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“He who from the Scandinavian temperate climate and crystalline rocky ground 

is thrown direct into the semi-arid climate and loose sediment rocks from there 

into the narrow, dripping valleys of the Cordilleras, is at the beginning amazed, 

when seeing the enormous devastation, which has in most cases befallen the 

Quaternary formations.” 

 

- Carl C:zon Caldenius, 1932  

page 146, Las Glaciaciones Cuaternarias (English summary) 

 

 

 

 

 

 

 

 



 Robin Blomdin 

2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 The Late Glacial History of the Magellan Strait in Southern Patagonia, Chile  
 

3 
 

Abstract 
 

The timing of the ice margin retreat of the Late Glacial Patagonian ice sheet (PIS) in southern 

Patagonia has been the object of discussion for many years. In order to resolve questions 

about the complex response of the PIS to past climate change; geological interpretation and 

modelling data needs evaluation against absolute chronology. The aim of this project is to re-

map the landforms and sediment of the Magellan Strait, to reconstruct the late glacial ice 

retreat during the deglaciation and to investigate the applicability of OSL dating to 

glaciofluvial sediment from this region. Unfortunately previous studies have shown that the 

quartz OSL luminescence characteristics, of this region, are unsuitable for dating. Therefore 

the potential of K-feldspar IRSL signals are reviewed and examined. Samples were collected 

from landforms interpreted as being deposited during the deglaciation of the Magellan ice 

lobe, with an expected age range between 17.5 and 23 ka, and from recently deposited 

sediments (<1 ka). Small aliquots and single grain distributions were studied by applying a 

IR50 SAR protocol with IRSL stimulation at 50°C for 100 s and a preheat of 250 °C (held at 

60 s) are measured.  Appropriate uncertainties were assigned to the dose distribution data, by 

quantifying the laboratory over-dispersion (σOD) parameter (22.2% for small aliquots and 17.7 

% for single grains) in laboratory bleached and γ-irradiated samples.  Thereafter the possible 

effects of incomplete bleaching and anomalous fading were examined. For the natural 

samples environmental over-dispersions between 30–130 % and mean interpreted residual 

doses between ~30 and 80 Gy were observed. Statistical models were further applied to 

identify the part of the dose population that was most likely to have been completely 

bleached. The models are consistent with each other which imply that they successfully 

identified the fully-bleached grains in the distributions; however observed discrepancies 

between the small aliquot and single grain data were also discussed. Large g2day values (on 

average 7.92±0.6%/decade for large aliquots) were observed but nevertheless, comparing our 

fading corrected ages to the expected age range result in 2 out of 3 ages consistent with 

geological interpretation and an established radiocarbon and cosmogenic nuclide chronology 

suggesting that this correction was done successfully. The results of these investigations 

suggest that small aliquot/single grain fading can be corrected for using an average value and 

that KF-IRSL dating is applicable in this part of Southern Patagonia. The third age is 

supported by an alternative geological interpretation while the two consistent ages imply that 

in the Magellan Strait the hills of the Brunswick peninsula (70-100 m.a.s.l) were deglaciated 

at around ~21 ka. Finally some recommendations for future research are considered.   

 

Keywords 
 

Magellan Strait, Southern Patagonia, Deglaciation, glaciofluvial sediment, K-feldspar IRSL 

dating, small aliquot, single grain, dose distributions, incomplete bleaching, anomalous fading  
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PART I Introduction 
 

At the Pleistocene Last Glacial Maxima (LGM) the former Patagonian Ice Sheet (PIS) was 

extended along the southern Andes, from 38°S to 56°S at the southern tip of the South 

American continent (Glasser et al., 2008, Fig. 1a). The modern Patagonian glacial 

environment is highly sensitive to climate change because strong climatic gradients are 

maintained from east to west and the majority of the glaciers calve in lakes or the Pacific 

Ocean (Anya et al. 1996; Glasser et al., 2005). Moreover Anya (1988) concluded from a 

detailed inventory of outlet glaciers that the modern glaciers of Patagonia are characterized 

by: high accumulation rates, large variation of subglacial thermal organization, ice field 

extents largely controlled by topography and complex internal ice dynamics causing rapid 

changes in glacier outlines. The combination of these characteristics hinders a strait forward 

interpretation of climate induced signals in different proxies (Lamy et al., 2004, Harrison et 

al., in press). Hence, the present day Patagonian ice fields are considered to be temperate and 

dynamic systems that respond rapidly to climate change (Anya, 1988). It is however unclear 

whether recent retreat rates (<100 yrs) of Patagonian glacier are unusual in comparison to the 

past (Glasser et al., 2011). Detailed knowledge on past glacial fluctuations of the PIS is 

therefore important because it can offer insights into the dynamics of glacial inception and 

termination on a global scale and its relation to past and present climate change.  

The termination of the Pleistocene resulted in a disruption of the global pattern 

of ocean and atmospheric circulation creating warmer stadial conditions (Denton et al., 2010). 

Debate is ongoing whether the end of the last ice age was synchronous or asynchronous on an 

interhemispheric scale. The terrestrial record of the PIS offers a unique chance to study 

deglaciation chronology, ice sheet dynamics and the link between the northern and southern 

hemisphere in a dominantly oceanic domain (Sugden et al., 2005). Studying specific outlet 

glaciers and glacier lobes, during the late Pleistocene could thus provide significant evidence 

on changes in climate regimes during the glacial and interglacial period (Benn and 

Clapperton, 2000a). Furthermore establishing a robust regional chronology for individual ice 

lobes is one of the key aspects of glacial geological research in Patagonia. 

This study focuses on reconstructing the late Pleistocene glacial environment of 

the Magellan Strait (Estrecho de Magallanes) region in southernmost Patagonia, Chile (Fig. 

1b). The dynamics and timing of the retreating Magellan ice lobe has been discussed for 

many years (e.g. Porter et al., 1992; Clapperton et al., 1995) and the difficulties in 
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determining the detailed retreat pattern could be attributed to three main factors: (1) lack of 

data, (2) complex glaciation/deglaciation pattern and (3) poor chronological resolution. 

 

1. Patagonia is in many ways one of the last frontiers for glacial geologists and is in 

terms of published literature far beyond that of the north hemispheric Laurentide- 

(LIS) and Fennoscandian (FIS) ice sheets. Across Patagonia, and in the Magellan 

Strait region in particular there has primarily been a lack of regional geomorphological 

mapping and glacial reconstructions (e.g. Caldenius, 1932, Glasser and Jansson, 2005; 

Glasser et al., 2008, Glasser and Jansson, 2008). Also the application of ice sheets 

models to determine the reaction of the Patagonian Ice-fields to climate forcing is 

sparse in the region (e.g. Hubbard et al., 2005, North Patagonian Ice field, NPI).  

2. Geomorphological mapping furthermore, describes a complex ice marginal 

environment; including several systems of post LGM recessional moraines, lateral 

glaciofluvial channels and glacial lineations (drumlins and fluting ) (Porter et al. 1992, 

Clapperton et al., 1995; Bentley et al., 2005; Glasser and Jansson, 2008; this study 

2011). Terrestrial evidence suggests a dynamic ice sheet sensitive to climate 

fluctuations (Porter et al., 1992). 

3. Finally, the main focus of geochronological applications in the region has so far been 

radiocarbon- (Clapperton et al., 1995; McCulloch et al., 2005a), amino acid- 

(Clapperton et al., 1995) and terrestrial cosmogenic (TCN) surface exposure dating 

(Kaplan et al., 2007, 2008). Hence, it is of importance to evaluate the already existing 

chronologies against other geochronological methods. 

 

1. 1 Aim 

 

The aim of this project was to solve the problems encountered in the Magellan Strait region of 

southern Patagonia by using a combined approach including: geomorphological mapping 

from remotely sensed data, sedimentological interpretation of ice marginal and proglacial 

landforms and geochronology. The combined approach using geomorphology, sedimentology 

and geochronology is a key tool in order to constrain the timing of ice retreat and dynamics of 

the Magellan ice lobe. The aims of this thesis are to: 
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1. Describe the late glacial environment of the Magellan strait region in Southern 

Patagonia, Chile. What glacial geomorphology exists in the study area? Could the 

pattern and distribution of landforms contribute to the general understanding of the ice 

sheet dynamics during the deglaciation in the study area, e.g. ice flow directions, the 

organization of meltwater drainage and configuration of the Magellan ice lobe? 

Mapping and sedimentological interpretation of individual landforms will form the 

foundation for a reconstruction of the ice retreat pattern during the deglaciation of the 

study area and to form a context for obtained OSL ages. 

2. Investigate the applicability and potential of the OSL technique: potassium feldspar 

infrared stimulated luminescence (KF-IRSL) dating on glaciofluvial ice marginal and 

proglacial sediment in the area. Is KF-IRSL dating applicable on glaciofluvial 

sediment, in the Magellan Strait region of Southern Patagonia? Could a detailed 

analysis of feldspar luminescence characteristics in the study area increase the general 

understanding of problematic luminescence signals in terms of incomplete bleaching 

and anomalous fading? The obtained dates will be evaluated against the already 

existing chronologies.   
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Part II Study area 
 

2. 1 Physiography 

 

The study area is located in Southern Chilean Patagonia and includes the eastern, western and 

northern shores of the Magellan Strait, i.e. the Brunswick Peninsula, eastern Chilean Tierra 

del Fuego and northern Isla Dawson (Fig. 1). The study area belong to the Magallanese 

province of Chile and the closest mayor city is Punta Arenas (53° 8'S 70° 54'W).  

 

Fig. 1a) South America and Southern Patagonia. LGM limit adapted from Caldenius (1932). 

Present day ice field extent indicated by black. NPI and SPI: the North and South Patagonian 

Ice Fields. Inset box illustrate location of the study area. b) the Strait of Magellan study area 

and surroundings. Glacial stages A–E are adapted from McCulloch et al. (2005a). Map base: 

Shuttle Radar Topographic Mission (SRTM) DEM.  
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 The Magellan region of Chile is situated south of 51°S and includes the southern 

parts of the South Patagonian Ice field (SPI), which is situated approximately 250 km 

northwest of the study area. The closest present day glaciers are situated south of the study 

area in the archipelago of Cordillera Dawson where also the highest peaks of the region is 

situated (Monte Darwin, 2438 m.a.s.l, Fig. 1a). The highest peak of the Brunswick Peninsula 

is 1269 m.a.s.l. The landscape around the Magellan Strait displays a typical glacial character 

with deeply incised troughs and fjords and glacially sculptured areas.  

 Bedrock Geology in the region consists of Cretaceous and Tertiary sedimentary 

rocks (Mapa Geologico de Chile, 2003, Fig. 2). The southern parts of the Brunswick 

Peninsula consist of bedrock formed during the Jurassic. Also pre-late Jurassic crystalline 

basement rocks exist in this part of the peninsula (Bentley and McCulloch, 2005 and 

references therein). The Brunswick Peninsula and Isla Dawson is also divided by several 

thrust faults and the Magallanese fault zone is situated to the south of the strait (Bentley and 

McCulloch, 2005 and references therein).  

 

Fig. 2 Geology of the Magellan Strait. Adapted from Mapa Geologico de Chile (2003) and 

Bentley and McCulloch (2005). 

The orientation of the mountains and valleys follow the trend of these faults. North of Punta 

Arenas, including the Juan Mazía peninsula and Tierra del Fuego, Pleistocene and Holocene 
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glaciofluvial and coastal deposits exist, while southern Brunswick consist of older Eocene and 

Paleocene deposits (Mapa Geologico de Chile, 2003). 

The present day climate of Patagonia is temperate oceanic and it is the presence 

of coastal mountains that allow glaciers to thrive under these mild conditions (Powell and 

Domack, 2007). Numerous ice capped volcanoes and mountain glaciers exist in Patagonia 

(Glasser et al., 2008), but the area is dominated by two main ice fields, the North Patagonian 

Ice-field (NPI) and the South Patagonian Ice-field (SPI). The climate of the region is largely 

dominated by the migration of the southern westerlies that carry precipitation that nourishes 

the alpine glaciers and temperate rain forests in southern Chile (Moreno et al., 2001). An 

additional climatic effect is the rain shadow of the Andes. Annual precipitation exceeds 7 m 

per year on the west coast of Chile in the core region of the westerlies at latitude 51 °S and 

decrease to 2.5 – 3 m to the north and south (Sugden et al., 2005).  

 

2. 2. Scientific background 

 

Scientific exploration of Patagonia began already in 1833 when Charles Darwin visited the 

area on the HMS Beagle. The past glacial history of the Andes and Patagonia has been 

summarized by e.g. Mercer (1976), Clapperton (1983) and more recent by Rabassa (2008). 

However the interest of the glacial geology of Patagonia started already in 1899 when the 

Swedish geographer, geologist and polar explorer Otto Nordenskjöld reconstructed the former 

ice age extent of the area (Nordenskjöld, 1899). Nordenskjöld (1899) reconstructed an ice 

sheet extended to the continental shelf in the west and with ice lobes occupying the Magellan 

strait and Bahía Inutil (Fig. 1b). Later the glacial geological research of Patagonia was 

pioneered by another Swedish geologist, Carl Caldenius, who carried out extensive fieldwork 

in Patagonia between 1925 and 1929. Caldenius mapping (1932) of moraine systems east of 

the ice fields was done in great detail and is still often cited. Caldenius established a relative 

chronology based on the distribution of four different terminal moraine systems which he 

related to different stages of the Scandinavian glacial history (e.g. Lundqvist and Robertsson, 

2002). Caldenius suggested that the outermost limit descended from pre Late Glacial Maxima 

(LGM) time and that the inner marginal positions were formed between the LGM and the 

Holocene (Clapperton, 1983). Caldenius chronology is however regarded as incorrect. Only 

the inner moraine group is now regarded to equate to the last glaciation (Sugden et al., 2005). 
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Later, important studies that have contributed to the general understanding of Patagonian 

glaciations have been presented by e.g. Mercer (1976), Porter (1981), Meglioli (1992) and 

Glasser et al. (2008, 2009).  

Glacial research of the Magallanese fjord system has earlier been studied in the 

context of deglaciation chronology by e.g. Porter et al. (1992), Clapperton et al. (1995), 

Anderson and Archer (1999), Benn and Clapperton (2000a, 2000b), McCulloch et al. (2005a, 

2005b) and Bentley et al. (2005).  Studies have also been carried out in nearby areas, such as 

Tierra del Fuego (Coronato et al., 2009) and Isla de los Estados (Möller et al., 2010) (Fig. 1a). 

The research of the Magellan Strait has mainly focused on geomorphological mapping and on 

establishing a robust chronology of different glacial advances/readvances and still stands. 

Hence the glacial geological research of this region is considered important for three main 

reasons (Sugden et al., 2005): 

1. It offers a terrestrial climate archive in a dominantly oceanic domain of the southern 

hemisphere, 

2. The area spans the westerlies, a dynamic component of the atmospheric system of the 

southern hemisphere, 

3. Its location is ideal for testing alternative hypotheses about the mechanisms of climate 

change and different scales of climate forcing, i.e. orbital, millennial etc.   

 

2. 3 Deglaciation chronology of the Magellan Strait 

 

The current consensus is that the overall structure of the late glacial history of Patagonia has a 

northern hemispheric signal (Sugden et al., 2005). This implies that glaciers reached their 

Late Glacial Maxima (LGM) positions on two or more occasions between 27 – 23 cal. ka BP 

(calibrated 
14

C years, kilo annum = 1000 years), i.e. Marine Isotope Stage (MIS) 2. This 

structure is similar to that found on a regional scale in the area of Lago Buenos Aires/ General 

Carrera (Kaplan et al., 2004) and in the Chilean Lake district (Denton et al., 1999) and also on 

a global scale as seen in the Antarctic and Arctic (Blunier and Brook, 2001) ice core records 

and on New Zealand (Ivy-Ochs et al., 1999) (see regional locations in Fig. 1a and comparison 

in Fig. 3).   
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Fig. 3 Glacial chronology of the Magellan Strait compared with variations in the Greenland 

(GISP δ18O) and Antarctic (Vostok δD) isotopic „temperature‟ records (Blunier and Brook, 

2001), glacier maximas in the Chilean Lake District (Denton et al., 1999), the timing of a 

Younger Dryas equivalent glacier advance in New Zealand (Ivy-Ochs et al., 1999) and 

Glacial stages of the Magellan Strait. Adapted from McCulloch et al. (2005) and references 

therein. 

 

Compared to the LGM advance a less extensive advance occurred at 17.5 ka 

followed by a two step deglaciation, right after 17.5 cal. ka BP and at 11.4 cal. ka BP (e.g. 

Denton et al., 1999). In the Magellan Strait region the pattern of ice retreat is associated with 

four end moraine systems (Clapperton et al., 1995). These are thought to mark the transition 

from the LGM to the Holocene and are linked to four glacial stages of stillstands or 

readvances (A – E, Clapperton et al., 1995, McCulloch et al., 2005; Bentley et al., 2005, Fig. 

1b). These moraines are also associated with lateral glaciofluvial channels (Bentley et al., 

2005, Part IV), glaciofluvial ice contact terraces (Part IV) and glacial deltas (McCulloch et al., 
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2005b). The age spans for the individual glacial stages are summarized in Table 1 and 

illustrated in Fig. 3, based on McCulloch et al. (2005a) and references therein.  

 

Table 1. Glacial stages in the Magellan  

Strait (McCulloch et al., 2005a). 

 

 

The existence of a long-lived glacial lake in the Magellan Strait has been 

confirmed by 
14

C AMS dating and tephrochronology (McCulloch et al., 2005b), which 

suggest that a stable glacier retreat persisted around 3000 years, between ~15 to 12 cal. ka BP. 

This period also coincide with the Antarctic Cold Reversal (ACR) as recogniced in the 

Vostok isotopic temperature ice core records (Blunier and Brook, 2001, see Fig. 3). 

Furthermore, Bentley et al. (2005) concluded from their mapping that: the Magellan ice lobe 

was asymmetric, with the western margin occupying the axis of the strait and the eastern 

terminus being located further north. This could be attributed to the bathymetry of the strait 

which would have caused higher calving rates on the deeper west side. Also based on 

measured elevation of ice marginal landforms the ice surface slope gradient of the ice lobe 

was much steeper than previously thought (i.e. Benn and Clapperton 2000b). Characteristics 

of the ice surface slope have implication for assumptions of subglacial thermal organization 

(STO; Kleman and Glasser, 2007).  Bentley et al. (2005) discuss that their reconstruction of a 

steep ice surface profile result in that the Magellan ice lobe was throughout temperate.  

However usually the occurrence of glaciofluvial channels are attributed to glacier ice frozen 

to the ground and having a lower ice surface slope, i.e. ice at the pressure melting point 

causing drainage of meltwater to be directed to the ice margins (Benn and Clapperton, 

2000b). However Bentley et al. (2005) discuss that their steeper ice profile reconstruction also 

would have resulted in a steeper hydraulic potential gradient within the ice driving meltwater 

to the ice margins, resulting in erosion of large meltwater channels.     

Glacial stage Min age (ka) Max age (ka)

A 31 40

B 23 25

C 20.5 21.5

Glacial lake 17.5 12.5

D 17.5 18

E 12 13
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In this study the published chronologies by Clapperton et al. (1995), McCulloch 

et al. (2005a and references therein) and Kaplan (2007, 2008) is used as a framework for 

comparison to the conducted OSL dating results, since no OSL samples collected for this 

study have stratigraphic age comparison. 
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PART III Optically Stimulated Luminescence (OSL) dating 
 

Optically stimulated luminescence (OSL) dating is a geochronological method that has 

increased in popularity within archeology and the earth sciences over the last 15 years 

(Duller, 2008b). OSL dating is based on the emission of light by commonly occurring 

minerals such as quartz (OSL) or feldspars (KF-IRSL) and can be applied to a wide range of 

minerogenic materials (Duller, 2008a).  The actual time being dated is the time the mineral 

was last exposed to daylight (Aitken, 1998). Hence OSL dating is based on retrospective 

radiation dosimetry and could be grouped together with other dating techniques such as: 

fission track- and electron spin resonance (ESR) dating, which are all based on the time – 

dependent accumulation of radiation damage (Lowe and Walker, 1997). Depending on the 

type of stimulation light used OSL dating might also be referred to as Infra Red Stimulated 

Luminescence (IRSL). This is the OSL technique which is the focus of this study. 

