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ABSTRACT 
 

Many passive margins experience pulsed exhumation events late in their history as a 

result of plate boundary distal geodynamic mechanisms or climatic events. The onset of 

late Cenozoic glaciation, often associated with enhanced rates of erosion, is one such 

possible cause of passive margin rejuvenation. However, along passive margins the 

effectiveness of Plio-Pleistocene glaciers at eroding the landscape may be limited by low 

tectonic rock uplift rates or as a result of erosionally inefficient cold based continental 

ice-sheets. In this dissertation the evolution of post-orogenic topography and the effect of 

glaciations on denuding landscapes along the North Atlantic Passive Margin, in the 

White Mountains of New Hampshire and the western Scottish Highlands, was 

investigated. Background exhumation rates averaged over 106-7 yr timescale were 

determined using apatite (U-Th)/He thermochronology. To resolve whether or not a 

change in exhumation rate occurred coincident with glaciation these background 

exhumation rates were compared to magnitudes of erosion averaged over the glacially 

relevant 103-4 yr timescale using the in situ terrestrial cosmogenic nuclide 10Be. In chapter 

two, 106-7 yr timescale exhumation and burial histories across the western Scottish 

Highlands were determined. The results show that post-orogenic burial and exhumation is 

mostly a result of plate margin distal tectonic and magmatic factors that are variable 

across short distances (i.e., <100 km). In chapter three, patterns and magnitudes of 

erosion during glaciation and following deglaciation in the Scottish Highlands were 

investigated. The results indicate that polythermal glacial erosion denuded low elevation 

portions of the Scottish Highlands and preserved summits. This produced relief but did 

not significantly lower the maximum elevation of the landscape. Following deglaciation 

Scotland’s sediment budget remains dominated by glaciogenic sediment. In the fourth 

chapter, magnitudes of background exhumation in the Presidential and Carter Ranges of 

the White Mountains, New Hampshire were compared to magnitudes of glacial erosion. 

The results indicate that most relief was produced prior to glaciation and that background 

exhumation rates in the Cenozoic are low (<0.01 mm yr-1). In the late-Cenozoic, cold-

based glaciation prevented an acceleration of erosion in the White Mountains.  The post-

glacial sediment budget is made up of dominantly glaciogenic sediment. Overall, the 

main findings of this dissertation are; (1) post-orogenic burial, exhumation, and relief 

production are mainly the result of spatially heterogeneous plate margin distal vertical 

crustal motions; (2) cold-based ice limits the magnitudes of late Cenozoic glacial erosion 

across passive margins covered by large continental ice sheets; and (3) post-glacial 

sediment budgets continue to be dominated by glaciogenic sediment, >10 ka after 

deglaciation. 
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GENERAL AUDIENCE ABSTRACT 
 

 

Far away from the edges of modern tectonic plates, old mountain ranges (~300 million years old) 

may experience changes in rates of erosion long after the forces that built those mountains have 

gone away. Tectonic forces that occur far away from the edges of tectonic plates could cause 

these changes in erosion rate or they could be a result of changes in climate that create conditions 

in which erosion rates could increase. One change in climate that could have caused faster rates 

of erosion in old mountain ranges is climatic cooling causing the repeated advance and retreat of 

glaciers in mid to high latitudes over the past ~2.6 million years. Glaciers are usually seen as 

having the ability to erode faster than non-glacial processes (e.g., rivers). However, not all 

glaciers have the ability to erode really fast. In old mountain ranges glacial erosion might be 

limited because the mountains are not being uplifted very fast supplying new land to be 

subjected to erosion. Also, big ice sheets that covered many old mountain ranges can be very 

cold, freezing ice to the ground and therefore acting to protect the underlying landscape rather 

than eroding it. In this dissertation the question of whether glaciation caused an acceleration in 

erosion rates in old mountain ranges far away from the edges of tectonic plates is investigated, 

specifically in White Mountains of New Hampshire and the western Scottish Highlands. To this 

end, erosion rates in these mountain ranges were determined prior to glaciation and then 

compared to erosion rates during glaciation and following deglaciation. The results of the 

research presented in this dissertation indicate that; (1) pre-glacial erosion resulting from tectonic 

forces far from the edges of tectonic plates was more important at producing relief and eroding 

the landscape than glaciers; (2) ice covering old mountain ranges was at least partially cold-

based, inhibiting erosion; and (3) following deglaciation sediments in streams are mostly sourced 

from remobilized glacially produced sediments rather than direct bedrock erosion.  
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Chapter 1: Introduction 

1.1. INTRODUCTION 

In the absence of any climatic or geodynamic disturbance, passive margin topography 

may be expected to slowly decay at ever decreasing rates compensated only by isostatic response 

to erosional unloading (e.g., Spotila, 2005; Baldwin et al., 2003; Fischer, 2002). However, this is 

not the case for many passive margin mountain ranges, which have experienced pulsed 

exhumation events late in their history (e.g., Amidon et al., 2016; Roden-Tice et al., 2012; 

Turner et al., 2008; Persano et al., 2007; Japsen et al., 2006; Roden-Tice and Tice, 2005; Gunnell 

et al., 2003; West and Roden-Tice, 2003; Persano et al., 2002). Mechanisms for unsteadiness in 

passive margin denudation and topographic evolution may result from isolated tectonic and 

magmatic events distal from the plate boundaries (e.g., Persano et al., 2007; Roden-Tice and 

Tice, 2005), as an erosional response to uplifted rift shoulders (e.g., Gunnell et al., 2003; Persano 

et al., 2002), or due to climatic events causing renewed incision into topography resulting in 

relief production (e.g., Herman et al., 2013; Molnar, 2004; Peizhen et al., 2001) 

The onset of late Cenozoic glaciation is one such climatic event often associated with 

increases in alpine denudation (e.g., Herman et al., 2013; McAleer et al., 2009; Berger et al., 

2008; Densmore et al., 2007; Hebbeln et al., 2007; Ehlers et al., 2006; Shuster et al., 2005; 

Farley et al., 2001). However, not all mountain ranges glaciated in the late Cenozoic experienced 

such accelerated exhumation. Maximum exhumation rates can be limited by tectonic rock uplift 

rates, despite glaciation (e.g., Herman et al., 2010; Koppes and Montgomery, 2009). Large cold-

based ice sheets can protect the underlying landscape from erosion (e.g., Thomson et al., 2010; 

Colgan et al., 2002; Fabel et al., 2002). Or, polythermal ice can act to confine erosion to warm-

based ice streams in valleys and near ice margins (e.g., Corbett et al., 2016; Margreth et al., 

2016; Bierman et al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et al., 2006; Gosse et 

al., 2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; Marsella et al., 2000; 

Sugden, 1978). Passive margins generally have low long-term tectonic rock uplift rates (i.e. < 

0.05 mm/yr; e.g., Holford et al., 2010; Roden-Tice and Tice, 2005; Thomson et al., 1999)) and 

many, specifically those located at mid to high latitudes, were repeatedly covered by large, 

potentially cold-based or polythermal, continental-scale ice sheets in the late Cenozoic (e.g., 
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Bierman et al., 2015; Lowe and Walker, 2015; Fabel et al., 2002). This begs the question; what 

was the net effect of Plio-Pleistocene glaciations on denudation and relief production across 

passive margin orogenic belts? 

 In this dissertation I investigate the degree to which changes in exhumation rates and 

topography resulted from Plio-Pleistocene glaciations in the northern Appalachians and Scottish 

Caledonides; two ancient orogenic belts located on either side of the North Atlantic Passive 

Margin (Fig. 1.1). Specific study sites include the Presidential and Carter Ranges of New 

Hampshire, USA, and the western Scottish Highlands (Fig. 1.1). Both have moderate 

topographic relief (~1 km), a complex history of denudation following Paleozoic orogenesis and 

Late Cretaceous rifting (e.g., Amidon et al., 2016; Holford et al., 2010; Anell et al., 2009; 

Roden-Tice et al., 2009; Persano et al., 2007; Evans et al., 2005; Roden-Tice and Tice, 2005; 

Stoker et al., 2005a; Stoker et al., 2005b; Stoker et al., 2005c; Doré et al., 2002; Green et al., 

2002; Thomson et al., 1999; Green, 1989), and were heavily glaciated throughout the Plio-

Pleistocene (e.g., Bierman et al., 2015; Helmens, 2014; Ballantyne and Stone, 2012; Ballantyne, 

2010; Golledge, 2010; Bradwell et al., 2008; Braun, 1989; Shackleton and Hall, 1984; Agassiz, 

1870). 

To understand the effect of glaciation on passive margin landscape evolution I compared 

magnitudes of background exhumation, averaged over 106-7 yr timescale, to those averaged over 

the glacially relevant 103-4 yr timescale. Background exhumation rates are determined using 

apatite (U-Th)/He low-temperature thermochronology (Ehlers and Farley, 2003; Farley and 

Stockli, 2002; Farley, 2000; Wolf et al., 1998; Dodson, 1973). This method exploits the 

temperature dependent diffusion of 4He, formed at a constant rate by radiogenic decay, out of the 

mineral apatite to determine how long it takes for a rock to cool from ~55-75°C (or ~2-3 km 

depth) to the surface. Magnitudes of glacial erosion are determined using the in situ terrestrial 

cosmogenic nuclide 10Be, measured in bedrock and sediment (e.g., Nishiizumi et al., 2007; 

Bierman et al., 2002; Gosse and Phillips, 2001; Lal, 1991). This method is utilizes the build-up 

of 10Be in the upper few meters of rock or sediment, produced during bombardment by cosmic 

rays at an approximately constant rate, to determine the duration of near-surface exposure. We 

also use in situ 10Be to understand provenance in post-glacial sediment budgets by comparing 

10Be concentrations from fluvial sand to possible upstream sediment sources (e.g., Nelson et al., 
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2014; Reusser and Bierman, 2010; Nichols et al., 2005a; Nichols et al., 2005b; Clapp et al., 

2002; Nichols et al., 2002; Bierman et al., 2001; Clapp et al., 2001; Clapp et al., 2000).  

The main findings of the research presented in the following chapters includes; (1) post-

orogenic burial and exhumation, resulting from plate margin distal vertical crustal motions, may 

be spatially heterogeneous, even at the sub-100 km length-scale; (2) cold-based and polythermal 

ice sheets limited Late-Cenozoic glaciation’s ability to expedite passive margin exhumation; and 

(3) post-glacial sediment budgets continue to be dominated by glaciogenic sediment, >10 ka after 

deglaciation. 

In Chapter 2,“Spatially heterogeneous post-Caledonian burial and exhumation across 

the Scottish Highlands”, which was submitted to Lithosphere in May 2017, I address spatial 

variations in the post-orogenic burial and exhumation history of the Scottish passive margin. I 

independently determine the cooling history of seven field sites across the western Scottish 

Highlands using apatite (U-Th)/He thermochronology to determine if they shared common or 

distinct time temperature histories. The findings indicate that post-orogenic burial and 

exhumation was variable across the Highlands. This outcome suggests that different burial, 

magmatic, and tectonic histories occurring across short distances (i.e., <100 km) along passive 

margins can be determined using low temperature thermochronology. 

In Chapter 3, Tracking paraglacial sediment with cosmogenic 10Be using an example 

from the northwest Scottish Highlands”, which was submitted to Quaternary Science Reviews in 

June 2017, I investigate patterns and rates of sediment production during glaciation and 

subsequent storage and transit of glaciogenic sediment following deglaciation. I use in situ 10Be 

to track patterns of glacial erosion and post-glacial sediment fluxes through catchments in the 

Scottish Highlands. The main findings are: (1) polythermal glacial erosion affected the Scottish 

Highlands; and (2) fluvial sand in the Scottish Highlands is sourced from vertical mixing of 

remobilized glaciogenic sediment. 

In Chapter 4, “Consistent slow exhumation in a late Cenozoic glaciated landscape, the 

Presidential and Carter Ranges of the White Mountains in New Hampshire, USA”, I compare 

magnitudes of denudation averaged over the 106-7 yr timescale using apatite (U-Th)/He 

thermochronometry to those averaged over the 103-4 yr timescale using the in situ terrestrial 

cosmogenic nuclide 10Be to determine the effect of late Cenozoic glaciation on denuding the 

Presidential and Carter Ranges of the White Mountains, New Hampshire, USA. The findings 
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include; (1) background exhumation rates were < 0.01 mm yr-1 throughout the Cenozoic; (2) 

cold-based glacial erosion limited erosion in the White Mountains, New Hampshire; (3) fluvial 

sand in the Presidential and Carter Ranges is dominantly sourced from remobilized glacial 

sediment. 

 Throughout the process of working on this dissertation, changes in the fields of apatite 

thermochronology and cosmogenic nuclides, as well as changes in my understanding of these 

methods, have given me a new perspective on how I would have approached this project if I 

were to do it over again. My understanding of the effects of radiation damage on influencing 

apatite’s closure temperature and the necessity of using a thermal modeling program to interpret 

thermochronology ages became clear only after all samples had been collected. Had I understood 

this prior to carrying out fieldwork, it would have influenced my sampling strategy and the 

specific types of questions I would have asked. I would have focused more on questioning the 

overall post-orogenic burial and exhumation histories across the study regions from the 

beginning of the project rather than focusing on using the technique to determine background 

exhumation rates. I also attempted to use apatite 4He/3He thermochronometry to better constrain 

the most recent cooling history of both Scotland and New Hampshire, but unsuccessfully. I do 

not know the exact reason why this technique failed in these field areas, but a likely reason is a 

spatially non-uniform distribution of parent U and Th throughout the analyzed crystals, which 

affected the final form of their 4He diffusion distribution (Shuster and Farley, 2005, 2004). Had I 

been able to spend more time during at the Berkeley Geochronology Center it may have been 

possible to map out the spatial distribution of parent nuclides and successfully determine detailed 

cooling histories for the study areas using the apatite 4He/3He technique. 

 I could also have improved this project had I been more aware at the problems that exist 

with using the 10Be catchment-wide method in post-glacial settings when I first began my work. I 

began the project assuming that I would be able to use the catchment-wide method to calculate 

catchment-averaged glacial erosion rates that could be directly compared with background 

exhumation rates. However once I understood that glacial shielding and sediment remobilization 

were the dominant factors in affecting catchment-wide 10Be concentrations in post-glacial 

regions, rather than average erosion rate, it became clear that a new approach would be needed. 

Unfortunately by the time I came to this realization I had already collected and analyzed the 

majority of cosmogenic sediment samples. Fortunately, I was able to collect some upstream 
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sediment source samples in a following field season to put a first order constraint on determining 

the provenance of post-glacial catchment-wide sediment. However, I could have approached the 

question of average glacial erosion rates better if I had been more aware of the complicating 

factors prior to initial sampling. One of the most promising ideas coming out of this project is the 

notion of using the inherited 10Be concentration from deep shielded till to put a first order 

constraint on the depth of glacial erosion averaged across the till’s source areas. Very low 

inherited concentrations in till may indicate efficient stripping of bedrock by glaciers whereas 

significant inheritance suggests a lower depth of glacial erosion. In the future, I would like to 

further test and develop this technique so it could be used to investigate patterns of spatially 

averaged glacial erosion and to help constrain the basal thermal characteristics of ice sheets that 

existed across previously glaciated areas.  

 

1.2. FIGURES 

 

 

Figure 1.1. Topographic map (from GeoMapApp) of the North Atlantic showing the location of 

the Mid Atlantic Ridge, the Northeast and Northwest Atlantic Passive Margins, and the study 

sites investigated in this dissertation: the Presidential and Carter Ranges of New Hampshire, 

USA and the Northwest Scottish Highlands. 
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2.1. ABSTRACT 

 The investigation of exhumation and burial histories of old orogens along rifted passive 

margins has resulted in a number of different explanations for post-orogenic and post-rift 

lithospheric evolution. The Atlantic passive margin, in which the Scottish Highlands are located, 

has been characterized as resulting from multiple stages of regional post-orogenic burial and 

exhumation based on low temperature thermochronology studies. However, geological and 

geomorphic field relationships suggest that the post-orogenic history of the Scottish Highlands 

may be more spatially heterogeneous. Through independent investigation of cooling history from 

seven different field sites across the western Scottish Highlands using new radiogenic apatite 

helium thermochronometry ((U-Th)/He; n= 14; ~31-363 Ma), we suggest that post-Caledonian 

heating and burial, as well as cooling and exhumation, must have been variable across the 

highlands. Including spatial heterogeneity in interpretations of passive margin exhumation 

allows for differences in local records, precludes the need for all locations to fit into a single 

model of post-orogenic heating and cooling, and suggests that different burial, magmatic, and 

tectonic histories can occur across very short distances even on passive margins. 
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2.2. INTRODUCTION 

 The application of low-temperature thermochronology, especially apatite-fission track 

(AFT) and apatite helium ((U-Th)/He or AHe) dating, to old orogens along rifted passive 

margins has been invaluable in increasing our understanding of their near surface thermal history 

and topographic evolution. Resulting thermal histories of such passive margins have been 

attributed to escarpment retreat and/or exhumation of uplifted rift shoulders (e.g. Persano et al., 

2005; Braun and Van Der Beek, 2004; Spotila et al., 2004; Gunnell et al., 2003; Persano et al., 

2002; Gallagher et al., 1995, 1994; Moore et al., 1986), intraplate fault reactivation (e.g. Amidon 

et al., 2016; Cogné et al., 2011; West et al., 2008; Roden‐ Tice and Tice, 2005; Pe-Piper and 

Piper, 2004; West and Roden-Tice, 2003; Roden-Tice and Wintsch, 2002), and multiple stages 

of post-orogenic burial and exhumation (e.g. Holford et al., 2010; Holford et al., 2009; Japsen et 

al., 2009; Japsen et al., 2006). Inconsistent conclusions regarding exhumation and burial history 

can emerge, however, when low-temperature thermochronometry is compared with other data, 

such as offshore sedimentation or terrigenous geologic and geomorphologic history. Such a 

discrepancy exists for the Scottish North-Atlantic passive margin, where thermochronometry 

(e.g., Holford et al., 2010; Holford et al., 2009; Jolivet, 2007; Persano et al., 2007; Thomson et 

al., 1999), the offshore depositional record (e.g.,  Anell et al., 2009; Holford et al., 2009; Evans 

et al., 2005; Stoker et al., 2005a; Stoker et al., 2005b; Stoker et al., 2005c; Doré et al., 2002; 

Stoker, 2002; Knott et al., 1993), and geologic and geomorphic field relationships (e.g., Hall and 

Bishop, 2002; Hall, 1991; Watson, 1985) result in different models of post-orogenic evolution.  

 Detailed AFT studies of the Scottish margin have characterized it as resulting from 

multiple stages of post-orogenic burial and exhumation that affected the entirety of the Scottish 

Highlands (e.g. Holford et al., 2010; Holford et al., 2009). Alternatively, terrigenous geologic 

and geomorphic field relationships suggest that the post-orogenic history of the Highlands is 

more spatially heterogeneous and that thermochronometry overestimates total burial and 

exhumation depths across the highlands (e.g., Hall and Bishop, 2002; Hall, 1991; Watson, 1985). 

In this study we test the hypothesis of spatial heterogeneity during post-Caledonian exhumation 

of the Scottish Highlands by analyzing the thermal history of seven different field sites using 

AHe thermochronometry across a ~100 km transect of the central Highlands of Northwest 

Scotland (Fig. 2.1). The transect runs from the coast into the interior of the Scottish Highlands 

and crosses several important features that could locally be responsible for enhancing or 
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minimizing exhumation such as major Paleozoic faults and increasing distance from the 

Paleogene igneous Complex (Fig. 2.1). By independently investigating the thermal history of 

these seven sites, rather then seeking to tie them to the same history, we test whether they share a 

common post-Caledonian heating/burial and cooling/exhumation history, or if instead different 

histories are required to explain their evolution. 

 

2.3. BACKGROUND  

2.3.1. Geologic setting 

 The Scottish Highlands maintain rugged topography, with relief of up to ~1 km, despite 

being located on a passive margin (Fig. 2.1). The last mountain building event to affect Scotland 

was the Caledonian Orogeny, referring to all mountain building events spanning the Cambrian to 

the Devonian that led to the closure of the Iapetus Ocean between Laurentia, Baltica, and 

Avalonia (McKerrow et al., 2000). Subsequent Devonian extension created late Paleozoic and 

early Mesozoic sedimentary basins (e.g., Holford et al., 2010; Nielsen et al., 2009; Doré et al., 

2002; Hall, 1991). Throughout the Mesozoic, the Scottish Highlands are thought to have 

undergone a period of relief reduction until, by the Late Cretaceous, they had become a region of 

low relief undergoing significant marine transgression (Hall, 1991). Atlantic rifting along the 

northwest margin of Scotland was long-lived and volcanic in nature, peaking in the early Eocene 

(Doré et al., 1999). During continental break-up, western Scotland passed over the Proto-

Icelandic Plume to produce the British Paleogene Igneous Complex (62-55 Ma; Anell et al., 

2009; Fig. 2.2). Seafloor spreading continues today along the Mid-Atlantic Ridge, ~1000 km 

west of Scotland (Fig. 2.1).   

 Scotland and much of the southern part of the British Isles have also experienced 

numerous continental scale glaciations from ~2.4 Ma (Lowe and Walker, 2015; Ballantyne, 

2010; Shackleton and Hall, 1984) until the retreat of the last glacial event in Scotland, the Loch 

Lomond Readvance, at ~11.7 ka (Fig. 2.2; Ballantyne and Stone, 2012; Golledge, 2010). The 

influence of glaciation on modern topography in the Scottish Highlands is evident from the 

presence of ‘U’ shaped valleys, cirque headed tributaries, and hanging valleys (e.g., Whitbread et 

al., 2015; Jansen et al., 2011), however the magnitude of Cenozoic exhumation that can be 

attributed to glacial processes in Scotland remains uncertain.  
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2.3.2. Post-Caledonian exhumation and burial  

2.3.2.1. Low-temperature thermochronometry 

 Conflicting interpretations of AFT and AHe thermochronometry include cooling of the 

Scottish Highlands following Caledonian exhumation without significant burial (e.g., Persano et 

al., 2007), a single burial episode in the late Paleozoic to early Mesozoic followed by 

uninterrupted cooling (e.g., Thomson et al., 1999), or multiple cycles of significant post-

Caledonian burial and exhumation from the late Paleozoic through the Cenozoic (e.g., Holford et 

al., 2010). 

 Persano et al. (2007) used AHe and AFT profiles on basement rock from Clisham and 

Sgorr Dhonuill in western Scotland and the Hebrides to understand its exhumation history (Fig. 

2.2). Using thermal models in conjunction with offshore depositional data (of Clift et al., 1998) 

they interpreted a continuous cooling history for the Highlands starting at ~400 Ma, with the 

possibility for a pulse of faster exhumation occurring in the early Cenozoic between ~61 and 53 

Ma. They attributed this pulse to magmatic underplating associated with emplacement of the 

British Paleogene Igneous Complex (Fig. 2.2). Their cooling history did not require significant 

burial/heating events since the end of the Caledonian Orogeny.  

 Jolivet (2007) took three AFT profiles across the Great Glen Fault corridor, at Loch Ness 

and Loch Linnhe (Figs. 2.2, S2.1), to investigate whether post-Devonian Scotland behaved as a 

single block being exhumed together or if the major Scottish terranes, separated by major faults, 

had different exhumation histories. He attributed differences in the Paleozoic cooling histories of 

rocks to vertical movements of the Great Glen Fault during a stage of late Carboniferous-early 

Permian reactivation. Although no evidence for reheating or burial events were found, some 

samples indicated a pulse of accelerated cooling between 40 and 20 Ma, requiring 1.6 km of 

exhumation after 40 Ma. Jolivet (2007) attributed this exhumation pulse to far-field tectonic 

forces. 

 Thomson et al. (1999) found that AFT samples from the Northern Scottish Highlands 

(Fig. S2.1) record a history of kilometer-scale burial and heating to above closure temperatures 

in the Paleozoic. They interpret that cooling below 110°C followed this heating event between 

350 and 220 Ma, and a monotonic (yet slightly accelerated) cooling history proceeded without 
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further burial in the Cenozoic. Their AFT samples from the Skye Igneous Complex and the 

margins of the Minches Basin (Fig. 2.2) cooled from maximum paleotemperatures by ~60 Ma, 

and this faster echumation is attributed to Paleogene igneous activity. The total Mesozoic to 

Cenozoic exhumation depths across Scotland based on their data were estimated to be ~3 km, 

about 1 km of which occurred during the Cenozoic.  

 Alternatively, Holford et al. (2010) suggest that cooling histories of the Scottish 

Highlands that do not incorporate several significant burial events since the end Caledonian (e.g., 

Persano et al., 2007; Watson, 1985) are inconsistent with the mid/late Paleozoic and Mesozoic 

sedimentary record (i.e., Jurassic sedimentary rocks along Scotland’s coast; Fig. 2.3). To 

reconstruct Scotland’s cooling history they analyzed 78 AFT samples of basement and Mesozoic 

cover rocks from offshore Scotland (the West Orkney Basin and Hebrides Sea), onshore 

coastal/island locations (the Isle of Skye, the Isle of Mull, and Movern), and a single sample 

taken in central Scotland near the trace of the Great Glen Fault near Loch Ness (Figs. 2.2, S2.1). 

Results of their AFT modeling of track lengths through thermal histories indicate that basement 

and cover rocks underwent similar thermal histories of cyclic post-Caledonian heating (burial) 

and cooling (exhumation). Holford et al. (2010) specifically identified three general stages of 

regional post burial uplift, cooling, and exhumation in Scotland; (1) during the Mid Triassic 

(245–225 Myr); (2) Early Cretaceous (140–120 Myr); (3) and three episodes in the Cenozoic 

(early- [65–60 Ma], mid- (45–20 Ma), and late Cenozoic (15–10 Ma), for an estimated a total of 

~1–3 km of total Cenozoic exhumation).  

 The post-orogenic exhumation and burial history of the Isle of Morvern (Fig. 2.2) was 

especially well constrained by Holford et al. (2010) due to the preservation of Mesoproterzoic, 

Late Carboniferous, Triassic, Early Jurassic, and Late Cretaceous sedimentary rocks on the 

island. The complete Morvern cooling history (see Figure 9c in Holford et al., 2010) proceeded 

in nine steps; (1) post Caledonian exhumation, bringing basement rock to 35°C at 350 Ma; (2) 

late Carboniferous to Permian burial and heating to >110°C between 245 and 225 Ma; (3) Early 

to Mid Triassic exhumation and cooling to 15°C by 200 Ma; (4) Triassic to Jurassic heating and 

burial to 75°C between 140 and 130 Ma; (5) Early Cretaceous exhumation and cooling to 25°C 

between 110 and 90 Ma; (6) Late Cretaceous burial beneath chalk cover to 35°C at 75 Ma; (7) 

three events impacted by the Paleogene magmatic events: first latest Cretaceous cooling to 15°C 

at 66 Ma, then at 60 Ma heating to 95°C due to magmatic activity, and then immediately 
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followed by post-magmatic cooling and exhumation to 35°C at 55 Ma; (8) burial by Cenozoic 

sediments to 65°C at 15 Ma; and finally (9) late Cenozoic exhumation, that ultimately lead to the 

rocks cooling to the surface (10°C) today.  

 Some of Scotland’s offshore and coastal AFT derived phases of burial and exhumation 

have been correlated to AFT derived burial and exhumation events from central Scotland near 

the trace of the Great Glen Fault (Holford et al., 2010; Jolivet, 2007; Fig. 2.2). This has been 

used as evidence to suggest that a complex heating and cooling history, similar to what was 

found on Morvern, is the likely history across much of the Scottish Highlands, not just the 

coastal, island, and offshore regions (Holford et al., 2010), rather than post-Caledonian cooling 

histories that do not require burial (e.g., Persano et al., 2007). In addition to local plume activity 

in the region of the Paleogene Igneous Complex, Holford et al. (2010) proposes that post-rift 

regional rock uplift and exhumation across Scotland were driven by continent-ocean boundary 

mantle convection causing epierogenic tilting and kilometer-scale rock uplift (e.g.,  Praeg et al., 

2005), and/or intraplate compression transmitted from the Alpine Orogeny and the Mid-Atlantic 

Ridge (e.g., Stoker et al., 2010; Holford et al., 2009; Stoker et al., 2005b; Stoker et al., 2005c; 

Knott et al., 1993; Fig. 2.1). 

 

2.3.2.2. Offshore record  

 Along Scotland’s Atlantic margin, four major Cenozoic unconfomities in the offshore 

stratigraphic record are thought to result from episodes of rock uplift and exhumation. These 

include the (1) Paleocene (~62–55 Ma), (2) Eocene (~35 Ma), (3) the ‘base-Neogene’ (latest 

Oligocene to early Miocene), and the (4) early-Pliocene (4.5–3.9 Ma) unconformities (Fig. 2.2; 

e.g.,  Anell et al., 2009; Evans et al., 2005; Stoker et al., 2005a; Stoker et al., 2005b; Stoker et al., 

2005c; Doré et al., 2002; Stoker, 2002; Knott et al., 1993). There is a fifth major unconformity, 

the Quaternary unconformity (<0.5 Ma), but it has been interpreted as being associated with a 

transition to more expansive Scottish glaciation and increased erosion rather than margin uplift 

(Fig. 2.2; e.g., Sejrup et al., 2005; Stoker et al., 2005c). 

 Holford et al. (2009) did an extensive review of Atlantic Margin offshore unconformities 

in basins traced from offshore Norway to Ireland (Fig. 2.1; Praeg et al., 2005; Stoker et al., 

2005a; Stoker et al., 2005b; Stoker et al., 2005c), in combination with AFT-based rock cooling 

histories taken from across the British Isles and the North Atlantic Margin (Hillis et al., 2008; 
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Jolivet, 2007; Holford, 2006; Green, 2005; Holford et al., 2005; Argent et al., 2002; Green et al., 

2001a; Green et al., 2001b; Green et al., 2000; Green et al., 1999; Thomson et al., 1999; Bray et 

al., 1998). Green and Duddy (2010) suggest that these unconformities flanking the British Isles 

may be correlated across the Arctic. This could indicate that pulsed Cenozoic exhumation events 

span a broad area across the North Atlantic and into the Arctic. The Holford et al. (2009) 

synthesis suggests four distinct, post-Jurassic, regionally extensive (affecting 106 km2) 

exhumation episodes across the British Isles. These episodes occurred in the (1) Early 

Cretaceous (120–115 Ma); (2) early Cenozoic (65–55 Ma); (3) mid Cenozoic (40–25 Ma); and 

(4) late Cenozoic (20–15 Ma). Holford et al. (2009) attributes these exhumation events partially 

to effects of the proto-Icelandic Plume. Mainly, they are attributed to the transmission of 

compressional stresses from both the Alpine Orogeny to the southeast and the Mid Atlantic 

Ridge to the west (Fig. 2.1) causing Late Cretaceous to Cenozoic upper crustal folding and fault 

reactivation (Stoker et al., 2010; Holford et al., 2009). The Holford et al. (2009) review of 

offshore stratigraphic and AFT work along the northeast Atlantic margin is consistent with later 

work (Holford et al., 2010) specifically on Scotland’s AFT-derived burial and exhumation 

history except that in the latter study an additional Middle Triassic (245–225 Ma) burial and 

exhumation event was identified.  

 

2.3.2.3. Terrigenous geologic record 

 Hall and Bishop (2002) suggest that thermochronometry derived cooling histories and the 

offshore sedimentary record often overestimate the magnitudes of exhumation and burial 

occurring on passive margins, such as Scotland. They interpret that observations of 

geomorphology, sediment provenance, reconstruction of former cover rock extents, and depths 

of igneous emplacements often conflict with AFT and AHe derived cooling histories (for a 

detailed discussion please see Hall and Bishop, 2002; Hall, 1991; Watson, 1985). These studies 

suggest, on average, a total of <1-2 km of exhumation across the Highlands since the Devonian, 

and attribute overestimates of thermochronometry derived exhumation and burial histories to the 

regional extrapolation of datasets over broad areas without accounting for spatial heterogeneity 

(Hall and Bishop, 2002; Hall, 1991; Watson, 1985). To address this concern, in this study, we 

move away from broad regional thermochronology studies in preference of independently 
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analyzing the cooling history of seven distinct sites across the highlands to address the possible 

importance of spatial heterogeneity in burial and exhumation depths across passive margins. 

 The inclusion of spatial heterogeneity in interpretations of passive margin exhumation 

allows for differences in local records and precludes the need for all locations to fit into a single 

model of post-rift cooling and rock uplift. For example, the preservation of patches of ancient 

Devonian landscapes in the Scottish Highlands as well as younger landscape features, such as 

Mesozoic landscapes preserved in the Lowlands of Buchan and Caithness (Fig. 2.2), may be 

consistent without the need for extreme amounts of burial and removal of unobserved overlying 

strata (Hall and Bishop, 2002). Co-existence of Carboniferous aged volcanic and near surface 

intrusive rocks in Scotland with kilometer-scale Carboniferous sedimentary sections preserved in 

Moray Firth, the Midland Valley, and on Morvern would also be compatible if heterogeneity is 

permitted (Hall and Bishop, 2002; Hall, 1991; Watson, 1985; Fig. 2.2). Hall and Bishop (2002) 

also suggest exhumation depths reconstructed via offshore sediment volume are often 

overestimated, because of uncertainty in provenance, and basin limits. For example, the 

provenance of Mesozoic sediments in Scotland’s peripheral basins are only partially sourced 

from the Scottish Highlands, but are also sourced from the uplift and exhumation of 

Fennoscandia (Ziegler 1981) as well as intra-basinal sediment recycling from submarine 

structural highs (Hall and Bishop, 2002; Hall, 1991).  

 Spatially heterogeneous exhumation across Scotland may be a result of differential 

movements between basement massifs due to reactivation of faults, such as Mesozoic and 

Cenozoic reactivation of the Great Glen Fault (e.g., Le Breton et al., 2013; Jolivet, 2007) or 

Paleogene-Neogene reactivation of the Helmsdale Fault (Hall and Bishop, 2002). It may also be 

a result of position relative to the Atlantic Margin, expressed in features such as the Paleogene-

Neogene scarp that exists along the Atlantic coast from the Cuillins to Cape Wrath as a result of 

warping of Scotland’s Atlantic Margin (Hall and Bishop, 2002; Fig. 2.2). Paleogene igneous 

activity may be another factor causing heterogeneous cooling histories (Hall and Bishop, 2002; 

Hall, 1991).  
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2.3. METHODS 

2.3.1. Experimental design and sampling strategy  

 We collected fifteen bedrock samples from seven field sites in a NW-SE trending transect 

to test for heterogeneity in Cenozoic exhumation across the central Highlands of Northwest 

Scotland. The transect starts on the Isle of Skye and ends in Scotland’s interior at Loch Laggan, 

crossing several important features that could be responsible for locally enhancing or minimizing 

exhumation (Figs. 2.2, 2.3). These features include the Paleogene Igneous Complex, the Moine 

Thrust, the Great Glen Fault, as well as increasing distance from the Atlantic Margin to the 

interior of Scotland.  

