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Abstract of Thesis

Conventional methods for the determination of past soil erosion provide only average rates of

erosion of the sediment’s source areas and are unable to determine the rate of at-a-site soil loss.

This study addresses this issue by exploring the extent to which in situ cosmogenic 10Be and 14C

depth-profiles can be used to quantify the magnitude and timing of site-specific soil erosion events

on soils of known age. The study focuses on two sites located on end moraines of the Loch Lomond

Readvance (LLR) in Scotland: Wester Cameron and Inchie Farm, both near Glasgow. The LLR is

well documented and several LLR moraine radiocarbon ages exist in the literature allowing for the

placement of a first order age constraint on soil/till emplacement. In addition, the site at Wester

Cameron is in the proximity of Croftamie, a well-studied LLR type-locality. The site near Wester

Cameron does not show any visible signs of soil disturbance and so this has been selected in order

to test (1) whether a cosmogenic nuclide depth profile in a sediment body of Holocene age can be

reconstructed, and (2) whether in situ 10Be, 26Al and 14C yield concordant results. Field evidence

suggests that the site at Inchie Farm has undergone soil erosion and so this was selected so as to

explore whether the technique can also be applied to determine the broad timing of soil loss.

The results of the cosmogenic 10Be, 14C, and 26Al analyses in the Wester Cameron site samples

confirm that the cosmogenic nuclide depth-profile to be expected from a sediment body of Holocene

age can be reconstructed. Moreover, the agreement between the total cosmogenic 10Be inventories

in the erratics and the Wester Cameron soil/till samples indicate that there has been no erosion at

the sample site since the deposition of the till/moraine. Further, the Wester Cameron depth profiles

show minimal signs of homogenisation, as a result of bioturbation, and minimal cosmogenic nuclide

inheritance from previous exposure periods. The results of the cosmogenic 10Be and 14C analyses

in the Inchie Farm site samples show a clear departure from the zero-erosion cosmogenic nuclide

depth profiles suggesting that the soil/till at this site has undergone erosion since its stabilisation.

The LLR moraine at the Inchie Farm site is characterised by the presence of a sharp break in

slope, suggesting that the missing soil material was removed instantaneously by an erosion event

rather than slowly by continuous erosion. The results of a Monte-Carlo type analysis carried out

to constrain the magnitude and timing of this erosion event suggest that the event was relatively

recent and relatively shallow, resulting in the removal of ∼ 20− 50 cm of soil less than 1500 years

BP.

The results of sensitivity analyses show that the predicted magnitude and timing of the Inchie

Farm erosion event are highly sensitive to the assumptions that are made about the background

rate of continuous soil erosion at the site and also about the stabilisation age of the till. The

results further indicate that the density of the sedimentary deposit will also affect the magnitude

and timing of the predicted erosion event. All three parameters can be independently determined

a priori and so despite the method presented in this study being sensitive to variations in these

parameters, they do not impede future applications of the method to other localities. The results

of the sensitivity analyses further show that the predicted erosion event magnitude and timing is

very sensitive to the in situ cosmogenic 14C production rate used and to the assumptions that are

made about the contribution of muons to the total production of this cosmogenic nuclide. Thus,

advances in this regard need to be made for the method presented in this thesis to be applicable

with confidence to scenarios similar to the one presented here.
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The wind that blows is all that anybody knows. . .

[Henry D. Thoreau]



Chapter 1

Introduction

1.1 Aim of thesis

The overall aim of this thesis is to assess the extent to which the amount and timing of

site-specific Holocene soil erosional events can be quantified using depth-profiles of in-situ

produced cosmogenic 10Be and 14C.

1.2 The importance of quantifying soil erosion

Deciphering the processes that control soil erosion and quantifying its magnitude over

different temporal and spatial scales have been of interest for almost a century (Bennett

1928, Campbell 1981, Loughran 1989, Stroosnijder 2005, Vrieling 2006, Le Roux et al.

2007). Initial research into soil erosion was motivated by problems related to agricultural

productivity, scientists being mainly interested in developing crop-specific conservation

practices (Loughran 1989, and references therein). The economic costs of soil erosion are

clear (cf. Pimentel et al. 1995), but despite the substantial agro-economic research in this

area many questions of a broader scientific importance have remained unanswered. It

is not actually known, for example, whether human activity accelerates soil erosion (e.g.,

Trimble and Crosson 2000, Fuchs 2007, and references therein), but it is nonetheless widely

assumed that it does so by an order of magnitude (Hewawasam et al. 2003, Wilkinson and

McElroy 2007). Similarly, it is unknown whether erosional studies apparently indicating

that human activity does accelerate soil erosion are simply a reflection of the variability

of background (natural) erosion rates (e.g., Daniels et al. 1987).
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Further, despite soils and soil erosion playing a key role in the evolution of the Earths

surface, current numerical models of long-term landscape evolution treat the former in a

very simplistic way (Bishop 2007, Tucker and Hancock 2010). A better understanding of

the controls on rates and depths of soil production and erosion (Bishop 2007, and references

therein) is needed for the improvement of these numerical models. Numerical models have

played and play an important role in our understanding of the links and feedbacks between

tectonics, climate, and surface processes, and so improved models will enable us to go some

way towards solving the so called ’chicken and egg’ question posed by Molnar and England

(1990).

Thirdly, soil is an important component of the global carbon cycle (Lal 2004). The

removal of soil organic carbon by accelerated erosion could be contributing to the 740 giga-

tonnes of carbon in the global mass of atmospheric CO2, with emissions of 1 gigatonne of

carbon/year (Lal 2005) not just affecting the carbon stock but also carbon mineralization.

Quantifying both soil erosion and soil age contributes to the understanding of the complex

nature of soil carbon storage and release dynamics (Harden et al. 1992). Soil organic mat-

ter is an indicator of soil quality and plays a major role in soil structure stability (Roose

and Barthés 2001): soils reduced in organic carbon becoming looser and more prone to

erosion (Six et al. 2000).

1.3 Methods for quantifying soil erosion

The almost century-long research into soils and soil erosion has resulted in the development

of a number of different methods for quantifying soil erosion. It is beyond the scope of this

project, to provide an exhaustive review of all these methods. Rather, I attempt below to

provide only a summary, highlighting the advantages and limitations of different methods.

Comprehensive reviews of the methods based on field observations have been provided by

Loughran (1989), Boix-Fayos et al. (2006), Stroosnijder (2005), and Le Roux et al. (2007).