Radioactive isotopes for example uranium (U), thorium (Th) and potassium (K) 

exist naturally in the ground and many minerals including: quartz, feldspars, zircons and 

calcite act as dosimeters, recording the amount of radiation that they are exposed to by their 

surroundings. The recorded radiation dose could be reset by two processes, either by heating 

the mineral to above 300°C (thermoluminescens, e.g. TL dating), as for example when firing 

pottery in a kiln, or by exposing the mineral to daylight (luminescence), as would be expected 

to occur during erosion and transport of sediment (Duller, 2008a). The unit of absorbed 

radiation dose is Gray (Gy, SI Système International) which is defined as Joules per kilogram 

(J. Kg
-1

). 

   

3. 1  The luminescence phenomena   

 

At the sub-atomic level when radiation interacts with the crystal structure of the mineral, 

energy is provided to the electron, raising it from the valence band to the conduction band 

(Duller, 2008a). Irradiation is a time dependent process, i.e. the more prolonged exposure to 

radiation, the higher trapped electron number (Fig. 4a). Electrons that become detached from 

their parent nuclei by ionizing radiation in the crystal lattice diffuse into the vicinity of a 

lattice defect and become trapped in trapping centres (Aitken, 1998, Fig. 4b, T1, 2 =Trapping 
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centres). The deeper the trap (e.g. T2 in Fig. 4b) the more stable the electron and the longer it 

stays trapped (Duller, 2008a). When the mineral is exposed to sunlight or heat, electrons are 

evicted from the trapping centres and recombines with holes at luminescence centres (L in 

Fig. 4c). A fraction of this energy is released as photons of visible light, i.e. luminescence. 

The electron traps and luminescence centres (also referred to as recombination centres) are 

associated with lattice defects, such as foreign atoms or oxygen vacancies, in the mineral 

crystal. It is important to remember that; in nature, lattice defects vary greatly in terms of 

structure and complexity, the energy level diagram illustrated in Fig. 4 is thus largely an 

oversimplification (Preusser, 2008). 

 

Fig. 4 Energy level diagram.  a) Irradiation, b) Storage and c) Eviction. T = Trapping centres 

and L = Luminescence centres. Modified after Aitken (1990) and Duller (2008a).    

 

 n the laboratory or in nature when light is “switched on” luminescence is 

emitted by the mineral grains (Fig. 5). Depending on time of light exposure electrons are 

emptied and the OSL signal decreases. Complete resetting of this signal is an essential 

component of luminescence dating. The process by which the mineral grains are reset by 

exposure to sunlight is referred to as bleaching. Full sunlight empties light-sensitive traps in 

quartz very quickly (seconds) and in feldspars slower (Godfrey-Smith et al., 1988; Thomsen 
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et al. 2008). However few grains experience full sunlight during erosion and transport 

because of surface coatings, turbidity etc. Bleaching is hence believed to be a hetereogeneous 

process with different grains being exposed to different light intensities and spectra (Rodnight 

et al., 2006). Incomplete or complete bleaching is used to describe whether there exists a 

residual OSL signal or not in the mineral. This signal might originate from a previous burial 

event and was not reset during the most recent transport. Because of this phenomenon, 

suitability of the OSL technique varies between different depositional environments (Fuchs 

and Owen, 2008; Preusser, 2008; Alexanderson and Murray, 2009). Insufficient exposure to 

sunlight during erosion, transport and deposition are more common in certain geomorphic 

settings, e.g. glacial- (subglacial and glaciofluvial) and fluvial environments (Fuchs and 

Owen, 2008; Rodnight et al., 2006). Though a reliable chronology could still be obtained if 

careful sampling methodology is followed (chapter 3. 7).    

 

 

Fig. 5 Luminescence signal build-up, sample collection and laboratory measurement. 

Modified after Aitken (1990) and Andrew S. Murray pers. Comm. (2011).  

 

The luminescence emitted by a mineral constitutes different parts of the 

wavelength spectra (Duller, 2008a) and the probability of electron eviction depends on the 
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rate at which stimulating photons arrive at the trap and the sensitivity of that particular trap to 

photon eviction (Guide to the Risø TL/OSL Reader, 2011). Quartz commonly emits light in 

the 460 to 480, 610 to 630 and 360 to 420 nm wavelength regions while light emission is 

more complex for feldspars, because of their wide range of chemical compositions (Fig. 6), 

resulting in luminescence emitted all across the spectra from ultraviolet to infrared. 

In OSL dating both the wavelength of the stimulating and evicted light must be 

taken into consideration since the intensity of the emitted luminescence is many orders of 

magnitude smaller than that of the stimulation light (pers. comm. Andrew S. Murray, 2011). 

Hence, in any laboratory measurements these must be well separated. This has been an 

important component in developing the optical stimulation units and detection filters of OSL 

measurement systems (Bøtter-Jensen et al., 2003, chapter 3. 2). Infrared (IR) stimulation in 

the region 800-900 nm can stimulate luminescence from most feldspar (e.g. KF-IRSL dating, 

Hütt et al., 1998). This has the advantage of a wide range of wavelengths becoming available 

for the detection window. Furthermore for feldspars, electron traps with different stability and 

trap depth has been recogniced leading to the development of different measurement 

protocols utilizing different luminescence signals (e.g. the pIRIR290 signal, Thomsen et al., 

2008; Buylaert et al., 2009). The type of signal being measured has impact on correction of 

anomalous fading (discussed in chapter 3. 6).  

 

 

Fig. 6 Ternary diagram of the chemical composition of feldspars. Modified and adapted after 

pers. comm. Jan-Pieter Buylaert (2011).   
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3. 2 Software and Instrumentation  

 

All luminescence measurements in this study were either done with a Risø TL/OSL DA-20 

reader or a Risø single grain attachement. The readers consist of four essential components 

(Bøtter-Jensen et al., 2000, 2003: Fig 7): a stimulation light source, a light detection system, 

an irradiation source and a heating system.  

 

 

Fig. 7a) The Risø TL/OSL DA-20 reader. b) Schematic representation of the different 

components of the Risø TL/OSL DA-20 reader  c) Sample carrousel (also referred to as 

“turntable”) and aliquots (“disc type”) d) Schematic diagram of the combined blue and IR 

LED OSL unit. The unit contains 28 blue LEDs (in 4 clusters) emitting at 470 nm delivering 

80 mW/cm
2
 at the sample and 21 IR LEDs (in three clusters) emitting at 870 nm delivering 

145 mW/cm
2
at the sample. Images are adapted from the Guide to the Risø TL/OSL Reader, 

(2011). 

The light stimulation sources, used in this study, were for the regular reader: 

Infrared (IR) LED (Light Emitting Diode) lamps arranged in clusters of three with a 

stimulation power of 135mW/cm
2
 and emitting at 870 nm which is at the IR resonance 

wavelength found in most feldspars (Bøtter-Jensen et al., 2003). For the single grain 
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attachment an IR LASER with a stimulation power of 150mW/cm
2
 was used emitting at 830 

nm. Light stimulation was always done in the continuous wave (CW) OSL mode, i.e. constant 

light intensity and luminescence emission monitored all the time (Bøtter-Jensen et al., 2003). 

For light detection a Photon multiplier tube (PMT) was used with a Blue filter pack: a Schott 

BG 39 (2mm thick) and Corning 7-59 (4mm thick) filter combination, allowing for separation 

of the spectral stimulation and the light detection window. Luminescence was thus detected in 

the blue-violet region (set up after Buylaert et al., 2009). The PMT is operating in “photon 

count” mode, where each pulse of charge at the anode is recorded and counted in consecutive 

time intervals of equal lenghts, called channels (Thomsen, 2004, referred to as data points in 

the Analyst software). This data is recorded as a decay- or shine down curve. In chapter 3. 3 

Fig. 8 illustrate decay of a feldspar IRSL (infra red stimulated luminescence) signal.  

In this study the samples were irradiated using a Beta irradiation source 

(
90

Sr/
90

Y). The source emits beta particles with a maximum energy of 2.27 MeV. The distance 

between the source and the sample is 5 mm. The heating system is situated underneath the 

wheel and has two functions: (1) too heat the sample and (2) to lift it. The heating unit is 

made of Kanthal and is accompanied by a cooling system that creates a Nitrogen atmosphere 

locally above the sample. This is strongly recommended when heating above 200°C. For 

more details on the Risø TL/OSL reader is available at www.osl.risoe.dk.  

The sequence of OSL measurements were programmed in the sequence editor 

module of the standard Risø TL/OSL computer software (first written by Michael H. 

Thomsen 1995), while analyzing the data was done in the Analyst software, Microsoft 

Excel©, ORIGINʀ and Sigma Plotʀ spread sheets. Analyst (written by Geoff Duller 2007) 

calculates the dose response and sensitivity curves automatically while the user decides on 

fitting functions, signal integration limits and aliquot rejection criteria. Aliquots (Fig. 7c) are 

small sub samples of mineral extracts ranging in size, from a few to several thousands of 

grains. The grains are mounted on metal discs or cups made of stainless steel or alumunium 

using silicon oil.  

Prior to the measurements the readers used in the study was calibrated to 

evaluate the strength of the irradiation source. Determining the reader dose rate is done by 

giving a known gamma dose to a “perfectly bleached” quartz sample (the Risø Calibration 

Quartz) and then running a dating sequence on a minimum of six aliquots. The term perfectly 

bleached is used to describe a sample which contain a zero dose. The given gamma dose is 

http://www.osl.risoe.dk/
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then divided by the average De (equivalent dose, described in chapter 3. 3) in seconds to give 

the dose rate. For example in this case for one reader it was 0.2 Gy/s and for another it was 

0.098 Gy/s. To calculate the De (equivalent dose) in Gy simply multiply the reader dose rate 

with the De in seconds (described below).  

 

3. 3 Estimating the burial dose  

 

The essential basics of luminescence dating are to compare the natural signal acquired during 

burial with an artificial signal induced in the laboratory (Aitken, 1998). Both the natural 

OSL- and the laboratory induced signals are recorded as photon counts and plotted against 

stimulation time in decay curves (Fig. 8).  

 

 

Fig 8. Example of feldspar natural and laboratory regenerative (~20 Gy) decay curves for 

sample AGU1. Also shown are the integration limits for peak and background (BG) signal. 

 

Assuming that the rate of decay is only determined by the rate of electron eviction, decay is 

assumed to be exponential. However in reality it is usually slower than exponential (Aitken, 
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1998). Reasons for this are complex and are discussed in detail by Aitken (1998). A 

discussion on the different components (i.e. fast, medium, slow) of decay curves and the best 

way of analyzing them is also given by Murray and Wintle (1998) and moreover methods of 

simple component analysis and selection of appropriate integration limits and background 

signals have been developed by Choi et al. (2006).  

It is typical to preferentially sample a part of the signal to be used in the decay 

curve. This is referred to as the signal integration limit. In this study channels 6 to 25 (i.e. the 

first 2.1 s) was used as the peak and channels 900 to 1005 (last 10.5 s) as background (Fig. 8).  

Yn is the integrated signal of the first n channels. If yi is the number of counts in channel i then 

the total number of counts in the n first channels Yn is given by, 

 

[Eq. 1]          
 
    . 

 

There is always some component of background present in any luminescence 

measurement. This background could originate from the dark count of the PMT or from 

breakthrough of photons from the optical source (Analyst Manual, 2005). Because of this, by 

convention it is common to subtract this background from the initial OSL signal (Analyst 

Manual, 2005), see Eq. 2, giving the Net OSL signal (Ln),  

 

[Eq. 2]          
  

  
 

 

where Bm is the integrated signals of the last m channels and k is some constant.  

The measured natural net OSL signal of a sample is thereafter corrected and 

compared against the luminescence signal regenerated by laboratory irradiation. Since the 

burial dose (Db) of a sample is a combined dose consisting of radiation resulting from 

exposure to alpha, beta, gamma and cosmic radiation it can’t be determined directly. Db is 

therefore determined as an equivalent dose (De), i.e. the artificial dose necessary to indicate a 
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luminescence signal that is of the same magnitude as the natural dose (Eq. 3). Methods on 

determining De is described below in chapter 3. 3. 1. 

 

[Eq. 3]            
                           

                         
 

 

3. 3. 1 Single Aliquot Regenerative (SAR) protocol 

 

Methods of estimating the burial dose was revolutionized in the late 1990s when Murray and 

Roberts (1998) first suggested a single-aliquot regenerative-dose (SAR) measurement 

protocol. Using this method the De was calculated from single aliquots whereas predecessor 

methods estimated De from multiple aliquots (e.g. Aitken, 1985). The SAR protocol was 

further refined and tested by Murray and Wintle (2000, 2003) and its advantages compared to 

multiple aliquot methods are e.g. that (Murray and Olley, 2002): 

 single Des can be determined with high precision  because uncertainties on average 

Des are based on external estimates of precision and the standard uncertainty on the 

mean is estimated from several independent interpolated measurements of De, 

and 

 multiple De measurements could be performed relatively quick making it possible for 

the first time to examine dose distributions within a sample. 

At the present, a number of various SAR protocols exist, mainly for quartz (e.g. 

Murray and Wintle, 2000) but also for feldspars (e.g. Wallinga et al., 2000; Buylaert et al., 

2009). As mentioned above, the SAR experimental setup makes use of both the OSL signal 

from the unknown natural dose to be measured and a number of OSL signals obtained from 

laboratory induced regenerative doses (Murray and Wintle, 2003). The structure of a SAR 

protocol (Fig. 9) is that of several SAR cycles (in this study the no. of SAR cycles were 

typically between 3 and 5), each cycle being divided into two parts: (1) measuring the 

natural/regenerative OSL signal and (2) measuring the OSL sensitivity (Duller, 2008a, see 

below). In a routine SAR protocol five cycles are determined, the first three bracketing the 

natural signal and the fourth and fifth monitoring recuperation and recycling (Murray and 

Wintle 2000, see below).  
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Before each OSL measurement, a preheat is used, intended to minimize charge 

cycling through the 110°C TL e
-
 trap and thus increasing the rate of decay of the OSL signal 

when measured (Murray and Olley, 2002). Samples are usually heated to between 160 and 

300°C and this procedure remove any unstable electrons that reside in the shallow traps. 

Furthermore a cutheat is used before each test dose is applied and a high temperature clean 

out is used at the end of each SAR cycle to clean out any remaining electron charge before the 

next cycle is measured (Murray and Wintle, 2003; Buylaert et al., 2008). 

 

 

Fig. 9 Principles of the Single Aliquot Regenerative (SAR) protocol (e.g. Murray and Roberts, 

1998; Murray and Wintle, 2000, 2003). Modified and adapted after Duller (2008a). 

What distinguishes the SAR protocol from other methods is that the OSL 

sensitivity is monitored by the OSL response to a test dose kept constant (Murray and Wintle, 



 The Late Glacial History of the Magellan Strait in Southern Patagonia, Chile  
 

29 
 

2003). In this way the sensitivity of the OSL signal is taken into account because it is known 

to fluctuate. This might depend on (Duller, 2008a): laboratory procedures, e.g. temperature 

and duration of preheat and burial conditions, e.g. ambient temperatures in the vicinity of the 

dated sample. In short, after the ratio of the natural OSL signal (Ln/Tn = Rn) and its response to 

a test dose, has been measured a number of cycles is undertaken, involving irradiation (D1, 

D2, D3, etc.), to regenerate luminescence signals (L1, L2, L3, etc.) followed by a test of their 

sensitivity (T1, T2, T3, etc.) (Duller, 2007). Increasing the value of the regenerative doses 

while keeping the test doses constant build up a sensitivity-corrected dose response curve 

(Fig. 10).  
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Fig. 10a) Sensitivity corrected (Lx/Tx) dose response curve for a large aliquot (2mm) of 

sample TRE1 collected from a sand lens in a glaciofluvial terrace complex. Lx/Tx is plotted 

against the given irradiation dose (in seconds) and show both the regenerative dose points 

and 1 each of recycling and recuperation dose points. The dose point has been fitted using an 

exponential (2-parameter) function in SigmaPlotʀ computer software. b) Graph illustrating 
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sensitivity changes as the ratio of natural test dose to regenerative test dose (Tn/Tx) for each 

SAR cycle. 

 

After the dose response curve has been defined the De could be derived by 

comparing Rn with the ratios R1, R2, R3 etc. (obtained from L1/T1, L2/T2, L3/T3, etc.). This 

comparison determines the laboratory dose that generates a signal equivalent to that obtained 

from the natural (Duller, 2007, Fig. 11). There are several methods to estimate the De from 

the dataset R1, R2, R3 etc (Duller, 2007). The first approach is simply to compare the 

normalized signal from the natural (Rn = Ln/Tn) with that from the regenerative measurement 

that gives the closest ratio (R1 = (L1/T1)). This method is referred to as the “single to ratio” 

approach (Fig. 11a), where the De is given by,  

 

[Eq. 5]     
  

  
   

 

The second method, the “interpolation” approach involves interpolation between two 

regenerative points (e.g. R1 and R2, Fig. 11b). In this method the De is given by, 

  

[Eq. 6]      
     

     
           

 

The third method is the most complex and involves fitting of appropriate mathematical 

equations to the data set R1, R2, R3, etc, here referred to as the “curve fitting” approach. E.g. to 

the dataset of dose points in Fig. 11c a linear function might be appropriate but more common 

is the use of a saturating exponential function. Exponential functions are assumed to more 

likely reflect saturation of the luminescence signal as the defect sites of the crystal become 

full at higher doses (Duller, 2007). Eq. 7 below describes fitting of a number of Rx values to 

an equation,   
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[Eq. 7]                
 

 

       

 

where R(D) is the ratio of measured dose points following a laboratory dose (D) which is 

dependent on D0 that characterizes the rate at which trap defects become full, IMAX the 

maximum value obtainable and c being the offset. All these described equations are 

incorporated into the Analyst computer software.  
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So far the De is only known as Seconds (s) of stimulation time and in order to 

assess the De in terms of absorbed radiation dose (Gy) it is multiplied by the reader dose rate 

Fig. 11a) Three approaches to 

estimate De using SAR data. a) By 

taking the ratio of Rn to a single 

value of Rx b) by interpolating 

between two values of Rx that 

brackets Rn and c) by fitting a 

number of Rx to an equation and 

then interpolating the value of Rn 

onto that curve. The figure is 

adapted and modified after Duller 

(2007) using data from this study.  
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(chapter 3. 2). In this study it was most common to fit linear or exponential functions to the 

data in the Analyst computer software. The weighted average De and its associated 

uncertainties calculated from all measured aliquots are included in the age equation (Eq. 9, 

chapter 3. 3). Suitable aliquot number to base this average on is largely dependent on: mineral 

type, the type of material analyzed and the degree of incomplete bleaching. It also exist 

several statistical models to calculate weighted average Des (Dw) (Part V).  

 

3. 3. 2 Quality controls 

 

To evaluate whether the SAR protocol is working as it should, two additional points could be 

incorporated into the measurement sequence.  The Recycling test is carried out once the dose 

response curve is defined by repeating an OSL measurement of one of the previous 

regenerated points (Recycling point in Fig. 10a). If the SAR protocol has successfully 

corrected for the change in luminescence sensitivity, then the signals of the repeated dose 

should be the same as the original measurement (Murray and Wintle, 2000). The ratio 

between them two are called Recycling ratio and should ideally be 1. The second quality 

control is the Recuperation test. A “zero” dose is given to the sample to check whether the 

dose response curves actually start at the origin, i.e. the response to a zero given dose should 

be zero. However, in practise a small signal is almost always observed (Murray and Wintle, 

2000).  Recuperation is reported as a percentage of the natural signal and should therefore be 

as close to 0% as possible.   

