0.000
3.6 0.34 0.007 3.4 0.00 0.000 4.4 0.99 0.021 3.9 0.92 0.020 4.7 1.05 0.022 4.2 0.27 0.006
4.7 0.60 0.013 4.5 0.04 0.001 5.4 1.06 0.023 5.0 1.04 0.022 5.6 0.91 0.019 5.2 0.62 0.013
5.7 0.86 0.018 5.5 0.15 0.003 6.4 1.06 0.022 6.1 0.96 0.020 6.7 1.05 0.022 6.1 0.86 0.019
6.7 0.92 0.020 6.5 0.70 0.015 7.4 1.03 0.022 7.1 0.99 0.021 7.8 1.12 0.024 7.1 1.05 0.022
7.7 1.04 0.022 7.5 0.91 0.019 8.4 0.95 0.020 8.2 1.00 0.021 8.7 0.88 0.019 8.0 0.97 0.021
8.6 0.97 0.021 8.5 0.92 0.020 9.3 0.94 0.020 9.2 1.08 0.023 9.8 0.98 0.021 9.0 0.80 0.017
9.5 0.97 0.021 9.5 0.99 0.021 10.3 0.95 0.020 10.3 1.10 0.023 10.9 1.14 0.024 9.9 0.93 0.020

10.4 1.00 0.021 10.5 1.01 0.021 11.4 0.92 0.020 11.4 1.12 0.024 11.9 0.96 0.020 10.8 0.89 0.019
11.4 1.05 0.022 11.5 1.03 0.022 12.4 0.94 0.020 12.4 1.01 0.021 13.0 0.93 0.020 11.8 0.84 0.018
12.4 1.12 0.024 12.5 1.13 0.024

1.7 0.01 0.000 2.0 0.39 0.008 3.1 0.80 0.017
12.7 0.88 0.019

13.5 0.95 0.020 13.5 1.10 0.023
2.8 0.03 0.001 3.0 0.96 0.020 4.2 0.96 0.020 2.1 0.10 0.00214.5 0.98 0.021 14.5 1.03 0.022
3.7 0.42 0.009 4.0 0.89 0.037 5.3 1.06 0.023 3.2 0.80 0.01715.4 1.01 0.021

2.4 0.01 0.000 4.5 0.79 0.017 7.0 1.05 0.022 6.4 1.10 0.023 4.2 0.82 0.01816.4 0.98 0.021
3.3 0.02 0.000 5.5 0.84 0.018 8.0 0.95 0.020 7.4 0.97 0.021 5.1 0.88 0.01917.6 0.94 0.020
4.4 0.12 0.002 6.5 0.97 0.021 9.0 1.04 0.022 8.4 0.94 0.020 6.1 1.04 0.022

1.7 0.01 0.000 5.4 0.45 0.009 7.5 1.15 0.024 10.1 1.15 0.024 9.4 0.91 0.019 7.0 0.96 0.021
2.8 0.01 0.000 6.4 0.75 0.016 8.6 0.94 0.020 11.1 1.07 0.023 10.6 0.98 0.021 8.0 0.99 0.021
3.8 0.05 0.001 7.4 0.88 0.019 9.6 1.08 0.023 12.2 0.91 0.019 11.7 0.87 0.018 8.9 0.92 0.020
4.8 0.34 0.007 8.4 1.10 0.023 10.7 1.12 0.024 13.2 1.01 0.021 12.7 1.04 0.022 9.8 0.98 0.021
5.8 0.64 0.014 9.4 1.06 0.022 11.8 0.97 0.021

1.8 0.85 0.018
13.7 1.04 0.022 11.7 0.92 0.020

6.8 0.97 0.021 10.4 0.92 0.020
1.6 0.00 0.000 2.9 0.93 0.020 1.8 0.02 0.000

12.7 0.91 0.020
7.8 1.02 0.022 11.4 0.96 0.020

2.8 0.04 0.001 4.2 1.01 0.022 3.1 0.23 0.005 1.8 0.01 0.0008.9 0.94 0.020 12.4 0.86 0.018
3.8 0.42 0.009 5.4 0.90 0.019 4.2 0.73 0.015 2.8 0.21 0.00510.0 1.07 0.023 13.4 0.90 0.019
4.8 0.95 0.020 6.6 0.94 0.020 5.3 1.09 0.023 3.8 0.60 0.013

2.3 0.03 0.001
14.3 1.09 0.023

5.9 1.06 0.022 7.6 1.06 0.023 6.4 0.93 0.020 4.7 0.86 0.018
3.4 0.21 0.005

15.2 1.09 0.023
6.9 1.08 0.023 8.6 0.93 0.020 7.4 1.00 0.021 5.7 0.96 0.021

4.4 0.66 0.014 1.4 0.01 0.000 8.0 0.92 0.020 9.7 1.00 0.021 8.5 0.93 0.020 6.7 0.97 0.021
5.4 0.86 0.018 2.2 0.01 0.000 8.9 1.07 0.023 10.7 1.06 0.023 9.7 1.07 0.023 7.7 0.90 0.019
6.4 0.96 0.020 3.0 0.15 0.003 10.0 0.94 0.020 12.1 1.04 0.022 10.8 0.96 0.021 8.7 0.94 0.020
7.3 1.08 0.023 3.9 0.31 0.007 11.3 0.94 0.020 13.4 0.84 0.018 9.6 1.04 0.022
8.3 1.01 0.021 4.7 0.70 0.015 12.4 1.00 0.021 10.6 1.21 0.026
9.2 1.10 0.023 6.3 0.93 0.020 11.5 1.00 0.021

10.2 1.00 0.021 7.1 0.82 0.017 12.4 0.93 0.020
11.2 0.96 0.020 7.9 0.89 0.019

1.9 0.03 0.00112.3 0.88 0.019 8.6 0.89 0.019
3.2 0.15 0.00313.2 0.88 0.019 9.4 0.79 0.017
4.1 0.53 0.01114.2 0.97 0.021
5.1 0.99 0.02115.2 0.90 0.019
6.1 1.05 0.022
7.0 1.1 0.024
7.9 1.2 0.026
8.8 1.0 0.022
9.8 1.1 0.024

10.7 1.2 0.026
11.6 1.1 0.024
12.6 0.9 0.019

MBMV6MBMV1 MBMV7 MBMV8 MBMV10 MBMV11
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Table A2.4: Inversion results for exposure age using the different calibration combinations
of bedrock samples. Grey shading shows the inverted results for a specific sample when not
included in the calibration combination (i.e. the exposure age of the specific sample has
not been used for the calibration of the model). These results are used to produce Figure
2.10c-d.

	 30	

Table A4: Inversion results for exposure age using the different calibration combinations of bedrock 747	
samples. Grey shading shows the inverted results for a specific sample when not included in the 748	
calibration combination (i.e. the exposure age of the specific sample has not used for the calibration of 749	
the model). These results are used to produce Figures 10c-d. 750	
 751	

 752	

Calibration

combination Best fit Median +2 -2 Best fit Median +2 -2 Best fit Median +2 -2 Best fit Median +2 -2 Best fit Median +2 -2 

Individually 146 152 172 126 89 79 88 67 2 3 3 2 19 19 23 14 50 42 50 34

164 161 185 132 61 63 68 57 3 3 4 3 17 14 18 9 62 57 70 41

with 3 samples, MBMV...

1 7 8 184 166 190 136 56 62 67 56 3 3 3 2 9 13 17 9 53 54 69 40

1 7 10 194 183 213 146 77 80 88 71 5 5 5 4 21 18 23 13 90 69 88 50

1 7 11 118 126 149 103 56 56 61 50 3 3 4 3 15 12 16 9 57 50 61 35

1 8 11 122 135 159 104 61 63 70 56 3 4 4 3 13 15 18 10 55 53 68 39

1 8 10 106 113 134 92 50 50 55 45 3 3 3 2 14 12 15 8 50 43 55 31

1 10 11 174 150 181 119 67 71 80 63 4 4 5 4 17 17 21 12 44 61 77 44

7 8 10 181 211 242 173 78 74 82 64 3 3 3 2 16 13 17 9 78 65 78 48

7 8 11 165 162 189 136 66 62 67 56 3 3 3 2 14 13 17 9 40 54 68 40

7 10 11 206 189 216 155 65 65 73 57 3 3 3 2 15 12 15 8 65 58 70 43

8 10 11 116 93 116 71 46 50 55 43 3 3 4 3 11 12 15 9 52 42 52 29

with 4 samples, MBMV

1 7 8 10 176 170 194 139 63 67 73 61 4 4 4 3 10 15 19 10 68 61 75 43

1 7 8 11 177 152 174 125 63 59 64 54 3 3 3 3 15 13 17 9 63 52 66 38

1 7 10 11 129 129 154 98 58 62 69 54 4 4 4 3 13 14 18 10 38 52 66 38

1 8 11 10 117 134 155 106 58 58 64 52 4 3 4 3 16 13 17 9 42 52 64 36

7 10 11 8 159 168 196 141 63 63 69 56 2 3 3 2 16 13 16 9 52 55 69 41

with all the sample excluding 
MBMV6

MBMV7 - 69 yrs MBMV8 - 3 yrs MBMV10 - 18 yrs MBMV11 - 30 yrsMBMV1 - 137 yrs
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Figure A2.3: Natural infrared stimulated signal (solid line, Lx) and test dose (27.25 Gy)
subsequent luminescence response (dashed line, Tx) for a bleached signal (surface disc)
(a) and (b) and for non-bleached signal (inside core disc) (b) and (c). (a) and (b) are
IRSL signal representative for gneissic lithology (sample MBMV1). (c) and (d) for granitic
lithology (sample MBMV6).
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7.2 Appendix Chapter 3
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(b)  OSL signal accounting dose term
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Figure A3.1: Modeled luminescence-depth profiles as predicted by Eq. (3.1) neither ac-
counting for fading nor erosion and (a) without the trapping term and (b) with the trapping
term, respectively. The selected parameter values are Ḋ= 8 ×10−3 Gy a−1, D0= 500 Gy,
σϕ0= 129 a−1 and µ = 0.596 mm−1. (c) is the comparison between the normalized lumi-
nescence (NLS) signal for both scenarios shown in (a) and (b).

Table A3.1: Dosimetry calculations for the feldspar samples analyzed. Conversion fac-
tors has been chosen after Adamiec and Aitken (1998). Alpha-particle attenuation and
Beta-particle attenuation factors have been chosen after Bell (1980) and Mejdahl (1979)
respectively. Cosmic dose rates have been calculated using the method of Prescott and Hut-
ton (1994), assuming an overburden density of 2.7±0.1 g cm−3. Internal K concentration is
assumed to be 12±0.5% for both samples. Environmental dose rates were calculated using
DRAC online calculator (Durcan et al., 2015), assuming a grain size between 750 and 1000
µm and water content of 2%.

31 
 

Sample ID U [ppm] Th [ppm] K [ppm] Thickness [m] 

MBTP1 5.69 ± 0.12 36.8 ± 0.6 2.56 ± 0.03 0.08 ± 0.02 

MBTP6 8.75 ± 0.19 26.0 ± 0.4 3.88 ± 0.05 0.07 ± 0.02 

 

Table A2: Infrared stimulated luminescence at 50°C (IRSL50) experimental values of samples MBTP1 and MBTP6. 
 

          MBTP1           
 C1    C2    C3  

x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 

1.81 0.00 0.000   2.24 0.00 0.000   1.97 0.00 0.005 
2.80 0.00 0.000  3.16 0.00 0.001  2.91 0.00 0.001 
3.76 0.00 0.001  4.14 0.00 0.001  3.96 0.00 0.000 
4.70 0.00 0.001  5.09 0.00 0.001  4.99 0.00 0.001 
5.72 0.00 0.001  6.07 0.00 0.001  5.95 0.00 0.001 
6.80 0.00 0.001  7.10 0.00 0.000  6.85 0.00 0.002 
7.77 0.00 0.002  8.04 0.00 0.001  7.72 0.01 0.003 
8.68 0.00 0.002  8.89 0.00 0.001  8.62 0.01 0.007 
9.52 0.00 0.001  9.77 0.00 0.002  9.54 0.03 0.013 

10.49 0.01 0.003  10.72 0.01 0.002  10.42 0.02 0.004 
11.53 0.01 0.002  11.70 0.01 0.003  11.36 0.04 0.022 
12.49 0.01 0.002  12.64 0.02 0.008  12.32 0.07 0.011 
13.47 0.01 0.006  13.63 0.05 0.010  13.65 0.19 0.109 
14.41 0.02 0.018  14.63 0.13 0.175  15.00 0.24 0.073 
15.56 0.02 0.014  15.60 0.11 0.032  15.95 0.26 0.100 
17.02 0.03 0.005  16.76 0.15 0.072  16.88 0.55 0.193 
18.25 0.14 0.176  17.93 0.14 0.127  17.79 0.63 0.109 
19.24 0.15 0.149  19.19 0.36 0.091  18.73 0.83 0.171 
20.30 0.16 0.108  20.38 0.50 0.101  19.65 0.87 0.150 
21.23 0.24 0.179  21.29 0.74 0.125  20.82 0.79 0.165 
22.16 0.47 0.348  22.30 0.88 0.118  21.98 0.92 0.136 

    23.45 0.97 0.139  22.89 0.91 0.073 
        24.59 1.00 0.082   23.86 1.00 0.082 

          MBTP6           
 C1    C2    C3  

x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 

1.96 0.00 0.000   1.96 0.01 0.000   3.32 0.01 0.000 
3.00 0.01 0.000  2.90 0.01 0.000  4.30 0.05 0.001 
4.05 0.02 0.001  3.84 0.02 0.000  5.25 0.18 0.004 
5.11 0.09 0.002  4.80 0.01 0.000  6.17 0.15 0.003 
6.13 0.29 0.007  5.76 0.19 0.004  7.09 0.44 0.010 
7.19 0.30 0.008  6.72 0.17 0.004  8.00 0.79 0.017 
8.29 1.01 0.022  7.71 0.62 0.013  8.93 0.92 0.020 
9.29 0.81 0.017  8.69 0.79 0.017  9.85 1.00 0.021 

10.27 0.79 0.019  9.68 1.11 0.024  10.76 0.85 0.018 
11.34 0.86 0.019  10.61 0.72 0.016  11.67 1.12 0.024 
12.39 0.81 0.020  11.53 0.73 0.018  12.58 0.96 0.021 
13.40 1.14 0.025  12.46 0.71 0.016  13.50 0.99 0.021 
14.29 1.04 0.023  13.40 0.71 0.017  14.41 0.97 0.021 
15.26 0.98 0.023  14.49 1.23 0.026  15.33 0.96 0.021 
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(a)  Luminescence of calibration sample MBTP7
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(b)  Luminescence of calibration sample MBTP8
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Figure A3.2: Calibration of the parameter µ and σϕ0 using two calibration samples
MBTP7 (1936 m.a.s.l.) and MBPT8 (1995 m.a.s.l.) with exposure age of 2±2 a and 11±2
a respectively. These samples were collected at the bottom of the Trélaporte vertical profile
in 2016. The surfaces are located between the present-day position of the glacier and the
Little Ice Age maximal elevation. These ages were determined using the reconstruction from
Vincent et al., 2014. The calibration is made through an inversion protocol by prediction
108 luminescence signals corresponding to the combinations of 104 values of σϕ0 in the loga-
rithmic space and 104 values of µ. The inversed solutions are inferred using a least absolute
deviation regression as described in Lehmann et al., 2018.
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(a) Exposure age profiles
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(b) Steady-state erosion profiles
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Figure A3.3: Modeled luminescence-depth profiles as predicted by Eq. (3.1) for a (a)
non-eroding and (b) eroding rock surface, respectively. The selected parameter values are
Ḋ=6×10−3 Gy a−1, D0= 250 Gy, σϕ0 = 2200 ka−1 and µ = 0.6 mm−1 similar to Sohbati
et al. (2018).



7.2. APPENDIX CHAPTER 3 109

1.5 2.5 3
10Be Concentration [atoms g-1] 106

0

0.5

1

1.5

2

2.5

D
ep

th
 b

el
ow

 s
ur

fa
ce

 [m
]

No erosion
10-2  mm a-1

10-1  mm a-1

100   mm a-1

101   mm a-1

100

time [a]

0.50 1 2

101 102 103 104 105

10
Be

 C
on

ce
nt

ra
tio

n 
[a

to
m

s 
g-

1 ]

106

105

104

103

102

101

No erosion
10-2  mm a-1

10-1  mm a-1

100   mm a-1

101   mm a-1

(a)  10Be concentration profile into rock surface

tmin

 εmax

Concentration 
Measured

(b)  10Be concentration evolution through time

Figure A3.4: Evolution of the 10Be production of a rock surface affected by different
rates of erosion as a function of (a) the rock depth (b) the exposure age calculated using a
modified version of the CREp online calculator to process non-linear erosion rate correction
by solving Eq. (3.3) (Martin et al., 2017) as a modeling exercise and for comparison with
OSL surface exposure curves of Fig. 3.5.
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(a)  Evolution of the IRSL50 signal for MBTP1
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(c)  OSL-surf dating inversion results for Sample MBTP1
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(b)  Evolution of the IRSL50 signal for MBTP6
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(d)  OSL-surf dating inversion results for Sample MBTP6
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t = 0.394 ± 0.0225 a
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Figure A3.5: Determination of the apparent OSL surface exposure ages for samples
MBTP1 and MBTP6. Experimental values in (a) and (b) correspond to the value mea-
sured for 3 cores per sample. The likelihood was determined using a probability density
function following a least square deviations regression method minimizing the sum of the
square differences between the experimental and the inverted values. Redlines in (c) and (d)
represent the median value of the distribution. Apparent ages were inverted using Eq. (3.2)
and prescribing 106 solutions for a range of time from 0 to t0 (TCN age calculated using the
nuclide concentration of each sample and solving Eq. (3.3) without erosion correction). All
models were calculated using the following parameters: σϕ0 = 129 a−1, µ = 0.596 mm−1,
D0= 500 Gy and Ḋ =7.4×10−3 Gy a−1 and Ḋ =8.4×10−3 Gy a−1 respectively for sample
MBTP1 and sample MBTP6 (see main text for details).
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Table A3.2: Infrared stimulated luminescence at 50◦C (IRSL50) experimental values of
sample MBTP1

          MBTP1           
 C1    C2    C3  

x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 

1.81 0.00 0.000   2.24 0.00 0.000   1.97 0.00 0.005 
2.80 0.00 0.000  3.16 0.00 0.001  2.91 0.00 0.001 

3.76 0.00 0.001  4.14 0.00 0.001  3.96 0.00 0.000 

4.70 0.00 0.001  5.09 0.00 0.001  4.99 0.00 0.001 

5.72 0.00 0.001  6.07 0.00 0.001  5.95 0.00 0.001 

6.80 0.00 0.001  7.10 0.00 0.000  6.85 0.00 0.002 

7.77 0.00 0.002  8.04 0.00 0.001  7.72 0.01 0.003 

8.68 0.00 0.002  8.89 0.00 0.001  8.62 0.01 0.007 

9.52 0.00 0.001  9.77 0.00 0.002  9.54 0.03 0.013 

10.49 0.01 0.003  10.72 0.01 0.002  10.42 0.02 0.004 

11.53 0.01 0.002  11.70 0.01 0.003  11.36 0.04 0.022 

12.49 0.01 0.002  12.64 0.02 0.008  12.32 0.07 0.011 

13.47 0.01 0.006  13.63 0.05 0.010  13.65 0.19 0.109 

14.41 0.02 0.018  14.63 0.13 0.175  15.00 0.24 0.073 

15.56 0.02 0.014  15.60 0.11 0.032  15.95 0.26 0.100 

17.02 0.03 0.005  16.76 0.15 0.072  16.88 0.55 0.193 

18.25 0.14 0.176  17.93 0.14 0.127  17.79 0.63 0.109 

19.24 0.15 0.149  19.19 0.36 0.091  18.73 0.83 0.171 

20.30 0.16 0.108  20.38 0.50 0.101  19.65 0.87 0.150 

21.23 0.24 0.179  21.29 0.74 0.125  20.82 0.79 0.165 

22.16 0.47 0.348  22.30 0.88 0.118  21.98 0.92 0.136 
    23.45 0.97 0.139  22.89 0.91 0.073 

        24.59 1.00 0.082   23.86 1.00 0.082 
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Table A3.3: Infrared stimulated luminescence at 50◦C (IRSL50) experimental values of
sample MBTP6

          MBTP6           
 C1    C2    C3  

x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 
 x 

[mm] 
Lx/Tx 

Lx/Tx 

Err. 

1.96 0.00 0.000   1.96 0.01 0.000   3.32 0.01 0.000 
3.00 0.01 0.000  2.90 0.01 0.000  4.30 0.05 0.001 

4.05 0.02 0.001  3.84 0.02 0.000  5.25 0.18 0.004 

5.11 0.09 0.002  4.80 0.01 0.000  6.17 0.15 0.003 

6.13 0.29 0.007  5.76 0.19 0.004  7.09 0.44 0.010 

7.19 0.30 0.008  6.72 0.17 0.004  8.00 0.79 0.017 

8.29 1.01 0.022  7.71 0.62 0.013  8.93 0.92 0.020 

9.29 0.81 0.017  8.69 0.79 0.017  9.85 1.00 0.021 

10.27 0.79 0.019  9.68 1.11 0.024  10.76 0.85 0.018 

11.34 0.86 0.019  10.61 0.72 0.016  11.67 1.12 0.024 

12.39 0.81 0.020  11.53 0.73 0.018  12.58 0.96 0.021 

13.40 1.14 0.025  12.46 0.71 0.016  13.50 0.99 0.021 

14.29 1.04 0.023  13.40 0.71 0.017  14.41 0.97 0.021 

15.26 0.98 0.023  14.49 1.23 0.026  15.33 0.96 0.021 

17.48 1.28 0.028  15.56 1.16 0.025  16.25 0.93 0.021 
    16.49 1.09 0.024  17.16 0.99 0.021 
    17.45 1.18 0.025  18.14 1.00 0.021 
    18.38 1.14 0.024  19.14 0.99 0.022 
    19.32 0.97 0.021  20.07 1.08 0.023 
    20.31 0.99 0.021  21.02 0.93 0.020 
    21.26 1.03 0.022  21.93 1.02 0.022 
    22.19 1.08 0.023  22.85 1.65 0.037 

        23.11 1.14 0.025   23.78 0.85 0.024 
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7.3 Appendix Chapter 4

7.3.1 Sample preparation, measurement and erosion

For every sample, both OSL-surf and 10Be surface exposure dating analysis were performed.

The method of 10Be sample preparation is comprehensively described in the literature (e.g.,

Kohl and Nishiizumi, 1992; Ivy-Ochs, 1996). We use grain sizes in between 250 m and 1 mm

of quartz separates. The addition of 0.25 mg of a commercial 9Be carrier to the dried quartz

mineral seperate is followed by quartz dissolution in supra pure HF (40%). Be purification is

made using ion-exchange columns and selective precipitation. The 10Be/9Be ratio is measured

by accelerator mass spectrometry (AMS) on the 600 KV Tandy at the Laboratory of Ion Beam

Physics (LIP) at ETH Zürich against the standard S2007N (Christl et al., 2013). We used the

in house standard S2007N, which is calibrated against the 07KNSTD standard (Nishiizumi

et al., 2007). We correct for a long-term average full chemistry procedural blank of 10Be/9Be

= (3.7 ± 2.2)×10−15. Ages are calculated using the local production rate of the Chironico

landslide: 4.16 ± 0.10 at g−1
qtz a

−1, with the Lifton-Sato-Dunai (LSD) scaling scheme (Lifton

et al., 2014), the ERA40 atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016

geomagnetic database (for ages in between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages

in between 14-75 ka, GLOPIS-75, Laj et al., 2004) with a modified version of the CREp

online calculator (Martin et al., 2016) to process non-linear erosion rate correction by solving

Equation 3 in Lehmann et al., in review. The reported errors propagate uncertainties from

AMS standard reproducibility, counting statistics, standard mean error of samples, blank

correction and the local production rate value. These external errors are used to compare

absolute ages to independent chronologies. Internal errors exclude the uncertainty of the local

production rate. All errors are reported on the 1σ level.

For luminescence analysis, the bedrock samples were cored down to 30 mm depth using a

Husqvarna DM220 drill, with 10-mm diameter. Cores were then sliced into 0.7-mm thick rock

slices with a BUEHLER IsoMet low speed saw equipped with a 0.3-mm thick diamond blade.

The samples were drilled and sliced under wet conditions (water and lubricant, respectively)

to avoid any heating that could potentially reset the OSL signal. Sample preparation was

done under subdued red-light conditions. The thickness of each rock slice was measured to

determine the precise depth of each luminescence measurement. Luminescence measurements

were performed using Risø TL-DA 20 TL/OSL readers (Bøtter-Jensen et al., 2010) equipped

with 90Sr beta sources at the University of Lausanne (Switzerland). We performed a preheat

at 250◦C before giving infrared (IR) stimulation (870 nm, FWHM 40 nm) at 50◦C. The

calculation of Ḋ was achieved through the measurement of the concentrations of U, Th, K

and Rb of the bulk rock sample and the use of the DRAC online calculator (Table 2; Durcan

et al., 2015) assuming a grain size between 750 and 1000 µm and water content of 2%. We
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use σϕ0 = 129 a−1 and µ = 0.596 mm−1 that were determined from two calibration rock

surfaces of similar granitic lithology from the Mont Blanc massif, exhibit no erosion and

have known exposure age, following the protocol presented in Lehmann et al. (2018). The

calibration is presented in Fig. A4.2. The determination of D0 was done by constructing

dose response curves (DRC) of the IRSL signal measured at 50◦C using a single aliquot

regenerative dose (SAR) protocol (Murray and Wintle, 2000; Wallinga et al., 2000) and

fitting the DRC with single saturating exponential. The validity of the measurement protocol

was confirmed using a dose-recovery experiment (Wallinga et al., 2000). Recovered doses

were within 10% of unity.

Table A4.1: Sample list with their characteristics and measured 10Be concentrations

Sample ID Latitude Longitude Elevation Thickness Topographic Surface Lichen 10Be conc. P(0) local D spec.

[m.a.s.l.] cm Shielding factor  orientation % of cov. [at gqtz
-1] [at gqtz

-1] [Gy a-1]

Moine transect

MBAM1 45.9094 6.9527 2447 7 0.758 135 W 65 0.8 264530 ± 11640 28.17 ±  0.68 7.7   10-3

MBAM2 45.9087 6.9521 2363 2 0.79 152 W 12 0.2 262870 ± 11190 26.51 ±  0.64 7.9   10-3

MBAM3 45.9082 6.9507 2259 4 0.698 170 W 70 0.8 218400 ± 9720 24.58 ±  0.59 7.3   10-3

Trélaporte transect

MBTP1 45.9083 6.9311 2545 8 0.963 140 E 18 0.7 474750 ± 17530 30.20 ±  0.73 7.4   10-3

MBTP2 45.9086 6.9319 2460 8.5 0.949 14 E 27 0.6 403210 ± 17020 28.43 ±  0.69 7.3   10-3

MBTP5 45.9112 6.9324 2220 8 0.926 108 SE 18 0.9 446710 ± 19740 23.88 ±  0.58 7.7   10-3

MBTP6 45.9130 6.9327 2094 7 0.594 334 E 80 0.7 84100 ± 13160 21.75 ± 0.52 8.4   10-3

MBTP9 45.9124 6.9330 2133 6 0.656 148 E 73 0.6 160300 ± 8180 22.39 ±  0.54 7.0   10-3

MBTP11 45.9108 6.9315 2310 7 0.898 130 E 48 0.8 330490 ± 13010 25.51 ±  0.61 8.1   10-3

WGS 84

a b c.

(a) Measured against standard 07KNSTD (Nishiizumi et al., 2007), corrected for full process blank of

(3.7 ± 2.2) ×10−15 10Be/9Be. (b) Local production rate of the Chironico landslide: 4.15 ± 0.10 at

g−1 a−1 rescaled for every longitude (Claude et al., 2014), latitude and elevation and considering no

erosion correction, with the LSD scaling scheme (Lifton et al., 2014), the ERA40 atmospheric model

(Uppala et al., 2005) and the Lifton VDM 2016 geomagnetic database (for ages in between 0-14 ka,

Pavon-Carrasco et al., 2014 and for ages in between 14-75 ka, GLOPIS-75, Laj et al., 2004). (c) Dose

rates were calculated using the concentrations of U, Th, K and Rb of the bulk rock sample and the

DRAC online calculator (details in Table A4.5; Durcan et al., 2015).
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1 m

a b

10cm

Figure A4.1: Example of the roches moutonnées sampled at two different scales (in this
case surface MBTP5 from the Trélaporte profile)
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(a)  Luminescence of calibration sample MBTP7
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(b)  Luminescence of calibration sample MBTP8
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Figure A4.2: Modeled luminescence-depth profiles as predicted by Eq. (3.1) neither ac-
counting for fading nor erosion and (a) without the trapping term and (b) with the trapping
term, respectively. The selected parameter values are Ḋ = 8×10−3 Gy a−1, D0 = 500
Gy, σϕ0 = 129 a−1 and µ = 0.596 mm−1. (c) is the comparison between the normalized
luminescence (NLS) signal for both scenarios shown in (a) and (b).
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Table A4.2: TCN and OSL surface ages and inversion results for all surfaces

Sample ID TCN age t0 (1)

   
tS at SS    at SS tS max    max tS min    min

[a] [a] [a] [a] [a] [mm a-1] [a] [mm a-1] [a] [mm a-1]

MBTP1 16428 ± 588 16647 ± 593 16657 ± 592 618 ± 147 2610 20920 - -

MBTP2 15144 ± 609 15406 ± 625 15847 ± 649 606 ± 144 3146 20920 - -

MBTP5 20227 ± 844 20838 ± 862 134090 ± 5852 4.6 ± 0.8 64    3.0    10-1 3998 20    7.0    10-1

MBTP6 6667 ± 965 6830 ± 980 68692 ± 10617 0.4 ± 0.04 4 4.3 344 4.3 3 4.9

MBTP9 10970 ± 535 11212 ± 539 16523 ± 817 54 ± 14 486 19510 - -

MBTP11 14482 ± 546 14987 ± 564 132250 ± 5101 3.4 ± 0.6 42 2673 - -

MBAM1 12485 ± 546 12817 ± 593 45742 ± 2149 34 ± 8 285 22200 - -

MBAM2 12157 ± 520 12411 ± 530 17993 ± 734 67 ± 16 461 2162 - -

MBAM3 12543 ± 548 - 12780 ± 555 12 ± 2 - - 56.92 3 3.7

   3.5    10-3

   3.5    10-3

   3.5    10-3

   3.5    10-3

   3.0    10-1

   5.7    10-2

   2.8    10-2

   5.3    10-1

   3.2    10-2

   5.7    10-2

   2.8    10-2

   5.3    10-1

   3.2    10-2

   2.0    10-1

(3)OSL-surf. age tcSSTCN age corr. 
(2)

tcmaxTCN age corr. 
(2)

(1) Ages are calculated using the sea level high latitude (SLHL) rescaled local production rate of

the Chironico landslide: 4.15 ± 0.10 at g−1 a−1 rescaled for every longitude (Claude et al., 2014),

latitude and elevation and considering no erosion correction, with the LSD scaling scheme (Lifton et

al., 2014), the ERA40 atmospheric model (Uppala et al., 2005) and the Lifton VDM 2016 geomagnetic

database (for ages in between 0-14 ka, Pavon-Carrasco et al., 2014 and for ages in between 14-75

ka, GLOPIS-75, Laj et al., 2004) by solving Eq. (3.3). (2) TCN age corr. tcmax correspond to the

maximum corrected TCN exposure ages calculating from the best maximum 5% solution. For (1) and
(2) the errors represent the internal errors. (3) Ages were inverted using Eq. (3.2) and prescribing

106 solutions for a range of time from 0 to t0 (TCN age calculated using the 10Be concentration of

each sample and solving Eq. (3) in Lehmann et al., in review without erosion correction). All models

were calculated using the following parameters: σϕ0 = 129 a−1, µ = 0.596 mm−1 and D0 = 500 Gy.