The use of sediment budgets and sediment yield to quantify soil erosion has been reviewed

by Dearing (1991), de Araújo and Knight (2005), Brown et al. (2009). Aksoy and Kavvas

(2005) and de Vente and Poesen (2005) have reviewed modelling based approaches and

Walling and He (1999), and Zapata (2003) provide comprehensive reviews on the use of

fallout nuclides and tracers for quantifying soil erosion.
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1.3.1 Methods based on direct observation

Methods based on direct observation include erosion plots, erosion pins, profilometers, and

different levelling-surveying techniques, and are based on direct field observations, enabling

the investigation of site-specific processes occurring in-situ, under natural conditions (Table

1.1). Of these methods, erosion plots are by far the most commonly used, having in some

instances been adapted to allow for controlling boundary conditions and modifying factors

such as rainfall intensity (e.g., Fister et al. 2010). With the exception of erosion plots,

all methods based on direct observation make use of a benchmark (a reference point or

surface) against which they compare, using digital or analogue measurement techniques,

any surface changes (Haigh 1977, McCool et al. 1981, Shakesby 1993, Metternicht and

Zinck 1998, Prosser et al. 2000, Couper et al. 2002, Bewket and Sterk 2003, Perroy et al.

2010). These methods are generally simple, easy to set up, and cheap to maintain. The

period of observation can span hours to decades and measurements are either made at

regular time intervals or are event-based. Methods making use of photogrammetric and

remote sensing techniques represent a special sub-category. With these methods, the

observations are made either before or after an event, and they usually involve higher

initial costs, consisting of special training, purchasing of photographs or satellite imagery

and of specialised software.

Data derived using methods based on direct observation have been extensively used for

calibrating soil erosion models (Govers et al. 2007, King et al. 2005). However, as noted

by Boardman (2006), this extensive use is predominantly due to the low cost and ease of

application of these methods. For example, erosion plots have been used by Prosser and

Rustomji (2000) to parameterise sediment transport capacity, by Zhang et al. (2008) to

estimate the USLE K factor, by Arvidsson (2001) to parameterise hydraulic conductivity,

and by Calvo-Cases et al. (2003) to parameterise runoff generation. Further, remote sens-

ing techniques have been employed by Schmugge et al. (2002) to determine soil moisture

and surface roughness, and by Baghdadi et al. (2008) to estimate surface roughness.

Methods based on direct observation have several important limitations. First, the

locations where the observation sites are set up are carefully selected so as to avoid difficult

terrain. Sites are often located where soil erosion rates are high, in which case the data

they yield will usually be an overestimate of erosion rates across the landscape (Brazier

2004, Van Oost et al. 2009). As well, the observation methods are not standardised,
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Chapter 1: Introduction

there being many variations as to how the sites are set up (e.g., erosion plots with or

without boundaries; Stroosnijder 2005). There is also variability in the size of study sites

(Le Bissonnais et al. 1998, Cerdan et al. 2004), the number of sites per study (Boix-

Fayos et al. 2006), and the duration of observations (Nearing et al. 1999), these problems

prompting Zapata (2003) to question the validity of extrapolating data obtained with

these methods, both in space and time. Further, in the case of levelling techniques,

measurement errors can be introduced by the operator, or by phenomena such as soil creep,

soil swelling, animal disturbance, frost, cyclical changes of the ground surface, disturbance

by cultivation, and by the presence of a deep litter layer (Loughran 1989, Shakesby 1993,

Couper et al. 2002). Common problems associated with surveying techniques include:

distortion within photographs, lack of continuous photography for a given location, cloud

cover, surface moisture, and interpretation differences due to the use of different algorithms

(Grieve et al. 1995, Collins and Walling 2004). Moreover, the different methods are each

more suited to detecting distinct erosion processes. Erosion plots, for example are useful

for estimating sheet and rill erosion, whereas erosion pins, levelling, and remote sensing

are better suited for detecting gully erosion (Loughran 1989).

1.3.2 Methods based on sediment transportation and storage

Methods based on the transport and storage of sediment have been used in parallel with

those based on direct observations to estimate catchment-averaged erosion rates as the

volumes of transported and deposited sediment are indicative of the intensity of erosion in

the sediments source areas (Walling and Webb 1987 and references therein, de Vente et al.

2007 and references therein). The different metrics employed include the sediment yield

and its derivatives (i.e., specific sediment yield, sediment flux, and the sediment delivery

ratio) and the sediment budget.

Sediment yield (i.e., outflow of sediment per unit time) has mainly been estimated

from the dissolved-, suspended- and/ or bed-load leaving a catchment or an experimen-

tal plot (e.g., Daniels et al. 1987, Wilkinson et al. 2009), but also by employing remote

sensing techniques (e.g., Sekhar and Rao 2002). Gauging stations are usually used for

sediment yield measurements (e.g., Judson and Ritter 1964) but reservoirs (e.g., Owens

and Slaymaker 1993), and small ponds (e.g., Verstraeten and Poesen 2002) have also been

used. Sediment yield data provide erosion rate estimates that can average over years to

6
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tens of years, but when used in combination with surveying and dating techniques such as

various fallout radionuclides and cosmogenic nuclides the averaging time can be increased

to hundreds to tens of thousands of years (de Araújo and Knight 2005).

Sediment yield and all other methods based on transport of sediment have several

limitations. First, they yield a single estimate of erosion that aggregates over different

processes and may obscure information on sediment sources (Aksoy and Kavvas 2005,

de Araújo and Knight 2005, Boardman 2006). Further, erosion rates obtained this way

represent minimum estimates (Brown et al. 2009) as storage of sediment is common in

catchments. An increase in sediment yield does not necessarily mean an increase in ero-

sion rate, as the former could be the result of remobilisation of old sediment (Dearing

1991). Moreover, high-magnitude low frequency events such as jökulhaups, for example

will increase sediment yield and therefore bias the erosion rate estimate (Starkel 1976,

Morgan 1985, Bork 1989, Claessensa et al. 2006, Brazier 2004, Rommens et al. 2005).

Sediment yield estimates can also be influenced by rainfall (e.g., Oguchi et al. 2001), sud-

den tectonic processes (e.g., Korupa et al. 2004), lithology and vegetation (e.g., de Vente

and Poesen 2005, Molina et al. 2008), and human activity such as land use changes and

damming (e.g., Jennings et al. 2003, Merritts and Walter 2003, Vanacker et al. 2005).

There can also be natural cyclic variations in sediment yield (Walling and Webb 1987).

Further variability can also be introduced by changes in the sampling strategy at a given

site since the beginning of monitoring (e.g., Bierman et al. 2005b).

In the case of estimating sediment budgets, the sedimentary archive acts as a proxy

for sediment production (Dietrich and Dunne 1978, Fuchs 2007). The main advantage

of using sediment archives is that these allow for the analysis of sediment flux over the

Holocene, which is necessary to evaluate the cumulative impact of human activities (Brown

et al. 2009, Förster and Wunderlich 2009). However, the accuracy of these evaluations is

conditional on the method used for the calculation of sediment volumes and the dating

techniques applied (Rommens et al. 2005). Further, the older the sediment archive, the

more prone it is to hiatuses and the more uncertain the interpretation becomes (cf. Wil-

lenbring and von Blanckenburg 2010a).