 The western end of our sample transect consists of one low-elevation sample of 

Paleogene intrusive rock from the Isle of Skye. Crossing into mainland Scotland over the Moine 

Thrust, the second sample is a low-elevation Neoproterozoic psammite from Invershiel. While 

this rock was not emplaced as part of the Paleogene Igneous Complex, it sits very close to the 

igneous center (Fig. 2.2) and the closest Paleogene aged dyke is  <10 km from the sample site at 

Invershiel (Fig. 2.3). An age-elevation profile from near Loch Cluanie is next on the transect. 

The Cluanie site has slightly <1 km of relief and is located in the center of the Northern Highland 

Terrane, halfway between the Moine Thrust and the Great Glen Fault. The next two samples are 

from Inverness and Glenfinnan, both of which are low-elevation samples from just northwest of 

the Great Glen Fault (Fig. 2.3). The Invergarry sample was taken just south of Loch Ness, very 

close to the Jolivet (2007) profile, while the Glenfinnan sample was taken further south near 

Loch Linnhe. The sixth location consists of an age-elevation profile at Ben Nevis (Fig. 2.3) just 

southeast of the Great Glen Fault. The final, furthest-inland site consists of a pair of low and high 

elevation samples taken in profile near Loch Laggan in the Grampian Highland Terrane, ~20 km 

southeast of the trace of the Great Glen Fault. Sample lithologies for all samples, including 

psammites and granitoids (Table 2.1; BGS, 2014), were chosen because they generally yield 

enough apatite for analysis. We analyzed the AHe derived cooling histories of each of these 

seven study sites independently to see if they share common or differing post-Caledonian 

exhumation and burial histories. 
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2.3.2. Thermochronometry methods 

 The apatite (U-Th)/He (AHe) thermochronometry technique is based on the radiogenic 

production of 4He in and thermally controlled diffusion of 4He out of the mineral apatite (Ehlers 

and Farley, 2003; Farley and Stockli, 2002; Farley, 2000). Effective closure temperature is 

typically 55-75°C (Shuster et al., 2006; Farley, 2000; Wolf et al., 1998; Dodson, 1973), making 

it the one of the lowest thermochronological systems (Reiners and Brandon, 2006). The 

temperature range between 40 and 85°C is known as the partial retention zone, where 4He is 

neither fully retained nor lost from the crystal (Wolf et al., 1998). The effective closure 

temperature and partial retention zone of an individual apatite does not always fall into this 

simple framework and is dependent on cooling rate, apatite grain size and shape, and the amount 

of radiation damage that has accumulated in the crystal through time (e.g., Flowers et al., 2009; 

Shuster et al., 2006; Farley, 2000; Farley et al., 1996; Dodson, 1973). 

 We measured AHe ages at Virginia Tech on multiple single and multigrain aliquots 

(number of grains in multigrain aliquots ranging from 4–13) for each sample, with mean grain 

radius of 61.3 µm (Table 2.1). We handpicked apatite at 100x magnification and, whenever 

possible, selected visibly inclusion free grains and loaded them into Pt tubes. We outgassed the 

aliquots twice at 940°C for 20 minutes in a resistance furnace and measured 4He by a 3He spike 

using a quadrupole mass spectrometer. Blank levels for 4He detection are ~0.2 fmol, however no 

samples had low 4He content and all He contents were well above the blank. We sent outgassed 

samples to the University of Arizona where radiogenic parent isotopes (238U, 235U, 232Th, and 

147Sm) were measured by isotope dilution and ICP mass spectrometry (Reiners and Nicolescu, 

2006). Average effective U (eU), a parameter that essentially converts Th and Sm into U with 

respect to how much He is produced during decay of those isotopes, for our samples ranged from 

4.2 to 69.6 ppm (Table 2.1). We applied an FT correction to all aliquots to account for He loss 

due to alpha ejection prior to calculating age (Farley et al., 1996). 

 Mean AHe ages for each sample were calculated from aliquot individual age 

determinations after removing outliers. We define outliers as those individual age determinations 

that were 50% more or less than final mean age, iteratively, keeping the standard deviation 

approximately below 30%. All of our outlying individual age determinations were anomalously 

old (Table 2.1). The justification for removing anomalously old AHe age determinations is that 

such ages are likely the result of 4He contamination from radiogenic micro-inclusions, parent 
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zoning, or 4He implantation (Farley et al., 1996; Shuster et al., 2006). The addition of extra 4He 

by such means results in old ages that are not representative of the cooling of the sample through 

apatite’s closure temperature, so removing them should improve the accuracy of the mean AHe 

age. The average percentage of culled anomalous age determinations in our dataset is 18% of the 

total sample set (Table 2.1). The predicted cumulative uncertainty for the AHe ages based on 

analytical precision and checked against Durango fluorapatite standards is 5% (1σ; Farley et al., 

1996; McDowell et al., 2005). The error for each average age is reported as the standard 

deviation of the contributing aliquot ages. The average observed error for this dataset is 17% (1σ; 

Table 2.1), which is higher than the predicted 5% uncertainties, consistent with general findings 

that natural samples generally reproduce worse than standards (Farley and Stockli, 2002). 

Observed error lies in the range of recent previous works from our laboratory, ranging from 12% 

(Spotila and Berger, 2010) up to 22% (Tranel et al., 2011; Valentino et al., 2016), the larger of 

which utilized samples with similarly poor apatite quality as we observe here.  

 Other regions, especially those characterized by slow cooling or repeated burial, have 

similarly exhibited AHe age dispersion and inconsistencies between AHe and AFT ages (e.g., 

Valentino et al., 2016; Flowers and Kelley, 2011; Flowers et al., 2007; Green and Duddy, 2006). 

Based upon published diffusion characteristics, AHe ages should be younger than AFT ages 

(e.g., Farley, 2000), but the opposite has been observed in some studies (e.g., Green et al., 2006 

and the references within). These ‘too-old’ AHe ages dominantly occur in apatite with high 

uranium content (up to 100 ppm), and the disparity increases in magnitude as the AHe and AFT 

ages increase. This age disparity is thought to result from the build up of radiation damage 

(primarily alpha recoil damage associated with U- and Th-decay chains) within apatite, causing 

the retentivity of He to increase. Old apatites (meaning slow-cooling) and apatites with high eU 

content are more sensitive to the effects of radiation damage, because they experience more total 

decay events causing more radiation damage to build up within the crystal lattice (e.g., Green et 

al., 2006; Shuster et al., 2006). Models predict that low eU apatites can be completely reset at 

60°C, but in apatites with high eU values, resetting will not occur until closer to 80°C (Flowers 

et al., 2007). If radiation damage is responsible for causing broad age dispersion, then aliquot 

ages should correlate positively with eU.  

 We plotted age versus eU for all individual age determinations from each sample, 

including those labeled as outliers. Generally, the outliers had no age-eU relationship with the 
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rest of the age determinations (Fig. S2.2), with some exceptions, suggesting that factors other 

than radiation damage, such as high eU bearing microinclusions, explain most of the excluded 

‘too-old’ ages. However, among the age determinations that were used to calculate the mean 

AHe age there was generally a positive correlation between age and eU (Fig. S2.2), suggesting 

that radiation damage is responsible for some of the broad age dispersion. Due to the affect of 

radiation damage on closure temperature of individual apatite crystals and because each of our 

mean ages is derived from several single or multi-grain aliquots, we did not attempt to calculate 

a closure temperature for our samples. Instead, we interpreted the age determinations using the 

thermal modeling program QTQt (Gallagher, 2012; Gallagher et al., 2005) which takes eU 

effects into account using the diffusion systematics of the Flowers et al. (2007) Radiation 

Damage and Annealing Model (RDAAM).  

 Several of our samples exhibited extreme dispersion among their AHe individual age 

determinations and could not be interpreted, despite their potential importance for constraining 

the cooling history of the region. One such sample, ScT12, a granitic, low-elevation (57 m amsl) 

sample from the Ben Nevis profile, had an average AHe age of 14.6 Ma (Table 2.1). Such a 

young age could have significant implications on Scottish Cenozoic exhumation and burial, if 

correct. However, ScT12 reproduced very poorly with 58% anomalous aliquots (of n=12; Table 

2.1), and therefore we do not trust the age to be accurate or interpretable. Due to the possible 

importance of such a young sample, we resampled another low-elevation sample, ScT16-1 (44 m 

amsl, Table 2.1) from a different lithology (psammite) at the Ben Nevis site. Sample ScT16-1 

had no reproducible age determinations (Table 2.1), and we were forced to exclude it from our 

interpretations as well. It is unclear why samples from two different lithologies in this location 

failed to yield reproducible ages. That a low-elevation sample from near Ben Nevis could record 

Neogene cooling should be viewed as a lingering possibility. 

 We also conducted apatite 4He/3He thermochronometry on several samples (ScT1, ScT2, 

ScT10, and ScT11) to better constrain the most recent cooling history of the Highlands. Apatite 

4He/3He thermochronometry can more tightly constrain the continuous T-t path of an individual 

apatite as it cooled through the PRZ than AHe ages alone by matching modeled cooling paths to 

the measured diffusion profile of 4He across an apatite (Shuster and Farley, 2005, 2004; see 

supplement 4 for a full discussion). Samples ScT1, ScT10, and ScT11’s diffusion profiles failed 

to produce any acceptable cooling paths (Fig. S2.3). While we do not know the exact reason why 
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these samples failed there are different analytical possibilities including a spatially non-uniform 

distribution of parent U and Th, 4He rich inclusions, or other yet unknown systematics which can 

significantly influence the distribution of 4He throughout a crystal affecting the final form of the 

diffusion distribution (Shuster and Farley, 2005, 2004). As such we cannot use the data for ScT1, 

ScT10, and ScT11. ScT2’s diffusion profile did produce acceptable cooling paths when we 

removed the outer portion of the diffusion profile that plotted outside of end-member envelopes 

which indicate a uniform initial distribution of 4He (Shuster and Farley, 2005, 2004; Fig. S2.3). 

Again, this indicates the possibility for analytical factors to have affected the final form of the 

diffusion distribution, in this case possibly a 4He rich inclusion near the grain edge (Shuster and 

Farley, 2005, 2004). Since we did not measure U and Th distributions within any of the sampled 

crystals prior to dissolution for parent isotope measurement, we are unable to assume parent 

nuclide distributions or determine the actual cause of the failure of the diffusion profiles to 

produce acceptable cooling paths. Apatite 4He/3He data and a full discussion of preliminary 

analysis for samples ScT1, ScT2, ScT10, and ScT11 can be found in the supplementary text, 

Table S2.2, and Figure S2.3 

 The possibility of zonation of parent isotopes in samples analyzed for 4He/3He calls into 

question whether apatite analyzed for AHe ages may have been zoned. The alpha ejection 

correction method (FT correction; Farley et al., 1996) assumes a uniform distribution of 4He but a 

zoned apatite may eject more or less 4He than a uniform apatite. We undertook mapping of 

parent isotope zonation using the scanning electron microscope for sample ScT12 when trying to 

understand the cause of its lack of reproducibility and found no zonation present. Otherwise, 

detailed mapping of zonation was not undertaken. While it is possible that age dispersion results 

from the unquantified zoning, in strongly zoned apatites you tend to have see worse age 

dispersion then what we observed in our data (e.g., Spotila et al., 2004), suggesting that it may 

not be a significant problem. 

 

2.3.3. Time-temperature modeling based on measured ages 

 We used the thermal modeling program QTQt (Gallagher, 2012; Gallagher et al., 2005) 

to carry out both forward and inverse modeling to assist in interpretation of the samples time-

temperature (t-T) histories. We chose to use QTQt because it allows for the input of multiple 

samples in a vertical profile to derive a single cooling history. To account for the effects of 
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radiation damage in our samples, we used the used the diffusion systematics of Flowers et al. 

(2007) RDAAM in all model runs. While the modern geothermal gradient in Scotland is 25.3°C 

km-1 (Holford et al., 2010) paleogeothermal gradients across Scotland may have been as high as 

60°C km-1 during times of higher heat flow, such as in the early Cenozoic and Carboniferous 

(e.g., Holford et al., 2010; Persano et al., 2007; Thomson et al., 1999). Therefore, following 

Thomson et al. (1999) we used a typical geothermal gradient of 30°C km-1 for all models but, in 

our interpretations, address the impacts of a possibly changing geothermal gradient. We input the 

modern day surface temperature as 10°C for all models based on an average of recorded 

temperatures from the U.K. Met-Office (2013). For the three age-elevation profiles we offset the 

temperature of the lowest elevation sample below the highest elevation sample based on their 

elevation difference and the 30°C/km gradient, resulting in a temperature offset of 22°C at 

Cluanie, 24°C at Ben Nevis, and 13°C at Loch Laggan. During inverse modeling we allowed 

temperature offset to vary throughout the t-T history. At t=0 Ma we prescribed there to be no 

offset in temperature between high and low elevation samples, because low relief and typical 

lapse rate imply only a slight difference in ambient surface temperature. 

 QTQt forward modeling allows for calculation of expected AHe ages based on the input 

of defined cooling paths for samples. We used forward modeling in QTQt to determine if all, or 

only some, of the burial and exhumation cycles from Morvern, of Holford et al. (2010), are 

compatible with our measured AHe ages. For the three sample areas with age-elevation profiles, 

the thermal histories shown are for the highest elevation samples (Fig. 2.4). The first input 

thermal history ‘FM-1’ included the entire nine step thermal history of Morvern from Holford et 

al. (2010; Fig. 2.4, Table S2.1). Seven other models were run that incrementally simplified the 

initial model, by removing the most recent step in the cooling history. For example, thermal 

history ‘FM-2’ skips the late Cenozoic heating and burial to 65°C at 15 Ma. The simplest model, 

‘FM-8’, involves monotonic cooling to the surface from a starting point of 35°C at 350 Ma (Fig. 

2.4, Table S2.1). For the Isle of Skye, only ‘FM-1’ and ‘FM-2’ were run, because the sample 

itself is from a Paleogene plutonic rock (BGS, 2014). The reasoning behind eliminating steps in 

the above manner was to determine the level of complexity in the cooling history required by the 

AHe data. The simpler cooling histories resembled those suggested in other studies (e.g., Persano 

et al., 2007; Hall and Bishop, 2002; Thomson et al., 1999). We use plots of all individual AHe 

age determinations predicted from the models versus observed individual AHe age 
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determinations for each sample aliquot to illustrate the best-fit model (Fig. 2.4). Specific t-T 

inputs for all models are provided in Table S2.1. 

 We also ran inverse models using QTQt for the three locations with age-elevation 

profiles (Cluanie, Ben Nevis, and Loch Laggan). QTQt inverse modeling uses a Markov Chain 

Monte Carlo stochastic sampling method to conduct a random walk through the model t-T space 

and allows for simultaneous modeling of t-T paths for multiple elevation samples. In each model 

iteration, QTQt compares its current t-T model to a different proposed model until the simplest 

possible t-T path that also best predicts the observed data is attained (Gallagher et al., 2005; 

Gallagher, 2012). For each model run, the only t-T point we constrained was the initiation point 

at 35°C at 350 Ma (Holford et al., 2010), indicating exhumation of basement rock nearly to the 

surface following the end of the Caledonian Orogeny. Extensive exhumation of the Caledonian 

Mountains by 350 Ma is also consistent with observations of Watson (1985) and Hall and Bishop 

(2002), which suggest Devonian unroofing of the post-Caledonian Newer Granites by the end 

Devonian. All models allowed the offset temperature between the highest and lowest elevation 

samples to vary through time; this allows the production and destruction of relief to influence the 

cooling paths. For each inverse mode1 we ran 150,000 model iterations and allowed burial to 

influence the output t-T path. We report both ‘maximum likelihood’ and the preferred ‘expected’ 

model outcomes (Fig. 2.5; Gallagher et al., 2005). The maximum likelihood models attempt to 

best predict the output age with no regard for model complexity (i.e., the number of t-T nodes in 

the output thermal history), while the expected model best fits the data while minimizing 

complexity of the predicted thermal history.  

  

2.4. RESULTS 

2.4.1. Thermochronometry observations 

 Average AHe ages from the study range from 31.2 ± 5.2 to 363.4 ± 31.4 Ma (Table 2.1, 

Fig. 2.3). The three AHe ages from the Ben Nevis profile range from 83.3 ± 20.8 to 277.2 ± 24.4 

Ma, the five AHe ages from the Cluanie profile range from 184.7 ± 42.7 to 292.7 ± 46.0 Ma, and 

the two AHe ages from Loch Laggan profile range from 304.7 ± 31.4 to 363.4 ± 28.4 Ma (Fig. 

2.3, Table 2.1). Within error all sample ages in age-elevation profiles increase with a positive, 

linear trend with elevation (Fig. 2.3). The single AHe ages from the other regions are 56.3 ± 17.9 
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Ma at Invershiel, 205.1 ± 45.8 Ma at Invergarry, 31.2 ± 5.2 Ma at the Isle of Skye, and 161.0 ± 

33.5 Ma at Glenfinnan (Table 2.1, Fig. 2.3). 

 All AHe ages are younger than their lithostratigraphic age (BGS, 2014) and most are 

consistent with the range of previous AFT and AHe ages taken from Scotland, which range from 

~50 to ~300 Ma (Holford et al., 2010; Jolivet, 2007; Persano et al., 2007; Thomson et al., 1999; 

Fig. S2.1). There were several exceptions, however. Despite the lower closure temperature of 

AHe thermochronometry, both samples from the Loch Laggan profile (ScT7 and ScT8; ~305 and 

~364 Ma) were older than previously reported AFT ages from the Scottish Highlands (Fig. 2.3, 

Fig. S2.1). These AHe ages were not taken from the same locations as the younger AFT ages, so 

it is feasible that these disparities result from spatially heterogeneous thermal histories across 

Scotland. These oldest AHe ages, as well as the highest samples from the Cluanie and Ben Nevis 

profiles (ScT3 and ScT9; ~280 and ~290 Ma), are also somewhat older than those measured 

from other passive margin mountain ranges such as the Appalachians of North America, where 

most AHe ages range from ~70 to ~200 Ma (e.g., McKeon et al., 2014; Taylor and Fitzgerald, 

2011; Roden-Tice and Tice, 2005; Spotila et al., 2004). The oldest Scotland AHe cooling ages 

are instead reminiscent of those found in continental cratons, such as the Canadian Shield, where 

AHe ages range from 100 to 650 Ma (Flowers, 2009). The very old ages in Scotland may support 

the idea that the peaks of Scotland’s mountains once persisted as part of a stable, low relief 

landscape before being elevated and incised in the Cenozoic (George, 1966; Hall, 1991). There is 

also the possibility that these ages are erroneously old due to undocumented effects of radiation 

damage or other factors on He diffusion in very old crystals (e.g., Green et al., 2006). The 

general agreement with other thermochronometers and geologic observations, however, suggests 

this is unlikely to be the case. As such, we choose to interpret the mean AHe ages as determined, 

although excluding statistical outliers for each sample. 

 The age-elevation profiles yield gradients that are typically associated with slow time-

averaged exhumation or prolonged stasis in the He partial retention zone. The slope of the 

Cluanie age-elevation profile predicts a slow average exhumation rate of <0.01 mm/yr, 

applicable during the time of exhumation (roughly represented by the cooling age range) during 

the Permian to Early Jurassic. The slope of the Ben Nevis age-elevation profile yields a slow 

average exhumation rate of <0.01 mm/yr, active for a broader range of time from Permian to 

Late Cretaceous. The slope of the Loch Laggan age-elevation profile also yields a slow average 
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exhumation rate of <0.01 mm/yr, applicable to the Carboniferous (Fig. 2.3). Due to 

complications in calculating closure temperature in radiation damaged apatite, which is possible 

for our samples, we have not estimated exhumation rates by extrapolating from zero-age closure 

depths for the periods postdating measured cooling ages (Spotila, 2005). The degree to which 

observed age-elevation gradients represent the actual exhumation rates during those periods, as 

opposed to prolonged durations in the partial retention zone, is best addressed via results of our 

modeling of thermal histories based on measured AHe ages (see below). However, these low 

gradients do at least indicate that late Paleozoic through Mesozoic exhumation was slow, <0.01 

mm/yr, at Loch Laggan, Ben Nevis, and Cluanie.  

 Results of the 4He/3He analysis failed to produce acceptable t-T trajectories for samples 

ScT1, ScT11, ScT12 (see supplement material, Fig. S2.3). Acceptable fit cooling trajectories for 

ScT2 4He/3He analysis should be viewed with some uncertainty as the outer portion of the 

diffusion profile that plotted outside of the uniform initial distribution of 4He end-member 

envelope was removed prior to analysis. Acceptable cooling paths for ScT2 suggest the 

possibility for renewed exhumation in the Cretaceous through the Cenozoic (between ~125-20 

Ma) at the Cluanie field site following a period of stagnation at ~55-40°C beginning at ~350-250 

Ma (see supplementary material; Fig. S2.3).  

 

2.4.2. Forward modeling 

 Forward models of thermal histories based on measured AHe ages indicate that a single 

common t-T history cannot account for the measured ages across the seven sample sites. Best fit 

forward models for the four single-sample sites (Skye, Invershiel, Glenfinnan, and Invergarry) 

were chosen as those whose measured versus model predicted age determinations intersected the 

1:1 best fit line (Fig. 2.4). The best fit forward model for the Isle of Skye is forward model 1 

(FM-1), or the complete thermal history of Morvern from Holford et al. (2010). In this model, 

apatite cools quickly following Paleogene igneous crystallization, was subsequently buried by 

Cenozoic sediments to 65°C at 15 Ma, and was then exhumed to the surface (Fig. 2.4). The best-

fit forward models for Invershiel are FM-2, FM-5, and FM-7 (Fig. 2.4). Due to Invershiel’s close 

proximity to the Paleogene Igneous Province (Figs. 2.1, 2.3), and if we accept that Paleogene 

igneous heating affected the sample then model FM-2 is the most likely history. FM-2 indicates 

that the individual age determinations from Invershiel would have undergone nearly the 
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complete Morvern cooling history, but would not have been reheated by Neogene burial. 

Glenfinnan’s best-fit models include FM-3, FM-4, and FM-6. All three of these models involve 

heating to 115°C in the late Carboniferous to Permian, followed by cooling to 15°C by the early 

Jurassic. Model FM-6 continues from there by cooling slowly until present day, while models 

FM-3 and FM-4 are reheated to 75°C in the Late Jurassic to Early Cretaceous and then cool to 

the surface with one brief 10°C reheating event at 70 Ma (FM-3) or in two stages of cooling 

without reheating (FM-4). Invergarry’s best fit is model is FM-6 (described above). 

 For the three sample sites with age-elevation profiles (Cluanie, Ben Nevis, and Loch 

Laggan) the best-fit forward models are not those where the measured versus model predicted 

age determinations simply intersected the 1:1 best-fit line. Rather, a best fit for these sample sites 

required the measured age-elevation relationship to be recreated by the model predicted ages 

(i.e., the measured versus predicted ages need to lie along the 1:1 best fits line’s slope rather then 

simply intersect it; Fig. 2.4). For example, in the Cluanie forward models FM-6 does predict 

some individual age determinations well, but it does an overall poor job at fitting the profile’s 

age-elevation relationship (Fig. 2.4). Model FM-8 is a much better fit for Cluanie’s age-elevation 

relationship and consists of monotonic cooling to the surface from the prescribed starting point at 

35°C at 350 Ma. Model FM-8 is also the best-fit model for Loch Laggan. For Ben Nevis, no 

single model fits both the older higher elevation age determinations and the lower elevation 

younger age determinations. Many models, including FM-2, FM-3, FM-4, FM-5, FM-6 and FM-

7, predict some of the lower age determinations, while FM-8 better predicts the higher elevation 

age determinations. It is thus not possible to define a best-fit forward model for Ben Nevis via 

this set of forward models, but we can still at least exclude model FM-1 as it under-predicts all 

Ben Nevis age determinations.  

  

2.4.3. Inverse modeling 

 One of the motivations for carrying out inverse modeling in the three profile locations 

(Cluanie, Ben Nevis, and Loch Laggan) is because the forward models did a poor job of 

predicting the age-elevation relationships that we observe, especially at Ben Nevis. Based on the 

inconsistencies with existing models, it is necessary to use inverse modeling to explore new 

cooling histories that may better fit the measured ages (Fig. 2.5). We report both ‘maximum 

likelihood’ (the t-T history that best predicts the measured age determinations with no regard for 
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model complexity) and the preferred ‘expected’ (the t-T history that best fits the data while 

minimizing complexity) model outcomes (Fig. 2.5; Gallagher et al., 2005). Inverse modeling of 

the Cluanie profile outputs both expected and maximum likelihood models that predict slight 

burial and heating, with the highest elevation sample going to ~60°C and the lowest elevation 

sample to ~78°C at ~300 Ma, followed by continuous slow cooling to the surface. The expected 

inverse modeling of the Loch Laggan profile shows slow monotonic cooling of both samples 

from the starting point to the surface without any reheating or significant changes in cooling rate 

(Fig. 2.5). The maximum likelihood inverse model for the Loch Laggan profile also indicates 

cooling without burial but indicates a faster period of cooling from the model starting point until 

~255 Ma followed by slower cooling until the present day (Fig. 2.5). Both the expected and 

maximum likelihood inverse models at Cluanie and Loch Laggan did a good job at predicting the 

age-elevation relationships that we observe (Fig. 2.5). 

 At Ben Nevis, both the expected and maximum likelihood inverse modeling predicts one 

stage of heating starting at 350 Ma and reaching the highest temperatures at ~200 Ma. At ~200 

Ma the highest elevation sample was heated to ~75–80°C and the lowest elevation samples to 

~100–120°C (Fig. 2.5). From ~200 to ~180 Ma cooling progresses relatively quickly with the 

highest elevation samples cooling to ~40°C and the lowest elevation samples cooling to ~80°C. 

Subsequently the samples experience monotonic, but differential cooling between highest and 

lowest elevation samples to the surface. In both the expected and maximum likelihood model the 

highest elevation measured Ben Nevis age determinations are under-predicted by the model 

predicted age-determinations (Fig. 2.5).  

  

2.5. DISCUSSION 

 The results of this study suggest that the seven areas in our transect across the Highlands 

of Scotland did not undergo the same t-T history following the Caledonian Orogen. Instead, 

spatially heterogeneous post-orogenic heating and cooling are necessary to produce measured 

AHe ages.  
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2.5.1. Heterogeneous post-Caledonian cooling histories 

 Four distinct periods of post-Caledonian heating and cooling are compatible with 

measured AHe ages from some, but not all, of our seven field areas based on forward and inverse 

QTQt modeling (Fig. 2.6). Two heating events followed by cooling occurred prior to Late 

Cretaceous North-Atlantic rifting, in the (1) late Paleozoic to early Mesozoic (spanning the 

Carboniferous through end-Triassic) and (2) Late Jurassic to Early Cretaceous. Two heating 

events followed by cooling occurred after North-Atlantic rift initiation in the (3) Paleogene and 

(4) Neogene.  

 The late Paleozoic to early Mesozoic heating period is contemporaneous with post-

Caledonian extension and the creation of intraplate late Paleozoic and early Mesozoic 

sedimentary basins that are thought to have buried most of the Scottish Highlands (e.g., Holford 

et al., 2010; Nielsen et al., 2009; Doré et al., 2002; e.g., Thomson et al., 1999; e.g., Hall, 1991). 

Remnants of this burial event are kilometer-scale Carboniferous sedimentary sections preserved 

in Moray Firth, the Midland Valley, and on Morvern (Hall and Bishop, 2002; Hall, 1991; 

Watson, 1985). The Great Glen Fault was likely reactivated as a strike slip fault during the 

Permian as a result of basin inversion in the Orkney area (Jolivet, 2007). This period of burial is 

compatible with all best-fit forward model iterations at Invershiel, Invergarry, and Glenfinnan, 

the Ben Nevis Inverse models, and the Cluanie Inverse models but not the Cluanie best-fit 

forward models. This suggests that all of those areas may have been buried in the late Paleozoic 

to early Mesozoic. The burial event is not compatible with any model iterations, forward or 

inverse, at Loch Laggan and is not applicable on the Isle of Skye due the sampled rock’s 

Paleogene crystallization age (Fig. 2.6). Model results are consistent with the Loch Laggan age-

elevation profile regression, which indicates a slow exhumation rate (<0.01 mm/yr) during the 

Carboniferous (Fig. 2.3). 

 The Late Jurassic to Cretaceous heating and cooling event has been attributed to 

contemporaneous basin formation in Scotland and burial of the highlands resulting in the 

formation of the Jurassic sedimentary rocks that currently outcrop along Scotland’s coast (Fig. 

2.3; Holford et al., 2010). This period of burial and subsequent exhumation is compatible with 

some, but not all, best-fit forward model iterations at Invershiel and Glenfinnan. The event is not 

compatible with any model iterations, forward or inverse, at Cluanie, Invergarry, Ben Nevis, or 

Loch Laggan and is not applicable on the Isle of Skye due the sampled rock’s Paleogene 
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crystallization age. Model results are consistent with age-elevation regressions, which indicate 

slow exhumation rates (<0.01 mm yr-1) at Cluanie during the Permian to Early Jurassic, and at 

Ben Nevis from the Permian to Late Cretaceous (Fig. 2.3). 

 The Paleogene post-rift heating and cooling event is considered largely to be magmatic, 

rather than a result of burial, and is associated with the emplacement of the Paleogene Igneous 

Complex (e.g. Holford et al., 2010; Persano et al., 2007; Hall and Bishop, 2002; Hall, 1991). 

Rapid cooling after the heating event has been attributed to localized uplift due to underplating 

or exhumation driven by dynamic topographic uplift (Cogné et al., 2016; Holford et al., 2010; 

Persano et al., 2007). Paleogene cooling has also been explained by enhanced uplift and 

exhumation associated with the far field compressional effects of Atlantic rifting and Alpine 

orogenesis causing upper crustal folding and fault reactivation in Scotland (e.g. Cogné et al., 

2016; Holford et al., 2010; Stoker et al., 2010; Jolivet, 2007). Paleogene heating and cooling is 

compatible with all best fit forward model iterations on the Isle of Skye and is compatible with 

some best-fit forward model iterations at Invershiel. The Isle of Skye and Invershiel are both 

located near the original extent of Paleogene magmatism (Fig. 2.2). Paleogene heating is 

incompatible with all model iterations at Cluanie, Invergarry Glenfinnan, Ben Nevis and Loch 

Laggan, suggesting that Paleogene heating was localized (Fig. 2.6).  

 The Neogene cooling event is thought to be associated with uplift and exhumation due to 

intraplate compression (e.g. Holford et al., 2010; Stoker et al., 2010; Jolivet, 2007). The Neogene 

event is compatible with all model iterations on the Isle of Skye and is not compatible with any 

model iterations in the other six field areas, suggesting that this event was very localized (Fig. 

2.6). Enhanced Neogene exhumation on the Isle of Skye may result from uplift of the region via 

warping of Scotland’s Atlantic margin by intraplate compression, which created a Paleogene-

Neogene scarp between the Cuillins on the Isle of Skye and Cape Wrath (Hall and Bishop, 2002; 

Fig. 2.2).  

 No best-fit forward or inverse model iterations that predict the measured Loch Laggan 

AHe ages are consistent with post-Caledonian heating events (Figs. 2.4, 2.5, and 2.6). This 

suggests that the Loch Laggan region has not experienced significant burial after 350 Ma, and 

instead has been slowly exhuming or experiencing crustal stasis. Hall and Bishop (2002) 

suggested that it is likely that parts of the Highlands have been above sea level and never buried 

since the end-Caledonian as sources of sediment rather then basins, and the Loch Laggan site 
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may be one of those locations. A possible explanation for the slow, steady exhumation of the 

Loch Laggan region is its location in the center of the Grampian Highland Terrane, far away 

from both the Great Glen Fault to the northwest and the Highland Boundary Fault to the 

southeast (Fig. 2.3). The region may have remained a high point, and possibly sediment source, 

during periods of intracontinental basin formation and burial. It is also far enough inland that it 

may not have been significantly impacted by Atlantic Margin tilting during rifting (e.g. Praeg et 

al., 2005). The morphology of the Loch Laggan region hosts a high plateau, known as Creagh 

Meagaidh, which is very different than the highly dissected morphology of the rest of the 

Scottish Highlands, and perhaps can be attributed to the regions long-term stability.  

 The different t-T paths required to measure AHe ages across our seven field sites, all 

within ~20–100 km of each other, suggests that different burial, magmatic, and tectonic histories 

can occur across very short distances even on passive margins. In some situations, enhanced 

localized erosion causing lithospheric flexure can account for the heterogeneous isostatic uplift 

of peaks (Montgomery, 1994). However, this mechanism is only significant where either the 

flexural rigidity of the lithosphere is low or topographic wavelengths are high. Even if flexural 

rigidity is low in places of thin or weak lithosphere, at topographic wavelengths of less than 

~100 km erosional incision into valleys will not result in any significant isostatic uplift of peaks 

and instead requires a tectonic driver (Montgomery, 1994). Since the average topographic 

wavelengths between peaks in our field area are only ~7 km (Fig. 2.7), such heterogeneous burial 

and exhumation histories would require a tectonic mechanism or direct differential erosion to 

account for their differences.  

 

2.5.2. Cenozoic Exhumation 

 Maximum total Cenozoic exhumation depths across the study area range from 0.2 to 1.8 

km. These were calculated based on the maximum Cenozoic temperature in the best-fit models 

for each sample site (with the exception of magmatic heating in the early Paleogene on the Isle 

of Skye and at Invershiel), a surface temperature of 10°C, and a geothermal gradient of 30°C km-

1. The possibility of an elevated geothermal gradient in the early Cenozoic of up to two times the 

modern value (e.g., Holford et al., 2010; Persano et al., 2007; Thomson et al., 1999) could cause 

these magnitudes to be over estimates and therefore they should be considered maximum 

estimates. Calculated total maximum Cenozoic exhumation from the single sample sites are 1.8 
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km for the Isle of Skye, 0.8–1 km at Invershiel, 0.2–0.8 km at Glenfinnan, and 0.2 m at 

Invergarry (ranges are a result of multiple best-fit forward models; Figs. 2.4, 2.7). Maximum 

total Cenozoic exhumation above both the highest and lowest elevation samples in each profile 

are, respectively, 0.4 and 0.5 km at Cluanie, 0.7 and 1.7 km at Ben Nevis, and 0.2 and 0.3 km at 

Loch Laggan (Fig. 2.7). 

 Restoring maximum total Cenozoic exhumation depths above modern topography for 

each study site allows us to investigate Cenozoic relief development. Cluanie, Invergarry, Loch 

Laggan, and the lower exhumation estimates at Glenfinnan and Invershiel all indicate less total 

Cenozoic exhumation then their modern relief (Fig. 2.7). Graphically, restoration of their paleo-

relief smooths out deep U-shaped valleys and decreases relief. A possible interpretation is that 

Plio-Plestocene glacial carving (Lowe and Walker, 2015; Ballantyne, 2010; Shackleton and Hall, 

1984) is the dominant mechanism for total Cenozoic relief production in these sites. 