Specific Ḋ are show in Table A4.5. ?SS means steady state.
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Table A4.3: Infrared stimulated luminescence at 50◦C (IRSL50) experimental values of
Trélaporte profile

MBTP1 MBTP2
C1 C2 C3 C1 C2 C3

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

1.81 0.00 0.000 2.24 0.00 0.000 1.97 0.00 0.005 2.20 0.00 0.000 3.25 0.00 0.000 3.06 0.00 0.001
2.80 0.00 0.000 3.16 0.00 0.001 2.91 0.00 0.001 3.17 0.00 0.001 4.04 0.00 0.000 4.52 0.00 0.001
3.76 0.00 0.001 4.14 0.00 0.001 3.96 0.00 0.000 4.20 0.00 0.001 4.97 0.01 0.009 5.53 0.01 0.015
4.70 0.00 0.001 5.09 0.00 0.001 4.99 0.00 0.001 5.18 0.04 0.045 5.93 0.01 0.010 6.39 0.00 0.001
5.72 0.00 0.001 6.07 0.00 0.001 5.95 0.00 0.001 6.22 0.01 0.004 6.96 0.01 0.008 7.32 0.01 0.005
6.80 0.00 0.001 7.10 0.00 0.000 6.85 0.00 0.002 7.41 0.02 0.020 7.93 0.01 0.009 8.39 0.02 0.002
7.77 0.00 0.002 8.04 0.00 0.001 7.72 0.01 0.003 8.50 0.02 0.021 8.83 0.04 0.030 9.33 0.02 0.004
8.68 0.00 0.002 8.89 0.00 0.001 8.62 0.01 0.007 9.47 0.01 0.005 9.74 0.02 0.006 10.40 0.05 0.017
9.52 0.00 0.001 9.77 0.00 0.002 9.54 0.03 0.013 10.47 0.06 0.006 10.64 0.04 0.009 11.46 0.13 0.003
10.49 0.01 0.003 10.72 0.01 0.002 10.42 0.02 0.004 11.51 0.01 0.003 11.48 0.09 0.001 12.70 0.06 0.015
11.53 0.01 0.002 11.70 0.01 0.003 11.36 0.04 0.022 12.60 0.05 0.019 12.43 0.06 0.003 13.87 0.40 0.338
12.49 0.01 0.002 12.64 0.02 0.008 12.32 0.07 0.011 13.71 0.06 0.022 13.50 0.07 0.021 14.85 0.17 0.196
13.47 0.01 0.006 13.63 0.05 0.010 13.65 0.19 0.109 14.66 0.09 0.039 14.46 0.06 0.040 15.88 0.46 0.270
14.41 0.02 0.018 14.63 0.13 0.175 15.00 0.24 0.073 15.86 0.15 0.069 15.38 0.25 0.207 16.94 0.47 0.341
15.56 0.02 0.014 15.60 0.11 0.032 15.95 0.26 0.100 17.86 0.07 0.046 16.60 0.35 0.290 18.00 0.24 0.139
17.02 0.03 0.005 16.76 0.15 0.072 16.88 0.55 0.193 19.62 0.34 0.310 18.06 0.47 0.102 18.96 0.41 0.237
18.25 0.14 0.176 17.93 0.14 0.127 17.79 0.63 0.109 20.60 0.51 0.107 19.17 0.60 0.113 19.95 0.67 0.527
19.24 0.15 0.149 19.19 0.36 0.091 18.73 0.83 0.171 21.58 0.35 0.259 20.06 0.61 0.375 21.32 0.90 0.055
20.30 0.16 0.108 20.38 0.50 0.101 19.65 0.87 0.150 22.53 0.43 0.22 21.00 0.78 0.057 22.64 0.83 0.058
21.23 0.24 0.179 21.29 0.74 0.125 20.82 0.79 0.165 23.53 0.58 0.044 22.08 0.94 0.016 23.59 0.97 0.060
22.16 0.47 0.348 22.30 0.88 0.118 21.98 0.92 0.136 24.58 0.96 0.260 23.12 0.96 0.037 24.59 1.00 0.111

23.45 0.97 0.139 22.89 0.91 0.073 25.63 1.00 0.164 23.98 1.00 0.041
24.59 1.00 0.082 23.86 1.00 0.082 26.63 0.96 0.023

MBTP5 MBTP6
C1 C2 C3 C1 C2 C3

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

3.86 0.01 0.000 3.86 0.01 0.000 2.15 0.01 0.000 1.96 0.00 0.000 1.96 0.01 0.000 3.32 0.01 0.000
6.45 0.06 0.001 4.99 0.04 0.001 3.09 0.01 0.000 3.00 0.01 0.000 2.90 0.01 0.000 4.30 0.05 0.001
7.94 0.25 0.005 6.45 0.04 0.003 4.03 0.01 0.000 4.05 0.02 0.001 3.84 0.02 0.000 5.25 0.18 0.004
9.46 0.31 0.007 7.94 0.06 0.002 4.97 0.05 0.001 5.11 0.09 0.002 4.80 0.01 0.000 6.17 0.15 0.003
10.67 0.70 0.015 9.46 0.38 0.010 5.91 0.06 0.001 6.13 0.29 0.007 5.76 0.19 0.004 7.09 0.44 0.010
11.70 0.87 0.019 10.67 0.21 0.005 6.87 0.19 0.004 7.19 0.30 0.008 6.72 0.17 0.004 8.00 0.79 0.017
12.90 1.00 0.021 11.70 0.23 0.005 7.87 0.17 0.004 8.29 1.01 0.022 7.71 0.62 0.013 8.93 0.92 0.020
13.95 1.00 0.021 12.90 0.46 0.012 8.89 0.27 0.006 9.29 0.81 0.017 8.69 0.79 0.017 9.85 1.00 0.021
15.03 0.99 0.021 13.95 0.39 0.011 9.89 0.20 0.004 10.27 0.79 0.019 9.68 1.11 0.024 10.76 0.85 0.018
16.08 0.94 0.020 15.03 0.82 0.020 10.84 0.21 0.005 11.34 0.86 0.019 10.61 0.72 0.016 11.67 1.12 0.024
17.08 0.98 0.021 16.08 0.88 0.021 11.74 0.50 0.011 12.39 0.81 0.020 11.53 0.73 0.018 12.58 0.96 0.021
18.34 1.00 0.022 17.08 1.02 0.024 12.66 0.46 0.011 13.40 1.14 0.025 12.46 0.71 0.016 13.50 0.99 0.021
19.55 1.03 0.022 18.34 0.72 0.019 13.63 1.05 0.023 14.29 1.04 0.023 13.40 0.71 0.017 14.41 0.97 0.021
20.56 1.05 0.023 19.55 1.01 0.028 14.69 1.06 0.023 15.26 0.98 0.023 14.49 1.23 0.026 15.33 0.96 0.021
21.50 0.89 0.019 20.56 0.91 0.021 15.72 0.80 0.019 17.48 1.28 0.028 15.56 1.16 0.025 16.25 0.93 0.021
22.46 0.91 0.020 21.50 0.95 0.021 16.68 0.98 0.022 16.49 1.09 0.024 17.16 0.99 0.021
23.43 1.16 0.025 22.46 1.10 0.025 17.57 0.93 0.020 17.45 1.18 0.025 18.14 1.00 0.021
24.42 1.04 0.022 23.43 1.13 0.025 18.42 1.02 0.022 18.38 1.14 0.024 19.14 0.99 0.022

24.42 0.96 0.022 19.32 1.16 0.025 19.32 0.97 0.021 20.07 1.08 0.023
25.51 0.95 0.021 20.31 0.99 0.021 21.02 0.93 0.020
26.61 0.92 0.020 21.26 1.03 0.022 21.93 1.02 0.022
27.78 1.17 0.026 22.19 1.08 0.023 22.85 1.65 0.037

23.11 1.14 0.025 23.78 0.85 0.024

MBTP9 MBTP11
C1 C2 C3 C1 C2 C3

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

1.79 0.00 0.000 9.21 0.00 0.000 2.09 0.00 0.000 1.17 0.00 0.000 2.42 0.00 0.000 2.62 0.05 0.000
2.98 0.00 0.000 10.28 0.02 0.000 3.11 0.00 0.000 2.05 0.00 0.000 3.37 0.00 0.000 3.57 0.01 0.000
4.09 0.00 0.000 11.31 0.01 0.000 4.08 0.00 0.000 2.98 0.00 0.000 4.32 0.00 0.000 4.67 0.01 0.000
5.13 0.00 0.000 12.37 0.02 0.000 5.02 0.00 0.000 3.90 0.02 0.000 5.23 0.00 0.000 5.67 0.08 0.002
6.16 0.00 0.000 12.37 0.05 0.000 5.95 0.00 0.000 4.83 0.00 0.000 6.16 0.00 0.000 6.75 0.04 0.001
7.15 0.00 0.000 13.48 0.15 0.000 6.89 0.01 0.000 5.77 0.03 0.001 7.14 0.02 0.000 7.85 0.06 0.001
8.13 0.00 0.000 18.12 0.64 0.010 7.84 0.03 0.001 6.71 0.02 0.000 8.02 0.08 0.002 8.89 0.08 0.002
9.21 0.00 0.000 24.27 1.00 0.020 8.80 0.01 0.000 7.66 0.04 0.001 8.93 0.32 0.007 9.97 0.34 0.007
10.28 0.01 0.000 9.78 0.04 0.001 8.60 0.19 0.004 9.99 0.47 0.010 12.61 0.54 0.012
11.31 0.05 0.000 10.76 0.05 0.001 9.50 0.49 0.012 11.03 0.29 0.006 15.20 0.72 0.016
12.37 0.09 0.000 11.72 0.05 0.001 10.39 0.38 0.009 11.96 0.67 0.014 16.37 0.90 0.020
13.48 0.60 0.012 12.70 0.06 0.001 11.33 0.56 0.012 12.89 0.71 0.015 17.50 1.07 0.023
14.77 0.15 0.000 13.66 0.13 0.003 12.29 0.77 0.018 15.17 0.80 0.017 18.49 0.92 0.020
15.99 0.77 0.012 14.60 0.40 0.009 13.15 1.02 0.023 17.45 1.02 0.022 19.65 1.00 0.021
17.05 0.77 0.012 15.59 0.63 0.013 14.09 0.94 0.022 18.58 0.96 0.020 20.77 1.03 0.022
18.12 0.94 0.023 16.57 0.34 0.007 15.11 0.89 0.021 19.73 0.97 0.021 21.83 1.03 0.022
19.13 0.88 0.023 17.44 0.76 0.016 16.09 0.97 0.025 20.68 1.14 0.024 22.93 1.05 0.022
20.17 0.93 0.023 18.30 0.97 0.021 17.03 0.88 0.036 21.72 1.03 0.022
21.23 0.93 0.02 19.24 0.93 0.020 17.96 1.01 0.03 22.73 1.12 0.024
22.26 1.06 0.023 20.22 1.10 0.023 18.91 1.00 0.022 23.71 0.87 0.019
23.27 1.09 0.023 19.82 1.13 0.025 24.69 0.79 0.017
24.27 1.11 0.023 20.70 1.00 0.026 25.69 1.12 0.024
25.28 1.07 0.023 21.71 1.04 0.024 26.67 0.99 0.021

22.82 1.10 0.025
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Table A4.4: Infrared stimulated luminescence at 50◦C (IRSL50) experimental values of
Moine profile

MBAM1
C1 C2 C3

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

1.44 0.00 1.445 2.13 0.00 0.00 2.19 0.93 0.02
2.86 0.00 2.865 3.18 0.00 0.00 3.12 1.00 0.02
4.15 0.00 4.155 4.02 0.00 0.00 4.03 1.04 0.02
5.25 0.00 5.259 4.85 0.00 0.00 4.88 1.21 0.03
6.23 0.00 6.243 5.69 0.00 0.00 5.76 0.86 0.02
7.14 0.00 7.152 6.99 0.01 0.00 6.72 1.13 0.02
8.04 0.00 8.049 8.95 0.02 0.00 7.65 0.85 0.02
8.99 0.00 9.000 10.71 0.03 0.00 8.51 0.64 0.01
9.86 0.00 9.877 11.66 0.39 0.02 9.37 0.66 0.01
10.67 0.00 10.686 12.71 0.20 0.01 10.22 0.76 0.02
11.65 0.00 11.667 13.83 0.20 0.00 11.18 0.62 0.01
12.67 0.00 12.689 14.72 0.63 0.02 12.17 0.65 0.01
13.62 0.00 13.643 15.74 0.51 0.01 13.06 0.83 0.02
14.57 0.00 14.597 17.24 0.87 0.02 13.99 0.72 0.02
15.51 0.00 15.532 18.74 0.73 0.02 14.90 0.79 0.02
16.40 0.00 16.423 19.64 0.94 0.02 15.79 0.69 0.02
17.28 0.00 17.307 20.58 1.22 0.04 17.10 0.76 0.02
18.29 0.00 18.324 21.50 1.00 0.02 18.38 0.81 0.02
19.61 0.00 19.641 22.40 0.94 0.04 19.26 0.54 0.01
20.78 0.00 20.816 23.30 0.84 0.02 20.16 0.47 0.01
21.68 0.00 21.715 24.22 1.03 0.02 21.05 0.45 0.01
22.67 0.00 22.709 25.09 1.04 0.02 21.91 0.23 0.01
23.63 0.00 23.671 22.80 0.16 0.00

MBAM2
C1 C2

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

2.66 0.00 0.000 0.63 0.06 0.043
3.81 0.00 0.000 1.90 0.00 0.000
4.73 0.00 0.001 2.92 0.00 0.000
5.62 0.00 0.000 3.96 0.00 0.000
6.48 0.00 0.000 4.93 0.00 0.000
7.37 0.01 0.001 5.91 0.00 0.000
8.26 0.02 0.000 6.98 0.00 0.000
9.16 0.00 0.000 7.98 0.00 0.000
10.03 0.02 0.001 8.95 0.00 0.000
10.93 0.03 0.001 9.92 0.05 0.001
11.85 0.02 0.000 10.91 0.04 0.001
12.74 0.04 0.001 11.90 0.09 0.008
13.63 0.05 0.001 12.94 0.07 0.002
14.53 0.20 0.004 14.02 0.14 0.003
15.65 0.45 0.010 15.10 0.43 0.009
16.71 0.61 0.013 16.12 0.65 0.014
17.62 0.79 0.018 17.13 0.79 0.017
18.56 0.92 0.020 18.20 0.92 0.020
19.44 0.96 0.024 19.18 0.97 0.021
20.35 1.03 0.023 20.15 0.97 0.021
21.28 1.02 0.023 21.16 0.83 0.018

22.25 1.02 0.022
23.33 1.09 0.025
24.31 1.18 0.026

MBAM3
C1 C2

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

3.61 0.00 0.000 0.60 0.01 0.001
4.52 0.00 0.000 1.87 0.00 0.000
5.52 0.02 0.001 2.93 0.00 0.000
6.40 0.03 0.001 3.91 0.00 0.000
7.23 0.09 0.002 4.86 0.00 0.000
8.59 0.02 0.000 5.90 0.01 0.000
10.14 0.18 0.004 6.98 0.00 0.000
11.14 0.13 0.003 8.21 0.02 0.001
12.25 0.11 0.003 9.34 0.05 0.002
13.54 0.76 0.016
14.75 0.89 0.020
15.77 0.95 0.021
16.68 1.04 0.025
17.64 1.02 0.022
18.53 0.95 0.021
19.41 1.06 0.023
20.42 0.86 0.019
21.42 1.09 0.024
22.38 1.03 0.022
23.33 1.04 0.023
24.29 1.03 0.027
25.21 0.92 0.021
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Table A4.5: Infrared stimulated luminescence at 50◦C (IRSL50) experimental values of
the calibration sites

MBTP7 MBTP8
C1 C2 C3 C1 C2 C3

x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err. x [mm] Lx/Tx Lx/Tx Err.

0.33 0.00 0.000 0.36 0.05 0.001 0.40 0.00 0.000 2.00 0.00 0.000 2.00 0.00 0.000 2.33 0.00 0.000
1.34 0.00 0.000 1.46 0.00 0.000 1.59 0.00 0.000 2.95 0.00 0.000 2.95 0.00 0.000 3.34 0.01 0.000
2.49 0.00 0.000 2.64 0.01 0.000 2.75 0.00 0.000 3.92 0.00 0.000 3.92 0.00 0.000 4.41 0.02 0.000
3.65 0.01 0.000 3.77 0.01 0.000 3.88 0.00 0.000 4.93 0.00 0.000 4.93 0.00 0.000 5.44 0.08 0.002
4.73 0.01 0.000 4.84 0.02 0.000 5.01 0.01 0.000 5.93 0.00 0.000 5.93 0.00 0.000 6.49 0.04 0.001
5.84 0.02 0.001 5.91 0.03 0.001 6.06 0.02 0.000 6.90 0.01 0.000 6.90 0.01 0.000 7.56 0.05 0.001
6.91 0.11 0.002 6.96 0.06 0.001 7.11 0.03 0.001 7.87 0.09 0.002 7.87 0.09 0.002 8.61 0.06 0.001
7.93 0.17 0.004 7.97 0.07 0.002 8.15 0.12 0.003 8.87 0.32 0.007 8.87 0.32 0.007 9.63 0.07 0.002
8.96 0.38 0.008 8.99 0.16 0.003 9.19 0.36 0.008 9.85 0.64 0.013 9.85 0.64 0.013 10.62 0.09 0.002
10.06 0.51 0.011 9.99 0.42 0.009 10.29 0.69 0.015 10.81 0.81 0.017 10.81 0.81 0.017 11.60 0.08 0.002
11.16 0.66 0.014 11.04 0.62 0.013 11.38 0.66 0.014 11.77 0.80 0.017 11.77 0.80 0.017 12.56 0.57 0.012
12.09 0.94 0.020 12.10 0.72 0.015 12.42 0.84 0.018 12.74 0.99 0.021 12.74 0.99 0.021 13.49 0.61 0.013
13.11 0.99 0.021 13.12 0.87 0.019 13.44 0.87 0.018 13.72 0.93 0.020 13.72 0.93 0.020 14.48 1.01 0.021
14.22 1.02 0.022 14.20 1.06 0.023 14.45 0.92 0.023 14.67 0.84 0.018 14.67 0.84 0.018 15.53 1.44 0.031
15.35 1.05 0.022 15.28 1.00 0.021 15.63 0.67 0.014 15.86 0.89 0.019 15.86 0.89 0.019 16.76 1.16 0.025
16.50 0.98 0.021 16.28 1.00 0.021 16.81 1.03 0.022 17.06 1.11 0.024 17.06 1.11 0.024 17.94 0.89 0.019
17.54 1.03 0.022 17.26 1.01 0.021 17.89 1.18 0.025 18.01 0.83 0.018 18.01 0.83 0.018 18.92 0.92 0.019
18.61 1.09 0.023 18.32 1.03 0.022 18.97 1.02 0.022 18.98 1.06 0.023 18.98 1.06 0.023 19.95 0.81 0.017
19.61 1.12 0.024 19.64 0.88 0.019 20.01 0.91 0.019 19.93 1.12 0.02 19.93 1.12 0.024 20.99 0.88 0.019
20.60 1.05 0.023 20.88 1.04 0.022 21.03 0.95 0.020 20.88 1.12 0.024 20.88 1.12 0.024 23.03 0.99 0.021
21.63 0.93 0.020 21.89 1.10 0.023 22.07 0.98 0.021 21.83 0.97 0.020 21.83 0.97 0.020 24.05 1.00 0.021
22.65 0.93 0.020 22.93 1.02 0.022 23.11 0.96 0.020 22.78 1.06 0.022 22.78 1.06 0.022 25.08 1.05 0.022
23.80 0.87 0.019 23.95 0.97 0.021 24.20 0.97 0.021 23.73 1.09 0.023 23.73 1.09 0.023 26.11 0.85 0.018

25.02 1.02 0.022 24.66 1.00 0.021 24.66 1.00 0.021

Table A4.6: Dosimetry calculations for the feldspar samples analyzed.

Sample ID U [ppm] Th [ppm] K [ppm]

MBAM1 7.17 ± 0.16 25.0 ± 0.4 3.53 ± 0.05
MBAM2 7.34 ± 0.16 28.0 ± 0.5 3.85 ± 0.05
MBAM3 8.33 ± 0.18 20.0 ± 0.3 3.32 ± 0.04
MBTP1 5.69 ± 0.12 36.8  ± 0.6 2.56 ± 0.03
MBTP2 5.77 ± 0.13 20.0 ± 0.3 3.71 ± 0.05
MBTP5 7.37 ± 0.16 21.0  ± 0.4 3.68 ± 0.05
MBTP6 8.75 ± 0.19 26.0  ± 0.4 3.88 ± 0.05
MBTP9 2.76 ± 0.06 12.0  ± 0.2 5.14 ± 0.07

MBTP11 7.66 ± 0.17 19.0  ± 0.3 4.32 ± 0.07

Conversion factors has been chosen after Adamiec and Aitken (1998). Alpha-particle attenuation and

Beta-particle attenuation factors have been chosen after Bell (1980) and Mejdahl (1979) respectively.

Cosmic dose rates have been calculated using the method of Prescott and Hutton (1994), assuming

an overburden density of 2.7±0.1 g cm−3. Internal K concentration is assumed to be 12±0.5% for

both samples. Environmental dose rates were calculated using DRAC online calculator (Durcan et al.,

2015), assuming a grain size between 750 and 1000 µm and water content of 2%.
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Figure A4.3: IRSL50 profiles and inversion results for samples MBTP1, MBTP2 and
MBTP11. (a), (b) and (c) Green dots represent the measured IRSL50 profiles for samples
MBTP1, MBTP2 and MBTP11 respectively. Black lines represent the reference profiles and
taking the TCN exposure age with no erosion correction (t0). Red lines represent inferred
fits where the likelihood is greater 0.95. tcmax represents the maximum corrected TCN
exposure age. (d), (e) and (f) represent the likelihood distributions inverted from respective
insets (a), (b) and (c).
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Figure A4.4: IRSL50 profiles and inversion results for samples MBTP5, MBTP9 and
MBTP6. (a), (b) and (c) Green dots represent the measured IRSL50 profiles for samples
MBTP1, MBTP2 and MBTP11 respectively. Black lines represent the reference profiles and
taking the TCN exposure age with no erosion correction (t0). Red lines represent inferred
fits where the likelihood is greater 0.95. tcmax represents the maximum corrected TCN
exposure age. (d), (e) and (f) represent the likelihood distributions inverted from respective
insets (a), (b) and (c).
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Figure A4.5: IRSL50 profiles and inversion results for samples MBAM1, MBAM2 and
MBAM3. (a), (b) and (c) Green dots represent the measured IRSL50 profiles for samples
MBTP1, MBTP2 and MBTP11 respectively. Black lines represent the reference profiles and
taking the TCN exposure age with no erosion correction (t0). Red lines represent inferred
fits where the likelihood is greater 0.95. tcmax represents the maximum corrected TCN
exposure age. (d), (e) and (f) represent the likelihood distributions inverted from respective
insets (a), (b) and (c).
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The methodology for Optically Stimulated Luminescence (OSL) surface exposure dating sam-

pling, preparation and analysis of bedrock surfaces was not clearly detailed nor properly de-

veloped when I started this PhD project. I have passed a significant amount of time testing,

developing and improving each step, from the field to the lab, to allow this new dating method

to perform at its full potential- both in terms of quality and reproducibility. In this chapter,

I will detail each step, including field preparation, sampling strategy, field sampling as well as

the coring of the samples in the lab, slicing of the cores and finally the luminescence analysis

test (A6.1). The hope is that these detailed descriptions will benefit future studies using OSL

surface exposure dating.

Figure 8.1: Schematic of all the steps needed to apply OSL surface exposure dating.

8.1 Field preparation

In terms of field and sampling preparation, one should clearly identify the geomorphological

processes she/he wants to study and, by consequence, identify the natural structure best

suited to study such processes. Two separated areas have to be considered: (1) the calibration

sites and (2) the sites of unknown exposure age where the dating will be applied. Both sites

need to be in the same geographic region, and from the same lithology. The calibration

sites should reflect, as closely as possible, the topographic and geomorphic conditions of the

bedrock surface where OSL surface exposure dating will be applied. These conditions include
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the slope angle, orientation, presence of vegetation or topographic shielding, surface texture,

mineral distribution and snow or lichen cover. Every bedrock surface with an independently

known exposure age which meets the criteria mentioned above, and has experienced negligible

erosion post-exposure, can be considered a valid calibration site. Such sites can be chosen

from pre-existing bedrock surfaces present in mountainous environment, such as glacial polish

with historically constrained ages, rock fall scars and road/track cuts. Alternatively, they can

also be artificially created during a first phase of sampling and the fresh surfaces exposed

during this sampling can be re-sampled at a later date. As mentioned above, the bedrock

surface sampled has to be representative of the specific geomorphologic process of interest.

For this study, the Trélaporte transect lies on a rock shoulder (green area in Fig. 8.2) and

thus reflects the evolution of the main glacier, the Mer de Glace (blue area in Fig. 8.2).

The potential influence of tributary glaciers is avoided (red dashed area in Fig. 8.2). All

these preparation steps should be performed before the sampling campaign in order to make

the sampling as efficient as possible. Once in the field, all preparation steps should be re-

evaluated, since in-situ observations are complementary to information from maps, remote

sensing and literature.

Figure 8.2: Schematic illustrating how best to choose the relevant sampling sites (green
area) in order to study the ice-thickness fluctuations of the Mer de Glace (blue area) and
avoid signals from the glacial tributaries (dashed red areas). The orthophotography was
downloaded from geoportail.gouv.fr.
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8.2 Sampling campaign

Surface conditions

To successfully date past ice thicknesses, the bedrock surfaces best suited for OSL surface

exposure dating are those with well-preserved glacial erosion patterns (i.e., visible glacial

striations, roches mountonnes). It is important to be sure that a sampled surface reflects a

glaciological signal, showing that the surface was at some point covered by a glacier. Impor-

tance should be given to surfaces presenting striations parallel to the studied glacier flow, to

minimize any potential influences of tributary glaciers (Fig. 8.2). Samples should be taken

down a rough vertical transect adjacent to the glacier, to be able to capture the desired ice

lowering signal. The same conditions must be selected to all surfaces over the same transect.

Topographic shielding effects and vegetation cover (i.e., moss or lichen) should be kept to a

minimum. Steep slopes are preferred (over 30◦ from the horizontal) to minimize the effect

of snow cover shielding. The sampled surface should be at least 1.50 m from its relative

ground level to reduce the possibility of cover from rock debris, vegetation or snow. Finally,

luminescence signals are sensitive to rock water content, and so bedrock surfaces should be

selected far from streams or any other traces suggesting a recurring presence of water flow.

In-situ measurements and observations

I recommend that the sampling protocol for Terrestrial Cosmogenic Nuclide (TCN) dating as

proposed by Gosse and Phillips (2001) is followed, which includes:

1. Rationale for sample selection.

2. Description of object sampled.

3. Description of sample material.

4. Location of sample.

5. Orientation of sample.

6. Sample thickness.

7. Shielding geometry.

8. Subsurface profile samples.

I will not go into detail regarding this protocol here, and I refer the reader to Gosse and

Phillips (2001) for a complete description of these in-situ observations and measurements.
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Sampling equipment

The main difference between samples used for TCN compared to OSL surface exposure dating

is the need to preserve the sample in its entirety to be able to perform coring in a direction

perpendicular to the surface. While a sample for TCN dating can be fragmented for the

purpose of being crushed and sieved once in the laboratory, OSL surface exposure dating

requires an intact sample with enough material for a minimum of three cores. Furthermore,

the coring location at the surface of a sample should be spaced approximately 2-3 cm from

the edge of the sample, in order to avoid any side exposure contamination of the natural

luminescence signal which may have occurred during sampling. To be able to satisfy all these

conditions, the sample dimensions during sampling should therefore be at least 15x15 cm

wide and 5 cm thick. The extraction of a sample with such dimensions in its entirety is

challenging, and the ease of such sampling depends greatly on the lithology, the quality of the

rock and the sampling equipment. In high mountain environments, the chosen equipment has

to be adapted to the difficulties encountered with reaching the different bedrock surfaces. In

conditions where the sites are easily accessible (e.g., the Gornergletscher with the Gornergrat

train), heavy material and efficient equipment can be used. If the sites require abseiling or a

long and steep approach, a more compact and easily manipulated equipment set is necessary.

In the following sections, I will describe four sets of equipment which differ in efficiency and

practicality. Note that during the sampling effort, part of the surface of interest can be

damaged or can flake off. In order to be able to assess the amount of damage the surface

has experienced, one should take a picture before sampling. It can also be beneficial to mark

the surface using an indelible pen (as shown in Figs. 8.5c and 8.6b). There is a low risk of

light contamination of the natural luminescence signal of the inner part of the sample just by

exposing the fresh side for a few minutes. However, I recommend that the sample be packed

into a black/opaque bag immediately after sampling to minimize this risk.

The starter pack

The starter pack is composed of chisels and a shorthanded sledgehammer. This set is really

light and handy, but not the most efficient. It is adapted for metamorphic lithologies, with

pre-existing fabrics which can be exploited in order to extract the sample. The most suitable

rock surface will be one with existing free surfaces (Fig. 8.3).

The drilling pack

The second sampling equipment set is composed of chisels, a shorthanded sledgehammer and

a battery powered rotary hammer (for example a GBH18V-26K24 Bosch model). The suitable

site should present some free surfaces (red area in Fig. 8.3c). The sampling is made more
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Figure 8.3: (a) Example of a chisel and shorthanded sledgehammer. (b) Picture of a
surface sample along the Montenvers transect (sample MBMV7). (c) Schematic of the
sample surface showing the surface of interest (in green), the free surfaces (1) horizontal and
(2) vertical (in red) and the unwanted surface (in blue).

efficient by drilling a series of holes into the bedrock, organized in lines defining the dimension

of the sample (white dots in Fig. 8.3c). Once these holes are made in a pattern thats close

and deep enough, they can be punched with the chisel and sledgehammer to propagate the

fracture along the hole lines. One should consider that the use of the rotary hammer should

only be done for sites where sampling solely with a hammer and chisel is difficult, because

the hammers battery capacity is limited. This approach is also costly in terms of drill heads,

one should take the rock hardness into account and bring spare drill heads accordingly.

Figure 8.4: (a) Example of a battery powered rotary hammer (GBH18V-26K24 Bosch
model). (b) Picture of a surface sample along the Moine transect. (c) Schematic of the
sample surface showing the surface of interest (in green), the free surfaces (in red), the
unwanted surface (in blue) and the drill holes (white dots), which should be later punched
with a chisel and hammer to propagate the fracture and collect the sample.
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The heavy pack

The third set of sampling equipment is composed of a fuel powered power cutter mounted with

diamond blades (for example a Husqvarna power cutter K760 model, shown in Fig. 8.5a).

This equipment considerably improves the ease of sampling a surface, without the need for

free surfaces, and also enables the user to take more material. However, it is considerably

heavier and less handy than the equipment set presented above (its total weight is about 12

kg, including a filled fuel tank and blade). Consequently, it is only suitable equipment for a

location where the sampling surface is easy to reach, and where there is no need to perform

abseiling or a long and steep approach. The saw makes it possible to take samples in really

well-preserved polished bedrock surfaces, without the requirement of pre-existing fractures or

free surfaces. Two vertical cuts along with three horizontal cuts are sufficient to isolate two

blocks of bedrock. Once the cuts are performed, a flat head chisel is inserted into the cut and

punched with a hammer to extract the sample block. One should consider the pre-existing

fabric (such as foliation and schistosity) of the surface to avoid breaking the block apart

during sampling, and thus not successfully collecting an intact whole sample. Experience has

shown that punching the rock parallel to its surface avoids breaking the sample apart. The

cutting induces a strong heating at the bedrock surface, which is not a problem for analysis,

but can damage the equipment. If this is the case during sampling, one should take a break

to allow the blade to cool down.

Figure 8.5: (a) Example of a fuel powered power cutter mounted with diamond blades
(Husqvarna power cutter K760 model in the present case). (b) Sebastian Vivero sampling a
polished bedrock surface on the side of the Gornergletscher for Joanne Elkadis PhD project.
(c) Picture of the resulting cut in the bedrock, providing two blocks of sample (arrow showing
the direction of the steepest descent in order to orientate the sample once in the lab).
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The optimal pack

The last set of equipment presented in this section combines chisels, a shorthanded sledge-

hammer, a battery powered rotary hammer and a battery powered angle grinder mounted

with diamond blades (for example a Hilti AG 150-A36, shown Fig. 8.6a). This set is handy,

light and suitable for locations where the sampling surfaces are difficult to reach, involving a

long and steep approach or abseiling. The angle grinder blade does not allow a cut as deep

into the bedrock surface as the power cutter. To overcome this limitation, the angle grinder

can be used to start isolating the sample by remove a rock wedge (Fig. 8.6b and 1 in Fig.

8.6c), making it possible to drill and isolate the deepest part of the sample (Fig. 8.6b and 2

in Fig. 8.6c).

Figure 8.6: (a) Examples of a battery powered angle grinder (Hilti AG 150-A36 model) and
battery powered rotary hammer (GBH18V-26K24 Bosch model). (b) Example of a surface
sample while abseiling at the Aiguille du Midi for Dilan Rech’s master project. (c) Schematic
of a cross-section of a bedrock surface sampled with an angle grinder and a rotary hammer.
First a rock wedge is removed using the angle grinder (1) and the base of the sample is
isolated through drilling with rotary hammer (2).

General warning

In general, the use of all the equipment mentioned above needs training, practice, good balance

and confidence. It also needs the proper set of personal protective equipment. The use of a

helmet, adapted protective gloves and glasses, a dust mask and ear protection are strongly

recommended. Working in steep and remote high mountainous environments requires skills

in organizing the optimal timing, in using security equipment and in evaluating fast changing

weather condition. One should be aware of the experience and fitness levels of team members

and evaluate if the need of a high mountain guide is necessary. The sampling techniques

mentioned above are considerably damaging to the bedrock surface and leave permanent scars

in the landscape. One should be sure to have permission to sample such locations, requesting

sampling permits from the corresponding authorities if necessary. It is also recommended to
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sample far from touristic tracks or climbing routes to lower the visual impact of the sampling

work.

8.3 Sample coring

Once the sample is collected in the field, it is brought to the laboratory to be cored. From

this step onwards, all the sample preparation is done in subdued red-light conditions to avoid

light contamination of the natural luminescence signal. The coring of the sample is the

most uncertain preparation step as fully intact cores are required to proceed with the sample

preparation. Unfortunately, depending on the lithology, a core can easily break while being

made, rendering the use of that particular core impossible. In some cases, it can be quite

laborious to produce 3 cores from a sample. Samples are collected from time consuming,

costly, and physically demanding sampling campaigns, and should therefore be exploited to

their maximum capacity in the lab. A lot of effort was invested during this PhD in making

this step as efficient as possible. To achieve the most successful coring, the sample has to be

stable. It is recommended to saw the base of the sample and create a flat surface parallel to the

surface of interest (Fig. 8.7a). Following this, the coring is performed, in the Lausanne labs

using a Husqvarna DM220 driller, in the presence of cold, running water (Fig. 8.8). During

the coring, it is important that the sample is stabilized using either a clamp system or with

the help of an assistant manually holding the sample. Cores have to be taken perpendicularly

to the surface of interest (Fig. 8.7b), at 2-3 cm from the edge of the sample to avoid extracting

a core with a potentially contaminated natural luminescence signal from side exposure during

sampling. I recommend taking as many cores as possible.

The dimension of the cores is ideally ≤ 2 cm of diameter and ≥ 3 cm long. As mentioned

previously, the cores break easily. Therefore, it is recommended to try different core diameters

in order to find the appropriate diameter for the rock texture in question. If all the coring fails,

in that every core has broken and there is limited sample material remaining, an alternative

is to exploit the space remaining in between several attempted cores (illustrated by the red

circle 2 in Fig. 8.7c). The sample can also be cut with a saw in cuboid. The principle aim

from this sample preparation step is to have material that represents a continuous profile

from the surface to the inner part of the sample, with a length of ≥ 3 cm. As such, the exact

shape of this piece is a negligible point.

8.4 Rock slicing

Once extracted from the rock sample, the cores have to be sliced into approximately 0.7 mm

thick discs. The Lausanne laboratories use a BUEHLER IsoMet low speed saw mounted with
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Figure 8.7: (a) Schematic of how the flat basal surface should be sawed parallel to the
surface of interest. (b) Schematic of how a core should be made perpendicular to the surface.
(c) Top view of a cored surface, highlighting the distance of the cores from the sample sides.
1 represents the conventional way to core, 2 shows an alternative method to exploit material
if the previous coring attempts have failed.

Figure 8.8: (a) Picture of coring performed by Joanne Elkadi and Dilan Rech. (b) Example
of core sizes and lithologies.

a 0.3 mm thick wafering diamond blade. To make the slicing more efficient, and to preserve

the luminescence signal, the blade rotates through a lubricant filled bucket. The first disc will

usually have an irregular surface as a result of the natural surface present at the top of the

core. This means that the depth of the first cut, and thus the thickness of the first disc, should

be adapted to ensure that the second disk has a regular surface. The total number of slices

required varies and is dependent on the depth of bleaching, enough discs should be made to

attain the plateau of saturated traps at depth. In this stage of sample preparation, there is no

problem if a disc fragments, it can still be used for analysis. If this happens, one should try to

conserve all the available material. After being sliced, the rock disc or fragments are cleaned
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with acetone, in order to remove the lubricant and any pen marks made during sampling.

After slicing, each individual disc has its minimum and maximum thicknesses measured (emin

and emax, respectively) using a TESA Digital Caliper, from which the mean thickness value

of that particular disc is calculated. The first measured point of a profile is therefore located

in d1 = 1/2 e1 and the second point is in d2 = e1 + 0.3 + 1/2 e2 (0.3 mm representing the

blade thickness) and so on.