The recycling- and recuperation tests are normally part of the conventional SAR 

protocol, however there are other quality controls that could be used to evaluate whether the 

sample being dated has appropriate luminescence characteristics or not. A Preheat plateau 

test could be performed to see which preheat to apply and whether the estimated De values are 

temperature dependent or independent (Fig. 12a). This is done by running the SAR protocol 

with different preheat set-ups for the same sample. A minimum of three aliquots are usually 

used for each experimental setup. Temperature dependence of De values could be attributed to 

thermal transfer of electrons from one trap to another in a crystal by the re-trapping of charge. 

Thermal transfer is derived from charge thermally released from relatively shallow but 

optically insensitive traps (Wintle and Murray, 2006). To estimate the degree of thermal 

transfer; a thermal transfer test could be performed by bleaching a sample. This could be done 
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in the OSL measurement system, by an artificial solar simulator or by natural sunlight. After 

bleaching: different aliquots of the same sample are measured in a SAR with different 

temperature set-ups (Fig. 12b). If thermal transfer is present a rise in observed De should 

correlate with increased temperature.   
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Fig. 12a) Schematic representation of a preheat plateau test. Each point represents the 

average De of three aliquots of the same sample. This sample show dependence on preheat 

temperature. A plateau is however identified around 125°C. A suitable preheat temperature 

would thus be around1 125°C. Above this temperature De change dramatically with higher 

preheat. b) Schematic representation of a Thermal transfer test. Thermal transfer is present 

in this sample since De increases with temperature.   

 

The final but most powerful assessment of the SAR protocol is the Dose 

recovery test. This test is usually performed with the aim to mimic the resetting of the OSL 

signal at the time of the event being dated. When being completely bleached, the sample is 

thereafter irradiated with a known dose, either by the source available in the measurement 

system or by a highly concentrated gamma source (e.g. a 
60

Co source). This dose is treated as 
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an unknown and thereafter measured in the SAR protocol. The ratio of the irradiated known 

dose and the measured should thus be close to 1.   

In summary recuperation and recycling ratio values could together with the 

individual De errors be used as a mean of rejecting and accepting aliquots, decreasing the 

width of the error ranges and increasing the precision of the accepted analyzed aliquots (see 

chapter 3. 5). For example in this study, typically all aliquots with recycling values <10% and 

De error <30% were accepted. Furthermore the dose recovery test offer the best way of 

evaluating the general performance of the SAR protocol, while the preheat plateau/thermal 

transfer test assess the temperature characteristics of a sample.  

 

3. 4 Estimating the annual dose rate 

 

The second quantity in luminescence dating that needs to be calculated in order to obtain an 

optical age is the amount of radiation that has been received by the sample each year – the 

annual dose rate (Gy ka
-1

). The environmental total dry dose rate is made up of four 

components: alpha (Dα), beta (Dβ), gamma (Dγ) and cosmic (Dc) dose rates (Aitken, 1998). 

These components have all different penetration ranges and they originate from naturally 

occurring elements within the sample itself and from its surroundings (Fig. 13).  

 

 

Fig. 13 The environmental dose rate made up of ionizing radiation (, , ) from the decay of 

238
U, 

232
Th and 

40
K. Modified and adapted after Aitken (1998). 
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Internal and external radionuclides such as Thorium (Th), Uranium (U) and Potassium (K) are 

the most important sources (Duller, 2008a). 

Radioactive decay is time dependent and defined as the process by which an 

atomic nucleus of an unstable atom loses energy by emitting ionizing radiation. This occurs 

when the parent radionuclide transforms to an atom with a different energy state or another 

type of nucleus. The product of this transformation is referred to as the daughter nuclide. This 

process produces α- and β-particles and γ and cosmic rays which in turn interact with the 

surrounding environment, e.g. sediment and its water content. A chain of isotope production 

is called decay series. An example of a decay serie is when the radioactive isotope of 

potassium 
40

K decay to form 
40

Ca (Calcium) or 
40

Ar (Argon) by the emission of β-particles 

and γ-rays.  Another more complex example is the decay of Uranium and Thorium. 
235

U 

decay to form 
254

Th which in turn decays to form protactinium (
254

Pa), until a stable isotope 

of lead (
206

Pb) is reached. The U and Th decay series emit α- and β-particles and γ-rays.  

When adopting radiometry in the application of geological dating certain 

fundamental conditions have to be met (Lowe and Walker, 1997).  If the event of interest is to 

be accurately dated, one must assume a closed system. In terms of, predicting the annual dose 

rate, this means that none of the daughter nuclides produced are present in the initial decay 

stages and that no parent- or daughter nuclides are added to or lost from the material to be 

dated (Lowe and Walker, 1997).  The system is most likely to be closed right after deposition 

by the processes of sedimentation and compaction. Open systems however probably form at a 

later stage, when there is post-depositional mobility of radionuclides, large changes of water 

content and radon escape (pers. comm. Andrew S. Murray, 2011). When sampling for OSL 

dating it is thus recommended to (pers. comm. Andrew S. Murray, 2011): look out for ground 

water seepages and to be careful dating horizons that intersect a fluctuating water table, avoid 

obvious post-depositional alteration, especially iron/manganese deposition and beware of 

convenient sections, i.e. dig your own, or at least cut old sections well back. 

Two factors further complicate estimates of the annual dose rate; water content- 

and cosmic ray contribtution. The closer to water saturation a sediment is the less radiation is 

absorbed by the minerals. Different authors has stressed the complexity of this parameter and 

it exist calculations that can compensate for the effect of water content (Duller, 2008a).  The 

hard part is to predict the average water content throughout the burial period. The upper limit 

could be determined by measuring the saturated water content (~20 – 30%) and comparing 
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this number to the modern day water content (Duller, 2008a). There is however no empirical 

way in determining the average burial water content and this number has to be estimated. 

Usually a 1% increase in water content will increase the calculated optical age by c. 1% 

(Duller, 2008a). Cosmic rays are a type radiomagnetic radiation that originates far out in 

space (Duller, 2008a). The cosmic ray dose rate (Dc) is an additional source of radiation to α, 

β and γ radiation, that is dependent on latitude, altitude and burial depth (Prescott and Hutton, 

1994). The contribution of cosmic radiation is however significantly small compared to the 

other components of the combined dose rate. 

Another important factor to consider, when measuring the IRSL of feldspars, is 

to account for the internal dose rate of these. Pure feldspar (KAlSi
3
O

8
) typically consist of a K 

content of 14%. Since the chemical composition of feldspars is highly variable (Fig. 6), the 

grains in a sample generally consist of an inhomogeneous collection with a range of K 

contents between 0 and 14%. In this study a K content of 12.5±0.5% was assumed (Huntley 

and Baril, 1997) and the contribution of the internal dose rate to the total dose is calculated by 

using the dose absorption and attenuation factors of Mejdahl (1979).  

Measurements of the combined dose rate (Dα+Dβ+Dγ+Dc) is here divided into 

three different types of methods:  

 Laboratory measurements 

1. concentration determination of radionuclides 

2. α, β particles and γ ray counting 

 In-situ measurements 

    

3. 4. 1  Radionuclide concentrations  

 

When measuring radionuclide concentrations the amount of each individual constituent is 

quantified by different chemistry-based methods. K usually occur in high concentrations (0.5-

3% by weight) and can be measured by: atomic absorption spectrophotometry (AAS), flame 

photometry, X-ray fluorescence and inductively coupled plasma mass spectrometry (ICP-

MS), while U an Th on the other hand, occur in much lower concentrations and are therefore 

usually measured by ICP-MS or neutron activation analysis (NAA) (Duller, 2008a). It is 

outside the scope of this report to describe these methods in any great detail. However the 
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main point to be made here is that: when measuring the quantity of individual members of the 

238
U, 

232
Th chains and 

40
K directly, it is made possible to test assumptions about dose rate 

stability and the effects of water content variations can thus be predicted (pers. comm. 

Andrew S. Murray 2011). According to Duller (2008a) there are three factors that complicate 

measurements of radionuclide concentrations.  

1. Radionuclide concentrations are often close to the detection limits of these methods. 

2. Underestimation of concentration values often occur because preparation methods 

involve dissolving the samples in strong acids. The acids are sometime unable to 

dissolve U and Th because they are often associated with highly resistant minerals. 

3. Measurements are made on small (~5g) subsamples that may not be representative for 

the complete dated sediment.  

The analytical facilities used in these methods analyze the chemical composition 

of a subsample and then conversion factors are used to calculate the dose rate (Adamiec and 

Aitken, 1998). The measured parent nuclide concentrations are added together to the 

combined dose rate but the methods cannot distinguish between the different daughter 

isotopes and thus assume that all isotopes are in secular equilibrium with its parent nuclide, 

i.e. the activity of the daughter nuclides are assumed to be the same as of the parents (Duller 

2008a). This has been shown to not hold true in certain depositional environments (e.g. 

limestone caves or peat bogs) where water content has varied and caused mobility of for 

example U and Th isotopes (Olley et al., 1996). The terms equilibrium and disequilibrium are 

used to describe whether the decay chains are in balance or not, i.e. if different parts of the 

decay chain has be lost or gained over time. 

 

3. 4. 2 Emission counting  

 

Another method of estimating the dose rate is to count the emission of alpha, beta and gamma 

radiation. In this study emission counting using High Resolution Gamma Spectrometry was 

performed at the Nordic Centre of Luminescence Research (NCLR) at Risø DTU campus, 

Denmark, following the methodology of Murray et al. (1987).   

Thick source alpha counting (TSAC) measures the total number of alpha 

particles. The relative proportion of alpha particles originating from the U and Th decay series 
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are calculated separately by exploiting the rapid decay of 
220

Rn (radon) in Th decay series 

(Duller 2008a). Another method that asses the number of alpha particles is Alpha 

spectroscopy. Spectroscopy is a quantitative study of the energy spectra of radioactive sources 

and since specific isotopes have fixed energies that is released while undergoing decay; they 

could be identified in energy spectrums produced by emission counting techniques. Alpha 

spectroscopy is a more complicated technique than TSAC because it requires the sample to be 

dissolved, however the advantage is that the actual energy (measured in electron volt, eV) can 

be characterized and related to the emission counts of the particles (Duller 2008a).  

Counting the number of gamma rays using High Resolution Gamma 

Spectrometry was the preferred method in this study. To measure the elemental 

concentrations and produce an energy spectrum: detectors made of extended range high-purity 

p-type coaxial geranium (HpGe) where used and kept at liquid nitrogen temperatures (–

196°C) (to shield against radon contamination), detailed description is given in Murray et al. 

(1987) and Hossein (2003). The detectors are clad by a lead castle to shield from background 

radiation and the inner surface is covered by cupper (Cu) to absorb secondary radiation. 

Advantages of this method include: (1) individual identification of isotopes only separated by 

a few keV and (2) sharpness of photopeaks allow measurement of low energy photons in the 

presence of high energy emitters (Hossein, 2003).  

The data output of high resolution gamma spectroscopy yield concentrations (in 

mg/kg or Bq/kg) or count rates for each individual radionuclide. These are then converted to 

energy absorbed per unit mass and time (e.g. annual dose rates, Gy ka
-1

) using conversion 

factors based on the energy of emitted particles and radiations (Adamiec and Aitken, 1998; 

applied in: Hossein, 2003; Vanderberghe, 2004), and assuming that the rate of energy 

absorption is equal to the rate of energy emission per unit mass (infinite matrix assumption). 

In practise this means that the samples should ideally be homogenous over a distance of 3 – 4 

mm for beta radiation, and 0.3 m for gamma radiation (Vanderberghe, 2003). Evaluation of 

whether the decay chain is in equilibrium or not, is done by comparing the obtained 

concentrations of the daughter and parent radionuclides (Vanderberghe, 2003). In this study, 

annual dose rate determination of gamma, beta, internal K, and cosmic radiation are included 

in the combined dose rate. Contribution of alpha radiation has been considered negligible 

since these particles have short range and that the alpha irradiated parts of the feldspar grains 

are etched away by treating the samples with Hydrofluoric acid (HF).  
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So far we have always assumed a dry dose rate but in reality one need to 

consider the effect of water between the pores in sediment. Water absorbs radiation in 

sediment and comparing absorption coefficients per unit mass, water is 50% higher than 

sediment for alpha particles, 25% higher for beta particles and 14% higher for gamma 

radiation (pers. com. Andrew S. Murray 2011). Accounting for this gives a wet dose rate (Eq. 

8), 

 

[Eq. 8]                
      

           
                   

      

           
                   

      

           
 

 

Where D is the dose rate for alpha ( ), beta ( ) and gamma ( ) radiation, W is the measured 

saturation content and F is the fraction of water saturation averaged over the burial period.  

 

3. 4. 3 In-situ measurements 

 

Sometimes a direct assessment of the dose rate in the field is more appropriate for a specific 

site. There are commonly two approaches used to determine the annual dose rate in the field, 

either the use of artificial phospors or the use of portable gamma spectrometers (Duller, 

2008a). Artificial phospors are dose monitors that were primarily developed for hazard 

monitoring and personal dosimetry (Hossein, 2003).  The monitors are buried at the site close 

to the sample for several months or even a year because of their low sensitivity. The low costs 

and because there is no electronics involved makes this method attractive. However it could 

never compare with the high resolution given by laboratory methods.  

 The second approach is to use a portable gamma spectrometer with sodium 

iodide (Nal) crystals. The quality of the spectrum obtained is much poorer than that received 

by high resolution gamma spectroscopy and hence the same number of isotopes can’t be 

detected (Duller, 2008a). The method can however distinguish between the U, Th and K 

series and the major advantage is that the gamma dose rate can be captured accurately even 

though when there are heterogeneities in the radiation field (Duller, 2008a).  
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3. 5 The optical age: precision and accuracy 

 

Once the two parameters; the burial dose and the annual dose rate are known an optical age 

could be derived by dividing the Db (weighted average De = Dw) by the annual dose rate. Age 

in ka is given by, 

 

[Eq. 9]                                         
                 

                           
    

 

The final uncertainties of the ages in this study are reported as standard errors and all 

throughout this study error has been added to each other following the law of error 

propagation. Assigning proper uncertainties to an optical age has been discussed by for 

example Murray and Funder (2003), Galbraith (2002), Galbraith et al. (2005), Thomsen et al. 

(2005) and Duller (2007). This chapter aim to provide an overview of any uncertainties 

associated with the final age estimate with regard to precision and accuracy however focus 

will be put on uncertainties related to De determination. Precision refers to the statistical 

uncertainty that is attached to any physical or chemical measurement, while accuracy relates 

to the degree of correspondence between the “true” and measured age (Lowe and Walker 

1997). The precision and accuracy of an age are further determined by its systematic and 

random errors.  

 

3. 5. 1  Systematic errors 
 

Systematic errors are complicated to quantify and affect all measurements in the same way. In 

luminescence dating they include errors associated with (pers. com. Andrew S. Murray, 

2011): dose rate determination (gamma and beta, i.e. conversion of activity to dose rate), 

instrumental uncertainty, beta source calibration, gamma spectrometer calibration, saturation 

water content, cosmic ray contribution and beta attenuation factors. In this study no effort was 

put to investigate their individual contribution, however reference is made to Johnsen et al. (in 

press.) who performed a sensitivity analysis test of systematic errors on a glaciofluvial 

samples from central Norway. Their sensitivity analysis illustrated how OSL ages would vary 
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by % change in a given error parameter and concluded that ages were most sensitive to 

changes in the annual dose rate followed by water content (Johnsen et al., in press.).  

 

3. 5. 2 Random errors 

 

Random errors are caused by unknown and unpredictable changes in either the experimental 

set up or in any other “unknown” environmental variable (e.g. burial depth, elevation above 

sea level, grain size and density). Random errors hence include uncertainties associated with:  

1. OSL photon counting statistics   

2. dose response curve fitting and interpolation  

and  

3. gamma counting statistics 

Focus in the following discussion will be put on (1) and (2) and reference is made to Murray 

et al. (1987) on the uncertainties associated with (3). Since the individual errors of the De 

estimates obtained in the Analyst software are purely based on counting statistics, Yn and Bm 

(Eq. 1 and 2) are assumed to be Poisson distributed and the errors of the values of Lx and Tx 

could therefore be propagated in quadrature to give the standard deviation SRx (Galbraith, 

2002; Thomsen et al., 2005; Duller, 2007), 

 

[Eq. 10]         
  

 
  

   
    

            

             
    

           

             
  

 

 

 

Methods of transforming the errors of the Lx/Tx ratios to an error in De varies depending on 

what approach is selected to estimate the De (chapter 3. 3. 1). For the “ratio to single point” 

approach described in Eq. 5 the errors in the two ratios are simply combined (Duller, 2007), 

 

[Eq. 11]     
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while following the “interpolation” approach in Eq. 6 the standard deviation is  determined 

the following way (Thomsen et al., 2005, 2007; Duller, 2007), 

 

[Eq. 12]                       
  

     

     
 
 

    
   

 

     
 
 
             

              
   

 

The situation becomes more complex when a large number of Rx values are used to fit an 

equation, as in the “curve fitting” approach. The average deviation of the growth curve can be 

determined by,  

 

[Eq. 13]                    
                         

    
   

 
 

 

calculating the deviation of the fitted growth curve (Predicted R1) of the n data set (R1, R2, R3, 

etc., Actual Ri). This value of average deviation of the growth curve is then combined in 

quadrature with the uncertainty of the ratio Rn and then transformed by interpolation of the 

upper and lower limits of Rn on the growth curve to calculate the limits on the estimate of De 

(Duller, 2007). 

Uncertainties of De estimates determined by these methods are however not 

likely to give a satisfactory estimate because of the assumptions that go into them (Duller, 

2007). Also, because differences in signal intensity between aliquots vary considerably the 

individual error estimates also vary. This results in broad error ranges. Accounting for these 

inconveniences an additional error referred to here as the laboratory over-dispersion (σOD) 

might be quantified and added relatively to all De measurements. σOD is defined as the spread 

in a population that is additional to the spread expected from the errors on each De value 

(Galbraith et al., 1999, see Part V). In this study σOD has been calculated using the Central 

Age Model (CAM, Galbraith et al., 1999) on a data set obtained by laboratory bleaching a 

sample and performing a dose recovery test (Thomsen et a., 2005, see Part V).  
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 Different ways has been proposed to plot and illustrate error ranges in a 

measured dose population. The most commonly used are plotting the De estimates and 

associated errors on a radial plot (Galbraith et al., 1999, Fig. 14).  

 

 

Fig. 14 Hypothetical dataset of De values and associated errors plotted on a radial plot. Red 

dots represent measurements that are within two standard deviations (grey field). 

 

Each point in the diagram represents a single De estimate. The horizontal axis show how 

precise the De is known and the relative error, while the vertical (left) axis is referred to as the 

standardised estimate showing how different each De value is from a reference value 

(Galbraith et al., 2005). Each point lying on the same line, drawn from where the standardised 

estimate and precision is zero, towards the curved (right) vertical axis (logged), has the same 

De estimate (Duller, 2008a). Fig. 14 illustrate an example of plotting a hypothetical dataset on 

a radial plot while. 
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3. 6 KF-IRSL dating 

 

Quartz and feldspar are the most common minerals in the regolith (Thomsen et al., 2008). 

Quartz has generally been the main dosimeter of choice and its advantages over feldspars are 

listed below (Huntley and Lamothe, 2001): 

1. Quartz is more resistant to weathering than feldspars and is therefore likely to exist in 

samples when feldspars don’t.  

2. Quartz has more favourable bleaching characteristics than feldspars, i.e. the sunlight 

exposure time required to empty the defects of electrons are shorter than for feldspars.  

3. Quartz is not known to suffer from anomalous fading (chapter 3.6. 2). 

However the interest of potassium feldspar infrared stimulated luminescence 

(KF-IRSL) dating has increased dramatically over the last 5 years. This is mirrored in the 

number of feldspar based SAR protocols recently being developed (e.g. Wallinga et al., 2000; 

Thomsen et al., 2008; Buylaert et al., 2009; submitted) and the applications of these (e.g. 

Thiel et al., 2011; Reimann et al., 2011). The advantages and disadvantages of using K-

feldspar IRSL instead of quartz OSL are discussed below. 