A further limitation with using any sediment archive, be it alluvial (e.g., Houben

et al. 2006, de Moor and Verstraeten 2008), colluvial (e.g., Bertran 2004), lacustrine (e.g.,

Dearing 1991, Edwards and Whittington 1993, de Vente and Poesen 2005), or deltaic

7
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(e.g., Erkens et al. 2006), is that it summarises factors such as for example sediment

supply, transport efficiency, basin morphology, water circulation, shoreline stability etc.,

in one single value, and so the results are prone to influence by the choice of sampling

strategy (Edwards and Whittington 2001). In response to this, there are now attempts to

develop spatially distributed sediment budget determination strategies, these having more

value since they try to link erosion, transport, and deposition over larger scales and in

more detail (Wilkinson et al. 2009, Ali 2009).

1.3.3 Methods based on radionuclides

The use of fallout radionuclides in soil erosion studies has increased in recent years (Haciyaku-

poglu et al. 2005). In addition to providing erosion rate estimates, these methods can

also enable the estimation of depositional rates, the differentiation between different sed-

iment sources, the construction of catchment-wide sediment budgets, and the validation

of catchment-scale sediment flux models (Smith and Dragovich 2008). These methods are

based around artificial tracers (e.g., 46Sc, 51Cr, 59Fe, 110Ag, 198Au, Cu solutions), naturally

formed fallout radionuclides (e.g., 7Be, 10Be, 210Pb, 32Si), artificially generated fallout ra-

dionuclides (e.g., 137Cs, 239Pu, 240Pu), and naturally occurring radionuclides (e.g., 86Sr,

13C) (Zapata 2003) (Figure 1.1).

0 yrs100101102103104

Meteoric Be-10

Si-32

Pb-210

Be-7

Pu-239, Pu-240*

Cs-137

Tracers
Artificial radionuclides

Natural radionuclides

Figure 1.1: Summary of methods based on radionuclides showing the timescales over which these
can be applied. *Note that as an artificially generated fallout nuclide, despite its relatively long
half-life (6560 years), the timescale over which 240Pu can be applied to study soil erosion is the

same as for 137Cs and 239Pu.

The main characteristic of artificial tracers is that they bond strongly to the silt, clay

and organic fractions in soils. The use of artificial tracers is limited to small areas and

short timescales (from days to months) (Coutts et al. 1968, Loughran 1989), and the choice
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of tracer depends on the characteristics of the study area (Krause et al. 2003). The use of

artificial tracers is decreasing as these can be harmful to living organisms.

The naturally occurring fallout radionuclides, 7Be (half-life of 53.3 days), 10Be (half-

life of 1.39 million years), and 32Si (half-life of 144 years), are formed in the upper

atmosphere by the bombardment of N, O, and Ar nuclei, respectively, by high-energy

secondary cosmic particles. 210Pb, with a half-life of 22.26 years, is a member of the 238U

decay series, being the decay product of 222Rn. After being produced in the atmosphere,

all of these radionuclides find their way quickly into the soil mainly by precipitation, but

also through dust deposition (Appleby and Oldfield 1983, Wallbrink and Murray 1994,

McHargue and Damon 1991, Barg et al. 1997, Willenbring and von Blanckenburg 2010b).

Fallout radionuclides, such as 10Be are usually concentrated in the upper part of the

soil profile, except for older or more slowly eroding soils, in which case the profile features

a hump, the maximum concentration being located at some depth below the surface (Wall-

brink and Murray 1996, Kaste et al. 2002, You et al. 1989, Graly 2011). In the case of 7Be

and 10Be, the depth distribution of concentrations is also controlled by soil acidity - in

soils with low pH values beryllium tends to adsorb onto aluminosilicate minerals, organic

compounds, and/or to precipitate as hydroxyoxides. These fallout radionuclides have been

used as a tracer for discriminating topsoil and deepsoil sources (Walling and Quine 1995,

Owens et al. 1999), for providing spatially distributed information on the erosion and re-

deposition of soils (Jungers et al. 2009, Schuller et al. 2010), for detecting movement of

hillslope material (McKean et al. 1993), for estimating residence time of eroded sediment

(Kato et al. 2010), for estimating sediment accumulation (Battarbee et al. 1985, Miguel

et al. 2003), and for detecting the magnitude of erosion during major storm events (Blake

et al. 1999, Matisoff et al. 2002, Sepulveda et al. 2008).

There are several important assumptions behind the use of fallout radionuclides such

as 10Be and 7Be. First, it is assumed that the fallout rate is spatially uniform, and that

any pre-existing nuclide inventory is also uniformly distributed in space. Further, it is also

assumed that these nuclides find their way into the soil quickly and that they are only

remobilised by soil movement (Walling et al. 1999). 32Si has the potential to bridge the

time range between 30-1000 years, currently not covered by any other fallout radionuclide,

but, due to its low production rate, the detection of 32Si is difficult (Fifield and Morgenstern

2009, Gale 2009), and so there remains a need for soil erosion dating techniques that cover
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longer time scales, such as the Holocene. In the case of 210Pb, studies do not usually take

into account the post-depositional mixing of sediment (Petit 1974, Robbins et al. 1977,

Kato et al. 2010) and fail to assess any of the factors controlling 210Pb accumulation (Gale

2009). There are also exceptions like for example the study of Bishop et al. (2010) who

explicitly use the depth distribution of 210Pb to confirm that mixing of sediment has taken

place.

The artificially generated fallout nuclides, such as 137Cs (half life of 30.2 years), 239Pu

(half life of 24.1 years), and 240Pu (half life of 6560 years), are the product of the ther-

monuclear weapons tests that started in the mid-twentieth century. The concentration of

these nuclides peaked as the tests peaked in 1963 and then declined below detection levels

in the atmosphere after the mid 1980’s (Smith and Dragovich 2008). Nuclear tests, such

as the ones carried out by France and China between 1966 and 1980, and accidents, such

as at Chernobyl in 1986 and at Fukushima in 2011, caused perturbations in the fallout

pattern (Campbell et al. 1988, Loughran 1989, Ritchie and McHenry 1990, Wicherek and

Bernard 1995, Wallbrink and Murray 1996, Haciyakupoglu et al. 2005, Bisinger et al. 2010,

Kato et al. 2010, Yasunaria et al. 2011) introducing uncertainties in the usage of these

nuclides (Stroosnijder 2005).