Figure 8.9: (a) Picture of a core being sliced using a 0.3 mm thick wafering diamond
blade. (b) Dilan Rech measuring the thickness of a rock disc, with the BUEHLER IsoMet
low speed saw seen in the back ground.

8.5 Analysis

Luminescence measurements are performed on Riso machines. After slicing, the rock slices

can be directly loaded onto the classic Riso carousels (cup-carousel), if the slice still has the

appropriate dimensions and didnt fragment during slicing (Fig. 8.10a). If this is not the case,

the ideal way to load a fragment is through the use of an aluminum cup, which is subsequently

placed on the carousel (Fig. 8.10b). In this way, the sample is both held on the carousel and

heated optimally.

Tests should be performed in order to choose the best analysis settings. I recommend to

execute a residual dose determination, a dose recovery and preheat-plateau tests. One should

also choose the detection filter associated with the electronic energy level targeted. The

heating ramp rate and pause duration after heating should also be carefully chosen to avoid
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Figure 8.10: (a) Picture of rock disc. (b) Disc fragment mounted on an aluminum cup.

thermal lag and improve the quality of the measurement. I refer to the main part of the

manuscript and the appendix for these different settings, which are already detailed and

found existing literature.
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naturelles 1: 1-25. (English translation by Mrozek Teresa. 1992. On the mechanical weathering of

sandstones in temperate climates. In Cold Climate Landforms, Evans DJA (ed.). Wiley: Chichester;

119-134.).

Luetscher, M., Boch, R., Sodemann, H., Spotl, C., Cheng, H., Edwards, R. L., Frisia, S. and Muller,

W., 2015. North Atlantic storm track changes during the Last Glacial Maximum recorded by Alpine

speleothems. Nature Communications, 6, 6344.

Luthi, M., and Funk, M., 2001. Modelling heat flow in a cold, high-altitude glacier: Interpretation of

measurements from Colle Gnifetti, Swiss Alps, J. Glaciol., 47, 314- 324.

Maisch M., 1987. Zur Gletschergeschichte des alpinen Spatglazials: Analyse und Interpretation von

Schneegrenzdaten. Geographica Helvetica 42, 63-71.

Maisch M., Wipf A., Denneler B., Battaglia J., Benz C., 1999. Die Gletscher der Schweizer Alpen.

Gletscherhochstand 1850, Aktuelle Vergletscherung, Gletscherschwund- Szenarien. Vdf Hochschul-

verlag ETH Zürich, 373 p.
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P.W., Vockenhuber, C., Schluchter, C., 2014. Timing of retreat of the Reuss glacier (Switzerland) at



152 CHAPTER 9. REFERENCES

the end of the last glacial maximum. Swiss J. Geosciences 1-15.

Regard, V., Dewez, T., Bourls, D.L., Anderson, R.S., Duperret, A., Costa, S., Leanni, L.,

Lasseur, E., Pedoja, K., Maillet, G.M., 2012. Late Holocene seacliff retreat recorded by 10Be profiles

across a coastal platform: theory and example fromthe English Channel. Quat. Geochronol. 11, 87-97.

Reitner, J., 2007. Glacial dynamics at the beginning of Termination I in the Eastern Alps and their

stratigraphic implications. Quat. Int. 164-165, 64-84.

Rhodes, E.J., 2011. Optically stimulated luminescence dating of sediments over the past 200,000

years. Annual Review of Earth and Planetary Sciences 39, 461-488.

Richards, M.P., 1994. Luminescence dating of quartzite from the Diring Yuriakh site. M.A. Thesis,

Simon Fraser University, unpublished.

Scherler, D., 2015, Climatic limits to headwall retreat in the Khumbu Himalaya, eastern Nepal,

Geology; v. 42; no. 11; p. 1019-1022.

Schimmelpfennig, I., Schaefer, J.M., Akar, N., Koffman, T., Ivy-Ochs, S., Schwartz, R., Finkel,

R.C., Zimmerman, S., Schluchter, C., 2014. A chronology of Holocene and Little Ice Age glacier

culminations of the Steingletscher, Central Alps, Switzerland, based on high-sensitivity beryllium-10

moraine dating. Earth and Planetary Science Letters 393, 220-230.
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A B S T R A C T

Providing quantitative constraints on late Pleistocene glacier fluctuations remains an important challenge for
understanding glacier response to past and future climate changes. In most mountainous settings, paleo-glacier
reconstructions are limited because they often lack precise temporal constraints. Different geochronological
methods have been developed and applied to date specific geomorphological or sedimentological markers for
paleo-glacier dynamics. Recently, OSL (Optically Stimulated Luminescence) surface exposure dating has been
introduced and provides us with an opportunity to improve paleo-glacier reconstructions. This method is based
on the sensitivity of the OSL signal from rock minerals to light, resulting in bleaching of the OSL signal within the
upper first millimeters of the exposed rock surface, a process that depends on the exposure age, the rock type and
the local setting (e.g. topographic shielding, bedrock orientation etc.). Here, we investigate the potential of OSL
surface exposure along a vertical cross-section of polished bedrock surfaces with known post-LIA (Little Ice Age)
exposure ages (from 3 to 137 years) along the Mer de Glace glacier (Mont Blanc massif, France). The infrared
stimulated luminescence (IRSL) signals from rock slices exhibit increasingly deep bleaching profiles with ele-
vation and thus exposure age, which is consistent with progressive glacier thinning since the LIA. Our results
show that OSL surface exposure dating can be applied to periglacial environments, and is a promising tool for
high-resolution reconstruction of ice extent fluctuations, both in space and time.

1. Introduction

During the last ca. 5 Ma of Earth's history, global climate cooled and
evolved towards oscillating climatic conditions that intensified towards
the present (e.g. Zachos et al., 2001; Herbert et al., 2016). This climate
shift left a strong imprint on mountain topography (e.g. Penck, 1905;
Broecker and Denton, 1990; Molnar and England, 1990; Peizhen et al.,
2001; Egholm et al., 2009; Herman et al., 2013). However, understanding
paleo-climatic conditions in mountainous areas over the Plio-Pleistocene
epochs remains difficult. Local records of successive glacial/interglacial
cycles are scarce or poorly preserved over such long timescales (Ehlers and
Gibbard, 2007). Polar ice-sheets and marine cores are useful for providing
long-term global climatic records but are unable to describe regional
continental climate. In contrast, glaciers and their fluctuations through
time provide invaluable information on past mountain climatic conditions.
Through mapping and dating moraine deposits and erratic boulders, it is
possible to reconstruct the history of ice-extent (e.g. for the European Alps:
Ivy-Ochs et al., 2006; Bini et al., 2009; Preusser et al., 2011;
Schimmelpfennig et al., 2014; Ivy-Ochs, 2015; Wirsig et al., 2016).

Past glacier extents in the European Alps are well constrained since
the Little Ice Age (LIA: 15th to 19th centuries). Using historical maps,
survey reports and aerial photogrammetry, glacier fluctuations have
been precisely reconstructed over the last two centuries (e.g. Vincent
et al., 2014). To go further back in time into the Pleistocene, different
geochronological methods can be used such as lichenometry (Winkler,
2004), varve chronologies (Stewart et al., 2011), dendrochronology
(Baillie, 1995) and radiocarbon dating (Hajdas, 2008). However, or-
ganic matter can be scarce for glacial/periglacial deposits because of
the extremely active geomorphic processes associated with glacial en-
vironments. In addition to these methods, surface exposure dating of
polished bedrock or erratic boulders using terrestrial in situ cosmogenic
nuclides has been developed over the last decades (Lal, 1991; Goss and
Philips, 2000; Balco, 2011; Ivy-Ochs and Briner, 2014), and has been
used in the European Alps (see Ivy-Ochs et al., 2006, 2009 for reviews).
The combination of different cosmogenic nuclide pairs (e.g. 10Be and
14C: e.g. Goehring et al., 2012; Hippe et al., 2014) provides us with
important information on Alpine glacier paleogeography since the Last
Glacial Maximum (LGM; Ivy-Ochs et al., 2006; Wirsig et al., 2016).
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However, the cosmogenic nuclide production rate and the integration
of production over the first 1–2 m below a rock surface may limit the
resolution of such methods for recent and/or complex exposure his-
tories.

Here we investigate whether Optically Stimulated Luminescence
(OSL) surface exposure dating can be used to reconstruct recent glacier
fluctuation. Luminescence dating is based on the accumulation of
trapped electrons through time in the crystalline lattice of certain mi-
nerals (e.g. quartz or feldspar). Some of these trapped electrons are
sensitive to daylight exposure (Aitken, 1985; Huntley et al., 1985).
Luminescence dating is commonly used to date sediment burial in a
range of geomorphological environments (e.g. Duller, 2008; Rhodes,
2011; Fuchs and Owen, 2008) but can also be used to determine rates of
bedrock cooling (Guralnik et al., 2015; King et al., 2016; Brown et al.,
2017), and the exposure age of archaeological rock surfaces (Polikreti
et al., 2003; Sohbati et al., 2011). This latter application is based on the
principle that when a rock surface is exposed to light, the luminescence
signal, which is initially homogenous within the rock sample (at a given
level or in field steady-state; e.g. Valla et al., 2016), will progressively
decrease at depth until being completely zeroed, a phenomenon called
“bleaching” (Aitken, 1998). The assumption used in this study is that
the longer a surface has been exposed to daylight, the deeper the signal
bleaching will be (Polikreti et al., 2002). In granitic and gneissic rocks,
bleaching through time has been shown to occur over the first few
centimetres depth of the rock surface (Vafiadou et al., 2007; Sohbati
et al., 2011; Freiesleben et al., 2015). In alpine environments, glacier
advances during the late Pleistocene to Holocene have been associated
with subglacial erosion of bedrock at the centimetre-scale (e.g.
Goehring et al., 2011). This means that only the most recent exposure
history of the bedrock will be recorded, as earlier exposure histories and
OSL bleaching evidence will have been eroded by subsequent glacier
advances. OSL surface exposure dating would thus in theory enable past
glacier extents to be reconstructed with a high temporal resolution for
both recent and complex exposure histories. Furthermore, this method
is attractive because of the short time required for sample preparation
(Sohbati et al., 2011), although one current disadvantage is the re-
quirement for calibration of this chronometer on rock surfaces with
independently-known exposure ages (Sohbati et al., 2012a).

In the following, we first introduce the study site, i.e. the Mer de
Glace, and our sampling strategy. We have targeted several in-
dependently-dated glacially-eroded bedrock surfaces, which represent
past elevations of the glacier surface since the LIA. We then review the
basic principles of the method and present the luminescence signals for
six different surfaces along an altitudinal cross-section above the pre-
sent-day Mer de Glace. Our results show a strong correlation between
sample elevation, exposure age and bleaching depth. Finally, we use
this dataset to show that model calibration requires multiple samples of
known age to take full advantage of OSL surface exposure dating in
both glaciated and formerly glaciated environments.

2. Setting and sampling strategy

2.1. Geomorphological setting

The Mer de Glace glacier (Fig. 1) is about 11.5 km long and is lo-
cated in the Mont Blanc massif. The modern glacier covers an area of
30.4 km2 (excluding former tributary Talèfre Glacier) and spans an
elevation range from 4205 m to 1531 m.a.s.l. (data from 2008; Gardent
et al., 2014). The mean equilibrium line altitude (ELA), reconstructed
using remote sensing methods, was about 2880 m.a.s.l. between 1961
and 1990 for five of the main north-facing Mont Blanc massif glaciers,
including the Leschaux Glacier for the period 1984–2010 (Rabatel
et al., 2013).

The Mer de Glace is an appropriate laboratory for validating the
application of OSL surface exposure dating for paleo-glacier re-
construction. Numerous studies have provided detailed reconstructions

of Mer de Glace fluctuations from the LGM towards the Holocene and
present day (Coutterand and Buoncristiani, 2006; Nussbaumer et al.,
2007; Vincent et al., 2014; Le Roy et al., 2015). The Montenvers site
(Fig. 1) was chosen as an optimal study site as the evolution of glacier
thickness since the LIA has been reconstructed by Vincent et al. (2014)
using historical maps, aerial photogrammetry and satellite-derived di-
gital elevation models (see Supplementary Material A1 for details).
Furthermore, the rock type is generally homogenous along the valley
flank (i.e. orthogneiss; Dobmeier, 1998), avoiding any lithological de-
pendency of the OSL surface exposure dating approach although oc-
casional granitic lenses are exposed in the lower part of the profile (see
Section 2.2 for details).

Our sampling strategy was to collect glacially polished bedrock
surfaces with the best-preserved erosion patterns (glacial striations,
roches moutonnées; Fig. 2) to ensure that sample bleaching profiles
reflect the period of time since post-LIA deglaciation. The samples were
also selected to have low topographic shielding and vegetation cover
(e.g. lichen). Steep slopes were selected (i.e. above 30°) to limit any
potential snow cover effect. In particular, we focused on rock surfaces
exhibiting striations parallel to the Mer de Glace flow line in order to
avoid the potential influence of tributary glaciers.

2.2. Sample description

We collected six samples along the Montenvers profile during sev-
eral field campaigns (2015–2016), ranging in elevation from 1841 to
1696 m.a.s.l. (Fig. 1 and Table 1). Samples MBMV1, MBMV7, MBMV8,
MBMV10 and MBMV11 consist of coarse-grained orthogneiss, typical
for the Aiguilles Rouges massif (Dobmeier, 1998). These rocks mainly
comprise coarse K-feldspar crystals, quartz, biotite and muscovite. Only
MBMV6 was collected from a granitic lens (Fig. 2b), which consists of
bigger quartz and feldspar crystals than the orthogneiss (Fig. 3). Be-
cause differences in crystals properties may influence light penetration,
i.e. due to both crystal size and distribution, sample MBMV6 is used to
explore any potential lithological effect on the OSL surface exposure
dating approach (see Tables 2 and 3).

2.3. Independent age calibration from glacier surface elevation
reconstruction

We use the historical post-LIA reconstruction of the Mer de Glace
ice-surface elevation (Vincent et al., 2014), which is available for two
cross-sections: Montenvers and Echelets (Fig. 1). Samples MBMV1,
MBMV7, MBMV10 and MBMV11 were collected from the same profile
located 290 m upstream of the Montenvers cross-section and 690 m
downstream of the Echelets cross-section (cross-section 1, Fig. 1 and
Supplementary Fig. A1). Samples MBMV6 and MBMV8 were taken
along a profile (cross-section 2, Fig. 1 and Supplementary Fig. A1) lo-
cated 200 m upstream of cross-section 1. Because glacial thinning
would progressively expose bedrock surfaces at lower elevations, we
can use the relationship between exposure age and sample elevation to
constrain the temporal evolution of glacial thickness (Fig. 1 and
Supplementary Fig. A1).

Post-LIA glacier surface reconstructions of the Mer de Glace for
cross-sections 1 and 2 have been interpolated from the Montenvers and
Echelets cross-sections. Exposure ages from 2 to 137 years were ob-
tained for the different samples, using either cross-section 1 (MBMV1,
MBV7, MBMV10 and MBMV11) or cross-section 2 (MBMV6 and
MBMV8) (see Supplementary Material A1). All exposure ages are re-
lative to the first sampling campaign in summer 2015.

3. Methodology: OSL surface exposure dating

3.1. Theoretical approach

Minerals such as quartz and feldspar naturally contain defects or

B. Lehmann et al. Quaternary Geochronology 44 (2018) 63–74

64



impurities in their crystal lattice. Energy released by ambient radiation
(i.e. cosmic rays and the flux of high-energy solar particles and/or
radioactive decay in the rock-matrix) excites electrons from their
equilibrium state (valence band), and these can become trapped at
higher energy levels within the crystal. Because of the finite number of
traps, electron filling occurs until saturation is reached. By giving en-
ergy to the system in the form of light or heat (natural bleaching pro-
cesses), electrons are released and return to their equilibrium state,
producing photons. This phenomenon is called luminescence and the

intensity of a given luminescence signal is thus proportional to the
number of trapped electrons (Aitken, 1985, 1998). In a rock surface
continuously exposed to daylight, the progressive bleaching of the lu-
minescence signal is expected to propagate deeper into the surface with
time (Habermann et al., 2000; Polikreti et al., 2002; Laskaris and
Liritzis, 2011).

Rock surface dating was first used in archaeology, and was based on
thermally-stimulated measurements, i.e. thermoluminescence (TL;
Liritzis, 1994; Richards, 1994; Theocaris et al., 1997; Polikreti et al.,

Fig. 1. Sampling map of the Montenvers site, Mer de Glace. The orthorectified aerial photograph of the Mer de Glace was acquired in 2016 (source: www.geoportail.gouv.fr). The black
lines show the two cross-sections produced by Vincent et al. (2014) which we interpolated to reconstruct glacier surface elevations at two different locations (red lines 1 and 2, see Section
2.3 and Supplementary Fig. A1) where samples were collected (yellow dots with numbers). Upper right inset represents the collected samples projected along cross-section 1. Bottom right
inset shows location of the study area within the western Alps.

Fig. 2. Sampling sites and sample details at the Montenvers site. (a, b) Sampling sites for MBMV7 and MBMV6. (c, d) Outcrops and samples MBMV7 and MBMV6.
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2002, 2003). More recently, OSL dating (e.g. Habermann et al., 2000;
Vafiadou et al., 2007) has been introduced to date surface exposure,
which benefits from improved measurement reproducibility and more
rapid signal bleaching following exposure to daylight than typically-
used TL signals (e.g. the 325 °C TL peak in quartz). The potential of OSL
for dating exposure events in geomorphological (Freiesleben et al.,
2015; Sohbati et al., 2015) and archaeological (Liritzis, 2011) contexts
has recently been investigated, and a range of applications including
relative sea-level changes and coastal geomorphology (Simms et al.,
2011; Simkins et al., 2013) have been published. However, OSL surface
exposure dating has not yet been applied to glacially polished bedrock
surfaces.

In mountainous environments, OSL dating can be used to evaluate
the exposure age of a polished bedrock surface as described in Fig. 4. At
the initial condition (t1 in Fig. 4), the glacier has reached its maximum
thickness. Ice and subglacial sediments cover the bedrock surface, and
the luminescence signals of bedrock minerals are in field steady-state
and uniform in the rock column. When the glacier retreats, freshly-
eroded surfaces are exposed to daylight (point a at time t2, Fig. 4). The
initial luminescence signals start to bleach for these exposed surfaces,
while the sample at lower elevation is still covered by the glacier and its
luminescence signals remain uniform in the rock (point b at time t2,
Fig. 4). As the glacier continues to thin, the lower part of the bedrock
flanks are uncovered (t3, Fig. 4) and the luminescence signals start to
bleach for the lower-elevation surfaces. Therefore, in a setting affected
by progressive glacier retreat and thinning, there is a direct correlation
between the elevation of the studied site and the exposure age, with the

assumption that the longer a surface is exposed to daylight, the deeper
into the rock the luminescence signal is bleached (Freiesleben et al.,
2015; Sohbati et al., 2011).

3.2. Modelling approach

To assess rock surface exposure durations to daylight from a lumi-
nescence depth profile, we use the model proposed by Sohbati et al.
(2011, 2012a,b) who provide an in-depth review of each parameter.
When a rock surface is exposed to daylight, both detrapping (due to the
release of energy by daylight) and trapping (due to absorption of energy
from ambient radiation) occur simultaneously. The trapped-charge
concentration during light exposure is given by the following differ-
ential equation:

∂
∂

= − + −n x t
t

E x n x t F x N x n x t( , ) ( ) ( , ) ( ) [ ( ) ( , )] (1)

Where n x t( , ) is the trapped charge concentration [m−3] at time t [s]
and depth x [m], N x( ) is the concentration of sites [m−3] available for
trapping at depth x , E x( ) is the charge detrapping rate [s−1], and F x( )
is the trap filling rate [s−1] (Table 2). The charge detrapping rate, E(x),
is itself given by:

= −E x σφ e( )   μx
0 (2)

where φ λ x( , )0 is the photon flux [cm−2 s−1] (Table 2) describing the
rate of incoming photons that can bleach the trap of interest. σ λ( ) is the
photoionization cross section [cm2] describing the probability of this

Fig. 3. Pictures of selected rock slices (see sections 2.2 and 4 for details), showing the difference in composition and texture between orthogneiss (MBMV1, MBMV7, MBMV8, MBMV10,
and MBMV11) and granite (MBMV6).

Table 1
Sample characteristics from the Montenvers site. Estimated exposure ages were reconstructed using differential GPS and glacier surface-elevation reconstruction as shown in section 2.3.
Shielding factors were calculated with the geometric shielding calculator (CRONUS-Earth project). Note that all estimated exposure ages are referenced from 2015 (date of the first field
campaign).

Sample ID Latitude Longitude Elevation Lithology Estimated Exposure Age Topographic
shielding factor

Surface
orientation

WGS 84 [m.a.s.l.] [Year before 2015]

MBMV1 N45°55′54.0″ E06°55′07.7″ 1841 Gneiss 137 0.81 N8 55°E
MBMV6 N45°55′48.9″ E06°55′17.7″ 1696 Granite 2 0.92 N0 30°E
MBMV7 N45°55′52.7″ E06°55′09.9″ 1804 Gneiss 69 0.79 N374 60°E
MBMV8 N45°55′47.7″ E06°55′18.5″ 1699 Gneiss 3 0.81 N13 54°E
MBMV10 N45°55′54.0″ E06°55′14.1″ 1735 Gneiss 18 0.79 N0 60°E
MBMV11 N45°55′54.3″ E06°55′11.5″ 1760 Gneiss 30 0.88 N355 75°E
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specific trap being excited by light stimulation. It is averaged over the
wavelengths present in the solar spectrum at the surface =x( 0). Here,
we assume that the photon flux does not fluctuate through time, and we
are only concerned with the product of the two parameters, which is
given by σφ0 [s−1] (i.e. the effective decay rate of luminescence;
Sohbati et al., 2011). Equation (2) also includes a decay term for light
attenuation with depth. The light attenuation coefficient μ [m−1] de-
scribes how deep into the rock a photon will penetrate and affect the
luminescence signal. μ is assumed to be independent of wavelength in
the spectral range of interest (Sohbati et al., 2011).

For surface exposure dating of terrestrial surfaces, the effect of trap
filling during daylight exposure over short timescales (i.e. centuries) is
often negligible (i.e. ≈F x( ) 0) (see Supplementary Material A2). The
trapped charge population at a given depth x( ) can then be approxi-
mated by:

= −n x n e( ) E x t
0

( ) (3)

where n0 is the initial charge population [m−3] assumed to be constant
with depth within the rock column prior to bleaching. Assuming that
the luminescence signal L( ) is proportional to n, Eq. (3) becomes:

= = − −L Lx
Tx

L e σφ te
0

μx
0

(4)

where Lx Tx/  is the normalized natural luminescence signal measured
at depth x [m] after exposure age t [s]. L0 is the normalized natural
luminescence signal before bleaching (Fig. 4 and Table 2), which is
sample dependent and can be constrained in the laboratory.

Equation (4) can predict the rock luminescence profiles for different
exposure ages, however the mean photon flux φ0, the photoionization
cross-section σ , and the attenuation coefficient μ must first be quanti-
fied (cf. Table 2). φ0 is mainly controlled by the latitude and the clou-
diness; and it is broadly correlated with elevation (Blumthaler et al.,
1997). The solar irradiance fluctuates over decadal timescales (Lean,
1987) making the independent determination of the photon flux im-
possible without knowing the time of exposure. The photoionization
cross-section σ depends on both the mineral and the trap targeted
(Bailey, 2004). For samples from the same region and from a similar
lithology, σφ0 is assumed to be uniform and μ is expected to be of the
same order of magnitude between samples, but not necessarily equal.

The OSL-depth profile of exposed rock surfaces with independently-
constrained exposure durations can be used to calibrate the σφ0 and μ
parameters by fitting the luminescence signal bleaching with depth
(Singarayer, 2002; Sohbati et al., 2012a). These constrained parameters
can then be used to determine the exposure histories of unknown-age
surfaces from the same region.

Here, our objective is to demonstrate the validity of the proposed
model (Eq. (4)) on polished bedrock surfaces and to calibrate the model
parameters on surfaces with known exposure age. To do so, the un-
known σφ0 and μ parameters are inverted for each sample using a
probability density function of the model parameters, given the ob-
served OSL-depth profile data. This includes a least absolute deviation
regression �sample (Eq. (5)), in which we randomly prescribe a range of
different σφ0 and μ values. From the residual likelihood �sample ob-
tained, we select the maximum likelihood values of σφ0 and μ. The

modelled luminescence signals ( )Lx
Tx m

are calculated for each rock slice
of a given sample using the known exposure age of each sampling site,
giving:

Table 2
Summary of symbols.

Symbol Unit Definition

n m−3 Concentration of trapped charge
x m Depth
t s Time
N m−3 Concentration of sites available too trap charge
E s−1 Charge detrapping rate due to daylight radiation
F s−1 Charge trapping due to ionising radiation
σ cm2 Photoionisation cross-section
φ cm−2 s−1 Photon flux
σφ0 s−1 Charge detrapping rate
μ m−1 Attenuation coefficient
Lx Counts Regenerated luminescence signal
Tx Counts Test dose signal
L Counts Luminescence

Fig. 4. Sketch linking glacier thinning and OSL signal evolution for two bedrock surfaces located at different elevations along the valley flank. Straight arrows (grey) represent cosmic rays
and high-energy solar particle flux; this radiation, together with radioactive decay in the rock matrix build up the latent luminescence signal. Other arrows (black) represent low energy
electromagnetic radiation from daylight; this radiation bleaches the latent luminescence signal. At the initial time t1, the glacier is at its maximum extent and the OSL signals for both
surfaces are in field steady-state and uniform within the rocks, L0. At time t2, the glacier has retreated and exposed the surface (a), the OSL signal begins to bleach whilst surface (b)
remains covered with its luminescence signal unchanged. In the final step t3, the glacier size has shrunk, surface (a) remains exposed and its OSL signal is bleached at greater depth while
surface (b) has just been exposed to daylight and its OSL signal has been bleached just below the exposed surface.
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where n is the number of rock slices per sample, ( )Lx
Tx m

i( )
is the lumi-

nescence signal calculated using Eq. (4), ( )Lx
Tx obs

i( )
is experimentally

measured for each rock slice i and a is the uncertainty. Given that the
scatter of the plateau signal (L0) for every independent sample is larger
than the analytical error, we use the standard deviation around the
plateau value L0 to estimate a. Then, we compute the combined like-
lihood for a number of samples p using:

� �∏=
=

combined
j

p

sample j
1

( )
(6)

This approach provides the most likely common values of σφ0 and μ.
Once the parameters of the model are determined as shown above, it is
possible to invert the exposure age for other rock surfaces using the
constrained σφ0 and μ values (cf. Eq. (5)).

In order to verify our modelling approach, we show a synthetic
inversion. We produce a synthetic luminescence signal (Lx/Tx  for
depths in between 0 and 14 mm) using Eq. (4) and sample-specific σφ0
and μ parameters (obtained from initially fitting every sample using
their independent age control, see Section 5.2 for details) and assuming
a constant μ value (i.e. homogenous lithology with rock depth). The
first step of the synthetic test is to invert parameters σφ0 and μ knowing
the exposure age t for each individual sample as presented above. Then,
using these σφ0 and μ parameters, we subsequently invert for the ex-
posure age t using Eq. (4). In order to study the effect of potential un-
certainties from the experimental data on the exposure age determi-
nation, we reproduce this synthetic test with white noise on the

luminescence signal, with four different amplitudes between 0 and
100% (Fig. 5). Our synthetic results show that our inversion approach
can recover the exposure age with 0–50% noise. The synthetic test with
100% noise on the luminescence signal provided age outcomes with
larger uncertainties (> 20%). The best results are obtained using the
best-fit of σφ0 and μ and the median value of the predicted exposure
ages. The resulting uncertainties are correlated with the magnitude of
the noise, however any potential variability in the luminescence signal
does not appear to produce a significant bias on the inverted exposure
age.

4. Sample preparation and analysis

The bedrock samples were cored to 30 mm depth using a Husqvarna
DM220 drill, with 10-mm diameter. Cores were then sliced into 0.7-mm
thick rock slices with a BUEHLER IsoMet low speed saw equipped with
a 0.3-mm thick diamond blade. The samples were drilled and sliced
under wet conditions (water and lubricant, respectively) to avoid any
heating that could potentially reset the OSL signal. Sample preparation
was done under subdued red light conditions. The thickness of each
rock slice was measured to determine the precise depth of each lumi-
nescence measurement.

All luminescence measurements were performed using Risø TL-DA
20 TL/OSL luminescence readers (Bøtter-Jensen et al., 2010) equipped
with 90Sr beta sources at the University of Lausanne (Switzerland). The
readers have dose rates of ∼0.1 and ∼0.2 Gy s−1 and measurement
reproducibility of 1.14% and 1.26% respectively. We first perform a
preheat at 250 °C before giving infrared (IR) stimulation (870 nm,
FWHM 40 nm) at 50 °C. Luminescence signals are detected through a
filter combination of a Schott BG-3 and Schott BG-39. A uniform test
dose was used (27.2 Gy) to measure the subsequent luminescence

Fig. 5. Results (median value) of inverted exposure age from the synthetic test, (a) without noise on the luminescence signal, (b) with 25%, (c) 50%, and (d) 100% noise. Error bars
represent± 2σ on the inverted age.
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response (Tx) and to normalize the natural infrared stimulated lumi-
nescence (IRSL) signal (Lx) for every rock slice. Infrared stimulated
luminescence was measured for 200 s and signals were integrated over
the first 6 s whereas the background signal was integrated between 70
and 100 s. Measurements were analysed using Analyst v.3.22b (Duller,
2005). All thermal treatments and stimulations at temperatures greater

than 200 °C (i.e. preheat step) were carried out in a nitrogen atmo-
sphere. The experimental approach was validated using a dose recovery
and preheat plateau test (see Supplementary Material A3; Murray and
Wintle, 2000; Wintle and Murray, 2006).

5. Results

5.1. Experimental results

Fig. 6 shows the luminescence measurements for representative
samples MBMV1 and MBMV10 (results of the other samples are pre-
sented in Fig. 8). Three replicates (i.e. individual cores) per sample
were sliced in a way that a depth and an IRSL signal can be attributed to
each rock slice (unique colour/symbol for each individual rock slice in
Fig. 6). The results show similar behaviour between the different cores
for a given sample (Fig. 6). The IRSL signal is bleached near the surface
and reaches a plateau at depth. Furthermore, and more importantly, the
transition from a bleached signal to the plateau varies with the ex-
posure age. The three core measurements reproduce well for both
samples illustrated in Fig. 6, with the mean standard deviation between
the three cores ranging from 7 to 27% for all the studied samples. These
results confirm experimentally that cores extracted from one individual
sample record the same exposure history, supporting the proposed
approach.

Fig. 6. Infrared stimulated luminescence (IRSL) signal with depth for samples (a) MBMV10 and (b) MBMV1. Each coloured data point represents an individual rock slice. IRSL signals
were normalized by L0, which was determined by taking the average of the luminescence measurements along the plateau. The plateau was defined when the luminescence signal is
fluctuating by less than 20%.

Table 3
Best-fit values of σφ0 and μ determined for every sample individually and for all samples
excluding MBMV6. Combinations of three or four samples are presented in Table A3
(Supplementary Material).

Parameter σφ0 [s−1] μ [mm−1]

Samples Best-fit +1σ -1σ Best-fit +1σ -1σ

Individually
MBMV1 1.4⋅10−8 1.5⋅10−8 1.3⋅10−8 1.07 1.08 1.05
MBMV6 2.0⋅10−6 2.2⋅10−6 1.8⋅10−6 0.92 0.95 0.92
MBMV7 4.0⋅10−6 5.0⋅10−6 3.6⋅10−6 2.52 2.56 2.46
MBMV8 2.2⋅10−7 2.4⋅10−7 1.5⋅10−7 1.89 1.98 1.70
MBMV10 1.5⋅10−7 1.5⋅10−7 1.1⋅10−7 1.82 1.87 1.75
MBMV11 4.2⋅10−8 5.3⋅10−8 3.9⋅10−8 1.21 1.22 1.13
All samples together

excluding MBMV6
1.0⋅10−7 1.1⋅10−7 9.5⋅10−8 1.48 1.50 1.44

Fig. 7. Relationship between the σφ0 and μ parameters (a) for sample MBMV10, and (b) for all of the gneiss samples (i.e. excluding MBMV6) enabling determination of the shared σφ0 and

μ parameters (1.0⋅10−7 s−1 and 1.48 mm−1 respectively). For both figures, the colour scale shows the likelihood between modelled and experimental data (Eq. (6), note the differences in
scaling between the two panels), and the star shows the best-fit parameter values. Zero probability is not shown for clarity.
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5.2. Independent parameter determination

In this section, we determine the σφ0 and μ parameters individually
for each sample in order to study their potential variability from one
rock surface to another (Table 3). As explained in Section 3.2, bedrock
surfaces from the same location should share a common σφ0 parameter
(i.e. same order of magnitude; Blumthaler et al., 1997). Similarly, we
expect that the μ parameter should be similar for samples from a uni-
form lithology. The determined parameters are then used in the in-
version of the exposure ages for each sample individually (see Section
5.5). All inversion outcomes are summarized in Table 3. Samples
MBMV1, MBMV8, MBMV10 and MBMV11 share similar effective decay
rates (σφ0) with the same order of magnitude (from 1.4⋅10−8 to
2.2⋅10−7 s−1) and show attenuation coefficients (μ) between 1.07 and
1.89 mm−1. Samples MBMV6 and MBMV7 behave differently with

much higher effective decay rates (σφ0 of 2.0⋅10−6 and 4.2⋅10−6 s−1,
respectively), and different attenuation coefficients (μ of 0.92 and
2.50 mm−1, respectively).

5.3. Parameter determination from joint probability estimates

We evaluate now the parameter determination from joint prob-
ability estimates in order to illustrate the benefit of having several
known-age calibration samples. Fig. 7a presents modelled results for
sample MBMV10, which is representative of the other samples (except
MBMV6 and MBMV7, see Section 5.2). The results show that log (σφ0)
and μ co-vary, which we attribute to measurement uncertainties and
variability between the different cores. Fig. 7b shows the area of ac-
ceptable fits when all the gneissic samples are included (i.e. excluding
granitic sample MBMV6).