 

3. 6. 1 Advantages  

 

The main benefit of using feldspars is that their luminescence intensity saturate at much 

higher radiation doses than that of quartz, which allows dating of very old samples. Recently 

Buylaert et al. (submitted) presented a new KF-IRSL SAR protocol that is accurate back to at 

least 600 ka in comparison to quartz OSL dating, ~100 ka (Murray and Olley, 2000) and 

AMS radiocarbon dating, ~45 ka. In general the luminescence intensity of K-feldspars is 

greater than that of quartz (Thomsen et al., 2008) hence feldspars are also more suitable when 

dating very young samples (<1 ka) (Huntley and Lamothe, 2001). Low luminescence 

sensitivity makes it impossible to use quartz as a dosimeter in some parts of the world, for 

example much of Canada (Lamothe et al., 1994) and also parts of the Andes and southern 

Patagonia (e.g. Glasser et al., 2006; Duller, 2008b; Rodnight, 2010; see chapter 3. 7 and 3. 8). 

Furthermore, feldspars are sensitive to IR stimulation, unlike quartz, which makes it possible 

to selectively target feldspars, within a suit of different minerals using 1.4 eV infrared 
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excitation (Hütt et al., 1988). One last advantage of using K-feldspar IRSL is that the thermal 

transfer (chapter 3. 3. 2) correction is generally significantly less than for quartz (Huntley and 

Lamothe, 2001).  

 

3. 6. 2 Disadvantages 

 

In the crystal lattice of quartz and feldspars, electrons that are stored in deep traps below the 

conduction band (Fig. 4) are calculated and predicted to be more stable than those from 

shallow traps (chapter 3. 1). This is true for quartz; however experiments with feldspars have 

shown that the deep traps are less stable than previously thought (Duller, 2008a). This 

phenomenon is called anomalous fading meaning that the observed luminescence signal 

“fades” or decreases as the sample is stored in the laboratory at room temperature (Wintle, 

1973; Spooner, 1994) resulting in underestimation of the optical age of an sample. 

Anomalous fading has been the main factor hampering the development of IRSL dating.  

The current consensus is that fading reflect signal instability of some electron 

traps resulting in a loss of signal while the sample is stored in the laboratory (Buylaert et al., 

2009). The mechanism causing anomalous fading cannot be explained by traditional physics 

but of quantum-mechanical tunneling of the trapped electrons to nearby acceptors (Visocekas, 

1979, 1985). Since it is known that feldspar minerals are commonly affected by anomalous 

fading it is therefore important to account for this phenomenon while applying KF-IRSL 

dating. In the literature there are normally two approaches described to combat anomalous 

fading (Huntley and Lamothe, 2001): 

1. Circumvention - The first approach is to find an IRSL signal that fades less than the 

conventional IR50 signal, for example the pIRIR290 signal (Thomsen et al., 200; 

Buylaert et al., 2009). 

2. Correction - The second approach is to assess the fading rate and correct the measured 

optical dates (e.g. Auclair et al., 2001; Huntley and Lamoth, 2001; Lamothe et al., 

2003).  

Assessment and correction of anomalous fading was the preferred approach in 

this study and the reasons for this are discussed in Part V. The model for fading correction 

used in this study is that of Huntley and Lamoth (2001), which is based on quantum-
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mechanical tunnel data (summarized in Aitken, 1985, appendix F) and adapted to the SAR 

protocol (Murray and Wintle, 2000) by Auclair et al. (2003). The g-value corresponds to the 

percentage fading loss per decade of time (Aitken, 1985) and can be deduced from a 

regression line on a graph (i.e. the slope of the line = g), connecting points of IRSL intensities 

versus the logarithm of time elapsed since irradiation (Huntley and Lamothe, 2001, Fig. 15a). 

A decade is the percentage decrease of a factor of 10 in time. The decrease in luminescence 

can be expressed by Eq. 14 (Huntley and Lamothe, 2001), 

 

[Eq. 14]              
 

   
      

 

  
   

 

where I is the IRSL intensity, t is time since irradiation, Ic is the intensity when t = tc, the latter 

being an arbitrary time, which can be taken as the time of the prompt measurement. To 

compare different datasets of g-values, g is normalized to a tc of 2 days (g2days). It is important 

to not forget that that the sample fades even when being irradiated. This is accounted by 

assessing t
*
, 

 

[Eq. 15]             
         

  
  
          

  
  
                

       
  

 

 

where t0 is an arbitrary constant, t1 is the time elapsed between the end of irradiation and the 

measurement of the luminescence signal, and t2 is the time elapsed since the beginning of the 

irradiation, hence (t2 − t1) is the duration of irradiation (Fig. 15b). t
*
 thus takes about half the 

length of the irradiation time into account and can roughfly be estimated as, 

 

[Eq. 16]         
       

 
 

 

The model was provided as a Microsoft Excel© macro by Sébastian Huot 

(adapted and used for SAR in Auclair et al., 2003) and has proven to be successful in 

correcting for fading before (e.g. Buylaert et al., 2007) and in this study (Part V).   
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Fig. 15a) Example of fading measurements done on a large aliquot of sample MOD1. 

Diagram show the normalized IRSL (Lx/Tx) plotted against the log of time (h). The g-value is 

deduced by a regression line connecting the measurements. The red dashed lines show the 

99% confidence interval b) Illustration of the time relationships involved in the calculation of 

t
*
 for derivation of the g-value. Adapted and modified from Auclair et al. (2003). 
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3. 7 Applications of OSL dating on glacial sediment 

 

As previously pointed out by Duller (2008b) the application of luminescence dating to glacial 

sediment is one of the greatest challenges for the luminescence community. Examples of 

previous studies applying OSL in glacial environments are: Himalaya (Spencer and Owen, 

2004), European Alps (e.g. Gemmell, 1999), the Alps of New Zealand (Preusser et al., 2005), 

Patagonia (e.g. Glasser et al., 2006, see chapter 3. 8), Antarctica (Berger and Doran, 2001) 

and North America (Lamothe et al., 1994). Problems associated with dating of glacial 

sediment include low sensitivity quartz, high dose rate variability and incomplete bleaching 

(Fuchs and Owen, 2008). In this thesis only problems related to incomplete bleaching are 

treated. 

 

3. 7. 1 Incomplete bleaching  

 

The glacial is the most complex, of all sedimentary environments, involving processes of 

erosion, transportation, deposition and deformation (Fuchs and Owen, 2008). The nature of 

grain transport and deposition in glacial systems makes exposure to sunlight unlikely (Duller, 

2008b). The risk for incomplete bleaching is greatest in subglacial till and glaciofluvial 

sediment and least in distal glaciofluvial sediment (Alexanderson and Murray, 2009). Fig. 16 

illustrates the difference in bleaching potential for some common glacial sediment occurring 

in the ice marginal and proglacial environment. Recent work has argued of the importance of 

applying careful sampling strategies and selecting appropriate lithofacies in these 

environments (e.g. Fuchs and Owen, 2008; Alexanderson and Murray, 2009).  Factors that 

should be taken  into consideration, when sampling in the field are; possible transportation 

distance from the ice margin, potential “time lag” if dating associated sediment (e.g. aeolian) 

and potential of reworking (Fuchs and Owen, 2008 ; Alexanderson and Murray, 2009). Table 

2 summarize some different sediment types existing in the glacial system and their bleaching 

potential (Fuchs and Owen, 2008).  

This has lead to the focus on dating of glaciofluvial sediment rather than tills 

(Duller 2008b), although even when careful sampling is applied incomplete bleaching might 

still be present in glaciofluvial samples.  
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Fig. 16 (a-b) Models of glaciofluvial and glaciolacustrine deposition highlighting the 

bleaching potential of the main sediment. Based on ideas and concepts in Fuchs and Owen 

(2008) and references therein.  
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This is because the glaciofluvial environment is complex (Ben and Evans, 1998), with 

different grains in the studied lithofacies having different transport histories. Hence the grains 

making up a fluvial sample might have been exposed to light of different strengths and 

spectral compositions for varying times (Rodnight et al., 2006). The types of glaciofluvial 

sediment mapped and sampled are described in Parts IV and V. 

 

Table. 2 Glacial and associated sediment and their general suitability for luminescence 

dating. Bleaching probability increases with transport distance and repeated re-

sedimentation (reworking). Dose rate variability is a function of the mineralogical 

homogeneity and water content changes. Adapted from Fuchs and Owen (2008). 

 

 

Potential ways to get around problems with incomplete bleaching is either to 

focus sampling on non-glacial sediment that could be geomorphologically associated to 

specific “glacial events”, for example aeolian sediment, or to assess the nature of small 

aliquot or single grain dose distribution “isolating” the completely bleached component.  

Enviroment Sediment type Dominant particle size 
Bleaching 

probability

Dose rate 

variability

Glacial Supra glacial melt out till Diamict (silt-boulders) low High-moderate

Supra glacial debris flow Diamict (silt-boulders) Low-no bleaching High-moderate

Englacial melt out till Diamict (silt-boulders) Low-no bleaching High-moderate

Subglacial melt out till Diamict (clay-boulders) Low-no bleaching High-moderate

Deformation till Diamict (clay-boulders) Low-no bleaching High-moderate

Lodgement till Diamict (clay-boulders) Low-no bleaching High-moderate

Glaciofluvial Channel fill sediment Sand-gravel Low-moderate Moderate

Point bar sediment Sand-gravel Low-moderate Moderate

Outwash sediment Silt-sand-gravel Low-moderate Moderate

Slack water/overbank sediment Clay-silt Moderate Moderate

Crevasse splays Clay-silt-sand or diamict Moderate Moderate

Glaciolacustine Lacustrine sediment Silt-clay Moderate High

Littoral sediment Sand High Moderate

Deltaic sdiment Silt-sand-gravel Moderate Moderate

Glaciomarine Proximal glaciomarine sediments Clay-silt-sand or diamict Low-moderate High

Distal glaciomarine sediments Clay-silt or diamict Low-moderate High

Deltaic sediments Silt-sand-gravel Low-moderate Moderate 

Turbidites Silt-sand-gravel Low-no bleaching High

Littoral sediment Sand High Moderate

Glacioaeolian Covversands/dunes Sand High Low

Loess Silt High Low

Loess Silt High Low
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Statistical methods have been developed to assess the nature of De distributions and these are 

applied and discussed in Part V.  

 

3. 8 Application of OSL dating in Patagonia 

 

Previous studies applying OSL dating in Patagonia is few (e.g. Glasser et al., 2006; Duller, 

2006; Harrison et al., 2008, in press; Warington, 2008; Rodnight 2010; Möller et al., 2010). 

Glasser et al. (2006) reconstructed the extent of the NPI during the late Pleistocene – 

Holocene transition in the Rio Bayo Valley (Fig. 1a), using single grain OSL and terrestrial 

cosmogenic nuclide (TCN) dating of ice contact glaciofluvial landforms and erratic boulders 

respectively. They concluded that the quartz OSL signal was very weak and that the dated 

material showed evidence of incomplete bleaching. However after processing the obtained De 

results in a Minimum Age Model (MAM, Galbraith et al., 1999) the ages compared well with 

the independent cosmogenic nuclide ages.  

 Möller et al. (2010) adapted quartz OSL dating in a recent study on Isla de los 

Estados, the southernmost tip of South America. They also experienced samples that had been 

incompletely bleached, but the overall results seemed, according to the authors, to be in good 

agreement with independent dating control. From these two independent studies (Glasser et 

al. 2006; Möller et al. 2010) one might conclude that there might be some promise applying 

OSL in southern Patagonia.   

However, a pilot study done on the applicability of OSL dating on sediments in 

Patagonia has shown problematic results (Rodnight, 2010). Samples from this study where 

collected from a wide geographical area, from the Magellan strait in the south to Lago 

Argentino and Lago San Martin in the northern parts of the SPI (Fig. 1a).  Rodnight (2010) 

concluded that the luminescence signal from the quartz fraction was unsuitable for standard 

OSL dating, attributing this fact to the possible volcanic origin of the quartz. Furthermore, 

analysis of the feldspar fraction showed large level of scatter on both the natural signal 

(probably attributed to incomplete bleaching) and the dose recovery experiment (e.g. high 

overdispersion values, see Part V). Because the quartz OSL signal was considered too weak 

and that no significant fast component could be identified, Rodnight (2010) recommended 

focus to be put on the feldspar fraction, which has proven successful in other parts of South 
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America (e.g. Tatumi et al., 2003). Also she recommended to collect large samples (0.5 – 1.0 

kg) making up for the low feldspar content extracted.  

 

3. 9 Advantages of OSL compared to other geochronological methods 

 

Other geochronological methods applied in the glacial environment to reconstruct landscape 

evolution and provide a temporal framework are e.g. radiocarbon- and TCN dating. These 

geochronological methods vary considerably in terms of precision and accuracy. However, 

OSL dating in contrast to these methods can be applied to most terrestrial sediment and 

determine the onset of sedimentation and in most instances landform formation (Fuchs and 

Owen, 2008).  

Radiocarbon dating relies on the presence of organic matter that might be scarce 

in the proglacial and ice marginal environment. Furthermore radiocarbon dating defines the 

age of the incorporated organic matter and not the sediments itself. This might result in 

significant overestimation of the “true” sedimentation age (e.g. Lang and Hönscheit, 1999). 

Finally, because of the short half-life of the Carbon radioactive isotope 
14

C (~5.7±0.04 ka) the 

age range is limited to the late part of the last glacial cycle, compared to the 600 ka range of 

IRSL dating.  

 TCN dating on the other hand suffer from problems related to sampling 

strategies and correction models. To obtain accurate results the method requires stable 

sampling surfaces, little or no weathering and no shielding from cosmic rays by sediment or 

snow for any significant time since deposition (Fuchs and Owen, 2008), conditions hard to 

meet in glacial environments who usually are dynamic systems. Also another debate on TCN 

dating regards assumptions on production rates and scaling models used to calculate ages. 

This is especially complex in high latitude and altitude regions (Fuchs and Owen, 2008).   
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Part IV Glacial Geomorphology and Sedimentology of the Magellan Strait 

region of Southern Patagonia, Chile 

 

4. 1 Introduction 

 

The glacial geology of the Magellan Strait region of Southern Patagonia, records the glacial 

fluctuations of one of the major ice lobes of the former Patagonian Ice Sheet (PIS). At the end 

of the Last Glacial Maxima (LGM, ~ 27 to 23 ka) the Magellan ice lobe occupied the strait, 

flowing north with its ice divide located near Cordillera Darwin (Fig. 1). In order to 

reconstruct the pattern of the late glacial history of the Magellan ice lobe, detailed glacial 

mappings and investigations into the sedimentology of landforms are needed, hence providing 

a firm foundation on which to interpret geochronological data (Bentley et al., 2005; 

McCulloch et al., 2005; Kaplan et al., 2007).  

Previous studies into the behaviour of the Magellan ice lobe suggest a dynamic 

ice sheet sensitive to climate fluctuations (Porter et al., 1992). Evidence for this are for 

example the stepped deglacial retreat marked by several systems of recessional moraines (e.g. 

McCulloch et al., 2005) and readvances indicated by deformed sediment and landforms (e.g. 

Benn and Clapperton, 2000a). Several studies has applied a glacial geological approach to 

investigate the nature of past glacial cycles in this part of Southern Patagonia, for example 

Porter et al. (1992), Clapperton et al. (1995), Anderson and Archer (1999), Benn and 

Clapperton (2000a, 2000b), McCulloch et al. (2005a, 2005b), Bentley et al. (2005), Coronato 

et al. (2009) and Möller et al. (2010). The aim of this study is to re-map the sediment and 

landforms in the Magellan Strait and to reconstruct the late glacial history of the Magellan ice 

lobe to form a solid base for the interpretation of the obtained OSL dates (Part V). Glacial 

sediment-landform associations (i.e. the “land systems” approach) are here used as an 

interpretive tool to investigate past glacial events of the study area (Ben and Evans, 1998; 

Benn and Clapperton, 2000a; Glasser et al., 2009). Therefore, the focus of this mapping are 

subglacial (e.g. glacial lineations, ice-scoured bedrock), ice marginal (e.g. moraines and 

moraine complexes, ice contact terraces, glaciofluvial meltwater channels) and proglacial 

(e.g. sandur, glacial deltas and shorelines) landforms, with a well established 

paleoglaciological significance (Table 3).     

The interpretation of the landform record was based on remote sensing of 

satellite imagery (GoogleEarth©, SPOT and ASTER) and digital elevation models (SRTM 
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DEM). Field mapping (i.e. “ground truthing”), map and literature studies also formed the base 

for the reconstruction. Finally, geographical analysis of the mapped glacial landforms was 

made in the ESRI ArcGIS computer software. Landforms were grouped into systems 

interpreted to belong to specific time slices, producing a plausible glaciation/deglaciation 

model (e.g. Jansson, 2003). Already published geochronological data was also used as input 

to the model (McCulloch et al., 2005; Kaplan et al., 2007; this study, Part V). 

 

4. 2 Methods 

 

4. 2. 1  Geomorphological mapping 

 

The glacial geomorphology was mapped using visual interpretation of remotely sensed 

images. Mainly available satellite imagery in Google Earth© was used, however other data 

such as ASTER (Advanced Spaceborne Thermal Emission and Reflection) imagery 

photographed by the NASA Terra satellite and SPOT (Satellite Pour l’Observation de la 

Terre) imagery was also used.  

The landforms mapped from the ASTER and SPOT images were digitized in the 

ESRI ArcGIS computer software and stored as layers to enable geographical analysis. In the 

GIS the satellite imagery was overlaid the Shuttle Radar Topographic Mission (SRTM, 90 m 

resolution) Digital Elevation Model (DEM) to aid the landform interpretation in complex 

topography (Glasser et al., 2008). The SRTM DEM is available at 

http://dds.cr.usgs.gov/srtm/. Landforms interpreted from Google Earth© was digitized by 

available tools and then converted to ESRI ArcGIS shape-file format using the online file 

converter by Zonum solutions (http://www.zonums.com/online/kml2shp.php). The satellite 

image interpretation in ArcGIS was performed using multiple band combinations, for both 

ASTER (R:1,G:2,B:3) and SPOT (R:3,G:1,B:2), providing false IR image composites. False 

IR images were used since they give the greatest contrast between ice/snow, bedrock and 

vegetation (Glasser and Jansson, 2005). Furthermore standard image enhancement procedures 

of the satellite imagery, such as contrast stretching and histogram equalization were used to 

improve the landform spectral signature strength (Jansson and Glasser, 2008). Also for the 

SRTM DEM hillshade effects was used to enhance the topography. The landform 

identification criteria follow that of Glasser et al. (2008). 

http://dds.cr.usgs.gov/srtm/
http://www.zonums.com/online/kml2shp.php


 The Late Glacial History of the Magellan Strait in Southern Patagonia, Chile  
 

55 
 

Table 3. Landform identification criteria (Glasser and Jansson, 2008). 

Glacial Sediment/Landform Landform/Feature Identification Criteria (Spectral signature) Possible identification Paleoglaciological 

association Morphology Colour/Structure/Texture errors Significance

Subglacial Glacial lineations Parallel features formed by glacial Change in surface structure and colour Possible underestimate in areas of thin Show former ice flow-direction

erosion or accumulation of sediment. compared to surrounding terrain. debris cover. Bedrock lineations may be and may indicate high former

confused with bedrock structures in ice flow velocities, when highly

certain lithologies. attenuated.

Ice marginal Moraines and moraine complexes Cross valley ridges occuring as single Shadowing due to change in height or Possible confusion with trimlines and  Moraines mark the former 

 or multiple. Linear, curved, sinuous or relative relief. Change in colour due to glacial lake shorelines if relative relief terminal position of glaciers.

saw-toothed in plan. change in soil and vegetation cover is not obvious. 

compared to surrounding terrain. 

Glaciofluvial terrace Flat topped sediment accumulation Homogeonous surface texture with flat Possible but unlikely confusion with Sediment deposited by meltwater

(Ice contact) above the present day valley floor. upper surfaces, erosional scars and sharp sandur or alluvial fans. streams draining tributary valleys 

boundarys with surrounding terrain. onto/against glacier ice.

Indicate thickness and extent

of ice in main valleys. 