Alternatively, the Isle of Skye, Ben Nevis, and the higher Glenfinnan and Invershiel exhumation 

estimates all require greater Cenozoic exhumation depths then their modern relief. In these 

locations it is less likely that relief production results exclusively from Plio-Pleistocene glacial 

erosion and instead may require Cenozoic uplift to drive enhanced exhumation. 

 Restoration of exhumed topography above Ben Nevis based upon the inverse model 

output Cenozoic temperatures, a 30°C km-1 geothermal gradient, and a 10°C surface temperature 

requires fairly extreme inversion of topography (Fig. 2.7). Topographic inversion and differential 

Cenozoic exhumation at Ben Nevis is one mechanism to explain the old highest elevation sample 

(277 Ma) and much younger low elevation sample (83 Ma; Fig. 2.7) over only ~550 m of 

modern relief. It also explains why no forward models, which did not allow for such high 

magnitudes of changing temperature offset and therefore relief development, could recreate 

observed age-elevation relationship for Ben Nevis (Fig. 2.4). If the geothermal gradient is 

elevated to higher early Cenozoic estimates of 60°C km-1 then the calculated magnitudes of 

Cenozoic exhumation over the highest and lowest elevation Ben Nevis samples would decrease 

to 0.3 and 0.8 km. At these magnitudes Ben Nevis’s Cenozoic paleo-relief would be nearly flat 

rather then topographically inverted. An alternative explanation for the large range of AHe ages 

in the Ben Nevis profile over so small an elevation range could be that highest elevation (cooler) 

samples were not completely reset during late Paleozoic to early Mesozoic reheating (Fig. 2.5) 

while the lower elevation (hotter) samples were. 
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2.5.3. Comparison to other passive margins 

  Possible drivers of heterogeneity in burial and exhumation in Scotland along the North 

Atlantic Passive Margin, as well as along other passive margins, include localized magmatic 

heating and/or magmatic underplating, far-field intraplate tectonics, rift shoulder elevation and 

subsequent escarpment retreat, and glacial erosion (e.g., Amidon et al., 2016; West et al., 2008; 

Braun and Van Der Beek, 2004). Post-orogenic AFT and AHe age discontinuities across major 

orogen or pre-rift faults suggest that tectonic reactivation, from intraplate forces, can be 

significant to passive margin exhumation (e.g., the Atlantic Passive Margin in New England and 

Canada (e.g., West et al., 2008; Pe-Piper and Piper, 2004); Southeastern Brazilian Passive 

Margin (Cogné et al., 2011)). Specifically in Scotland there is evidence for Great Glen Fault 

reactivation in the Permian (Jolivet, 2007) and Cenozoic intraplate compression inboard of the 

Mid-Atlantic Ridge and Alpine Orogen (Fig. 2.1; e.g. Holford et al., 2010; Stoker et al., 2010; 

Jolivet, 2007; Hall and Bishop, 2002). 

 The mechanism of heterogeneous topographic rejuvenation in passive margin 

escarpments can also be largely erosional (e.g. Prince et al., 2010). Patterns of AHe or AFT age 

increasing away from the coast or closest rift have been interpreted as representative of 

escarpment retreat following rifting (e.g. Eastern Brazilian Escarpment (Gallagher et al., 1995, 

1994); Southeast Australian Escarpment (Persano et al., 2005; Persano et al., 2002; Moore et al., 

1986); Western Ghats of India (Gunnell et al., 2003); Blue Ridge Escarpment (Spotila et al., 

2004)). Our AHe ages from the Scottish Highlands show a rough trend of increasing age with 

distance from the coast from the Isle of Skye to Loch Laggan, although with considerable local 

variation (Fig. 2.3). First, younger ages near the coast (i.e., the Isle of Skye and Invershiel) are 

interpreted to be due to magmatism, rather than escarpment retreat. Second, unlike other passive 

margins, Scotland also does not display a great escarpment, but rather consists of areas of 

elevated, highly dissected topography that perhaps primarily reflects glacial erosion. The greatest 

similarity seems to be that the oldest ages are in the continental interior of Scotland, away from 

margins, similar to the continental hinterlands of other rifted margins.  
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2.5.4. Summary of Scotland’s heterogeneous post-Caledonian evolution 

 Extension following the Caledonian Orogeny in Northwest Scotland created 

intracontinental basins across Scotland in the late Paleozoic (e.g., Holford et al., 2010; Nielsen et 

al., 2009; Doré et al., 2002; Hall, 1991). While basin formation caused burial and heating at 

many locations across the Highlands, some areas, such as the Loch Laggan study site, remained 

elevated escaping late Paleozoic to early Mesozoic heating. Late Jurassic to early Cretaceous 

orogenic collapse and basin formation in Scotland is responsible for the deposition of Jurassic 

sedimentary rocks that presently outcrop along Scotland’s coast (Fig. 2.3). However, this period 

of burial is also not compatible with all thermal histories across our study area indicating that in 

some locations across the highlands non-deposition, rather then subsequent removal of large 

volumes of Jurassic sedimentary rock, is an acceptable interpretation. Paleogene heating in 

Scotland is confined to those regions surrounding the Paleogene igneous complex (e.g., Anell et 

al., 2009) suggesting that the heating was localized and dominantly magmatic rather than the 

result of deep burial. Throughout the Cenozoic, maximum total exhumation depths across the 

study area range from 0.2 to 1.8 km. In some sites, where total Cenozoic exhumation is less then 

modern relief we hypothesize that it is possible for Plio-Pleistocene glacial carving to be the 

dominant cause of Cenozoic exhumation. However, where Cenozoic exhumation depths are 

higher, earlier Cenozoic exhumation driven by intraplate compression or rift shoulder elevation 

is necessary (e.g. Holford et al., 2010; Stoker et al., 2010; Jolivet, 2007; Hall and Bishop, 2002).  

 

2.6. CONCLUSIONS 

 The Scottish North Atlantic passive margin’s history can be interpreted as resulting from 

multiple stages of post-orogenic burial and exhumation, similar to what has been suggested 

previously (e.g., Holford et al., 2010; Thomson et al., 1999). However, the results of this study, 

in agreement with geologic and geomorphic field relationships across the highlands (e.g., Hall 

and Bishop, 2002; Hall, 1991; Watson, 1985) suggest that its post-orogenic burial and 

exhumation history is spatially heterogeneous. AHe ages taken from seven field sites have ages 

ranging from 31.2 ± 5.2 to 363.4 ± 31.4 Ma (Table 2.1, Fig. 2.3) within ~100 km across the 

western Scottish Highlands (Figs. 2.2, 2.3). These seven sites require different combinations of 

four post-Caledonian heating and cooling events, (1) late Paleozoic to early Mesozoic, (2) late 
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Jurassic to Early Cretaceous, (3) Paleogene, and (4) Neogene), from requiring three heating and 

cooling events (e.g., Invershiel) to none of them (e.g., Loch Laggan), in order to produce the 

measured AHe ages (Fig. 2.6). While the Paleogene Igneous complex can locally explain the 

Paleogene heating and cooling event the other three events require a tectonic or erosional 

mechanism that allows for differential burial and exhumation across the Highlands.  

 Our finding of heterogeneity across distances of less than 100 km and at topographic 

wavelengths of ~7 km cannot be attributed to lithospheric flexure causing heterogeneous 

isostatic uplift of peaks (Montgomery, 1994). This implies that heterogeneous burial/heating and 

exhumation/cooling histories at close range along passive margins must be attributed to tectonic, 

thermal, or erosional means. Possible processes include position relative to post-orogenic 

intracontinental basins (i.e. the footwall block versus the buried portion of a basin), distance 

from the rifted continental margin, position relative to reactivated intraplate faults, localized 

magmatic heating, or direct heterogeneous erosion, perhaps from glacial processes. Based on 

these findings we suggest that low temperature thermochronology studies should consider spatial 

heterogeneity in their investigations of passive margin exhumation. This allows for differences in 

local records and precludes the need for all locations to fit into a single model of post-orogenic 

heating and cooling, even across short distances along passive margins. 
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2.8. FIGURES 

 

 
Figure 2.1. The North Atlantic region, adapted from Le Breton et al. (2012), showing the 

location of the study area (box I) and proximity to the nearest active tectonic margins, the mid-

Atlantic Ridge, the Alpine Orogen, and offshore basins and features mentioned in the text. Box I 

shows the area covered in Figures 2.2 and 2.3. Background Imagery is from the GeoMapApp. 

 



 39 

 
Figure 2.2. Study areas in Scotland mentioned in the text (adapted from Hall (1991) and 

showing the Loch Lomond Readvance glacial limits (Ballantyne and Stone, 2012; Golledge, 

2010). Inset box II represents the area in Figure 2.6. 
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Figure 2.3. Major geologic terranes and bounding faults in Scotland (adapted from Le Breton et 

al. (2013). The seven study sites and apatite He ages in Ma are represented as red points. Note 

locations for Ben Nevis samples ScT16-1 and ScT12, which were poorly reproduced and are not 

included in the analysis (see text for discussion). Graphs above and below show AHe age-

elevation relationships for samples from the seven study sites. Samples from sites Cluanie, Ben 

Nevis, and Loch Laggan were collected in an age-elevation transects and therefore include a 

regression line and slope in mm yr-1 for the age-elevation relationship. 
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Figure 2.4. Summary of thermochronology modeling and predicted ages. A) Input time 

temperature (t-T) paths used in QtQT forward modeling (FM) adapted from (Holford et al., 

2010). For specific input forward t-T points for each path see Supplementary Table S2.1. B) 

Graphs of measured individual age determinations versus model predicted age determinations 

from forward models that display how well each modeled t-T path predicts the observed age 

determinations. Colored diamonds on the graphs represent the input t-T path with the same 

colored diamond beside the title of each path in A. Colored diamonds next to each field area 

name represent those input forward model considered a best fit for that location (see full 

discussion in the text). 
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Figure 2.5. Results of QTQt inverse modeling for the three field areas with age-elevation data, 

including Cluanie (top row), Ben Nevis (middle row), and Loch Laggan (bottom row). The first 

column shows the expected modeled t-T path with 95% confidence envelopes. The second 

column shows the results of the modeled maximum likelihood t-T path. The third column shows 

model predicted versus measured age determinations for the expected (grey stars) and maximum 

likelihood (white diamonds) inverse models. The line in each graph is a 1:1 best-fit line, 

representing where the points would plot is the predicted age determinations perfectly matched 

the measured age determinations. 
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Figure 2.6. A. Map area is from inset II in Figure 2.2 and shows the seven field areas in this 

study (displayed as black boxes) including 1. SK (Skye), 2. IN (Invergarry), 3. CL (Cluanie), 4. 

IG (Invergarry), 5. GF (Glenfinnan), 6. BN (Ben Nevis, and 7. LL (Loch Lomond. B. Key for 

Box C where dark grey indicate that the heating or cooling event is predicted by all model 

iterations, light grey boxes indicate that heating or cooling event is predicted only by some 

model iterations in that field area, and ‘slashed’ boxes indicate that the heating and cooling event 

was not predicted by any model iteration for that field site. C. Four possible periods of post-

Caledonian heating and cooling across the seven field sites include two prior to late-Cretaceous 

North Atlantic rifting: 1) in the late-Paleozoic to early-Mesozoic and 2) the Late Jurassic to 

Cretaceous, and two periods of following Late Cretaceous rifting in the: 3) early Paleogene and 

4) Neogene.  
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Figure 2.7.  Maximum total Cenozoic exhumation depths across the study area (thick black 

vertical lines) were calculated based on the maximum Cenozoic temperature in the best-fit 

models for each sample site (with the exception of magmatic heating in the early Paleogene on 

the Isle of Skye and at Invershiel), a surface temperature of 10°C, and a geothermal gradient of 

30°C km-1. Cenozoic relief reconstructions (dotted line) restored above modern topography are 

based upon maximum exhumation depths and are not corrected for erosional isostasy so should 

be viewed as relative paleo-relief rather then absolute elevations. 
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2.9. TABLES 

 TABLE 2.1. APATITE (U-Th)/He DATA   

Sample 
Elv. 
(m) 

Lat. 
(°N) 

Long. 
(°W) 

Rock type/  
Lithostrat-igrahic 

age* 

Mass 
(υg)  

mwar 
(υm) 

† 

He 
(pmol) 

U 
(ppm) 

Th 
(ppm) 

Sm 
(ppm) 

eU 
(ppm) 

No. 
grains 

FT § 
Corr. 
age 

Avg. age 
(Ma) 

Standard 
deviation 

% culled  
# 

 

ScT14-02 13 57.2711 6.0635 granite/ 0.0016 54.0 0.0013 3.0 15.3 567.7 9.5 1 0.81 26.6         

I.
 

S
k

y
e

 

         Paleogene 0.0009 40.5 0.0014 5.1 22.6 1028.2 15.6 1 0.70 36.8 31.2 Ma 5.2 20% 
          0.0013 54.0 0.0012 3.2 13.1 815.1 10.4 1 0.77 30.2   % 16.6   
     0.0015 27.4 0.0062 4.1 25.5 919.4 14.7 2 0.70 112.1     

ScT1 25 57.2137 5.4175 pelite/ 0.0223 65.1 0.1332 9.2 3.8 26.7 10.2 5 0.82 136.4         

II
. 

In
v

e
rs

h
ie

l 

        Neopro- 0.0132 49.0 0.1009 9.3 0.5 28.2 9.6 6 0.76 199.1         
        terozoic 0.0116 45.3 0.0138 5.0 0.3 21.7 5.2 5 0.74 60.1         
          0.0257 74.5 0.0521 6.5 0.6 31.7 6.8 5 0.83 69.4         
          0.0178 68.3 0.0932 8.2 1.2 28.1 8.6 6 0.82 142.0         
          0.0126 59.9 0.0506 9.5 0.9 36.2 9.9 3 0.79 98.4 56.3 Ma 17.9 38% 
          0.0084 58.0 0.0171 8.5 0.4 36.9 8.8 3 0.79 57.0   % 31.8   
          0.0060 47.7 0.0602 17.4 1.5 34.6 17.9 3 0.75 141.4         
          

  
  

0.0041 50.6 0.0034 6.0 1.0 21.6 6.3 1 0.76 33.7         
        0.0025 50.6 0.0017 5.8 0.3 26.0 6.0 1 0.72 30.6         
        0.0043 63.0 0.0086 5.8 0.9 22.7 6.1 1 0.80 80.4         
          0.0030 67.5 0.0036 5.8 0.6 29.9 6.1 1 0.82 47.7         
          0.0030 49.5 0.0063 7.1 1.4 35.1 7.6 1 0.76 71.6         
ScT2 220 57.1469 5.1024 psammite/ 0.0173 76.1 0.3018 20.2 0.7 139.2 21.0 4 0.82 196.1         

II
I.

 C
lu

a
n

ie
 

        Neopro- 0.0082 51.3 0.4661 24.9 0.6 154.3 25.8 4 0.75 549.8         
        terozoic 0.0077 44.6 0.1332 18.0 0.6 131.7 18.8 5 0.73 243.8 219.2 Ma 17.9 14% 
          0.0050 57.6 0.1101 23.4 0.8 186.9 24.5 4 0.78 224.8   % 8.2   
          0.0068 52.4 0.1313 23.4 0.8 192.3 24.5 5 0.77 201.7         
          0.0071 54.2 0.1559 24.2 0.5 162.8 25.1 3 0.78 217.9         
          0.0049 49.1 0.2136 45.5 1.0 199.2 46.8 3 0.78 230.7         
ScT3 958 57.1210 5.1601 pelite/ 0.0131 82.9 0.3340 21.3 5.1 123.4 23.1 3 0.86 248.0         
        Neopro- 0.0116 72.0 0.3261 19.9 2.2 157.8 21.2 3 0.85 302.2         
        terozoic 0.0144 73.7 0.4192 22.6 2.5 148.9 24.0 3 0.83 279.9         
         0.0147 113.0 0.6253 22.8 4.8 177.3 24.8 3 0.88 373.0 292.7 Ma 46.0 14% 
         0.0123 65.9 0.5986 23.5 4.1 164.7 25.3 3 0.82 446.5   % 15.7   
          0.0022 55.2 0.0490 20.5 3.2 141.9 22.0 1 0.79 250.6         
          0.0090 73.6 0.2164 17.2 1.4 93.5 18.0 1 0.84 302.7         
ScT4 796 57.1188 5.1530 psammite/ 0.0079 66.2 0.0936 12.3 0.3 64.8 12.7 4 0.81 224.1         
        Neopro- 0.0070 80.6 0.0880 14.4 0.6 41.6 14.8 2 0.84 193.6         
        terozoic 0.0028 44.6 0.0433 9.8 0.6 45.8 10.2 3 0.73 392.2         
         0.0047 53.8 0.1523 14.6 1.8 61.4 15.3 3 0.79 497.2 229.6 Ma 26.9 29% 
         0.0091 73.6 0.1668 15.2 0.4 87.4 15.8 1 0.86 260.9   % 11.7   
          0.0057 69.0 0.0796 12.9 0.5 30.6 13.2 1 0.81 251.2         
              0.0043 73.6 0.0390 9.0 0.2 23.2 9.2 1 0.86 218.5         

ScT5 625 57.1168 
-

5.1474 
psammite/ 0.0095 101.2 0.0526 6.0 0.3 38.4 6.3 1 0.88 193.5         

        Neopro- 0.0065 87.4 0.0717 5.9 0.5 38.8 6.2 1 0.88 381.9         
        terozoic 0.0144 66.3 0.1127 7.0 1.3 46.6 7.5 3 0.81 248.3         
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         0.0123 66.2 0.1202 10.4 4.2 62.4 11.7 3 0.81 198.6 194.8 Ma 29.2 14% 
         0.0070 51.9 0.0375 7.0 0.6 45.4 7.3 3 0.76 184.9   % 15.0   
         0.0039 64.4 0.0136 4.4 0.4 29.4 4.6 1 0.79 182.2         
         0.0056 87.4 0.0168 4.0 0.6 23.6 4.2 1 0.86 161.2         
ScT6 406 57.1155 5.1376 psammite/ 0.0127 82.3 0.0494 6.9 0.3 53.1 7.3 2 0.84 124.6         
        Neopro- 0.0051 73.2 0.1455 28.3 0.9 68.4 28.9 3 0.84 222.7         
        terozoic 0.0051 58.1 0.0816 12.6 1.3 39.0 13.1 2 0.80 290.5         
         0.0009 50.6 0.0069 9.6 1.1 66.3 10.1 4 0.76 186.5 184.7 Ma 42.7 43% 
         0.0070 74.0 0.0969 15.2 0.5 51.4 15.6 3 0.83 204.9   % 23.1   
         0.0108 69.0 0.7110 52.8 2.9 47.0 53.7 1 0.81 282.8         
         0.0083 78.2 0.1996 18.5 1.0 75.8 19.1 1 0.85 284.0         
ScT13 49 57.0927 4.7479 granite/ 0.0127 90.7 0.1454 16.7 1.8 46.0 17.4 2 0.86 147.0         

IV
. 

In
v

e
r-

g
a

rr
y

         Neopro- 0.0144 65.2 0.4656 26.9 5.9 68.6 28.7 5 0.79 269.9         
        terozoic 0.0290 95.8 0.4967 19.9 3.0 52.1 20.8 5 0.85 183.2 205.1 Ma 45.8 17% 
         0.0175 57.4 0.8234 49.3 9.8 70.2 51.9 5 0.77 223.1   % 22.3   
         0.0094 57.3 0.4956 29.3 4.8 78.5 30.8 3 0.78 410.7         
        0.0043 59.3 0.1336 34.0 7.1 110.6 36.3 2 0.81 202.5         

ScT16-2 16 56.8684 
-

5.4301 
pelite/ 0.0104 73.6 0.1455 14.7 2.0 132.7 15.8 1 0.84 205.5         

V
. 

G
le

n
fi

n
n

a
n

 

        Neopro- 0.0088 69.0 0.0333 7.9 0.9 91.3 8.5 1 0.81 108.3         
        terozoic 0.0127 82.8 0.0493 5.3 0.8 61.9 5.8 1 0.83 158.1         
         0.0100 78.2 0.0497 7.6 0.8 84.1 8.2 1 0.82 146.6 161.0 Ma 33.5 13% 
         0.0200 96.6 0.1880 10.1 1.6 71.6 10.9 1 0.87 191.5   % 20.8   
         0.0101 55.7 0.0939 12.4 0.9 110.7 13.1 2 0.78 178.7         
         0.0124 73.6 0.1461 10.3 1.2 84.0 11.0 1 0.84 247.4         
         0.0100 73.6 0.0394 6.3 0.7 68.8 6.8 1 0.82 138.6         
ScT9 832 56.8003 5.0315 granite/ 0.0034 47.9 0.0397 6.1 20.3 664.3 14.2 3 0.74 249.0         

V
I.

 B
e

n
 N

e
v

is
 

         Silurian- 0.0027 38.8 0.0635 10.1 40.5 825.3 23.7 3 0.72 295.6 277.2 Ma 24.4 0% 
         Devonian 0.0026 38.8 0.0429 7.5 26.2 671.0 17.0 3 0.71 299.6   % 8.8   
          0.0023 38.7 0.0380 8.0 31.1 749.1 19.0 4 0.71 264.6         
ScT10 564 56.8033 5.0412 granite 0.0041 43.3 0.0468 15.7 42.0 372.8 27.5 3 0.73 111.8         
         Silurian- 0.0029 36.8 0.0292 14.4 39.1 528.8 26.2 3 0.70 113.6         
         Devonian 0.0097 64.8 0.2096 15.7 24.4 333.1 23.1 3 0.82 227.2         
          0.0052 55.8 0.0496 19.7 39.0 513.1 31.4 3 0.80 76.1 108.4 Ma 22.3 29% 
          0.0038 42.3 0.0630 21.8 37.6 491.9 33.1 3 0.73 138.1   % 20.6   
          0.0014 46.0 0.0199 9.8 27.3 347.9 18.0 1 0.74 221.9         
          0.0010 46.0 0.0118 12.0 67.2 303.6 29.3 1 0.73 102.5         
ScT11 285 56.8013 5.0551 granite 0.0054 48.2 0.0748 33.1 68.3 125.0 49.8 3 0.76 69.7         
         Silurian- 0.0035 42.5 0.0918 38.8 93.0 180.1 61.6 3 0.73 110.4         
         Devonian 0.0043 49.2 0.1096 45.8 97.5 177.5 69.6 3 0.78 89.6 83.3 Ma 20.8 0% 
          0.0042 47.4 0.0966 42.1 88.5 197.8 63.9 4 0.76 90.4   % 25.0   
          0.0045 44.8 0.0507 33.6 68.0 351.7 51.3 3 0.76 56.4         
ScT7 707 56.9597 4.5788 psammite 0.0037 45.8 0.1498 28.8 2.6 166.2 30.3 3 0.74 345.0         

V
II

. 
L

o
c
h

 

L
a

g
g

a
n

 

        Neopro- 0.0042 69.0 0.4795 56.5 36.9 233.5 66.4 2 0.81 403.0         
        terozoic 0.0036 46.8 0.4947 43.4 49.0 214.1 56.0 3 0.73 614.7 363.4 Ma 28.4 20% 
          0.0024 48.7 0.1713 47.2 15.4 219.3 51.9 3 0.72 365.1   % 7.8   
          0.0035 44.1 0.2050 42.1 5.1 203.1 44.3 3 0.73 340.6         
ScT8 268 56.9315 4.5289 psammites/  0.0066 54.1 0.0679 7.8 2.3 50.0 8.6 3 0.78 294.6         
        pegmatite 0.0044 47.8 0.2047 32.9 10.5 71.0 35.8 3 0.74 328.8  304.7 Ma  31.4   0% 
        Neopro- 0.0046 55.3 0.0855 16.3 3.2 65.4 17.3 3 0.80 255.9 . % 10.3 . 
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        terozoic 0.0045 47.6 0.1324 21.0 2.9 74.9 22.0 3 0.76 333.9   . .   

ScT12 ** 57 56.7705 5.0364 granite/ 0.0047 48.5 0.0185 120.4 22.4 149.7 126.4 3 0.77 7.8         

B
e
n

 N
e

v
is

; 
N

o
t 

re
p

ro
d

u
c

ib
le

**
 

         Silurian- 0.0050 52.0 0.0257 72.3 36.6 148.3 81.6 3 0.77 15.6         

         Devonian 0.0044 48.7 0.0179 65.3 79.6 84.1 84.4 2 0.79 11.8         

          0.0072 59.5 0.1384 41.6 61.2 124.8 56.6 3 0.80 80.9         

          0.0020 39.9 0.1953 25.7 53.5 315.8 39.8 3 0.72 638.1         

          0.0014 46.0 0.0004 2.6 0.7 148.4 3.5 1 0.77 24.8 14.6 Ma 6.4 58% 

          0.0010 30.5 0.0094 35.5 69.7 88.8 52.3 2 0.64 52.7   % 43.7   

          0.0041 54.0 0.0352 39.2 36.7 141.4 48.5 1 0.81 42.0         

          0.0083 85.5 0.0106 1.4 1.5 155.6 2.5 1 0.85 143.4         

          0.0076 63.0 0.0174 32.2 43.1 60.3 42.7 1 0.81 12.7         

          0.0030 38.4 0.0419 19.1 33.4 328.6 28.6 2 0.72 136.8         

          0.0018 31.5 0.0172 48.3 29.7 335.0 57.0 3 0.63 50.9         

ScT16-1 ** 44 56.7726 5.0464 Psammite/ 0.0078 69.0 0.9583 9.5 33.6 111.0 18.0 1 0.80 1526         

        Neopro- 0.0067 69.0 0.1569 9.7 10.1 44.0 12.3 1 0.82 435.4         

        terozoic 0.0049 46.0 0.1912 12.1 7.8 87.8 14.4 2 0.73 698.8         
          0.0284 115.0 0.5278 16.2 3.0 93.3 17.4 1 0.89 231.0 n/a Ma n/a 100% 
          0.0071 53.4 0.0757 4.4 4.1 28.6 5.5 2 0.80 457.7   %     
          0.0159 96.6 0.0237 7.1 2.5 11.1 7.8 1 0.87 42.4         

          0.0125 87.4 0.1303 8.7 1.0 80.7 9.3 1 0.88 247.7         

Note: Strike through individual age determinations (eg. 0.0223) are anomalous ages that were not included in the average age calculation. Anomolous individual age determinations are defined as those whose           
            ages are  >50% higher than the final mean age, determined iteratively. 

    * (BGS, 2014) 

   † Mass weighted average grain radius. 

   § Ft is the alpha ejection correction factor (Farley et al., 1996).  
   # Percent of anomalous aliquots divided by total aliquots. 

    ** Ben Nevis samples SCT12 and ScT16-1 reproduced so poorly that their cooling ages were excluded from the analysis. 
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2.11. SUPPLEMENTARY MATERIAL 

2.11.1. Supplementary Text  

2.11.1.1. 4He/3He Methods 

 Apatite 4He/3He thermochronometry more tightly constrains the t-T path of an 

individual apatite as it cooled through the PRZ than does its bulk AHe age alone (Shuster and 

Farley, 2005, 2004). We analyzed four low-elevation samples using 4He/3He 

thermochronometry, samples ScT1 from Invershiel, ScT2 from Cluanie, and samples ScT10 

and ScT11 from Glen Nevis to better define the most recent cooling histories. We conducted 

4He/3He thermochronometry at the Noble Gas Thermochronometry Lab of the Berkley 

Geochronology Center following analytical methods detailed in Tremblay et al. (2015). After 

irradiation with 220 MeV protons, we selected single, euhedral crystals for analysis (Shuster 

and Farley, 2005). We then sequentially degassed the sample using a feedback-controlled 

diode laser; the molar abundance of 3He and 4He/3He ratio was then measured at each heating 

step using sector-field mass spectrometry. The 4He/3He release spectrum is displayed as a ratio 

evolution diagram where the 4He/3He ratio of each step (Rstep) is normalized to the bulk 

4He/3He ratio (Rbulk) of the sample, and is plotted against the cumulative released fraction of 

3He (ΣF3He; Shuster and Farley, 2005, 2004; Shuster et al., 2003; Table S2.2, Fig. S2.3). 

Assuming a spatially uniform production of radiogenic 4He, the data should fall within an 

allowable envelope between end member profiles produced by steady state 

production/diffusion and alpha ejection alone (Farley et al., 2010). U-Th zonation, which may 

skew the initial spatial distribution of 4He production, or other yet unknown systematics 

affecting the final form of the diffusion distribution may cause 4He/3He data at particular steps 
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to plot within the ‘forbidden zone’ outside of the end-member envelopes (Shuster and Farley, 

2005, 2004). We removed such steps prior to interpreting the data and using the random search 

algorithm described in Schildgen et al. (2010) using RDAAM parameters (Flowers et al., 

2009). 

4He/3He Results and Modeling 

 ScT2’s 4He/3He ratio evolution diagram, representing its He diffusion profile (Table 

S2.2), overlain by model results corresponding to predicted cooling trajectories is shown in 

Figure S2.3a. The grain analyzed for 4He/3He analysis, apatite grain ScT2-1_a, was a euhedral 

grain with no visible inclusions, had a bulk AHe age of 211 ± 5 Ma, which is within error of 

ScT1’s average AHe age (219.2 ±17.9, Table 2.1). 4He/3He ratios increase systematically with 

ΣF3He except for the last two steps, which encroached upon the forbidden zone and were 

therefore eliminated from model scoring (Shuster and Farley, 2005). We forward modeled 

cooling histories for ScT2’s diffusion profile from 135°C to 10°C (surface temperature) for 

400 Ma (~ 2x the grain age) in 1 Ma steps for 3,000 iterations allowing for 3-10 points (or 

bends) in the modeled t-T histories. ScT2 was the only analyzed apatite whose models 

produced any cooling trajectories with acceptable fits to the measured 4He/3He release 

spectrum. Acceptable fit cooling trajectories for ScT2 show a three stage cooling history: 1) 

cooling to ~55-40°C by ~350-250 Ma, 2) a long period of slow to stagnant cooling, and 3) 

renewed rapid cooling from 50-30°C to the surface beginning between 125-20 Ma (Fig. S2.3a). 

The results of this model introduce the possibility for renewed exhumation in the Cretaceous 

through the Cenozoic at the Cluanie field site.  

 ScT1’s 4He/3He ratio evolution diagram, representing its He diffusion profile (Table 

S2.2), overlain by model results corresponding to predicted cooling trajectories is shown in 

Figure S2.3b. The grain analyzed for 4He/3He analysis, apatite grain ScT1-3_c, was a euhedral 

grain with no visible inclusions, had a bulk AHe age of 111.0 ± 2.0 Ma. This grain age was not 

within error of ScT1’s average AHe age (56.3 ±17.9, Table 2.1). This was our first clue that we 

may have difficulties interpreting the 4He/3He model results. 4He/3He ratios increase 

systematically with ΣF3He except for steps 1, 2, and 3 were below the detection limit step 20 

which encroached upon the forbidden zone and were eliminated prior to modeling (Shuster and 

Farley, 2005). We forward modeled cooling histories for ScT1’s diffusion profile from 135°C 

to 10°C (surface temperature) for 200 Ma (~ 2x the grain age) in 1 Ma steps for 3,000 
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iterations allowing for 3-10 points (or bends) in the modeled t-T histories. Due to the large 

number of steps that needed to be eliminated from model scoring, the analyzed apatite’s bulk 

AHe age that is not within error of ScT1’s average AHe age, and because no cooling 

trajectories with an acceptable fit to the measured 4He/3He release spectrum were found, likely 

a result of due to unconstrained U-Th zonation in the apatite, we do not attempt to interpret this 

data any further.  

 ScT11’s 4He/3He ratio evolution diagram, representing its He diffusion profile (Table 

S2.3), overlain by model results corresponding to predicted cooling trajectories is shown in 

Figure S2.3c. ScT11’s average AHe age of 83.3 ± 20.8 Ma was used in the 4He/3He modeling 

(Table 2.1).  4He/3He ratios increase systematically with ΣF3He and no steps were eliminated 

from the scoring of model fits. We forward modeled cooling histories for ScT11’s diffusion 

profile from 135°C to 10°C (surface temperature) for 200 Ma (~ 2x the average age) in 1 Ma 

steps for 3,000 iterations allowing for 3-10 points (or bends) in the modeled t-T histories.  No 

cooling trajectories with an acceptable fit to the measured 4He/3He release spectrum were 

found for sample ScT11, likely a result of due to unconstrained U-Th zonation in the apatite, 

we do not attempt to interpret this data any further.  