Fig. 8. Normalized infrared stimulated luminescence (IRSL) profiles with depth and best-fit models. Coloured data point represents individual rock slice (each symbol/colour represents
one core). The red lines show the best-fit model for each sample taken individually. The dashed black lines represent the best-fit model from a common calibration of the parameters using
all gneiss samples together (σφ0 = 1.0⋅10−7 s−1 and μ = 1.48 mm−1, cf. Fig. 7b and Table 3). Raw IRSL data are presented in Table A3 (Supplementary Material).
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We then contrasted individual estimates of σφ0 and μ for each
sample, using different combinations of samples to estimate these
parameters. The results are summarized in Table 3 and A3. When in-
verting the model parameters with any combinations of three samples,
all estimates of the effective decay rates are between 6.6⋅10−8 and
1.4⋅10−7 s−1, and all estimates of the attenuation coefficients are be-
tween 1.33 and 1.57 mm−1. Combinations of four samples provide σφ0
values ranging from 7.2⋅10−8 to 1.2⋅10−7 s−1 and μ values between
1.38 and 1.53 mm−1. According to Table 3 and Fig. 7b, a common
likelihood exists for all the gneissic samples calibrated together, giving
an effective decay rate of 1.0⋅10−7 s−1 and an attenuation coefficient of
1.47 mm−1.

Fig. 8 depicts the normalized IRSL signals measured for all samples
and their individually-constrained best-fit models (red lines) as de-
scribed previously and illustrated in Fig. 7a. The obtained outcomes
show that the proposed model accurately describes the luminescence
bleaching process through depth and time. The best-fit model calibrated
with all of the gneissic samples together (black dashed lines, parameters
in Table 3) fits close to the best-fit model determined for each sample
individually (except MBMV6). These results confirm a key objective of
the study, which is the possibility to calibrate the model parameters
using different surfaces along an altitudinal cross-section, with the same
lithology and different (independently-determined) exposure ages.

5.4. Evolution of the luminescence signal through time

Compiling the best-fit models determined for each sample in-
dividually, a positive correlation between the exposure age and the
depth at which the natural IRSL signal is zeroed can be clearly observed
for samples within the same lithology (Fig. 9a). If we consider the in-
flection point of each individual model ( =Lx Tx/ 0.5 on Fig. 9a) as a

Fig. 9. (a) Compilation of the best-fit models for each individual sample (cf. red lines in
Fig. 8). (b) Correlation between the IRSL bleaching depth (i.e. the inflection point of the
models presented in (a)) and the exposure age of each individual sample. The * symbol
indicates the granitic sample (MBMV6); all the other samples are gneiss.

Fig. 10. Correlation between inverted (median values) and observed exposure ages resulting from different calibration combinations to constrain the model parameters. The error bars on
the inverted exposure ages are±2σ as presented in Table 3 (all results presented in the Supplementary Table A4).
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proxy for the bleaching depth, this value ranges between 1.7 and
4.2 mm for 3 and 137 years of daylight exposure, respectively (Fig. 9b).
The granitic sample MBMV6 does not follow this correlation, its
bleaching depth being at 7 mm after 2-yr exposure to daylight.

5.5. Inversion for exposure age

Once the model parameters have been determined by different
sample combinations, it is possible to subsequently invert the exposure
age as explained above. Fig. 10 compares the exposure ages inverted
from the different sample combinations, with the independent age (all
results are compiled in the Supplementary Table A4). Fig. 10a shows
that our modelling approach is able to recover the observed exposure
ages using parameters determined for each individual sample (< 10%
difference). When the exposure ages are inverted using the parameters
determined for all of the gneissic samples together (as shown in
Fig. 7b), there are slight differences between the inverted exposure age
and independent age control (Fig. 10b, Table A4). The inverted ages are
almost all within 20% of the independent ages except for sample
MBMV11, which is overestimated by 90%.

Taking different calibration combinations with four (Fig. 10c) or
three (Fig. 10d) samples also results in different performance regarding
age predictions. For all gneissic samples, except MBMV11, the inverted
exposure ages at 2σ are still within 20% of the observed ages. Note that
in our approach the inverted exposure ages with four and three sample
calibration are only shown when the specific sample is not part of the
calibration combination (grey shadow in the Supplementary Table A4).
Although the match between the inverted and observed ages, as well as
the trend between samples, is preserved independent of the calibration
approach, our results show that the higher the number of calibration
sites is, the better the inversion of exposure ages would be.

6. Discussion

Our results from the Mer de Glace glacier have allowed us to vali-
date, over post-LIA timescales (i.e. over 2–137 years), the assumption
that the longer a rock surface has been exposed to daylight, the deeper
the luminescence signal has been bleached (Polikreti et al., 2002, 2003;
Sohbati et al., 2011, 2012a,b). Using the mathematical model proposed
by Sohbati et al. (2011), we accurately describe the time evolution of
luminescence within a rock column. The different combinations of
samples used to calibrate the model give parameter values (σφ0 and μ)
that are on the same order of magnitude for samples within a specific
area and similar lithology, and which agree with literature values
(Sohbati et al., 2011, 2012a,b).

We also observe that the evolution of luminescence signals with
both time and depth within bedrock is mainly controlled by rock
characteristics (lithology, texture, weathering and mineral composi-
tion). These rock properties will govern the light attenuation and pe-
netration into rocks (parameter μ in Eq. (4)), and thus the net bleaching
effect on the luminescence signal. At the regional scale, the lithology
should preferably be uniform to enable model calibration on some
known-age surfaces (through independent dating) before application to
reconstruct the exposure history of other bedrock surfaces with un-
known exposure age. We see that in a granitic rock, comprising coarse
quartz and feldspar grains (translucent minerals), the luminescence-
bleaching front will propagate much faster than in gneissic bedrock
(Fig. 9).

Our inversion approach, to constrain rock surface exposure ages
from OSL data, reveals that the number of calibration samples is critical
for constraining the model parameters and thus obtaining accurate
exposure ages. Fortunately, calibration rock surfaces in periglacial en-
vironments can often be found from historical or remote-sensing paleo-
glacier reconstructions. Other types of bedrock surfaces can be used for
independent constraint, e.g. anthropogenic structures such as road-cut
outcrops (e.g. Sohbati et al., 2012a) or landslide scars. The combined

investigation of OSL systems with other surface exposure dating
methods such as terrestrial in situ cosmogenic nuclides will also enable
us to quantitatively assess the method's accuracy over longer timescales
such as the late Pleistocene.

Experimental luminescence data presented in Fig. 8 confirms that
each individual sample's exposure history has been recorded in its lu-
minescence depth profile. For the six bedrock surfaces studied here,
each luminescence profile exhibits a fully-bleached signal at shallow
depth (i.e. from 1 to 7 mm depending on both the exposure age and
lithology, Fig. 9), followed by a sharp transition to a plateau of intensity
deeper into the rock. These simple and homogeneous luminescence
profiles can be compared with complex profiles previously observed
and following multi-stage exposure histories obtained from buried
cobbles (Freiesleben et al., 2015; Sohbati et al., 2015). This confirms
that the glacially-polished surfaces we sampled along the Montenvers
cross-sections have experienced a simple exposure history. Further-
more, field evidence for surface preservation with glacial features
(striations, flutes) indicate that the bedrock surfaces have been eroded
and polished by subglacial processes before deglaciation. Post-glacial
weathering or mechanical erosion may lead to an underestimation of
the true exposure age. Thereby, the inferred exposure history from
these well-preserved rock surfaces can be used to reconstruct the paleo-
glacier thickness and extent since the LIA.

Bleaching of the OSL signal has occurred at less than 1 cm depth
below the exposed surface after more than 137 years of daylight ex-
posure, highlighting the high temporal resolution of this novel method
for paleo-glacier reconstruction. In mountainous locations such as the
Mont Blanc massif, where the glacial history has been complex with
several glacier fluctuations during the late Pleistocene to Holocene
(recurrent retreat/advance cycles; e.g. Le Roy et al., 2015), the appli-
cation of absolute dating methods such as terrestrial in situ cosmogenic
nuclides are difficult due to potential inheritance from previous ex-
posure events (e.g. Goehring et al., 2011). One of the main advantages
of OSL surface exposure dating is that daylight bleaching of the OSL
signal occurs within the first few millimeters below the exposed rock
surface. Short glacier re-advances over the late Holocene (e.g. Le Roy
et al., 2015) would have easily eroded the first centimetres of bedrock,
consequently resetting the OSL system before the post-LIA glacier re-
treat. We have thus shown in this study that well-preserved polished
bedrock surfaces can be used for the application of OSL surface ex-
posure dating in order to constrain the timing of the last glacial retreat
from the LIA to the present day, improving our temporal resolution for
glacier reconstruction. Over such timescales, the contribution of the
trap filling rate (F(x) in Section 3.2) from radioactive decay in gneissic
or granitic rock can be assumed to be negligible (see Supplementary
Material A2). However, this contribution may have to be taken into
account when extending paleo-glacier reconstruction using OSL surface
exposure dating to longer timescales, e.g. since the Last Glacial Max-
imum or further back into the Quaternary. Over the same timescales,
weathering and erosion of the surface are likely to play a significant
role.

7. Conclusions

In this study, we have investigated the potential of OSL surface
exposure dating for quantitatively reconstructing post-LIA glacier re-
treat. We worked along an altitudinal cross-section of the Mer de Glace
glacier (Mont Blanc massif, France), and collected glacially-polished
bedrock surfaces with known exposure ages (from 3 to 137 years) along
the Montenvers profile from around 1841 m.a.s.l. elevation to the
present-day glacier position (1696 m.a.s.l.). We have developed a sta-
tistical approach to calibrate the bleaching model parameters from
known-age samples. Experimental IRSL depth-profile data for five dif-
ferent polished bedrock surfaces show an increase of the luminescence
signal bleaching depth with exposure age. We conclude that OSL sur-
face exposure dating can be applied to glacial and periglacial
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environments, and is a promising tool for high-resolution reconstruc-
tion of recent ice-extent and thickness fluctuations, both in space and
time. However, we find that several calibration samples must be used to
calibrate the model parameters before inferring exposure ages on
bedrock surfaces within a specific area, taking into account the po-
tential variation in bedrock lithology. We also find that measurement
uncertainties, intrinsic data noise or both can result in large un-
certainties on inverted ages, especially when applying this method over
103–104 yr timescales.
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Abstract. Assessing the impact of Quaternary glaciation at the Earth’s surface implies an understanding of the
long-term evolution of alpine landscapes. In particular, it requires simultaneous quantification of the impact of
climate variability on past glacier fluctuations and on bedrock erosion. Here we present a new approach for eval-
uating post-glacial bedrock surface erosion in mountainous environments by combining terrestrial cosmogenic
nuclide 10Be (TCN) and optically stimulated luminescence (OSL) surface exposure dating. Using a numerical
approach, we show how it is possible to simultaneously invert bedrock OSL signals and 10Be concentrations into
quantitative estimates of post-glacial exposure duration and bedrock surface erosion. By exploiting the fact that
OSL and TCN data are integrated over different timescales, this approach can be used to estimate how bedrock
erosion rates vary spatially and temporally since glacier retreat in an alpine environment.

1 Introduction

During the last few million years of the Earth’s history, the
global climate cooled and evolved towards cyclic glacia-
tions in high-latitude and high-altitude regions (e.g. Miller
et al., 1987; Zachos et al., 2001; Lisiecki and Raymo, 2005,
2007). It has been suggested that rates of erosion varied dur-
ing these multiple cycles and that such variations could in
turn feed back into climate (e.g. Molnar and England, 1990;
Raymo and Ruddiman, 1992; Champagnac et al., 2007; Her-
man and Champagnac, 2016). Such erosion rate variations
are most expressed in alpine environments, wherein the main
erosion agents vary from ice to water and landslides during
glacial and interglacial periods, respectively. However, quan-
tifying how their respective contributions in sediment pro-
duction have varied remains challenging because both ice-
extent fluctuations and associated bedrock surface erosion
must be reconstructed simultaneously.

Glacially polished bedrock offers the possibility to recon-
struct past ice extents and quantify concomitant bedrock sur-
face erosion. These landforms are smooth and glossy, re-
sulting from glacial abrasion, quarrying and meltwater ero-
sion during glacial periods (e.g. Bennett and Glasser, 2009;
Siman-Tov, 2017). Following ice retreat, they are exposed to
post-glacial erosion, which results in the transition from a
well-preserved glacially polished surface (Fig. 1a and b) to
a coarse-grained rough surface (Fig. 1c and d). Post-glacial
bedrock surface erosion is due to the alteration of rock sur-
faces exposed to atmospheric conditions. Rock alteration can
occur in different ways, involving physical (e.g. frost crack-
ing), chemical and biological processes that weaken and
modify the rock surface and ultimately result in its progres-
sive erosion (e.g. Łoziński, 1909; Anderson and Anderson,
2010; Hall et al., 2012; Moses et al., 2014). Because we are
concerned with the removal of bedrock surface material since
exposure to the atmosphere following glacial retreat, rather
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than the modification of its physical and chemical character-
istics caused by weathering, we hereafter use the term “ero-
sion”. Our objective is to develop an approach that may be
used to address the following questions: how fast is the tran-
sition from a polished bedrock to a coarse-grained surface
(Fig. 1)? How much information about post-glacial exposure
is preserved on weathered rock surfaces? What analytical
tools or approaches can we use to quantify this morphologi-
cal transition?

Analytical methods to quantify erosion of rock surfaces
differ depending on the timescale of interest (see Moses et
al., 2014, for a complete review). Over short timescales (from
a few seconds to decades) erosion can be quantified through
remote sensing (e.g. photogrammetric methods, terrestrial
laser scanner; Armesto-Gonzàlez et al., 2010; Duffy et al.,
2013) or measured relative to anthropogenic reference fea-
tures (historic or experimental; e.g. Nicholson, 2008; Häusel-
mann, 2008; Stephenson and Finlayson, 2009). Over longer
timescales (103–107 years), erosion can be measured rela-
tive to a natural reference feature (e.g. resistant mineral veins
such as quartz or a surface of known age) or quantified using
surface exposure dating with terrestrial cosmogenic nuclides
(TCNs; Lal, 1991; Balco et al., 2008; Bierman and Nichols,
2004; Brandmeier et al. 2011; Liu and Broecker, 2007). TCN
methods rely on the production of specific isotopes in terres-
trial material by cosmic rays at or near the Earth’s surface
(Gosse and Philips, 2001), such as minerals located in the
top few metres of soil or bedrock (Lal and Peters, 1967). In
glacial and paraglacial environments, the formation of glacial
landforms can be directly dated over timescales of 103 to
106 years with TCN surface exposure dating (Ivy-Ochs and
Briner, 2014). However, TCN concentrations must also be
corrected for surface erosion, which would otherwise lead to
an underestimation of the exposure age (Gosse and Phillips,
2001). The combination of short-lived radionuclides such as
14C with long-lived radionuclides (i.e. 10Be, 26Al, 36Cl) can
be used to resolve and quantify complex exposure histories
with burial episodes, but this approach does not allow for the
quantification of erosion during exposure (Hippe, 2017).

Consequently, complementary approaches are still needed
to quantify bedrock erosion over multiple timescales,
more specifically methods that can bridge short and long
timescales. In this study, we couple TCN with optically stim-
ulated luminescence (OSL) dating. Rock surface exposure
dating using optically stimulated luminescence (named here-
after as OSL surface exposure dating) has recently shown
promising potential (e.g. Sohbati et al., 2012a; 2018; King et
al., 2019). Luminescence dating is based on the accumulation
of trapped electrons through time in the crystalline lattice of
specific minerals (e.g. quartz or feldspar), which are sensi-
tive to daylight (Aitken, 1985; Huntley et al., 1985). In addi-
tion to its common application to dating sediment burial in a
range of geomorphological environments (e.g. Duller, 2008;
Rhodes, 2011; Fuchs and Owen, 2008), luminescence dating
can also be used to determine the exposure of both naturally

formed and anthropogenically formed rock surfaces (e.g. Po-
likreti et al., 2003; Sohbati et al., 2011; Gliganic et al., 2018;
Lehmann et al., 2018). This latter application is based on the
principle that when a rock surface is exposed to daylight, the
luminescence signal, which is initially homogenous within
the rock, will progressively decrease at depth until com-
pletely zeroed, a phenomenon called “bleaching” (Aitken,
1998). The assumption is that the longer a surface has been
exposed to daylight, the deeper the OSL signal bleaching
will be (Polikreti et al., 2002). In granitic and gneissic rocks,
bleaching through time has been shown to occur over the
first few millimetres to centimetres below the rock surface
(Vafiadou et al., 2007; Sohbati et al., 2011; Freiesleben et
al., 2015). Due to the attenuation of daylight, the bleaching
rate decreases exponentially with depth. It becomes negligi-
ble at depth where the luminescence signal is effectively un-
bleached and remains in field saturation. For long timescales,
trapping due to ionizing radiation will compete with detrap-
ping due to daylight exposure at all depths (after∼ 104 years
in Fig. A1), ultimately resulting in an equilibrium bleaching
profile (after ∼ 106 years in Fig. A1; Sohbati et al., 2012a).

For a bedrock OSL profile which is not in equilibrium,
measuring and calibrating the depth-dependent luminescence
signal beneath the exposed surface by generating multiple lu-
minescence depth profiles enables the estimation of an appar-
ent exposure age. OSL surface exposure dating is thus pre-
sented as a relatively new surface exposure dating method
and has already been applied on both geological and archae-
ological rock surfaces (Polikreti, 2007; Sohbati et al., 2012a;
Freiesleben et al., 2015; Lehmann et al., 2018; Meyer et al.,
2018; Gliganic et al., 2018). Sohbati et al. (2012c) were able
to quantify the exposure age of historic rock art from the
Great Gallery rock art panel in Canyonlands National Park
(southeastern Utah, USA). Some of the paintings were dam-
aged by a rockfall event, and conventional luminescence was
applied on a rockfall boulder and buried sediments (Chapot
et al., 2012). This provided a minimum age for the event.
Using a road cut of known age to constrain the bleaching
rate for this specific site and lithology, Sohbati et al. (2012c)
were able to quantify the exposure age of both the mod-
ern analogue (∼ 130 years) and the rock art (∼ 700 years).
In a periglacial environment, Lehmann et al. (2018) showed
that infrared stimulated luminescence at 50 ◦C (IRSL50) sig-
nals from crystalline bedrock slices exhibits increasingly
deep bleaching profiles with elevation and thus exposure age,
which is consistent with progressive glacier thinning since
the Little Ice Age (LIA; 101–102 years). Note that several
signals can be targeted in the same rock slice depending on
the mineral (e.g. Sohbati et al., 2015; Jenkins et al., 2018).
OSL is usually used to analysed the luminescence of quartz
(Murray and Wintle, 2000) and IRSL for the potassium-rich
feldspar signal (both at 50 and 225 ◦C; Buylart et al., 2009).

Recently, Sohbati et al. (2018) showed that surface erosion
has to be taken into consideration when OSL surface expo-
sure dating is applied to natural bedrock surfaces. Indeed,
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removal of material would bring the bleaching front towards
the surface, which may lead to a considerable underestima-
tion of the OSL surface exposure age if not accounted for.
When bedrock surface erosion is high (> 10−2 mm a−1), the
competition between bleaching and surface removal will po-
tentially prevent the use of OSL surface exposure dating as
a chronometer for bedrock surface exposure (Sohbati et al.,
2018). In practice, when erosion is maintained long enough,
an equilibrium between trapping, bleaching (i.e. detrapping)
and erosion is reached, and consequently the bleaching pro-
file reaches steady state. Sohbati et al. (2018) explained that
the sensitivity difference to erosion between TCN and OSL
surface exposure dating can be exploited to calculate the ero-
sion rate experienced by rock surfaces. Indeed, TCN dating
is mainly sensitive to cosmic rays over the top ∼ 50–60 cm
below the exposed bedrock surface (depending on rock den-
sity; Lal et al., 1991), while OSL surface exposure dating is
sensitive to light penetration of only millimetres to centime-
tres (Sohbati et al., 2011, 2012a, b). Thus, using both OSL
surface exposure dating and TCN methods, it is possible in
theory to quantify surface erosion over different timescales
(i.e. 102–104 years).

Here we couple TCN and OSL surface exposure dating to
quantify post-glacial erosion in paraglacial environments. To
achieve this, we developed a new model which depends on
the exposure age, the surface erosion, the trapping and de-
trapping (bleaching) rates, and the athermal loss (see Eq. 1,
Sect. 2.1). Using this model, we then investigate different
synthetic scenarios in which erosion rates follow a series of
step functions in time. After this synthetic experiment, the
model is used to invert OSL surface exposure data from two
glacially polished bedrock surfaces sampled along the Mer
de Glace glacier (Mont Blanc massif, European Alps). We
find that the relationships between the depth of luminescence
bleaching, the exposure age and the surface erosion allow for
discrimination between transient and steady-state regimes.
Finally, we discuss our findings regarding post-glacial sur-
face erosion in paraglacial environments and the benefits of
OSL surface exposure dating combined with TCN surface
exposure dating.

2 Methodology: combining TCN and OSL surface
exposure dating

In the following, we focus on the theoretical aspects of both
OSL and TCN surface exposure dating methods. We show
how different time-dependent exposure and erosion histories
are recorded by each technique. Finally, we combine OSL
surface exposure and TCN dating to constrain erosion rate
and exposure duration simultaneously. Note that all the sym-
bols used below are defined in Table 1.

2.1 OSL surface exposure dating

2.1.1 The bleaching model

The intensity of a luminescence signal reflects the number
of trapped electrons (Aitken, 1985). For a rock surface ex-
posed to daylight, the luminescence signal intensity, i.e. the
trapped electron concentration, is controlled by the compet-
ing processes of electron trapping in response to ambient
radiation and electron detrapping due to daylight exposure
combined with anomalous fading for feldspar IRSL (Haber-
mann et al., 2000; Polikreti et al., 2003; Sohbati et al., 2011).
Sohbati et al. (2011, 2012a, b) introduced a mathematical
model that describes the process of luminescence bleaching
with depth in a homogeneous lithology, enabling the quantifi-
cation of rock surface exposure duration. Here we propose a
new model describing the evolution of luminescence in rock
surface as a function of different parameters characterizing
the probability of charge trapping, the wavelength-specific
photon flux (ϕ), the mineral- and wavelength-specific pho-
toionization cross section (σ ), and the lithology-specific light
attenuation factor (µ) (Eq. 1). Thus, the measured lumines-
cence signal L(x, t, r ′) (dimensionless) at a given depth x
(mm), time t (year) and recombination centre distance r ′ (di-
mensionless) can be described by the following differential
equation:

dL(x, t, r ′)
dt

=
Ḋ

D0
[1−L(x, t, r ′)] −L(x, t, r ′)σϕ0e

−µx

−L(x, t, r ′)se−ρ
′−

1
3 r ′
+ ε̇(t)

dL(x, t, r ′)
dx

. (1)

The first term on the right-hand side of Eq. (1) describes
the electron-trapping rate in response to ambient radiation
with Ḋ(x) the environmental dose rate (Gy a−1) at depth x
(m) and D0 the characteristic dose (Gy). In the context of
bedrock surface exposure dating, the dose rate can be ap-
proximated as a depth-independent constant in the case of
homogeneous lithology, i.e. Ḋ(x)= const (e.g. Sohbati et al.,
2018).

The second term describes the electron detrapping or
bleaching rate due to daylight exposure, where σ (λ) is the
luminescence photoionization cross section (mm2) defining
the probability of a specific trap being excited by light stim-
ulation. ϕ0(λ,x) is the photon flux (mm−2 a−1) as a function
of wavelength at the rock surface (x = 0) and describes the
rate of incoming photons that can bleach the trap of inter-
est. Here we assume that the photon flux does not fluctuate
through time (Sohbati et al., 2011). We are only concerned
with σϕ0 (a−1), which is the effective decay rate of lumi-
nescence at the rock surface following exposure to a partic-
ular light spectrum (Sohbati et al., 2011). The light attenua-
tion coefficient µ (mm−1) describes how deep into the rock
a photon will penetrate and affect the luminescence signal. µ
is assumed to be independent of wavelength in the spectral
range of interest (Sohbati et al., 2011).
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Figure 1. Granitic bedrock surfaces along the Mer de Glace glacier (Mont Blanc massif, European Alps). Surfaces (a) and (b) present well-
preserved glacial morphologies exposed for only a few years (striations). Surfaces with longer aerial exposure (Late Glacial to Holocene
timescales) show glacially abraded surfaces at the macro-scale (c), but at the centimetre scale they reveal a coarse-grained rough surface (d).

The third term on the right-hand side of Eq. (1) represents
the athermal loss of the IRSL signal of feldspar thought to
be due to quantum mechanical tunnelling of trapped elec-
trons (Wintle, 1973; Visocekas et al., 1998) to the nearest
available recombination centres (Huntley, 2006). s is the fre-
quency factor equal to 3×1015 s−1, and ρ′ is the dimension-
less recombination centre density (Tachiya and Mozumder,
1974; Huntley, 2006).

The fourth term describes the advection of the lumines-
cence signal in response to erosion ε̇(t)= dx/dt (mm a−1)
on the propagation of the luminescence bleaching front
into the rock using an Eulerian system of reference. Equa-
tion (1) is solved using the finite-difference method including
a second-order upwind scheme for the advection term. This
approach is different to the one recently proposed by Sohbati
et al. (2018), who used an analytical solution that is based on
a confluent hypergeometric function and that requires steady
erosion rates. We benchmarked our approach against that of
Sohbati et al. (2018), and we obtain results which are sim-

ilar to their results calculated using their analytical solution
(Fig. A3).

Ou et al. (2018) experimentally derived µ for different
rock types (greywacke, sandstone, granite and quartzite)
using both direct measurements with a spectrometer and
bleaching experiments. They showed that the attenuation co-
efficients are different according the energy of stimulation
(e.g. IRSL measured at 50 ◦C and the post-IR IRSL signal
measured at 225 ◦C). Meyer et al. (2018) and Gliganic et
al. (2018) have shown that the distribution of opaque min-
erals between rock slices can significantly affect the repro-
ducibility of luminescence–depth profiles. The conclude of
the need for close petrographic analysis of luminescence–
depth profile samples to ensure that the rock cores from cal-
ibration and application sites have a similar mineralogical
composition and therefore share a similar µ parameter. In
this study, we refer to Sohbati et al. (2011, 2012a) for a com-
plete description of σϕ0 and µ parameters and their control
on the penetration of the bleaching front into a rock surface.
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Alternatively, σϕ0 andµ can be determined from a known-
age rock surface with no erosion (ε̇(t)= 0) with a uniform
lithology (Sohbati et al., 2012a; Lehmann et al., 2018; Meyer
et al., 2018) and a negligible contribution of athermal loss
(as presented in Fig. A2). Under these conditions, Sohbati
et al. (2012a) proposed the following analytical solution for
Eq. (1), neglecting the athermal loss:

L(x, t)=
σϕ0e

−µxe
−t
(
σϕ0e

−µx
+

Ḋ
D0

)

+
Ḋ
D0

σϕ0e−µx +
Ḋ
D0

. (2)

For non-eroding surfaces, OSL surface exposure dating
can theoretically be used for a broad range of timescales
from 0.01 to 105 years (Fig. A1; and Sohbati et al., 2012a, b,
2018). Under these geomorphic conditions for natural rock
surfaces (e.g. glacially polished bedrock), OSL surface ex-
posure dating has been successfully applied by solving Eq.
(2) over 101–102-year timescales (Lehmann et al., 2018; Gli-
ganic et al., 2018). At longer timescales and/or for rock sur-
faces affected by erosion, the measured OSL signals reflect
not only the exposure age.

2.1.2 Sensitivity analysis to model parameters

In this section, we investigate the respective contribution of
the different terms in Eq. (1) for the interpretation of a mea-
sured OSL bleaching profile. We investigate the sensitivity of
the model to athermal loss, trapping rate and erosion. We use
σϕ0 = 129 a−1 and µ= 0.596 mm−1 that were determined
from two calibration rock surfaces of similar granitic lithol-
ogy from the Mont Blanc massif, with no erosion and known
exposure age (Fig. A2). The values Ḋ = 8 Gy ka−1 (Table 2)
andD0 = 500 Gy were selected as they are comparable to the
average values for samples used in this study.

Athermal loss

In this section, we investigate the role of athermal loss when
constant erosion rates are low (i.e. 10−5 mm a−1) and high
(i.e. 101 mm a−1). In Eq. (1), ρ′ is varied between 10−10

and 10−5 (natural values vary between 10−6.5 and 10−5.1;
Valla et al., 2016; King et al., 2018) and is integrated over
dimensionless distances, r ′, ranging from 0 to 2.5 (Kars et
al., 2008) in all cases. Four model runs were done to test
whether the shape of the bleaching profile (i.e. luminescence
signal vs. depth) changes with different athermal loss rates,
rather than the absolute luminescence signal intensity level
which reduces as ρ′ increases. To remove this effect, the lu-
minescence signals were normalized using the steady-state
luminescence plateau as unity (NLS for normalized lumines-
cence signal; Figs. 2 and A2a). Figure 2 shows that the shape
of the IRSL profiles would be indistinguishable within un-
certainties for the two endmember athermal fading rates. We
thus find that athermal loss is negligible, and it is not included
in the following calculations or considered further.

Trapping

Here we illustrate the importance of the trapping term and
the effect of the different trapping parameters, i.e. the envi-
ronmental dose rate (Ḋ) and the characteristic dose of sat-
uration (D0), on OSL surface exposure dating. Assuming a
non-eroding rock surface, the bleaching front will keep prop-
agating with time if trapping is not accounted for (Fig. A1 of
Sohbati et al., 2012). In contrast, a secular equilibrium (So-
hbati et al., 2018) defined by the steady state between trap-
ping and light-stimulated detrapping at depth can be reached
when trapping is considered. In this case, the depth and the
time at which the secular equilibrium occurs depend only on
the Ḋ,D0, σϕ0 andµ parameters. Using the parameters men-
tioned in Sect. 2.1.2 and solving Eq. (1) without considering
athermal loss, our simulations show that for typical granitic
rocks (i.e. Ḋ between 2 and 8 Gy ka−1) the bleaching front
stabilizes at around 20–25 mm of depth after an exposure du-
ration of 105–106 years (Fig. 3).

In Fig. 4 we investigate the effects of Ḋ/D0 on setting
the depth of the bleaching front. We use extreme values of
D0 of 100 and 2000 Gy and Ḋ of 2× 10−3 and 10−2 Gy a−1

(King et al., 2016; Jenkins et al., 2018; Biswas et al., 2018),
resulting in Ḋ/D0 from 10−6 to 10−4 a−1. Our simulations
show that the higher the Ḋ/D0, the closer to the surface the
steady-state bleaching profile, which is a consequence of the
more rapid saturation of the sample luminescence signal. The
steady-state bleaching depth varies between around 22 and
31 mm (measured at the inflection point) for our endmember
simulations (Fig. 4). The influence of Ḋ/D0 on the bleach-
ing profile is minor relative to the other parameters (µ, ε̇);
however, dose rate can vary by an order of magnitude be-
tween rock slices and may possibly explain part of the noise
observed in reported experimental data (Meyer et al., 2018).

Erosion

The effect of surface erosion on the luminescence signal has
recently been highlighted by Sohbati et al. (2018), who pro-
posed an analytical solution to account for this process. In
this section, we numerically solve Eq. (1), neglecting ather-
mal loss, and test the effect of different erosion rates on lu-
minescence profiles. Figure 5a shows the resulting synthetic
luminescence profiles at steady state with erosion rates from
0 to 102 mm a−1. Under these synthetic conditions, the ef-
fect of surface erosion starts to be noticeable from around
10−4 mm a−1; for an erosion rate of 102 mm a−1, the steady-
state bleaching front is brought forward to 2 mm below the
exposed surface. Indeed, surface erosion advects the lumi-
nescence signal closer to the surface (Fig. 5). As a result,
rock luminescence profiles reflect a competition through time
between erosion, trapping and detrapping. When the effects
of the three processes are in disequilibrium, such as follow-
ing initial bedrock surface exposure or the onset of surface
erosion, a transient state occurs during which the lumines-
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Figure 2. (a) Synthetic luminescence profiles predicted by Eq. (1) for two dimensionless recombination centre densities ρ′ (10−10 and
10−5) and two erosion rates ε̇ (10−10 and 10−5 mm a−1). (b) Comparison of the normalized luminescence signal (NLS) for the different
values of ρ′ and ε̇. Values for the different parameters σϕ0, µ, Ḋ and D0 are described in Sect. 2.1.2.

Figure 3. Synthetic luminescence profiles for bleaching models with exposure ages from 10−2 to 10−6 years and considering trapping rates
of (a) 8× 10−3 and (b) 2× 10−3 Gy a−1. Panel (c) shows the comparison of the normalized luminescence signal (NLS) for both models
after the different exposure ages. As there is no difference between the modelled profiles for both scenarios between 10−2 and 10−3 years,
the curves are overlying each other. The choice of parameters σϕ0, µ, Ḋ and D0 is described in Sect. 2.1.2.

cence signal continues to evolve. After prolonged exposure
and assuming constant erosion, the competing effects equili-
brate, leading to a steady state at which the bleaching profile
is no longer propagating into the rock. In Fig. 5b, we evalu-
ate the evolution of the luminescence profiles from transient
to steady state using a dimensionless parameter calculated
from the product of the profile depth in which luminescence
reaches 50 % of its saturation value (x50 %), defined as the in-

flection point NLS(x50 % = 0.5) and the light attenuation co-
efficient µ (Sohbati et al., 2018). We see that the higher the
erosion rate, the faster the system reaches steady state. Con-
sequently, to characterize how a surface is affected by erosion
through time, an independent temporal framework is needed
to determine the duration of rock surface exposure. This can
be achieved by combining OSL surface exposure with TCN
dating, which is briefly introduced in the following section.
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Figure 4. Synthetic luminescence profiles predicted by Eq. (1) for
different values of the ratio Ḋ/D0 (10−6, 5×10−6, 10−5, 5×10−5

and 10−4 a−1) and assuming no erosion. The choice of parameters
σϕ0, µ, Ḋ and D0 is described in Sect. 2.1.2.

2.2 Terrestrial cosmogenic nuclide (TCN) dating

TCN dating is based on the observation that when cosmic
rays reach Earth’s surface, they produce cosmogenic isotopes
in specific targets, such as the production of 10Be in quartz
(e.g. Gosse and Philips, 2001; Dunai, 2010). The in situ pro-
duction of quartz 10Be occurs predominantly within a few
metres of Earth’s surface and decreases exponentially with
depth (Fig. A4a; Portenga and Bierman, 2011, and references
therein). The evolution of cosmogenic nuclide C (atoms g−1)
in time t (year) and rock depth x (mm) is a function of
the disintegration constant λ (a−1), the production rate of a
radionuclide P (atoms g−1 a−1) and the erosion ε̇ and can
be described by the following equation (Gosse and Phillips,
2001):

dC(x, t)
dt

=−C(x, t)λ+P (0, t)e−νx + ε̇(t)
dC(x, t)

dx
. (3)

P (0) is the production rate of the radionuclide at the tar-
get surface. The symbol ν defines the absorption coeffi-
cient (mm−1) of the target: ν = ρ

3
. 3 is the mean attenu-

ation length for nuclear particles interacting within the tar-
get (g mm−2). If the radionuclide concentration at the sur-
face represents the last exposure event, assuming there is no
inheritance from a potential previous exposure and that the
erosion rate is constant, Eq. (3) can be solved analytically
(Lal, 1991), which gives

C(x, t)=
P (0)
λ+ νε̇

e−νx[1− e−(λ+νε̇)t
]. (4)

When t � 1/(λ+νε̇) the radionuclide concentration reaches
a steady state; i.e. a secular equilibrium is reached (Lal,
1991). Under these circumstances, a measured cosmogenic
nuclide concentration can be interpreted in terms of a maxi-
mum steady-state erosion rate. Here we solve Eq. (3) numer-
ically using the finite-difference method and use the analyt-
ical solution to estimate the maximum possible erosion rate.