Glaciofluvial Linear features with abrupt inception Well defined channel edges and sharp Possible, but unlikely confusion with Indicate large volume of

channels and termination. Often contain no boundaries with surrounding terrain. contemporary drainage routes. meltwater production and position

temporary drainage. Cut against local Shadowing due to change in relative relief. of former ice margin. 

slope direction. Channel floors may have different colour. 

Proglacial Glaciofluvial sediment Valley floor accumulation of sediment, Flat, mainly light red areas with medium Possible, but unlikely confusion with Marks major drainage routes from

commonly dissected by a braided stream grey where there is thin vegetation cover. deltas or ice contact deposits. glaciers and other glacier fed 

pattern. Erosional scars and sharp boundaries with streams. 

surrounding terrain. 

Glacial Delta Flat topped sediment accumulation Homogeonous surface texture with flat Possible but unlikely confusion with Sediment deposited by meltwater

commonly with a steep delta front. upper surfaces, erosional scars and sharp sandur or alluvial fans. streams draining tributary valleys 

boundarys with surrounding terrain. onto/against glacier ice .

Indicate thickness and extent

of ice in main valleys. May also 

indicate former glacial lake levels. 

Shorelines Breaks of slopes running parallel or Shadowing due to change in relative relief. Possible confusion with moraines, Indicates former elevation of sea 

subparallel to coastline in coastal areas Change in colour if former shorelines are especially around lakes where both or lake levels. Some lake shorelines

(marine paleoshorelines) or lakes vegetated. Often shorelines mirrors the features are present. indicate the presence of former

(glacial lake paleoshorelines). shape of existing coastline or lake margin. ice dammed lakes.
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4. 2. 2 Sedimentological interpretation 

 

Sedimentological interpretation of exposed sections was carried out during field work in the 

Magellan Strait, under a period of 3 weeks in December 2010 to January 2011. Three key 

valleys of interest were selected on pre hand, the Rio  e adura valley, Rio Trez Brasoz valley 

and Rio Agua Fresca valley. Focus was put to identify ice marginal and/or proglacial 

glaciofluvial sediment to be sampled for OSL dating (Part V) and to ground truth mapped 

landforms. One OSL sample was obtained from each of these valleys (LEN1, TRE1 and 

AGU1, Table. 5, Part V).  

  Facies was recorded from exposed sections through natural or anthropogenic 

processes, i.e. erosion, landslide scars, river cuttings, quarries and road excavations. Vertical 

one dimensional profiles was used to  log the sediment succession, since these are most useful 

where sediments has simple “layer cake” form, i.e. glacifluvial or glacilacustrine successions 

(Evans and Benn, 2004). Defining characteristics were recorded such as: grain size, 

depositional structures, deformational structures, inclusions, bed thickness and geometry and 

contact between lithofacies (Evans and Benn, 2004). The facies codes (Fig. 17) used in this 

study are based on the work of Kruger and Kjaer (1999) and Evans and Benn (2004). 

Hence, at each site where OSL samples where collected a detailed section log of 

the identified facies was recorded. The recorded facies was then used to infer process and 

formation history of the sediment to secure an understanding of the context of the OSL 

samples and the surrounding geomorphology.  

 

 

Fig. 17 Legend of facies codes based on Kruger and Kjaer (1999). 
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This is invaluable since; knowledge of depositional environment of dated sediments is crucial 

for the analysis and interpretation of optical ages (Alexanderson and Murray, 2009).  

 

4. 2. 3 Geographical analysis  

 

The geographical reconstruction of the ice margin retreat of the Magellan ice lobe and its 

associated glacial lake stages was hence based on the pattern and distribution of glacial 

landforms. Glacial lineations were first stacked into flow sets to infer ice flow directions 

(Kleman and Borgström, 1996). Second, former ice margin limits was delineated by the 

identification of coherent systems of glaciofluvial channels and end moraine, separated from 

each other, on the basis of morphology and continuity. Third and final, The SRTM DEM was 

used as a tool in reconstructing possible glacial lake extents, following the principles of 

Jansson (2003). Available DGPS data on shoreline features has been collected earlier (pers. 

com. Jansson K. 2009) and during the fieldwork the elevation of additional glacial lake 

features and other ice marginal landforms was measured by a handheld Garmin GPS. This 

data was imported to the GIS and used to define the maximum outline of meltwater bodies 

dammed between the terrain and the retreating ice and the configuration of the damming ice 

margin. Elevation of other ice marginal landforms, for example glaciofluvial meltwater 

channels, was also used to determine the maximum height above sea level of the ice margin. 

Synthesis of this data allowed the link to be made of certain ice margin configurations to the 

ice flow data. 

The reconstruction of the ice margin retreat will be presented as a set of maps, 

illustrating glacial lake evolution, ice lobe extent and inferred ice flow directions during 

different time slices (e.g. Jansson, 2003). The final maps were drawn in ESRI ArcGIS© and 

Photo Shop©.  Geochronological information was also added to the maps from the literature 

(e.g. compiled in McCulloch et al., 2005 and Kaplan et al., 2007). See Table 4. for the 

selected dates from the study area considered reliable and used in the reconstruction.   
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Table. 4 Selected geochronological information for the Magellan Strait 

 

  

Selected cosmogenic nuclide dates

Sample ID Locality Age (ka) se Method Dated material Associated glacial stage LONG LAT Reference

Strait of Magellan ice lobe

TF-04-07 Primera Angostura 21.8 1.7 10Be Erratic on moraine crest A? -52.588583 -69.456789 Kaplan et al. 2007

TF-04-08 Cabo Virgenes 54.0 5.5 10Be Erratic on moraine crest A? -52.303333 -68.643600 Kaplan et al. 2007

TF-04-09 Primera Angostura 22.1 2.8 10Be Erratic on moraine crest A? -52.385400 -69.761200 Kaplan et al. 2007

TF-04-10 Primera Angostura 24.0 2.8 10Be Erratic on moraine crest A? -52.380133 -69.754200 Kaplan et al. 2007

TF-04-11 Primera Angostura 32.8 3.7 10Be Erratic on moraine crest A? -52.378233 -69.747250 Kaplan et al. 2007

SM-02-31 Punta Delgada 164.0 36.0 10Be Erratic on moraine crest A? -52.298500 -69.716083 Kaplan et al. 2007

BGGC1 Juan Mazia 26.5 1.5 10Be Erratic on moraine crest B -53.071389 -70.146111 McCulloch et al. 2005

BGGC2 Juan Mazia 25.4 2.2 10Be Erratic on moraine crest B -53.083056 -70.144444 McCulloch et al. 2005

BGGC3 Juan Mazia 25.5 0.9 10Be Erratic on moraine crest B -53.080000 -70.140000 Kaplan et a.l 2008

BGGC4 Juan Mazia 24.2 0.9 10Be Erratic on moraine crest B -53.080833 -70.145000 McCulloch et al. 2005

SM-02-09 Juan Mazia (outer moraine) 19.7 2.1 10Be Erratic on moraine crest C -52.920000 -70.040000 Kaplan et a.l 2008

SM-02-11 Juan Mazia (outer moraine) 20.4 1.2 10Be Erratic on moraine crest C -52.910000 -70.040000 Kaplan et a.l 2008

SM-02-12 Juan Mazia (outer moraine) 16.8 1.5 10Be Erratic on moraine crest C -52.900000 -70.040000 Kaplan et a.l 2008

SM-02-14 Juan Mazia (inner moraine) 16.0 2.7 10Be Erratic on moraine crest C -52.930000 -70.060000 Kaplan et a.l 2008

SM-02-07 Second youngest moraine 17.9 1.1 10Be Erratic on moraine crest D -53.070000 -70.440000 Kaplan et a.l 2008

SM-02-08 Second youngest moraine 18.1 4.3 10Be Erratic on moraine crest D -53.070000 -70.430000 Kaplan et a.l 2008

SM-02-01 Youngest moraine 13.2 1.7 10Be Erratic on moraine crest D -53.260000 -71.000000 Kaplan et a.l 2008

SM-02-04 Youngest moraine 14.7 1.0 10Be Erratic on moraine crest D -53.260000 -71.000000 Kaplan et a.l 2008

Selected radiocarbon dates (MAX ages) Age - cal

Sample ID Locality yr BP at 1 se Method Dated material Associated glacial stage LONG LAT Reference

AA-10412 Rio Trez Brazos 44760 460 AMS 14C Shell sample in diamict B -53.266667 -70.916667 Clapperton et al. 1995

AA-10413 Rio Trez Brazos 44660 460 AMS 14C Shell sample in diamict B -53.266667 -70.916667 Clapperton et al. 1995

AA-12875 Rio Trez Brazos 43460 370 AMS 14C Shell sample in diamict B -53.266667 -70.916667 Clapperton et al. 1995

AA-30864 Rio Trez Brazos 42950 390 AMS 14C Shell sample in diamict B -53.266667 -70.916667 McCulloch et al. 2005

AA-30863 Rio Trez Brazos 42760 370 AMS 14C Shell sample in diamict B -53.266667 -70.916667 McCulloch et al. 2005

A-7568 Rio Trez Brazos 37470 990 AMS 14C Shell sample in diamict B -53.266667 -70.916667 Clapperton et al. 1995

A-8397 Rio Trez Brazos 36280 940 AMS 14C Shell sample in diamict B -53.266667 -70.916667 Clapperton et al. 1995

AA-12875 Rio Trez Brazos 31250 670 AMS 14C Shell sample in diamict B -53.266667 -70.916667 Clapperton et al. 1995

Age - cal

yr BP at 1

Prob. Method

SRR-6501 Pampa Alegre 14.389-15.587 - AMS 14C peat assoc. to glacial lake deposite E -53.066667 -70.850000 McCulloch et al. 2005

Beta-117943 Pampa Alegre 14.434-15.747 - AMS 14C peat assoc. to glacial lake deposite E -53.066667 -70.850000 McCulloch et al. 2005

Strait of Magellan ice lobe (max ages for the drainage of stage D -E glacial lake)

SRR-6501 Pampa Alegre 14389-15587 - AMS 14C Uppermost peat beneath terrace gravels E -53.066667 -70.850000 McCulloch et al. 2005

Beta-117943 Pampa Alegre 14434-15747 - AMS 14C Uppermost peat beneath terrace gravels E -53.066667 -70.850000 McCulloch et al. 2005
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Table. 4 (cont.) 

 

 

 

 

 

 

Selected radiocarbon dates (MIN ages) Age - cal

Sample ID Locality yr BP at 1 se Method Dated material Associated glacial stage LONG LAT Reference

Prob. Method

Strait of Magellan ice lobe (min ages)

A-6802 Porvenir 20361-21756 - AMS 14C Basal gyttja <B-C -53.300000 -70.333333 Clapperton et al. (1995)

Beta-117944 Porvenir 18934-19547 - AMS 14C Basal gyttja <B-C -53.300000 70.333333 McCulloch et al. (2005)

AA-30913 Porvenir 18876-19513 - AMS 14C Basal gyttja <B-C -53.300000 70.333333 McCulloch et al. (2005)

CAMS-65903 Puerto del Hambre 17078-17583 - AMS 14C Basal plant remains in core from bog <D -53.605833 -70.931389 McCulloch and Davies (2001)

AA-30651 Puerto del Hambre 17034-17592 - AMS 14C Basal plant remains in core from bog <D -53.605833 -70.931389 Heusser (1999)

A-6793 Estancia Esmeralda 16617-17560 - AMS 14C Bulk sample of org.silt in core from bog <D -53.605718 -70.506425 Clapperton et al. (1995)

SRR-5143 Estancia Esmeralda 16425-16901 - AMS 14C Bulk sample of org.silt in core from bog <D -53.605718 -70.506425 McCulloch and Bentley (1998)

A-6814 Estancia Esmeralda 15941-16832 - AMS 14C Bulk sample of org.silt in core from bog <D -53.605718 -70.506425 Clapperton et al. (1995)

A-6807 Estancia Esmeralda 15654-16597 - AMS 14C Bulk sample of org.silt in core from bog <D -53.620929 -70.476517 Clapperton et al. (1995)

AA-12872 Estancia Amarillo 16464-16988 - AMS 14C Basal plant remains in core from bog <D -53.433371 -70.996025 Clapperton et al. (1995)

AA-42416 Estancia Amarillo 16367-16864 - AMS 14C Basal plant remains in core from bog <D -53.433371 -70.996025 McCulloch et al. (2005)

A-7567 Estancia Amarillo 16074-16850 - AMS 14C Bulk sample of org.silt in core from bog <D -53.433371 -70.996025 Clapperton et al. (1995)

AA-35802 San Felipe 16364-16870 - AMS 14C Bulk sample of org.silt in core from bog <D -53.577167 -70.999895 McCulloch et al. (2005)

AA-42415 Estancia Guairabo 15561--16140 - AMS 14C Basal plant remains in core from bog <D -53.313730 -70.960933 McCulloch et al. (2005)

A-6791 Estancia Guairabo 14345-15774 - AMS 14C Bulk sample of peat above lacustrine clay <D -53.313730 -70.960933 Clapperton et al. (1995)

Strait of Magellan ice lobe (min ages for the drainage of stage D -E glacial lake)

unpublished Pampa Alegre 13622-14248 - AMS 14C Peat above Reclus tephra max age <D -53.066667 -70.850000 Stern (1992)

SRR-4583 Pampa Alegre 13828-14936 - AMS 14C Peat above Reclus tephra max age <D -53.066667 -70.850000 Clapperton et al. (1995)

unpublished Pampa Alegre 14415-15871 - AMS 14C Peat above Reclus tephra max age <D -53.066667 -70.850000 Stern (1992)

DIC-2322 Pampa Alegre 13622-14248 - AMS 14C Peat below/above Reclus tephra <D -53.066667 -70.850000 Uribe (1982)

A-6813 Pampa Alegre 14067-15176 - AMS 14C Peat below Reclus tephra min age <D -53.066667 -70.850000 Clapperton et al. (1995)

unpublished Pampa Alegre 15506-16365 - AMS 14C Peat below Reclus tephra min age <D -53.066667 -70.850000 Stern (1992)

unpublished Pampa Alegre 15955-16657 - AMS 14C Peat below Reclus tephra min age <D -53.066667 -70.850000 Stern (1992)

A-6818 Pampa Alegre 13476-14084 - AMS 14C Peat above basal glacial gravels <D -53.066667 -70.850000 McCulloch et al. (2005)

SRR-6502 Pampa Alegre 15530-16101 - AMS 14C Peat above basal glacial gravels <D -53.066667 -70.850000 McCulloch et al. (2005)

A-8164 Cabo Valentin 11303-11693 - AMS 14C Peat above lacustrine clays <E -53.566667 -70.500000 McCulloch and Bentley (1998)

AA-23077 Cabo Valentin 11773-12578 - AMS 14C Peat above lacustrine clays <E -53.566667 -70.500000 McCulloch et al. (2005)
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4. 3 Results and Interpretation 

 

4. 3. 1 Glacial geomorphology 

 

The glacial geomorphology of the Magellan strait is shown in Fig. 23. Some landforms such 

as glacial deltas, sandurs and glaciofluvial ice contact terraces have been grouped together 

under the same map representation (“glaciofluvial sediment”) and below are descriptions of 

the spatial distribution and glaciological interpretation of each individual landform group. 

Fig. 18, 19, 20, 21 and 22 illustrates examples of the mapped landforms. 

Glacial lineations are parallel features formed subglacial (deposited/eroded at 

the ice sheet bed) by glacial erosion or accumulation of sediment (Fig. 18). This landform 

group thus include drumlins and fluting (Glasser et al., 2008).  

 

 

Fig. 18 Example of glacial lineations mapped from ASTER imagery. 

 

Glacial lineations occur all throughout the study area but exist in highest concentration north 

of the Brunswick peninsula, where the outer ones indicate a northern ice flow direction. This 
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group of glacial lineation are interpreted to illustrate the movement of an ice sheet when the 

ice lobes in Seno Otway and the Magellan Strait were connected. Further south the glacial 

lineations have a NNW-SSE orientation illustrating ice movement when the two ice lobes 

have become separated from each other. Glacial lineations also exist in the valleys 

perpendicular to the strait, on the Brunswick Peninsula, indicating local flow of ice in these 

catchments, most notably in the Rio Agua fresca valley, but also south of Rio Trez Brasoz. 

Moraine ridges and complexes are ice marginal (deposited in front of the ice, 

transverse to the ice movement) cross valley ridges that occurs as single or multiple 

(complex) systems; linear, curved, sinuous or saw toothed in shape (Glasser et al., 2008, Fig, 

19). Moraines are frequent all throughout the study area however they most often occur as 

diffuse and discontinuous along the shores of the strait. They are however most remarkable on 

the Juan Mazía peninsula, the whole peninsula of which has been interpreted to have formed 

completely during the LGM ice advance by Bentley et al. (2005). Although the extent of their 

exact distribution might have been overestimated during this and previous mappings since 

Holocene eolian (windblown) sediment is frequent on the peninsula. On the western shores of 

the Magellan strait single diffuse moraine ridges occur in linear and curved pattern on the 

slopes of the Brunswick peninsula. They often occur in “steps” down the slope and the 

clearest ones exists upslope. From high resolution aerial photography Bentley et al. (2005) 

was able to distinguish between several systems based on their surface morphology and the 

height of ridges both on the flanks of the Magellan strait and on Juan Maíza. For the 

satisfaction of this study, an upper and lower system has been recognized and correlated to the 

eastern Tierra del Fuego shore moraines based on the basis of elevation (chapter 4. 3. 3) and 

meltwater channel association.  
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Fix. 19 Example of moraine ridges and complexes mapped from ASTER imagery. 

  

Glaciofluvial channels are linear erosional features formed by the eroding 

glacial meltwater draining the ice (Fig. 20). The ones mapped here are lateral and sub lateral 

channels which are interpreted to indicate former ice marginal positions (Glasser et al., 2008). 

Glaciofluvial channels are erosional features with an abrupt inception and termination, which 

often contain no temporary drainage and cut against the local slope direction. The shores of 

the strait are clearly marked by these erosional features. Their abundance made the mapping 

complicated since already at an early stage it was made hard to distinguish between erosion 

and deposition in this landscape. The channels are sometimes several hundred meters wide, 

10-30 km long and 10-20 m deep. However as pointed out by Bentley et al. (2005) their 

continuity make the interpretation of these a better tool in delineating former ice margins than 

the use of the more diffuse moraines. Hence, they exist all throughout the study area and are 

greatest in volume and extent on the hills of the eastern shores of the strait on Tierra del 

Fuego.  

 

 

Fig. 20 Example of glaciofluvial channels mapped from ASTER imagery. 

 

Glaciofluvial sediment. Three types of glaciofluvial depositional features were 

distinguished in the mapping. Proglacial/ice distal glaciofluvial sediment (i.e. sandur) is 
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valley floor accumulations of sediment that are commonly dissected by a braided stream 

pattern (e.g. Rio Agua fresca site). Glaciofluvial terraces (deposited with ice contact) on the 

other hand are ice marginal features, flat topped sediment accumulations above the present 

day valley floor commonly deposited on the ice distal side of moraines. Finally, Glacial 

deltas could both be proglacial (i.e. a distal delta) or ice marginal (i.e. a proximal delta), being 

flat topped sediment accumulation with a steep delta front deposited in standing water as 

opposed to glaciofluvial terraces. Sandurs exist in large extent outside the former LGM ice 

limits at the Juan Maíza peninsula and in the northern part of the study area. Smaller valley 

floor accumulations of glaciofluvial sediment also exist in the tributary valley of the strait, 

e.g. the Rio Agua fresca valley. Glaciofluvial terraces where hard to map due to the 

complexity of the ice marginal environment close to the shores of the strait. However if care 

is taken to recognise different terrain levels in association with moraine ridges they could be 

identified in the tributary valleys. They often exist as glaciofluvial complexes (e.g. Glasser et 

al., 2006). Deltas are even harder to identify and distinguish from the glacifluvial terraces 

however they could be recognised when larger, i.e. the Punta Arenas airport delta (first 

mapped by Clapperton et al., 1995). Other smaller deltas were mapped in the Rio San Juan 

valley where they probably were deposited in glacial lakes.  