 ScT10’s 4He/3He ratio evolution diagram, representing its He diffusion profile (Table 

S2.2), overlain by model results corresponding to predicted cooling trajectories is shown in 

Figure S2.3d. ScT10’s average AHe age of 108.4 ± 22.3 Ma was used in the 4He/3He modeling 

(Table 2.1). 4He/3He ratios increase systematically with ΣF3He until the last two steps (steps 18 

and 19) where Rstep/Rbulk values jump from 1.252 in step 17 to 1.582 in step 18 and 2.589 in 

step 19 (Table S2.2). This large jump in 4He/3He ratios may indicate a 4He rich inclusion near 

the grain edge. Steps 18 and 19 were therefore eliminated in the scoring of model fits. We 

forward modeled cooling histories for ScT10’s diffusion profile from 135°C to 10°C (surface 

temperature) for 200 Ma (~ 2x the average age) in 1 Ma steps for 3,000 iterations allowing for 

3-10 points (or bends) in the modeled t-T histories. Due to the possibility of a 4He rich 

inclusion in the analyzed apatite and because no cooling trajectories with an acceptable fit to 

the measured 4He/3He release spectrum were found for sample ScT10, we do not attempt to 

interpret this data any further.  
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2.11.2. Supplementary Figures 

 
Figure S2.1. The map area is from inset II in Figure 2.2 and all ages are in millions of years 

(Ma). AFTA ages, in boxes without outlines, from previous studies are represented by white 

squares (Thomson et al., 1999), black squares (Holford et al., 2009) and white diamonds 

(Jolivet, 2007). Grey squares show the sample locations and AFTA ages, in boxes without 

outlines, and AHe ages, in boxes with black outlines, from Sgorr Dhonuill (SD; Persano et al., 

2007). White circles show sample locations from this study with AHe ages in larger font then 

summarized prior work.  
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Figure S2.2: Each graph displays age versus eU (effective Uranium) for all individual age 

determinations for all aliquots of each apatite sample analyzed. Grey points show age 

determinations that were used in calculation of the mean AHe age and white diamonds 

represent age determinations deemed anomalous (see text for discussion) and were culled prior 

to the calculation of mean AHe age (Table 2.1). 
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Figure S2.3: 4He/3He analysis and model results are shown for samples A) ScT2 from Cluanie, 

and B) ScT1 from Invershiel and samples C) ScT11 and D) ScT10 from Glen Nevis. The left 

graph in each box is the 4He/3He release spectrum for each sample shown as a ratio evolution 

diagram where the 4He/3He ratio (R) of each step (Rstep) is normalized to the total 4He/3He ratio 

(Rbulk) and is a function of the cumulative released fraction of 3He (ΣF3He). The right graph 

shows modeled time temperature cooling trajectories. The grey paths correspond to cooling 

trajectories that do not predict the bulk AHe age of the sample, and therefore they are not 

compared to the measured 4He/3He release spectrum. Cooling trajectories represented by green, 

yellow, and red paths predict the bulk AHe age of the sample. Green paths represent cooling 

trajectories with an acceptable fit to the measured 4He/3He release spectrum. Yellow and red 

paths correspond to cooling trajectories that are increasingly worse fits to the data and which 

can be excluded as fitting the data a a 99% confidence level (see Schildgen et al., 2010 for a 

more detailed discussion of modeling). The ratio evolution diagram is overlain by predicted 
4He/3He release spectrums resulting from the modeled cooling trajectories. Only sample ScT2 

produced any acceptable fit-paths. 
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2.11.3. Supplementary Tables 

TABLE S2.1. QTQt FORWARD MODEL INPUT PARAMETERS  

FM-1 FM-2 FM-3 FM-4 

t (Ma) T (°C) t (Ma) T (°C) t (Ma) T (°C) t (Ma) T (°C) 

0 10 0 10 0 10 0 10 

15 65 55 35 70 35 90 25 

55 35 60 95 90 25 110 25 

60 95 66 15 110 25 130 75 

66 15 70 35 130 75 140 75 

70 35 90 25 140 75 200 15 

90 25 110 25 200 15 225 115 

110 25 130 75 225 115 245 115 

130 75 140 75 245 115 350 35 

140 75 200 15 350 35   

200 15 225 115     

225 115 245 115     

245 115 350 35     

350 35         

FM-1 FM-2 FM-3 FM-4 

t (Ma) T (°C) t (Ma) T (°C) t (Ma) T (°C) t (Ma) T (°C) 

0 10 0 10 0 10 0 10 

130 75 200 15 225 115 350 35 

140 75 225 115 245 115   

200 15 245 115 350 35   

225 115 350 35     

245 115         

350 35       

Note: Input time temperature points for QtQT forward thermal models (displayed in Figure 2.4A) based on a simplification of Holford et al. (2010) 
Morvern thermal history.      
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TABLE S2.2.  APATITE 4HE/3HE DATA 

Sample information Heating step 
Temperature 

(°C) 
Step duration 

(hours) 
(ΣF3He) * Rstep / Rbulk † 

Rstep/ Rbulk  
error (±) † 

Sample Name 1 210 0.20 0.003 0.051 0.164 
ScT2 (apatite ScT2-1_a) 2 225 0.50 0.006 0.044 0.165 
 3 260 0.38 0.011 0.055 0.131 
Radial equivalence: 4 300 0.51 0.026 0.147 0.043 
86.0 μm 5 300 0.66 0.034 0.248 0.075 
 6 310 0.66 0.043 0.247 0.065 
Apatite ScT2-1_a age 7 330 0.46 0.055 0.316 0.057 
211.0 ± 5.0 Ma § 8 340 0.45 0.068 0.362 0.051 
 9 350 0.48 0.085 0.401 0.052 
U (ppm) 10 350 0.66 0.104 0.476 0.044 
7.6 11 370 0.53 0.132 0.527 0.036 
 12 400 0.48 0.182 0.578 0.027 
Th (ppm) 13 410 0.50 0.234 0.704 0.031 
0.1 14 420 0.56 0.290 0.818 0.033 
 15 440 0.63 0.378 0.864 0.026 
Model iterations 16 475 0.50 0.488 1.048 0.028 
3000 17 500 0.50 0.620 1.139 0.029 
 18 600 0.50 0.932 1.253 0.020 
     19 # 700 0.50 0.991 1.634 0.060 
     20 # 850 0.50 1.000 1.496 0.176 

Sample Name   1 # 210 0.20 0.003   BDL ** 0.298 
ScT1 (apatite ScT1-3_c)   2 # 225 0.50 0.005   BDL ** 0.268 
   3 # 260 0.38 0.011   BDL ** 0.137 
Radial equivalence: 4 300 0.51 0.028 0.066 0.041 
83.0 μm 5 300 0.66 0.040 0.119 0.056 
 6 310 0.66 0.051 0.145 0.056 
Apatite ScT1-3_c age 7 330 0.46 0.063 0.151 0.049 
111.0 ± 2.0 Ma § 8 340 0.45 0.075 0.189 0.055 
 9 350 0.48 0.088 0.221 0.058 
U (ppm) 10 350 0.66 0.103 0.260 0.040 
11.1 11 370 0.53 0.123 0.288 0.032 
 12 400 0.48 0.155 0.370 0.019 
Th (ppm) 13  410 0.50 0.183 0.489 0.026 
0.1 14 420 0.56 0.217 0.534 0.022 
 15 435 0.50 0.268 0.676 0.022 
Model iterations 16 475 0.50 0.336 0.772 0.019 
3000 17 500 0.50 0.425 0.904 0.019 
 18 600 0.50 0.759 1.286 0.010 
 19  700 0.50 0.977 1.428 0.015 
    20 # 850 0.50 1.000 1.203 0.047 

Sample Name 1 210 0.20 0.003 0.052 0.033 
ScT11 (apatite ScT11_a) 2 225 0.50 0.006 0.197 0.091 
 3 260 0.38 0.008 0.573 0.349 
Radial equivalence: 4 300 0.51 0.018 0.405 0.061 
69.8 μm 5 300 0.66 0.025 0.512 0.096 
 6 310 0.66 0.032 0.687 0.134 
Average age 7 330 0.46 0.043 0580 0.082 
83.3 ± 20.8 Ma 8 340 0.45 0.052 0.700 0.106 
 9 350 0.48 0.066 0.677 0.081 
U (ppm) 10 350 0.66 0.083 0.642 0.066 
38.6 11 370 0.53 0.102 0.826 0.078 
 12 400 0.48 0.143 0.750 0.046 
Th (ppm) 13 410 0.50 0.189 0.827 0.047 
80.6 14 420 0.56 0.236 1.033 0.057 
 15 440 0.63 0.313 0.997 0.042 
Model iterations 16 475 0.50 0.435 1.036 0.035 
3000 17 500 0.50 0.584 1.018 0.030 
 18 600 0.50 0.911 1.103 0.022 
  19  700 0.50 0.989 1.189 0.049 
  20  850 0.50 1.000 1.004 0.140 

Sample Name 1 210 0.20 0.008 0.077 0.058 
ScT10 (apatite ScT10_a) 2 225 0.50 0.012 0.207 0.156 
 3 260 0.38 0.023 0.202 0.067 
Radial equivalence: 4 300 0.51 0.068 0.215 0.024 
50.0 μm 5 300 0.66 0.091 0.311 0.054 
 6 310 0.66 0.117 0.355 0.056 
 7 330 0.46 0.143 0.449 0.070 
Average age 8 340 0.45 0.165 0.603 0.103 
108.4 ± 22.3 Ma 9 350 0.48 0.188 0.742 0.119 
 10 350 0.66 0.225 0.595 0.069 
U (ppm) 11 370 0.53 0.262 0.798 0.092 
15.5 12 400 0.48 0.334 0.864 0.063 
 13 410 0.50 0.408 0.927 0.067 
Th (ppm) 14 420 0.56 0.496 0.911 0.059 
46.8 15 440 0.63 0.613 0.926 0.051 
 16 475 0.50 0.725 1.193 0.067 
Model iterations 17 500 0.50 0.835 1.252 0.070 
3000    18 # 600 0.50 0.981 1.582 0.075 
    19 # 700 0.50 1.000 2.859 0.507 

* Cumulative released fraction of 3He      
      † Rstep is the  

4He/3He ratio of each step and is normalized to Rbulk, the total 4He/3He ratio. 
       § Due to low analytical error on bulk grain age we input 2x error in model runs to allow more t-T paths to be compared to release spectrum 
      # Indicates step was removed from the model scoring. 
      ** Below Detection Limit 
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3.1. ABSTRACT 

Be-10 concentrations in 68 samples of sediment and bedrock from five study sites 

across the Scottish Highlands trace paraglacial sediment sources and define the nature of 

glacial erosion for the Late Quaternary. Exposure ages derived from 10Be concentrations in 

ridge and lower elevation bedrock range from 10–33 ka and suggest that polythermal ice and 

warm based ice was primarily responsible for producing glacial sediment. Comparisons of 10Be 

concentrations between catchment-wide sediment (2.06 ± 0.34×104 to 11.24 ± 1.54×104 atoms 

g-1 SiO2; n=33), near surface deposits (2.71 ± 0.33×104 to 3.48 ± 0.49×104 atoms g-1 SiO2; 

n=6), 4 m deep till (0.68×104 10Be atoms g-1 SiO2; n=1), ridge bedrock (8.93 ± 0.47×104 to 

34.05 ± 1.66×104 atoms g-1 SiO2; n=20), and lower elevation polished bedrock (6.74 ± 

0.67×104 to 12.65 ± 0.7×104 atoms g-1 SiO2, n=5) indicate that most sand fluxing through 

catchments in the Scottish Highlands is sourced from the remobilization and vertical mixing of 

near surface deposits. These findings indicate that glaciogenic material continues to dominate 

paraglacial sediment budgets more than 11 ka after deglaciation.   
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3.2. HIGHLIGHTS 

 Sediment sources can be tracked with in situ 10Be in temperate paraglacial settings. 

 Fluvial sand in the Scottish Highlands is sourced from vertical mixing of remobilized 

sediment.  

 Deep till concentrations suggest muon derived inheritance. 

 Polythermal glacial erosion in the Scottish Highlands.  

 

3.3. INTRODUCTION 

Throughout the late Cenozoic as large ice sheets repeatedly advanced and retreated across 

continents in mid to high latitudes, both glacial and interglacial conditions dramatically shaped 

the landscape (e.g., Lowe and Walker, 2015). During glaciation, warm based ice is generally 

considered an effective agent of denuding rock (e.g., Herman et al., 2013; McAleer et al., 

2009; Berger et al., 2008; Densmore et al., 2007; Hebbeln et al., 2007; Ehlers et al., 2006; 

Shuster et al., 2005; Farley et al., 2001). However, accelerated erosion is not a universal 

response to glaciation. Maximum erosion rates can be limited by rates of tectonic rock uplift 

rate, despite glaciation (e.g., Herman et al., 2010; Koppes and Montgomery, 2009), large cold 

based ice sheets can protect the underlying landscape from erosion (e.g., Thomson et al., 2010; 

Colgan et al., 2002; Fabel et al., 2002), or polythermal ice can protect summits covered by cold 

based ice and confine erosion to warm-based ice in valleys (e.g., Corbett et al., 2016; Margreth 

et al., 2016; Bierman et al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et al., 2006; 

Gosse et al., 2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; Marsella et 

al., 2000; Sugden, 1978). 

When glaciers retreat landscapes may also be affected by intense geomorphic change as 

they transition from glacial to non-glacial conditions (e.g., Heckmann et al., 2016; Barry, 

2006). In such paraglacial environments (Slaymaker, 2011; Ballantyne, 2002; Church and 

Ryder, 1972) rockwalls are susceptible to failure and plentiful unstable glaciogenic sediment 

can be mobilized (e.g., Heckmann et al., 2016; Mercier, 2008). As the climate continues to 

warms over the next few centuries increasing the abundance of paraglacial landscapes in mid 
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to high latitudes (Knight and Harrison, 2014, 2009b; Mercier, 2008; Barry, 2006) it becomes 

increasingly important to characterize and quantify patterns and rates of sediment production 

and transfer after glaciation.  

In this study, we investigate patterns of glacial erosion and paraglacial sediment storage 

and transport in the northwest Scottish Highlands to test whether repeated transitions between 

glacial and non-glacial conditions throughout the Cenozoic enhanced erosion. The Scottish 

Highlands are located along the north Atlantic passive margin, have low background rates of 

uplift (i.e. < 0.05 mm yr-1; e.g., Holford et al., 2010; Thomson et al., 1999), and were 

repeatedly covered by continental scale, possibly cold-based or polythermal, ice sheets (e.g., 

Ballantyne and Stone, 2012; Fabel et al., 2012; Ballantyne, 2010; Golledge, 2010; Bradwell et 

al., 2008; Phillips et al., 2008). Our study areas include Glen Nevis, Loch Laggan, Glen Shiel 

and the Village of Moy in Inverness on the Scottish mainland and on the Isle of Skye, off the 

west coast of Scotland (Figs. 3.1 and 3.2).  

We report at total of 68 new in situ terrestrial cosmogenic nuclide (TCN) 10Be 

measurements from catchment-wide sediment (Tables 3.1 and 3.2), sediment deposits (Table 

3.3), and bedrock (Table 3.4). To better quantify patterns of glacial erosion and how varying 

ice sheet basal temperature may have influenced erosion, we measure 10Be concentrations in 

summit and glacially polished bedrock. To delineate how sediment mixes as landscapes and 

sedimentary fills erode we then compare 10Be concentrations from catchment-wide sand to 

upstream sediment sources. Taken together our measurements represent a picture of the 

erosional processes starting with the bedrock and ending with the sediments as they are cleared 

from the catchments.  

 

3.4. REGIONAL SETTING 

 Northwest Scotland is located the along the North Atlantic passive margin (Fig. 3.1). 

The last major tectonic event to affect Scotland was the early Jurassic rifting of the Atlantic 

Ocean (e.g., Holford et al., 2010; Trewin, 2002). Vertical crustal changes resulting from 

glacio-isostasy is significant throughout the Quaternary (e.g., Ballantyne and Lowe, 2016; 

Shennan et al., 2009; Shennan et al., 2000; Lambeck, 1995). The dominant lithologies in our 
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study areas are Neoproterozoic meta-sedimentary, Paleozoic intrusive felsic and Paleogene 

intrusive rocks (British Geologic Survey, 2012).  

Scotland has been heavily glaciated throughout the late Cenozoic; it is presently a 

paraglacial environment (e.g., Boardman, 2011; Knight and Harrison, 2009a; Ballantyne and 

Harris, 1994). The British-Irish Ice Sheet (BIIS) had more than ten major advances and retreats 

over northwest Scotland throughout the Quaternary (Lowe and Walker, 2015; Fig. 3.1). The 

most recent glacial stage in Scotland is the late Devensian Stage, subdivided into the 

Dimlington Stadial (MIS 2, 31–14.5 ka), the Late Glacial/ Windermere Interstadial (14.5–12.9 

ka), and the Loch Lomond Advance/Readvance (LLA; ~12.9–11.7 ka; Helmens, 2014; 

Ballantyne, 2010; Bradwell et al., 2008). The Dimlington Stadial includes the last glacial 

maximum (LGM, 26–21 ka) when the BIIS was confluent with the Fennoscandian Ice Sheet 

and glacial ice covered all of Scotland, northern England and Ireland (Ballantyne, 2010; 

Phillips et al., 2008). The Dimlington Stadial ended at ~14.5 ka and Scotland remained ice free 

throughout the Windermere Interstadial. A restricted region of the Scottish mainland, centered 

on Rannoch Moor, became glaciated once again during the LLA (Fig. 3.2) and a small 

independent ice-cap covered the Isle of Skye (Fig. S3.1). The LLA ice cap is generally 

correlated with cooling during the Younger Dryas Stadial from 12.9–11.7 ka (Ballantyne and 

Stone, 2012; Golledge, 2010). There is still debate over whether the LLA ice cap melted away 

as early as 12.2 ka (Bromley et al., 2014) or persisted until 11.5 -10.6 ka (Small and Fabel, 

2016). 

 All our study areas are within the limits of the LLA ice, except for the Village of Moy 

in Inverness (Fig. 3.2). We investigated those first and second order catchments across the 

Scottish Highlands that have a glacial U-shaped topography and relief up to ~1 km. The 

catchments generally have exposed bedrock flanked by talus that is sometimes covered by a 

thin soil at high elevations (>600–800 m; Fig. 3.3). Lower elevation parts of the catchments 

contain deposits of glacial sediment, fluvial sediment, colluvium, polished bedrock and fluvial 

knick-points within streams (Fig. 3.3). 
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3.5. MATERIALS AND METHODS 

3.5.1. Principles of cosmogenic analysis  

Nuclear reactions occurring high in the atmosphere generate a secondary cascade of 

nuclear particles, including neutrons and muons. Nuclear reactions involving neutrons and 

muons, slow and fast, produce cosmogenic nuclides as they interact with target minerals within 

the top few meters of rock, soil, or sediment (Bierman et al., 2002; Gosse and Phillips, 2001; 

Lal, 1991). Beryllium-10, produced from target nuclides in quartz, is widely used in 

geomorphic studies. After accounting for shielding, latitude, altitude, and production rate 

variations (Lal, 1991) the concentration of 10Be can be used to calculate exposure ages and 

erosion rates on exposed surfaces (e.g., Corbett et al., 2016; Margreth et al., 2016; Bierman et 

al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et al., 2006; Gosse et al., 2006; 

Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; Marsella et al., 2000; 

Nishiizumi et al., 1993; Sugden, 1978), and catchment-wide average erosion rates from fluvial 

sediment (e.g., Portenga and Bierman, 2011; Bierman and Steig, 1996; Granger et al., 1996; 

Brown et al., 1995), or it can be used to track sediments as they flux through a landscape (e.g.,  

Nelson et al., 2014; Reusser and Bierman, 2010; Nichols et al., 2005a; Nichols et al., 2005b; 

Clapp et al., 2002; Nichols et al., 2002; Clapp et al., 2001; Clapp et al., 2000).  

In situ 10Be concentrations can be interpreted as exposure ages and/or erosion rates (Lal 

et al., 1996). If no inherited 10Be is present the concentration is inversely proportional to an 

erosion rate.  If the exposure of a sample to cosmic rays is dominated by surface exposure then 

the inventory of 10Be will be dominated by production from neutrons. The erosion rate, ε, is 

given by equation (1) from Lal (1991): 

 

𝜀 =
𝛬

𝜌
(
𝑃0

𝐶
− 𝜆)   (1) 

 

where Po = spallation surface production rate; Λs  = spallation attenuation length (160 g cm-2); λ 

= decay constant of 10Be (4.99 ×10-7 yr-1; Nishiizumi et al., 2007); and 

ρ = assumed bedrock density (2.7 g cm-2). 

Production of in situ 10Be from muons is small compared to production by neutron 

spallation at depths < 2.5 m, but their attenuation lengths are much longer: 4,320 g cm-2 and 
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1,350 g cm-2 for fast and slow muons, respectively (Heisinger et al., 2002a; Heisinger et al., 

2002b). At depths > 2.5 m, production by muons becomes dominant (e.g., Briner et al., 2016; 

Nelson et al., 2014). Production rates of 10Be by muons are low (<0.1 atoms g-1 yr-1; Heisinger 

et al., 2002a; Heisinger et al., 2002b) compared to production by spallation, but over long 

periods of exposure - tens of thousands of years - detectable amounts of 10Be can accumulate at 

depths > 2.5 m (Briner et al., 2016). 

 

3.5.2. Sampling strategy  

The assumption behind using cosmogenic nuclides to measure catchment-wide erosion 

rates is, in the ideal case, that the erosion rate as seen in the sediment reflects the average 

bedrock erosion rate throughout the catchment (e.g., Portenga and Bierman, 2011; Bierman 

and Steig, 1996; Granger et al., 1996; Brown et al., 1995). In this ideal case the storage of 

sediments in the catchment is not a dominant process, nor is there any additional production of 

cosmogenic nuclides in storage or during the transport process. In a glacial environment the 

movement of sediments from bedrock to eventual loss from the catchment is far more 

complicated. Sediments are stored in paraglacial deposits and during this epoch there is likely 

production of additional cosmogenic 10Be. Our goal is to trace the movement of this sediment, 

from its production in bedrock, to its loss from the catchment. To accomplish this we need to 

assess the production of 10Be during its storage in paraglacial deposits. We also aim to assess 

the source of sediments leaving the basins in the Scottish Highlands (e.g.,  Nelson et al., 2014; 

Reusser and Bierman, 2010; Nichols et al., 2005a; Nichols et al., 2005b; Clapp et al., 2002; 

Nichols et al., 2002; Clapp et al., 2001; Clapp et al., 2000).  

An essential component of this work is the determination of 10Be exposure ages from 

ridge and lower elevation polished bedrock to help understand patterns of glacial bedrock 

erosion and to further investigate the possibility of polythermal ice having impacted the 

Scottish Highlands. Polythermal ice is cold-based at high elevations and warm-based at lower 

elevation. Cold-based ice moves slowly by deforming internally and does not erode underlying 

landscapes, while warmer, thicker ice moves by basal sliding and is an efficient agent of 

erosion. Polythermal ice therefore preserves, rather than erodes, peaks and confines most 

glacial erosion to warm-based dynamic ice streams in the valleys (e.g., Corbett et al., 2016; 

Margreth et al., 2016; Bierman et al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et 
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al., 2006; Gosse et al., 2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; 

Marsella et al., 2000; Sugden, 1978).  

We measured 10Be concentrations from possible sediment sources (Tables 3.3 and 3.4) 

and compared them to the catchment-wide sediment 10Be concentrations, i.e., fluvial sand 

taken from streams (Table 3.1) from within the LLA limits on the Isle of Skye, in Glen Nevis, 

near Loch Laggan, and in Glen Shiel (Fig. 3.4ABC) and from outside the LLA limits at the 

Village of Moy (Fig. 3.4D). Our assumption is that the sediment sources with 10Be 

concentrations most similar to catchment-wide concentrations are most likely the dominant 

source of sediment fluxing through the paraglacial catchments. We performed Student’s t-test 

between groups of sample type to determine which had 10Be concentrations that are statistically 

distinct and which were statistically inseparable (Fig. 3.5, Table S3.1). We tested for a 

significance level of 0.05 (α=0.05) such that a p-value > 0.05 indicates the two compared 

datasets are statistically the same and when p value < 0.05 the two compared datasets are 

statistically distinct.  

We identified five main catchment-cover categories as possible sources of catchment-

wide sediment including: 1) bedrock (ridge and lower elevation glacially polished surfaces); 2) 

talus; 3) till; 4) fluvial deposits; and 5) colluvium (Fig. 3.3). We sampled bedrock using a 

hammer and chisel from twenty bedrock peaks/ridges and five lower elevation glacially 

polished bedrock surfaces to a depth of < 6 cm (Table 3.4). All of the bedrock samples were 

taken from within the LLA glacial limits (Figs. 3.2 and 3.4). We also sampled two talus slopes 

(one from Loch Laggan and one From Glen Shiel; Fig. 3.4BC) by collecting 100 chips of rock, 

each with a mass of ~ 10 g, from the highest point of 1 to 5 m diameter boulders for each talus 

slope. All sediment samples were collected using a trowel. We analyzed three till samples (one 

from Glen Shiel and 2 from Loch Laggan; Fig. 3.4B,C) at varying depths from 1 to 4 m and the 

surfaces of three glacial boulders on moraines. Two samples of fluvial deposits were collected 

from exposed stream banks at 0.6-0.7 m depth at Glen Shiel and Glen Nevis (Fig. 3.4B,C). We 

also obtained a radiocarbon age from wood fragments in those fluvial deposits to define the 

timing of deposition. These were measured via accelerator mass spectrometer by Beta Analytic 

and converted to calendar years before present (cal yr BP) using the INTCAL09 database 

(Reimer et al., 2009). Colluvium is common throughout most catchments and is mainly 

covered by a thick mat of peat and grasses. This cover likely acts to stabilize the material, 
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decreasing its chances of erosion and transport into the streams (Fig. 3.3). We acknowledge 

that the lack of colluvium samples as well as the sample size of n=1 for deep till may limit the 

scope of our analysis.  

 

3.5.3. Hypothetical depth profiles  

To understand inheritance and post-glacial production in glacial sediment we constructed 

hypothetical till 10Be depth profiles and compared them to our measured concentrations (Fig. 

3.6). These were calculated using neutron spallation (Po scaled for shielding in catchments) and 

where x = depth of till (cm), Px = production rate at depth ‘x’ (atoms g-1 SiO2 yr-1), ρt = till 

density of 1.8 g cm-3 (Fülöp et al., 2015), tdg,= time since deglaciation, and Npx,= the total atoms 

10Be g-1 SiO2 produced in till at depth ‘x’ since deposition (i.e. duration of tdg). 

 

𝑃𝑥 = 𝑃0𝑒
−
𝑥𝜌𝑡
𝛬   (2) 

 

𝑁𝑝𝑥 =
𝑃𝑋

𝜆
(1 − 𝑒−𝜆𝑡𝑑𝑔)   (3) 

 

Hypothetical profiles were constructed from the surface to 4 m depth for three scenarios; (1) 

till deposited upon LLA deglaciation (tdg = 11.7 ka) with no initial inheritance directly 

following deglaciation (Fig. 3.6, solid black curve); (2) till deposited upon LLA deglaciation 

(tdg =11.7 ka) but retaining inheritance equivalent to the concentration we measured in deep till 

sample Sc1431 (4m depth; 0.68×104 10Be atoms g-1 SiO2; Fig. 3.6, dashed black curve, Table 

3.3); and (3) till deposited upon Dimlington Stadial deglaciation (tdg =14.5 ka) with no initial 

inheritance (Fig. 3.6, solid grey curve). 

 

3.5.4. Grain size 

 Many of the streams that we initially targeted for sampling for catchment-wide analysis 

were completely devoid of sand. The prevalence of sand-free catchments brings into question 

whether sampling only sand-bearing streams provides a reasonable representation of 10Be 

concentrations in all catchments. Some studies have demonstrated that 10Be concentrations are 

lower in larger grain size fractions as a result of differing sediment provenance for different 
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grain sizes or from deep seated landslides producing larger sediment with lower concentrations 

(e.g., Lukens et al., 2016; Carretier et al., 2015; Wittmann et al., 2010; Belmont et al., 2007). 

Others have shown that 10Be concentrations are lower in smaller grain size fractions, again, as 

a result of differing sediment provenance for different grain sizes or from grain size reduction 

within streams producing fine sediment from originally coarser grain fractions (e.g., Wittmann 

et al., 2010; Belmont et al., 2007). 

If sediments of different grain sizes have widely varying 10Be concentrations in this 

study it may indicate that they were derived from different parts of the catchment and/or were 

routed through different transport pathways. If instead, concentrations are invariant to grain 

size it is more likely that all catchment-wide sediment shared a common history regardless of 

grain size. We collected pebble samples (n=2; 100 pebbles per sample with 4–5 cm diameter), 

and boulder samples (n=2; 30 chips weighing ~20–30 g off of 30 boulders with 20–30 cm-

diameter; (Table 3.2) from the same locations of sand samples ScW13 and ScW11 (Fig. 3.4) to 

investigate the effect of grain size on our catchment-wide sediment 10Be concentrations.  

  

3.5.5. Analytical methods  

 We isolated the 250–500 µm grain size fraction, using sieves, of the sediment samples. 

Crushed whole bedrock samples were sieved to obtain the 250–500 µm fraction for processing. 

We extracted 10Be using standard methods (see Kohl and Nishiizumi (1992) for details) in the 

geochronology laboratories at the University of Cincinnati. Be-9 carrier concentrations for 

each sample are listed in appropriate tables. Measurements of 10Be/9Be were made on the 

accelerator mass spectrometer at PRIME Laboratory in Purdue University. Samples are 

normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi 

et al., 2007).  

The Glen Roy production rate of Small and Fabel (2015), 4.27 ± 0.21 10Be atoms g-1 

SiO2 yr-1, is the nearest production rate calibration site to our study areas. Since it is within the 

uncertainty of the western Norway production rate of Goehring et al. (2012) of 4.26 ± 0.13 

10Be atoms g-1 SiO2 yr-1, that is available in the CRONUS Earth calculator (Balco et al., 2008) 

we use the Goehring et al. (2012) production rate with Lal (1991)/Stone (2000) scaling in all 

calculations. The scaled Goehring et al. (2012) production rates (e.g., for sample ScR3 of 10.65 

± 0.42 10Be atoms g-1 SiO2 yr-1) are within error of the scaled CRONUS-Earth production rate 
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(Balco et al., 2008; e.g., again for sample ScR3 of 10.73 ± 0.79 10Be atoms g-1 SiO2 yr-1). We 

scaled that production rate for latitude, elevation, and corrected for topographic shielding. For 

catchment-wide samples we used the shielding code described in Dortch et al. (2011) to 

calculate production rates that correct for topographic shielding in catchments. We used the 

CRONUS Earth online calculator (Balco et al., 2008) with the Goehring et al. (2012) 

calibration to calculate exposure ages, erosion rates, and topographic shielding for all bedrock 

samples using an assumed bedrock density of 2.7 g cm-3.  

 

3.6. RESULTS 

3.6.1. 10Be measurements and exposure ages 

Be-10 concentrations in catchment-wide sand from samples within the LLA limits 

(n=26) range from 2.06 ± 0.34×104 to 5.41 ± 0.34×104 atoms g-1 SiO2 with a mean of 3.55 ± 

0.92×104 atoms g-1 SiO2 (1σ; Tables 3.1 and 3.5; Figs. 3.4ABC, S3.1, S3.2, and S3.3). Outside 

the LLA limits, concentrations from catchment-wide samples (n=3) are consistently higher, 

ranging from 6.38 ± 0.95×104 to 11.24 ± 1.54×104 atoms g-1 SiO2, with a mean of 8.19 ± 

2.65×104 atoms g-1 SiO2 (1σ; Tables 3.1 and 3.5; Figs. 3.4D and 3.5). Average slopes in 

catchments range from 14 to 28° and areas range from 1 to 90 km2 (Table 3.1; Fig. 3.7). 

Regressions of average slope and area versus 10Be concentration yield respective R2 values of 

0.13 and 0.11, indicating no significant relationship. This indicates that catchment-wide 10Be 

concentrations do not represent catchment-wide erosion rates based on catchment morphology 

(e.g., Portenga and Bierman, 2011; Riebe et al., 2000; Granger et al., 1996). In the two 

catchments tested for grain size effects, 10Be concentrations from sand (n=2), pebbles (n=2), 

and boulders (n=2) ranged from 2.40 ± 0.22 ×104 to 4.85 ± 1.06×104 atoms g-1 SiO2 with an 

average of 3.74 ± 0.98 ×104 atoms g-1 SiO2 (1σ; Table 3.2). Our results indicate that 

catchment-wide sand is an acceptable proxy for all grain sizes of catchment-wide sediment; the 

standard deviation of the average is less than the range of 
10Be concentrations across all inside-

LLA catchment-wide sand samples (Table 3.1). 

Be-10 concentrations in fluvial deposits (n=2) range from 2.95 ± 0.18 ×104 to 3.34 ± 

0.38×104 atoms g-1 SiO2 (1σ; Table 3.2; Figs. 3.4BC, S3.2, and S3.3). Both fluvial deposits 

provide 14C Holocene deposition ages of 680–1230 cal yr BP (Table 3.2) suggesting that their 
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deposition was an anthropogenic consequence of increased grazing and deforestation in 

Scotland (Foulds and Macklin, 2006). Talus samples (n=2) have 10Be concentrations which 

range from 3.43 ± 0.39×104 to 3.48 ± 0.49 ×104 atoms g-1 SiO2 (1σ uncertainty; Table 3.3; 

Figs. 3.4BC, S3.2, and S3.3). Till samples (n=3) have 10Be concentrations which range from 

0.68 ± 0.12×104 to 2.72 ± 0.53×104 atoms g-1 SiO2, with their concentrations decreasing with 

sample depth (1σ; Tables 3.3 and 3.5; Figs. 3.4BC, S3.2, and S3.3). The ‘near surface deposits’ 

(n=6), including fluvial bank deposits (0.6–0.7 m depth) shallow till (1–1.5 m depth), and talus 

(collected at the surface) have a mean 10Be concentration of 3.11 ± 0.35×104 atoms g-1 SiO2 

(1σ; Table 3.5, Fig. 3.5). Moraine boulder samples (n=3) from the Isle of Skye have 10Be 

concentrations ranging from 9.78 ± 0.91×104 to 11.94 ± 3.07×104 atoms g-1 SiO2 and a mean 

value of 10.98 ± 1.10×104 atoms g-1 SiO2 (1σ uncertainty; Tables 3.3 and 3.5; Figs. 3.4D and 

S3.1). Corresponding exposure ages for moraine boulders range from 14.3 ± 1.5 ka to 17.8 ± 

4.6 (Table 3.3). 

Be-10 concentrations from bedrock ridge and peak samples (n=20) range from 8.93 ± 

0.47×104 to 34.05 ± 1.66×104 atoms g-1 SiO2 and have a mean of 17.30 ± 6.06×104 atoms g-1 

SiO2 (1σ uncertainty; Tables 3.4 and 3.5; Figs. 3.4ABC, S3.1, S3.2, and S3.3). Corresponding 

exposure ages from bedrock ridge and peak samples range from 10.1 ± 0.8 to 33.1 ± 2.1 ka 

(1σ; Table 3.4). Only two ridge bedrock samples had exposure ages within the uncertainty of 

or younger than the LLA deglacial age of ~11.7 ka. Four ridge bedrock samples had exposure 

ages within the uncertainties of the Dimlington Stadial deglacial age of ~14.5 ka. One of these, 

ScR3, from the Glen Nevis study area (Figs. 3.4B and S3.2) was one of two samples taken 

from the same peak and the second sample, (ScR4; 16.4 ± 0.9 ka; Fig. S3.2) slightly predates 

the Dimlington Stadial deglacial age suggesting incomplete stripping of the 10Be inventory 

during Dimlington Stadial glaciation across that peak. Most samples, 13 out of 20, had 

exposure ages that were older than the Dimlington Stadial deglacial age of ~14.5 ka (Table 

3.4). The oldest two samples, Sc1427 and Sc1428, were taken from Creag Meagaidh in the 

Loch Laggan Region with respective ages of 24.7 ± 1.4 and 33.1 ± 2.1 ka (Figs. 3.4B, S3.2, 

and S3.4). 

Be-10 concentrations from lower elevation polished bedrock samples (n=5) range from 

6.74 ± 0.67×104 to 12.65 ± 0.7×104 atoms g-1 SiO2 and have a mean of 10.03 ± 2.16×104 atoms 

g-1 SiO2 (1σ; Tables 3.4 and 3.5; Figs. 3.4ABC, S3.1, S3.2, and S3.3). Corresponding exposure 
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ages from polished bedrock samples range from 14.2 ± 1.0 to 16.2 ± 0.8 ka (1σ uncertainty; 

Table 3.4). Four of five samples yielded exposure ages within error of the Dimlington Stadial 

deglacial age with the fifth sample being slightly older (Table 3.4; Figs. 3.4C and S3.3). 

 

3.6.2. Statistical analysis 

10Be concentrations from catchment-wide sand inside and outside the LLA limits are 

statistically the same (p=0.09; Table S3.1) even though 10Be concentrations within the LLA 

limits are consistently lower (Table 3.5; Fig. 3.5). Overall, 10Be concentrations from 

catchment-wide sand are statistically the same as near surface deposits (0.07<p<0.60, Table 

S3.1), with one exception. Catchment-wide sand concentrations from within the LLA limits are 

statistically distinct from shallow till (p<0.01; Table S3.1). This is surprising because 10Be 

concentrations within LLA limits (2.06 ± 0.34×104 to 5.41 ± 0.34×104 atoms g-1 SiO2) overlap 

with 10Be concentrations in shallow till (2.71 ± 0.33×104 to 2.72 ± 0.53×104 atoms g-1 SiO2; 

Table 3.4, Fig. 3.5). It may be that this distinction is the result of our small till sample size 

(n=2). Fluvial deposits are statistically the same as all other near surface deposits 

(0.27<p<0.35), but shallow till and talus are distinct in 10Be concentrations (p=0.02), with talus 

having a slightly higher 10Be concentration (Table S3.1). 