The general behaviour of the quartz 10Be concentration with
erosion and exposure age is well documented in the literature
(e.g. Lal, 1991), and we illustrate it in Fig. A4 for compari-
son with OSL surface exposure dating (Fig. 5). Note that for
solving Eq. (3), the experimental measurement of 10Be con-
centration Cexp must first be corrected by the depth normal-
ization factor fE and by the topographic shielding factor (SF)
of the surface following the equation (Martin et al., 2017)

Ccorr =
Cexp

fE×SF
, (5)

with fE computed by integrating average production over the
sample thickness using a single exponential spallation atten-
uation equation (Balco et al., 2008):

fE =
3

ρ×E

[
1−
−ρ×E

3

]
, (6)

where ρ is the mean density of the targeted rock (g mm−3)
and E the sample thickness (mm). As we discussed previ-
ously, OSL surface exposure and TCN dating both depend on
the timing of surface exposure and erosion. These two pro-
cesses are recorded at different depths into the rock surface:
centimetre scale for OSL surface exposure dating and metre
scale for TCN; therefore, OSL surface exposure dating is po-
tentially sensitive to surface erosion over shorter timescales
than TCN dating. To combine the two methods, one needs
to solve Eqs. (1) and (3) simultaneously, for which the two
unknowns are the exposure age t and the erosion rate ε̇.

3 Inversion approach for synthetic erosion rates

In this section, we generate a series of forward and inverse
models. The forward model calculates a luminescence signal
and a 10Be concentration from synthetic erosion and expo-
sure histories. The goal of the inverse model is to constrain
the model parameters (i.e. erosion and exposure histories)
using the data (i.e. IRSL signal and 10Be concentration). To
validate the inversion procedure, we use the forward model to
create synthetic data, which we then recover using the inverse
model. For these tests, we use the same OSL surface ex-
posure dating parameters explored in the previous sections:
σϕ0 = 129 a−1 and µ= 0.596 mm−1. The value Ḋ = 8×
10−3 Gy a−1 was selected as an average value obtained for
samples used in this study (Ḋ = 7.4 and 8.4× 10−3 Gy a−1

in Table 2). D0 = 500 Gy was selected as a representative
value for IRSL50 signals from granite. The 10Be exposure
age is estimated using the measured quartz 10Be concen-
tration of sample MBTP1 collected on a polished granitic
bedrock surface at 2545 m a.s.l. from the Tête de Trélaporte
located on the left bank of the Mer de Glace glacier (Mont
Blanc massif, European Alps). Note that the lithology of this
sample is similar to that of the OSL surface exposure dating
calibration site from which the model parameters are taken
(Fig. A2; Lehmann et al., 2018). The sample was located
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8 B. Lehmann et al.: Evaluating post-glacial bedrock erosion

Figure 5. Sensitivity of luminescence–depth profiles with erosion. (a) Synthetic luminescence profiles at steady state with erosion rates from
0 to 102 mm a−1. (b) Transient to steady-state profile for erosion rates from 0 to 102 mm a−1 as a function of time (a) and as the product of
the attenuation factor µ (mm−1) and the depth x50 % defined as NLS(x50 % = 0.5). The choice of parameters σϕ0, µ, Ḋ andD0 is described
in Sect. 2.1.2.

Table 1. Symbol table.

Symbol Unit Description

Both methods

x mm Rock depth
t a Exposure age
ε̇ mm a−1 Erosion rate
tS a Erosion onset time

OSL surface exposure dating

n mm−3 Concentration of trapped charge
L a−1 Maximum possible number of trapped electrons
σ mm2 Luminescence photoionization cross section
ϕ0 mm−2 a−1 Photon flux
µ mm−1 Attenuation coefficient
λ mm Wave of light stimulation
Ḋ Gy a−1 Environmental dose rate
D0 Gy Characteristic dose of saturation
s s−1 Frequency factor
ρ′ Dimensionless recombination centre density
r ′ Dimensionless recombination centre distance

TCN dating

t0 a TCN exposure age without erosion correction
tC a TCN exposure age with erosion correction
C atoms g−1 Number of atoms of the radionuclide within the rock
P atoms g−1 a−1 Radionuclide production rate
ν mm−1 Absorption coefficient of the specific target
ρ g mm−3 Mean density of the targeted rock
3 g mm−2 Absorption mean free path for nuclear interacting particles in the target
λ a−1 Disintegration constant
E mm Sample thickness
SF Topographic shielding factor
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on a surface presenting a shielding factor 0.963 and has a
thickness of 8 cm (Table 2). Its non-corrected 10Be concen-
tration is equal to 474750± 17530 atoms g−1

qtz using the sea
level high latitude (SLHL) rescaled local production rate of
the Chironico landslide: 4.16± 0.10 atoms g−1

qtz a−1 (Claude
et al., 2014). This is corrected for the sample longitude, lati-
tude and elevation considering no erosion correction and the
ERA40 atmospheric model (Uppala et al. 2005). We use a
disintegration constant λ of 4.9×10−7 a−1 and a mean atten-
uation length for nuclear interacting particles in the target 3
of 1.6×103 g mm−2 (Gosse and Phillips, 2001; Nishiizumi et
al., 2007). The density of the Mont Blanc granite is measured
at around 2.55× 10−3 g mm−3.

3.1 Forward modelling experiments

In the first scenario, a series of synthetic luminescence pro-
files were generated using Eq. (1) in a forward model,
together with erosion rates of ε̇ = 10−2 mm a−1 and ε̇ =

1 mm a−1. This range of values is based on the results of the
numerical experiment reported in Sect. 2.1.2. For this sce-
nario, erosion rates are assumed to be constant over the TCN
exposure age ts= t0, with ts being the onset time of erosion
(dashed lines in Fig. 7a–d). A reference luminescence profile
is also calculated, assuming no erosion, using t0 and Eq. (2)
(black dot in Fig. 6b and black lines in Figs. 6c and 7a–d). In
the third scenario, another set of synthetic luminescence pro-
files was again generated using Eq. (1) in a forward model,
but the erosion rate was allowed to vary with time (Fig. 6 and
green dots in Fig. 7a–d). The assumption made here is that
the evolution of erosion in time can follow a step function
(Fig. 6a and b). Our objective is explore the effect of a non-
constant erosion rate in time on both the luminescence signal
and 10Be concentration. This is the simplest possible time-
varying erosion rate history. The erosion is initially equal to
zero, i.e. between the corrected exposure age tc and an on-
set time of erosion ts, and increases to a fixed rate between
ts and today (Fig. 6a). Note that more sophisticated erosion
rate histories could be tested with the same approach, which
is beyond the scope of the current study. Figure 6 illustrates
the schematic representation of four different erosion scenar-
ios through time (Fig. 6a and b) and their resulting lumines-
cence signal (Fig. 6c). Note that the corrected exposure age
tc is part of the calculation obtained by solving Eq. (3) us-
ing the nuclide concentration and an entire erosion rate his-
tory. We report the four model outputs calculated using ts
between 1 and 100 years and erosion rates ε̇ between 10−2

and 1 mm a−1 (green dots in Fig. 7a–d). Note that we added
10 % white noise to the predicted OSL surface exposure dat-
ing profiles (used for the inversion approach in Sect. 2).

By applying a constant erosion rate of 10−2 mm a−1 to a
rock surface exposed since t0 (16 428± 707 years), the lumi-
nescence signal is brought 7.8 mm closer to the surface (i.e.
17 mm deep from the surface) compared to the reference sig-
nal (luminescence signal exposed since t0 and not affected

by erosion; black line in Fig. 7a–d at 24.8 mm deep from
the surface). For a constant erosion rate of 1 mm a−1, the lu-
minescence signal is brought 15.4 mm closer to the surface
(i.e. 9.4 mm deep from the surface) compared to the refer-
ence signal (difference between black lines and dashed lines
measured at NLS= 0.5 in Fig. 7a–d).

If an erosion rate of 10−2 mm a−1 is applied for a dura-
tion of 1 year before sampling and integrated over its spe-
cific corrected exposure age (since tc = 16428± 707 years),
the luminescence signal is brought 0.4 mm closer to the sur-
face compared to the reference signal (green dots in Fig. 7a)
and 1.2 mm if the same erosion rate is applied for 100 years
before sampling and integrated over its specific tc (16455±
713 years; green dots in Fig. 7b). In both scenarios, the pre-
dicted luminescence profiles do not overlap the luminescence
profile predicted for a constant erosion rate, indicating that
the system is in a transient state.

For an erosion rate of 1 mm a−1 applied during 1 year be-
fore sampling and for an exposure time corrected with its
specific erosion history tc (16455± 713 years), the lumines-
cence profile (green dots in Fig. 7c) is brought 1.2 mm closer
to the surface compared to the reference signal (black line in
Fig. 7c). In this case, the luminescence profile is in a tran-
sient state with erosion because it is not overlapping the lu-
minescence profile produced by applying the same erosion
rate for an infinite time (dashed line in Fig. 7c). Interestingly,
the same effect on the luminescence signal is produced by ap-
plying an erosion rate of 1 mm a−1 during 1 year (green dots
in Fig. 7c) and an erosion rate 10−2 mm a−1 during 100 years
before sampling (green dots in Fig. 7b). For an erosion rate of
1 mm a−1 applied during 100 years before sampling and for
an exposure time corrected with its specific erosion history
tc (16945± 722 years), the luminescence signal is brought
15.4 mm closer to the surface (green dots in Fig. 7d) com-
pared to the reference signal (black lines in Fig. 7d). A sim-
ilar result is obtained when the erosion rate is applied for
an infinite time (dashed line in Fig. 7d): in this scenario, the
steady state with erosion is reached.

3.2 Inverse modelling experiments

The synthetic data are now inverted to assess the extent to
which it is possible to recover the values of ε̇ and ts. Ulti-
mately, our objective is to establish and validate a numerical
protocol that enables erosion rate histories to be estimated
from paired OSL surface exposure and TCN dating measure-
ments on bedrock surfaces. To find the most likely solutions,
we test 104 pairs of both ε̇ and ts (combination of 100 val-
ues of both parameters) in log space. The range of possible
erosion rates ε̇ varies between 10−5 and 101 mm a−1. These
endmember values were selected from the erosion sensitiv-
ity test performed in Sect. 2.1.5. The erosion onset times ts
range between 5× 10−1 years and 3× 104 years, with this
range being arbitrarily decided with the upper boundary set
to approximately twice the initial TCN age.
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10 B. Lehmann et al.: Evaluating post-glacial bedrock erosion

Figure 6. Schematic representation of four different erosion scenarios through time (a, b) and their resulting luminescence signal (c). t0
is the uncorrected 10Be exposure age, ts the onset times of erosion, tc the corrected exposure ages and ε̇ the erosion rate. Note that the
luminescence plots in (c) are not model outputs but drawings, with the aim of conceptualizing how the experiments are designed.

As mentioned above, the measured 10Be concentration has
be to corrected for erosion. If the applied erosion rate is too
high, the duration is too long or both, the 10Be concentra-
tion must remain small (Fig. A4). On that basis, there is
a range of solutions with high erosion rates and durations
which is unable to predict the observed 10Be concentration
(Lal, 1991). We call this the “forbidden zone” and exclude
it from the parameter search. Expressed differently, for each
ε̇ and ts pair, Eq. (3) is first solved and a first estimate of
the corrected exposure age tc is calculated. However, Eq. (3)
does not yield a solution for a range of values that pro-
duce too much erosion and thus a 10Be concentration loss
that is too high to fit the measured sample concentration.
In the studied cases, the forbidden zone is defined by the
values between the pairs ε̇ = 10 mm a−1, ts ∼ 110 years and
ε̇ ∼ 5× 10−1 mm a−1, ts = 29210 years.

For all the other pairs of ε̇ and ts, the corrected exposure
age tc is subsequently used to predict luminescence profiles
(NLSinverse) that are compared to the synthetic luminescence
profiles (NLSforward) presented in the previous section (green
dots in Fig. 7a–d). The quality of these fits is evaluated us-
ing a misfit function, and the inversion results are converted
into probability density functions using a likelihood function
(Eq. 7). The least-squares deviation regression method mini-
mizes the sum of the square differences between the forward
NLSforward and the inverted values NLSinverse, giving

L= exp

(
−

1
σ 2

n∑

i=1

[
NLS(i)

forward−NLS(i)
inverse

]2
)
, (7)

where n is the number of rock slices per sample and σ

is the standard deviation of the normalized saturated lumi-
nescence signal intensities that form the plateau at depth
(0.0536 σ 6 0.059 for our samples).

The results of these inversions are shown in Fig. 7e–h with
the parameter space for erosion rate and time as well as the
resulting likelihood. The green circles depict the synthetic
forward-modelled pair of ε̇ and ts (NLSforward), which should

be recovered in the inversion (green dots in Fig. 7a–d), and
the black circles show the ε̇− t0 pair used to produce the
model assuming erosion is constant (dashed lines in Fig. 7a–
d). We then select the pairs of ε̇ and ts leading to the max-
imum 5 % likelihood values that fit the synthetic data (the
threshold of 5 % is arbitrarily chosen) and plot their corre-
sponding luminescence profile values (red lines in Fig. 7a–
d).

The first noticeable observation is that the erosion rate
ε̇ = 10−2 mm a−1 could be applied over every time period
below ∼ 3× 10−3 years. The numerical solutions for both
constant and non-constant erosion rate are outside the forbid-
den zone (black and green circles, respectively, in Fig. 7e–f).
As another example, an erosion rate equal to ε̇ = 1 mm a−1

could also be applied for any time lower than 1200 years.
Indeed, it is not possible to apply an erosion ε̇ = 1 mm a−1

during t0 as this pair of values would lie in the forbidden
zone (Fig. 7g, h) since such a high erosion rate would imply
a 10Be concentration loss that is too high to fit the measured
sample concentration.

For the first scenario, the synthetic luminescence profile
produced by applying an erosion rate ε̇ = 10−2 mm a−1 dur-
ing time period ts = 1 year has a great number of possible
pairs of ε̇ and ts that would reproduce this specific lumi-
nescence signal (normalized likelihood> 0.9; yellow area in
Fig. 7e). The acceptable solutions range between pairs of val-
ues below ε̇ ∼ 2×10−2 mm a−1 with ts = 5×10−1 years and
ε̇ = 10−5 mm a−1 with ts = 103 years. These low values do
not produce enough erosion to significantly alter the TCN
exposure age (tc ∼ t0).

In the second scenario, the erosion rate is ε̇ =

10−2 mm a−1 during a time period ts = 100 years, and the for-
ward model pair values can be successfully recovered from
the inversion with a more restrained range of numerical solu-
tions (Fig. 7f). The transient state with erosion is well illus-
trated by trade-offs between erosion rate and time. To fit the
forward luminescence profile, low erosion rates should be as-
sociated with long time periods following the trend from ε̇ ∼
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2 mm a−1 with ts = 5×10−1 years to ε̇ ∼ 1.4×10−4 mm a−1

with ts = 1.2× 104 years. When the erosion rate of 1.4×
10−4 mm a−1 is applied longer than 1.2×104 years, a steady
state with erosion is reached and this specific erosion rate
could be applied for an infinite time. The highest correc-
tion of the TCN exposure age possible with these solu-
tions is of the order of 0.1 % (t0 = 16428± 707 years and
tc = 16455± 713 years), which is insignificant compared to
the 3.6 % uncertainties on t0.

The third scenario, in which the erosion rate is ε̇ =

1 mm a−1 during time period ts = 1 year, shares the exact
same solution as the second case (ε̇ = 10−2 mm a−1 with
ts = 100 years). This confirms the observation made with the
forward modelling whereby both scenarios predicted simi-
lar luminescence profile depths. This can be explained be-
cause both pairs of ε̇− ts lie on the trend from ε̇ ∼ 2 mm a−1

with ts = 5× 10−1 years and ε̇ ∼ 1.4× 10−4 mm a−1 with
ts = 1.2× 104 years.

In the fourth scenario, the erosion rate ε̇ = 1 mm a−1 is ap-
plied during time ts = 100 years, and the range of solutions is
much more restrained than for the other scenarios. The syn-
thetic luminescence profile is at steady state with erosion,
wherein the erosion rate ε̇ = 1 mm a−1 can be applied from
18 to 1200 years. For a longer time of erosion, the pairs of
ε̇− ts lie within the forbidden zone regarding the TCN con-
centration. In this case, the maximum correction of the TCN
exposure age is around 3.1 % (t0 = 16428± 707 years and
tcmax = 16 945± 722 years), which is comparable to the ini-
tial uncertainty on t0.

4 Application to natural samples

In this section, we apply the method presented above on two
natural rock surfaces. Samples MBTP1 and MBTP6 were
collected from glacially polished bedrock surfaces at 2545
and 2084 m a.s.l., respectively, from the Tête de Trélaporte
located on the left bank of the Mer de Glace glacier (Mont
Blanc massif, European Alps). Rock surfaces were collected
for the application of both the TCN and OSL surface expo-
sure dating methods (Fig. 9 and Tables 2 and 3.3). Both sam-
ples are from the same phenocrystalline granitic lithology of
the Mont Blanc massif (Fig. 8).

4.1 Sample preparation, measurement and age
calculation

The 10Be sample preparation method is comprehensively de-
scribed in the literature (e.g. Kohl and Nishiizumi, 1992;
Ivy-Ochs, 1996). We used quartz separates from grain sizes
between 250 µm and 1 mm. The addition of a commercial
9Be carrier was followed by quartz dissolution in HF and
Be purification using ion-exchange columns and selective
precipitation. The 10Be / 9Be ratio was measured by accel-
erator mass spectrometry (AMS) on the 600 KV TANDY
system at the Laboratory of Ion Beam Physics (LIP) at

ETH Zürich (Switzerland) against the standard S2007N
(Christl et al., 2013) that is calibrated against the 07KNSTD
standard (Nishiizumi et al., 2007). We correct for a long-
term average full chemistry procedural blank of 10Be / 9Be
(3.7± 2.2)× 10−15 . Ages are calculated using the SLHL
rescaled local production rate of the Chironico landslide,
4.16±0.10 atoms g−1

qtz a−1(Claude et al., 2014), corrected for
the sample longitude, latitude and elevation considering no
erosion correction, with the Lifton–Sato–Dunai (LSD) scal-
ing scheme (Lifton et al., 2014), the ERA40 atmospheric
model (Uppala et al., 2005) and the Lifton VDM 2016 ge-
omagnetic database (for ages between 0 and 14 ka, Pavon-
Carrasco et al., 2014, and for ages between 14 and 75 ka,
GLOPIS-75, Laj et al., 2004) with a modified version of the
CREp online calculator to process non-linear erosion rate
correction by solving Eq. (3) (Martin et al., 2017). The re-
ported errors propagate uncertainties from AMS standard re-
producibility, counting statistics, the standard mean error of
the samples, blank correction and the local production rate.
These external errors are used to compare absolute ages to
independent chronologies. All errors are reported at 1σ .

For luminescence analysis we followed the methodology
of Lehmann et al. (2018). The bedrock samples were cored
down to 30 mm of depth using a Husqvarna DM220 drill with
a 10 mm diameter. Cores were then sliced into 0.7 mm thick
rock slices with a Buehler IsoMet low-speed saw equipped
with a 0.3 mm thick diamond blade. The samples were drilled
and sliced under wet conditions (water and lubricant, re-
spectively) to avoid any heating that could potentially reset
the OSL signal. Sample preparation was done under sub-
dued red-light conditions. The thickness of each rock slice
was measured to determine the precise depth of each lumi-
nescence measurement. Luminescence measurements were
performed using Risø TL-DA 20 TL–OSL readers (Bøtter-
Jensen et al., 2010) equipped with 90Sr beta sources at
the University of Lausanne (Switzerland). We performed a
preheat at 250 ◦C before giving infrared (IR) stimulation
(870 nm, full width at half-maximum (FWHM) 40 nm) at
50 ◦C analysis are described in further detail in the Figs. A2
and A5). The calculation of Ḋ was achieved through the mea-
surement of the concentrations of U, Th, K and Rb of the bulk
rock sample and the use of the DRAC online calculator (Ta-
ble 2 and details in Table A1; Durcan et al., 2015). The de-
termination of D0 was done by constructing a dose-response
curve (DRC) of the IRSL signal measured at 50 ◦C using a
single-aliquot regenerative dose (SAR) protocol (Murray and
Wintle, 2000; Wallinga et al., 2000) and fitting the DRC with
a single saturating exponential. The validity of the measure-
ment protocol was confirmed using a dose-recovery experi-
ment (Wallinga et al., 2000). Recovered doses were within
10 % of unity.
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Figure 7. Results of forward and inverse modelling experiments. Green dots represent the simulated luminescence profiles for rock surfaces
exposed to (a) an erosion rate of ε̇ = 10−2 mm a−1 during time ts = 1 year, (b) an erosion rate of ε̇ = 10−2 mm a−1 during time ts =
100 years, (c) an erosion rate of ε̇ = 1 mm a−1 during time ts = 1 year and (d) an erosion rate of ε̇ = 1 mm a−1 during time ts = 100 years.
Black lines represent the reference luminescence profiles for a surface exposed since t0 = 16 428± 707 years with no erosion. Dashed lines
show the luminescence profiles produced by applying constant erosion rates of (a, b) ε̇ = 10−2 mm a−1 and (c, d) ε̇ = 1 mm a−1 during t0.
Red lines represent the best-fitting profiles inverted for all numerical solutions with likelihood> 5 %. tcmax represents the maximum corrected
TCN exposure age using the forward modelled values of ε̇ and ts. (e–h) The probability distributions inverted from the synthetic luminescence
profiles, respectively, in (a–d). Green open circles represent the pairs of values of ε̇ and ts used in the forward model to produce the profiles,
and the black open circles represent the values ε̇ and t0 used to predict luminescence profiles with constant erosion (dashed line insets, a–d).
All models were performed by solving Eq. (1) using the following parameters: σϕ0 = 129 a−1, µ= 0.596 mm−1, Ḋ = 8×10−3 Gy a−1 and
D0 = 500 Gy. TCN ages were calculated by solving Eq. (3) for the 10Be concentration of sample MBTP1 presented in the following section.
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Figure 8. Locations and sample pictures of MBTP1 and MBTP6, both located on the Tête de Trélaporte along the Mer de Glace glacier
(Mont Blanc massif, European Alps).

Table 2. Sample list and measurements.

Sample Latitude Longitude Elevation Thickness Topographic 10Be conc.a P (0) localb Ḋ spec.c

ID WGS 84 (m a.s.l.) (cm) shielding factor (atoms g−1
qtz ) (atoms g−1

qtz ) (Gy a−1)

MBTP1 45.9083 6.9311 2545 8 0.963 474 750± 17 530 30.20± 0.72 7.4× 10−3

MBTP6 45.9129 6.9326 2094 7 0.594 84 100± 13 060 21.74± 0.52 8.4× 10−3

a Measured against standard 07KNSTD (Nishiizumi et al., 2007), corrected for full process blank of (3.7± 2.2)× 10−15 10Be / 9Be. b Local production rate using the sea
level high latitude (SLHL) rescaled local production rate of the Chironico landslide, 4.16± 0.10 atoms g−1

qtz a−1 (Claude et al., 2014), corrected for the sample longitude,
latitude and elevation considering no erosion correction, with the LSD scaling scheme (Lifton et al., 2014), the ERA40 atmospheric model (Uppala et al., 2005) and the
Lifton VDM 2016 geomagnetic database (for ages between 0 and 14 ka, Pavon-Carrasco et al., 2014, and for ages between 14 and 75 ka, GLOPIS-75, Laj et al., 2004).
c Dose rates were calculated using the concentrations of U, Th and K of the bulk rock sample and the DRAC online calculator (details in Table A1; Durcan et al., 2015).

4.2 Experimental results

Sample MBTP1 provided a 10Be concentration of
474 750± 17 530 atoms g−1

qtz . The solution of Eq. (3)
gives an apparent 10Be age for sample MBTP1 of
t0 = 16428± 707 years, assuming a sample thickness
of 8 cm and a shielding factor of 0.963 (Tables 2 and 3).
In the same way, the measured 10Be concentration of
84100± 13060 atoms g−1

qtz for sample MBTP6 gives a 10Be
age of t0 = 6667± 965 years, assuming a sample thickness
of 7 cm and a shielding factor of 0.594 (Tables 2 and 3).
Apparent 10Be ages were calculated as described in Sect. 4.1,
assuming no erosion.

Figure 9 shows the infrared stimulated luminescence at
50 ◦C (IRSL50, normalized signal) measurements for sam-
ples MBTP1 and MBTP6. Three replicates (i.e. individual
cores) per sample were sliced in a way that a depth and
an IRSL50 signal can be attributed to each rock slice (Ta-

bles A2 and A3). The IRSL50 signal is bleached near the sur-
face and reaches a plateau at depth (even for sample MBTP1
for which the plateau is poorly defined). The scattering of
the measurements between rock slices is probably due to the
granitic nature of the samples. Indeed, the phenocryst lithol-
ogy can cause heterogeneity in the resulting IRSL50 signals
(Meyer et al., 2018) caused by differential bleaching and pos-
sibly variations in the environmental dose rate, mainly beta
dose heterogeneity (Morthekai et al., 2006), and thus the rate
of electron trapping.

As a reference profile, a model is computed by solving
Eq. (2) using t0 considering no erosion (black line in Fig. 9a)
and lies at 25 mm below the rock surface. The bleaching front
measured from the IRSL50 signal of sample MBTP1 (green
dots in Fig. 9a) is located 4 mm closer to the surface com-
pared to the reference profile (21 mm from the surface). The
IRSL50 profile considering no erosion correction gives an
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Figure 9. IRSL50 profiles and inversion results for samples MBTP1 and MBTP6. (a, b) Green dots represent the measured IRSL50 profiles
for samples MBTP1 and MBTP6. Black lines represent the reference profiles calculated using Eq. (2) and taking the TCN exposure age
with no erosion correction (t0). Red lines represent inferred fits where the likelihood is greater than 0.95. tcss represents the corrected TCN
exposure age calculated at steady state. tcmax represents the maximum corrected TCN exposure age. (c, d) The probability distributions
inverted from the respective insets in (a) and (b). All models were computed by solving Eq. (1) and using the following parameters: σϕ0 =
129 a−1, µ= 0.596 mm−1,D0 = 500 Gy, Ḋ = 7.4×10−3 Gy a−1 and Ḋ = 8.4×10−3 Gy a−1 for samples MBTP1 and MBTP6. Dose rates
were calculated using the concentrations of U, Th, K and Rb of the bulk rock sample and the DRAC online calculator (details in Table A1;
Durcan et al., 2015).

apparent age about 2 orders of magnitude lower compared to
t0: about 642± 160 years (1σ ; Table 3 and Fig. A5).

For sample MBTP6, the reference profile is 23.5 mm be-
low the surface (black line in Fig. 9b). The measured IRSL50
profile (green dots in Fig. 9b) is approximately 16.5 mm
closer to the surface in comparison to the reference profile
(7 mm from the surface). The OSL surface exposure appar-
ent age for sample MBTP6 is about 0.39± 0.02 years (1σ ;
Table 3 and Fig. A5).

4.3 Inversion results

In this section, we report the results from the inversion
of ε̇ and ts for the IRSL50 profiles of samples MBTP1
and MBTP6 following the procedure presented in Sect. 2.
For both samples, the corrected 10Be ages are calculated
using Eq. (3) with a range of erosion rates from 10−5

to 101 mm a−1 and ts ranging from 5× 10−1 years to
10log(t0)+0.25 years (this formula limits the search to ∼ 30 ka
because these surfaces are known to be post-LGM (Last
Glacial Maximum); Coutterand and Buoncristiani, 2006).

The resulting forbidden zone for sample MBTP1 lies
between the erosion rate–time pairs of ε̇ = 10 mm a−1,
ts ∼ 110 years and ε̇ ∼ 5× 10−1 mm a−1, ts = 29210 years
(already discussed in Sect. 3.2). The inversion results indi-
cate that sample MBTP1 reached a steady state with ero-
sion characterized by an erosion rate of ε̇ = (3.5± 1.2)×
10−3 (1σ ) mm a−1 applied during a minimum duration of
2300 years (Fig. 9c). In these conditions, the corrected TCN
age is tcss = 16647± 593 years (1.1 % of correction). The
maximum corrected TCN age tcmax = 17396± 746 years is
obtained by using ε̇ = (3.5±1.2)×10−3 (1σ ) mm a−1 and the
maximum ts possible (29 214 years); this comprises a correc-
tion of about 5.8 %.
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For sample MBTP6, the forbidden zone lies between the
erosion rate–time pairs of ε̇ = 10 mm a−1, ts ∼ 150 years
and ε̇ ∼ 1× 10−10 mm a−1, ts = 11860 years. The inversion
results show that the IRSL50 profile of sample MBTP6
reaches steady state with erosion for an erosion rate ε̇ =
4.3±0.56 mm a−1 (1σ ) applied since at least 4 years. In these
conditions, the corrected TCN age is tcss = 6857±991 years
(2.8 % of correction). This steady state cannot be maintained
for longer than 344 years because further values correspond
to the forbidden zone (Fig. 9d). The maximum corrected
TCN age tcmax = 68692±10714 years would represent a sig-
nificant correction of 930 %.

At steady state, the surfaces MBTP1 and MBTP6 would
have lost 8.05 mm and 17.2 mm, respectively. These values
seem realistic regarding the natural surface textures observed
on site: no smooth surface or striations are preserved on the
roches moutonnées (Fig. 8). By taking the endmember hy-
pothetical erosion values, the surfaces MBTP1 and MBTP6
would have lost a maximum of 102 and 1479 mm, respec-
tively.

5 Discussion

The mismatch between OSL surface exposure and TCN ages
presented in this study clearly shows how significant the im-
pact of erosion for OSL surface exposure dating is. If the
luminescence bleaching front is interpreted without consid-
ering erosion, the resulting exposure age will be strongly un-
derestimated (Figs. 5, 7 and 9). For samples MBTP1 and
MBTP6 the apparent OSL surface exposure ages are 642±
160 years and 0.32±0.02 years, respectively, while apparent
TCN exposure ages are 16428± 707 and 6667± 965 years,
respectively. We demonstrated in Sect. 2.1 that OSL sur-
face exposure dating is hardly applicable to natural rock sur-
faces that experience even a minimal erosion rate of about
10−4 mm a−1. Our models and results show that the position
of the bleaching front is highly sensitive to the erosion rate
history. Recent studies (e.g. Freiesleben et al., 2015; Sohbati
et al., 2012a, 2015; Rades el al., 2018) showed very convinc-
ingly that OSL rock surface dating can be used to identify
multiple burial and exposure events in the history of a sin-
gle clast. However, our results imply that erosion cannot be
neglected. We show in this study that this high sensitivity to
erosion can instead be used to estimate the erosion history of
such rock surfaces.

To do so, we have numerically solved the equation describ-
ing the evolution of the luminescence signal of a rock surface
exposed to light and erosion (Eqs. 1 and 3). The validation of
the model was tested on synthetic data and applied to two
different glacially polished bedrock surfaces. We assumed a
simple erosion rate history following a step function. How-
ever, it is very likely that rock surfaces are subject to stochas-
tic erosion processes (e.g. Ganti et al., 2016). These stochas-
tic processes potentially cover temperature, moisture, snow

cover or wind fluctuations along the year. The numerical ap-
proach adopted here would potentially enable us to consider
any type of erosion history (inverse exponential, stochastic
distribution, etc.). We considered the erosion rate to be non-
constant in time but to follow a step function which changes
from zero to a constant erosion rate at certain times in the
exposure history. We observed that the resulting erosion his-
tories can follow two states: a transient state or a steady state.
Indeed, an experimental luminescence signal can be either at
steady or transient state with erosion. To identify at which
state the signal is, a model using Eq. (1) should try to fit
the experimental luminescence signal considering a range of
constant erosion rates applied over the TCN exposure age t0
of the specific surface. If one specific erosion rate enables
the model to fit the experimental luminescence signal, the
system is at steady state with this specific erosion rate. If
there is no unique solution, the system is at transient state
with erosion. Note that some erosion rates cannot be applied
for long durations. Indeed, the quantity of material removed
and the concentration of cosmogenic nuclides in the rock sur-
face would not match the measured nuclide concentrations.
To avoid that, we have defined a forbidden zone which char-
acterized the range of pairs ε̇ and ts for which Eq. (3) could
not be solved.

When a luminescence profile is derived from multiple ero-
sion rate ε̇ and time ts pairs, the system is experiencing a
transient state with erosion. This situation is characterized
by a trade-off between erosion rate and the time of erosion.
During this state, the luminescence signal does not evolve
with depth if an increase in the erosion time is compensated
for by a decrease in the erosion rate. On the other hand, when
a luminescence signal is derived from an erosion rate applied
across a range of times ts, the system can be considered at
steady state regarding the luminescence profile. In this case,
the erosion rate can be considered constant in time over the
entire exposure age given by TCN dating, providing that this
solution falls outside the forbidden zone. At steady state,
the time during which the erosion rate is applied is always
lower than or equal to the maximum corrected TCN age (i.e.
ts ≤ tcmax ).

The luminescence profile from a given rock surface is able
to give information about the erosion history of this surface
at both transient and steady state with erosion. The coupling
with TCN dating allows for the determination of a limit in
time of the steady state with erosion, which cannot tend to
infinity as discussed above (i.e. the forbidden zone). Accord-
ing to the inverse modelling of sample MBTP1, the total
erosion experienced by the rock surface is about 8.05 mm
when the system reached steady state with erosion (ε̇ =
3.5×10−3 mm a−1 during ts = 2300 years) and 17.2 mm for
sample MBTP6 (ε̇ = 4.3 mm a−1 during ts = 4 years). This
quantity of material removal is plausible given field obser-
vations, wherein the micro-structures of striations (coated
layer and glacial polish) are not preserved but the macro-
patterns of glacial erosion can still be observed (moulded
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Table 3. TCN and OSL surface ages and inversion results for samples MBTP1 and MBTP6.