As for the beryllium isotopes, the fallout of artificial radionuclides varies within lat-

itudinal zones as a function of precipitation, but can also be influenced by slope angle

and orientation, exposure to precipitation, and by wind direction and velocity. Due to

this variability in fallout rates, studies employing these radionuclides require base level

concentration determinations at undisturbed sites, the latter often being quite difficult to

find (Wicherek and Bernard 1995, Stroosnijder 2005). Again, as for the natural fallout

isotopes, caesium and plutonium adsorb rapidly to the finer soil particles - with pluto-

nium being less mobile and therefore more reliable (Everett 2009) - and accumulate in the

upper few cm of the soil profile, their concentration decaying exponentially with depth

(Smith and Dragovich 2008). A uniform concentration depth-profile is indicative of mix-

ing (Ritchie and McHenry 1990), reduced concentrations suggest erosion whereas increased

nuclide inventories are indicative of deposition (Haciyakupoglu et al. 2005).

Fallout 137Cs has been successfully used for investigating water-induced soil erosion

on both cultivated and undisturbed soils in a wide range of environments (Kato et al.

2010) and on various spatial scales: from experimental plots to entire watersheds (Smith

10



Chapter 1: Introduction

and Dragovich 2008). A single visit to the field allows for the estimation of soil erosion

integrated over a period of 30-40 years. 137Cs determinations can provide information

on soil erosion and deposition, can be used to discriminate between different processes

(e.g., tillage versus sheet erosion), and when used as a fingerprinting technique, 137Cs can

discriminate between sources of sediment (Zapata 2003). Further, 137Cs can be used to

study the dynamics of soil erosion, as there is a strong correlation between soil organic

carbon, nitrogen, and 137Cs (Xiaojun et al. 2010).

The main limitations of artificial fallout nuclides are the uncertainties surrounding the

fallout pattern and nuclear testing. Furthermore, all fallout nuclides, with the exception

of 10Be, are only applicable to study of contemporaneous erosion events and so are not

suitable for assessing soil erosion over Holocene timescales.

Other soil erosion detection methods based on isotopes include the use of the 87Sr/86Sr

ratio, and of the stable carbon and nitrogen isotope ratios. If strontium is contributed

to the soil from different sources with distinct isotopic signatures, the 87Sr/86Sr ratio can

provide clues as to the timing and magnitude of ancient soil erosion (Rabenhorst and

Wilding 1986, Cooke et al. 2003). However this ratio may also be modified as a function

of depth within the soil profile, soil age, and precipitation amount (Miller et al. 1993, Borg

and Banner 1996, Kennedy et al. 1998, Stewart et al. 2001). In similar fashion, Alewell

et al. (2008) use the variation of δ13C and δ15N in soil profiles taken at different locations

along a slope was used to qualitatively assess soil degradation. Although this is promising,

the δ13C and δ15N of soil profiles cannot provide quantitative constraints on soil erosion

since these isotopes are suitable only for detecting soil movement by measuring the isotopic

signal of the replaced surface organic material.

1.3.4 Methods based on modelling

Although providing detailed understanding of the erosion processes, field studies for as-

sessment of soil erosion are time-consuming and need to be conducted for extended periods

of time (Saha 2004). Models on the other hand are relatively inexpensive and can be used

to simulate erosion over large spatial and temporal scales. More importantly, models are

capable of simulating the complex interactions of the processes of soil erosion. The use of

models for studying soil erosion started in the 1930s and to date a large number of models

have been developed. It is beyond the scope of this thesis to provide a comprehensive
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Figure 1.2: Summary of the different types of soil erosion models. Colours used for model names
have the following meaning: red - continuous, blue - event based, green - models that deal with

both continuous and event based soil erosion.

review of all current models. Instead, I provide a brief summary focusing on how the mod-

els are constructed and on how they treat the modelled domain. All existing models are

deterministic in that the erosion and sediment transport processes are formulated using

deterministic differential equations. Thus, none of the models is capable of considering

fully the stochasticity of the erosion and sediment transport processes (Aksoy and Kavvas

2005).

In terms of their construction, soil erosion models can be classed as semi-quantitative,

empirical, conceptual, and process-based, although most models do not fall strictly into

only one category (Figure 1.2).

Semi-quantitative models use a combination of descriptive, scoring and quantitative

procedures to assess soil erosion and sediment yield mainly at the catchment scale. These

models offer a holistic approach towards erosion and sediment yield modelling (de Vente

and Poesen 2005), but concerns have been raised with respect to the objectivity of scoring
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(Le Roux et al. 2007).

Empirical (or regression) models, such as USLE and its variants, are based on field

observations, are relatively simple, and have only modest data and computational require-

ments. The empirical nature of these models, however, means that they are limited to the

areas where they have been developed. Nonetheless, the simplicity of empirical soil erosion

models has made these the choice of models for decision makers (Beach 1987, Bhattarai

and Dutta 2007, Le Roux et al. 2007, Zhang et al. 2009), also meaning that they are often

misused (Trimble and Crosson 2000).

Conceptual models are based on a conceptual framework of erosion, hence the name.

These models represent reality better than empirical models by incorporating into their

structure the underlying mechanisms of sediment transfer and those of runoff generation,

representing flow paths in a catchment as a series of storages (de Vente and Poesen 2005).

Conceptual models are characterised by simplicity and are potentially applicable to large

spatial and temporal scales.

Process-based models (also known as physically-based models) are the most sophisti-

cated of the soil erosion models, making use of fundamental physical equations to describe

erosion processes effectively. Despite this complexity, however, process-based models have

many disadvantages. First, most of our knowledge on erosion processes is derived from

plot-scale studies (Kirkby 1999). Further, the mathematical representation of natural pro-

cesses can only be approximate and there are difficulties with parameter selection (Zhang

et al. 1996, Saha 2004, Bhattarai and Dutta 2007, Le Roux et al. 2007). Many scientists

advocate process-based models because (1) the models simulate real processes, and (2)

since they are built on physical laws, these models do not suffer from extrapolation prob-

lems such as the empirical soil erosion models, and so can, at least in theory, be transferred

to different environmental conditions (de Vente and Poesen 2005). The drawback to many

such models, however, is that they require large amounts of data and computational time

(Merritt et al. 2003, Beach 1987) and the combination of processes is oversimplified and

ignores many complex process feedbacks (Zhang et al. 1996).

In terms of how they treat the modelled domain, soil erosion models can be classed as

either lumped models or distributed models. As opposed to lumped models, distributed

models incorporate spatially distributed parameters and treat the spatial variability of

erosion and of the factors that control erosion, explicitly (Van Rompaey et al. 2001).
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Distributed models need more input data than lumped models, and as a consequence

model validation is also more troublesome for the former (Takken et al. 1999, Jetten et al.