All bedrock samples have higher 10Be concentrations and are statistically distinct from 

the catchment-wide sand inside the LLA limits and the near surface deposits (p<0.01; Table 

S3.1). The deep till sample was not part of the statistical testing because there is only one 

sample. The 10Be concentration from the deep till (4m depth) sample was an order of 

magnitude less than all catchment-wide sand and near surface deposits and 1-2 orders of 

magnitude greater than bedrock 10Be concentrations suggesting that it has a distinct value from 

the rest of the data (Table 3.5; Fig. 3.5). 

 

3.6.3. Hypothetical depth profiles  

The hypothetical depth profile constructed where till was deposited upon LLA 

deglaciation (tdg = 11.7 ka) with no initial inheritance (Fig. 3.6, solid black curve), 

exponentially decreases from 9.09×104 atoms g-1 SiO2 at the surface to < 0.10×104 atoms g-1 

SiO2 at depth of 4 m. The profile constructed in which till was deposited upon LLA 
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deglaciation (tdg =11.7 ka) but had an inheritance equivalent to the concentration measured in 

the deep till sample Sc1431 (0.68×104 10Be atoms g-1 SiO2; Fig. 3.6, dashed black curve) 

exponentially decreases from 9.77×104 atoms g-1 SiO2 at the surface to 0.77 ×104 atoms g-1 

SiO2 at depth of 4 m. Be-10 concentrations at the surface for both LLA scenarios are much 

higher than the average catchment-wide sand 10Be concentrations inside the LLA limits (3.55 ± 

0.92; n=26) or the average concentration of near surface deposits inside the LLA limits (3.11 ± 

0.35; Table 3.5). Complete mixing of the top 4 m of till in the hypothetical profile in the first 

scenario (LLA, no inheritance) would result in an average 10Be concentration of 1.97×104 

atoms g-1 SiO2; slightly lower than LLA catchment-wide sand and near surface deposits. 

Complete mixing of the top 4 m of till in the hypothetical profile for the second scenario (LLA 

with inheritance) would result in an average 10Be concentration of 2.65×104 atoms g-1 SiO2. 

This is within the uncertainty of the average catchment-wide sand 10Be concentrations inside 

the LLA limits, but slightly underestimates near surface deposit average concentrations (Table 

3.5). The predicted 4 m deep till concentrations of <0.10×104 atoms g-1 SiO2 in the scenario 

without inheritance far underestimates the concentration we measured for the till (0.68×104 

10Be atoms g-1 SiO2) This indicates that some amount of inheritance immediately following 

deglaciation is necessary to account for the low but measurable concentration of 10Be measured 

in the deep till. 

The hypothetical depth profiles when till was deposited upon Dimlington Stadial 

deglaciation (tdg =14.5 ka, i.e., not affected by LLA ice) with no initial inheritance (Fig. 3.6, 

solid grey curve) exponentially decreases from 9.47×104 atoms g-1 SiO2 at the surface to 

<0.10×104 atoms g-1 SiO2 at 4 m depth. Complete mixing of the top 4 m of till in the 

hypothetical profile for this scenario would result in an average 10Be concentration of 2.06×104 

atoms g-1 SiO2; much lower than average catchment-wide concentrations outside the LLA (8.19 

± 2.65; n=3). Catchment-wide concentrations outside the LLA are, however, within the error of 

10Be concentrations at the surface of the Dimlington Stadial till profile.  
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3.7. DISCUSSION 

The 10Be data allow us to examine patterns of glacial bedrock erosion, glaciogenic 

sediment inheritance, and paraglacial storage and transfer of glaciogenic sediment in the 

Scottish Highlands. Each aspect will be discussed in turn below. 

 

3.7.1. Glacial bedrock erosion 

Our new data allow us to examine various scenarios of differential erosion by 

polythermal glaciers. Dimlington Stadial periglacial trimlines that separate lower glacially 

denuded bedrock from higher unabraded bedrock were initially thought to represent the 

vertical limits of a thin ice sheet that did not cover all peaks across the Scottish Highlands (e.g., 

Ballantyne et al., 1998; Stone et al., 1998). This thin ice hypothesis is in conflict with the ice 

surface gradients and basal stresses associated with an ice sheet that extended to the shelf-edge 

(Bradwell et al., 2007), the magnitudes of observed postglacial isostatic rebound/adjustments 

(Kuchar et al., 2012), and exposure ages for erratics on peaks (Fabel et al., 2012). Taken 

together the data support the scenario in which peaks above trimlines were covered by the BIIS 

and the periglacial trimline is the geomorphic expression of a thermal boundary between lower 

elevation erosive warm based ice and higher elevation non-erosive cold-based ice, or 

polythermal ice. 

The majority of our summit bedrock samples on the Scottish mainland (i.e., Glen 

Nevis, Glen Shiel and Loch Laggan Laggan) yielded exposure ages that predate the 

Dimlington Stadial ice retreat (~14.6 ka; Table 3.4, Fig. 3.8). Conversely, the majority of lower 

elevation bedrock from the Scottish mainland yielded exposure ages within error of the 

Dimlington Stadial deglacial age (Table 3.4, Fig. 3.8). This suggests greater amounts of 

erosion on lower elevation bedrock than on summits during the Dimlington Stadial, supporting 

a polythermal BIIS on the Scottish Mainland.  

On the Isle of Skye four summit samples from peaks with relatively lower elevation 

(512-659 m amsl Fig. 3.8) yielded exposure ages that were within the uncertainty of the 

Dimlington Stadial Ice retreat (13.7 ± 0.8 ka to 15.6 ± 0.7 ka; Figs. 3.8, S3.1, Table 3.4). This 

indicates significant, likely warm based, Dimlington Stadial erosion on those summits. The 

only peak samples on the Isle of Skye that significantly predates the Dimlington Stadial 
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deglaciation are from the same highest elevation peak sampled on the Island (732 m amsl, Fig. 

3.8). This suggests that on the Isle of Skye the limit between cold based and warm based ice 

may have been situated somewhere between the lower peaks at < 659 m and the higher peak at 

~732 m elevation (Fig. 3.8). 

The vertical limits of the LLA ice-cap at its center at Rannoch Moor on the Scottish 

mainland (Fig. 3.2) are estimated to range from ~700 to ~1000 m amsl, decreasing in thickness 

radially from the upland moor (Golledge, 2010; Golledge et al., 2008; Golledge et al., 2007; 

Finlayson, 2006; Thorp, 1986; Horsfield, 1983). These reconstructions suggest that the 

majority of our peak samples from the Scottish mainland, with elevations ranging from 950-

1127 m amsl, would have been above the vertical limits of the LLA. Being above the ice limits 

would therefore account for the lack of glacial erosion, indicated by pre-Dimlington Stadial 

ages, on the peaks rather than polythermal erosion (Fig. 3.8). Lower elevation bedrock that 

would have been covered by LLA ice on the Scottish mainland Dimlington Stadial, or slightly 

older, exposure ages (Fig. 3.8). This suggests that low elevation bedrock outcrops were not 

significantly eroded by LLA ice. Based on reconstructions of the independent LLA ice cap on 

the Isle of Skye (Small et al., 2012; Benn et al., 1992; Fig. S3.1) all of our summit samples on 

Skye were above the vertical limits of the ice. This is also consistent with most Isle of Skye 

peaks yielding Dimlington Stadial or older ages (Fig. 3.8). 

Two ridge samples had exposure ages with uncertainties within the LLA deglaciation 

age (Fig. 3.8). One (Sc1407; 12.0 ± 0.8 ka) is from the Isle of Skye and, based on 

reconstructions, was above the vertical limits of LLA ice (Small et al., 2012; Benn et al., 1992; 

Fig. S3.1, Table 3.4). Sc1407’s outcrop stood only ~30 cm above the ground at its highest 

point and was surrounded by some rubble (Fig. S3.1). This is lower than older samples from 

Skye ridges which all stood between ~1–1.5 m above the ground. This could indicate that post-

glacial erosion removed overlying bedrock (perhaps as a result of frost wedging or rockfall) 

and is responsible for the younger age rather than deep glacial erosion. Alternatively, this peak 

may have not have been a LLA nunatuk and was actually eroded deep enough by LLA ice to 

remove all 10Be. The other young sample, Sc1430 from Glen Nevis (10.1 ± 0.8 ka; Figs. 3.5B, 

3.8, Table 3.4), is slightly younger than the LLA deglacial age. Despite the young age this peak 

sample was taken from an elevation of 1127 m amsl. A peak at this elevation would be above 

the vertical LLA ice limits regardless of which ice limit reconstruction is used (Golledge, 2010; 
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Golledge et al., 2008; Golledge et al., 2007; Thorp, 1986; Horsfield, 1983). Sc1430’s outcrop 

had many loose blocks and appeared somewhat unstable (Fig. S3.2). Therefore, again, it may 

be possible that post-glacial erosion removed overlying bedrock and is responsible for the 

younger age. 

The pre-Dimlington retreat summit ages and Dimlington retreat lower elevation bedrock 

ages indicate greater amounts of erosion at low elevations than at higher elevations during the 

Dimlington Stadial (Fig. 3.8). This corroborates the conclusions of Fabel et al. (2012); that the 

by the BIIS was polythermal during the LGM. During the LLA, summit bedrock was generally 

above the glacial limits preventing glacial erosion (Fig. 3.8). However, lower elevation 

bedrock was also not significantly denuded during the LLA suggesting an erosionally 

ineffective, possibly cold based, LLA ice-sheet. Late Cenozoic glaciation’s ability to erode 

bedrock across the Scottish landscape was limited by ice sheet basal temperature, as has been 

found in other mid to high latitude continents (e.g., Corbett et al., 2016; Margreth et al., 2016; 

Bierman et al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et al., 2006; Gosse et al., 

2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; Marsella et al., 2000; 

Sugden, 1978). The effect of Scotland’s low background tectonic uplift rates (i.e. < 0.05 mm 

yr-1; e.g., Holford et al., 2010; Thomson et al., 1999) on limiting magnitudes of glacial erosion 

is unclear (e.g., Herman et al., 2010; Koppes and Montgomery, 2009).  

 

3.7.2. Inheritance  

The inherited 10Be concentration in till at the time of deposition can give us information 

on the depth of glacial erosion that produced the sediment comprising the till. Higher 

inheritance indicates lower magnitudes of glacial erosion producing sediment sourced from 

near surface bedrock and lower inherited concentrations indicate greater depths of glacial 

erosion. The 10Be concentration from deep till sample Sc1431 (0.68 ± 0.12×104 10Be atoms g-1 

SiO2) is greater than can be ascribed to production by neutrons alone at 4 m depth since the end 

of the LLA (<0.10×104 atoms g-1 SiO2, Fig. 3.6). Subtracting 10Be produced by neutron 

spallation since deposition results in an inherited concentration of ~0.58 ± 0.12×104 10Be atoms 

g-1 SiO2 (e.g., Schaller et al., 2002). Similar low but measurable amounts of inheritance 

measured in glacial sediment in Greenland and Norway (e.g., Briner et al., 2016; Corbett, 

2015; Nelson et al., 2014; Goehring et al., 2010) have been attributed to deep production by 
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muons. Average 10Be concentrations of 0.65×104 atoms g-1 SiO2 were measured in fluvial 

sediment sourced directly from under the Greenland Ice Sheet (Nelson et al., 2014). 

Concentrations from outwash in the Scoresby Sund, east-central Greenland range from 0.43-

0.65×104 atoms g-1 SiO2 (Goehring et al., 2010). Be-10 concentrations from 86 ice-bound 

pebbles taken from the Greenland Ice Sheet had a median value of 0.10×104 atoms g-1 SiO2, 

less than Sc1431s inheritance. However, six of the pebbles had concentrations greater than 

1×104 atoms g-1 SiO2 and one as high as ~11 x 104 atoms g-1 (Corbett, 2015). Mixing of those 

pebbles concentrations could, conceivably, produce a similar value to the inherited Greenland 

Ice Sheet sediment 10Be concentrations of Nelson et al. (2014) or what we observed in sample 

Sc1431. 

In glaciated landscapes essentially all 10Be production, including that produced by 

muons, ceases beneath 3 km thick ice-sheets (Nelson et al., 2014). During interglacial periods 

significant amounts of 10Be will be produced by spallation at shallow depths (<~2.5 m), but 

will be stripped away by ice-sheet erosion during the next advance if the ice is warm based.  

Be-10 produced by muons at greater depths (> 2.5 m) can accumulate in bedrock that survives 

multiple periods of glacial advance and retreat. Inherited concentrations in glaciogenic 

sediment of <105 atom atoms g-1 SiO2 suggests that bedrock was eroded by warm based ice 

(e.g., Corbett, 2015; Staiger et al., 2006). The inherited 10Be concentration of ~0.58 ± 0.12×104 

atoms g-1 SiO2 for sample Sc1431 suggests that the LLA ice cap was dominantly warm based 

and produced sediment with low 10Be inheritance, and that the production was muogenic.  

A dominantly warm based efficiently erosional LLA ice cap is opposite of what was 

inferred based on exposure ages from low elevation bedrock within the LLA limits, which 

overwhelmingly have Dimlington Stadial deglacial ages. Similarly, other studies indicate that 

10Be concentrations in bedrock commonly underestimate erosion across entire catchments (e.g., 

Niemi et al., 2005). As catchment-wide 10Be concentrations in environments affected by glacial 

erosion cannot be used to calculate spatially averaged erosion rates, as shown in this study, the 

inheritance of 10Be in deep till is a useful alternative for determining magnitudes of spatially 

averaged glacial erosion.  
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3.7.3. Sediment provenance and post-glacial production of 10Be 

Be-10 concentrations are used to identify sediment sources and track sediments and 

their mixing as erosional processes remove them from storage in arid environments (e.g., 

Nichols et al., 2005a; Nichols et al., 2005b; Clapp et al., 2002; Nichols et al., 2002; Clapp et 

al., 2001; Clapp et al., 2000), large tectonically active catchments (e.g., Reusser and Bierman, 

2010; Wittmann and Von Blanckenburg, 2009), and currently glaciated settings (e.g., Nelson et 

al., 2014). Comparisons of 10Be concentrations from catchment-wide sand to upstream 

sediment sources and hypothetical depth profiles suggests that the dominant source of 

paraglacial catchment-wide sand is vertically mixed glaciogenic sediment and that the majority 

of 10Be currently fluxing out of Scotland’s catchments was produced post-glacially in 

sediments. 

In general, 10Be concentrations from catchment-wide sand are statistically the same as 

sediment from near surface deposits. By way of contrast, having lower 10Be concentrations, 

they are statistically distinct from bedrock. The catchment-wide 10Be concentrations are an 

order of magnitude higher than deep till (Tables 3.5 and S3.1, Fig. 3.5), so they cannot be 

derived entirely from this potential source. The 10Be concentrations of ~2-5×104 atoms g-1 SiO2 

from a LLA till taken from a depth of 0.5-1.0 m south of our study area at Inchie Farm and 

Wester Cameron (Figs. 3.2 and 3.6; Fülöp et al., 2015) are similar to the near surface deposits 

and catchment wide sand concentrations.  

There are several observations that taken together indicate that the majority of 10Be 

currently fluxing out of Scotland’s paraglacial catchments was produced post-glacially in 

stored sediment. Be-10 concentrations in bedrock are much higher than those in catchment-

wide sediments, suggesting that the top down erosion of bedrock is not the dominant source of 

fluxing sediment, leaving stored sediment as a more likely source. But, the 10Be concentration 

from deep till is only ~17% of the average 10Be concentrations in catchment-wide or near 

surface sediment, requiring significant post-glacial production. Given post-glacial production, 

complete mixing of the top 4 m of the LLA hypothetical till profile with inheritance (Fig. 3.6, 

dashed black curve) can reproduce, within error, the average 10Be concentrations measured 

within the LLA limits. As a comparison, our catchment-wide samples and near surface deposits 

have similar, though slightly higher, 10Be concentration than those measured in non-glacial 

sediment from another paraglacial realm, Greenland. There, the average 10Be concentration is 
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1.49 ×104 atoms g-1 SiO2, (Nelson et al., 2014), similar to our measurements. The 10Be 

concentrations in non-glacial sediment in Greenland are higher than sediment sourced directly 

from under the ice sheet, consistent with production following glacial retreat (Nelson et al., 

2014).  

Our model, in which the upper several meters of stored sediment are mixed, is 

consistent with our field observations. We observe many till cuts that stand ~1-6 m above the 

streams. The sediments are being shed from the entirety of this sediment column. This mode of 

erosion is a common occurrence in first and second order catchments across the Highlands 

(Fig. 3.9ABC) and may be the dominant means of mixing the sediments. The catchment-wide 

samples could be this vertically mixed till being directly deposited into the streams and 

transported out of the basin or the sediment could have been stored as a fluvial deposit during 

the Holocene for a time before its eventual transport out of the basin. Holocene fluvial deposits 

are found on many eroding stream banks across the study area and have the same 10Be 

concentration (Figs. 3.9D and 3.10). The slightly higher 10Be concentrations from outside the 

LLA limits could indicate that sediment is being sourced from shallower depths outside the 

LLA glacial limits, perhaps resulting from greater stabilization of till by vegetation or simply 

as a consequence of less till remaining in the catchments with longer time since deglaciation 

(e.g., Ballantyne, 2002; Church and Ryder, 1972). 

Our results indicate that most sand fluxing through the catchments is sourced from the 

remobilization of stored near surface deposits or vertically mixed sediment rather than the top 

down erosion of bedrock. This means that glaciogenic sediment continues to dominate the 

sediment budget, more than 11 ka after deglaciation. Clapp et al. (2000) found comparable 

result when tracking sediment using cosmogenic nuclides in the hyper-arid setting of Nahel 

Yael, Southern Negev Desert, Israel. There, they discovered that the mining of hillslope 

colluvium, perhaps originally produced in response to climatic changes at the end of the 

Pleistocene, is the dominant source of sediment fluxing through the catchment. The colluvium 

is being exported at a faster rate than sediment is being produced by bedrock erosion in the 

catchment. It is perhaps significant that even though Nahel Yael is located in a completely 

different climatic setting than the temperate paraglacial Scottish Highlands, there are 

similarities in sediment routing patterns. Both had a nearly instantaneous large delivery of 

unconsolidated sediment near the end of the Pleistocene that continues to dominate the 
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sediment flux as it is quarried out. Eventually, without any new large deliveries of 

unconsolidated material to the catchments, current sediment yields are unsustainable and 

should eventually decrease (Ballantyne, 2002; Bierman et al., 2001; Clapp et al., 2000; Church 

and Ryder, 1972). 

 

3.7.4. Implications for glacial and paraglacial erosion 

During the Dimlington Stadial, magnitudes of glacial erosion in Scotland were low at 

summits but greater at low elevations. This is likely a result of polythermal ice eroding the 

landscape (e.g., Fabel et al., 2012). We speculate that it may also be possible for low 

background tectonic uplift rates to have limited the ability of ice sheets to wear down the 

landscape (e.g., Herman et al., 2010; Koppes and Montgomery, 2009). During subsequent LLA 

glaciation summits were ice-free and ice-covered low elevation bedrock outcrops were not 

significantly eroded. However, magnitudes of erosion derived from 10Be concentrations in 

bedrock are often underestimates of erosion averaged across the landscape (e.g., Niemi et al., 

2005). Unfortunately, in landscapes that have not reached a post-glacial erosional equilibrium, 

catchment-wide 10Be concentrations do not represent catchment-wide erosion rates based on 

catchment morphology (e.g., Portenga and Bierman, 2011; Riebe et al., 2000; Granger et al., 

1996). Instead the inherited concentration of 10Be in till was used to get a first order constraint 

on spatially averaged depths of glacial erosion. Low inherited muogenic 10Be concentrations in 

till suggest that lower elevation portions of the landscape were significantly denuded during the 

LLA, indicating warm based ice eroding at low elevations during the LLA. Following LLA 

deglaciation sediment fluxing out of Scotland’s paraglacial sediment budgets is dominated by 

the quarrying of glacial sediment rather than top down bedrock erosion. Sediment yields 

resulting from the quarrying of glacial sediment should eventually decrease as supply declines 

(Ballantyne, 2002; Bierman et al., 2001; Clapp et al., 2000; Church and Ryder, 1972). 

 

3.8. CONCLUSIONS 

Across the Scottish highlands concentrations of cosmogenic 10Be from catchment-wide 

sediment are statistically the same as near surface deposits. By way of contrast the catchment-

wide concentrations are distinct and lower than 10Be concentrations in bedrock; they are an 
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order of magnitude higher than deep LLA till. Exposure ages derived from 10Be concentrations 

in ridge and lower elevation bedrock support the view that glaciers were polythermal during 

the Devensian Stadial. They also suggest limited erosion on low elevation bedrock outcrops 

during the LLA. Inheritance, resulting from deep (>2.5 m) interglacial production of 10Be by 

muons in bedrock, is necessary to produce the low, but measurable concentrations of 10Be in 

the 4 m deep till. Low concentrations of muon-derived inheritance suggest that warm based ice 

efficiently produced glacial sediment across catchments during the LLA. Most sand fluxing 

through catchments in the paraglacial Scottish Highlands is sourced from the remobilization of 

stored near surface deposits or vertically mixed glaciogenic sediment rather than the top down 

erosion of bedrock. Even though glaciogenic sediment continues to dominate the paraglacial 

sediment budget ~11.7 ka after deglaciation current yields are unsustainable and should 

decrease in the future as stored sediment continues to be quarried out. 
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3.10. FIGURES 

 
Figure 3.1. The A) lateral and B) temporal limits of the British Irish Ice Sheet’s Devensian 

Stadial advances and retreats in Northwestern Europe are adapted from 1. Bradwell et al. 

(2008), 2. Helmens (2014), 3. Ballantyne (2010), 4. Golledge (2010), and 5. Ballantyne and 

Stone (2012). Box I. shows the map area of Figure 3.2.   
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Figure 3.2. Study areas within the Loch Lomond Advance limits and corresponding inset 

boxes showing the areas of other figures are as follows; box I- the Isle of Skye (Figs. 3.4A and 

S3.1), box II- Glen Nevis and Loch Laggan (Figs. 3.4B and S3.2), box III- Glen Shiel (Figs. 

3.4C and S3), and, outside the LLA ice limits box IV- Village of Moy, Inverness (Fig. 3.4D). 

Ice limits are adapted from 1. Bradwell et al. (2008), 2. Helmens (2014), 3. Ballantyne (2010), 

4. Golledge (2010), and 5. Ballantyne and Stone (2012). LLA till profiles from 6. Fülöp et al. 

(2015) are located at Inchie Farms and Wester Cameron. Rannoch Moor is considered to be the 

center of the LLA ice cap (Bromley et al., 2014). 
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Figure 3.3. Schematic map of typical first to second order catchment cover across the study 

area with surrounding views of examples of the catchment-cover types observed in the field 

and the number of samples of each class of sample types. 
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Figure 3.4. Sample locations from A) the Isle of Skye (area of inset box I, Fig. 3.2), B) Glen 

Nevis and Loch Laggan (area of inset box II, Fig. 3.2), C) Glen Shiel, (area of inset box III, 

Fig. 3.2), D) The Village of Moy (area of inset box IV, Fig. 3.2). E) Color legend for 

catchment-wide 10Be concentrations. F) Legend for sample type. 
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Figure 3.5. Box and whisker plot of 10Be concentrations versus classes of sample types. The 

upper and lower feet represent the maximum and minimum values for each data class, the 

middle line is the median and the upper and lower bounds of the boxes represent the upper and 

lower quartiles of the data, respectively. Near surface deposits include fluvial bank deposits 

(0.6-0.7 m depth, n=2), shallow till (1-1.5 m depth, n=2) and talus (collected at the surface, 

n=2). 
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Figure 3.6. Summary of 10Be data and hypothetical 10Be depth profiles in till. till. Large 

symbols show the 10Be concentrations of all samples in this study versus sample depth. Most 

samples were collected at the surface and those are shown at 0 m depth regardless of sample 

elevation. Small hexagons show 10Be concentrations from the Fülöp et al. (2015) LLA till 

profiles at Inchie Farm and Wester Cameron (locations from Figure 3.2). In scenario one, the 

solid black curve shows concentrations in till deposited upon LLA deglaciation (tdg = 11.7 ka) 

with no initial inheritance, in scenario two the dashed black curve shows concentrations in till 

deposited upon LLA deglaciation (tdg =11.7 ka) but retaining inheritance equivalent to the 

measured concentration in deep till sample Sc1431 (4m depth; 0.68×104 10Be atoms g-1 SiO2), 

and in scenario three the solid grey curve shows concentrations in till deposited upon 

Dimlington Stadial deglaciation (tdg =14.5 ka) with no initial inheritance. 
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Figure 3.7. Be-10 concentrations compared with A) average catchment areas and b) slope 

steepness calculated from a 30 m ASTER GDEMs using ArcGIS and the British National Grid 

Projection (values in Table 3.1). 
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Figure 3.8. Be-10 exposure ages from summits and lower elevation polished bedrock versus 

sample elevation from the Isle of Skye, Loch Laggan, and Glen Nevis and Glen Shiel study 

areas. Grey bars show the timing of Dimlington Stadial (Last Glacial Maximum) and Loch 

Lomond Advance glaciations of Scotland. 
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Figure 3.9. Views showing examples of evidence for mixing of the top few meters of sediment 

going directly into creeks, including till in catchments A) ScW17, B) ScW9, and C) ScW11, 

and D) Holocene fluvial deposits from catchment ScW4 (see Fig. 3.2 for catchment locations). 
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Figure 3.10. Schematic illustration showing relative concentrations of 10Be within a typical 

catchment (landscape drawing adapted from Carretier et al. (2015)). The catchment-wide 

concentrations are neither as high as the shallowest till deposits, nor as low as the deepest till 

deposits but rather they are an average of deep and shallow till concentrations. This may be 

because A) till deposits are not eroding top down, putting highest concentration sediment into 

streams first, but rather shallow high concentration sediment (dark red squares) and deep low 

concentration sediment (light red squares) slough off together in vertical slices mixing and 

homogenizing the 10Be concentrations that are put into the stream. This sediment is either 

directly sampled in catchment-wide sand samples or B) redeposited as Holocene fluvial 

deposits and then remobilized a second time.  
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3.11. TABLES 

 
Table 3.1. 10Be data for catchment-wide sand samples 

Sample 
 

Location 
°N/°W 

Elev.       (m 
amsl) 

Production rate 
(atoms g-1 SiO2 yr-1)a 

SiO2 (g) 
9Be carrier 

(mg) 

9Be carrier conc. 
(ppm) 

Blank corrected 
10Be/9Be 
(10-13) b 

10Be 
(104 atoms g-1 SiO2) 

b 

Catchment 
average slope 

(degrees)c 

Catchment Area 
(km 2)c 

Inside LLA           

Glen Shiel           

ScW1 57.20028/5.22750 514 7.58 ± 0.80 29.9 0.3592 1.414 0.255 ± 0.030 2.90 ± 0.34 25.9 5.1 
ScW2 57.20030/5.22707 514 7.58 ± 0.80 29.3 0.3597 1.414 0.268 ± 0.027 3.11 ± 0.32 25.9 5.1 
ScW4 57.21875/5.33858 31 6.76 ± 0.71 21.9 0.3501 1.414 0.198 ± 0.027 2.99 ± 0.41 28.0 30.2 
ScW6 57.20262/5.02297 458 7.87 ± 0.82 30.1 0.352 1.414 0.268 ± 0.047 2.95 ± 0.51 20.3 4.7 
ScW7 57.19518/5.04743 470 7.88 ± 0.82 28.9 0.3512 1.414 0.380 ± 0.071 4.37 ± 0.82 24.4 4.6 
ScW8 57.18232/5.02767 341 8.15 ± 0.85 28.9 0.3448 1.414 0.238 ± 0.021 2.68 ± 0.24 20.5 18.6 
ScW9 57.18673/5.00443 277 7.61 ± 0.80 29.3 0.3493 1.414 0.281 ± 0.051 3.16 ± 0.57 26.7 1.0 

ScW10 57.12932/5.20192 513 8.49 ± 0.89 29.2 0.3508 1.414 0.366 ± 0.037 4.16 ± 0.42 26.7 1.0 
 ScW11d 57.14596/5.19881 246 7.72 ± 0.81 31.1 0.3445 1.414 0.394 ± 0.053 4.13 ± 0.55 25.0 3.4 
ScW12 57.16581/5.18681 304 7.00 ± 0.73 31.7 0.3588 1.414 0.320 ± 0.101 3.43 ± 1.08 27.0 2.7 

Glen Nevis           
  ScW13 d 56.76263/4.98012 482 8.11 ± 0.85 30.8 0.3455 1.414 0.457 ± 0.100 4.85 ± 1.06 26.9 4.2 

ScW14 56.75343/4.98265 507 8.20 ± 0.86 31.3 0.3457 1.414 0.414 ± 0.036 4.32 ± 0.38 27.0 2.0 
ScW16 56.77196/4.98340 212 8.11 ± 0.85 30.9 0.3589 1.414 0.208 ± 0.024 2.28 ± 0.26 22.2 48.3 
ScW19 56.83814/4.91783 341 7.84 ± 0.82 29.9 0.3528 1.414 0.379 ± 0.044 4.22 ± 0.50 24.4 14.1 
ScW20 56.83899/4.91440 334 8.01 ± 0.84 29.4 0.3531 1.414 0.413 ± 0.038 4.68 ± 0.44 24.4 14.1 
ScW21 56.91062/4.59674 300 8.01 ± 0.84 29.2 0.3408 1.414 0.331 ± 0.052 3.64 ± 0.58 21.4 7.4 
ScW22 56.90068/4.62861 280 8.60 ± 0.90 28.8 0.3585 1.414 0.287 ± 0.052 3.38 ± 0.62 18.4 9.9 
ScW23 56.78592/4.87731 376 7.47 ± 0.78 29.6 0.3446 1.414 0.297 ± 0.028 3.27 ± 0.31 21.9 7.7 
ScW24 56.77750/4.88892 390 8.01 ± 0.84 30.8 0.3584 1.414 0.187 ± 0.031 2.06 ± 0.34 22.8 6.4 
ScW28 56.82129/5.08517 25 6.22 ± 0.65 30.4 0.3482 1.414 0.198 ± 0.033 2.14 ± 0.36 23.9 90.0 

Loch Laggan          
ScW17 56.96330/4.55668 558 7.49 ± 0.78 30.3 0.3503 1.414 0.313 ± 0.068 3.42 ± 0.75 26.2 3.2 
ScW18 56.95411/4.50973 301 8.58 ± 0.90 30.9 0.3439 1.414 0.218 ± 0.030 2.30 ± 0.32 24.6 10.3 

Isle of Skye          
Skye-2 57.26859/5.98886 17 5.64 ± 0.59 18.5 0.3501 1.023 0.256 ± 0.020 3.30 ± 0.25 20.9 5.9 
Skye-4 57.21872/6.02368 13 5.54 ±0.58 22.3 0.3528 1.023 0.385 ± 0.024 4.16 ± 0.26 20.0 3.3 
Skye-5 57.26351/5.95350 33 5.50 ± 0.58 14.8 0.3491 1.023 0.335 ± 0.021 5.41 ± 0.34 16.0 4.7 
Skye-9 57.23087/5.77410 163 5.99 ± 0.63 21.6 0.351 1.023 0.454 ± 0.057 5.05 ± 0.63 14.0 7.0 

Outside LLA          
Moy           

ScW25 57.38234/4.08363 301 7.84 ± 0.82 29.5 0.346 1.414 0.576 ± 0.086 6.38 ± 0.95 17.2 3.1 
ScW26 57.38095/4.05435 306 6.70 ± 0.70 30.2 0.3512 1.414 1.022 ± 0.140 11.24 ± 1.54 21.1 3.2 
ScW27 57.36382/4.01668 285 6.75 ± 0.71 29.5 0.3531 1.414 0.615 ± 0.028 6.96 ± 0.32 16.2 3.4 

Note: Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
a Production rates are corrected for shielding, latitude and elevation using the method of Dortch et al. (2011) from the Western Norway production rate of 4.26 ± 0.13 atoms/g-yr (Goehring et al., 2012) which are within error of the Glen Roy 
production rate 4.27 ± 0.21 atoms g-1 SiO2 yr-1 (Small and Fabel, 2015) and have timedependent scaling from Lal (1991)/Stone (2000).  
b 1-sigma AMS uncertainty 
c Average slope and catchment area were calculated from ASTER GDEMs using ArcGIS and using the British National Grid Projection. 
d Sand samples locations that were tested for grain size affect, see Table 3.2. 
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TABLE 3.2. 10Be data for grain size sensitivity of catchment-wide samples 

Sample 
 

Region 
 

Location 
°N/°W 

Elev.       (m 
amsl) 

Grain size sampled 
Production rate 

(atoms g-1 SiO2 yr-1)a 
SiO2 (g) 

9Be carrier 
(mg) 

9Be carrier conc. 
(ppm) 

Blank corrected 
10Be/9Be 
(10-13) b 

10Be 
(104 atoms g-1 

SiO2) 
b 

Location of catchment-wide sand sample ScW11         

ScW11 Glen Shiel 57.14596/5.19881 246 sand 7.72 ± 0.81 31.1 0.3445 1.4140 0.394 ± 0.053 4.13 ± 0.55 
Sc1413 Glen Shiel 57.14596/5.19881 246 pebbles 7.72 ± 0.81 29.4 0.3488 1.0255 0.295 ± 0.026 2.40 ± 0.22 
Sc1417 Glen Shiel 57.14596/5.19881 246 boulder 7.72 ± 0.81 29.3 0.3488 1.0255 0.352 ± 0.042 2.87 ± 0.34 

Location of catchment-wide sand sample ScW13         
ScW13 Glen Nevis 56.76263/4.98012 482 sand 8.11 ± 0.85 30.8 0.3455 1.4140 0.457 ± 0.100 4.85 ± 1.06 
ScW13(B) Glen Nevis 56.76263/4.98012 482 pebbles 8.11 ± 0.85 29.5 0.3473 1.4140 0.318 ± 0.025 3.53 ± 0.28 
Sc1424 Glen Nevis 56.76263/4.98012 482 boulder 8.11 ± 0.85 29.8 0.3499 1.0255 0.577 ± 0.029 4.64 ± 0.23 

Note: Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
a Production rates are corrected for shielding, latitude and elevation using the method of Dortch et al. (2011) from the Western Norway production rate of 4.26 ± 0.13 atoms/g-yr (Goehring et al., 2012) which are within error of the Glen Roy 
production rate 4.27 ± 0.21 atoms g-1 SiO2 yr-1 (Small and Fabel, 2015) and have timedependent scaling from Lal (1991)/Stone (2000).  
b 1-sigma AMS uncertainty 

 
TABLE 3.3. 10Be data for sediment deposits 

Sample Region 
Location 

°N/°W 
Elev.           