Sample TCN apparent TCN corr. TCN corr. OSL surface exposure tS at SS∗ ε̇ at SS∗ Total erosion
ID age t (1)

0 (year) age t (2)
Css

(year) age t (2)
Cmax

(year) apparent age(3) (year) (year) (mm a−1) at SS∗ (mm)

MBTP1 16 428± 707 16 619± 717 17 396± 746 642± 160 2300 3.5± 1.2× 10−3 8.05
MBTP6 6667± 965 6857± 991 68 692± 10 714 0.39± 0.02 4 4.3± 0.56 17.2

Ages are calculated using the sea level high latitude (SLHL) rescaled local production rate of the Chironico landslide, 4.15 ± 0.10 atoms g−1 a−1, rescaled for every longitude
(Claude et al., 2014), latitude and elevation considering no erosion correction, with the LSD scaling scheme (Lifton et al., 2014), the ERA40 atmospheric model (Uppala et al., 2005)
and the Lifton VDM 2016 geomagnetic database (for ages between 0 and 14 ka, Pavon-Carrasco et al., 2014, and for ages between 14 and 75 ka, GLOPIS-75, Laj et al., 2004) by
solving Eq. (3). (2) TCN age corr. tcmax corresponds to the maximum corrected TCN exposure ages calculating from the best maximum 5 % solution. For (1) and (2) the errors
represent the internal errors. (3) Ages were inverted (Fig. A5) using Eq. (2) and prescribing 106 solutions for a range of time from 0 to t0 (TCN age calculated using the 10Be
concentration of each sample and solving Eq. (3) without erosion correction). All models were calculated using the following parameters: σϕ0 = 129 a−1, µ= 0.596 mm−1,
D0 = 500 Gy, Ḋ = 7.4× 10−3 Gy a−1 and Ḋ = 8.4× 10−3 Gy a−1 for sample MBTP1 and sample MBTP6. The uncertainties represent 1σ of the distribution presented in Fig. A5.
∗ SS means steady state.

forms, whalebacks, grooves). By taking the endmembers au-
thorized by our model, we explore the limit of our method.
The maximum total erosion is about 102 mm for MBTP1
(3.5×10−3 mm a−1 during 29 214 years) and about 1479 mm
for MBTP6 (4.3 mm a−1 during 344 years). Such a high dif-
ference in erosion between two locations of the same vertical
profile could be explained by the local topographic and envi-
ronmental conditions, such as slope surface and snow cover,
controlling the efficiency of frost cracking.

The quantification of the erosion rate distribution pro-
vides the opportunity to quantitatively correct TCN ages.
These corrections can be minor but significant: for exam-
ple, about 1.1 % for MBTP1 by taking the steady-state
values and about 5.8 % using the endmember values. For
sample MBTP6, the correction is about 2.8 % by taking
the steady-state values. Using the endmember values, the
maximum corrected TCN age for the highest sample is
tcmax (MBTP1)= 17 396± 746 years and the lowest sample is
tcmax (MBTP6)= 68 692± 10 714 years (representing a max-
imum correction of about 930 %). The assumption that a sur-
face at 2094 m a.s.l. (surface MBTP6) was exposed almost
50 kyr longer than a surface located 451 m higher (surface
MBTP1 at 2545 m a.s.l.) on the same vertical profile in the
context of glacial thinning is hardly acceptable. According
to the known glaciological evolution of the western Alps dur-
ing the LGM, exposure ages of > 25 ka are simply not pos-
sible. Surfaces at 2600 m a.s.l. located in accumulation zones
of former glaciated areas were covered by ice at least until
the LGM (e.g. Penck and Brückner, 1909; Bini et al., 2009;
Coutterand, 2010; Seguinot et al., 2018), which implies that
the age estimates must be treated with caution. However, our
results imply that the uncertainty of the exposure age could
be large. A correction of the exposure age of a few thousand
years would have significant implications when investigating
how post-LGM climate variability regionally impacted past
ice extent.

We have presented the results using one luminescence
signal only (IRSL50). Jenkins et al. (2018) and Sohbati et
al. (2015) showed that multiple luminescence signals can
be exploited. Since bleaching propagates at different rates

within rocks (see Ou et al., 2018), using multiple signals
(e.g. pIR225 and OSL125) should enable us to better assess
whether the position of the bleaching front is steady or not
and thus to further constrain the erosion history (both ero-
sion rate and duration).

Our results confirm the results of Sohbati et al. (2018),
who derived an analytical solution assuming steady ero-
sion and using a confluent hypergeometric function. Here
we solve the transient solution of Eq. (1) using the finite-
difference method. An important difference to the earlier
study of Sohbati et al. (2018) is that here the system is fully
coupled between OSL and TCN surface exposure dating.
OSL dating provides information about the evolution of the
erosion rate in time, and TCN dating gives a realistic time
frame for this evolution by setting a forbidden zone.

The most striking outcome of this new approach is the
ability to quantify surface erosion rates over timescales from
10 to 104 years. The quantification of erosion rates using
TCN concentration is limited (expressed in Sect. 2) with
the minimum time given by t � 1/(λ+ νε̇). By taking the
two endmembers of erosion in this study, ε̇ = 10−5 mm a−1

and ε̇ = 10 mm a−1, the time limits are respectively 2× 106

and 6× 104 years, which means that one cannot use TCN
to constrain the erosion history of post-LGM surfaces. Con-
sequently, the coupling of OSL and TCN surface exposure
dating makes the quantification of bare bedrock surface ero-
sion possible at the timescale of a single interglacial event
and might provide insight into the processes of topographic
evolution in alpine environments.

6 Conclusions

In this study, we couple OSL and TCN surface exposure
dating to constrain post-glacial bedrock erosion and surface
exposure duration. We numerically solve the equation de-
scribing the evolution of luminescence signals in rock sur-
faces considering exposure age, bedrock surface erosion, and
trapping and detrapping rates due to bleaching and athermal
losses. We show that it is critical to account for bedrock sur-
face erosion while interpreting luminescence bleaching pro-
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files. Even at low erosion rates (10−4 mm a−1) for periglacial
environments, only a few years are needed to affect the lumi-
nescence profile of a rock surface.

We were able to discriminate between two regimes charac-
terizing the relationships between the depth of the lumines-
cence bleaching, the exposure age and the bedrock surface
erosion. The transient state describes a rock surface with a
luminescence profile in disequilibrium. In contrast, a rock
surface in steady state is produced when the influence of
bedrock surface erosion, exposure age and trapping rate com-
pensate for one another. If the system is maintained under
these conditions, the luminescence signal no longer evolves
with time. Indeed, the determination of the time at which the
steady state with erosion occurs is critical. For the two natural
surfaces we analysed here, this time can range from 4 years
(at an erosion rate of 4.3 mm a−1) to 2300 years (at an ero-
sion rate of 3.5× 10−3 mm a−1). The approach developed in
this study thus represents a new asset to directly quantify an
erosion correction for TCN dating. We see that this correc-
tion can range from 1.2 % to 930 % for natural surfaces, al-
though one must keep in mind that the exposure age may be
overestimated if not compared to independent observations.

Finally, this new approach enables the quantification of
erosion rates over surfaces exposed for 10–104 years, filling
a methodological gap between short timescales (from a few
seconds to decades) and long timescales (> 105 years). The
contribution of this approach will allow for the quantifica-
tion of the contribution of bare bedrock surface in sediment
production and the topographic evolution of alpine environ-
ments over glacial–interglacial cycles. Measurements at lo-
cations where bedrock surface erosion is very low (e.g. polar
areas, high mountains) need to be investigated to check if
OSL surface exposure is potentially applicable to timescales
> 102 years without accounting for the effect of erosion
rates. Another perspective is to investigate the control of tem-
perature and climate on erosion rate evolution in time along
an elevation transect. Using this approach, the contribution of
post-glacial bedrock erosion can be quantified and the feed-
back between erosion and climate evaluated.

Code availability. The code used for the implementation of the al-
gorithm, examples and benchmarks presented in this paper is avail-
able here: https://github.com/BenjaminLehmann/esurf2019.git (last
access: 3 July 2019).
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Appendix A

Figure A1. Modelled luminescence–depth profiles as predicted by Eq. (1) accounting for neither fading nor erosion, (a) without the trapping
term and (b) with the trapping term, respectively. The selected parameter values are Ḋ = 8× 10−3 Gy a−1, D0 = 500 Gy, σϕ0 = 129 a−1

and µ= 0.596 mm−1. (c) Comparison between the normalized luminescence (NLS) signal for both scenarios shown in (a) and (b).

Figure A2. Calibration of the parameters µ and σϕ0 using two calibration samples, MBTP7 (1936 m a.s.l.) and MBPT8 (1995 m a.s.l.), with
exposure ages of 2±2 years and 11±2 years, respectively. These samples were at the bottom of the Trélaporte vertical profiles in 2016. The
surfaces are located between the present-day position of the glacier and the Little Ice Age maximal elevation. These ages were determined
using the reconstruction from Vincent et al. (2014). The calibration is made through an inversion protocol by prediction 108 luminescence
signals corresponding to the combinations of 104 values of σϕ0 in the logarithmic space and 104 values of µ. The inversed solutions are
inferred using a least absolute deviation regression as described in Lehmann et al. (2018).
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Figure A3. Modelled luminescence–depth profiles as predicted by Eq. (1) for a (a) non-eroding and (b) eroding rock surface, respec-
tively. The selected parameter values are Ḋ = 6× 10−3 Gy a−1, D0 = 250 Gy, σϕ0 = 2200 ka−1 and µ= 0.6 mm−1, similar to Sohbati et
al. (2018).

Figure A4. Evolution of the 10Be production of a rock surface affected by different rates of erosion as a function of (a) the rock depth and
(b) the exposure age calculated using a modified version of the CREp online calculator to process the non-linear erosion rate correction by
solving Eq. (3) (Martin et al., 2017) as a modelling exercise and for comparison with OSL surface exposure curves in Fig. 5.
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Figure A5. Determination of the apparent OSL surface exposure ages for samples MBTP1 and MBTP6. Experimental values in (a) and (b)
correspond to the value measured for three cores per sample. The likelihood was determined using a probability density function following
a least-squares deviation regression method minimizing the sum of the square differences between the experimental and the inverted values.
Red lines in (c) and (d) represent the median value of the distribution. Apparent ages were inverted using Eq. (2) and prescribing 106

solutions for a range of time from 0 to t0 (TCN age calculated using the nuclide concentration of each sample and solving Eq. (3) without
erosion correction). All models were calculated using the following parameters: σϕ0 = 129 a−1, µ= 0.596 mm−1, D0 = 500 Gy, Ḋ =
7.4× 10−3 Gy a−1 and Ḋ = 8.4× 10−3 Gy a−1 for sample MBTP1 and sample MBTP6 (see main text for details).

Table A1. Dosimetry calculations for the feldspar samples analysed. Conversion factors have been chosen after Adamiec and Aitken (1998).
Alpha-particle attenuation and beta-particle attenuation factors have been chosen after Bell (1980) and Mejdahl (1979), respectively. Cosmic
dose rates have been calculated using the method of Prescott and Hutton (1994), assuming an overburden density of 2.7±0.1 g cm−3. Internal
K concentration is assumed to be 12± 0.5 % for both samples. Environmental dose rates were calculated using the DRAC online calculator
(Durcan et al., 2015), assuming a grain size between 750 and 1000 µm and water content of 2 %.

Sample ID U (ppm) Th (ppm) K (ppm) Thickness (m)

MBTP1 5.69± 0.12 36.8± 0.6 2.56± 0.03 0.08± 0.02
MBTP6 8.75± 0.19 26.0± 0.4 3.88± 0.05 0.07± 0.02
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Table A2. Infrared stimulated luminescence at 50 ◦C (IRSL50) experimental values for sample MBTP1.

MBTP1

C1 C2 C3

x Lx/T x Lx/T x x Lx/T x Lx/T x x Lx/T x Lx/T x

(mm) Err. (mm) Err. (mm) Err.

1.81 0.00 0.000 2.24 0.00 0.000 1.97 0.00 0.005
2.80 0.00 0.000 3.16 0.00 0.001 2.91 0.00 0.001
3.76 0.00 0.001 4.14 0.00 0.001 3.96 0.00 0.000
4.70 0.00 0.001 5.09 0.00 0.001 4.99 0.00 0.001
5.72 0.00 0.001 6.07 0.00 0.001 5.95 0.00 0.001
6.80 0.00 0.001 7.10 0.00 0.000 6.85 0.00 0.002
7.77 0.00 0.002 8.04 0.00 0.001 7.72 0.01 0.003
8.68 0.00 0.002 8.89 0.00 0.001 8.62 0.01 0.007
9.52 0.00 0.001 9.77 0.00 0.002 9.54 0.03 0.013

10.49 0.01 0.003 10.72 0.01 0.002 10.42 0.02 0.004
11.53 0.01 0.002 11.70 0.01 0.003 11.36 0.04 0.022
12.49 0.01 0.002 12.64 0.02 0.008 12.32 0.07 0.011
13.47 0.01 0.006 13.63 0.05 0.010 13.65 0.19 0.109
14.41 0.02 0.018 14.63 0.13 0.175 15.00 0.24 0.073
15.56 0.02 0.014 15.60 0.11 0.032 15.95 0.26 0.100
17.02 0.03 0.005 16.76 0.15 0.072 16.88 0.55 0.193
18.25 0.14 0.176 17.93 0.14 0.127 17.79 0.63 0.109
19.24 0.15 0.149 19.19 0.36 0.091 18.73 0.83 0.171
20.30 0.16 0.108 20.38 0.50 0.101 19.65 0.87 0.150
21.23 0.24 0.179 21.29 0.74 0.125 20.82 0.79 0.165
22.16 0.47 0.348 22.30 0.88 0.118 21.98 0.92 0.136

23.45 0.97 0.139 22.89 0.91 0.073
24.59 1.00 0.082 23.86 1.00 0.082
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Table A3. Infrared stimulated luminescence at 50 ◦C (IRSL50) experimental values for sample MBTP6.

MBTP6

C1 C2 C3

x Lx/T x Lx/T x x Lx/T x Lx/T x x Lx/T x Lx/T x

(mm) Err. (mm) Err. (mm) Err.

1.96 0.00 0.000 1.96 0.01 0.000 3.32 0.01 0.000
3.00 0.01 0.000 2.90 0.01 0.000 4.30 0.05 0.001
4.05 0.02 0.001 3.84 0.02 0.000 5.25 0.18 0.004
5.11 0.09 0.002 4.80 0.01 0.000 6.17 0.15 0.003
6.13 0.29 0.007 5.76 0.19 0.004 7.09 0.44 0.010
7.19 0.30 0.008 6.72 0.17 0.004 8.00 0.79 0.017
8.29 1.01 0.022 7.71 0.62 0.013 8.93 0.92 0.020
9.29 0.81 0.017 8.69 0.79 0.017 9.85 1.00 0.021

10.27 0.79 0.019 9.68 1.11 0.024 10.76 0.85 0.018
11.34 0.86 0.019 10.61 0.72 0.016 11.67 1.12 0.024
12.39 0.81 0.020 11.53 0.73 0.018 12.58 0.96 0.021
13.40 1.14 0.025 12.46 0.71 0.016 13.50 0.99 0.021
14.29 1.04 0.023 13.40 0.71 0.017 14.41 0.97 0.021
15.26 0.98 0.023 14.49 1.23 0.026 15.33 0.96 0.021
17.48 1.28 0.028 15.56 1.16 0.025 16.25 0.93 0.021

16.49 1.09 0.024 17.16 0.99 0.021
17.45 1.18 0.025 18.14 1.00 0.021
18.38 1.14 0.024 19.14 0.99 0.022
19.32 0.97 0.021 20.07 1.08 0.023
20.31 0.99 0.021 21.02 0.93 0.020
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Abstract. Modern drone technology provides an efficient means to monitor the response of alpine glaciers to
climate warming. Here we present a new topographic dataset based on images collected during 10 UAV surveys
of the Gorner Glacier glacial system (Switzerland) carried out approximately every 2 weeks throughout the
summer of 2017. The final products, available at https://doi.org/10.5281/zenodo.2630456 (Benoit et al., 2018),
consist of a series of 10 cm resolution orthoimages, digital elevation models of the glacier surface, and maps of
ice surface displacement. Used on its own, this dataset allows mapping of the glacier and monitoring surface
velocities over the summer at a very high spatial resolution. Coupled with a classification or feature detection
algorithm, it enables the extraction of structures such as surface drainage networks, debris, or snow cover. The
approach we present can be used in the future to gain insights into ice flow dynamics.

1 Introduction

Glacier ice flows by deformation and sliding in response to
gravitational forces. As a glacier moves, internal pressure
gradients and stresses create visible surface features such
as glacial ogives and crevasses (Cuffey and Paterson, 2010).
Furthermore, the surface of glaciers is also shaped by local
weather conditions, which are responsible for the snow ac-
cumulation and ablation. Related processes generate distinct
morphologies such as supraglacial streams, ponds, and lakes.

Glacier surface features evolve continuously, and these
changes provide insights into the structure, internal dynam-
ics, and mass balance of the glacier. Important efforts have
been made to monitor glacier surfaces, from early stakes
measurements at the end of the 19th century (Chen and Funk,
1990) to present-day in situ topographic surveys (Ramirez et
al., 2001; Aizen et al., 2006; Dunse et al., 2012; Benoit et

al., 2015) and remotely sensed data acquired from diverse
platforms: ground-based devices (Gabbud et al., 2015; Pier-
mattei at al., 2015), aircraft (Baltsavias et al., 2001; Mertes
et al., 2017), or satellites (Herman et al., 2011; Kääb et al.,
2012; Dehecq et al., 2015; Berthier et al., 2014). Recently,
the development of unmanned aerial vehicles (UAVs) has
enabled glaciologists to carry out their own aerial surveys
autonomously, rapidly, and at reasonable costs (Whitehead
et al., 2013; Immerzeel et al., 2014; Bhardwaj et al., 2016;
Jouvet et al., 2017; Rossini et al., 2018). This technology is
particularly attractive to map alpine glaciers whose limited
size allows a satisfying coverage at a centimeter to decimeter
spatial resolution.

Here we provide a homogenized and high-resolution
remote-sensing dataset covering about 10 km2 of the ablation
zone of the Gorner Glacier glacial system (Valais, Switzer-
land, Fig. 1). The raw images have been acquired by UAV

Published by Copernicus Publications.



580 L. Benoit et al.: A high-resolution image time series of the Gorner Glacier

flights carried out approximately every 2 weeks during the
summer of 2017 (from 29 May to 30 October). The dataset
comprises 10 consecutive digital elevation models (DEMs)
and associated orthomosaics of the area of interest at a 10 cm
resolution. It is therefore one of the most exhaustive surveys
of the short-term surface evolution of a temperate glacier
currently available. Geometrical coherence of the dataset
is ensured through the application of comprehensive pho-
togrammetric processing (i.e., images are ortho-rectified and
properly scaled). In addition, the orthomosaics are stackable
thanks to a co-registration procedure. The dataset can there-
fore be seen as a high-resolution time lapse of the Gorner
Glacier ablation zone, combining spectral (orthomosaics)
and geometrical (DEMs) information on the glacier surface.
In addition to orthomosaics and DEMs that are snapshots of
the area of interest, we also provide a product that we call
matching maps (MMs) to achieve temporal monitoring of the
glacier. In practice, a MM associates with each pixel of an or-
thomosaic (respectively a DEM) the corresponding pixel in
the next orthomosaic recorded 2 weeks later. MMs can then
be used to track the flow of ice over time, and in turn to quan-
tify ice surface displacements.

Potential uses of this dataset are numerous. Single ortho-
mosaics and DEMs can be used to map the surface of the
glacier and to extract features of interest such as the sur-
face drainage network (Yang and Smith, 2012; Rippin et
al., 2015), debris, or snow cover (Racoviteanu and Williams,
2012). Alternatively, the complete time series of orthomo-
saics and DEMs can be used for detection and quantification
of changes at the surface of the glacier (Barrand et al., 2009;
Berthier et al., 2016; Fugazza et al., 2018). Finally, the time
lapse coupled with the MMs is an interesting tool to moni-
tor ice surface velocity and deformation (Ryan et al., 2015;
Kraaijenbrink et al., 2016), and in turn ice flow dynamics
at the glacier surface (Brun et al., 2018). The MMs provide
a quantification of the ice velocity at every location on the
surface of the glacier, which can be used to calibrate or to
validate ice flow models, especially for the Gorner Glacier,
which was extensively used as a modeling benchmark (see
for instance Werder and Funk, 2009; Riesen et al., 2010;
Sugiyama et al., 2010; Werder et al., 2013).

2 Data acquisition

2.1 Study site

The Gorner Glacier is located in the Valais Alps in south-
ern Switzerland (Fig. 1a). It is part of a glacier system in-
volving five tributaries and ranges from 2200 to 4634 m a.s.l.
(Fig. 1b). The ablation area, which is the main focus of this
study, is a 4 km long and relatively flat ice tongue (slope
around 6 %, i.e., 3.4◦) that is deeply incised by meltwater
channels and partially debris covered (Fig. 1c). This ablation
area is preceded by a steeper part (southwest of the Monte
Rosa Hut, Fig. 1c) characterized by the presence of numer-

ous crevasses. The entire Gorner Glacier system (i.e., the ter-
minal tongue and its five tributaries) covers an area of almost
50 km2 and its central flow line is 12 km long, making it one
of the largest European glaciers (Sugiyama et al., 2010).

The Gorner Glacier system has been widely studied since
the 1970s due to its significant size, its accessibility, and
because a glacier-dammed lake threatened the downstream
Matter valley with glacier outburst floods (Sugiyama et al.,
2010; Werder et al., 2009, 2013). The long history of glacio-
logical studies in this area has shown that the mass balance
of the Gorner Glacier system was stable from the 1930s to
the early 1980s, and significantly dropped since then (Huss
et al., 2012). This can be associated with the rise of its equi-
librium line altitude (ELA) due to an increase in the local
average yearly temperature. The ELA is at around 3300 m to-
day according to studies carried out at the neighboring Findel
Glacier (Sold et al., 2016).

In this context, the current dataset aims at complementing
existing studies about the Gorner Glacier system by docu-
menting the behavior of its ablation zone during an entire
summer, at a time when this glacial system is thought to be
out of equilibrium with a clear trend toward glacial retreat.
In particular, this dataset focuses on the monitoring of the
glacier surface at high spatial and temporal resolution.

2.2 UAV surveys

The primary data are RGB images acquired by repeated UAV
surveys over an area of 10 km2. A fully autonomous fixed-
wing UAV of type eBee from SenseFly, equipped with a 20-
megapixel SenseFly S.O.D.A camera, has been used for im-
age acquisition (Vallet et al., 2011). The camera was static
within the UAV body (no gimbal) and therefore all pictures
are quasi-nadir (i.e., images are taken with an angle ±10◦

from the vertical line). For flight planning and UAV piloting,
the eMotion3 software was used.

Raw images were acquired with a ground resolution rang-
ing from 7.3 to 8.8 cm for the glaciated parts of the area of
interest. For the requirements of photogrammetric process-
ing, flight plans have been designed to allow for an overlap
between images ranging from 70 % to 85 % in the flight di-
rection and from 60 % to 70 % in the cross-flight direction.
These specifications have led to flight altitudes ranging from
300 to 600 m above ground. The flight time was limited to
about 30 min in field conditions. Thus, the coverage of the
full area of interest required four to eight separate flights per
session, i.e., each day of acquisition (Table 1). Overall, 10
sessions were conducted in 2017, from 29 May to 30 Oc-
tober. The main features of these flights are summarized in
Table 1.
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Figure 1. The Gorner Glacier system. (a) Situation map. (b) Overview of the Gorner Glacier system; dashed red line: area of interest.
(c) Picture of the glacier tongue.

Table 1. UAV flights carried out for raw glacier image acquisition.

Date Acquisition time No. of No. of
(CET) flights pictures

2017/05/29 14:00–16:00 4 749
2017/06/09 12:30–15:30 8 935
2017/06/21 11:30–13:30 7 930
2017/06/27 11:30–14:00 5 1059
2017/07/13 12:30–14:00 4 830
2017/07/26 13:00–16:00 6 1125
2017/08/15 12:30–16:00 7 1121
2017/10/04 12:00–15:30 7 1107
2017/10/18 13:00–15:00 4 846
2017/10/30 13:00–15:30 6 1084

3 Data processing

3.1 Generation of co-registered orthomosaics and
DEMs

Pictures have been processed separately for each acquisition
date with the photogrammetric software pix4DMapper ver-
sion 3.1 (Vallet et al., 2011, Fig. 2) using default parame-
ters for nadir flights (see the processing reports for details
about these parameters). The output resolution has been set
to 10 cm per pixel in order to prescribe a constant resolution
across all final products. During the photogrammetric pro-
cessing, the raw pictures are first oriented by bundle adjust-
ment, and then a DEM and an ortho-rectified image (ortho-
mosaic) are generated for each day of interest. Since the only
geolocation information included into the bundle adjustment
procedure is the trajectory of the UAV derived from code-
only GPS data, the initial geo-referencing of the orthomo-
saics and DEMs is limited to a few meters.

To improve the coherence of the co-referencing of the dif-
ferent sessions, all products are co-registered to the reference
of the 9 June acquisition (Fig. 2). To this end, the coordinates
of several stable points of the landscape (16 to 70 among a
set of 74; see Table 2 and Fig. 4) are extracted from the bun-
dle adjustment of 9 June, and used as manual tie points for
the bundle adjustments of the other dates. These stable points
are mostly salient features of the bedrock or erratic boulders
on the deglaciated banks of the glacier. The co-registration
leads to orthomosaics and DEMs that are stackable. There-
fore, in the final products, the bedrock remains stable be-
tween consecutive dates, while the glaciated parts move and
deform. Consequently, if a time lapse is created from the
co-registered products, the glacier appears to flow while the
surrounding landscape remains static. Figure 2 summarizes
the acquisition and processing chain used to derive the final
products of the dataset.

After co-registration, all final products (orthomosaics and
DEMs) are in the reference frame of the bundle adjustment
of 9 June 2017 (hereafter referred to as master bundle ad-
justment). This local reference frame is a realization of the
WGS84 reference system (with Universal Transverse Merca-
tor (UTM zone 32) projection) using code-only GPS data as
input for referencing. The absence of ground control points
(GCPs) and the use of consumer-grade GPS observations in
the bundle adjustment procedure can result in meter-level
geolocation errors and internal deformations of the master
bundle adjustment (James and Robson, 2014; Gindraux et
al., 2017). While the internal deformations of the local ref-
erence frame lead to relative measurement errors of small
amplitude (on the order of 1/1000; see Sect. 4.1 for details),
the geolocation errors related to the absence of GCPs can
impair comparisons with other datasets covering the same
geographic area. To improve absolute georeferencing and to
link our dataset with the Swiss national reference system, Ta-
ble 2 provides the parameters of the affine transformation be-
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Figure 2. Acquisition and processing chain used to derive the co-
registered orthomosaics and DEMs.

Table 2. Parameters of the affine transformation between the Swiss
reference system (CH1903 – LV03) and the local reference frame
defined by the master bundle adjustment of 9 June 2017. Note that
no shear nor reflection is considered. Locations of the manual tie
points used to estimate the transformation parameters are shown in
Fig. 4.

Translation Translation Rotation Scale
eastward (m) northward (m) (◦)

321 800.8 −5009609.3 1.1357 1.0004

tween the local reference frame of this dataset and the Swiss
CH1903 – LV 03 reference system. This transformation has
been estimated from 81 manual tie points identified in (1) the
orthomosaic derived from the master bundle adjustment and
(2) a 50 cm resolution orthomosaic of 2009 processed and
georeferenced by the Swiss mapping agency swisstopo.

3.2 Surface displacement tracking: generation of MMs

Consecutive co-registered orthomosaics enable us to quan-
tify horizontal displacements at the surface of the glacier. In
the present dataset, this information about ice surface dis-
placements is provided by the MMs (Fig. 3). In practice, a
MM is an image that pairs the positions of similar ice patches
at times t and t+dt (dt being the time span between consec-
utive acquisitions) (Fig. 2). The footprint of the MM is the
overlap of the footprints of the orthomosaics at times t and
t + dt . MMs inherit the spatial resolution of the original or-
thomosaics (i.e., 10 cm) and can therefore be used to directly
relate any pixel of a given orthomosaic to its counterpart

in the following orthomosaic (and therefore easily navigate
within the whole dataset).

The MMs are obtained by image matching of pairs of or-
thomosaics. The orthomosaic at time t is taken as a refer-
ence, and for each pixel of the reference, a 51× 51 pixel
(5.1 m× 5.1 m) patch is extracted and searched for in the or-
thomosaic corresponding to the next session (time t + dt).
To speed up the processing and avoid wrong matches with
very distant patches, the homologous patch at time t + dt is
searched for in a neighborhood with a 200-pixel (20 m) ra-
dius centered on the position of the original patch at time
t whose size has been established based on prior knowl-
edge about the approximate surface velocity of the Gorner
Glacier. The criterion used to evaluate the similarity between
both patches is the mean absolute error (MAE) between pix-
els computed on grayscale images (Liu and Zaccarin, 1993;
Chuang et al., 2015). The MAE has been selected as the sim-
ilarity score because it is fast to compute, especially on large
images using convolutions. Its disadvantage is the sensitiv-
ity to illumination differences between consecutive orthoim-
ages. However, in practice, no adverse effects have been ob-
served, mostly because the images were acquired roughly at
the same time of the day (between 11:30 and 16:00), and
because the orthoimages used to generate the MMs are al-
ways separated by less than 1 month, which mitigates the il-
lumination differences. The patch of the image t+dt leading
to the lowest MAE with the original patch at time t is then
considered the counterpart of the original patch. Finally, the
displacements (in pixels) between the two patches along the
east–west and the north–south directions are recorded into
the MM. This operation is repeated for all possible patches
in the reference orthomosaic. The MMs have been calculated
using an open-source utility called MatchingMapMaker de-
veloped as part of this project, and made available along
with the dataset (see Sect. 5.2 for code availability). The
MatchingMapMaker tool has been designed to account for
the specificities of UAV-based orthoimages, and in particu-
lar their very high resolution. To ensure the reliability of this
utility, MMs have been benchmarked against horizontal dis-
placement maps calculated using well-established image cor-
relation algorithms, namely IMCORR (Scherler et al., 2008)
and CIAS (Heid and Kääb, 2012). The results of this bench-
mark (see Sect. 5.2) show a very good agreement between
horizontal displacement maps derived from MatchingMap-
Maker, IMCORR, and CIAS.

The raw MMs can be noisy due to the presence of outliers
in the pattern matching procedure (speckled areas in the raw
displacement maps in Fig. 3). These outliers originate from
the dissimilarity between subsequent orthomosaics, due to,
for example, changing shadows or changes at the glacier sur-
face (snowfall, snow, or ice melting, etc.). To mitigate the
impact of these outliers, we first locate them, then we mask
the impacted areas (pink areas in Fig. 3), and finally we in-
terpolate the remaining reliable displacements to fill the gaps
generated by the mask. To limit the processing time, a sim-
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plistic outlier detection method based on signal processing
has been preferred over more sophisticated approaches based
on glacier physics (Maksymiuk et al., 2016). Unreliable ar-
eas in the raw MMs are assumed to be aggregates of pixels
with spatially incoherent displacement values embedded in a
matrix of displacements that vary smoothly in space (i.e., the
reliable displacements). The borders of unreliable areas are
detected as locations with strong spatial displacement gra-
dients, with a detection threshold set to 15 cm of horizontal
deformation per day. A mask of reliability is then created
by setting the areas with a strong gradient to 0 and the re-
mainder of the mask image to 1. The outlier areas (i.e., small
aggregates of unreliable values) are then filtered out by ap-
plying the opening operator of mathematical morphology to
this mask with a structuring element of the size 50× 50 pix-
els. This operation leads to switch the value of the mask from
1 to 0 for all aggregates of pixels smaller than 50×50 pixels.
Hence, we obtain a mask with 1 at locations with reliable dis-
placements and 0 where the measured displacements are con-
sidered outliers. Finally, the values of the MM at masked lo-
cations are interpolated from the non-masked measurements
using a bilinear interpolation. The selected procedure is it-
erative. At each iteration, it attributes to the masked values
the mean of the reliable values in a 500-pixel neighborhood
in the east–west and north–south directions. The values that
remain masked after 10 iterations are considered to be too
far from the informed areas to be filled and are set to −99 to
denote no data. Figure 3 summarizes how MMs are derived
from pairs of consecutive co-registered orthomosaics and fil-
tered to remove outliers.

Because MMs pair the positions of similar ice patches be-
tween consecutive orthomosaics, they can be used to derive
maps of the horizontal displacements occurring at the surface
of the glacier. To this end, displacements from the masked
MMs are converted to meters per day and resampled at a 5 m
resolution to remove the dependence between neighboring
locations that is introduced during the image matching pro-
cedure. Horizontal displacement maps at 5 m resolution are
provided in addition to the full-resolution MMs in order to
facilitate the use of the present dataset in the context of ice
flow studies.

4 Quality assessment

4.1 Bundle adjustment and co-registration

A first validation of this dataset can be performed by check-
ing the relative orientation of the cameras during the bundle
adjustment, as well as the co-registration of orthomosaics
and DEMs. Processing reports detailing the quality of the
bundle adjustment for each session are available along with
the dataset (see Sect. 5.1).

Table 2 displays three indices summarizing the quality of
both bundle adjustment steps. First, the mean reprojection
error (in pixels) quantifies the mismatch in the raw images

between the observed and the modeled position of tie points
used during the relative orientation step. The sub-pixel level
of errors (Table 2, column 2) ensures that the orientations of
the camera are reliable. Next, the co-registration step is as-
sessed by the mean root-mean-square error (RMSE) of man-
ual tie point coordinates. This statistic measures the stabil-
ity of manual tie point coordinates between different bundle
adjustments. Under ideal conditions, the value of the mean
RMSE on manual tie points should be close to the ground
pixel resolution of the raw images (i.e., 7.3 to 8.8 cm) be-
cause an operator is able to identify points of interest with a
pixel level precision. The slightly higher values obtained in
the present case (9 to 21 cm, Table 2, column 3) can be due to
the difficulty of precisely identifying manual tie points under
changing environmental conditions (e.g., sunlight exposition
or snow cover). The errors in manual tie point identification
degrade the mean RMSE, but they are expected to have a
mild impact on the co-registration itself because they are not
correlated and tend to compensate for each other. Note that
late in the season (i.e., for the last acquisition on 30 October)
it became difficult to identify manual tie points due to strong
shadows, hence the small number of manual tie points at that
time.