2003). The advantage of distributed models over lumped models is that the former can

be extended to entire landscapes, such as for example, is the case with whole landscape

evolution models (Willgoose 2005, Codilean et al. 2006, Tucker and Hancock 2010). Most

soil erosion models in use today are spatially distributed, part of the reason behind this

being the developments that occurred in the fields of Geographic Information Systems

(GIS) and Remote Sensing (Burrough and McDonnell 1998). GIS and Remote Sensing

have been instrumental in obtaining the spatially and temporally distributed data that

soil erosion models use as input. Further, GIS has provided the framework and software

on which many of the currently used spatially distributed soil erosion models are based

(Burrough and McDonnell 1998).

Despite both the large number of existing soil erosion models (Figure 1.2) and their

diversity, the modelling of soil erosion suffers from a range of problems. First, relatively

few efforts have been made to test the underlying concepts and assumptions, and complex

interactions between erosion processes (de Vente and Poesen 2005, Govers et al. 2007).

Further, a major gap exists between the ways soil erosion rates are measured and our

understanding of the actual processes behind these rates (Wainwright et al. 2003, Parsons

et al. 2004, 2006), and this flaws our understanding of the relevance of current erosion rates.

For example, Govers et al. (2007) showed that the basic assumptions used to model rill

erosion are to some extent flawed. Oversimplification is a further example of a problem

where tillage or gully erosion is neglected (Van Rompaey et al. 2003, Van Oost et al.

2009) causing under- or over-estimation of erosion. The second problem is that of data

availability. Data are needed as input to these models and are also needed to validate the

results (Bennett 1974, de Vente et al. 2006, Bonilla et al. 2008, Van Oost et al. 2009). The

issue of data availability is especially important as model complexity increases, as more

complex models have higher data requirements (Merritt et al. 2003, Aksoy and Kavvas

2005, Le Roux et al. 2007).

1.3.5 Methods based on age dating

In addition to the methods described in the previous sections, a few others, largely based

on assessing the completeness of a soil profile (or other stratigraphic records, such as lake
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sediments), have also been employed for estimating soil erosion. Reconstructing soil pro-

files allows the assessment of total erosion over longer periods of time, placing the modern

erosion in a historical context (Loughran 1989, Jankauskas and Fullen 2002, Boardman

2006). The principle behind these methods is that at adjacent sites the stratigraphic

records, such as the soil profiles, for example, will have the same horizonation, and any

differences should be indicative of erosion (Kelly et al. 1988, Huggett 1998, Brown et al.

2009). Although these methods can be applied on their own, determining the timing of

any soil erosion requires them to be used in conjunction with an absolute dating technique.

Moreover, their applicability is also limited by natural variability (Lewis and Lepele 1982).

Thus reconstructing soil profiles works best in places where soil profiles are specific to pe-

dogenesis like luvisols in loess, glacial till, glaciofluvial deposists or siltrich eolian sands

(Rommens et al. 2005, Brown et al. 2009).

Similar benefits can also be achieved at depositional sites when combining soil profile

characterization or sedimentary archives with tephrochronology or palyno-ecological stud-

ies. In volcanic regions, tephra deposits provide a unique stratigraphic record as tephras

associated with different volcanic eruptions have specific and distinct physical or chemical

characteristics. Layers between sites can be correlated and the age of these can be deter-

mined by linking each tephra layer with the eruption that produced it. Tephrochronology

has been applied to determining accelerated soil erosion by Page and Trustrum (1997)

and Dugmore et al. (2009) in New Zealand and Iceland respectively. The principle be-

hind palyno-ecological studies is similar, in that land use and vegetation changes through

time produce distinct pollen signatures in the various stratigraphic layers and so the ap-

proximate age of these layers can be determined using the pollen record (e.g., Noel et al.

2001).

The mineral-magnetic properties of lake or reservoir sediment assemblages have also

been used to estimate soil erosion in the sediments source areas as high or increasing

concentrations of magnetic minerals in sediments can reflect changes in the magnitude

and intensity of erosion in catchments (Wang et al. 2008). However, applications of this

approach may be limited by problems related to sediment transport and storage in stream

channels or catchments, the distribution of sediment sources, and the depositional pattern

in lakes or reservoirs (Dearing and Foster 1993). Furthermore, influences of dissolution, di-

agenesis, authigenesis and dilution on mineral-magnetic characteristics of sediments should

be accounted for when sedimentary magnetic records are used to assess catchment-wide
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soil erosion (Wang et al. 2008).

As for the absolute dating techniques that have been employed in conjunction with

soil profile and other stratigraphic reconstructions, the most important are radiocarbon

dating and optically stimulated luminescence (OSL). There is a vast amount of literature

regarding radiocarbon measurements (Hajdas 2009, and references therein). Organic ma-

terial and carbonates found in sedimentary deposits can be used to date the deposition of

sediment and hence to infer average amounts of erosion of a source area that are needed to

produce that volume of sediment. However, due to a plateau in the radiocarbon calibration

curve between AD 1650 and AD 1950 (or 50 and 350 years BP), the method is imprecise

when applied to the last 400 yrs because multiple calendar ages can be attributed to one

single radiocarbon determination. Moreover, using uncalibrated ages one could interpret

erosion rates to be faster than they are (Brown et al. 2009, Cornu et al. 2009, Gale 2009).

Further uncertainties also arise from the 14C reservoir correction required in the case of ma-

terial of marine origin such as shells (Fifield and Morgenstern 2009). Additional problems

associated with radiocarbon dating include the variation of 14C content in the atmosphere,

the hard-water effect, possible hiatuses in the sediment, the incorporation of old organic

carbon matter or the incorporation of young root matter in the dated sediment, and in

the case of carbonate dating, the dissolved carbon dead parent material (Lowe 1991).

OSL is often employed (Aitken 1998) in areas where there is no organic material and

thus radiocarbon dating cannot be used (Lang 2003, Alexanderson and Murray 2010).

Despite recent efforts to improve the OSL technique (Bailey et al. 2001, King et al. 2011),

there are still problems related to incomplete bleaching of the inherited luminescence signal

prior to burial, resulting in an age overestimation, in particular in young (∼1 kyr) samples

(Olley et al. 1998, Stokes et al. 2001, Jain et al. 2004, Fuchs et al. 2007). The low radiation

doses which some samples receive may also limit the applicability of the technique in few

hundred year old samples. In addition, temporal variations in the moisture content, depth

of burial and bulk density of sediments may be difficult to reconstruct. Yet changes in

these properties may have a dramatic impact on dose rates and thus on age estimates

(Woodborne and Vogel 1997, Madsen et al. 2005, Gell et al. 2007, Hoare et al. 2009).