(m amsl) 
Sample depth (m) a 

Production 
rate 

(atoms g-1 

SiO2 yr-1)b 

SiO2 
(g) 

9Be 
carrier 
(mg) 

9Be carrier 
conc. 
(ppm) 

Blank 
corrected 
10Be/9Be 
(10-13) c 

10Be 
(104 atoms g-

1 SiO2) c 

Radiocarbon ages 
(cal yr BP)d 

Fluvial deposits           
ScW3 Glen Shiel 57.21875/5.33858 31 0.6 6.76 ± 0.71 30.1 0.3516 1.414 0.303 ± 0.035 3.34 ± 0.38 780-680 
ScW15 Glen Nevis 56.76263/4.98012 482 0.7 8.11 ± 0.85 30.2 0.3417 1.414 0.276 ± 0.017 2.95 ± 0.18 1230-1210, 1180-1060 
Till samples           
ScW5  Glen Shiel 57.22142/5.34388 34 1.5 6.76 ± 0.71 24.0 0.3593 1.414 0.192 ± 0.037 2.72 ± 0.53  
Sc1432 Loch Laggan 56.96268/4.51977 408 1.0 8.58 ± 0.90 28.1 0.3476 1.0255 0.319 ± 0.039 2.71 ± 0.33  
Sc1431 Loch Laggan 56.96268/4.51977 408 4.0 8.58 ± 0.90 30.3 0.3486 1.0232 0.087 ± 0.015 0.68 ± 0.12  
Talus samples           
Sc1414 Glen Shiel 57.12878/5.20578 547 surface 8.49 ± 0.89 28.6 0.347 1.0255 0.419 ± 0.059 3.48 ± 0.49  
Sc1426 Loch Laggan 56.95941/4.57606 649 surface 7.49 ± 0.78 30.3 0.3487 1.0232 0.436 ± 0.049 3.43 ± 0.39  

Moraine boulder samples 

  Thick-ness 
(cm) 

Shielding 
factore 

f  

   

 Exposure age 

(ka)b,g,h,I 

SC72-02 Skye 57.24765/5.70807 458 4 1 6.39 ± 0.25 8.9 0.3503 1.0255 0.417 ± 0.044 11.23 ± 1.18 17.1 ± 1.9 
SC73-02 Skye 57.24673/5.70647 480 4 1 6.52 ± 0.25 9.8 0.3507 1.0255 0.487 ± 0.125 11.94 ± 3.07 17.8 ± 4.6 
SC74-02 Skye 57.24613/5.70562 499 4 1 6.64 ± 0.26 14.8 0.3498 1.0255 0.605 ± 0.056   9.78 ± 0.91 14.3 ± 1.5 
a Meters below ground surface. 
b Corrected for shielding, latitude, and elevation using the method of Dortch et al. (2011) and CRONUS Earth online cosmogenic calculator (Balco et al., 2008) from the Western Norway production rate  of 4.26 ± 0.13 g-1 SiO2 yr-1 (Goehring et 
al., 2012) which are within error of the Glen Roy production rate 4.27 ± 0.21 atoms g-1 SiO2 yr-1 (Small and Fabel, 2015) and have timedependent scaling from Lal (1991)/Stone (2000). 

c 1-sigma AMS uncertainty  
d Measured via AMS by Beta Analytic and converted to Calendar years before present (cal yr BP) via the INTCAL09 database (Reimer et al., 2009). 
e Shielding correction for topography was calculated using horizon measurements (azimuth and angular above the horizon) using the CRONUS Earth online cosmogenic calculator (Balco et al., 2008). A value of 1 indicates no shielding.  
f Calculated using CRONUS Earth online cosmogenic calculator (http://hess.ess.washington.edu/) (Balco et al., 2008) from the Western Norway production rate  of 4.26 ± 0.13 atoms g-1 SiO2 yr-1 (Goehring et al., 2012) which are within error of 
the Glen Roy production rate 4.27 ± 0.21 g-1 SiO2 yr-1 (Small and Fabel, 2015) and have timedependent scaling from Lal (1991)/Stone (2000).  
g An assumed denudation rate of 0 mm yr-1 was used in all calculations.  
h An assumed density of 2.7 g cm-3 was used in all calculations.  
i Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
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TABLE 3.4. 10Be data for bedrock samples 

Sample 
 

Location 
°N/°W 

Elev. (m 
amsl) 

Thick-
ness 
(cm) a 

Production 
rate 

(atoms g-1 

SiO2 yr-1)b 

Shielding 
factorc 

SiO2 
(g) 

9Be carrier 
(mg) 

9Be carrier 
conc. (ppm) 

Blank corrected 
10Be/9Be 
(10-13) d 

10Be 
(104 atoms g-1 

SiO2) 
d 

Age (ka) b,e,f,g 
Erosion Rate 
(mm/yr) b,e,f,g 

Bedrock ridge/peak samples            
Glen Nevis             
ScR3 56.74166/4.98350 1033 3 10.65 ± 0.42 1.0000 30.0 0.3546 1.4140 1.484 ± 0.076 16.58 ± 0.85 15.2 ± 1.0 0.04 ± 0.01 
ScR4 56.74148/4.98301 1031 4 10.54 ± 0.41 1.0000 29.8 0.3581 1.4140 1.561 ± 0.060 17.74 ± 0.69 16.4 ± 0.9 0.04 ± 0.01 
ScR5 56.74495/5.00197 1008 4 10.34 ± 0.40 1.0000 29.4 0.3505 1.4140 1.677 ± 0.096 18.88 ± 1.08 17.8 ± 1.3 0.03 ± 0.01 
ScR6 56.74482/5.00192 1007 5 10.25 ± 0.40 1.0000 29.3 0.3571 1.4140 1.888 ± 0.072 21.75 ± 0.83 20.7 ± 1.2 0.03 ± 0.01 
Sc1429 56.74506/4.91272 966 6 9.81 ± 0.38 1.0000 29.8 0.3486 1.0232 2.131 ± 0.244 17.03 ± 1.95 16.9 ± 2.1 0.03 ± 0.01 
Sc1430 56.75466/4.92594 1127 4 11.43 ± 0.45 1.0000 29.0 0.3520 1.0255 1.428 ± 0.104 11.87 ± 0.84 10.1 ± 0.8 0.06 ± 0.01 
Glen Shiel             
ScR7 57.16364/5.07105 1120 5 11.31 ± 0.44 1.0000 28.9 0.3568 1.4140 1.640 ± 0.197 19.15 ± 1.40 16.5 ± 1.4 0.04 ± 0.01 
ScR8 57.16330/5.07294 950 4 9.88 ± 0.39 1.0000 29.5 0.3499 1.4140 1.661 ± 0.061 18.64 ± 0.69 18.4 ± 1.0 0.03 ± 0.01 
Sc1420 57.12418/5.22232 1013 6 10.25 ± 0.40 1.0000 29.1 0.3497 1.0232 2.326 ± 0.075 19.12 ± 0.62 18.2 ± 0.9 0.03 ± 0.01 
Sc1422 57.17767/5.09570 1109 6 11.12 ± 0.43 1.0000 29.9 0.3511 1.0232 2.818 ± 0.081 22.64 ± 0.66 19.9 ± 1.0 0.03 ± 0.01 
Sc1423 57.19163/5.09119 999 5 10.22 ± 0.40 1.0000 29.6 0.3511 1.0232 2.312 ± 0.376 18.78 ± 3.06 18.0 ± 3.0 0.03 ± 0.01 
Loch Laggan             
Sc1427 56.96497/4.58007 1043 5 10.58 ± 0.41 1.0000 28.6 0.3510 1.0255 3.184 ± 0.132 26.76 ± 1.11 24.7 ± 1.4 0.02 ± 0.01 
Sc1428 56.97415/4.55877 976 4 10.08 ± 0.39 1.0000 9.3 0.3477 1.0255 1.327 ± 0.065 34.05 ± 1.66 33.1 ± 2.1 0.02 ± 0.01 
Skye             
Sc1401 57.23695/5.97730 732 5 8.13 ± 0.32 1.0000 16.0 0.3493 1.0255 0.976 ± 0.032 14.63 ± 0.48 17.5 ± 0.9 0.03 ± 0.01 
Sc1402 57.23693/5.97744 732 5 8.13 ± 0.32 1.0000 19.4 0.7008 1.0255 0.602 ± 0.037 14.88 ± 0.91 17.8 ± 1.3 0.03 ± 0.01 
Sc1403 57.23417/5.99466 659 5 7.62 ± 0.30 1.0000 15.1 0.3515 1.0255 0.669 ± 0.026 10.70 ± 0.42 13.7 ± 0.8 0.04 ± 0.01 
Sc1404 57.23254/5.99934 712 4 8.05 ± 0.31 1.0000 16.4 0.3482 1.0255 0.839 ± 0.162 12.22 ± 0.24 14.8 ± 2.9 0.04 ± 0.01 
Sc1405 57.22421/5.99151 569 4 7.08 ± 0.28 1.0000 26.7 0.3480 1.0255 1.270 ± 0.040 11.37 ± 0.36 15.6 ± 0.7 0.04 ± 0.01 
Sc1406 57.22540/5.99019 578 5 7.08 ± 0.28 1.0000 30.1 0.3513 1.0255 1.297 ± 0.047 10.36 ± 0.37 14.2 ± 0.8 0.04 ± 0.01 
Sc1407 57.27234/6.12409 605 5 7.26 ± 0.28 1.0000 17.2 0.3477 1.0232 0.645 ± 0.034 8.93 ± 0.47 12.0 ± 0.8 0.04 ± 0.01 

Polished bedrock samples            
Glen Nevis             
Sc1425 56.76467/4.98220 516 4 6.61 ± 0.26 0.9856 28.7 0.3474 1.0255 1.197 ± 0.050 9.92 ± 0.42 14.6 ± 0.8 0.04 ± 0.01 
ScR2 56.73909/4.99618 757 3 8.40 ± 0.33 1.0000 29.4 0.3540 1.4140 1.110 ± 0.063 12.65 ± 0.72 14.7 ± 1.0 0.04 ± 0.01 
Glen Shiel             
Sc1416 57.13388/5.19906 518 4 6.60 ± 0.26 0.9782 30.2 0.3512 1.0255 1.384 ± 0.044 11.02 ± 0.35 16.2 ± 0.8 0.17 ± 0.02 
ScR1 57.18055/5.37122 55 3 4.17 ± 0.16 0.9675 29.8 0.3492 1.4140 0.608 ± 0.060 6.74 ± 0.67 15.5 ± 1.7 0.04 ± 0.01 
Skye             
SC75-02 57.24710/5.70427 516 4 6.74 ± 0.26 1.0000 20.3 0.3501 1.0255 0.834 ± 0.045 9.83 ± 0.53 14.2 ± 1.0 0.04 ± 0.01 
a The tops of all samples were exposed at the surface. 
b Calculated using CRONUS Earth Online Cosmogenic Calculator (Balco et al., 2008) from the Western Norway production rate  of 4.26 ± 0.13 atoms g-1 SiO2 yr-1 (Goehring et al., 2012) which are within error of the Glen Roy production rate 
4.27 ± 0.21 g-1 SiO2 yr-1 (Small and Fabel, 2015) and have timedependent scaling from Lal (1991)/Stone (2000). 
c  Shielding correction for topography was calculated using horizon measurements (azimuth and angular above the horizon) using the CRONUS Earth online cosmogenic calculator (Balco et al., 2008). A value of 1.0000 indicates no shielding.  
d 1-sigma AMS uncertainty 
e An assumed denudation rate of 0 mm yr-1 was used in all calculations. 
f An assumed density of 2.7 g cm-3 was used in all calculations. 
g Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
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Table 3.5. Summary of average 10Be concentrations and standard deviation by region and category 

Region 
Catchment-wide inside 

LLA 
(104 atoms g-1 SiO2)  

Catchment-wide outside 
LLA 

(104 atoms g-1 SiO2) 

Near surface deposits 
(104 atoms g-1 SiO2) 

a 
Deep till 

(104 atoms g-1 SiO2) 
b 

Moraine boulders (104 
atoms g-1 SiO2)

 
Ridge bedrock (104 

atoms g-1 SiO2)
 

Polished bedrock (104 
atoms g-1 SiO2) 

Glen Shiel 
3.39 ± 0.61  3.18 ± 0.40   19.67 ± 1.68  8.88 ± 3.03 

n=10  n=3     n=5 n=2 

Glen Nevis 
3.48 ± 1.05  2.95 ± 0.18     17.31 ± 3.24 11.29 ± 1.93 

n=10  n=1     n=6 n=2 

Loch Laggan 
2.86 ± 0.79  3.07 ± 0.51 0.68 ± 0.12   20.41 ± 5.15   

n=2  n=2 n=1   n=2   

Isle of Skye 
4.48 ± 0.95      10.98 ± 1.10 11.87 ± 2.21 9.83 ± 0.53 

n=4      n=3 n=7 n=1 

Moy 
  8.19 ± 2.65           

  n=3          

All 
3.55 ± 0.92 8.19 ± 2.65 3.11 ± 0.35 0.68 ± 0.12 10.98 ± 1.10 17.30 ± 6.06 10.03 ± 2.16 

n=26 n=3 n=6 n=1 n=3 n=20 n=5 

Note: All averages are reported with 1 standard deviation of the values averaged 
a Near surface deposits including fluvial bank deposits (0.6-0.7 m depth, n=2), shallow till (1-1.5 m depth, n=2) and talus (collected at the surface, n=2) 
b Deep till collected at 4m depth 
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3.13. SUPPLEMENTARY MATERIAL 

3.13.1. Supplementary Figures 

 
Figure S3.1. Details of the Isle of Skye study area. A) Overview of sampling sites on the 

Isle of Skye (see inset box I on Fig. 3.2 for location). Catchment-wide 10Be 

concentrations are shown shaded in graduated colors (see key) and sample sites are 

circled in black. Inset box B) shows the LLA vertical ice limits of the Cuillins on the Isle 

of Skye (shaded in white) adapted from Benn et al. (1992) and Small et al. (2012) Also 

shown are 10Be concentrations (104 atoms g-1 SiO2) and exposure ages (ka) of bedrock 

samples and selected photos of sample sites. 
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Figure S3.2. Details of the Glen Nevis and Loch Laggan study area. A) Location and 

context of the sampling sites shown in inset box II in Figure 3.2. Catchment-wide 

concentrations of Concentrations of 10Be are shown shaded in graduated colors (see key) 

and sample sites are circled in black. Inset boxes B) and C) show zoomed in map views 

of 10Be concentrations (104 atoms g-1 SiO2) in talus, fluvial deposit, till samples, and 

bedrock as well as exposure ages (ka) of ridge and polished bedrock samples. Also 

shown are selected photos of sample sites. 
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Figure S3.3. Details of the Glen Shiel study area. A) Location and context of the 

sampling sites shown in inset box III in Figure 3.2. Catchment-wide concentrations of 
10Be are shown shaded in graduated colors (see key) and sample sites are circled in black. 

Inset boxes B), C), and D) show zoomed in map views of 10Be concentrations (104 atoms 

g-1 SiO2) in talus, fluvial deposit, till samples, and bedrock as well as exposure ages (ka) 

of ridge and polished bedrock samples. Also shown are selected photos of sampled sites. 
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Figure. S3.4. Views of ridge and mountaintop sampling sites. A) Two views of Creag 

Meagaidh in the Loch Laggan region (56.965202°N, 4.582178°W), where ridge exposure 

ages are the oldest, displays a flat summit morphology and is covered by both bogs and 

freeze thaw patterned ground sediment in contrast to B) the sharp ridge morphologies 

seen on the Isle of Skye (view looking north toward Beinn Dearg Mor-Sligachan from 

Sc1407, 57.272340°N, 6.124090°W),Glen Shiel (view of ridge NW of Creag a’Mhaim, 

57.126360°N, 5.179947°W), and Glen Nevis (view from Stob Coire a' Chàirn 

56.751097°N, 4.969394°W), which had younger ridge exposure ages. This suggests the 

stability of the summit flat morphology to glacial erosion compared to the sharp ridge 

morphology. 

 



 

 108 

 

3.13.2 Supplementary Tables 

Supplementary Table S2.1: P value results of statistical t-test between groups of data 

Data array 1 Data array 2 
p-value 
from  
t-test 

Statistic 
determination when 

α= 0.05 

Comparison of catchment-wide sand inside and outside the LLA limit     
Catchment-wide sand inside LLA Catchment-wide sand outside LLA   0.09 The same 
Comparison of near surface deposits to one another       
Fluvial deposits Shallow till   0.27 The same 
Fluvial deposits Talus   0.35 The same 
Shallow till Talus   0.02 Distinct 
Comparison of catchment-wide sand to near surface deposits a      
Catchment-wide sand inside LLA Fluvial deposits   0.21 The same 
Catchment-wide sand inside LLA Talus   0.60 The same 
Catchment-wide sand inside LLA Shallow till <0.01 Distinct 
Catchment-wide sand inside LLA Near surface deposits a   0.07 The same 
Catchment-wide sand outside LLA Fluvial deposits   0.08 The same 
Catchment-wide sand outside LLA Talus    0.09 The same 
Catchment-wide sand outside LLA Shallow till   0.07 The same 
Catchment-wide sand outside LLA Near surface deposits a   0.08 The same 
Comparisons of catchment-wide sand to bedrock       
Catchment-wide sand inside LLA Ridge bedrock <0.01 Distinct 
Catchment-wide sand inside LLA Polished bedrock <0.01 Distinct 
Catchment-wide sand inside LLA Ridge and polished bedrock <0.01 Distinct 
Catchment-wide sand outside LLA Ridge bedrock <0.01 Distinct 
Catchment-wide sand outside LLA Polished bedrock   0.37 The same 
Catchment-wide sand outside LLA Ridge and polished bedrock   0.01 Distinct 
Comparison of catchment-wide sand & near surface deposits to bedrock     
Catchment-wide sand inside LLA & near surface deposits a Ridge bedrock <0.01 Distinct 
Catchment-wide sand inside LLA & near surface deposits a Polished bedrock <0.01 Distinct 
Catchment-wide sand inside LLA & near surface deposits a Ridge and polished bedrock <0.01 Distinct 
Catchment-wide sand outside LLA & near surface deposits a Ridge bedrock <0.01 Distinct 
Catchment-wide sand outside LLA & near surface deposits a Polished bedrock <0.01 Distinct 
Catchment-wide sand outside LLA & near surface deposits a Ridge and polished bedrock <0.01 Distinct 
Catchment-wide sand inside & outside LLA & near surf. dep. a Ridge bedrock <0.01 Distinct 

Catchment-wide sand inside & outside LLA & near surf. dep. a Polished bedrock <0.01 Distinct 
Catchment-wide sand inside & outside LLA & near surf. dep. a Ridge and polished bedrock <0.01 Distinct 
Comparisons with moraine boulders       
Catchment-wide sand outside LLA Moraine boulders   0.20 The same 
Catchment-wide sand inside LLA Moraine boulders <0.01 Distinct 
Catchment-wide sand inside & outside LLA Moraine boulders <0.01 Distinct 
Near surface deposits a Moraine boulders <0.01 Distinct 
Ridge bedrock Moraine boulders <0.01 Distinct 
Polished bedrock Moraine boulders   0.44 The same 

Footnote 1: T test p values where data array 1 is compared to data array 2 to produce the p value. We tested for a significance level is 0.05 (α=0.05) such that a p 

value > 0.05 indicates that data array 1 and data array 2 statistically The same and when p value < 0.05 data array 1 and 2 are statistically distinct. The 
significance level of 0.05 indicates a 5% risk of concluding that two groups are statistically distinct when there is actually no difference between them. 
Footnote 2: Deep till was not able to be part of the t-test because degrees of freedom is n-1 and one value means you divide by 0 
a Near surface deposits include fluvial deposits, shallow till, and talus. 
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4.1. ABSTRACT 

Denudation averaged over a 106-7 yr timescale using Apatite (U-Th)/He and averaged 

over a 103-4 yr timescale using the in situ terrestrial cosmogenic nuclide (TCN) 10Be 

methods allows an examination of the effect of late-Cenozoic glaciation on denuding of 

the Presidential and Carter Ranges of the White Mountains, New Hampshire, USA. 

Thermal modeling of apatite (U-Th)/He ages from Mt. Washington in the Presidential 

Range (n=4, 91.7 to 117.3 Ma) indicate that beginning in the Late Cretaceous exhumation 

rates slowed from ~0.03 to ~0.01 mm yr-1 in valleys and stagnated over ridges, resulting 

in 1 km of relief production after ~100 Ma. Summit bedrock and talus 10Be 

concentrations and exposure ages from the Presidential and Carter Ranges (n=8; ~14–190 

× 104 atoms g-1 SiO2; 14–130 ka) indicate little erosion and inheritance of 10Be from 

before the last glacial maximum. Be-10 concentrations in four of five till samples (n=5; 

~2–7 × 104 atoms g-1 SiO2) are greater than can be ascribed to production since 

deposition. This implies inheritance from production by neutron spallation (< 2.5 m 

depth) and suggests an average of  < 2.5 m of last glacial maximum erosion across the 

landscape. These data support the view that dominantly cold-based glacial ice, which 
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erodes little, covered the region, both on summits and in valleys. Be-10 concentrations 

from catchment-wide sand and modern flood deposits (n=14; 5–19 × 104 atoms g-1 SiO2) 

are statistically the same as those from till, higher than those from colluvium (n=2; 2–7 × 

104 atoms g-1 SiO2), and lower than those from bedrock and talus. These 10Be 

concentrations suggest that the post-glacial sediment budget is dominantly derived from 

remobilized glacial sediment. As such, late Cenozoic glaciation did modify existing 

topography but it did not significantly produce relief or accelerate exhumation in 

Presidential and Carter Ranges of New Hampshire.  

 

4.2. INTRODUCTION 

The onset of late Cenozoic glaciation has been attributed to significant increases 

in denudation in many alpine landscapes (e.g., Herman et al., 2013; McAleer et al., 2009; 

Berger et al., 2008; Densmore et al., 2007; Hebbeln et al., 2007; Ehlers et al., 2006; 

Shuster et al., 2005; Farley et al., 2001). However, not all glaciated mountain ranges 

experienced such accelerated exhumation. Ice sheet basal temperature has a significant 

impact on the ability of the ice sheets to erode the underlying landscape. While warm-

based ice has the ability to flow over landscapes and erode significantly (e.g., McAleer et 

al., 2009; Berger et al., 2008; Densmore et al., 2007; Hebbeln et al., 2007), cold-based ice 

cover, frozen to its bed, flows via internal deformation and does not significantly erode 

the underlying landscape (e.g., Thomson et al., 2010; Colgan et al., 2002; Fabel et al., 

2002). Polythermal ice conditions, where there is warm based ice in valleys and cold 

based ice on summits, can prevent glacial erosion at high elevations and confine 

significant erosion to the valleys, creating relief (e.g., Corbett et al., 2016; Margreth et al., 

2016; Bierman et al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et al., 2006; 

Gosse et al., 2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; 

Marsella et al., 2000; Sugden, 1978). In other situations, maximum exhumation rates are 

set by tectonic rock uplift rates, despite late Cenozoic glaciation (e.g., Herman et al., 

2010; Koppes and Montgomery, 2009).  

The Presidential and Carter Ranges in the White Mountains of New Hampshire, 

USA (Figs. 4.1, 4.2, 4.3) were heavily glaciated throughout the Plio-Pleistocene (e.g., 
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Bierman et al., 2015; Braun, 1989; Shackleton and Hall, 1984; Agassiz, 1870) and have 

experienced very little tectonic rock uplift throughout the mid to late Cenozoic (e.g., 

Roden-Tice et al., 2009; Roden-Tice and Tice, 2005). Modeled Laurentide Ice Sheet 

basal thermal conditions suggest that during the last glacial maximum (LGM), the study 

area was covered by cold based ice, but was close to the transition to warm based melting 

ice at the ice sheets’ margins (Sugden, 1977; Fig. 4.2). Still, the Presidential Range has 

moderate topographic relief (~1.2 km), well-defined cirques cut into its valleys, and low 

relief rocky summits (Fig. 4.4A). The lower elevation and lower relief Carter Range has 

cirques, though they are less well defined, and lacks the old rocky summits of the 

Presidential Range (Fig. 4.4B).  

In this study, we test whether an acceleration of exhumation relative to long-term 

background rates has occurred in the Presidential and Carter Ranges in the late Cenozoic 

due to glaciation, despite slow rock uplift rates and the potential for cold-based ice cover. 

We determine long-term background exhumation rates (averaged over 106-7 yr timescales 

through the late Cenozoic) using apatite (U-Th)/He (AHe) thermochronology (Ehlers and 

Farley, 2003; Farley and Stockli, 2002) in a profile from Mt. Washington located in the 

Presidential Range (Fig. 4.3). We then determine short-term (averaged over 103-4 yr 

timescales for the late Quaternary) magnitudes and patterns of glacial sediment 

production and postglacial sediment storage and transport using the in situ terrestrial 

cosmogenic nuclide (TCN) 10Be, measured in bedrock and sediment (Fig. 4.5; Nishiizumi 

et al., 2007; Bierman et al., 2002; Gosse and Phillips, 2001; Lal, 1991). By comparing 

magnitudes of exhumation averaged over 106-7 yr timescale through the late Cenozoic to 

those from 103-4 yr timescale during the late Quaternary, we find that in the Presidential 

and Carter Ranges of New Hampshire, while late Cenozoic glaciation did modify 

topography, it did not significantly produce relief or accelerate exhumation. We also 

assess how sediment mixes post-glacially as sedimentary fills erode by comparing 10Be 

concentrations from catchment-wide sand to possible upstream sediment sources. 
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4.3. REGIONAL SETTING 

4.3.1. Tectonic Setting and Exhumation/Cooling History 

 New England was assembled during the first two stages, the Taconic and Acadian 

Orogenies, of the larger Paleozoic Appalachian Orogeny (Bradley, 1983). In New 

England, the deformational effect of the third and final stage of the Appalachian 

Orogeny, the Alleghenian Orogeny (~320 Ma), was minimal (Hooke and Winski, 2014; 

Bradley, 1983). While the Ordovician Taconic Orogeny was important in Maine, western 

Vermont, and New York (Hooke and Winski, 2014; Stanley and Ratcliffe, 1985; Bradley, 

1983), it did not significantly affect New Hampshire. The Silurian to Devonian Acadian 

Orogeny was dominantly responsible for the construction of New Hampshire (Hooke and 

Winski, 2014; Eusden et al., 1996; Bradley, 1983). 

Subduction zones developed east and west of the Merrimac Trough, a marine 

basin between Laurentia and the approaching Avalonia Terrane prior to the Acadian 

Orogeny (Fig. 4.1; Hooke and Winski, 2014; Eusden et al., 1996; Bradley, 1983). The 

Piscataquis Volcanic Arc formed west of the Merrimac Trough and the Coastal Volcanic 

Arc formed east of the Merrimac Trough (Fig. 4.1). Collision of Avalonia with Laurentia 

closed the Merrimac Trough, causing Acadian metamorphism of its sedimentary and 

adjacent volcanic rocks (Hooke and Winski, 2014; Eusden et al., 1996; Bradley, 1983). 

The majority of rocks in the Presidential and Carter Ranges are made up of these 

metamorphosed volcanic and sedimentary rocks (Eusden et al., 1996).  

 Extension initiated in New England in the Late Triassic (~220 Ma; Hooke and 

Winski, 2014) and New England separated from Africa with the opening of the  

northwest Atlantic Ocean in the Jurassic (190-165 Ma; McHone and Butler, 1984). The 

first two of three phases of the Mesozoic White Mountain Magmatic Complex plutonism 

in New England (230 Ma and between 200-165 Ma) resulted from continental extension 

and the opening of the Atlantic (Foland and Faul, 1977; Fig. 4.1). The third phase of the 

White Mountain Magmatic Complex occurred between 125 and 100 Ma (Foland and 

Faul, 1977). This phase of magmatism resulted from crustal heating of New England as it 

passed over the Great-Meteor Hot Spot in the Early Cretaceous (between 120-100 Ma; 

Fig. 4.1; Heaman and Kjarsgaard, 2000; Jason Morgan, 1983).  
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From the Late Devonian through Middle Jurassic discontinuities in muscovite, 

biotite, and K-feldspar Ar/Ar ages across the New Hampshire-Vermont border suggest 

differential unroofing due to normal faulting and rebound of anomalously thick crust 

(Harrison et al., 1989). Zircon and apatite fission track (AFT) data in plutons of the White 

Mountain Magmatic Complex across New Hampshire and Northern Vermont suggest that 

there has been 5 to 8 km of denudation in New England with an average exhumation rate 

of 0.03 mm yr-1 since the Jurassic (Doherty and Lyons, 1980). In Maine, exhumation 

rates increased to 0.2-0.6 mm yr-1 due to rifting and subsequent scarp retreat in the Early 

Cretaceous (Hooke and Winski, 2014).  

The spatial distribution of AFT ages from eastern Vermont, New Hampshire, and 

eastern Maine (e.g., Roden-Tice et al., 2009; Roden-Tice and Tice, 2005) support a Late 

Cretaceous acceleration in exhumation rates. Distinct AFT and AHe age populations 

separated from one another across major Paleozoic faults in New England indicate Late 

Cretaceous to Early Paleogene reactivation as strike-slip systems (e.g., West et al., 2008; 

Roden‐ Tice and Tice, 2005; Pe-Piper and Piper, 2004; West and Roden-Tice, 2003; 

Roden-Tice and Wintsch, 2002). Late Cretaceous to early Cenozoic fault reactivation and 

acceleration in exhumation are attributed to lithospheric thinning and extension with the 

passage of New England over the Great Meteor Hot Spot (Fig. 4.1; e.g., Roden-Tice et 

al., 2009; Pe-Piper and Piper, 2004; Crough, 1981) and to changes in the rate and nature 

of North Atlantic spreading from plate reorganization (e.g., Amidon et al., 2016; West et 

al., 2008; Fairhead and Binks, 1991). Synchronous rejuvenation also occurred on other 

Atlantic passive margins, including Africa (e.g., Fairhead et al., 2013; Rouby et al., 2013; 

Turner et al., 2008; Brown et al., 2002; Raab et al., 2002), South America (e.g., Cogné et 

al., 2012; Japsen et al., 2012; Gallagher and Brown, 1999; Harman et al., 1998), 

Scandinavia (e.g., Wood, 1995), and northern Europe (e.g., Nielsen et al., 2007). 

 

4.3.2. Prior thermochronology near the Presidential and Carter Ranges, New 

Hampshire 

 Previous thermochronology studies in and near the study area of the Presidential 

and Carter Ranges in New Hampshire includes two vertical profiles from Mt. 

Washington, one using muscovite Ar/Ar ages (closure temperature [Tc] of ~420°C; 
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Eusden and Lux, 1994) and one using Apatite Fission Track (AFT; Tc~100°C; Roden-

Tice et al., 2012), and AFT and AHe (Tc~55–75°C °C) data from a borehole and surface 

samples from Conway, New Hampshire, ~ 30 km from Mt. Washington (Amidon et al., 

2016; Fig. 4.3AC). Muscovite Ar/Ar ages of 304–274 Ma yield an exhumation rate of 

0.04 mm yr-1 in the late Carboniferous through Permian (Eusden and Lux, 1994). AFT 

ages of ~100–150 Ma yield an average exhumation rate of 0.02 mm yr-1 or ~1 km of total 

exhumation during the Late Jurassic to Early Cretaceous (Fig. 4.3AC; Roden-Tice et al., 

2012). AFT track length modeling of Roden-Tice et al. (2012) suggests that Mt. 

Washington experienced differential cooling from ~120–60 Ma, with faster cooling over 

the modern day low elevation samples and slower cooling over the modern high elevation 

samples, producing 1.5 km of relief at Mt. Washington and that, after 60 Ma, Mt. 

Washington had achieved its modern topography and experienced steady state 

exhumation of the top and the base at the same rates of 0.04 mm yr-1. Amidon et al. 

(2016) measured AFT ages of 62–82 Ma (695–122 m below mean sea level [bmsl]) and 

AHe ages of 47–117 Ma (695 m bmsl–514 m amsl) in Conway, New Hampshire (Fig. 

4.3AC). Thermal modeling of the data produced t-T histories which suggest that a pulse 

of accelerated cooling/exhumation occurred in the Late Cretaceous to early Cenozoic (85 

and 65 Ma) with rates of 9–12° C Ma-1 or 0.3–0.4 mm yr-1, significantly higher than 

background rates of <1°C Ma-1 that occurred prior to and after the accelerated pulse. 

Differences in Cenozoic cooling histories derived from Mt. Washington and nearby 

Conway New Hampshire prompted us to use AHe, with a lower closure temperature than 

AFT, in a profile from Mt. Washington to further define its Cenozoic cooling history.  

 

4.3.3. Glacial History and Erosion 

Since Agassiz (1870) first found evidence for glacial cover in the White 

Mountains of New Hampshire, much more has been determined about the extent, timing, 

and affect of continental scale Plio-Pleistocene glaciations on the New England landscape 

(e.g., Braun, 1989). The Laurentide Ice Sheet (LIS) probably first occupied Eastern North 

America at 2.5 Ma (Shackleton and Hall, 1984). Between 2.33 Ma and 850 ka, four 

glacial stages were as expansive as the Early Wisconsin Stage (Braun, 1989), and since 

840 ka (Marine Isotope Stage [MIS] 22) there have been ten major advances of the LIS. 



 

 115 

At ~115 ka the Illinoian period ended and the final Wisconsin period began (Fig. 4.6). 

The penultimate LIS advance, during the early Wisconsin stage (MIS 4) was less 

expansive than during the last glacial maximum (LGM) of the late Wisconsin stage (MIS 

2; Braun, 1989; Figs. 4.2, 4.6). The LIS during the late Wisconsin advanced from 31–27 

ka and did not begin to retreat until ~19–24 ka (Balco and Schaefer, 2006; Balco et al., 

2002). Modeled ice sheet basal thermal conditions, based on probable ice thickness and 

observations of modern ice sheets, suggest that during the maximum extent of the late 

Wisconsin LIS the study area was covered by cold based ice (Sugden, 1977; Fig. 4.2). It 

was however, relatively close (<100 km) to the ice sheets’ margins where ice transitions 

to being warm based and melting (Sugden, 1977; Fig. 4.2). Based on the New North 

American Varve Chronology (Ridge et al., 2012; Antevs, 1928, 1922; Fig. 4.2), the LIS 

initially retreated from our study area at 14.2 ka, but subsequently readvanced during the 

Littleton-Bethlehem Readvance (Bromley et al., 2015; Ridge et al., 2012; Thompson et 

al., 1999), and final deglaciation occurred at 13.9 ka (Ridge et al., 2012; Balco et al., 

2009; Fig. 4.2). 