Another important validation consists of assessing possi-
ble internal deformations within the local reference frame
of the dataset. Figure 4a displays the residuals of the co-
registration of the master bundle adjustment on a georefer-
enced orthoimage, which are a proxy for the internal defor-
mations of the master bundle adjustment. The results show
that the internal deformations have a meter-level amplitude
(mean deformation = 1.07 m; max deformation = 2.83 m)
and are smoothly spread over the area of interest due to the
bundle adjustment procedure, which tends to distribute er-
rors over space. It follows that, considering the extent of
the study area (a few square kilometers), the relative error
induced by the internal deformations of the local reference
frame is on the order of 1/1000. Thanks to the co-registration
procedure, the internal deformations of all orthomosaics and
DEMs are similar to the ones of the local reference frame
defined by the master adjustment. When measuring changes
at the surface of the glacier from the present dataset, the er-
ror related to internal deformations is therefore on the order
of 1 ‰ of the measured distances. This results in relatively
small absolute errors because the changes at the ice surface
of the Gorner Glacier are of moderate amplitude (e.g., ice
ablation reaches a few centimeters per day, and ice flows at
less than 1 m d−1 in the ablation zone). For instance, in the
case of horizontal velocity measurements, the order of mag-
nitude of glacier displacement between two acquisition dates
is 30 cm d−1

× 14 d= 4.2 m. It follows that the error in ve-
locity due to internal deformations is 4.2 m×1/1000/14 d=
0.3 mm d−1, which is very small in comparison with the am-
plitude of the ice surface velocity itself.
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Figure 3. Processing chain used to compute a MM between two subsequent orthomosaics. The procedure is illustrated for the 13 July 2017–
26 July 2017 period. In displacement maps, masked areas are displayed in pink.

Table 3. Quality assessment of the bundle adjustment procedure.

Date Relative orientation: Co-registration: Co-registration:
mean reprojection error (pix) mean RMSE (m) no. of manual tie points

2017/05/29 0.138 0.210 66
2017/06/09 0.136 Reference Reference
2017/06/21 0.123 0.189 66
2017/06/27 0.146 0.193 68
2017/07/13 0.120 0.107 63
2017/07/26 0.117 0.206 70
2017/08/15 0.118 0.175 69
2017/10/04 0.125 0.122 38
2017/10/18 0.127 0.146 43
2017/10/30 0.125 0.092 16

4.2 Orthomosaics and DEMs

In addition to the bundle adjustment, we also validate the
final products of the photogrammetric processing (Fig. 4a),
i.e., the co-registered orthomosaics and DEMs. To this end,
individual orthomosaics and DEMs have first been visu-
ally checked to track the presence of artifacts. A careful
examination of all products shows that the glaciated parts
(Fig. 4b) as well as the neighboring ice-free areas (Fig. 4c)
are well reconstructed in both orthomosaics and DEMs. On

the edges of the area of interest artifacts can be present due
to the low number of overlapping images in these areas (see
the processing reports to identify them). This leads to un-
reliable photogrammetric reconstructions and in particular
shear lines (Fig. 4d). Despite these relatively minor artifacts
restricted to the edges of the surveyed area, all glaciated
parts and nearby unglaciated margins are satisfyingly recon-
structed in both orthomosaics and DEMs.
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4.3 MMs

In addition to the visual inspection of individual photogram-
metric products, we also assess the quality of the co-
registration procedure by quantifying in the MMs the stabil-
ity of several areas that are most likely static, as well as the
observed spatial patterns of glacier surface velocity. We se-
lect several validation locations on and off the glacier (Fig. 5)
and compute their horizontal velocity by dividing the dis-
placements recorded in the MMs by the time elapsed be-
tween the acquisitions. Note that in Fig. 5 the velocity is av-
eraged over 10×10 m2 areas, corresponding to 10 000 single
measurement points, centered on the validation points.

Figure 5b displays the observed horizontal velocities in the
domain for summer 2017. In the case of perfect photogram-
metric processing, co-registration, and feature tracking, the
apparent velocity of the ice-free areas (in green in Fig. 5)
should be zero. While it is not exactly the case due to in-
herent processing errors and measurement noise, the mean
velocity is very low (1.2 cm d−1 on average over the five
ice-free validation locations), which reflects an appropriate
processing. The observed patterns of glacier surface veloc-
ity are also in accordance with typical patterns of ice flow,
such as velocities decreasing from the center of the glacier
towards the edges (compare the velocity in TH3 and TH5)
and higher velocities at steep parts of Grenz Glacier than on
the flat tongue of Gorner Glacier (compare TH2 and CM5 to
CM1). Finally, the velocities derived from UAV correspond
to independent data collected by differential GNSS measure-
ments a few hundred meters upstream of the area of interest
(points GO01, GO02, and GO03 in Fig. 5). The higher ve-
locity measured at the locations monitored by GNSS (points
GO01–G003) compared to the downstream locations mon-
itored by UAV (points TH1–TH3) is coherent with the in-
crease in glacier velocity at the steeper upstream part of
Grenz Glacier (approx. 13.5 % at GO02 compared to 7.5 %
at TH2). Finally, the trend of deceleration over the course of
the summer recorded by GNSS is in good agreement with the
UAV-based velocities throughout the glacier.

5 Data and code availability

5.1 Structure and availability of the dataset

All the data presented in this dataset are avail-
able in the following repository (Rep): https:
//zenodo.org/record/2630456, with the following DOI:
https://doi.org/10.5281/zenodo.2630456 (Benoit et al.,
2018).

The results of the photogrammetric processing, i.e., the
orthomosaics and the DEMs, are available in the com-
pressed folder Rep\Photogrammetric_Products.zip. Within
this folder, the products are grouped in sub-folders by acqui-
sition date using the following standard: 2017_mm_dd with

“mm” the month and “dd” the day of acquisition. Finally,
these sub-folders contain the following files:

– 2017_mm_dd_orthomosaic.tiff: contains the orthomo-
saic.

– 2017_mm_dd_dem.tiff: contains the DEM.

– 2017_mm_dd_report.pdf: contains the processing re-
port (generated by Pix4D Mapper) that summarizes the
quality of the photogrammetric processing for the date
of interest.

The MMs are stored in the compressed folder
Rep\Matching_Maps.zip. Within this folder, full-resolution
MMs are stored in the \Full_resolution_Matching_Maps
sub-folder. In this folder, individual maps are grouped in
sub-folders named according to the acquisition date of the
pair of subsequent orthomosaics used to generate the MM:
2017_mm_dd_2017_nn_ee with “mm” (resp. “dd”) and
“nn” (resp. “ee”) the acquisition months (resp. days). These
sub-folders contain the following files:

– 2017_mm_dd_2017_nn_ee_disp_Eastward: contains
the MM of eastward displacements.

– 2017_mm_dd_2017_nn_ee_disp_Northward: contains
the MM of northward displacements.

– 2017_mm_dd_2017_nn_ee__disp_mask: contains the
mask of reliable displacements after filtering: 1 if the
location corresponds to a reliable displacement, 0 oth-
erwise.

In addition to the full-resolution MMs, displace-
ment maps at 5 m resolution are stored in the
\Final_Displacement_Maps sub-folder. Note that in contrast
to the MMs, the displacement maps are in meters per day.
Displacement maps follow the same file nomenclature as
MMs, except the _Res5m suffix that allows us to distinguish
displacement maps from MMs.

5.2 Code availability

The photogrammetric processing has been carried out using
the proprietary software Pix4D Mapper, commercially avail-
able at https://pix4d.com/ (last access: 16 November 2018).

The MM have been computed using MATLAB rou-
tines written by Mathieu Gravey. The related utilities are
freely available on the following repository: https://github.
com/GAIA-UNIL/MatchingMapMaker (Gravey, 2018). The
sub-repository Benchmarking_tests contains the results of
benchmarking tests aiming at comparing the displace-
ment maps computed by the MatchingMapMaker utility
(i.e., MMs) with displacement maps computed by well-
established glacier surface tracking algorithms, namely IM-
CORR (https://nsidc.org/data/velmap/imcorr.html, last ac-
cess: 29 April 2019) and CIAS (https://www.mn.uio.no/geo/
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Figure 4. Quality assessment of the orthomosaics. (a) Overview of one orthomosaic (15 August 2017). Red stars: manual tie points used
for co-registration. Blue arrows: residuals after co-registration of the master bundle adjustment on a 50 cm resolution orthoimage acquired in
2009. The affine transformation described in Table 2 has been used for co-registration. (b–c) Examples of areas where the photogrammetric
processing worked properly. (d) Example of area on the boundary of the domain where the photogrammetric processing produced artifacts
(mostly shear lines).

Figure 5. Quality assessment of the MMs. (a) Locations of the validation points. The contour lines represent the horizontal surface velocity
derived from the MM related to the period 13–26 July. (b) Observed horizontal surface velocities at validation locations. Error bars show 1σ
errors. The errors reported for UAV-based velocities are empirical errors and are equal to the quadratic mean of velocities recorded at ice-free
locations (green dots in b). The errors reported for GNSS-based velocities (i.e., at locations GO01, GO02, and GO03) are theoretical errors
accounting for the uncertainty induced by the tilt of the support of GNSS receivers over time due to glacier movement.
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english/research/projects/icemass/cias/, last access: 29 April
2019). The sub-repository Similarity_score_tests contains
the results of tests assessing the sensitivity of the Match-
ingMapMaker output to the similarity score used to define
patch matches.

6 Conclusions

The present dataset compiles 10 UAV surveys of the Gorner
Glacier carried out during summer 2017. Photogrammetric
processing leads to a set of 10 cm resolution orthomosaics,
DEMs, and glacier displacement maps for each acquisition
date. This dataset can be used for change detection and quan-
tification at the glacier surface, and in particular to investigate
glacier surface dynamics at high temporal and spatial resolu-
tion.
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Abstract: In addition to the versatile ways in which luminescence dating can be 
applied to sediments, it can also be used for dating rock surfaces. This can either 
be done using a similar approach to sediment burial dating, i.e. constraining the 
last exposure to daylight for grains extracted from a buried rock surface, or it 
can be used to date the exposure history of a surface to daylight. In this chapter 
we discuss the practicalities of rock surface and rock surface-exposure dating 
using luminescence techniques as well as the latest model(s) for describing signal 
bleaching of rock surfaces, a range of different applications, and the challenges 
that need to be overcome before these methods can become as routine as 
luminescence dating of sediments.

Keywords: rock surface, bleaching model, heterogeneous dosimetry

11.1 Introduction
Within the Earth and Archaeological Sciences there are many examples of rock surfaces 
with unknown absolute ages. In archaeology there are numerous buildings, pavements 
and artefacts of unknown age, the dating of which would contribute to our understanding 
of human–environment interactions and the emergence of societies and culture. Dating 
glacially polished bedrock, moraine boulders and glacial erratics gives insight into ice-
dynamics, whereas measuring the age of rock-fall boulder debris can indicate rates of 
mass wastage and the frequency of hazardous events. Furthermore, in some environments, 
unconsolidated sedimentary deposits are absent or not representative of the depositional 
setting and/or processes of deposition. The ability to directly date the surfaces of larger 
clasts (pebbles/cobbles) or polished bedrock increases the applicability of luminescence 
dating, allowing new research questions to be addressed.

11.1.1 Key principles
In a rock surface continuously exposed to daylight, bleaching of the luminescence signal 
is expected not only to occur for minerals at the rock surface, but also to progressively 
propagate deeper into the surface with time (e.g. Habermann et al. 2000; Polikreti et 
al. 2002; Vafiadou et al. 2007). When this rock surface is buried, for example following 
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a rock fall (Chapot et al. 2012) or within a channel (Sohbati et al. 2012a), or when it 
simply becomes positioned facedown within a relict geomorphological feature protected 
from daylight (Simms et al. 2011; Sohbati et al. 2011), a luminescence signal can begin 
to accumulate. Dating of this rock surface can yield a burial age in the same way as for 
luminescence dating of sediments, with the only contrast being that the rock surface must 
be prepared either as rock slices of ~1 mm thickness (e.g. Sohbati et al. 2011), or following 
crushing and preparation of a specific mineral and grain-size fraction (e.g. Simms et al. 
2011). In contrast, in rock surface–exposure dating, the luminescence bleaching profile is 
measured with depth through/into the rock sample, and a model which describes the rate 
of bleaching with time is used to determine the duration of daylight exposure and thus the 
surface-exposure age (Sohbati et al. 2011; Lehmann et al. 2018).

11.1.2 Method development
The potential of luminescence dating of rock surfaces was initially recognised for 
archaeological applications (e.g. Liritzis 1994; Richards 1994). Whilst the dating of burnt 
lithics such as flint, which can become buried after thermal resetting in a fire, has been 
widely investigated (e.g. Aitken 1985; Gösku et al. 1974), efforts to use optically reset 
signals from rock surfaces are relatively recent and were initially predominantly linked 
to the investigation of archaeological monuments (e.g. megalithic structures). Richards 
(1994) used optically stimulated luminescence (OSL) to date quartzite pebble hand axes, 
whereas the potential of dating calcitic (limestone, marble) megalithic structures using 
thermoluminescence (TL) was recognised by Liritzis (1994; Liritzis et al. 1996; Polikreti et 
al. 2003). This method works on the principle that a rock surface can be bleached optically, 
like sediment, and then accumulates a luminescence signal again after subsequent burial. 
Burial could be by sediment, or alternatively by another rock such as within a building. 

An important consideration, applicable in any luminescence dating study, is that the 
luminescence signal is effectively zeroed before/during the event investigated. Where a 
megalithic structure is under investigation, sufficient daylight exposure must have occurred 
prior to burial; similarly, where a transport event that led to the deposition of a glacial/
fluvial cobble is to be measured, daylight exposure must have been sufficient to bleach the 
luminescence signal of the cobble surface. Thermoluminescence dating can be limited by 
relatively high uncertainties related to multiple-aliquot measurement protocols and bleaching 
rates which are less rapid than for optically stimulated luminescence signals (Tribolo et 
al. 2003). Habermann et al. (2000), Greilich et al. (2005) and Greilich and Wagner (2006) 
confirmed that bedrock infrared stimulated luminesence (IRSL) and OSL signals can be fully 
reset by daylight and so are appropriate for dating of rock surfaces. These observations have 
paved the way for later applications (see Section 11.7 for details), such as to lithic artefacts 
(Morgenstein et al. 2003), soil floors and overlaying pebbles (Vafiadou et al. 2007), cobble 
surfaces (e.g. Simms et al. 2011; Sohbati et al. 2011; Jenkins et al. 2018; Rades et al. 2018) and 
rock-fall deposits (Chapot et al. 2012).

Richards (1994) first showed that the optically stimulated signal of quartz changes 
with depth through quartzite pebble hand-axes (Fig. 11.1A). Using a ‘micro-stratigraphic’ 
approach, whereby multiple layers 250 μm thick were removed from the pebbles in a series 
of 30-minute hydrofluoric acid (HF) etches, Richards (1994) was able to determine that the 
rate of light transmittance was reduced to 1–8% after 0.25–0.6mm depth. Polikreti et al. 
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(2002, 2003) investigated how TL signals changed with depth following daylight exposure 
through exposing blocks of marble to daylight for different durations of up to 70 days. 
They observed that the luminescence signal can be reset to increasing depths, following 
increasing bleaching durations (Fig. 11.1B). Polikreti et al. (2002, 2003) suggested that 
these bleaching profiles could be used for the authentication of marble sculptures, with 
rock surfaces of sufficient antiquity experiencing deeper maximum bleaching depths (Fig. 
11.1B). Following these earlier studies, Sohbati et al. (2011) proposed that OSL signals from 
quartz and feldspar could be used for rock surface-exposure dating. In the remainder of 
this chapter, the models of luminescence signal bleaching through bedrock are presented, 
as well as the various methodological considerations necessary for bedrock surface and 
surface-exposure dating. A number of detailed case studies are given as well as an outlook 
for this developing technique.

Figure 11.1 A) 
Quartz OSL signal 
change with depth for 
grains extracted from 
quartzite (Richards 
1994, data reported 
in Roberts 1997) and 
sandstone (Armitage 
and King, 2013; 
Sohbati et al. 2012c). 
Note that the samples 
have been exposed 
for different durations 
and are from different 
geological and/or 
archaeological settings. 
B) TL signal reduction 
with depth for rock 
slices of marble 
(Polikreti et al. 2002) 
and quartzite (Tribolo 
et al. 2003) exposed to 
daylight for different 
durations.

Richards (1994)
Sohbati et al. (2012c)
Armitage & King (2013)

(B)

(A)

Tribolo et al. (2003), 1 month
Politkeri et al. (2002), 2 days
Politkeri et al. (2002), 8 years
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11.2 Model of luminescence signal bleaching
A rock surface that has not been exposed to daylight has a luminescence signal reflecting 
an equilibrium between electron trapping, due to ambient radiation (cosmic rays, high-
energy solar particle flux and radioactive decay in the rock matrix) and electron detrapping 
due to anomalous fading and/or thermal signal losses. This condition is often termed field 
saturation or field steady-state and is the starting point (i.e. the initial condition) prior 
to any signal loss through exposure to daylight. If this rock surface is then continuously 
exposed to daylight, luminescence signal bleaching is expected to propagate deeper 
into the surface with time (Polikreti et al. 2002; Sohbati et al. 2011). This can be seen 
schematically for an example from a glacial setting in Figure 11.2. Polikreti et al. (2002) 
were the first to develop a model for luminescence signal bleaching with depth following 
daylight exposure. More recently, Sohbati et al. (2011) have presented a model for the 
depletion of optically stimulated luminescence signals with depth. Although this model 
has been recently challenged (Laskaris and Liritzis, 2011), here we focus on the model of 
Sohbati et al. (2011) as it remains the most widely used approach in recent applications. 

The intensity of a luminescence signal can be considered to reflect the number of trapped 
electrons, n. For a rock surface exposed to daylight, the trapped electron concentration (and 
thus the luminescence signal intensity) is governed by competing processes of electron 
detrapping due to daylight exposure, and of electron trapping in response to ambient 

Figure 11.2 Sketch of bedrock luminescence signal evolution following exposure to daylight caused 
by glacial retreat, modified from Lehmann et al. (2018). Prior to bedrock surface exposure when the 
glacier is at its maximum extent (time t1), the luminescence signals of both surfaces (a) and (b) are 
in field-saturation. Following progressive glacial retreat (time t2), surface (a) becomes exposed and 
the luminescence signal begins to bleach at depth. In contrast, surface (b) remains covered and its 
luminescence signal remains unchanged. Following further glacial retreat (time t3), surface (a) remains 
exposed and its luminescence signal is more deeply bleached whereas surface (b) is only now exposed 
to daylight, with its luminescence signal bleached to a shallow depth. Straight arrows (grey) represent 
cosmic rays and the flux of high-energy solar particles, which together with radioactive decay in the 
rock-matrix build the latent luminescence signal. Black arrows represent low energy electromagnetic 
radiation from the sun, which following bedrock exposure bleach the latent luminescence signal.
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radiation. Thus the concentration of trapped electrons n(x,t) at a given depth x(mm) and 
time t(s) can be described by the following differential equation (Sohbati et al. 2012b):

(1)

where N(x) is the maximum possible number of trapped electrons at depth x, and E(x) (s−1) 
and F(x)(s−1) are the rates of charge detrapping and trapping respectively. The rate of charge 
detrapping is given by:

(2)

where σ(λ) is the luminescence photoionisation cross-section (cm2) and φ0 is the photon 
flux (cm−2 s−1) as a function of wavelength at the surface of the rock (x = 0). The product 
of these two terms, σφ0

 is thus the effective decay rate (s−1) of luminescence at the rock 
surface, following exposure to a particular spectrum of light. The final parameter of 
equation (2), μ, is the light attenuation coefficient of the rock (mm−1). 

In addition to electron detrapping, equation (1) contains term F(x) to describe electron 
trapping, which whilst of lesser importance for young terrestrial surfaces (i.e. <10 ka) may 
be significant for extra-terrestrial applications where radiation dose rates, particularly 
from cosmic rays, are greater (Sohbati et al. 2012b). The rate of charge trapping due to 
ionising radiation is given by:

(3)

where D is the environmental dose rate (Gy s−1) and D0 is the characteristic dose of 
saturation (Gy) for the luminescence signal being investigated.

It is assumed that the number of trapped electrons at a given depth n(x) is proportional 
to the measured luminescence signal L(x), and thus assuming F(x) ≈ 0, the luminescence 
can be described following Sohbati et al. (2012c) as:

(4)

where L0 is the field-saturation luminescence signal (i.e. equilibrium level for a trapped 
electron population of N), assumed to have been constant at all depths prior to bleaching 
(i.e. at t = 0). For the case where F(x) > 0, this equation becomes (Sohbati et al. 2012b):

(5)

Or where a surface has been completely bleached, i.e. L0(x) = 0, for example following 
a meteorite impact (Sohbati et al. 2012b):

(6)

  ∂n(x,t) = –E(x)n(x,t) + F(x)[N(x) – n(x,t)]
      ∂t

E(x) = σφ0
  e–μx

F(x) = D(x)
              D0 

L(x) = L0 e
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Applications of luminescence surface-exposure dating are likely to be more common 
in terrestrial settings for rock-surface exposures of <10 ka; therefore, we will consider 
equation (4) whilst discussing the model. However, for older rock surfaces, an equilibrium 
between electron detrapping by daylight exposure and electron retrapping due to 
environmental radiation may occur (Sohbati et al. 2012c). Equation (4) contains three 
unknown parameters: σφ0

, the luminescence signal decay rate at the rock surface; μ the 
rock attenuation coefficient; and t, the exposure time. A range of values have been reported 
for σφ0

 and μ for different minerals and rock samples; however, here for illustration we 
use the values from Sohbati et al. (2012c) for quartz minerals to explore the luminescence 
signal behaviour described in equation (4). 

Equation (4) describes how bleaching of a luminescence signal propagates with time 
and depth into a rock surface. Figure 11.3A shows how luminescence signals may bleach 
to different depths for σφ0

 of 6.8 × 10−9 s−1 and μ of 1.01 mm−1 for different time periods. 
As the exposure duration increases, the depth to which the luminescence signals are reset 
within the sample increases. In order to calculate an exposure age, both σφ0

 and μ must be 
constrained, which remains the largest barrier to the routine application of luminescence 
surface-exposure dating (Sohbati et al. 2011, 2015). Before considering the ways through 
which this challenge can be addressed, we first consider the variables that control these 
two parameters.

11.2.1 Controls on luminescence signal bleaching rate
The luminescence signal bleaching rate σφ0

 is controlled by the photon flux at the 
sample location (i.e. φ(λ,0)) which is affected by variability in the daylight spectrum. 
The effect of varying σφ0

 on the measured luminescence bleaching profile is shown in 
Figure 11.3B. Spooner (1994) investigated the optical bleaching of feldspar minerals 
in response to different wavelengths of light. Using these data, Sohbati et al. (2011) 
attempted to determine σφ0

 from first principles, by calculating the annual wavelength 
dependent flux of incident photons at the Earth’s surface for the latitude and longitude 
of the Danish cobble that they were investigating. Unfortunately, the value of σφ0

 they 
determined of ~1.2 × 10−4 s−1 equated to an exposure time of ~30 minutes, considerably 
shorter than anticipated. They attributed this difference to the fact that the bleaching of 
feldspar is known not to be exponential for small residual signals (Kars et al. 2014), and 
thus their calculated value likely underestimated the time required for luminescence 
signal bleaching to occur.

The attenuation coefficient of a sample (μ) is dependent upon its lithology. The 
effect of varying μ on the measured luminescence bleaching profile is shown in Figure 
11.3C. Rock-types with many dark minerals (i.e. melanocratic lithologies such as 
basalts, mica-rich metasediments etc.) will have higher μ values than those comprising 
many translucent minerals (i.e. leucocratic lithologies such as sandstone or quartz-
rich lithologies). Average grain size and density of grain packing are also expected to 
affect the light attenuation rate. However, in their successful validations of OSL surface-
exposure dating, Sohbati et al. (2012c) and more recently, Lehmann et al. (2018) have 
shown that it is possible to assume that the attenuation factor (μ) is similar for samples 
of the same lithology. 
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Figure 11.3 Modelled 
luminescence bleaching 
profiles using equation 
(4) and parameters for 
quartz OSL following 
Sohbati et al. (2012c). A) 
Changing luminescence 
signal bleaching depth 
with increasing exposure 
time from 100 days to 100 
ka for  fixed μ and σφ0 
parameters. B) Assuming 
an exposure time of 10 ka 
and keeping μ = 1.01 mm−1 
(after Sohbati et al. 2012c), 
changing σφ0 causes the 
depth of luminescence signal 
bleaching to shift, with 
smaller values indicative 
of lower bleaching rates 
resulting in a shallower 
bleaching profile. C) 
Assuming an exposure time 
10 ka and keeping σφ0 as 
6.89 × 10−9 s−1 (after Sohbati 
et al. 2012c) changing μ 
values result in different 
depths and gradients of 
signal bleaching, with larger 
values indicating higher 
levels of attenuation and 
shallowing signal bleaching.
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11.3 Rock surface-exposure dating
Whilst only a limited number of studies have been published to date, a large degree of 
variability in μ and σφ0

 has been recorded (e.g. Sohbati et al. 2012c; Lehmann et al. 2018). 
Site-specific calibration may be the only possibility for constraining σφ0

, whilst it is possible 
to determine μ in the laboratory, although recent studies have shown this to be challenging 
(see Gliganic et al. in press; Meyer et al. in press). Constraining these parameters is the 
major limitation affecting the widespread uptake of luminescence surface-exposure dating. 
Site-specific calibration samples can comprise bedrock exposed for a known duration, e.g. 
in a road-cut (Sohbati et al. 2012c) or quarry (Polikreti et al. 2002), or surfaces of known-
age constrained through historical records (Lehmann et al. 2018). Alternatively, Polikreti 
et al. (2002) determined the TL signal bleaching parameters of marble through exposing 
bedrock samples to natural daylight for known durations of between 2 and 70 days in 
an experiment (Fig. 11.1B). A known exposure-age allows t to be fixed in equation (4), 
σφ0

 and μ can then be derived through fitting the data and solving the equation for only 
these two unknown parameters. However, it should also be noted that for a rock with large 
heterogeneous crystals, μ may vary spatially across the rock surface and with depth (Meyer 
et al. 2018). Alternatively, μ can be estimated using numerical modelling. Sohbati et al. 

Figure 11.4 A) Quartz OSL signal 
increase with depth for a sandstone 
sample of known age (HS-OSL-29) 
taken from Sohbati et al. (2012c). 
Fitting these data with equation 
(4) and known exposure time, t, 
allows parameters μ and σφ0 to be 
estimated. 
B) Using these parameters, it is 
possible to fit the quartz OSL data 
of two samples of the same lithology 
and from the same location to derive 
unknown exposure time, t. The raw 
data of sample HS-OSL-25 
(t = 713 ± 61 yr) have been adjusted 
to remove a burial dose (Chapot et 
al. 2012; Sohbati et al. 2012c). 
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(2015) treated μ as a shared parameter when fitting luminescence bleaching profiles of 
the same core, but for signals which have different bleaching rates. Once these parameters 
are constrained, equation (4) can be solved again with t as the only unknown parameter, 
through fitting the luminescence data for the sample of unknown age; this is illustrated in 
Figure 11.4 for a specific case study detailed below.

Sohbati et al. (2012c) used luminescence surface-exposure dating to determine the age 
of Barrier Canyon Style rock art from Canyonlands National Park, Utah, USA. Through 
fitting the measured luminescence signals of a known-age sample of the Navajo Sandstone 
and determining σφ0

 and μ (Fig. 11.4A), Sohbati et al. (2012c) were able to input these 
values into equation (4), and to fit the luminescence data of samples of unknown age to 
determine the exposure time (Fig. 11.4B). Subsequent work by Lehmann et al. (2018) 
also employed a similar approach. Working on glacially polished bedrock, Lehmann et 
al. (2018) took a transect of known-exposure-age samples from near to the Mer de Glace 
(Mont Blanc massif, France). They found that a minimum of 4 different calibration samples 
were required in order to accurately constrain the parameters for a further sample of the 
same lithology. Further details of these two case studies are given in Section 11.4. 

11.3.1  Identifying complex daylight exposure histories and 
incomplete bleaching

In common with luminescence sediment dating, rock surface dating is reliant on the 
assumption that a rock surface has been fully bleached prior to burial. This can be evaluated 
in a number of different ways including using laboratory experiments and through the 
measurement of modern analogue samples (e.g. Simms et al. 2011), as well as through 
contrasting luminescence ages of overlaying sediments and rock surfaces (e.g. Chapot et 
al. 2012; Sohbati et al. 2012c). The consistency between ages of different rock surfaces 
sampled from the same depositional setting can also be evaluated (e.g. Simms et al. 2011). 
A complementary approach is to model the luminescence bleaching profile of a rock 
sample, and to extrapolate back to the initial level of signal resetting (Freiesleben et al. 
2015; Sohbati et al. 2015). 

The variation of luminescence signals with depth through a cobble or a clast may 
record evidence of multiple bleaching events (Freiesleben et al. 2015; Sohbati et al. 2012a). 
This is because following initial signal resetting, if the clast or surface is buried again, a 
new luminescence signal will accumulate, which can then be reset by a second period of 
daylight exposure (provided that this is shorter than the previous bleaching event to preserve 
information about the older episode). Such multiple exposure histories result in a ‘stepped’ 
succession of luminescence level plateaus (Fig. 11.5). Using quartz OSL, Sohbati et al. (2012a) 
determined two bleaching events for a cobble from the Tapada do Montinho archaeological 
site (east-central Portugal). Measurements using a single-aliquot regenerative dose protocol 
revealed that the maximum DE of 67 Gy at >5 mm depth into the cobble, was not in 
saturation. This indicated that the cobble had previously been bleached sufficiently to reset 
the luminescence signal at this depth and a more recent bleaching event affecting only the 
first 2 mm of the cobble could also be detected. Freiesleben et al. (2015) modified the model 
of Sohbati et al. (2012b; equation (1) of this chapter) to fit clast and rock surface luminescence 
profiles generated by multiple daylight exposure and burial events. Their new model works 
on the premise that the final luminescence signal intensity (L1) of one event, which can be 
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Figure 11.5 Evolution of luminescence signals following multiple burial and exposure cycles, 
modified after Freiesleben et al. (2015). It is assumed that the environmental dose rate is constant 
with depth, and that no trap filling has occurred during the exposure periods. The depicted 
burial/exposure history comprises (1) burial of the sample for sufficient duration that all of the 
electron traps are saturated (L0), (2) the sample is exposed to daylight for a duration sufficient 
for complete signal resetting to occur to a depth of 8 mm (L1), (3) the sample is buried allowing 
electron trapping and signal accumulation to occur (L2), (4) the sample is exposed again for a short 
duration, resulting in complete signal bleaching to a depth of 2 mm (L3), the sample is buried once 
more for the same duration as in stage (3) allowing signal accumulation (L4). The profiles of all the 
previous exposure/burial periods are recorded in profile (L4). 
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thought of as its final condition (nf,1) , becomes the initial condition of the following burial or 
exposure event (ni,2); thus the event series in Figure 11.4 can be described as:

  (7)

and following Sohbati et al. (2015) as:

    (8)

where te1(2) and tb1(2) are the exposure period and burial period 1 (2), respectively.
Freiesleben et al. (2015) successfully used this model to fit the IRSL50 and post-IR IRSL290 

signals of feldspars in rock slices from a granite cobble excavated from an archaeological 
site near Aarhus (Denmark). Sohbati et al. (2015) were also able to use this approach to 
model whether the IRSL50 and post-IR IRSL225 signals of their cobble samples from the 
Negev desert, Israel had been fully reset. Thus, the ability to measure luminescence depth 
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profiles through bedrock surfaces may offer an advantage over conventional sediment 
luminescence dating approaches for determining whether samples have been fully reset. 
However, sediment dating also provides insights into deposit bleaching histories (see 
Chapter 1) through, for example, the degree of overdispersion (OD) of equivalent dose 
values (cf. Duller 2008), or the ratio of IRSL and post-IR IRSL signals (Buylaert et al. 2013).

11.3.2 Environmental dose rate determination
A major challenge for rock surface and surface-exposure dating is to quantitatively 
constrain the environmental dose rate, which determines the rate of luminescence signal 
accumulation. In many sedimentary applications of luminescence dating, it is possible to 
make an infinite matrix assumption (Aitken 1985; Durcan et al. 2015; Chapter 1). This is 
because the chemical composition of surrounding sediments is the same as the sample 
under investigation; in the case of cobble or rock surface(-exposure) dating this is almost 
never the case (although see Simms et al. 2011). Instead the principle of superposition 
must be applied, which uses the geometry of the cobble/rock surface and the surrounding 
material to scale the relative dose contributions. For example, Sohbati et al. (2012a) followed 
the equations of Appendix H of Aitken (1985) in order to scale infinite matrix beta and 
gamma dose rates for a range of geometries to obtain the dose rate of their investigated 
cobbles (Fig. 11.6). If we assume that a buried rock surface has a given thickness h, and 
infinite lateral extent, the beta-dose contribution to the environmental dose rate can be 
approximated following Freiesleben et al. (2015) as:

  (9)

where b is the beta dose grain-size attenuation factor (e.g. Guérin et al. 2012) and                         
and             are the water content corrected infinite matrix beta-dose rates for the rock and 
sediment respectively (see Durcan et al. 2015 for a detailed description of environmental 
dose-rate calculations). The same approach can be used for the gamma, alpha and cosmic 
dose-rate contributions and the final dose rate with depth is given from the sum:

    (10)

where the cosmic dose rate is assumed not to vary significantly over the mm-scale depths 
typically investigated in rock surface dating. Changes in U, Th and K content and grain size 
may result in significant changes in the environmental dose rate with depth and must be 
corrected for.

Grain-size variability between minerals that contribute to measured luminescence 
signals is a major source of uncertainty in luminescence dating applications using rock 
samples (Simkins et al. 2016; Sohbati et al. 2013). Increasing grain sizes result in greater 
external radiation dose attenuation and thus for grains without a significant internal dose 
rate (see below), a reduced overall dose. In order to estimate the environmental dose rate 
effectively, the grain size of the minerals that contribute to the measured luminescence signal 
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Figure 11.6 Schematic showing how the 
environmental dose rate (Ḋ) changes 
between sediment, a cobble and air, 
modified from Sohbati et al. (2015). A) 
Beta, B) gamma and C) total (i.e. beta + 
gamma) environmental dose rates. The 
dose rate in each of the three mediums 
is shown as a solid line, whereas the 
dose rate due to the adjacent medium is 
shown as a dashed line.

must be known. Simms et al. (2011) took care to crush their quartzite rock slices gently, so 
that the constituent grains were not broken, and thus the obtained 90–250 μm fraction could 
be used to calculate the dose rate. An alternative approach was used by King et al. (2016a) 
when determining the dose rate of grains extracted from bedrock samples for investigation 
using OSL-thermochronometry. Instead, they used software that could determine the grain-
size distribution from high-resolution thin-section images (Buscombe 2013), and calculated 
their environmental dose rates using maximum and minimum grain-size values. 