 

 

Fig. 21 Example of glaciofluvial sediment mapped from ASTER imagery. 
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Fig. 22 Example of shorelines mapped from ASTER imagery. 

 

Shorelines are breaks of slopes running parallel or subparallel to the coastline or 

present day lake shores (Fig. 22). Mapped are both marine and glacial lake paleo shorelines. 

They are hence indicative of the presence of higher lake/ocean levels. They exist in several 

levels both around Seno Otway and the Magellan strait and in the tributary valleys indicating 

the existence of glacial dammed lakes.  
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Fig. 23 The Glacial geomorphology of the Magellan strait. Geographic datum: WGS84, Map 

projection: UTM Zone 19S. 
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4. 3. 2 Glacial sedimentology 

 

In this result chapter the recorded sedimentology of the three investigated key sites will be 

presented, and the samples obtained for OSL dating (Part V) will be put into a geological 

context. All samples have been obtained from sections exposed in landforms interpreted as 

glaciofluvial complexes (Glasser et al., 2006), either ice proximal/contact terraces/deltas or 

distal accumulations (sandurs). The investigated sections are marked on the glacial 

geomorphological map in Fig. 23 as red stars.  

 

Rio Leñadura Valley (Fig. 24a). One OSL-sample (LEN1) was collected from a man maid pit 

in a feature that is interpreted as an ice contact delta. Ice contact deltas are landforms that 

built out into glacial lakes by glaciofluvially transported sediment. They could be fed by only 

one or multiple meltwater streams and be built up against both an active or stagnating ice 

margin (Ashley, 2000). The sample was collected from a layer of laminated fine to mid sand 

(~60-70 cm thick) interrupted by a 5 cm thick silt layer (Fig. 24b). The interpretation of this 

feature is supported by the flat topped surface morphology (68 m.a.s.l), the steep ice proximal 

sides and the sedimentological evidence described below.  

The sedimentology was logged at an exposed section roughfly 30 m long and 

seven meters high. At some places apparent deltaic foresets (Fig. 24d) were visible in coarse 

glaciofluvial material generally covered by a 1 m thick diamicton layer. The part of the 

exposed section logged was chosen because it was the least excavated part and homogenous 

sand layers were present in the lower parts. The logged parts of the section was grouped into 

three Lithofacies Associations (Evans and Benn, 2004, LFA) based on their lithological 

resemblance.  
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Fig. 24 Ice contact delta in the Rio  e adura valley a) Section log b) Delta Terrace behind 

the white house, photographed from the south east. Note the excavated parts to right in the 

photograph. c) Bottom sand layers and OSL sample location. d) Massive gravel layer in 

LFA2.     

 

LFA 1 consists of homogenous mid to coarse sand layers with lamination and 

uniform lateral distribution and the contacts between the different sand layers are conformal. 

The bottom sand layer consists of coarse sand; ripple laminated (7 -6 m below ground, Fig. 

24a, c). On top of this layer laminated mid sand has been deposited indicating a change in 
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transport distance and flow regime. This sand layer (6 – 5.4 m below ground) is punctuated in 

the middle by a thin layer (5 cm) of silt. The OSL samples were collected below the silt layer. 

The sand layers where very well sorted.  

LFA 2 consists of a thick layer of massive fine to coarse gravel (~5.4–1.3 m 

below ground) interlayered with both coarser and finer material (Fig. 24a). This part of the 

section was clearly non uniform in thickness upward the sequence. Also in the northern parts 

of the exposed section deltaic foresets was observed. However foresets were nonpresent in the 

part of the section that was logged. Occasional cobbles and boulders are also present in the 

massive gravel layer. In the bottom part of LFA 2 the coarse gravel material grades in to a 

layer of coarse massive sand, 30 cm thick (Fig. 24a).  The gravel layer was moderately sorted 

while the sand layer was well sorted.  

LFA 3 consists of unsorted material which grades downward the section into the 

sorted gravel in LFA 2 (Fig. 24a). This layer of diamicton is clast supported and consists 

mainly of coarser fractions. The upper part of this top layer is homogenous.  

 

Rio Trez Brazoz Valley (Fig 25a). One OSL sample was collected from a complex of terrace 

features (5 levels in total). Sample TRE1 was collected from a roadside man made pit, at the 

second lowest terrace level (Fig. 25b, c) collected from a lens of mid to coarse sand with 

gravel (80 – 60 cm below ground, Fig. 25d). The glaciofluvial complex consists in total of 5 

different flat topped terrace levels. The surface elevation of the second lowest terrace was 72 

m.a.s.l and the lowest 67 m.a.s.l. The other levels increased approximately with 2 m in 

elevation “up valley”. Steep ice proximal eastern sides of the terrace feature were observed 

(Fig. 25b).  In association with the sedimentological evidence this feature is interpreted as a 

glaciofluvial terrace being deposited with ice contact.  

The sedimentology was logged at a manmade circular gravel pit, with a diameter 

of ~100 m and roughfly 2.5 meter high walls (Fig. 25c, the pit can be seen to left in the 

picture). The section consists mostly of very coarse gravel, cobbles and boulders with 

occasional lenses of sand. The section was logged at the northern part of the pit (Fig. 25c).  

LFA 1 – Consist of a homogenous lens of mid to coarse laminated sand with variable 

thickness. The upper and lower parts of the lens grades in to coarser material, gravel and 

cobbles (~20 cm thick).  Sample TRE1 was collected from this lens (Fig. 25b). This layer was 
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well sorted. LFA 2 – Consist of a layer of coarser gravel and occasional larger fractions, i.e. 

cobbles and boulders (Fig. 25b).   

 

 

Fig. 25 Ice contact terrace complex in the Rio Trez Brasoz valley a) Section log b) The lowest 

terrace of the ice contact complex photographed from the east c) The man made pit and the 

two lowest terraces photographed from the west. d) Sand lens in LFA 1 of section log. Sample 

TRE1 was collected from this layer. 

 

Rio Agua Fresca Valley (Fig. 26a). One sample (AGU1) were collected from a landform 

interpreted as an ice distal glaciofluvial complex, from a natural cliff exposure (Fig. 26b). 

The sample was collected from a layer of mid sand. The landform has an irregular upper 

surface but has several steep sections in the direction towards the valley floor. The elevation 

of the upper surface of the feature was 73 m.a.s.l.   
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Fig. 26. Ice distal glaciofluvial complex in the Rio Agua Fresca valley a) Section log b) The 

cliff exposure photographed from the valley floor c) The valley side exposure photographed 

from the southern side of the valley. d) The lower most sand units. 

 

The Rio Agua Fresca Valley has several large valley side exposures with thick 

sand layers. The surface morphology of the valley sides is both irregular and flat topped, but 

on the northern side of the valley (where the samples was collected) there is no clear terrace 

structures (Fig. 26c). The interpretation that this sediment accumulation is proglacial is thus 

based on the “non-existing” surface morphology, the sediment thickness and fine fractions of 
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the logged section. The sedimentology was logged at a natural cliff exposure at the northern 

valley sides. The exposure was ~10 m high and ~20 m wide.  The exposure mostly consisted 

of sand units and these together with a layer of diamicton were divided into 2 LFAs (Fig. 26).  

LFA 1 consist of different sand units between 3 and 8 m below the ground 

surface (Fig. 26d). At the bottom, a layer of ripple laminated mid sand has been deposited 

(~1.5 m thick) with uniform distribution, over layered by coarser sand with ordinary 

lamination (0.5 m thick). The contacts between these two layers were gradational. Another 

ripple laminated mid sand layer (2 m thick) has been deposited on top of the laminated sand. 

This layer has a uniform distribution but graded downwards in to coarser and laminated sand 

in the below layer. Upwards this layer ended abrupt by a lens of massive gravel (Fig. 26a). 

Above the gravel another laminated sand layer has been deposited with midsized grain 

fractions. Because of mass movement processes the contact between this sand layer and the 

above diamicton layer could not be established safely. All throughout LFA1, interbedded into 

the mid sand, was occasional layers of coarser sand. The sand layers were very well sorted 

while the gravel lens was moderately sorted. The sample was collected from the highest sand 

unit. LFA 2 – Consist of a layer of heterogeneous clast supported diamicton with a large 

percentage of the silt fraction (Fig. 26a). This layer of diamicton was poorly sorted. This 

diamicton layer was probably deposited as melt out till.  

 

4. 3. 3 Reconstruction of the glaciation/deglaciation 

 

Based on the pattern and distribution of landforms in the Magellan strait 4 glacial stages were 

modelled. Glacial stage A and B coincides with the A and B stages in Clapperton et al. (1995) 

and McCulloch et al. (2005). This study where however unable (due to the resolution of the 

mapping) to reconstruct glacial stage C of McCulloch et al. (2005) so glacial stage C and D of 

this study corresponds to D and E respectively in McCulloch et al. (2005). A summary of the 

existing chronological information on the Magellan ice lobe existing in the literature is shown 

in Table 4. This information was used to interpret and confine the different modelled glacial 

stages. The model is presented in Fig. 27 together with selected dates defining the different 

stages, ice flow directions inferred from the distribution of glacial lineations and the general 

drainage direction inferred from the distribution of glaciofluvial channels. 



 Robin Blomdin 

72 
 

 Glacial stage A (Fig. 27a) is defined by the outermost moraine belts mapped in 

Fig. 23. In terms of assigning ages, this stage is the least known in the literature. Earlier 

studies applying AMS dating on shells incorporated in layers of diamict interpreted to 

indicate the glacial Stage A advance/stillstand gave minimum ages of ~ 45000 
14

C yrs BP 

(Porter, 1992). However these ages were later regarded as infinite by Porter et al. (1992) and 

Clapperton et al. (1995). Furthermore Clapperton et al. (1995) presented maximum amino 

acid D/L ratio ages between 130000 – 90000 yrs BP for the same deposit. Based on these data 

and the distribution of moraine complexes and glaciofluvial channels it can however be safe 

to say that this stage is older than the LGM (>30 ka). During Glacial stage A the Seno Otway 

and Magellan ice lobes were connected and ice probably covered the entire Brunswick 

peninsula.  

Glacial stage B (Fig. 27b) is defined by the moraine complexes and sandur 

deposited on the Juan Mazía peninsula and the outermost systems of moraines/glaciofluvial 

channels located on the flanks of the strait (roughfly at 260 m.a.s.l). This glacial stage has 

earlier been linked to the LGM (e.g. Porter et al., 1992; Clapperton et al., 1995; McCulloch et 

al., 2005; Kaplan et al., 2007; 2008). During this stage the Seno Otway and Magellan ice 

lobes are separated and glacial meltwater inundated the land in front of the ice margins 

damning large glacial lakes that persisted in different configurations between 17.5 to 12.5 ka 

(McCulloch et al., 2000b). These glacial lakes were damned by the retreating ice margin and 

exposed dry land to the North West close to the Atlantic coast. Several 
10

Be- and AMS 
14

C 

confirm the Glacial stage B readvance/stillstand (shown in Fig. 27b).  

 Glacial stage C (Fig. 27c) is here defined by the lowest set of recessional 

moraines and glaciofluvial channels on the flanks of the Magellan strait (70 - 100 m.a.s.l) and 

the semi-lobate system of moraines in the northern parts of Tierra del Fuego in the study area. 

This stage equal to stage D of McCulloch et al. (2005) but is here given the age range of 

glacial stage C and D together i.e. between 21.5 and 17.5 ka (McCulloch et al., 2005). This is 

because the three glaciofluvial landforms investigated in detail (chapter 4. 3. 2) are interpreted 

to have been deposited sometime during this time, as the hills of the Brunswick were 

subsequently deglaciated after the glacier maxima of stage B.  
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Fig. 27 Reconstruction of the deglaciation of the Magellan strait. The SRTM DEM (hillshade) 

is used as a base map. Geographic datum: WGS84, Map projection: UTM Zone S19. 
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This interpretation is based on the position of the sampled landforms between two moraine 

limits and the absence of sedimentological evidence for an overriding glacier, i.e. no thick till 

sequence and no deformation of sediment. The obtained OSL ages (using the small aliquot 

methodology and MAM age model, Part V) where inserted into the model in Fig.27c. The 

obtained ages are similar for samples TRE1 (21.6±6) and LEN1 (21.7±5). Sample AGU1 

however overestimate the “expected” timing of Glacial stage C and the reasons for this are 

discussed in chapter 5. 4. 1, Part V. The Glacial stage C readvance/stillstand is thus 

interpreted to have occurred sometime between 23 and 17.5 ka. During this time period 

glacial lakes where subsequently damned in front of the retreating ice margin, both in the 

strait (McCulloch et al., 2005b) and in the tributary valleys on the Brunswick peninsula.   

 Glacial stage D (Fig. 27d) is defined by the moraines existing on Isla Dawson 

in the southern part of the strait. This stage equal to stage E of McCulloch et al. (2005a) and is 

believed to mark the end of glacial lake existence in the strait after 12.5 ka (McCulloch et al., 

2005b).  

 

4. 4 Summary and Conclusions 

 

 Glacial geomorphological mapping from satellite imagery and digital elevation 

models describe a complex ice marginal environment on the flanks of the Magellan 

strait, consisting of several systems of recessional moraines, single ridges and large 

complexes, glacial lineations, and glaciofluvial channels.  

 Four separate glacial stages or “events” have been recogniced on the basis of the 

distribution and pattern of mapped glacial landforms, already established 

geochronologies and OSL dates obtained from this study (Part V). 

 In association with these moraines and meltwater channels, glaciofluvial landforms 

described in detail has been deposited. On the basis of sedimentological interpretation 

and geomorphological mapping these landforms are interpreted to have been deposited 

during Glacial stage C. 

 The result from two obtained OSL ages (TRE1 = 21.6±6 and LEN1 = 21.7±5) support 

this interpretation while one age greatly overestimates the expected age range (AGU1, 

50.4±6 ka)   
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 In the Strait of the Magellan the hills of the Brunswick peninsula were deglaciated 

after 23 ka. Sometime around ~20 ka the ice margin had retreated to 70 – 100 m.a.s.l 

and the lowest recessional moraine system on the shores of the Magellan Strait was 

depositioned.   
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Part V Timing of the Deglaciation in the Magellan Strait region of Southern 

Patagonia: Testing the applicability of K-Feldspar IRSL 
 

5. 1 Introduction 

 

At the end of the last ice age the Patagonian Ice Sheet (PIS) was the largest body of ice in the 

southern hemisphere after the Antarctic Ice Sheet. During this time the Strait of Magellan, in 

southern Patagonia, was occupied by a large ice lobe flowing north with its ice divide located 

near Cordillera Darwin (Fig. 1a) In order to resolve questions about the complex response of 

the Magellanese ice lobe to past climate change; geomorphological reconstructions of its 

extent (e.g. McCulloch et al., 2005a; Glasser et al., 2008) and numerical models of its 

dynamics and response to climate forcing (e.g. Hulton et al., 2002) need to be evaluated 

against an absolute chronology. 

This study investigates the application of Optically Simulated Luminescence 

(OSL) dating to glaciofluvial sediment from near the Strait of Magellan in southernmost 

Patagonia, Chile (Fig. 1b). The samples examined here were interpreted to be associated with 

sediments and landforms created during the last deglaciation of the PIS. As previously 

pointed out by Duller (2008b) the application of luminescence dating to glacial sediment is 

one of the greatest challenges for the luminescence community. Problems associated with 

dating of glacial sediment include low sensitivity quartz and incomplete bleaching (Fuchs and 

Owen, 2008). Past studies in Patagonia have reported of poor quartz luminescence 

characteristics (e.g. Duller, 2006; Glasser et al., 2006; Harrison et al., 2008) and this is 

consistent with earlier reports from the Magellan Strait (Rodnight, 2010). Therefore, the focus 

of this study are K-rich feldspar extracts applying Infrared Stimulated Luminescence (KF-

IRSL) using the IR signal stimulated at 50°C. Although this signal is unstable, it is known to 

bleach more readily than the more stable pIRIR signals (Murray et al., submitted; Buylaert et 

al., 2011). Hence established methods are thereafter used to correct for anomalous fading and 

calculate the final optical dates (Huntley and Lamothe, 2001).  

 The possible effects of incomplete bleaching and anomalous fading were 

examined by using small aliquot dose distributions for one modern analogue sample and three 

glaciofluvial samples and single grain distributions for two of the glaciofluvial samples. 

Statistical models (Minimum Age Model - MAM, Galbraith et al., 1999: Internal External 

Uncertainty - IEU – approach; Thomsen et al., 2003, 2007) were thereafter applied to identify 
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the part of the dose population that is most likely to have been completely bleached. To assign 

appropriate uncertainties to the samples the laboratory over-dispersion (σOD) parameter was 

quantified using laboratory-bleached and gamma (γ) - irradiated samples for both small 

aliquots (~5 grains) and single grain measurements using the Central Age Model (CAM, 

Galbraith et al., 1999). The resulting ages are compared and evaluated against an established 

radiocarbon and cosmogenic nuclide chronology for the ice retreat (e.g. McCulloch et al., 

2005; Kaplan et al., 2008; Part IV). 

 

5. 1. 1 Geological context and sampling locations  

 

The study area is located in Southern Chilean Patagonia and includes the shores of the 

Magellan Strait (Fig. 1b). Geomorphological mapping describes a complex ice marginal and 

proglacial environment including several generations of post-LGM end moraines, lateral 

glaciofluvial channels and glacial lineations (e.g. drumlins and fluting) on both sides of the 

Strait (Bentley et al., 2005; Glasser and Jansson, 2008; Part IV).  

  Three samples (LEN1, TRE1 and AGU1, Table 5, Fig. 23) were retrieved from 

exposed sections of glaciofluvial terraces and fossil glacial lake deltas in tributary valleys, 

perpendicular to the general ice flow direction of the Magellan ice lobe (Fig. 1b). The valleys 

are named: Rio  e adura valley, Rio Trez Brasoz valley and Rio Agua Fresca valley. In 

Patagonia this type of tributary valleys are often in-filled with glaciofluvial sediments that are 

deposited close to the former ice margin (Glasser et al., 2006). The deltas/terraces are 

therefore contemporaneous with the existence of ice in the straits and accurate and precise 

dating of these features would thus provide insight into the timing of the retreating ice margin. 

The sections and surroundings of the obtained samples are described in detail in Part IV. A 

modern analogue sample (MOD1) was also collected from a hand-dug pit on a river bank in 

the Rio Agua fresca valley; from the morphology of this deposit, this sample is assumed to be 

< 1 ka old.  

 

Table 5. Sample summary information. 

 

Geol. ID Lab. ID Locality LONG LAT m.a.s.l (m) Depth (cm) Material Geol. interpretation Expected age

LEN1 117104 Roadside quarry -70.9703 -53.2304 68 595 Massive fine to midsand layer Ice contact Delta degl age.

TRE1 117107 Roadside quarry -70.9708 -53.2726 73 80 Lens of mid to coarse sand with gravel Ice contact terrace degl age.

AGU1 117103 Terrace exposure -71.0368 -53.4015 73 335 Massive sand layer Ice dist. glaviflv complex >degl age?

MOD1 117109 Surface sample -71.2977 -53.4063 5 30 Coarse gravel/sand River bank < 1 ka
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5. 1. 2 Expected age range 

 

No stratigraphic age control exists for the samples. Thus the expected age range of the 

sediments can be estimated by comparing the geographical and geomorphological position of 

the sampled landforms with existing AMS 
14

C and 
10

B chronologies from other landforms and 

sections (McCulloch et al., 2005a; Kaplan et al., 2008). It is thought that the Magellan ice 

lobe is sensitive to climate change (Porter et al., 1992) and so one can expect deglaciation 

sediment to have been deposited within a relative short time frame after ice retreat. 

  It is unlikely that the samples are older than ~25 ka, the age of the LGM 

moraine limit (Fig. 27b, “Glacial stage B”, 25–23 ka). The sediments are interpreted to be 

associated with glacial stages C or D (McCulloch et al., 2005a, “Glacial stage C”, 23–17.5 ka, 

Fig. 27c, Part IV) based on the position of the sampled landforms between two moraine limits 

and the absence of sedimentological evidence for an overriding glacier, i.e. no thick till 

sequence and no deformation of sediment (see section logs in Part IV). According to these 

constraints, the samples should have a maximum age of ~23 ka and a minimum age of ~17.5 

ka. 