A new technique for quantifying soil age and processes has recently emerged, via the

dating supergene minerals such as Fe-oxides (Short et al. 1989, Pidgeon et al. 2004, Shuster

et al. 2005, Bernal et al. 2006), and as Mn-oxides (e.g., Vasconcelos 1999) with U-series
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(from few kyr to 500 kyr) or (U-Th)/He (for 500 years) combined with 4He/3He and

40Ar/39Ar method (for 2 kyr). The related dating issues are discussed by Cornu et al.

(2009).

1.3.6 Summary

Studies dealing with soil erosion can be divided into two groups: those interested in

its agro-economic implications and those interested in its geomorphological implications.

All agro-economic applications require results quickly and easily so that decision-making

can be facilitated. Therefore, agro-economic studies differ substantially from those of

a geomorphic nature, the latter trying to address broader scientific questions, including

the magnitude, speed, and acceleration of soil erosion, how to identify the controls on soil

erosion over different spatial and temporal scales, and how to couple sediment transfer with

sediment yield and sediment sources. These two different approaches to the study of soil

erosion mean that there are inconsistencies in the literature with respect to terminology.

For example, the meaning of the terms long-term and short-term mean 100 years (most

of the 137Cs studies and some plot studies) and days/months, respectively, for the agro-

economic soil erosion community (Schuller et al. 2006) whereas, for the geomorphological

community, the two terms generally mean several hundred years as short term (Kaste

et al. 2007) and the geological time frame for long term (Montgomery 2007). Soil erosion

occurs over a wide variety of temporal and spatial scales and different processes and

interactions likely dominate at these different scales. A large number of approaches for

observing and/or measuring soil loss have been developed, leading to a lot of variability

and inconsistencies in erosion studies. Most of the short timescale field measurements

are limited by the fact that they do not account for erosion processes such as sediment

transport and redistribution (Brazier 2004), and, in cases where they do, these different

processes are dealt with in isolation (de Ploey 1990). Field and lab measurements play

an important role in the study of soil erosion processes; however, results obtained with

different techniques often do not match (Brazier 2004) and are limited in usage to short

term (maximum few hundred years) and local processes (Boix-Fayos et al. 2006). It has

been hoped that the limitations of field measurements would be overcome by the use of

models (Figure 1.2). Despite the large number of models developed over that last century,

this is yet to be achieved, partly because these models are themselves dependent on field
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data for parameter calibration and model validation (Bennett 1974, Lal 2001, Walling

et al. 2003, Hancock 2004, Stroosnijder 2005, Peeters et al. 2006). It has proven difficult

to quantify rates of erosion and deposition and their spatial distribution (Brown et al.

2009, and references therein) and it is unreasonable to envisage that one single method

will ever be applicable to all settings and scales (Le Roux et al. 2007). Recently, dating

techniques have begun to play an important role in understanding soil processes (Hallet

and Putkonen 1994), especially in the dating of ancient soils (Rommens et al. 2005, Gale

2009) as the latter can provide estimates on natural, background soil erosion rates.

Although age-controlled process rates data related to soils are still sparse (Schaller

et al. 2004), different dating techniques, such as 14C (Wells et al. 1987, Trumbore 1993,

Anselmetti et al. 2007), U-Th series radionuclides (Cornu et al. 2009, Ma et al. 2010),

OSL (Fuchs and Lang 2001), meteoric and in situ produced cosmogenic nuclides (Barg

et al. 1997, Small et al. 1999, Heimsath et al. 1997, 1999, 2000, McKean et al. 1993,

Riebe et al. 2003, Wilkinson and Humphreys 2005, Schaller et al. 2009, 2010), have been

employed successfully. Of the aforementioned novel techniques, cosmogenic nuclide anal-

ysis is perhaps the most promising in terms of quantifying soil erosion, as it enables the

quantification of both catchment-wide and at-a-site erosion rates, and is sensitive over the

millennial timescales relevant to soil production and soil erosion. In the following section

of this chapter I provide a brief introduction to cosmogenic nuclides describing the ways in

which the technique can be applied to quantifying the magnitude and timing of at-a-site

Holocene soil erosion events.

1.4 In situ produced terrestrial cosmogenic nuclides

Cosmogenic nuclide determinations are now made routinely (Figure 1.3), and the technique

has been summarised in a number of review articles and more recently in a book (Dunai

2010). Given these recent publications, providing a thorough review of the technique here

would be redundant. Instead the remainder of this section will summarise the principles

behind the technique and its main applications to geomorphology.

The first comprehensive review of the technique has been provided by Gosse and

Phillips (2001), and this has now been superseded by the work of Dunai (2010). The

technical aspects of the method have also been reviewed by Cerling and Craig (1994)
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Figure 1.3: Number of publications on applications of cosmogenic nuclides to the study of surface
processes and citations thereof. The number of publications is multiplied by ten to allow use of a

common scale. Figure adapted from Dunai (2010).

and Niedermann (2002), and Bierman (1994), Bierman and Nichols (2004), Cockburn and

Summerfield (2004) and von Blanckenburg (2005) have provided reviews of the geomor-

phological applications of cosmogenic nuclides. More recently Akçar et al. (2008) have

reviewed the archaeological applications of cosmogenic nuclide analyses.

1.4.1 Theory and applications

Cosmogenic nuclides are produced by the interaction of high-energy secondary cosmic

particles with target nuclei, such as 16O, 27Al, 28Si, and 56Fe (Dunai 2010, and references

therein), in the upper few metres of the Earth’s crust. Several of these nuclides, including

3He, 10Be, 21Ne, and 26Al, 36Cl are now measured routinely, whereas the analysis of

others, such as 14C is still in an experimental phase. Given the very low concentration

of cosmogenic nuclides in terrestrial samples, the measurement of these is only possible

through accelerator mass spectrometry (AMS), in the case of radionuclides, such as 10Be

and 26Al, and noble gas mass spectrometry, in the case of 3He and 21Ne (Elmore and

Phillips 1987).

The high-energy cosmic ray flux is composed mainly of charged nucleons (mainly pro-

tons), and so the spectrum of the cosmic ray flux that penetrates Earth’s atmosphere

is highly dependent on the Earth’s magnetic field. Thus, the production of cosmogenic

nuclides at the Earth’s surface varies with geomagnetic latitude - increasing between the
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equator and 60◦ N and S latitude and remaining invariant for latitudes > 60◦ (Dunai

2010). The secondary cosmic rays are attenuated by the Earth’s atmosphere, and so pro-

duction rates also decrease with an increase in the thickness of penetrated atmosphere

(Lal 1991, Dunai 2000, Stone 2000, Lifton et al. 2005). Other factors that influence the

production rates of cosmogenic nuclides include the geometry of the surrounding topogra-

phy and the geometry of the surface itself, which may shield a proportion of the incoming

cosmic radiation (Dunne et al. 1999, Codilean 2006).