Feldspar minerals are commonly used in rock surface(-exposure) dating, because of 
their greater luminescence sensitivity relative to quartz grains extracted from bedrock, 
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and also because of the difficulty of isolating quartz grains that are not contaminated by 
other minerals (e.g. Guralnik et al. 2015). However, the internal dose rate of feldspars 
varies considerably, dependent upon their chemical composition (e.g. Smedley and Pearce 
2016; Smedley et al. 2012). For example, the internal K-content ranged from 0.1 to 15% 
measured using electron probe micro-analysis for feldspars with density <2.58 g cm−3 
extracted from the same rock sample (NB126; King et al. 2016b). Furthermore, for grains 
with a significant internal dose contribution, such as K-feldspars, increasing grain size 
results in an increasing dose rate, which may significantly affect age calculations from rock 
surfaces (Greilich and Wagner 2006; Sohbati et al. 2011). Sohbati et al. (2013) suggested 
that because Na-feldspar grains have much lower internal K contents and thus avoid this 
inter-grain variability, they could comprise a more suitable target mineral for rock surface 
dating. However, Sohbati et al. (2013) found that the IRSL emission detected in the blue 
part of the emission spectrum may derive from K-feldspar inclusions within Na-feldspar 
extracts, and thus instead suggested that the yellow emission could be targeted to isolate 
the Na-feldspar luminescence signal.

11.3.3 Sample preparation and measurement protocols
Sample preparation and luminescence measurement protocols for rock surface dating are 
still under development with procedures less established compared to sediment dating. 
Rock surface sample preparation is also dependent on the lithology studied: whereas 
sandstones can be gently abraded/rubbed (e.g. Sohbati et al. 2012c; Liritzis et al. 2013; 
Liritzis and Vafiadou 2015), granitic/metamorphic lithologies require sample coring and 
are generally sliced to produce 1-mm thick rock slices (e.g. Vafiadou et al. 2007; Simms et 
al. 2011; Sohbati et al. 2011; 2012a). Following rock slicing for granitic or metamorphic 
lithologies, subsequent sample preparation then differs between studies. Rock slices can 
either be crushed to extract specific target minerals following classical chemical/physical 
procedures (i.e. quartz or K-feldspar, Simms et al. 2011; 2012; Sohbati et al. 2011; 2012a) or 
whole rock slices can be measured directly without any further treatment (e.g. Freiesleben 
et al. 2015; Sohbati et al. 2015; Lehmann et al. 2018). Sohbati et al. (2011) showed better 
IRSL DE reproducibility between intact rock slices compared to K-feldspar extracts from 
bedrock, which could not be related to crushing or to partial bleaching. Conversely, 
Sobhati et al. (2012a) found good agreement between equivalent doses and luminescence 
characteristics of rock slices and quartz grains extracted from the same quartzite lithology. 
These different outcomes may be explained by feldspar microdosimetry (e.g. Smedley and 
Pearce 2016). This is because whereas the luminescence signal from a rock slice may be 
averaged across many grains, such differences may become visible during measurement 
of a purified separate. However, comparison between these two experimental approaches 
requires further investigation and rock-slice crushing could result in the loss of information 
regarding the original grain-size distribution (Section 11.5). 

Rock surface dating measurement protocols have been developed based on existing 
procedures established for sediment dating and vary depending on sample preparation 
and the scientific question that is to be addressed. TL MAAD (multi-aliquot additive dose) 
protocols have been applied to both marble (Polikreti et al. 2003) and sandstone (Liritzis and 
Vafiadou 2015) lithologies. OSL SAR (single-aliquot regenerative) measurement protocols 
have been applied to quartz mineral extracts from crystalline pebbles (Simms et al. 2011; 



Ro
ck

 s
ur

fa
ce

 b
ur

ia
l 

a
nd

 e
x

po
su

re
 d

at
in

g

363

2012; Sohbati et al. 2012a; Simkins et al. 2013), and to quartzite pebbles using solid rock 
slices (Vafiadou et al. 2007; Sohbati et al. 2012a). However, bedrock quartz often shows 
poor luminescence sensitivity and measurement reliability (e.g. Guralnik et al. 2015), and 
thus equivalent dose scatter (e.g. Simms et al. 2011). Recent investigations by Simkins et 
al. (2016) suggest that this scatter in DE values may originate from heterogeneity in the 
environmental dose rate due to changing water content and/or grain-size effects, as well 
as post-crystallisation transport histories (Sawakuchi et al. 2011). IRSL SAR measurement 
protocols have also been successfully applied to date rock slices, by using either one IR 
stimulation at 50°C (Sohbati et al. 2011; Lehmann et al. 2018) or different post-IR IRSL 
protocols at 225°C (Sohbati et al. 2015) or 290°C (Freiesleben et al. 2015; Liu et al. 2016). 
Such post-IR IRSL protocols can provide two datasets of information for rock surface 
(-exposure) dating, as the different temperature IR signals have been shown to have 
different bleaching rates (e.g. Sohbati et al. 2015). Furthermore, IRSL stimulation of rock 
slices may allow the investigation of specific feldspars using either blue (K-feldspar) or 
yellow (Na-feldspar) emissions (Sohbati et al. 2013). However, IRSL protocols on rock 
slices may be associated with high residual doses (Vafiadu et al. 2007), and post-IR IRSL 
protocols may be problematic due to high levels of recuperation after IR stimulation, which 
appear to be dependent on the temperature of the first IR stimulation (Liu et al. 2016).

11.4 Applications

11.4.1. Archaeological case studies
Rock surface dating has been widely used to study archaeological artefacts, especially 
megalithic structures, with first attempts applying TL dating. Liritzis (1994) investigated the 
optical bleaching properties of TL in limestone experimentally (275°C TL peak), and used 
these properties to date megalithic structures in Peloponnese (Greece), yielding ages of 
around 3 ka, which are in agreement with independent archaeological ages. Theocaris et al. 
(1997) were also able to successfully use this approach to date two Hellenic pyramids, with 
the resultant ages showing them to be prehistoric. Polikreti et al. (2002; 2003) investigated 
marble objects for authentication purposes, and experimentally determined TL bleaching 
properties and bleaching depth following daylight exposure (Fig. 11.7A). They proposed 
using the 290°C TL peak because of favourable luminescence characteristics for dating 
marble artefacts, which were commonly used for construction throughout antiquity. Using 
the MAAD protocol, they provided a burial age for a temple artefact (Macedonia, Greece) 
of 2.6±0.4 ka, in relatively close agreement with the archaeological age. Building on these 
results, more recent archaeological studies have applied OSL dating. 

Vafiadu et al. (2007) investigated SAR OSL protocols on whole rock slices from granitic, 
ultramafic and quartz metamorphic rocks sampled from archaeological sites (Greece, 
Denmark and Sweden). Their results showed good OSL signal bleaching properties and 
successful tests regarding the application of the SAR protocol on whole rock slices, with 
obtained burial ages in agreement with independent archaeological estimates. The SAR OSL 
protocol has also been applied in combination with the SAAD (single-aliquot additive dose) 
OSL protocol, to provide new dates for megalithic structures from Egypt and Saudi Arabia 
(Liritzis et al. 2013). Using quartz grains extracted from sandstones and granitic rocks, Lirtizis 
et al. (2013) provided burial ages between 3–4 ka for these structures and suggested that 
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cross-checking following combined OSL protocols is recommended for applying rock surface 
dating in archaeological investigations. This approach has recently been used by Liritzis and 
Vafiadou (2015), who obtained ages between 3 and 8 ka for several archaeological sites located 
in Egypt. They extracted grains from various lithologies (granite, limestone, sandstone, dacite 
etc.) and used different OSL (SAR and SAAD) and TL (MAAD) protocols. Their strategy 
allowed them to compare the bleaching properties of different lithologies and stimulation 
types (e.g. the OSL signal is bleached more rapidly in sandstone than in granite, whereas the 
opposite trend can be observed for the TL signal). They also confirmed the potential of dating 
old archaeological monuments composed of carved granites, sandstones or limestones, using 
a combined TL and OSL approach, although the latter may present several advantages (except 
for limestone) regarding dating accuracy and measurement efficiency. 

0

10

20

30

40

50

60

8 years 

15 days 
70 days 

2 days 
N

or
m

al
is

ed
 T

L 
in

te
ns

ity
 (a

.u
.)

Depth (mm)

N
or

m
al

is
ed

 O
S

L 
in

te
ns

ity
 (a

.u
.)

1.2

0.8

0.4

0

Depth (mm)

100

10-2

10-4

(D)

N
or

m
al

is
ed

 O
S

L 
in

te
ns

ity
 (a

.u
.)

HS-OSL-25 (Buried)
HS-OSL-28 (Modern analogue)
HS-OSL-29 (Road-cut)

HS-OSL-25 (Buried)
HS-OSL-28 (Modern analogue)
HS-OSL-29 (Road-cut)

0 10 20 30 40

0 2 4 6 8 10 12
Depth (mm)

0 2 4 6 8 10 12

(B)(A)

(C)

HS-OSL-23, 25

HS-OSL-28

Figure 11.7 A) Experimental quantification of TL signal bleaching within a marble surface for 
various exposure times (Pentelic marble); modified from Polikreti et al. (2003). B) Picture of the 
Great Gallery rock art panel (southeastern Utah, USA) showing rock art, the rockfall and sample 
locations of the buried rock art (HS-OSL-25, ~40-cm thick), the underlying sediments (HS-
OSL-23) and the modern analogue sample (HS-OSL-28); modified from Chapot et al. (2012). C) 
and D) OSL data from different samples (average of at least three aliquots for each depth, error bars 
represent one standard error) and fitted bleaching model to constrain the bleaching parameters 
(road cut) and quantify the exposure time (modern analogue and buried sample). See locations in 
(B) and note the logarithmic scale in (D) from which the OSL signal build up in sample HS-OSL-25 
can be assessed and related to post-rockfall burial; modified from Sohbati et al. (2012c).
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Another original application of rock surface dating, coupled with surface-exposure 
dating, is the investigation of historical rock art from the Great Gallery rock art panel in the 
Canyonlands National Park (southeastern Utah, USA; Fig. 11.7B). The age of the paintings 
has been highly debated, with hypotheses spanning the entire Holocene epoch (Pederson et 
al. 2014). Some of the paintings were damaged by a rockfall, burying them under sediment 
(HS-OSL-25 and -23 on Fig. 11.7B respectively). This configuration allowed investigation 
of both (1) the exposure time of the painted rock surface, and (2) the burial time of the 
rock and sediments using rock surface OSL dating (Chapot et al. 2012; Sohbati et al. 2012c). 
Rock samples (sandstones) were gently abraded to extract quartz grains from different 
depths below the painted surface (HS-OSL-25, Fig. 11.7B) and below the exposed surface of 
a modern analogue rock fall (HS-OSL-28, Fig. 11.7B). The OSL signals were then measured 
and showed bleaching within the first 2–5 mm below the exposed surface (Fig. 7C). Using 
a road cut of known age (HS-OSL-25, Fig. 11.7C) to constrain the bleaching rate for this 
specific site and lithology, Sohbati et al. (2012c) were able to quantify the exposure time 
of both the modern analogue (~130 years) and the rock art (~700 years, Fig. 11.7C). By 
further investigating the dose within the first ~2 mm below the surface, they were also able 
to quantify a finite OSL signal that had accumulated during burial subsequent to the rockfall 
(Fig. 11.7D, note the logarithmic-scale of the y-axis) which was not observed for the road cut 
nor the modern analogue (Fig. 11.7D). A burial age of ~900 yr was obtained for this sample, 
in agreement with the OSL age of the underlying sediment (Chapot et al. 2012). This original 
approach provided a precise time range (i.e. between 900 and 1600 years) for the origin of the 
Great Gallery rock art panel, coinciding with the development of the local Fremont culture 
(Pederson et al. 2014).

The application of OSL rock surface dating to buried cobbles/pebbles, in association 
with classical OSL dating of surrounding sediments, has also been successfully 
investigated in various archaeological contexts. Sohbati et al. (2012a) analyzed quartzite 
cobbles deposited by alluvial processes within an archaeological pavement (Tapada 
do Montinho, Portugal). Based on OSL rock surface dating they identified different 
potential resetting events (i.e. daylight exposure of the cobbles) of as old as 40–45 ka 
and between 20 and 14 ka. Sohbati et al. (2012a) thus proposed a complex evolutionary 
history for this pavement, with surficial erosion due to anthropogenic activity. They 
further investigated this complex history with potential multiple exposure/burial events 
for the pavement cobbles, their results (1) explained the younger than expected OSL ages 
obtained for the overlying sediments, and (2) provided a chronology for the evolution of 
this archaeological site. 

Freiesleben et al. (2015) and Sohbati et al. (2015) have developed and successfully 
applied a mathematical model to quantify multiple exposure/burial events from the OSL rock 
surface dating of a single cobble (see Section 11.4). Freiesleben et al. (2015) investigated IRSL 
signals (IRSL50 and pIR-IRSL290) from a cross-section of a granitic cobble excavated from an 
archaeological site (Aarhus, Denmark). The measured IRSL profiles through the cobble (~70 
mm in total) allowed them to identify a first exposure event of ~0.5 ka (cobble usage) before 
burial during 1.3–1.7 ka and recent excavation. Moreover, they also showed that different 
cobble surfaces (i.e. bottom vs. top surfaces) might yield complementary information about 
the cobble’s full exposure/burial history (Freiesleben et al. 2015).

Sohbati et al. (2015) investigated a prehistoric cult site in the Negev desert (Israel) 
using a pavement cobble (Fig. 11.8B) and underlying sediments for OSL dating. They 
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used two complementary IRSL signals (Fig. 11.8) to first derive equivalent doses from 
surface rock slices (Fig. 11.8A) and thus to determine the latest burial event at ~4 ka, 
consistent with OSL ages from underlying sediments. However, these well-constrained 
burial ages differed by 3–4 ka from the expected construction age of this archaeological 
site, indicating a potentially complex exposure history of the studied pavement. Using 
the full IRSL profiles from the cobble (Fig. 11.8B), Sohbati et al. (2015) showed that it had 
experienced at least two exposure events (with the earlier event having a longer duration 
than the more recent one) separated by an intermediate burial event which is of similar 
duration to the latest burial event (4–5 ka). This complex history is in agreement with the 
expected construction age of the site (~7–8 ka) and indicates later human intervention 
with the pavement (~4 ka ago). This highlights the potential of OSL rock surface dating 
and luminescence-depth profiles to provide tight temporal constraints on the bleaching 
history of rock surfaces that may not be available from conventional OSL dating on the 
underlying unconsolidated sediments.

Figure 11.8 OSL rock surface dating (exposure and burial) of desert pavement. A) Equivalent doses 
using two IRSL signals from surface rock slices extracted from the buried cobble in the pavement. 
B) Measured IRSL signals with depth into the buried surface of the cobble, showing different 
bleaching characteristics between the two IRSL signals. The envelopes represent the model fits 
shown in C and D. C) and D) Model fits comprising multiple exposure/burial events which are able 
to reproduce the measured IRSL signals with depth; modified from Sohbati et al. (2015).

0

1

2

3

4

5

pIRIR225

Mean = 24.8±0.6 Gy 
(n = 8)

IR50

Mean = 15.0±0.8 Gy 
(n = 8)

S
am

pl
es

DE (Gy)

 IR50

 pIRIR225

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25 30
0.0

0.2

0.4

0.6

0.8

1.0

 IR50  pIRIR225

N
or

m
al

is
ed

 lu
m

in
es

ce
nc

e 
(a

.u
.)

 2nd burial
 2nd exposure
 1st burial
 1st exposure

 2nd burial
 2nd exposure
 1st burial
 1st exposure

Depth (mm)

Depth (mm)

0 5 10 15 20 25 30
Depth (mm)

(A)

(C) IR
50

(B)

(D) pIRIR225

N
or

m
al

is
ed

 lu
m

in
es

ce
nc

e 
(a

.u
.)

N
or

m
al

is
ed

 lu
m

in
es

ce
nc

e 
(a

.u
.)

0 40302010 0 2015105 25 30

1.21.2



Ro
ck

 s
ur

fa
ce

 b
ur

ia
l 

a
nd

 e
x

po
su

re
 d

at
in

g

367

11.4.2 Palaeoenvironmental applications
One novel and promising application of OSL rock surface dating has been proposed by 
Simms et al. (2011) for relative sea-level reconstructions from raised beaches in Antarctica 
(Fig. 11.9). They proposed the application of OSL dating on quartz mineral extracts from 
beach cobbles. Simms et al. (2011) focused on small granitic cobbles (maximum 1 dm3, 
Fig. 11.9A) to ensure that the cobbles had been rotated in the intertidal zone before 
beach fossilisation and thus that the OSL signal has been fully bleached before beach 
abandonment. Simms et al. (2011) obtained OSL ages for beach fossilisation over the last 
~2 ka that were in good agreement with independent 14C dating (Fig. 11.9B), confirming 
the potential of the method for investigating beach dynamics, especially in high-latitude 
environments where organic matter is scarce and thus 14C dating may not be applicable.

Based on these promising results, Simms et al. (2012) quantified the timing of the most 
recent Neoglacial ice advance during the Little Ice Age (~300–500 yr ago) and subsequent 
glacio-isostatic adjustment of raised beaches in Antarctica (South Shetland Islands), 
revealing an increase in surface uplift rates (from ~2 to 12 mm yr−1) following the ice 
retreat. Simkins et al. (2013) also investigated raised beaches in Antarctica (Marguerite 
Bay, western Antarctic Peninsula), showing that raised beaches more than 21 m above sea 
level. might be of pre-LGM age and have been reworked during late-Pleistocene glacial 
advances. As a result, they proposed that the relative sea-level fall in the area has been only 
half that previously quantified for the Holocene period. Moreover, their study indicates 
potential complexities for luminescence dating of modern and recently raised beaches due 
to post-depositional reworking of cobbles by storm waves. The impact of storm events 
requires further investigation for studies focused on Holocene sea-level reconstruction 
which use fossil beach ridges as well as the modern beach surface to quantitatively evaluate 
the bleaching variability in cobbles and their associated burial ages.

Figure 11.9 A) Picture of raised beaches (South Shetland Islands, Antarctica). B) Relative sea-
level reconstruction from raised marine features in the South Shetland Islands, showing good 
agreement between OSL rock surface dating and independent 14C dating. Modified from Simms 
et al. (2011).
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Figure 11.10 Palaeo-glacier 
reconstruction of the Mer de 
Glace (Mont-Blanc massif, 
France) since the Little Ice Age 
(LIA). A) and B) IRSL signal 
(measured at 50°C) with depth 
for two samples with exposure 
durations of 18 yr (A) and 
137 yr (B). Exposure times are 
reconstructed from historical 
archives (Vincent et al. 2014). 
Each coloured data point 
represents an individual rock 
slice (example shown as inset 
in B), with three cores for each 
sample. C) Pictures of sampling 
sites for LIA (left) and modern 
(right) glacially polished bedrock 
surfaces. D) Best-fitting models 
for IRSL data for all samples 
studied (raw data are shown for 
two samples in panels A–B; the 
reader is referred to Lehmann et 
al. 2018 for the complete dataset), 
showing a propagating bleaching 
front within the first 1–4 mm with 
increasing exposure time (3–137 
yr). Note that the granitic sample 
(*) with 2-yr exposure shows a 
completely different bleaching 
profile, highlighting the influence 
of lithology for OSL rock surface-
exposure dating. Modified from 
Lehmann et al. (2018).
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Finally, OSL rock surface dating has also been recently investigated in glacial and 
proglacial environments, with interesting potential for dating palaeo-glacier fluctuations and 
associated sediment deposits. These applications are especially promising as conventional 
OSL sediment dating can be challenging in such environments (Fuchs and Owen 2008; 
Chapter 6). Lehmann et al. (2018) worked on glacially polished bedrock surfaces from 
the Mer de Glace (Mont-Blanc massif, France; Fig. 11.10) to investigate whether post-
Little Ice Age (LIA) glacier retreat can be constrained from OSL rock surface-exposure 
dating. They collected glacially polished bedrock surfaces with morphological evidence for 
glacier erosion (i.e. glacial striations; Fig. 11.10C) and measured the IRSL signal at 50°C 
on individual rock slices (see example in Fig. 11.10B). Their results showed bleaching of 
the IRSL signal at different depths, dependent on the exposure time (Fig. 11.10A–B). Using 
the bleaching model proposed by Sohbati et al. (2012c), they were able to reproduce the 
observed IRSL data and bleaching depths for exposed glacial bedrock surfaces from 3 to 
137 years (Fig. 11.10D). Their results also confirmed the strong dependence of IRSL signal 
bleaching on rock lithology, with significant differences in the bleaching profiles between 
gneiss and granite rock surfaces with similar exposure times (Fig. 11.10D). This study 
highlights the potential of using OSL rock surface-exposure dating to reconstruct recent 
(i.e. post-LIA) glacier fluctuations, especially because the technique is sensitive over the 
first 1 cm of the bedrock (Fig. 11.10), which would be eroded even during a short (decades 
long) glacial re-advance. Further investigation is needed to evaluate the possibility of 
extending this approach over longer timescales (i.e. Late Pleistocene to Holocene) for 
which surface weathering and thus erosion might be problematic (c.f. Sohbati et al. 2018).

OSL rock surface-exposure dating applied to glacially polished bedrock can also be 
combined with another application of OSL rock surface dating focused on glacial/pro-
glacial deposits, opening new directions for palaeoglacier reconstructions. Rades et al. 
(2018) sampled morainic boulders in the Malta valley (Austrian Alps) and measured IRSL50 
profiles, revealing that the IRSL signals had been fully bleached before deposition and 
thus demonstrating the potential of cobble surface dating for constraining the timing of 
moraine deposition. Jenkins et al. (2018) followed the same approach by collecting fluvio-
glacial cobbles within a late-glacial sandur (Isle of Man and Scotland). They measured both 
IRSL50 and post-IR IRSL225 signal depth profiles, showing that some of the collected pebbles 
have experienced bleaching of the IRSL signal into the cobble subsurfaces to ~4–10 mm, 
allowing the dose acquired post-burial to be quantified and thus to evaluate the depositional 
age of those cobbles. These two preliminary studies have revealed the potential of OSL 
rock surface dating in glacial and periglacial environments, where conventional sediment 
dating can be difficult due to challenges of partial bleaching within unconsolidated 
sediments (Chapter 6). However, further investigations are required regarding dose rate 
determination in such settings, where sediment grain size as well as water content is highly 
variable (see Section 11.5). 

11.5 Conclusions and outlook
Luminescence rock surface and rock surface-exposure dating are techniques that are in 
their early stages of development. They offer the potential to constrain surface processes 
and archaeological events that were previously challenging to date, and it is anticipated 
that both methods will be widely developed and applied over the coming years. Sample 
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preparation protocols must become more firmly established including identifying the 
causes of variability between luminescence measurements from rock slices and grains 
extracted from bedrock. Once this has been achieved the more significant challenges can 
be addressed. For luminescence rock surface dating, this comprises developing strategies 
for robust environmental dose rate determination, where complex geometries, varied clast 
sizes, varied water contents and microdosimetry influence the precision of determined 
ages. For luminescence rock surface-exposure dating, a means of robustly determining the 
light attenuation and luminescence signal bleaching rates for samples of different lithologies 
and locations is essential for this method to be widely adopted. Furthermore, the effect (if 
any) of erosion on the determination of luminescence surface-exposure ages must also be 
quantified. Nonetheless, both rock surface and rock surface-exposure dating are incredibly 
promising, and represent exciting new frontiers in luminescence dating research. 

References
Aitken, M.J. 1985. Thermoluminescence Dating. Academic Press.
Armitage, S.J. and King, G.E. 2013. Optically stimulated luminescence dating of hearths from the 

Fazzan Basin, Libya: A tool for determining the timing and pattern of Holocene occupation of 
the Sahara. Quaternary Geochronology 15, 88–97.

Buscombe, D. 2013. Transferable wavelet method for grain-size distribution from images of 
sediment surfaces and thin sections, and other natural granular patterns. Sedimentology 60, 
1709–1732.

Buylaert, J.P. Murray, A.S. Gebhardt, C. Sohbati, R. Ohlendorf, C. Thiel, C. and Zolitschka, B. 
2013. Luminescence dating of the PASADO 5022-1D core using IRSL signals from feldspar. 
Quaternary Science Reviews 71, 70–80.

Chapot, M.S. Sohbati, R. Murray, A.S. Pederson, J.L. Rittenour, T.M. 2012. Constraining the age 
of rock art by dating a rockfall event using sediment and rock-surface luminescence dating 
techniques. Quaternary Geochronology 13, 18–25.

Duller, G.A. 2008. Single‐grain optical dating of Quaternary sediments: Why aliquot size matters in 
luminescence dating. Boreas 37, 589–612.

Durcan, J.A. King, G.E. and Duller, G.A. 2015. DRAC: Dose rate and age calculator for trapped 
charge dating. Quaternary Geochronology 28, 54–61.

Freiesleben, T. Sohbati, R. Murray, A. Jain, M. Al Khasawneh, S. Hvidt, S. and Jakobsen, B. 2015. 
Mathematical model quantifies multiple daylight exposure and burial events for rock surfaces 
using luminescence dating. Radiation Measurements 81, 16–22.

Fuchs, M. Owen, L.A. 2008. Luminescence dating of glacial and associated sediments: review, 
recommendations and future directions. Boreas 37, 636–659.

Gliganic, L.A., Meyer M.C., Sohbati, R., Jain, M., Barrett, S. (in press). OSL surface exposure dating 
of a lithic quarry in Tibet: Laboratory validation and application. Quaternary Geochronology.

Gösku, H.Y. Fremlin, J.H. Irwin, H.T. and Fryxell, R. 1974. Age determination of burned flint by a 
thermoluminescent method. Science 183, 651–654.

Greilich, S. Wagner, G. A. 2006. Development of a spatially resolved dating technique using HR-
OSL. Radiation Measurements 41, 738–743.

Greilich, S. Glasmacher, U.A. Wagner, G.A. 2005. Optical dating of granitic stone surfaces. 
Archaeometry 47, 645–665.

Guérin, G. Mercier, N. Nathan, R. Adamiec, G. and Lefrais, Y. 2012. On the use of the infinite 
matrix assumption and associated concepts: A critical review. Radiation Measurements 47, 
778–785.

Guralnik, B. Ankjærgaard, C. Jain, M. Murray, A.S. Müller, A. Wälle, M. Lowick, S.E. Preusser, F. 
Rhodes, E.J. Wu, T.S. and Mathew, G. 2015. OSL-thermochronometry using bedrock quartz: A 
note of caution. Quaternary geochronology 25, 37–48.

Habermann, J. Schilles, T. Kalchgruber, R. Wagner, G.A. 2000. Steps towards surface dating using 
luminescence. Radiation Measurements 32, 847–851.

Jenkins, G. T. H., Duller, G. A. T., Roberts, H. M., Chiverrell, R. C. and Glasser, N. F. 2018. A new 



Ro
ck

 s
ur

fa
ce

 b
ur

ia
l 

a
nd

 e
x

po
su

re
 d

at
in

g

371

approach for luminescence dating glaciofluvial deposits: High precision optical dating of 
cobbles. Quaternary Science Reviews 192, 263–273.

Kars, R.H. Reimann, T. Ankjærgaard, C. and Wallinga, J. 2014. Bleaching of the post‐IR IRSL 
signal: New insights for feldspar luminescence dating. Boreas 43, 780–791.

King, G.E. Herman, F. Lambert, R. Valla, P.G. and Guralnik, B. 2016a. Multi-OSL-
thermochronometry of feldspar. Quaternary Geochronology 33, 76–87.

King, G.E. Herman, F. and Guralnik, B. 2016b. Northward migration of the eastern Himalayan 
syntaxis revealed by OSL thermochronometry. Science 353, 800–804.

Laskaris, N. Liritzis, I. 2011. A new mathematical approximation of sunlight attenuation in rocks 
for surface luminescence dating. Journal of Luminescence 131, 1874–1884.

Lehmann, B. Valla, P.G. King, G.E. Herman, F. 2018. Reconstruction of glacier vertical fluctuation 
in the Western Alps using OSL surface exposure dating. Quaternary Geochronology 44, 63–74.

Liritzis, I. 1994. A new dating method by thermoluminescence of carved megalithic stone building. 
Comptes rendus de l’Académie des sciences. Série 2. Sciences de la terre et des planets 319, 603–610.

Liritzis, I. Vafiadou, A. 2015. Surface luminescence dating of some Egyptian monuments. Journal of 
Cultural Heritage 16, 134–150.

Liritzis, I. Guibert, P. Foti, F. and Schvoerer, M. 1996. Solar bleaching of thermoluminescence of 
calcites. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms 117, 260–268.

Liritzis, I. Vafiadou, A. Zacharias, N. Polymeris, G.S. and Bednarik, R.G. 2013. Advances in surface 
luminescence dating: New data from selected monuments. Mediterranean Archaeology and 
Archaeometry 13, 105–115.

Liu, J. Murray, A. Sohbati, R. and Jain, M. 2016. The effect of test dose and first IR stimulation 
temperature on post-IR IRSL measurements of rock slices. Geochronometria 43, 179–187.

Meyer, M.C., Gliganic, L.A., Jain, M., Sohbati, R., Schmidmair, D. (in press). Lithological controls 
on light penetration into rock surfaces: Implications for OSL and IRSL surface exposure dating. 
Radiation Measurements.

Morgenstein, M. E. Luo, S. Ku, T. L. and Feathers, J. 2003. Uranium‐series and luminescence dating 
of volcanic lithic artefacts. Archaeometry 45, 503–518.

Pederson, J.L. Chapot, M.S. Simms, S.R. Sohbati, R. Rittenour, T.M. Murray, A.S. Cox, G. 2014. Age 
of Barrier Canyon-style rock art constrained by cross-cutting relations and luminescence dating 
techniques. Proceedings of the National Academy of Sciences, 111(36), 12986–12991.

Polikreti, K. Michael, C.T. and Maniatis, Y. 2002. Authenticating marble sculpture with 
thermoluminescence. Ancient TL 20, 11–18.

Polikreti, K. Michael, C.T. and Maniatis, Y. 2003. Thermoluminescence characteristics of marble 
and dating of freshly excavated marble objects. Radiation Measurements 37, 87–94.

Rades, E.F., Sohbati, T., Lüthgens, C., Jain. M. and Murray, A.S. 2018. First luminescence-depth 
profiles from boulders from moraine deposits: Insights into glaciation chronology and 
transport dynamics in Malta valley, Austria. Radiation Measurements.

Richards, M.P. 1994. Luminescence dating of quartzite from the Diring Yuriakh site. M.A. thesis, 
Simon Fraser University, unpublished.

Roberts, R.G. 1997. Luminescence dating in archaeology. Radiation Measurements 27, 819–892.
Sawakuchi, A.O. Blair, M.W. DeWitt, R. Faleiros, F.M. Hyppolito, T. Guedes, C.C.F. 2011. Thermal 

history versus sedimentary history: OSL sensitivity of quartz grains extracted from rocks and 
sediment. Quaternary Geochronology 6, 261–272.

Simkins, L.M. Simms, A.R. DeWitt, R. 2013. Relative sea-level history of Marguerite Bay, Antarctic 
Peninsula derived from optically stimulated luminescence-dated beach cobbles. Quaternary 
Science Reviews 77, 141–155.

Simkins, L.M. DeWitt, R. Simms, A.R. Briggs, S. and Shapiro, R.S. 2016. Investigation of optically 
stimulated luminescence behavior of quartz from crystalline rock surfaces: A look forward. 
Quaternary Geochronology 36, 161–173.

Simms, A.R. DeWitt, R. Kouremenos, P. and Drewry, A.M. 2011. A new approach to reconstructing 
sea levels in Antarctica using optically stimulated luminescence of cobble surfaces. Quaternary 
Geochronology 6, 50–60.

Simms, A.R. Ivins, E.R. DeWitt, R. Kouremenos, P. Simkins, L.M. 2012. Timing of the most recent 
Neoglacial advance and retreat in the South Shetland Islands, Antarctic Peninsula: Insights 
from raised beaches and Holocene uplift rates. Quaternary Science Reviews 47, 41–55.



Ha
nd

bo
ok

 o
f 

Lu
m

in
es

ce
nc

e 
Da

ti
ng

372

Smedley, R.K. Duller, G.A.T. Pearce, N.J.G. and Roberts, H.M. 2012. Determining the K-content of 
single-grains of feldspar for luminescence dating. Radiation Measurements 47, 790–796.

Smedley, R.K. and Pearce, N.J.G. 2016. Internal U, Th and Rb concentrations of alkali-feldspar 
grains: Implications for luminescence dating. Quaternary Geochronology 35, 16–25.

Sohbati, R. Murray, A. Jain, M. Buylaert, J.P. and Thomsen, K. 2011. Investigating the resetting of 
OSL signals in rock surfaces. Geochronometria 38, 249–258.

Sohbati, R. Murray, A.S. Buylaert, J.P. Almeida, N.A. and Cunha, P.P. (2012a). Optically stimulated 
luminescence (OSL) dating of quartzite cobbles from the Tapada do Montinho archaeological 
site (east‐central Portugal). Boreas 41, 452–462.

Sohbati, R. Jain, M. Murray, A.S. (2012b). Surface exposure dating of non-terrestrial bodies using 
optically stimulated luminescence: A new method. Icarus 221, 160–166.

Sohbati, R. Murray, A.S. Chapot, M.S. Jain, M. Pederson, J. 2012c. Optically stimulated 
luminescence (OSL) as a chronometer for surface exposure dating. Journal of Geophysical 
Research: Solid Earth 117(B9).

Sohbati, R. Murray, A.S. Jain, M. Thomsen, K. Hong, S-C. Yi, K. Choi, J-H. 2013. Na-rich feldspar 
as a luminescence dosimeter in infrared stimulated luminescence (IRSL) dating. Radiation 
Measurements 51–52, 67–82.

Sohbati, R. Murray, A.S. Porat, N. Jain, M. Avner, U. 2015. Age of a prehistoric ‘Rodedian’ cult site 
constrained by sediment and rock surface dating techniques. Quaternary Geochronology 30, 90–99.

Sohbati, R., Liu, J., Jain, M., Murray, A., Egholm, D., Paris, R., Guralnik, B. 2018. Centennial- to 
millennial-scale hard rock erosion rates deduced from luminescence-depth profiles. Earth and 
Planetary Science Letters 493, 218–230.

Spooner, N.A. 1994. The anomalous fading of infrared-stimulated luminescence from feldspars. 
Radiation Measurements, 23, 625–632.

Theocaris, P.S. Liritzis, I. Galloway, R.B. 1997. Dating of two Hellenic pyramids by a novel 
application of thermoluminescence. Journal of Archaeological Science, 24, 399–405.

Tribolo, C. Mercier, N. Valladas, H. 2003. Attempt at using the single-aliquot regenerative-dose 
procedure for the determination of equivalent doses of Upper Palaeolithic burnt stones. 
Quaternary Science Reviews 22, 1251–1256.

Vafiadou, A. Murray, A.S. Liritzis, I. 2007. Optically stimulated luminescence (OSL) dating 
investigations of rock and underlying soil from three case studies. Journal of Archaeological 
Science 34, 1659–1669.

Vincent, C. Harter, A. Gilbert, A. Berthier, E. Six, D. 2014. Future fluctuations of Mer de Glace, 
French Alps, assessed using a parameterized model calibrated with past thickness changes. 
Annals of Glaciology 55, 15–24.
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 d
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