In addition to ice sheet glaciation, the high mountain ranges in New England, 

including the Presidential Range, appear to have been shaped by cirque glaciation (e.g., 

Bierman et al., 2015; Davis, 1999; Goldthwait, 1970; Fig. 4.4). Davis (1999) interpreted 

the northerly transport of boulders out of north facing cirques in the Presidential Range as 

evidence for cirque glaciation following late Wisconsin ice retreat. However, the general 

consensus based on extensive field evidence is that cirques of the Presidential Range, and 

across New England were cut prior to the late Wisconsin LIS advance. Evidence for pre-

Late Wisconsin cutting of cirques includes; (1) a morphometric analysis of the cirques 

(Bradley, 1981); (2) the prevalence of alien drift in cirque valleys (Davis, 1999); (3) the 

lack of cirque glacial end moraines (Davis, 1999); (4) the southward-up valley 

transportation of sediment in north facing cirques (Waitt and Davis, 1988); (5) evidence 

for fast warming and ice retreat across from the coast to high regions in New England 

(Fowler, 1984); and (6) that the freshest looking grooves in bedrock are in the direction 

of continental, not cirque ice (Davis et al., 2015). Davis (1989) suggests that the two 

highest peaks in New England, Mt. Washington, New Hampshire and (1917 m) and 

Katahdin, ME (1606 m), were already covered by local cirque glaciers prior to expansion 
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of the Late Wisconsin LIS and were responsible for cutting the cirques of high New 

England peaks. In-situ 14C data from Bierman et al. (2015) also indicates that the summits 

of Mt. Washington must have already been covered by pre-late Wisconsin local cirque 

glaciers at 40 ka, some 9 ka before advance of the late Wisconsin LIS (Figs. 4.2, 4.6). 

These local cirque glaciers may have been responsible for cutting the cirques of high 

New England peaks between 40 and 31 ka (Bierman et al., 2015). 

Glacial ice is thought to have covered high New England peaks throughout the 

LGM (e.g., Bierman et al., 2015; Ackerly, 1989; Davis, 1989). Bierman et al. (2015) 

found that seven out nine TCN exposure ages from the two highest peaks in New 

England, Mt. Washington in New Hampshire (1917 m) and Katahdin in Maine (1606 m), 

are older than LGM deglaciation of the peaks, indicating significant inheritance of TCNs. 

Their 10Be summit exposure ages on Mt. Washington range from 17.7 ka to 157.1 ka 

(Figs. 4.5, 4.6), all older than its deglaciation age of 13.9 ka (Bierman et al., 2015). Such 

old ages are interpreted to be the result of cold-based summit ice, which moves slowly by 

deforming internally and does not effectively erode the underlying landscape. Similar to 

the result found by Bierman et al. (2015), cold-based summit ice has been proposed in 

other glaciated terrains in northern latitudes based on observations of a lack of summit 

erosion (e.g., Corbett et al., 2016; Margreth et al., 2016; Bierman et al., 2015; Bierman et 

al., 2014; Briner et al., 2014; Briner et al., 2006; Gosse et al., 2006; Staiger et al., 2005; 

Marquette et al., 2004; Briner et al., 2003; Marsella et al., 2000; Sugden, 1978). What is 

unclear is whether cold-based ice prevented erosion on lower elevation summits, such as 

the Carter Range adjacent to the higher elevation Presidential Range, and in valleys. If 

warm based ice was confined to the valleys, indicating polythermal erosion, late 

Wisconsin ice would enhance relief and would conflict with the thermal reconstructions 

of Sugden (1977). If, instead, cold based ice did indeed reside on lower elevation peaks 

and in valleys than the entire landscape could be relatively unaffected by the late 

Wisconsin ice cover. 
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4.4. METHODS 

4.4.1. Thermochronology and thermal modeling 

4.4.1.1. Apatite thermochronology 

We used apatite (U-Th)/He (AHe) thermochronometry to determine exhumation 

rates averaged over the 106-7 yr timescale for the late Cenozoic. We collected and 

analyzed four AHe bedrock samples in a vertical transect (573–1746 m amsl) up Mount 

Washington in the Presidential Range (Table 4.1, Fig. 4.3). The AHe thermochronometry 

technique is based on the radiogenic production of 4He in and thermally controlled 

diffusion of 4He out of the mineral apatite (Ehlers and Farley, 2003; Farley and Stockli, 

2002; Farley, 2000).  The effective closure temperature of apatite is one of the lowest of 

the thermochronological systems (Reiners and Brandon, 2006), typically 55–75°C 

(Shuster et al., 2006; Farley, 2000; Wolf et al., 1998; Dodson, 1973). The partial 

retention zone for apatite, where 4He is neither fully retained nor lost from the crystal, 

ranges from 40 to 85°C (Wolf et al., 1998). Effective closure temperature is also affected 

by cooling rate, apatite grain size and shape, and the amount of radiation damage that has 

accumulated in the crystal through time (e.g., Flowers et al., 2009; Shuster et al., 2006; 

Farley, 2000; Farley et al., 1996; Dodson, 1973). 

We measured AHe ages on five single and multigrain aliquots for each sample, 

with mean grain radius of 67.5 µm in the thermochronology laboratories at Virginia Tech 

(Table 4.1). We handpicked apatite at 100x magnification. Visibly inclusion-free grains 

were selected and loaded into Pt tubes. We outgassed the aliquots at 940°C for 20 

minutes in a resistance furnace twice and, by a 3He spike, measured 4He using a 

quadrupole mass spectrometer. No samples had low 4He content. Blank levels for 4He 

detection are ~0.2 fmol and all samples He content was above the blank. Parent 

radioisotopes (238U, 235U, 232Th, and 147Sm) were measured by isotope dilution and ICP 

mass spectrometry (Reiners and Nicolescu, 2006) at the University of Arizona. Average 

effective U (eU), a parameter that essentially converts Th and Sm into U with respect to 

how much He is produced during decay of those isotopes, ranged from 6.1 to 81.5 ppm 

(Table 4.1). We applied an FT correction to all aliquots prior to calculating ages to 

account for He loss due to alpha ejection (Farley et al., 1996). 
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We calculated mean AHe ages for each sample from aliquot individual age 

determinations after removing outliers. Samples reproduced well and only two individual 

age determinations were considered anomalous. Both outlying ages were anomalously 

old. Anomalously old AHe age determinations are likely the result of 4He contamination 

from radiogenic micro-inclusions, parent zoning, or 4He implantation (Shuster et al., 

2006; Farley et al., 1996). These processes add 4He to an apatite that has nothing to do 

with the cooling of the crystal through closure temperature. Thus, removing anomalously 

old age determinations should cause the mean age to better reflect the timing of sample 

cooling through closure temperature. 

The build up of radiation damage (primarily alpha recoil damage associated with 

U- and Th-decay chains) within apatite may also result in anomalously old ages (e.g., 

Green et al., 2006; Shuster et al., 2006). Radiation damage causes the retentivity of He to 

increase and can change apatite’s effective closure temperature (Flowers et al., 2007). 

Aliquot age determinations should correlate positively with eU if radiation damage is 

responsible for age dispersion. We plotted age versus eU for all aliquots of each sample 

and found a positive correlation between age and eU with varying degrees of fit to the 

linear regression (R2 values from 0.03 to 0.6; Fig. 4.7). This suggests that radiation 

damage is at least partially responsible for the small amount of age dispersion found in 

the samples. We did not attempt to calculate a closure temperature for the samples due to 

the affect of radiation damage on closure temperature of individual apatite crystals. 

Instead, we used the thermal modeling program QTQt (Gallagher, 2012; Gallagher et al., 

2005) to interpret cooling histories from individual age determinations. QTQt takes eU 

effects into account using the diffusion systematics of the Radiation Damage and 

Annealing Model (RDAAM) of Flowers et al. (2007). 

The predicted cumulative average uncertainty for the AHe ages is 5% (1σ) based 

on analytical uncertainty and checked against Durango fluorapatite standards (McDowell 

et al., 2005; Farley et al., 1996). The reported uncertainty for the average AHe ages is 1σ 

of the contributing aliquot ages. The average uncertainty for this dataset is 8.5 % (1σ; 

Table 4.1). This is higher than the predicted 5% uncertainties, consistent with general 

findings that most AHe samples reproduce worse than the standard (Farley and Stockli, 

2002). The reported uncertainty for samples in this study is lower than those found in 
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other recent studies using the same procedure but completed on poorly suited rock types, 

which were up to 22% (e.g., Valentino et al., 2016; Tranel et al., 2011; Spotila and 

Berger, 2010).  

We also conducted apatite 4He/3He thermochronometry on sample NHT2 to better 

constrain the most recent cooling history of Mt. Washington. Apatite 4He/3He 

thermochronometry matches modeled cooling paths to the measured diffusion profile of 

4He across an apatite to more tightly constrain the T-t path of an apatite as it cools 

through the PRZ than could be achieved using AHe ages alone (Shuster and Farley, 2005, 

2004). Samples NHT2’s diffusion profile failed to produce any acceptable cooling paths 

(Fig. S4.1). The exact cause of why the analysis failed is unknown. Analytical 

possibilities include a spatially non-uniform distribution of parent U and Th, 4He rich 

inclusions, or other unknown systematics that affect the spatial distribution of 4He in an 

apatite crystal (Shuster and Farley, 2005, 2004). Therefore, we cannot use the 4He/3He 

data for NHT2. We include a full description of 4He/3He methods, data, and preliminary 

analysis in supplementary material text section 4.12.1, Table S4.1, and Figure S4.1.  

 

4.4.1.2. Time-temperature modeling based on measured ages 

We carried out both forward and inverse modeling using the thermal modeling 

program QTQt (Gallagher, 2012; Gallagher et al., 2005). QTQt helped us determine time-

temperature (t-T) histories based on measured AHe ages. The method allows for the input 

of multiple AHe samples in a vertical profile to derive a single cooling history and 

accounts for the effects of radiation damage using the diffusion systematics of the 

RDAAM of (Flowers et al., 2007). For all models, we used a typical geothermal gradient 

of 30°C km-1, following Amidon et al. (2016), and a modern day average surface 

temperature of 10°C. We initially offset the lowest elevation sample by 35°C above the 

temperature of the highest elevation sample based on a 30°C km-1 geothermal gradient 

and a difference in elevation of 1173 m between sample NHT1 and NHR4. There was no 

offset in temperature between high and low elevation samples at t=0 Ma, because based 

on relief and typical lapse rate there should only be a slight difference in ambient surface 

temperature. 
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 QTQt forward modeling allows for calculation of expected AHe ages based on the 

input of defined cooling paths for samples. We used forward modeling in QTQt to 

determine if the measured AHe ages were compatible with the nearby AHe and AFT 

derived cooling histories of Roden-Tice et al. (2012) and Amidon et al. (2016). The 

specific input thermal history parameters based cooling histories of Roden-Tice et al. 

(2012) and Amidon et al. (2016) are described in Table 4.2 and displayed in Figure 4.8. 

We use plots of observed individual AHe age determinations for each sample aliquot 

versus those predicted from models to illustrate how well input t-T paths predict 

measured age determinations (Fig. 4.8). 

 We also ran inverse QTQt models on for the AHe samples in this study to 

determine what thermal history would be predicted independent of constraints imposed 

by previously determined cooling histories (Fig. 4.9). QTQt inverse modeling carries out 

a random walk through the model t-T space using a Markov Chain Monte Carlo 

stochastic sampling method. The model allows for simultaneous modeling of t-T paths 

for multiple samples based on their modern elevation differences making it ideal for 

interpreting age-elevation profile data. In each model, iteration QTQt compares its 

current t-T model to a new proposed model and either accepts or rejects it based on 

model fit to the measured data. This proceeds until the simplest possible t-T path that also 

best predicts the observed data is attained (Gallagher, 2012; Gallagher et al., 2005). For 

each model run, the only t-T point we constrained was the initiation point at 420 ± 10°C 

at 288 ± 11 Ma based on the average zircon-helium ages of Eusden and Lux (1994) from 

Mt. Washington. Temperature offset was allowed to vary throughout the t-T history and 

reburial was allowed. We ran 150,000 model iterations for each inverse model and report 

both ‘maximum likelihood’ and the preferred ‘expected’ model outcomes (Fig. 4.9; 

Gallagher et al., 2005). The maximum likelihood models best predicts the measured ages 

with no regard for model complexity, i.e., the number of nodes in the thermal history. 

The expected model fits the observed data as best it can while minimizing the complexity 

of the predicted thermal history. The expected model is generally the preferred t-T history 

(Gallagher et al., 2005). 
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4.4.2. Cosmogenic analysis 

4.4.2.1. In situ cosmogenic nuclides  

Nuclear reactions occurring high in the atmosphere generate a secondary cascade 

of nuclear particles, including neutrons and muons. Within the top few meters of rock, 

soil, or sediment nuclear reactions involving neutrons and muons, slow and fast, produce 

cosmogenic nuclides as they interact with target minerals (Bierman et al., 2002; Gosse 

and Phillips, 2001; Lal, 1991). Beryllium-10, produced from target nuclides in quartz, is 

widely used in geomorphic studies. After accounting for shielding, latitude, altitude, and 

production rate variations (Lal, 1991) the concentration of 10Be can be used to calculate 

exposure ages and erosion rates on exposed surfaces (e.g., Corbett et al., 2016; Margreth 

et al., 2016; Bierman et al., 2015; Bierman et al., 2014; Briner et al., 2014; Briner et al., 

2006; Gosse et al., 2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; 

Marsella et al., 2000; Nishiizumi et al., 1993; Sugden, 1978), and catchment-wide 

average erosion rates from fluvial sediment (e.g., Portenga and Bierman, 2011; Bierman 

and Steig, 1996; Granger et al., 1996; Brown et al., 1995), or it can be used to track 

sediments as they flux through a landscape (e.g.,  Nelson et al., 2014; Reusser and 

Bierman, 2010; Nichols et al., 2005a; Nichols et al., 2005b; Clapp et al., 2002; Nichols et 

al., 2002; Clapp et al., 2001; Clapp et al., 2000).  

In situ 10Be concentrations can be interpreted as exposure ages and/or erosion 

rates (Lal et al., 1996). If no inherited 10Be is present the concentration is inversely 

proportional to an erosion rate.  If the exposure of a sample to cosmic rays is dominated 

by surface exposure then the inventory of 10Be will be dominated by production from 

neutrons. The erosion rate, ε, is given by equation (1) from Lal (1991): 

 

𝜀 =
𝛬

𝜌
(
𝑃0

𝐶
− 𝜆)   (1) 

 

where Po = spallation surface production rate; Λs  = spallation attenuation length (160 g 

cm-2); λ = decay constant of 10Be (4.99 ×10-7 yr-1; Nishiizumi et al., 2007); and 

ρ = assumed bedrock density (2.7 g cm-2). 
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At depths > 2.5 m, production by muons overtakes production by spallation 

(Briner et al., 2016; Nelson et al., 2014) because muons have greater attenuation lengths 

than spallation (4,320 g cm-2 and 1,350 g cm-2 for fast and slow muons respectively; 

Heisinger et al., 2002a; Heisinger et al., 2002b). Even though production rates of 10Be by 

muons are quite low (<0.1 atoms g-1 yr-1; Heisinger et al., 2002a; Heisinger et al., 2002b), 

over tens of thousands of years of exposure muons can provide detectable amounts of 

10Be at depths > 2.5 m (Briner et al., 2016). 

 

4.4.2.2. Cosmogenic sampling strategy 

We sampled bedrock using a hammer and chisel from three summits across the 

Presidential Range and four summits across the Carter Range to a depth of 5 cm (Table 

4.3, Fig. 4.5). Talus was sampled by collecting 100 chips of rock, each with a mass of 

~10 g, from the <5 cm highest point of 1 to 5 m diameter boulders from the talus slope 

below Mt. Jefferson on the Castle Trail (Table 4.4, Fig. 4.5). 

We compared in situ 10Be concentrations from thirteen catchment-wide sediment 

samples (Table 4.5), five till and two colluvium samples (Table 4.4), one talus sample, 

and the seven bedrock samples (Table 4.3) to determine the source of mobile sediment 

fluxing through catchments in the Carter and Presidential ranges (e.g.,  Nelson et al., 

2014; Reusser and Bierman, 2010; Nichols et al., 2005a; Nichols et al., 2005b; Clapp et 

al., 2002; Nichols et al., 2002; Clapp et al., 2001; Clapp et al., 2000). The till and 

colluvium samples were collected from four locations surrounding the Presidential Range 

at varying depths from 0.7 to 7.0 m, and one modern sandy flood deposit at the surface 

(Table 4.4, Fig. 4.5). Student’s t-test was performed to compare 10Be concentrations 

between groups of sample types (Fig. 4.10, Table S4.2). We tested for a significance 

level of 0.05 (α=0.05) where a p-value > 0.05 indicates the two compared groups of data 

are statistically the same and where p value < 0.05 the two compared datasets are 

statistically distinct.  

 



 

 123 

4.4.2.3. Hypothetical depth profiles  

We constructed a hypothetical till 10Be depth profile from the surface to 7 m depth 

and compared it to the measured concentrations in this study to understand inheritance 

and post-glacial production in glacial sediment (Fig. 4.11). The hypothetical profile was 

calculated assuming no initial inheritance and using the production rate averaged from all 

catchments (Po =8.7077 atoms g-1 yr-1). Where x = depth of till (cm), Px = production rate 

at depth ‘x’ (atoms g-1 SiO2 yr-1), ρt = till density of 1.8 g cm-3 (Fülöp et al., 2015), and 

tdg,= time since deglaciation (13.9 ka, Fig. 4.2), then Npx,= the total atoms 10Be g-1 SiO2 

produced in till at depth ‘x’ since deposition (i.e. duration of tdg; Lal, 1991). 

 

𝑃𝑥 = 𝑃0𝑒
−
𝑥𝜌𝑡
𝛬   (2) 

 

𝑁𝑝𝑥 =
𝑃𝑋

𝜆
(1 − 𝑒−𝜆𝑡𝑑𝑔)   (3) 

 

4.4.2.4. Analytical methods  

 We used the 250–500 µm grain size fraction of the sediment samples and crushed 

and sieved whole bedrock samples to 250–500 µm for processing. We extracted 10Be in 

the geochronology laboratories at the University of Cincinnati using standard methods 

(see Kohl and Nishiizumi (1992) for details). Measurements of 10Be/9Be were made on 

the accelerator mass spectrometer at the PRIME Laboratory in Purdue University. 

Samples were normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 

× 10−11 (Nishiizumi et al., 2007). We used the regionally calibrated northeastern North 

America (NENA) production rate of 3.93 ± 0.19 10Be atoms g-1 SiO2 yr-1 (Balco et al., 

2009) with Lal (1991)/Stone (2000) scaling in all calculations. We scaled that production 

rate for latitude, elevation, and corrected for topographic shielding in catchments (Dortch 

et al., 2011). We used the CRONUS Earth online calculator (Balco et al., 2008) to 

calculate exposure ages for all bedrock samples using an assumed bedrock density of 2.7 

g cm-3.  
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4.5. RESULTS 

4.5.1. Apatite Thermochronology  

4.5.1.1. AHe ages and age-elevation profile 

 Average AHe ages taken in a vertical transect up Mt. Washington, spanning 

elevations of from 573 m to 1746 m, range from 91.7 ± 11.6 to 117.3 ± 7.8 Ma (Table 

4.1, Fig. 4.3). Within uncertainties, ages increase with elevation although the highest 

elevation sample (116.7 ± 5.4 Ma) is slightly younger than the second highest sample 

(117.3 ± 7.8 Ma; Table 4.1, Fig. 4.3). The slope of the age elevation profile regression is 

0.04 mm yr-1 applicable to the mid-Cretaceous (Fig. 4.3C).  

 

4.5.1.2. Time-temperature modeling based on measured ages 

 Neither input thermal history based on Amidon et al. (2016) or Roden-Tice et al. 

(2012) produced a good fit for the measured AHe ages via QTQt forward modeling (Fig. 

4.8). Overall, model predicted AHe age determinations based on the t-T path of Amidon 

et al. (2016) for 29–72 Ma and of Roden-Tice et al. (2012) for 34–105 Ma under 

predicted measured AHe individual age determinations for 72–128 Ma (Fig. 4.8). This 

result suggests that neither input t-T path is the best-possible explanation for the 

measured AHe ages and therefore requires an alternate history. 

As the forward models did a poor job of predicting observed AHe ages it was 

necessary to use inverse modeling to explore new cooling histories (Fig. 4.9). We report 

both ‘maximum likelihood’ (the t-T history with no regard for model complexity) and the 

preferred ‘expected’ (the t-T history that minimizes model complexity) model outcomes 

(Gallagher et al., 2005). Both maximum likelihood and expected inverse modeled t-T 

paths produced a good fit between measured and model predicted AHe age determination 

(Fig. 4.9). The preferred, simpler expected model (Fig. 4.9A) is therefore the more likely 

t-T history to explain the observed AHe ages.  

The expected model shows cooling at a rate of ~1°C Ma-1 from 150 Ma until an 

inflection in cooling at 100 Ma. By 100 Ma, the highest elevation sample has already 

reached surface temperature, ~10°C, and the lowest elevation sample has cooled to 

~40°C (Fig. 4.9A). From 100 Ma until present day, the highest sample experiences no 



 

 125 

more cooling and the lowest elevation sample cools slowly, at a rate of ~0.3°C Ma-1, to 

the surface temperature of 10°C. Assuming an average geothermal gradient of 30°C km-1 

this translates to a total exhumation depth of ~4.7 km with an average exhumation rate of 

~0.03 mm yr-1 from the Late Jurassic to the Early Cretaceous. Exhumation rate slows to 

0.01 mm yr-1 above the lowest elevation sample from the beginning of the Late 

Cretaceous and essentially no exhumation occurred over the highest elevation sample. 

This resulted in the formation of 1 km of relief from 100 Ma until the present (Fig. 4.12). 

This differs from the Roden-Tice et al. (2012) t-T history that suggests differential 

cooling and relief production between ~120–60 Ma followed by a post 60 Ma 

exhumation rate of 0.04 mm yr-1. It also differs from the Conway New Hampshire t-T 

history of Amidon et al. (2016), which suggests a pulse of accelerated 

cooling/exhumation occurred between 85 and 65 Ma at rates of 9–12° C Ma-1 or 0.3–0.4 

mm yr-1, but is consistent with their finding of slow background rates during the 

Cenozoic. 

 

4.5.2. Cosmogenic analysis 

4.5.2.1. Be-10 concentrations and exposure ages 

Be-10 concentrations from catchment-wide sand (n=13) range from 4.90 ± 

0.93×104 to 18.84 ± 1.00×104 atoms g-1 SiO2 with an average of 8.54 ± 3.72×104 atoms g-

1 SiO2 (1σ uncertainty; Fig. 4.5; Tables 4.5 and 4.6). The average production rate across 

all catchments, scaled for latitude, elevation, and corrected for topographic shielding 

(Dortch et al., 2011) is 8.71 ± 0.97 atoms g-1 SiO2 yr-1. This is within error off the 

average catchment-wide production rates found in Scotland of 7.14 ± 0.75 atoms g-1 SiO2 

yr-1. Average catchment area and slope steepness were calculated from a 1/3 arc-second 

DEM using ArcGIS and the NAD-83 New Hampshire State Plane (m) projection. 

Catchment average slopes range from 13° to 20° and areas range from 5 to 102 km2 

(Table 4.5; Fig. 4.13). Regression of average slope and area versus 10Be concentration 

give R2 values of <0.01 and 0.04, respectively, showing no significant relationship. Be-10 

concentrations in catchment-wide sand do not, therefore, represent catchment-wide 
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erosion rates based on catchment morphology (e.g., Portenga and Bierman, 2011; Riebe 

et al., 2000; Granger et al., 1996). 

Be-10 concentrations from till (n=5 from three different sample sites) range from 

1.70 ± 0.53×104 to 7.16 ± 0.74×104 atoms g-1 SiO2 with an average of 4.31 ± 2.33×104 

atoms g-1 SiO2 (1σ uncertainty; Fig. 4.5; Tables 4.4 and 4.6). Be-10 concentrations from 

colluvium (n=2 from one sample site) are 1.70 ± 0.53×104 and 7.16 ± 0.74×104 atoms g-1 

SiO2  measured at 7.0 and 1.5 m depth respectively, with an average of 1.46 ± 0.45×104 

atoms g-1 SiO2 (1σ uncertainty; Fig. 4.5; Tables 4.4 and 4.6). While within uncertainties 

there is no appreciable difference in 10Be concentrations with depth, the 7 m depth 

sample has a slightly higher 10Be concentration. The 10Be concentrations from a modern 

flood deposit sampled at the surface (n=1) is 7.45 ± 0.53×104 atoms g-1 SiO2 (1σ 

uncertainty; Fig. 4.5; Tables 4.4 and 4.6). Talus (n=1), sampled at the surface at an 

elevation of 1543 m amsl, has a 10Be concentrations of 142.46 ± 0.68×104 atoms g-1 SiO2 

and an associated exposure age of 107.2 ka (1σ uncertainty; Fig. 4.5; Tables 4.4 and 4.6).  

Bedrock summit samples from the Carter Range (n=4, elev. 977 to 1436 m amsl) 

have 10Be concentrations that range from 14.26 ± 0.73×104 to 28.95 ± 0.93×104 atoms g-1 

SiO2 and have an average of 21.59 ± 6.96×104 atoms g-1 SiO2 (1σ uncertainty; Fig. 4.5; 

Tables 4.3 and 4.6). Carter Range exposure ages range from 13.9 ± 1.1 to 22.1 ± 1.3 ka 

(Figs. 4.5, 4.6; Table 4.3). Bedrock summit samples from the Presidential Range (n=3, 

elevations from 1605 to 1794 m amsl) have 10Be concentrations that range from 25.81 ± 

1.36×104 to 189.92 ± 2.95×104 atoms g-1 SiO2 and have an average of 93.01 ± 85.99×104 

atoms g-1 SiO2  (1σ uncertainty; Fig. 4.5; Tables 4.3 and 4.6). Presidential Range 

exposure ages range from 18.3 ± 1.3 to 127.1 ± 6.7 ka (Figs. 4.5, 4.6; Table 4.3). 

Catchment-wide sand 10Be concentrations from the Presidential Range and the 

Carter Range are statistically the same (p=0.28; Table S4.2; Fig. 4.10). Be-10 

concentrations from catchment-wide sand are statistically the same as 10Be concentrations 

from till (p=0.10) and statistically distinct from, and higher than, colluvium (p<0.01; 

Table S4.2; Fig. 4.10). Till and colluvium are statistically distinct from one another, with 

till having higher concentrations (p=0.05; Table S4.2; Fig. 4.10). Bedrock samples and 

talus are statistically distinct from catchment-wide sand (p=0.05; Table S4.2; Fig. 4.10) 

and have higher 10Be concentrations. 
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4.5.2.2. Hypothetical depth profiles 

The hypothetical depth profile shows 10Be concentration in a till with no initial 

inheritance that was deposited as the late Wisconsin LIS retreated from the Presidential 

and Carter Ranges (tdg = 13.9 ka; Figs. 4.2, 4.5, 4.11); it decreases exponentially from 

12.06×104 atoms g-1 SiO2 at the surface to < 0.10×104 atoms g-1 SiO2 at depth of 7 m. 

Measured concentrations of 7.16 ± 0.74×104 atoms g-1 SiO2 at 3 m depth in the till sample 

from the Great Gulf (NH15-01; Fig. 4.5) and 2.51 ± 0.26×104 atoms g-1 SiO2 at 5 m in the 

Pimgewassat River till (NH15-10, Fig. 4.5) depth are much higher than the hypothetical 

tills concentrations of 0.39×104 atoms g-1 and 0.03 ×104 atoms g-1, respectively at those 

depths (Fig. 4.11). The Great Gulf and Pimgewassat River till’s concentrations at 1 m 

depth, respectively, 6.17 ± 0.78×104 atoms g-1 SiO2 and 4.02 ± 0.34 ×104 atoms g-1 SiO2 

(samples NH15-02 and NH15-09); are also higher than those from the hypothetical 

profile at that depth (3.84×104 atoms g-1; Fig. 4.11). This suggests significant inheritance 

at the time of till deposition. Conversely, the till sample collected on Route 16 north of 

Jackson new Hampshire (NH15-13; Fig. 4.5), has a concentration of 1.70 ± 0.53×104 

atoms g-1 SiO2 at 0.7 m depth is much lower than the hypothetical profiles concentrations 

of 5.42×104 atoms g-1 SiO2 at that depth (Fig. 4.11). This suggests that the Route 16 till 

has degraded top down, exposing previously deeper buried sediment.  

 

4.6. DISCUSSION 

4.6.1. Exhumation averaged over 106-7 yr timescales for the late Cenozoic 

In the Late Jurassic to Early Cretaceous the t-T histories derived from AHe data in 

this study are fairly consistent with those of Roden-Tice et al. (2012) and Amidon et al. 

(2016; exhumation rates of 0.02 to 0.04 mm yr-1). However, beginning in the Late 

Cretaceous they differ significantly. The results presented here indicate that after 100 Ma 

exhumation rates slowed to 0.01 mm yr-1 over the lowest elevation sample and stagnated 

at higher elevations, producing ~1 km of relief (Figs. 4.9, 4.12). AFT data and track 

length modeling of Roden-Tice et al. (2012) also indicate that differential cooling 

occurred in the Cretaceous to produce relief. However, they suggest that 1.5 km of relief 
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were produced between ~120 and 60 Ma and that after 60 Ma exhumation rates of 0.04 

mm/yr persisted over both peaks and valleys (Roden-Tice et al., 2012). The timing of 

relief production could be resolved between the two data sets if the majority of 

differential exhumation occurred after 100 Ma (AHe data, this study) and before 60 Ma 

(Roden-Tice et al., 2012). However, post 60 Ma exhumation rates of 0.04 mm yr-1 are 

incompatible with with measured AHe ages. This is illustrated by forward model age 

predictions based on the t-T path of Roden-Tice et al. (2012) that are younger than 

measured AHe ages (Fig. 4.8). AHe data measured in this study requires background 

erosion rates of ≤0.01 mm yr-1 throughout the Cenozoic at Mt. Washington, more similar 

to what was found in Conway throughout the Cenozoic by Amidon et al. (2016). 

 Amidon et al. (2016) identified a pulse of accelerated exhumation (of 0.3–0.4 mm 

yr-1) in the Late Cretaceous to early Cenozoic (85 to 65 Ma) in Conway, New Hampshire  

(Fig. 4.3). The timing of this pulse of accelerated exhumation overlaps with the onset of 

relief production at Mt. Washington. However, the rates themselves, which are at least 

one order of magnitude higher than exhumation rates at Mt. Washington, are 

incompatible with measured AHe ages (Fig. 4.8). These differences in Late Cretaceous 

exhumation rates at locations some 30 km apart (Fig. 4.3) suggest heterogeneous 

exhumation across relatively short distances in New England. Amidon et al. (2016) 

attributes heterogeneous exhumation across the White Mountains to compression that is 

taken up along reactivated thrust faults beneath the White Mountains. Heterogeneous 

exhumation at similar length scales was found along the North Atlantic Passive Margin in 

Scotland (Fame et al., in review [Chapter 2]). Changes in New England exhumation rates, 

possibly resulting in heterogeneous exhumation, in the Late Cretaceous to early Cenozoic 

is attributed to the passing of the Great Meteor Hot Spot under New England  (Fig. 4.1; 

e.g., Pe-Piper and Piper, 2004; Crough, 1981) and to changes in the rate of north Atlantic 

spreading from plate reorganization (e.g., Amidon et al., 2016; West et al., 2008; 

Fairhead and Binks, 1991) causing Paleozoic fault reactivation (e.g., West et al., 2008; 

Roden‐ Tice and Tice, 2005; Pe-Piper and Piper, 2004; West and Roden-Tice, 2003; 

Roden-Tice and Wintsch, 2002). 
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4.6.2. Erosion averaged over 103-4 yr timescales for the late Quaternary  

4.6.2.1. Patterns of glacial bedrock erosion  

 Summit exposure ages support limited late Wisconsin glacial erosion at high 

elevation across the study area. All Presidential Range 10Be exposure ages from summit 

bedrock (18.3 ± 1.3 to 127.1 ± 6.7 ka; n=3) and high elevation talus (NH15-04, 107.2 ± 

2.2 ka; 1543 m amsl) predate late Wisconsin (MIS 2/LGM) deglaciation (13.9 ka; Fig. 

4.6), with two ages older than MIS 4 (Fig. 4.6). This distribution of ages is consistent 

with the summit bedrock exposure ages from Mt. Washington of Bierman et al. (2015) 

which range from 17.7 to 157.1 ka, suggesting limited erosion (Fig. 4.6). The high 

elevation talus sample NH15-04 is located above Presidential Range cirques, rather than 

within them (Fig. 4.14), and its old age is therefore consistent with proposed pre late 

Wisconsin cirque cutting during local glaciation beginning at 40 ka (Bierman et al., 

2015). Three of four Carter Range summit exposure ages predate LGM deglaciation (15.8 

± 1.1 to 22.1 ± 1.3 ka; Fig. 4.6) and one is within the uncertainty of LGM deglaciation 

(13.9 ± 1.1 ka, Fig. 4.6), also supporting limited late Wisconsin summit erosion. Non 

erosive LGM ice at high elevations has similarly been suggested in other northern 

latitude alpine areas as a result of cold based summit ice (e.g., Corbett et al., 2016; 

Margreth et al., 2016; Bierman et al., 2014; Briner et al., 2014; Briner et al., 2006; Gosse 

et al., 2006; Staiger et al., 2005; Marquette et al., 2004; Briner et al., 2003; Marsella et 

al., 2000; Sugden, 1978). 

As a group, although there is some overlap, the Carter Range summit exposure 

ages (elevation of 977 to 1436 m amsl) are younger than and from lower elevation than 

those from the Presidential Range (1543 to 1794 m amsl, including talus; Fig 4.6). Older 

ages on the higher peaks of Presidential Range suggest slightly greater depths of late 

Wisconsin glacial erosion affected lower elevation summits of the Carter Range (Fig. 4.4, 

4.5.). We speculate that perhaps, despite dominantly cold-based ice across the study area 

(Fig. 4.2; Sugden, 1977), there may have been a minor thermal gradient in the ice 

inversely related to elevation allowing for more erosion across lower elevation summits. 

Such a minor thermal gradient could account for the differences in the geomorphology of 

the Presidential and Carter Ranges (Fig. 4.4). Negligible late Wisconsin LIS erosion 

across the higher elevation Presidential Range would allow for the preservation of well-
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defined cirques carved prior to the ice sheet and low relief rocky summits (Fig. 4.4A). 

Conversely, the more subdued topography and less well-defined cirques in the lower 

elevation Carter Range may have been smoothed by late Wisconsin LIS erosion (Fig. 

4.4B).  