 

5. 2 Methods 

 

5. 2. 1  Sample preparation and instrumental facilities  

 

Samples were retrieved by hammering opaque plastic tubes into distinct homogenous layers, 

glaciofluvial in origin and dominated by medium sand. The samples were prepared and 

processed under subdued red light conditions in the usual manner (i.e. wet sieving, HCl, 

H2O2, Table. 6) at the Nordic Laboratory of Luminescence dating (NLL), Aarhus University, 

Denmark. After cleaning for 40 min in 10% HF, K-rich feldspar (<2.58 g/cm
-3

) in the 180–

250 μm fraction was isolated using heavy liquid density separation. Table. 7 summarize the 

obtained sample weights after the heavy liquid separation.  

A Risø TL/OSL DA-20 reader was used for luminescence measurements, 

equipped with infrared (~135 mW/cm
2
 at 870 nm) LEDs for light stimulation, a beta source 

for irradiation (calibrated using quartz) and a Schott BG39 – Corning 7/59 blue-violet or a 

Schott U340 filter combination for light detection (Bøtter-Jensen et al., 2010). Feldspar 
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measurements were also made using a Risø single grain attachment equipped with a 100 mW 

IR laser and a blue-violet+R6780 filter combination. 

 

Table. 6 Chemical preparation scheme. 

 

 

Table. 7 Sample weights after Heavy Liquid separation 

 

 

5. 2. 2 Annual dose rate determination 

 

High resolution gamma spectrometry was used to measure the radionuclide concentrations in 

the samples (Murray et al., 1997). Also the dosimetry measurements were made at the Nordic 

Laboratory of Luminescence dating (NLL), Aarhus University, Denmark. The conversion 

factors of Olley et al. (1996) were used to convert concentrations into dose rates assuming 

12.5±0.5 % internal K (Huntley and Baril, 1997) and cosmic ray contribution based on 

Prescott and Hutton (1994). Both the saturated and natural water content w.c. (%) of the 

samples, were measured and a simple 2-step hydrological model was used to estimate the life 

Step Treatment Time (min) Objective

1 HCl (10%) 15 Dissolves carbonates

2 Distilled H2O x3 Removes HCl (10%)

3 H2O2 (10%) 60 Dissolves organics

4 Distilled H2O x3 Removes H2O2 (10%)

5 HF (10%) 20 Etches away alpha irradiated

part of grains

6 Distilled H2O x3 Removes HF (10%)

7 HCl (40%) 40 Dissolves sulphides produced

by HF.

8 Distilled H2O x3 Removes HCl (40%)

Geol. ID F (g) KF (g) NaF (g) pure quartz (g)

LEA1 4.5 2.2 2.3 6.9

TRE1 3.7 2.1 1.6 6.1

AGU3 2.5 1.9 0.6 3.6

F Feldspars

KF Potassium feldspars

NaF Sodium feldspars
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time average w.c since deposition (Alexanderson et al., 2010, Eq. 17). The saturated w.c. (%) 

was used as an estimate for the time during deglaciation when (~60% of time since 

deposition) and the natural w.c. (%) was used as estimate for the time after deglaciation when 

climate was much drier (~40% of time since deposition).  

 

Eq. 17                                                               , 

 

The estimated life time average water content (%) was used in the final age calculation and is 

summarized together with the gamma spectrometry results in Table. 9. 

 

5. 2. 3 Experimental set-up 

 

Preliminary measurements to test the applicability of KF-IRSL dating on the Patagonian 

glaciofluvial sediment and to determine the luminescence characteristics of the samples 

employed large (8 mm) aliquots. A post-IR elevated temperature protocol was first tested 

(pIRIR290. Thiel et al., 2011, Buylaert et al., 2011, Table. 8). Furthermore a preheat plateau 

test was carried out to determine suitable preheats and all other standard control checks were 

applied, i.e. dose recovery-, recycling- and recuperation test to evaluate the protocol.  

 

Table. 8 the post IRIR SAR protocol (Buylaert et al., 2009). 

 

Step Procedure Observed

1 [Measure]  dose artifical or natural Ln

2 [Preheat]  sample to 250°C for 60s

3 [IRSL]  Stimulate sample with IRSL for 100s at 50°C Lx

4 [pIRIR]  Stimulate sample with IRSL for 100s at 290°C Lx

5 [Test dose]  Stimulate sample for 50s 

6 [Preheat]  sample to 250°C for 60s

7 [IRSL]  Stimulate sample with IRSL for 100s at 50°C Tx

8 [pIRIR]  Stimulate sample with IRSL for 100s at 290°C Tx

9 [Clean out]  Stimulate sample with IRSL for 40s at 325°C

10 [Return to Step 1]
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For all measurements IR stimulation for 100 s and the same preheat of 250°C 

(duration 60 s)  for natural, regeneration and test doses was employed (Huot and Lamothe, 

2003; Blair et al., 2005). A  high temperature (290°C) IR stimulation for 100 s was inserted at 

the end of each SAR cycle to minimize build up of charge from one SAR cycle to another 

(Murray and Wintle, 2003; Buylaert et al., 2008). Complete SAR sequences were performed 

with 3 regeneration doses, 1 recycling and 1 recuperation dose. The first 1 s minus a 

background derived from the last 10 s of the decay curves were used for all De calculations.  

 As a first approach to identify incomplete bleaching small (< 1 mm) aliquot 

dose distributions were measured for the samples (this was preferred due to lack of single 

grain attachment instrument time). The same set-up as described above was used with the 

exception that only the IRSL signal stimulated at 50°C was analyzed and the number of 

regeneration doses was limited to between 2–3 bracketing the natural dose measurement (to 

save instrument time). For the single grain measurements the same protocol as above was 

used but with stimulation using an IR laser for 1s instead of 100s of LED light. The single 

grain SAR sequence consisted of 5 regenerative doses including 1 recycling point and 1 

recuperation point. Exponential fitting functions were used to interpolate De estimates on the 

dose response curve for both the small aliquot and single grain measurements. 

In order to decide on the size of small aliquots, preliminary light sum 

measurements were made using a single grain attachment, and grains in the size range of 180 

- 250 µm. The variation in IRSL intensities for sample TRE1 and LEN1 is plotted in Fig. 28a 

as a cumulative light sum plot (Duller et al., 2000). About 95% of the IRSL signal is derived 

from less than 10% of the grains, and so it was considered realistic to use small aliquots 

instead of single grains without the risk of incurring any significant averaging effects. It has 

been shown before that on average usually the measured luminescence signal for quartz 

originate from: ~5% of the grains (Duller et al., 2000) and for feldspars from: ~30% of the 

grains (pers. comm. Jan-Pieter Buylaert, 2011). The small aliquots used here contained 

4.7grains on average (counted after measurements in a optical microscope, Fig. 28b), and so 

any IRSL signal is likely, on average, to be derived from only 1 of these grains; small aliquot 

measurements here are likely to behave as single grain measurements. 

In the small aliquot measurements, the natural and first test dose (50 Gy) 

response were first measured, and only those aliquots which gave an acceptable test dose 

response (uncertainty <10%) were accepted for further measurement. About 50% of all 

aliquots passed this selection process. The accepted aliquots were then given at least two 

regenerative doses bracketing the natural. The smallest absolute error observed in the 
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measurements was approximately 0.1 Gy, therefore it was decided to accept any De value 

with an associated error of <0.3 Gy to ensure that doses close to zero were not preferentially 

rejected. Aliquots were also accepted if they had a relative De error of <20%. After this step; 

another 20% of the aliquots were rejected. 

 

 

Fig. 28a) Cumulative light sum plot. The net IRSL signal has been ranked from the dimmest to 

the brightest. b) The grains from ~67% of all small aliquots were counted under an optical 

microscope after measurement (mean 4.7 grains/aliquot). 

 

For the single grain measurements grains were accepted if: they gave enough 

light (test dose error <10%), if their recycling ratio was within <10% of unity and if they had 

a relative De error of <20%. In total 20% of all measured grains were accepted. Very low 

recuperation values were observed for our single grain measurements, on average 0.9±0.2% 

(n=55) of the natural signal. With no apparent high outliers, it was not considered necessary 

to include a recuperation based rejection criterion (as done elsewhere, e.g. Li et al., 2010).  

Before examining the natural dose distributions the characteristics of laboratory 

bleached and irradiated samples were studied to determine: (1) the presence of any 

unbleachable component and (2) the minimum possible uncertainty that can be associated 

with each dose measurement (Thomsen et al., 2005).  
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Samples AGU1 was first bleached in a SOL2 solar simulator for 4 hours (Fig. 29a). 

Thereafter a uniform gamma dose of ~50 Gy using a 
60

Co source was given to the sample, 

and the resulting small aliquot dose distribution (after one month storage) is shown in Fig. 

29b. According to Reimann et al. (submitted), the observed dispersion in a natural dose 

distribution is attributed to intrinsic (e.g. counting statistics, instrument reproducibility, 

thermal transfer) and extrinsic factors (e.g. small scale variations of the radiation field, 

incomplete bleaching, and post depositional mixing) of a sample. Performing a dose recovery 

test remove all sources of extrinsic factors (Thomsen et al., 2005, 2007) and thus enables 

quantification of the laboratory over-dispersion parameter (σOD), defined as the extra spread in 

a population additional to each individual error of a De resulting from OSL Photon counting 

statistics and growth curve fitting and interpolation calculated in Analyst (Duller, 2007).  

Hence σOD takes the additional errors into account which cannot be explained by 

experimental factors. σOD increases when the number of grains on an aliquot decreases 

(Galbraith et al., 2005), which is why it is of importance to asses this value when studying 

small aliquot and single grain dose distributions. The σOD parameter was calculated by 

running the CAM model (chapter 5. 2. 4) on the laboratory bleached and gamma irradiated 

sample AGU1.  

  Since σOD is taken to represent the minimum possible uncertainty on any dose 

distribution derived using this material it has been added as a relative error to all measured De 

values before further analysis. Sample LEN1 was also bleached, given a gamma dose and 

measured with the single grain attachment. In this case it was possible to measure the 

distribution shortly after gamma irradiation. The result for the laboratory and natural 

distributions are shown in Fig. 30, 31 and 32. 

In order to derive dose estimates for our incompletely bleached samples 

statistical models was used to calculate the weighted mean; CAM, the logged 3-parameter 

MAM (Galbraith et al., 1999) and the IEU approach (Thomsen et al., 2003, 2007; Reimann et 

al., submitted). These models are described in short below. 

 

5. 2. 4 Age models 

 

Several schemes have been published to address the problem of deriving the most accurate 

burial dose estimates from incompletely bleached De distributions (Arnold et al., 2007).  The 
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Central Age- and Minimum Age models used in this study were originally developed for 

fission track dating by Galbraith and Laslett (1993) and later adapted for OSL dating by 

Galbraith et al. (1999), while the Internal External Uncertainty (IEU) approach was developed 

for OSL dating by Thomsen et al. (2003, 2007). Note that age here refers to the weighted 

average De (Dw). These models all have in common that they are computing a kind of 

weighted average statistic where different data points in the data set contribute differently to 

the average value. In this way the often wide spread in individual De errors, within a 

distribution, are taken into account. 

 The CAM model assumes a natural distribution of values rather than one true. 

The standard deviation (σ) of the distribution is referred to as over-dispersion (see above) 

represents variation that can’t be accounted for statistically. The two unknown parameters of 

the model “the true log burial dose (Si)” and the “over-dispersion (σ)” are estimated using 

maximum likelihood methods (Galbraith et al., 1999). The model is simplified below,  

 

[Eq. 18]                

 

Where    is the estimated log burial dose, Si is the true log burial dose and ϵi is the deviation 

of    from Si. ϵi is assumed to be a random quantity with mean 0 and variance si
2
. The central 

log burial dose could thus be interpreted as the mean of the true log burial dose in the relevant 

population of aliquots/grains while σ is the standard deviation of these log burial doses. The 

CAM might not always be appropriate to use for a dose distribution. Sometimes distributions 

can be found to be highly skewed and non-Gaussian. The MAM model is a more 

sophisticated model but it is also based in Eq. 18, but now the distribution of De values is 

approximated by a truncated log-normal distribution, with the truncation point giving the 

estimate of the true burial dose. Specific details on the calculations used in the CAM and 

MAM models are described in Galbraith et al. (1999).  

 The IEU approach is similar to the MAM in that it attempts to identify the 

minimum dose population that is most likely to have been completely bleached. Though, the 

main difference is that the IEU approach models the variation in absolute over-dispersion (σ) 

as a function of the burial dose. The model is described in detail by Thomsen et al. (2003, 

2007). As input to the model the “minimum” σODs obtained from the laboratory bleached and 

gamma irradiated samples was used to fit a straight line to the data (same methodology as 
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Reimann et al., submitted). Thereafter the calculated slope (a) and intercept (b) was used to 

solve Eq. 19 below, 

 

[Eq. 19]                                 

 

where σc is the uncertainty derived from counting statistics and Dburial is the known average 

dose of the distribution. By determining this relationship it is thus possible to assign accurate 

estimates of uncertainty to individual dose estimates (Thomsen et al., 2007). The equation 

however requires the knowledge on Dburial that we try to model, which can be determined 

using the iterative approach described in Thomsen et al. (2007). The three models described 

were used on each distribution data set and compared against each other.  

 

5. 2. 5 Fading correction 

 

Fading rates (g-values; Aitken, 1985) were also measured on large aliquots (8 mm) using the 

same SAR protocol as for the regular De measurements but with various time delays inserted 

between the preheat and IRSL measurement step (Auclair et al., 2003). The fading rates were 

normalized to a measurement delay time since irradiation of 2 days. It has been shown that in 

some circumstances high fading rates (>5%/decade) may result in systematic overestimation 

of corrected IRSL ages (Reimann et al., 2011).  

A fading correction was carried out using the model proposed by Huntley and 

Lamothe (2001) on the obtained weighted De averages. The sample average g2days-values  (n =  

6) were used to correct for fading of each estimated CAM, MAM and IEU De of both the 

small aliquot and single grain distributions. Due to scarcity of material for AGU1 an average 

based on the other two samples was used for this sample. Hence the assumption that fading is 

not aliquot or grain specific is implicit in this correction. The fading corrected ages are 

summarized in Table. 9. 

 

  



 The Late Glacial History of the Magellan Strait in Southern Patagonia, Chile  
 

87 
 

5. 3 Results and interpretation 

 

5. 3. 1 Annual dose rate determination 

 

The result from the annual dose rate determination is summarized in Table. 9. Typical total 

dose rates for 180-250 μm KF grains varied between ~2.5 and 2.8 Gy/ka. 

 

Table. 9 Summary of the High resolution gamma spectroscopy- and modelled estimated life 

time average w.c. (%) results. 

 

5. 3. 2 Feldspar luminescence characteristics 

 

The preliminary De measurements of the post-IR IR290 De values were >200 Gy which is 

clear evidence for severe incomplete bleaching giving that obtaining doses in the expected age 

range would yield result in the order of <50 Gy. Therefore it was decided to further use the 

more readily bleachable IRSL signal measured at 50°C since these De estimates where 

significantly smaller, when analyzing the small aliquot/single grain dose distributions (chapter 

5. 3. 3). 

 For the dose recovery test, large aliquots of sample AGU1 were bleached in the 

SOL2 solar simulator for 4 hours. The average measured to given dose (50 Gy) ratio (after a 

subtraction of a residual of 1.5 Gy measured on bleached aliquots) is 1.07±0.04 (n=6) and the 

average recycling ratio was 0.999±0.011 (n=35) (Fig. 29a), while recuperation was 

0.76%±0.16% (n=35) of the natural signal (Fig. 29b). In conclusion the quality control tests 

show that the SAR protocol used is applicable to these K-rich feldspar extracts from 

Patagonia. 

238
U

226
Ra

232
Th

40
K gamma beta

Estim. Life 

time avg. 

w.c. (%) 

Total  dose 

rate to K-

feldspar*

LEN1 4.07±4.97 13.1±0.4 1.9±0.3 311.92±9 0.66±0.01 1.2±0.02 11 2.73±0.1

TRE2 22.2±3.44 17.0±0.3 20.7±0.4 410.28±7 0.70±0.02 1.3±0.06 15 2.57±0.08

AGU1 16.1±2.43 16.6±0.2 21.4±0.3 375.8±6 0.68±0.02 1.2±0.01 13 2.59±0.08

MOD1 15.1±3.78 20.2±0.3 24.4±0.4 439.5±8 0.79±0.02 1.4±0.03 13 2.87±0.09

*The grain size for the K-feldspar extracts was 180-250 µm. The total dose rate includes a contribution for 

internal 40K calculated to be 0.809±0.040 Gy/ka based on an assumed K concentration of 12.5±0.5 % 

(Huntley and Baril, 1997)

Dose rate components 

(Gy/ka) 
Sample ID

Radionuclide concentrations

activities (Bq/kg)
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Fig. 29 Quality controls. a) Distribution of recuperation % of natural. b) Distribution of 

recycling ratios.  

 

 The fading rates (g2days values) for samples TRE1, LEN1 and MOD1 are 9.3±0.8 

(n =6), 6.4±1.0 (n =6) and 8.1±0.8 (n =6) %/decade respectively; all consistent with the mean 

of 7.9±0.6 %/decade (n = 18). Applying these large fading corrections to the large aliquot 

doses overestimated the expected ages by as much as 4 times. Because of this overestimation 

it was decided to measure small aliquot dose distributions to eliminate averaging effects and 

to investigate the contribution of incomplete bleaching to these age overestimates. 

 

5. 3. 3 Small aliquot De distributions  

 

The measured small aliquot dose distribution of the laboratory bleached sample AGU1 is 

shown in Fig. 30a, the CAM De is 3.1±0.3 Gy and the MAM De is 1.6±0.2 Gy. Hence this 

sample is interpreted to have an unbleachable component of ~1.5 Gy, since subtracting the 

MAM De from the CAM De is interpreted to represent the mean residual dose present in the 

sample during burial.  

For the same sample but gamma dosed, the distribution is slightly asymmetric, 

with an un-weighted mean of 29.8±1 Gy and a weighted central age of 28.9±0.9 Gy (Fig. 

30b). This underestimate  of the given dose is consistent with the irradiation time of ~330 s, a 

delay of 1 month (2.6*106 s) and a mean fading rate of ~8% (see above). Buylaert et al. 

(submitted) were unable to observe any correlation between dose distribution and fading rate 



 The Late Glacial History of the Magellan Strait in Southern Patagonia, Chile  
 

89 
 

in their K-rich feldspar extracts; this assumption is considered to also apply here, meaning 

that the over-dispersion has not significantly been affected by fading (the effects of this 

assumption are discussed in chapter 5. 3. 5). Moreover applying the central age model (CAM, 

Galbraith et al., 1999) to this dose distribution gives a σOD of 22.2 %. This value is taken as 

the minimum uncertainty and has been added relatively to all small aliquot De estimates. The 

relative errors on the small aliquot distributions varied between ~22 and 29 and hence allow 

the use of histograms.  

 

 

Fig. 30 Laboratory De distributions from small aliquot measurements. See text for detail. a) 

AGU1 bleached for 4 hours in a SOL2 solar simulator. b) AGU1, bleached and given a 50 Gy 

gamma dose. The distribution was measured about 1 month after irradiation. 

 

The weighted CAM, MAM and IEU doses are summarized in Table. 9; together 

with the observed environmental over-dispersions (i.e. the over-dispersions that cannot be 

explained by laboratory observed values). The Dw estimates have all had the apparent 

unbleachable component of ~1.5 Gy (Fig. 30a) subtracted from them and the uncertainties are 

reported as standard errors.  