The concentration of cosmogenic nuclides in a sample is proportional to the amount of

time that the sample has been exposed to cosmic radiation. Thus, if a surface has not ex-

perienced substantial erosion, the cosmogenic nuclide concentration in a sample from that

surface will provide the exposure age of the surface (Lal 1991). However, if after exposure,

the surface is buried by material of sufficient thickness to stop the further accumulation of

cosmogenic nuclides, the differential decay rates of cosmogenic radionuclides (such as 10Be

and 26Al) in a sample from that surface can be used to estimate the time elapsed since

burial (Granger and Smith 2000, Granger and Muzikar 2001). In cases where a surface is

experiencing ongoing denudation, the cosmogenic nuclide concentration in a sample from

that surface can be used to estimate a rate of denudation. Denudation rates can be deter-

mined from either bedrock or sediment samples. Bedrock samples yield at-a-site erosion

rates that only apply to the bedrock surface from where the sample was collected. On the

other hand, sediment samples yield average rates that apply to the sediment’s source area.

A more advanced technique uses the frequency distribution of cosmogenic nuclide concen-

trations in a large number of grains leaving a catchment to obtain a spatially distributed

erosion history of the whole catchment (Codilean et al. 2008).

1.4.2 Quantifying soil erosion using cosmogenic nuclide depth-profiles

Different cosmogenic nuclides have different production pathways, and the production

rates for these different production pathways attenuate differently with depth (Strack

et al. 1994, Brown et al. 1995, Heisinger et al. 1997, 2002a,b). Thus, at least in theory, the

depth-profiles of cosmogenic nuclides can provide more information on the processes that

operate at the Earth’s surface than a single nuclide concentration obtained from a surface

sample (cf. Braucher et al. 2003, Kim and Englert 2004, Schoenbohm et al. 2004). Within

a surface that is eroding, a cosmogenic nuclide will reach steady state much faster at the
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surface than at depth as a result of the greater depth penetration of muons as compared

to neutrons. Thus, the muon component is less sensitive to short-term fluctuation of the

erosion rate and may be used to quantify a mean erosion rate with a longer averaging

timescale than that recorded by neutrons (Braucher et al. 2003).

The production of cosmogenic nuclides decreases exponentially with depth, and can be

described by the following (Granger and Smith 2000, Granger and Muzikar 2001):

N(z, t) =
1− e−λt

λ

4∑
i=4

P (0)ie
−ρz/Λi (1.1)

where N(z, t) is the cosmogenic nuclide concentration (atoms.g−1) acquired by a sample

as a function of time and depth below the surface, λ is the radioactive decay constant,

calculated as ln(2)/T1/2, with T1/2 being the radioactive half-life of the cosmogenic nuclide

(yrs), t is the amount of time (yrs) since nuclide production began, P (0)i is the surface

production rate (atoms.g−1.yr−1) of a given cosmogenic nuclide by a given production

pathway (i.e., high energy neutrons, and slow and fast muons), ρ is the density of the

target material (g.cm−3), and Λi is the absorption mean free path for nuclear interacting

particles in the target mineral for a given production pathway (g.cm−2).

This exponential decrease is an especially useful property in landscapes that exhibit

high erosion rates or those that have been subjected to burial (Balco and Rovey II 2008).

Furthermore, the exponential decrease in nuclide production with depth has also been

exploited to understand how ice has shaped the landscape (Goodfellow 2008, Morgan et al.

2010), to study long-term structural deformation rates (Siame et al. 2004), to quantify slip

rates (Vassallo et al. 2005), to trace sediment sources (Phillips et al. 1998), and to estimate

the depositional age of alluvial material (Anderson et al. 1996, Repka et al. 1997, Briner

and Swanson 1998, Hancock et al. 1999, Schaller et al. 2010, Hein et al. 2009, Goehring

et al. 2010).

Given the ‘vertical’ nature of soil processes, most studies involving soils and employing

cosmogenic nuclides have used cosmogenic nuclide depth-profiles. For example, Brown

et al. (1994) and Braucher et al. (1998) have used in situ 10Be depth-profiles in lateritic

tropical soils to explain the formation of certain soil deposits. Phillips et al. (1998),

using a model of soil burial by colluvium and bioturbation in combination with 21Ne

measurements in depth-profiles, were able to estimate inheritance-corrected exposure ages
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Chapter 1: Introduction

in stream terraces and an alluvial fan. Further, Schaller et al. (2003) combined 10Be

measurements in cover bed depth-profiles and river sediment in order to determine the

effect of cover beds on catchment-wide erosion rate determinations.

The examples presented in the previous paragraph are all based on the work of An-

derson et al. (1996), who showed that a cosmogenic nuclide depth-profile in an alluvial

deposit can be used to calculate the depositional age of that deposit by explicitly account-

ing for the inherited nuclide component. In short, Anderson et al.’s (1996) method works

by reconstructing the cosmogenic nuclide depth-profile of the alluvial deposit and using

the shift in this profile to estimate the amount of time elapsed since emplacement of that

deposit (Figure 1.4). This principle, if inverted, can at least in theory be applied to quan-

tifying at-a-site soil erosion events in soils formed on deposits of known age. For example,

if the depositional age of the deposit on which the soil is formed is known, a ‘zero-erosion’

theoretical cosmogenic nuclide depth-profile can be constructed and compared to the cos-

mogenic nuclide depth-profile measured in the soil/deposit. Any discrepancies between

the two cosmogenic nuclide depth-profiles (measured and theoretical [‘zero-erosion’]) will

be a quantitative indication of erosion.

Given that the aim of this study is to quantify both the amount and timing of at-a-

site Holocene soil erosion events, two cosmogenic nuclides must be used, as there are two

unknowns. Results from a modelling study by Phillips (2000) suggest that only in situ

14C, with its relatively short half-life of 5.7 kyr, is fully capable of discriminating between

different soil accumulation and soil erosion scenarios, this nuclides depth-profile permitting

both bioturbated deposits and anomalous nuclide inheritance to be identified. A similar

message is also conveyed by the results of the sensitivity analyses presented in Figure 1.5

- the different scenarios are resolvable only when 10Be is used in conjunction with 14C.