 

4.6.2.2. Inheritance   

Inheritance refers to concentrations of TCN’s accumulated in bedrock or sediment 

prior to an erosional event that incompletely removed its inventory. Here we use the term 

inheritance to refer to 10Be accumulated in rocks or sediment prior to late Wisconsin 

deglaciation (~13.9 ka). The 10Be concentrations in tills measured at the Great Gulf and 

the Pimgewassat River (samples NH15-01, -02, -09, -10; Fig. 4.5) are greater than can be 

ascribed to production by neutrons since deposition; this implies inheritance at the time 

of deposition (Fig. 4.11). Subtracting 10Be produced by neutron spallation since 

deposition from measured concentrations (e.g., Schaller et al., 2002) results in an 

inherited 10Be concentration of 0.18×104 atoms g-1 SiO2 for till sample NH15-09 

(Pimgewassat River till, 1.0 m depth, Fig. 4.5). Similar inherited 10Be concentrations in 

glacial sediment have been previously measured. These include concentrations of ~0.58 ± 

0.12×104 atoms g-1 SiO2 in the Scottish Highland ((Fame et al., in review [Chapter 3]) 

and 0.10×104 to 0.65 ×104 atoms g-1 SiO2 in Greenland (Corbett, 2015; Nelson et al., 

2014; Goehring et al., 2010). Such low but measurable amounts of inheritance in glacial 

sediment have been attributed to deep production by muons (>2.5 m depth) during 

interglacial times (e.g., Briner et al., 2016; Corbett, 2015; Nelson et al., 2014; Goehring 

et al., 2010).  

Till samples NH15-01, -02, and -10 (Great Gulf till samples, 1 and 3 m depth and 

Pimgewassat till, 5 m depth, Fig. 4.5) have higher inheritance, ranging from 2.33×104 to 

6.77×104 10Be atoms g-1 SiO2. Similar higher inherited concentrations in glacial 

sediments have also been previously measured. Six out of 86 pebbles sourced from under 

the Greenland Ice Sheet had concentrations greater than 1×104 atoms g-1 SiO2 and one as 

high as ~11×104 atoms g-1 (Corbett, 2015). These pebbles were interpreted as being 

sourced from cold-based ice. Such higher inheritance concentrations in till indicate that it 

was sourced from shallower depth bedrock where at least some 10Be production is the 
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result of neutron spallation (i.e. <2.5 m depth). We interpret this as indicating, on 

average, < 2.5 m of LGM erosion was responsible for the production of these glacial 

sediments. This is suggests that lower elevation bedrock may have experienced limited 

erosion, similar to summits, possibly due to cover by cold-based ice in the Presidential 

and Carter Ranges. 

 

4.6.2.3. Paraglacial storage and transfer of sediment 

Comparisons of 10Be concentrations from catchment-wide sand to upstream 

sediment sources suggest that the dominant source of paraglacial catchment-wide sand is 

glaciogenic sediment. Be-10 concentrations from catchment-wide sand in the Presidential 

and Carter ranges are statistically the same as those from till, suggesting they may be a 

dominant source of stream sediment (Tables 4.6 and S4.2; Fig. 4.10). In contrast, 

colluvium has distinctly lower 10Be concentrations than till or catchment-wide sand 

(Tables 4.6 and S4.2; Fig. 4.10). This could indicate that a deeper source, possibly deep 

seated landslides, provided material for the colluvial sediment sampled (e.g., Niemi et al., 

2005). The difference in concentration between the colluvium and the catchment-wide 

sand indicates that the colluvium is not the dominant source of stream sediment. 

Additionally, bedrock concentrations are distinct and higher than those from catchment-

wide sediment and till (Tables 4.6 and S4.2; Fig. 4.10). This shows that top down erosion 

of bedrock is not significantly contributing stream sediment. We therefore conclude that 

glacial sediment is most likely the dominant provider of paraglacial sediment fluxing 

through catchments. A similar conclusion has also been found in the paraglacial Scottish 

Highlands (Fame et al., in review [Chapter 3]) and in Greenland (Nelson et al., 2014).  

 

4.6.3. Comparison and analysis of denudation on the 106-7 yr and 103-4 yr timescales  

On 106-7 yr timescales for the late Cenozoic, background AHe derived 

exhumation rates are slow (<0.01 mm/yr) and most of the relief at Mt. Washington likely 

had already been produced by the beginning of the Pliocene (Figs. 4.9A, 4.12; Roden-

Tice et al., 2012). On 103-4 yr timescales for the late Quaternary, overwhelmingly pre-

LGM 10Be exposure ages (Figs. 4.5, 4.6) support the view that minimally erosive cold 
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based ice covered summits of the Presidential and Carter Ranges during late Wisconsin 

glaciation (Bierman et al., 2015). However, there may have been slightly more erosion 

across the lower elevation Carter Range Summits resulting from a minor thermal gradient 

in the ice. Relatively high 10Be inheritance in till (Fig. 4.11) suggest that on average <2.5 

m of erosion affected the Presidential and Carter ranges during the LGM. This could 

indicate that minimally erosive ice may not have just been confined to the summits and 

also affected lower reaches of the landscape in agreement with ice basal temperature 

modeling of Sugden (1977; Fig. 4.2). By tracking modern stream sediment sources using 

10Be, the post-glacial sediment budget seems to be dominantly derived from remobilized 

glacial sediment (Figs. 4.10, 4.11). This suggests that there has been little bedrock 

erosion since deglaciation.  

Based on a comparison of magnitudes of denudation averaged across 106-7 yr for 

the late Cenozoic and 103-4 yr timescales for the late Quaternary, we find that late 

Cenozoic glaciations cannot be attributed to significant increases in denudation or relief 

production in the Presidential and Carter Ranges of New Hampshire. However, the 

presence of cirques indicates that glaciers must have been important in modifying 

topography. In light of the lack of late Wisconsin glacial erosion, we agree with previous 

work that glacial topography in the study area is likely the result of pre-late Wisconsin 

local cirque glaciers (e.g., Bierman et al., 2015; Davis, 1999; Goldthwait, 1970). Whether 

late Wisconsin ice sheets were ineffective at accelerating exhumation only as a result of 

ice sheet basal temperature or if maximum exhumation rates are set by low tectonic rock 

uplift rates in New England is not clear (e.g., Herman et al., 2010; Koppes and 

Montgomery, 2009). 

 

4.7. CONCLUSIONS  

AHe data from this study indicate that ~1 km of relief has been produced at Mt. 

Washington in the Presidential Range of New Hampshire over the past 100 Ma at a 

background erosion rate of ≤0.01 mm yr-1 throughout the late Cenozoic. Based on 10Be 

exposure ages on the summits of both the Presidential and Carter ranges, summits were 

not significantly denuded by the late Wisconsin LIS (MIS 2/LGM), and in some cases 
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earlier glaciations as well. Inheritance in till suggests, on average, < 2.5 m of glacial 

erosion across even the lower elevation portions of the Presidential and Carter Ranges 

during the late Wisconsin glaciation. Low magnitudes of ice sheet erosion are dominantly 

attributed to cold-based non-erosive ice, but the effect of low background tectonic uplift 

rates on limiting erosion remains a lingering possibility. Following deglaciation 

remobilized till is the dominant provider of stream sediment, suggesting little post-glacial 

top down erosion of bedrock. Based on a comparison of the magnitudes of denudation 

averaged across the 106-7 yr for the late Cenozoic and 103-4 yr timescales for the late 

Quaternary, we conclude that while late Cenozoic glaciation was important in modifying 

topography, glaciation cannot be attributed to significant increases in denudation or relief 

production in the Presidential and Carter Ranges of New Hampshire. 
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4.9. FIGURES 

 
Figure 4.1. Tectonic provinces of the Acadian Orogen (Bradley, 1983) responsible for 

the assembly of New England are shown in black. Three stages of igneous emplacement 

from the White Mountain Magmatic Complex include: (1) ~230 Ma in blue, (2) 200-165 

Ma in yellow, and (3) from 125-100 Ma in red (Foland and Faul, 1977). The approximate 

track of the Great Meteor hotspot from 120-100 Ma is shown in a black dashed line 

(Crough, 1981). Our study area of the Presidential and Carter Ranges in the White 

Mountians of New Hampshire is shown in the labeled blue box. 
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Figure 4.2. Reconstruction of the position of the late Wisconsin Laurentide Ice Sheet 

occupied the study area from ~31-19 ka (Balco and Schaefer, 2006; Balco et al., 2002). 

The furthest extent of the late Wisconsin Laurentide Ice Sheet is shown with the black 

dashed-solid line. Thin black lines represent reconstructed ice recessional positions and 

thick black lines represent recessional ice positions following labeled ice readvances or 

periods of stagnation as the Laurentide Ice Sheet retreated up the Connecticut Valley at 

the end of the Last Glacial Maximum (Balco and Schaefer, 2006; Balco et al., 2002). 

Radiocarbon dating of varves in from the New North American Varve Chronology 

(NAVC) record the progressional timing of the deglaciation of New England (Ridge et 

al., 2012). Following the Littleton Readvance the study area of the Presidential and Carter 

Ranges (blue box) was deglaciated by 13.9 ka (Ridge et al., 2012; Balco et al., 2009). 

Modeled Laurentide Ice Sheet basal thermal conditions during the late Wisconsin 

maximum glacial extent, adapted from Sugden (1977), indicate cold based ice northwest 

of the dashed blue and red line and warm based melting ice southeast of the same line, 

suggesting that the study area was covered by cold based ice. 
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Figure 4.3. A) Apatite thermochronology sample locations and ages (Ma) and C) age 

elevation profiles from this study, Roden-Tice et al. (2012), and Amidon et al. (2016). B) 

AHe sample locations and ages from the study on a topographic profile of Mt. 

Washington.  

 
Figure 4.4. Google Earth imagery showing the differing morphologies of the study areas 

of A) the Presidential Range and B) the Carter Range. 
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Figure 4.5. Sample locations, pictures, 10Be concentrations, and exposure ages for 10Be 

analyses across the Presidential and Carter Range. Numbered till sample locations 

correspond to numbered tills in Figure 4.11. Also included are 10Be bedrock data from 

Mt. Washington and Tuckerman Ravine of Bierman et al. (2015). 

 



 

 138 

 
Figure 4.6. Benthic 18O are shown as a proxy for global ice volumes during the 

Wisconsin and Illinoian glacial stages (Lambeck et al., 2014) and marine isotope stages 

(MIS) are shown shaded in grey (Braun, 1989). The dark grey shading shows ice cover 

on Mt. Washington during MIS 2 and just before. Mt. Washington was covered by 

summit ice by 40 ka (Bierman et al., 2015)a,  9 ka before full advance of the late 

Wisconsin Laurentide Ice Sheet at 31 ka  (MIS 2). Ice retreated from our study area by 

13.9 ka (Ridge et al., 2012; Balco et al., 2009)b. Be-10 exposure ages from our bedrock 

and talus samples from the Presidential and Carter Ranges and bedrock and rock glacier 

samples from Mt. Washington (Bierman et al., 2015) are shown versus sample elevation. 

 

Figure 4.7. AHe individual age determinations versus eU (effective Uranium) of 

individual age determinations for all aliquots of each apatite sample analyzed. 
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Figure 4.8. Results of QTQt forward modeling. Blue and red t-T paths represent the 

cooling trajectory of the highest and lowest elevation samples, respectively. A) Shows the 

input cooling history from Amidon et al. (2016), B) shows the input cooling history 

derived from Roden-Tice et al. (2012), and C) shows model predicted versus measured 

age determinations for the input cooling histories of Amidon et al. (2016) and Roden-

Tice et al. (2012). The line is a 1:1 best-fit line. Points plotting on this line are those 

whose predicted age determinations exactly matched the measured age determinations. 

Almost all modeled age determinations under predicted our measured AHe age 

determinations. 

 
Figure 4.9. Results of QTQt inverse modeling. Blue and red t-T paths represent the 

cooling trajectory of the highest and lowest elevation samples, respectively. A) Shows the 

expected modeled t-T path with 95% confidence envelopes, B) shows the results of the 

modeled maximum likelihood t-T path, and C) shows model predicted versus measured 

age determinations for the expected (purple diamonds) and maximum likelihood (green 

diamonds) inverse models. The line is a 1:1 best-fit line. Points plotting on this line are 

those whose predicted age determinations exactly matched the measured age 

determinations. 
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Figure 4.10. Box and whisker plot of 10Be concentrations separated into sample types. 

Upper and lower feet represent the maximum and minimum values for each data class, 

the middle line is the median and the upper and lower bounds of the boxes are the upper 

and lower quartiles of the data, respectively.  
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Figure 4.11. Summary of 10Be data from catchment-wide sand, till, colluvium, and flood 

deposit plotted over the hypothetical 10Be depth profiles in till (calculation method is 

described in the text). Tills are numbered by sample location (see Fig. 4.5); (1) Great 

Gulf till samples NH15-01 and -02, (2) Pimgewassat River till samples NH15-09 and -10, 

and (3) the till from Rout 16 north of Jackson NH, sample NH15-13. The hypothetical 

depth profile was calculated as if the till was deposited upon retreat of the Laurentide Ice 

Sheet from the study area (tdg =13.9 ka) with no initial inheritance.  

 

 
Figure 4.12. Total exhumation depth since 100 Ma was 1.0 km over lowest sample 

NHT1 and 0 km over highest elevation sample NHT4 based on the results of the inverse 

modeling, a surface temperature of 10°C, and a geothermal gradient of 30°C km-1. The 

relief reconstruction at 100 Ma (dotted line) restored above modern topography is based 

upon this 1 km exhumation depth above the lowest elevation sample and is not corrected 

for erosional isostasy. Therefore this reconstruction should be considered relative paleo-

relief rather then absolute elevations. 
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Figure 4.13. Be-10 concentrations compared with A) average catchment area and B) 

average slope steepness calculated from a 1/3 arc-second DEM using ArcGIS and the 

NAD-83 New Hampshire State Plane (m) projection (values listed in Table 4.1). 
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Figure 4.14. Google Earth image of Presidential Range talus sample NH15-04, with an 

exposure age of 107.2 ± 2.2 ka, showing that it is located above cirques and its old age 

therefore does not require the timing of the cutting of cirques to be older than pre-LGM 

cirque glaciation at 40 ka as suggested by Bierman et al. (2015). 
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4.10. TABLES 

TABLE 4.1. APATITE (U-Th)/He DATA 

Sample 
Elevation 
(m amsl) 

Latitude(°N)/ 
Longitude(°W) 

Rock type/  
Lithostrat-

igrahic agea 

Mass 
(υg)  

mwar 
(υm) b 

He 
(pmol) 

U 
(ppm) 

Th 
(ppm) 

Sm 
(ppm) 

eU 
(ppm) 

No. 
grains 

FT c 
Corrected 

age 
Mean age 

(Ma) 
Standard 
deviation 

culled/ totald 

NHT1 573 44.2416/71.2535 granofels/ 0.0395 81.4 0.4727 28.3 1.6 26.3 28.8 4 0.83 95.3    
   Silurian 0.0300 117.0 1.1839 80.4 4.0 29.8 81.5 1 0.89 103.6    
    0.0322 96.7 0.4922 45.9 1.7 41.4 46.5 3 0.87 72.3 91.7 Ma 11.6 0/5 
    0.0314 88.2 0.2352 16.7 2.5 54.3 17.6 5 0.87 94.4  % 12.7  
    0.0429 93.1 0.1944 10.5 1.1 28.2 10.9 4 0.86 92.7    

NHT2 675 44.2801/71.2479 metapelite/ 0.0074 48.8 0.0194 3.6 12.9 279.8 8.1 4 0.78 90.3    

   
Lower 

Devonian 
0.0095 49.0 0.0256 4.2 8.9 218.1 

7.4 
6 0.75 104.1    

    0.0076 36.4 0.0420 12.3 13.9 309.6 17.1 8 0.68 96.2 96.6 Ma 13.6 0/5 

    0.0079 37.9 0.0450 10.2 11.0 290.0 14.3 6 0.72 114.2  % 14.1  

    0.0118 47.6 0.0206 3.3 9.1 138.8 6.1 7 0.75 78.4    

NHT3 1181 44.2959/71.2776 Metapelite/ 0.0116 56.0 0.1128 20.2 0.3 123.4 20.9 5 0.78 115.9    

   
Lower 

Devonian 
0.0164 72.1 0.1700 21.4 0.3 124.0 

22.1 
6 0.83 109.9    

    0.0155 58.5 0.1588 20.5 1.0 125.7 21.4 6 0.81 115.1 117.3 Ma 7.8 1/5 
    0.0154 63.2 0.1728 20.4 0.3 126.9 21.1 5 0.80 128.4  % 6.7  
    0.0113 60.4 0.1552 21.6 0.3 124.8 22.3 5 0.80 149.7    

NHT4 1746 44.2793/71.2912 metapelite/ 0.0316 68.7 0.2340 14.9 0.2 99.0 15.4 6 0.81 115.0    

   
Lower 

Devonian 
0.0144 55.8 0.2654 25.7 0.3 156.1 

26.6 
4 0.79 168.9    

    0.0136 63.2 0.0968 14.5 0.3 113.8 15.2 5 0.81 113.6 116.7 Ma 5.4 1/5 
    0.0214 88.8 0.2121 18.8 0.2 172.4 19.7 6 0.87 113.4  % 4.6  
    0.0124 49.1 0.1420 23.2 0.2 158.4 24.1 6 0.74 124.7    

   Average MWAR (μm) 67.5      Average % standard deviation:  8.5  

   Note: Strike through individual age determinations (eg. 168.9) are anomalous ages that were not included in the average age calculation (i.e. culled analyses). Anomalous individual age determinations are defined as  
             those whose ages are 25% higher than the final mean age, determined iteratively. 
     a USGS Geologic Units of New Hampshire. 
   b Mass weighted average grain radius. 
   c Ft is the alpha ejection correction factor (Farley et al., 1996).  
   d Number of culled age determinations/number of total individual age determinations. 
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TABLE 4.2. QTQt FORWARD MODEL INPUT PARAMETERS  

Roden-Tice et al., (2012) Amidon et al., (2016) 

Highest elevation samples Lowest elevation samples Highest Elevation Samples Lowest Elevation Samplesb 

t (Ma) T (°C) t (Ma) T (°C) t (Ma) T (°C) t (Ma) T (°C) 

0  10a 0  10a 0  10 a 0  10 a 

60 60 60 60 65 40 65 75 

105 60 105 80 85 125 85 160 

120 60 120 >120 200 210 200 245 

150 75 150 >120     

170 >120 170 >120     

Note: Input time temperature points for QtQT forward thermal models (displayed in Figure 8). 
a All samples cool to surface temperature of 10°C at 0 Ma. 
b Offset of 35°C between highest and lowest elevation samples based on a 30°C km-1 geothermal gradient and a difference of 1173 m between sample NHT1 and 
NHR4.   
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TABLE 4.3. 10BE DATA FOR BEDROCK RIDGE SAMPLES 

Sample 
 

Location 
°N/°W 

Elevation        
(m amsl) 

Thick-
ness 
(cm) a 

Production rate 
(atoms g-1 SiO2 

yr-1)b 

Shielding 
factorc 

SiO2 
(g) 

9Be carrier 
(mg) 

9Be carrier 
conc. (ppm) 

Blank corrected 
10Be/9Be 
(10-13) d 

10Be 
(104 atoms g-1 

SiO2) 
d 

Age (ka) b,e,f,g 
Erosion Rate 
(mm/yr) b,e,f,g 

Carter Range            
NHR1 44.33126/71.14474 977 5.0 8.69 ± 0.42 1 28.0 0.3486 1.414 1.21 ± 0.06 14.26 ± 0.73 15.8 ± 1.1 0.04 ± 0.01 
NHR2 44.30504/71.16850 1401 5.0 12.21 ± 0.59 1 28.3 0.3452 1.414 2.24 ± 0.08 25.90 ± 0.88 20.5 ± 1.2 0.03 ± 0.01 
NHR3 44.29005/71.17649 1366 3.0 12.07 ± 0.58 1 28.6 0.3472 1.414 1.51 ± 0.09 17.26 ±1.01 13.9 ± 1.1 0.04 ± 0.01 
NHR4 44.27596/71.17030 1436 4.0 12.64 ± 0.61 1 27.3 0.3487 1.414 2.4  ± 0.08 28.95 ± 0.93 22.1 ± 1.3 0.03 ± 0.01 
Presidential Range            
NHR5 44.27504/71.30605 1794 4.0 16.60 ± 0.80 1 30.0 0.3479 1.414 5.77 ± 0.22 63.31 ± 2.37 36.2 ± 2.2 0.02 ± 0.01 
NHR6 44.29205/71.31705 1544 5.0 13.63 ± 0.65 1 29.8 0.3515 1.414 2.32 ± 0.12 25.81 ± 1.36 18.3 ± 1.3 0.03 ± 0.01 
NHR7 44.30955/71.31983 1605 5.0 14.29 ± 0.69 1 30.4 0.3535 1.414 17.3 ± 0.27 189.92 ± 2.95 127.1 ± 6.7 <0.01 
a The tops of all samples were exposed at the surface. 
b Calculated using CRONUS Earth Online Cosmogenic Calculator (http://hess.ess.washington.edu/; Balco et al., 2008) from NENA production rate (Balco et al 2009) 3.93 ± 0.19 atoms/ g-yr and time dependent scaling from Lal (1991)/Stone 
(2000) 
c  Shielding correction for topography was calculated using horizon measurements (azimuth and angular above the horizon) using the CRONUS Earth online cosmogenic calculator (Balco et al., 2008). A value of 1.0000 indicates no shielding.  
d 1-sigma AMS uncertainty 
e An assumed denudation rate of 0 mm yr-1 was used in all calculations. 
f An assumed density of 2.7 g cm-3 was used in all calculations. 
g Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
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TABLE 4.4. 10BE DATA FOR SEDIMENT DEPOSITS 

Sample Location description 
Location 

°N/°W 
Elevation          
(m amsl) 

Sample 
depth (m) a 

SiO2 (g) 9Be carrier (mg) 
9Be carrier conc. 

(ppm) 

Blank corrected 
10Be/9Be 
(10-14) b 

10Be 
(104 atoms g-1 SiO2) 

c 

Colluvial bank samples         

NH15-05 Fallsway Creek  44.36748/71.28694 459 7.0 25.05 0.3505 1.0038 1.21 ± 0.55 1.14 ± 0.52 

NH15-06 Fallsway Creek 44.36748/71.28694 459 1.5 25.17 0.3555 1.0038 1.88 ± 0.55 1.78 ± 0.52 

Modern flood deposits         

NH15-07  Israel Ridge Path Castle Ravine 44.35262/71.34577 492 surface 24.94 0.3570 1.0038 7.76 ± 0.55 7.45 ± 0.53 

Till samples         

NH15-01 Great Gulf  44.31070/71.22488 412 3.0 4.73 0.3515 1.0459 1.38 ± 0.14 7.16 ± 0.74 

NH15-02 Great Gulf  44.31070/71.22488 412 1.0 3.43 0.3504 1.0459 0.86  ± 0.11 6.17 ± 0.78 

NH15-09 Pimgewassat River  44.33820/71.21217 358 1.0 14.67 0.3489 1.0459 2.42 ± 0.20 4.02 ± 0.34 

NH15-10 Pimgewassat River  44.33820/71.21217 358 5.0 12.56 0.3491 1.0459 1.30 ± 0.14 2.51 ± 0.26 

NH15-13 Routet 16 N of Jackson 44.20018/71.23648 358 0.7 24.81 0.3570 1.0038 0.18 ± 0.55 1.70 ± 0.53 

Talus chips sample NH15-04         

NH15-04 
Castle Trail 44.31071/71.31918 1543 surface 19.23 0.3511 1.0038 116 ± 0.55 142.46 ± 0.68 

Exposure age calculation d : Shielding factor: 1.000 e Thickness: 5 cm Production Rate: 13.51 atoms g-1 yr Exposure age: 107.2 ± 2.2 ka f,g,h 
a Meters below ground surface. 
b 1-sigma AMS uncertainty .   
c Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
d Calculated using CRONUS Earth Online Cosmogenic Calculator (http://hess.ess.washington.edu/; Balco et al., 2008) from NENA production rate (Balco et al 2009) 3.93 ± 0.19 atoms/ g-yr and time dependent scaling from Lal (1991)/Stone 
(2000) 
e  Shielding correction for topography was calculated using horizon measurements (azimuth and angular above the horizon) using the CRONUS Earth online cosmogenic calculator (Balco et al., 2008). A value of 1.0000 indicates no shielding.  
f1-sigma AMS uncertainty 
g An assumed denudation rate of 0 mm yr-1 was used in all calculations. 
h An assumed density of 2.7 g cm-3 was used in all calculations. 
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TABLE 4.5. 10BE DATA FOR CATCHMENT-WIDE SAND SAMPLES 

Sample 
Location 

°N/°W 
Elevation       
(m amsl) 

Production rate 
(atoms g-1 SiO2 yr-1)a 

SiO2 (g) 
9Be carrier 

(mg) 

9Be carrier 
conc. (ppm) 

Blank corrected 
10Be/9Be 
(10-13) b 

10Be 
(104 atoms g-1 

SiO2) 
b 

Catchment 
average slope 

(degrees)c 

Catchment Area 
(km 2)c 

Carter Range          
NHW1 44.35918/71.17863 273 7.69 ± 0.85 30.3485 0.3538 1.414 4.45 ± 0.84 4.90 ± 0.93 17 5.0 

NHW12 44.28872/71.20808 680 9.12 ± 1.01 29.2441 0.3514 1.414 6.35 ± 0.88 7.21 ± 1.00 20 7.7 
NHW13 44.31708/71.06186 351 7.15 ± 0.79 29.6636 0.3553 1.414 3.85 ± 0.36 4.36 ± 0.41 14 17.8 
NHW14 44.26878/71.10639 531 8.52 ± 0.94 29.7840 0.3452 1.414 10.59 ± 3.11 11.60 ± 3.41 14 10.4 
NHW16 44.30003/71.07755 381 7.51 ± 0.83 29.9515 0.5465 1.414 4.52 ± 0.50 7.79 ± 0.87 14 19.0 
NHW17 44.31826/71.05460 324 7.28 ± 0.81 29.9504 0.3574 1.414 7.26 ± 1.27 8.18 ± 1.43 13 102.4 

Presidential Range          
NHW2 44.25415/71.25522 680 10.12 ± 1.12 29.4988 0.3491 1.414 7.49 ± 0.36 8.38 ± 0.40 19 3.2 
NHW5 44.36916/71.29882 413 9.39 ± 1.04 29.8345 0.3519 1.414 6.36 ± 0.49 7.09 ± 0.54 19 6.6 
NHW7 44.31112/71.22099 391 9.78 ± 1.09 30.4087 0.3541 1.414 5.96 ± 0.39 6.55 ± 0.43 18 29.9 
NHW8 44.34598/71.39112 497 7.18 ± 0.80 30.1551 0.3472 1.414 8.28 ± 0.69 9.01 ± 0.75 12 23.8 
NHW9 44.29016/71.34838 873 9.68 ± 1.08 29.9255 0.353 1.414 16.91 ± 0.90 18.84 ± 1.00 17 4.3 

NHW10 44.26756/71.37719 647 11.03 ± 1.22 26.5512 0.3517 1.414 8.74 ± 0.55 10.94 ± 0.69 18 7.9 
NHW11 44.15600/71.36027 364 8.75 ± 0.97 30.0843 0.3454 1.414 5.73 ± 0.38 6.22 ± 0.42 14 50.1 

Note: Samples normalized to standard Be-01-5-4 with an assumed 10Be/9Be ratio of 2.851 × 10−11 (Nishiizumi et al., 2007). 
a Production rates are corrected for shielding, latitude and elevation using the method of Dortch et al. (2011) from NENA production rate (Balco et al 2009) 3.93 ± 0.19 atoms/ g-yr and time dependent scaling from Lal (1991)/Stone (2000) 
b 1-sigma AMS uncertainty 
c Average slope and catchment area were calculated from 1/3 arc-second DEMs using ArcGIS in the NAD 83 New Hampshire State Plane (m) Projection. 
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TABLE 4.6. SUMMARY OF AVERAGE 10BE CONCENTRATIONS AND STANDARD DEVIATION BY SAMPLE CATEGORY 

Catchment-wide  
(104 at. g-1 a)  

Till 
(104 at. g-1 a) 

Colluvium 
(104 at. g-1 a) 

Flood deposit 
(104 at. g-1 a) 

Talus                            
(104 at. g-1 a) 

Ridge bedrock 
PRb (104 at. g-1 a) 

Ridge bedrock 
CRc (104 at. g-1 a) 

Bedrock  
Bierman (2015)d (104 

at. g-1 a) 

8.54 ± 3.72 4.31 ± 2.33 1.46 ± 0.45 7.45 ± 0.53 142.46 ± 0.68 93.01 ± 85.99 21.59 ± 6.96 103.48  ± 115.89 
n=13 n=5 n=2 n=1 n=1 n=3 N=4 n=4 

Note: All averages are reported with 1 standard deviation of the values averaged 
a 104 atoms g-1 SiO2 
b Presidential Range 
c Carter Range 
d Bierman et al., (2015), ridge bedrock from Mount Washington, Presidential Range 
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4.12. SUPPLEMENTARY MATERIAL 

4.12.1. Supplementary Text 

4.12.1.1. Apatite 4He/3He Themochronometry 

 We analyzed sample NHT-2 from Mt. Washington using 4He/3He thermochronometry to 

better define its cooling through the PRZ (Shuster and Farley, 2005, 2004). At the Noble Gas 

Thermochronometry Lab of the Berkley Geochronology Center we carried out 4He/3He 

thermochronometry following analytical methods detailed in Tremblay et al. (2015). We selected 

single, euhedral crystals for analysis following irradiation with 220 MeV protons (Shuster and 

Farley, 2005). We then sequentially degassed the sample using a feedback-controlled diode laser 

and measured the molar abundance of 3He and 4He/3He ratio at each heating step using sector-

field mass spectrometry. The 4He/3He release spectrum is displayed as a ratio evolution diagram. 

In a ratio evolution diagram the 4He/3He ratio of each step (Rstep) is normalized to the bulk 

4He/3He ratio (Rbulk) of the sample and is plotted against the cumulative released fraction of 3He 

(ΣF3He;Shuster and Farley, 2005, 2004; Shuster et al., 2003;Table S4.1, Fig. S4.1). The release 

spectrum should fall within an allowable envelope between end member profiles produced by 

steady state production/diffusion and alpha ejection alone, assuming a spatially uniform 

production of radiogenic 4He, (Farley et al., 2010). U-Th zonation, which may skew the initial 

spatial distribution of 4He production, or other yet unknown systematics may affect the final 

form of the diffusion distribution preventing interpretation of a t-T path from the data (Shuster 

and Farley, 2005, 2004). We interpreted the data using the random search algorithm described in 

Schildgen et al. (2010) using RDAAM parameters (Flowers et al., 2009). 

NHT2’s 4He/3He ratio evolution diagram (Table S4.1) overlain by model results 

corresponding to predicted cooling trajectories is shown in Figure S4.1 (Shuster and Farley, 
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2005). Prior to modeling t-T paths we removed steps 1, 19, and 20 due to large error values on 

the measurements (Table S4.1). We forward modeled cooling histories from 135°C to 10°C 

(surface temperature) for 200 Ma (~ 2x the grain age) in 1 Ma steps for 3,000 iterations allowing 

for 3-10 points (or bends) in the modeled t-T histories. No cooling trajectories with an acceptable 

fit to the measured 4He/3He release spectrum were found. This is likely of a 4He rich inclusion or 

other unconstrained U-Th zonation in the apatite. Without independent information on the initial 

distribution of U and Th we could not interpret this data any further.  

 

4.12.2. Supplementary Figures 

 
Figure S4.1. 4He/3He analysis and model results for NHT-2. The left graph is the 4He/3He 

release spectrum shown as a ratio evolution diagram where the 4He/3He ratio (R) of each step 

(Rstep) is normalized to the total 4He/3He ratio (Rbulk) and is a function of the cumulative released 

fraction of 3He (ΣF3He). The right graph shows modeled time temperature cooling trajectories. 

The grey paths are cooling trajectories that do not predict the bulk AHe age of the sample. 

Colored paths are t-T histories that do predict the bulk AHe age of the sample. Green paths 

would have represented cooling trajectories with an acceptable fit to the measured 4He/3He 

release spectrum, but none were found. The yellow and red paths are cooling trajectories that are 

progressively worse fits to the data and which can be excluded as fitting the data at a 99% 

confidence level (see Schildgen et al., 2010 for a more detailed discussion of modeling). The 

ratio evolution diagram is overlain by predicted 4He/3He release spectrums resulting from the 

modeled cooling trajectories.  
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4.12.2. Supplementary Tables 

 

 
TABLE S4.1.  NEW HAMPSHIRE APATITE 4HE/3HE DATA 

Sample information Heating step 
Temperature 

(°C) 
Step duration 

(hours) 
(ΣF3He)

 a Rstep / Rbulk
 b 

Rstep/ Rbulk  
error (±) b 

Sample Name   1 c  210 0.2 0.005 -0.020 0.610 
NHT2 (apatite NHT2-1_a) 2 225 0.5 0.019 0.145 0.218 
 3 260 0.38 0.042 0.227 0.144 
Radial equivalence: 4 300 0.51 0.104 0.354 0.058 
56 μm 5 300 0.66 0.151 0.424 0.083 
 6 310 0.66 0.202 0.452 0.075 
Average AHe age 7 330 0.46 0.242 0.597 0.086 
96.6 ± 13.60 Ma  8 340 0.45 0.282 0.682 0.105 
 9 350 0.48 0.336 0.588 0.078 
U (ppm) 10 350 0.66 0.381 0.769 0.093 
6.7  11 370 0.53 0.433 0.822 0.088 
 12 400 0.48 0.505 0.906 0.076 
Th (ppm) 13 410 0.5 0.578 0.918 0.071 
11.2 14 420 0.56 0.649 0.956 0.082 
 15 440 0.63 0.726 1.193 0.085 
Model iterations 16 475 0.5 0.790 1.820 0.135 
3000 17 500 0.5 0.869 1.630 0.109 
 18 600 0.5 0.993 1.777 0.091 
     19 c 700 0.5 0.999 1.595 0.765 
     20 c 850 0.5 1.000 0.080 3.162 

a Cumulative released fraction of 3He      
      b Rstep is the  

4He/3He ratio of each step and is normalized to Rbulk, the total 4He/3He ratio. 
      c Indicates step was removed from the model scoring. 

 

 
TABLE S4.2: P VALUE RESULTS OF STATISTICAL T-TEST BETWEEN GROUPS OF DATA 

Data array 1 Data array 2 
p-value from  
t-test 

Statistic determination when α= 
0.05 

Carter Range catchment-wide sand Presidential Range catchment-wide sand 0.28 statistically the same 
All catchment-wide sand Till 0.10 statistically the same 
All catchment-wide sand Colluvium <0.01 statistically distinct 
All catchment-wide sand Till and Colluvium <0.01 statistically distinct 
Till Colluvium 0.05 statistically distinct 
Carter Range bedrock Presidential Range Bedrock 0.29 statistically the same 
All catchment-wide sand Bedrock and Talus 0.05 statistically distinct 

Footnote 1: T test p values where data array 1 is compared to data array 2 to produce the p value. We tested for a significance level is 0.05 (α=0.05) such that a p value > 0.05 
indicates that data array 1 and 2 are statistically the same. The significance level of 0.05 indicates a 5% risk of concluding that two groups are statistically distinct when there is 
actually no difference between them. 

Footnote 2: Flood deposit was not able to be part of the t-test because degrees of freedom is n-1. 
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