The natural dose distribution of samples MOD1 (modern analogue sample) is 

shown in Fig. 31a. This dose distribution clearly illustrates contemporary incomplete 

bleaching in a fluvial environment of the Magellan Strait with a CAM dose of 9.9±2.5 Gy and 

a MAM dose of 1.4±0.2 Gy. Fig. 31 (b-d) shows the distributions for the fossil glaciofluvial 

samples. All distributions are markedly asymmetric, as would be expected from the modern 

analogue. The differences between the CAM and MAM doses, for the fossil samples, are also 

shown in Table 9; and as mentioned above, this difference is interpreted as the presumed 

mean residual present in the sample at the time of deposition. These are considerably greater 
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than the ~10 Gy difference found in the modern analogue sample and vary between ~30 to 70 

Gy.  

 To evaluate the reliability of the doses selected by the MAM, the result is 

compared to the result using the IEU approach. The weighted CAM, MAM and IEU doses are 

summarized in Table. 10 while the fading corrected ages are summarized in Table. 11 and 

Fig. 34. The methods are consistent with each other for sample MOD1, TRE1 and LEN1 

while the IEU approach estimates a somewhat higher dose for AGU1.  

   

 

Fig. 31 Natural De distributions from small aliquot measurements. See text for detail. a) 

MOD1 b) AGU1 c) TRE1and d) LEN1. 

 

5. 3. 4 Single grain De distributions 

 

An over-dispersion value of 17.7% was calculated in the CAM from the De distribution in 

Fig. 32b and added as a relative error to all associated De errors. Similar to the small aliquot 

dose distributions this data is presented using histograms (Fig. 32). The relative errors on the 

single grain distributions varied between ~18-30%. The same statistical models were used in 
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our single grain analysis to derive properly bleached dose estimates for the distributions of 

sample LEN1 and TRE1. The weighted CAM, MAM and IEU Dws are summarized in Table. 

10. These doses have had the unbleachable component (CAM – MAM of laboratory bleached 

sample LEN1) of ~3.5 Gy subtracted from the original Dw estimate (Fig. 32a). The observed 

mean residuals (CAM – MAM; between 65-80 Gy) are for both the fossil samples larger than 

the residual doses derived from the small aliquot distributions. The implication of this 

discrepancy for age calculation is discussed in chapter 5. 4. 2. However, once again the MAM 

Dws were consistent with the IEU Dws.  

 

Table. 10 Summary of the estimated average weighted Des. 

 

5. 3. 5 The effect of anomalous fading 

 

To test whether anomalous fading is a contributor to the dispersion in the dose distributions 

12 aliquots were selected from the outer limits of the uniform gamma dosed distribution for 

sample AGU1 (Fig. 30b). Six aliquots passed the rejection criteria (error g2days <30%), and 

the average g2days-value for these aliquots was 11.6±1.6 %/decade.  In this experiment there 

was no correlation between dose and g-value (Fig. 33). To further test this, the bleached and 

Sample ID De estimates

Sol2 bleached samples Method n(tot)[1]
CAM De 

(Gy) [2] 

Laboratory OD  

(%) [3]

MAM De 

(Gy) [4] 

Residual dose 

(Gy) [5]
IEU De (Gy)                        [6]  

AGU1 bl. SA 30(168) 3.1±0.3 49.3±8.2 1.6±0.2 1.5 2.9±0.3

LEN1  bl. SG 29(100) 8.2±0.7 40±6.8 4.7±0.6 3.5 8.2±6.7

AGU1 bl.+50Gy gamma dose -1 

month delay
SA 61(144) 28.9±0.9 22.2±2.2 - - 29.4±0.9

LEN1 bl.+50Gy gamma dose - no 

delay
SG 74(400) 47.8±1.1 17.7±1.7 - - 48.0±1.1

Len1bl.+50Gy gamma dose - 5 day 

delay
SG 72(600) 55.7±1.3 18.5±1.9 - - -

Natural samples  Method n(tot)[1]
CAM De 

(Gy) [2] 

Enviromental 

OD (%) [3]

MAM De 

(Gy)  [4]  

Residual dose  

(Gy) [5]
IEU De (Gy) [4]  (grains/aliquots %) 

MOD1               SA 37(120) 9.9±2.5 129.3±15.5 1.4±0.2 8.5 2.5±0.6 (44)

AGU1 SA 32(144) 79.0±5.7 33.2±6.1 50.4±6.2 28.6 64.2±3.6 (71)

TRE1 SA 45(96) 51.9±6.0 72.5±8.4 19.2±3.4 32.7 24.8±2.0 (36)

TRE1 SG 78(600) 90.7±7.9 70.8±6.2 25.4±2.8 65.5 17.7±3.2 (7)

LEN1 SA 48(96) 104.8±10.8 66.4±7.6 30.9±4.8 73.9 26.2±3.0 (15)

LEN1 SG 54(300) 137.5±11.2 54.9±5.9 58.9±5.9 83.5 67±3.6 (24)

SA: small aliquot (IRSL@50°C);  SG: 

single grains  (IRSL@50°C)

Bleaching was carried out using a 

SOL2 solar simulator for 4 hours with 

a 80 cm lamp-sample distance

[1] = (n) = number of aliquots that passed our rejection criteria (test dose error <10%, relative De error of <20% and for SG recycling ratio limit <10%) and 

within brackets the total number measured. 

[2] = Weighted average De calculated in the Central Age Model (CAM) with an additional OD (SA:22.2%; SG:17.7%) added to each individual De error. 

[3] = Laboratory and enviromental over-dispersion (OD) calculated in the CAM.

[4] = Weighted average De calculated in the Minimum Age Model (MAM) with an additional OD of (SA:22.2%; SG:17.7%)  added to each individual De

 error. 

[5] = CAM - MAM = mean residual dose present in the sample. The residual measured in the laboratory bleached samples has been subtracted from

 the CAM, MAM and IEU doses for the natural samples.  

[6] = Weighted average De calculated with the  Internal External uncertainty (IEU) approach. Also shown within is brackets is the proportion of 

aliquot/grains that weighted dose were based on.
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gamma dosed (50 Gy) sample LEN1 was also measured in the single grain reader with a 5 

day delay (~3 decades of storage) after irradiation. 

 

 

Fig. 32 Laboratory De distributions from single grain measurements. See text for detail. a) 

LEN1 bleached for 4 hours in a SOL2 solar simulator. b) LEN1, bleached and given a 50 Gy 

gamma dose. The distribution was measured prompt after irradiation. c) Natural dose 

distributions from single grain measurements of sample LEN1 b) and TRE1. 

 

Comparing with the prompt measurement (Fig. 32b) it was not possible to observe a 

significant difference in calculated laboratory σOD. Thus it can be conclude that the calculated 

laboratory σOD for sample AGU1 has not been significantly affected by the large fading rates 

observed. 
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Fig. 33 Dose (Gy) plotted against g-values of sample AGU1 (bleached and 50 Gy gamma 

dosed). 

 

5. 4 Discussion 

  

5. 4. 1 Comparison of fading corrected ages  

 

The obtained fading corrected ages are summarized in Table. 11. First of all, the results show 

that for both the small aliquot and single grain distributions the ages obtained using the fading 

corrected MAM and IEU methods are within 1σ of each other for all three fossil samples (Fig. 

34). Furthermore the small aliquot and single grain measurements give indistinguishable 

results for sample TRE1 whereas, surprisingly, the single grain results are systematically 

higher for sample LEN1 (chapter 3. 4. 2). 

Second as expected, the fading corrected single grain and small aliquot CAM 

ages greatly overestimate the expected age range of ~17.5 to 23 ka by ~3 times on average 

(Fig. 34). The consistency with the expected ages of the MAM and IEU results from the small 

aliquot distributions of samples LEN1 and TRE1 suggest that fading was successfully 

corrected for, and that the models successfully identified the fully-bleached grains in theses 

distributions.  

  Sample AGU1 on the other hand appears to be significantly older than the LGM 

(using both MAM and IEU analysis), and gives ages of 48±9 ka and 62.1±9 ka, respectively. 
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Table. 11 Summary of the fading corrected ages. 
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Fig. 34 Fading corrected ages calculated from the weighted average CAM, MAM and IEU De 

and the expected geological age range of 17.5 to 23 ka. SA = Single aliquot and SG = Single 

grain. 

 

Sample Method G2days Fading corrected ages

%/decade CAM MAM IEU

AGU1 SA 7.92±0.6 77.5±12.5 48±9 62.1±9

TRE1 SA 9.27±0.8 64.4±20 21.6±6 28.5±7.5

TRE1 SG 9.27±0.8 119.2±39 29.3±8 19.7±6

LEN1 SA 6.39±1.1 77.1±18 21.7±5 18.2±4

LEN1 SG 6.39±1.1 102.2±23 39.4±9 48.5±10
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There are three reasons why this discrepancy might exist: (1) overcorrection for fading, (2) 

failure of age models or (3) the geomorphological setting of this sample is different to the 

other two.  It is unlikely that erroneous fading correction (1) contributes to this age 

overestimation because we would have to change the g2days-value used in the fading correction 

to <3 %/decade before we observe an age estimate close to our expected range. The average 

weighted CAM and IEU Dws before fading correction is simply too high. Nor is it very likely 

that (2) the models have failed to pick out the well-bleached grains; the number of 

aliquots/grains contributing to the calculated ages using both the MAM and IEU are higher or 

similar to those in the other two samples. In other respects the luminescence characteristics of 

AGU1 are well-behaved, it has the lowest observed environmental σOD and the smallest 

interpreted mean residual (i.e. CAM-MAM). 

The observed age of sample AGU1 might however be explained by (3) this 

sample site having a different geomorphological setting to the other two sites. It is possible 

that differences in catchment geometry and characteristics between the sample sites resulted 

in different bleaching processes operating in the Rio Agua fresca valley from which AGU1 

was sampled. At their heads, the Agua Fresca valleys are connected to several other, higher 

altitude valleys. An alternative hypothesis explaining the minimum age of 48.4±9 ka and IEU 

age of 62.1±9 ka  might be that the complex ice dynamics during the last glacial resulted in 

that glaciers of the highlands got separated from the Magellan ice lobe. This would have 

resulted in longer sediment transport distances. The glaciofluvial complex from which sample 

AGU1 was sampled might thus have been deposited at an earlier stage (pre-LGM) ice distal 

from glaciers residing in these highlands. Hence, this could explain why the observed ages are 

higher while the unbleached residual is smaller. 

 

5. 4. 2 Small aliquot vs. single grain  

 

The observed discrepancy between the small aliquot and single grain distributions is 

extraordinary. Usually one would expect the discrepancy to be conversely; because of 

averaging of the luminescence signal, small or large aliquots would have larger estimated 

doses than single grains. Here the inverse relationship is observed. Comparing the small 

aliquot average Des of these two samples to the synthetic aliquot (summing the light in the 

single grain discs) (Thomsen et al., 2003; Duller, 2008b) average Des give 131±11 Gy and 

209±25 Gy (n=3) respectively for sample LEN1 and 74±11 Gy and 128±2 Gy (n=6) 
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respectively for sample TRE1. Although the difference is larger for sample LEN1, in both 

cases the summed single grain discs give larger doses than the small aliquots. Comparing the 

MAM and IEU ages; the single grain result of sample TRE1 is however consistent with the 

small aliquot ages while LEN1 deviates by ~20 ka for both the MAM and IEU approach.  One 

reason for the deviation between our small aliquot and single grain measurements might be 

that the IR laser of the single grain reader heats the grain during measurement, above the 50
o
C 

set by the heater. This would cause a preferentially more stable IR signal to be sampled with 

increasing temperature (Thomsen et al., 2008). In addition, these elevated temperature IR 

signals are more difficult to bleach, giving larger De values than obtained using lower power 

diodes. Due to lack of laboratory time this hypothesis could not be experimentally tested. 

 

5. 4 .3 Implications for the glacial chronology  

 

Two of the obtained age estimates are consistent with the general expected age range, and the 

third is probably explained by ice dynamics. Although the uncertainties are large this implies 

that at an early stage of the deglaciation (~21 ka) the ice margin of the Magellan ice lobe was 

situated between 70 and 100 m.a.s.l on the slopes of the Brunswick peninsula. During a still-

stand it deposited the glaciofluvial terrace complexes and deltas in the Rio Trez Brasoz and 

 e adura valleys. Based on this interpretation of dates and previous geomorphological and 

sedimentological studies (Part IV) it is likely that the Magellan ice lobe did not re-advance 

above these deposits after ~21 ka. This is consistent with the conclusions of previous studies 

(e.g. McCulloch et al., 2005; Kaplan et al., 2007).   

  

   

5. 5 Summary and conclusions 

 

 Preliminary tests of the pIRIR290 signals of samples from ice marginal and proglacial 

glaciofluvial landforms in the Strait of Magellan region of southern Patagonia showed 

clear evidence of incomplete bleaching. Therefore, the easier-to-bleach IRSL signal 

measured at 50°C (IR50) was used in this study. 

 Large fading rates of the IR50 signal was observed, on average g2daysvalues of 7.92±0.6 

%/decade for large aliquots and 11.6±1.6 %/decade for small aliquots were measured.  
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 Appropriate laboratory over-dispersion (σOD) values was assigned to the associated De 

uncertainties by conducting a laboratory bleached and gamma dosed dose recovery 

test for sample AGU1 (22.2%) and LEN1(17.7%). 

 The small aliquot and single grain De distributions were all markedly asymmetric and 

show clear evidence of incomplete bleaching. Enviromental overdispersion values 

varied between 30-130% 

 Applying the Minimum Age Model (MAM) and the Internal External Uncertainty 

(IEU) approach on our distributions and correcting our obtained Dw estimates for 

fading result in 2 out of 3 ages consistent with the expected age range  of ~23 – 17.5 

ka. The outlying age is supported by an alternative geological interpretation. This 

suggests that the models successfully identified the fully-bleached grains in the 

distributions and that fading was corrected for successfully.  

 This implies that KF-IRSL dating can successfully be applied on glaciofluvial 

sediment in this part of Patagonia. 

 In the Strait of the Magellan the hills of the Brunswick peninsula (70 - 100 m.a.s.l) 

were deglaciated at around ~21 ka.  
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Part VI Recommendations for future research 
 

Luminescence dating has made significant technical and methodological progress during the 

past 10 years and the technique holds the potential of providing the quaternary researcher with 

highly accurate ages of sedimentation (Fuchs and Owen, 2008). As I began my work on this 

project I was surprised by the rapid increase in luminescence related research that recently 

had occurred in terms of both the number of applications and methodological advances. Of 

great benefit, this has lead to quartz OSL dating currently being a routine dating technique 

applied in cooperation by both the specialist and user community, being applied in a range of 

geomorphic environments. Although recent advances in the development of instrumentation 

(single aliquot and single grain measurements) and statistical models (e.g. MAM and IEU) 

has made it possible to assess the nature of De distributions in deposits believed to be 

incompletely bleached, OSL dating of glacial sediment is unfortunately far from being 

routine. As discussed in chapter 3. 7 the glacial environment is one of the greatest challenges 

for the luminescence community (e.g. Duller, 2008b). I here consider some recommendation 

for future research related to incomplete bleaching, 

As being stressed many times in this thesis, incomplete bleaching is believed to 

be the consequence of short sediment transport distances in front of a glacier margin resulting 

in insufficient exposure of the sediment to sunlight. Consequently previous works has 

suggested careful sampling strategies in order to select appropriate lithofacies, preferentially 

sampling of water lain sediment with longer transport distances (e.g. Fuchs and Owen, 2008; 

Alexanderson and Murray, 2009). In accordance with these authors I also strongly 

recommend detailed geomorphological mappings and sedimentological descriptions to form a 

context of the sampled sediment. Although I am also of the opinion: that in order to better 

understand the nature of the bleaching process and its linkage to sediment transport in front of 

a glacier margin, fundamental research are needed. I believe that the best way to approach this 

is to undertake a systematic approach comparing luminescence characteristics and the nature 

of De distributions between: (1) different methods: for examples quartz OSL, IR50, and 

pIRIR290 (2) different glacial facies and finally between (3) “modern” and “fossil” landforms. 

Furthermore an (4) integrated dating approach is always recommended where obtained OSL 

ages are compared to stratigraphic age control, for example AMS 
14

C dating of incorporated 

organics in sediment and/or compared to ages obtained from other parts of the landform, for 

example TCN dating of glacial erratics. Before continuing, modern sediment or modern 
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analogue sediment is here defined as recently deposited sediment (i.e. 0 – 1 ka) while any 

sediment older than this is regarded to be fossil.  

(1) It is highly recommended that preliminary investigations always explore the 

characteristics of all commonly used OSL signals before any dating schemes are employed. 

Some  relationships between these has recently been recognised by e.g. Murray et al. 

(submitted) who tried to identify well-bleached quartz using the differences in quartz and 

feldspar luminescence bleaching. The selection of a suitable OSL signal to use for dating of 

glacial sediment is often a big dilemma and needs careful assessment. In terms of anomalous 

fading, the quartz OSL and KF - pIRIR290 signal is always preferred. The quartz signal is 

however often weak and seldom show a fast component in former glaciated areas (Fuchs and 

Owen, 2008), while the pIRIR290 signal is also known to bleach more slowly than the IR50 

(e.g. Thomsen et al., 2008). As being the case in this study, the researcher is left, working 

with the conventional IR50 signal where sometimes large corrections for fading has to be 

done, decreasing the precision of the age (see Part V). For examples in Patagonia most work 

has so far focused on single grain quartz OSL (e.g. Glasser et al., 2006 and Harrison et al., in 

press.) and its here recommended to have a multi-method approach in this part of the world.  

 (2) Furthermore it is also recommended to sample multiple facies in an 

investigated stratigraphy and when approaching a new study area also sample different types 

of environments (Alexanderson and Murray, 2009). Several samples should be obtained both 

horizontally and vertically and the stratigraphic context between them should be established. 

This may allow recognition of the spatial and temporal aspects of bleaching and could 

furthermore lead to the usage of bleaching characteristics as “process indicators”. For 

example, of my current knowledge there are none or few studies that have attempted to 

evaluate sedimentological interpretation using for example the degree of bleaching? Playing 

with the idea this could for instance lead to the development of a bleaching based evaluation 

protocol of tills. Hence it should be possible to determine quantitatively the bleaching 

characteristics of for example lodgement till, subglacial melt out till or ablation till and use 

this information to evaluate sedimentological interpretation and thus distinguishing between 

them (pers. com Andrew S. Murray, 2011). Few others than the glacial environment has been 

investigated in Patagonia and it is here recommended to try to apply the technique on other 

types of sediment as well, e.g. eolian or fluvial.  
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(3) In addition to comparing different OSL signals and glacial facies, research 

that compares bleaching characteristics between modern and fossil sediment from the same 

geographical area is recommended. In a similar way as a sedimentologist uses their 

understanding of modern landforms and processes as a tool to infer process and formation 

history of fossil sediment this approach could also be held by the luminescence researcher. 

For example a sampling strategy that could be considered is the one described recently by 

Alexanderson and Murray (submitted). They sampled glaciofluvial and glaciolacustrine 

landforms (deltas, sandurs) at different distances from a contemporary glacier margin in order 

to determine the existence of any residual dose in these samples. This approach highlights the 

importance of transport distance in the bleaching process of a “modern” depositional 

environment. Not to be neglected here is the importance of sampling modern sediment that is 

an as good analogue as possible of the investigated fossil facies. Comparing bleaching 

characteristics of a modern fluvial sample with a fossil glaciofluvial sample as done in this 

study might not always be the most appropriate way. However selecting good modern 

analogues are complicated when reconstructing ice sheets or ice lobes since these might not 

always be present within the geographical area of interest and therefore involves inherent 

assumptions.  

(4) My last recommendation is to design projects with an integrated dating 

approach using several methods to determine the minimum and maximum ages of glaciation. 

In this study evaluation of the obtained result was made complicated because of the lack of 

independent dating control in the investigated sections. When evaluating the accuracy of OSL 

dating independent ages from the same section are essential.  

In summary, I am of the opinion that OSL dating of the glacial environment 

show great promises. The development of methodologies to apply OSL dating on glacial 

sediment rely on advances made in both instrumentation and statistical models and on 

understanding of the temporal and spatial variation of the bleaching process in the glacial 

environment.   
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