1.5 Objectives and organisation of thesis

As noted earlier, the aim of this study is to assess the extent to which the amount and

timing of site-specific Holocene soil erosional events can be quantified using depth-profiles

of in situ-produced cosmogenic 10Be and 14C. Most of Scotlands soils are formed on glacial

till and so this work focuses on two Loch Lomond Readvance (LLR) glacial moraines as its

study sites. Unlike in the case of soils that form by the in-situ weathering of the underlying
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at various depths. Upon deposition, alluvial clasts have varying cosmogenic nuclide inheritance
(grey envelope around vertical dashed line) but are assumed to have been emplaced with uniform
nuclide inheritance with depth characterised by mean nuclide concentration N(in). Subsequent
accumulation of cosmogenic nuclides results in an exponential nuclide decay depth-profile. The
mean concentrations derived from two samples - (s1) collected close to the surface and (s2) collected
from a certain depth - will differ from one another only by the post-depositional component. Thus
both N(in) and elapsed time since deposition of clasts can be calculated from measured nuclide

concentrations of amalgamated samples. Modified from Anderson et al. (1996).
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bedrock, the age of soils formed on glacial till is quantifiable, as it is coeval with the age

of till stabilization. The latter is particularly important for this study, as the cosmogenic

10Be and 14C-based method presented here is based on the assumption that the age of soil

formation is known. The two study sites are located near Glasgow in Scotland at Wester

Cameron (near Loch Lomond) and Inchie Farm (near Lake of Menteith). To achieve the

aim, the thesis has the following objectives:

(1) To constrain the depositional age of the LLR moraines, and thus the age of soil/till

emplacement, using in situ cosmogenic 10Be surface exposure dating of erratic boul-

ders at the Wester Cameron site;

(2) To use the soil/till emplacement age obtained at (1) to construct ‘zero erosion’ cosmo-

genic 10Be and 14C depth-profiles for the Wester Cameron site and to compare these

to 10Be and 14C depth-profiles measured at the site. As is shown below, the soil/till

at the Wester Cameron site has not undergone any visible erosion since emplacement

and so the results obtained for this site serve as a benchmark for the Inchie Farm

site where the soil exhibits signs of soil loss;

(3) To reconstruct the 10Be and 14C depth-profiles in the soil/till at the Inchie Farm site

and to use these in conjunction with a Monte-Carlo type approach to constrain the

timing and magnitude of soil erosion at the site; and

(4) To assess the sensitivity of the results obtained in (3) to the various model parameters

used in the Monte-Carlo type approach.

Given that the measurement of in situ 14C is still in infancy, the thesis continues in

Chapter 2 with a comprehensive description of the analytical methods used to analyse

this cosmogenic nuclide. Chapter 3 provides a description of the study area, outlining

the rationale behind selecting the two sites. Chapter 4 presents the results of the 10Be,

14C and 26Al analyses at the two sites, and Chapter 5 presents the sensitivity analyses,

respectively. The final chapter, Chapter 6, includes a list of major conclusions of the thesis

along with limitations and areas of future research.

Additional information relating to the in situ 14C extraction system at Scottish Uni-

versities Environmental Research Centre (SUERC) are presented in Appendix A. All infor-

mation relating to sampling sites, including peat age radiocarbon determinations, and till
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density calculations are presented in Appendix B. Sample preparation, beryllium chem-

istry procedures, and results of the AMS measurements are detailed in Appendix C. An

explanation of the source code used for the Monte-Carlo analyses in Chapter 5 is given in

Appendix D. Publications to date on work contained within and/or related to the thesis

are included in Appendix E.
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Chapter 2

In situ cosmogenic 14C systematics

and extraction system at SUERC

2.1 Introduction

Although cosmogenic nuclide analysis is now an established technique for studying the

processes that shape the Earth’s surface, in situ 14C has only recently been added to the

list of nuclides in the ‘cosmogenic toolset’. The reason is mainly due to the difficulties in

quantitatively extracting the small amounts of 14C produced in terrestrial samples, and in

separating the in situ-produced 14C from the substantially more abundant 14C produced

in the atmosphere (from hereon referred to as ‘meteoric’) (Lal and Jull 1994). In situ

cosmogenic 14C (in situ 14C) has the potential to be a very versatile tool to geoscientists.

First, it has a relatively short half-life (5730 yr) (Lederer et al. 1978), meaning that when

compared to the other cosmogenic nuclides, namely, 3He, 10Be, 21Ne, 26Al, and 36Cl, 14C

is particularly useful for dating recent (Holocene) events and identifying rapid changes in

erosion rates, but currently this is prohibited by the large analytical uncertainties involving

different extraction techniques. Furthermore, in situ 14C is produced in quartz, a mineral

that is both highly resistant to weathering and common in nature, and so it can be used

alongside the routinely measured longer-lived cosmogenic 10Be to resolve complex exposure

histories involving burial and/or erosion occurring over the past 25 kyr.

In situ 14C measurements have been made in extra-terrestrial samples since the 1960s,

and have been successfully used, among others, to establish the terrestrial age or the
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Chapter 2: In situ 14C Systematics

weathering state of meteorites (Suess and Wänke 1962, Jull 2004). These measurements

have been enabled mainly by the orders of magnitude larger 14C abundances in extra-

terrestrial samples compared to terrestrial ones (Jull et al. 1992, Pigati et al. 2010b). As

already noted above, in terrestrial samples the measurement of in situ 14C is made difficult

by contamination of meteoric 14C. For analyses of quartz, the contamination is further

aggravated during 14C extraction by the release of the gases trapped in fluid inclusions.

Because it is tightly bound in the silicate matrix, the extraction of in situ 14C is seldom

possible without the fusion of the silicate minerals (Des Marais 1983, Brown et al. 1984).

The in situ 14C extraction system of the Scottish Universities Environmental Research

Centre (SUERC) was built in 2001 (Naysmith et al. 2004, Fülöp et al. 2010) and is based

on the design of the extraction system at the University of Arizona (Lifton 1997, Lifton

et al. 2001, Pigati 2004). The system works by step heating purified quartz in a resistance

furnace in the presence of lithium metaborate (LiBO2) and ultra-high purity oxygen. Dur-

ing this heating step any released carbon is oxidised and the resulting CO2 is cryogenically

separated from other gas mixtures. The extremely low carbon content of quartz requires

that the gas is diluted with 14C-free CO2, and converted to graphite. The latter is pressed

into targets and analysed at the SUERC Accelerator Mass Spectrometer (AMS) (Freeman

et al. 2007).

This chapter provides a brief summary of 14C systematics and describes the design and

performance of the in situ 14C extraction system at SUERC. The chapter summarises the

in situ 14C measurements of system blanks, shielded quartz, and surface samples used as

standards by other laboratories.

2.2 In situ 14C production and extraction methods

The cosmogenic radionuclide 14C is produced mainly in the atmosphere by the thermal

neutrons of the cosmic-ray cascade, via [n,p] reactions on 14N (Montgomery and Mont-

gomery 1935). Other less signifcant reactions include those 15N [n,2H]14C, 16O [n,3He

]14C, 16O[n, α]14C, and 13C [n,γ]14C. High-energy neutron spallation of 20,21,22Ne can also

result in the production of 14C (Libby 1946, Lingenfelter 1963).

This atmospheric 14C equilibrates with the CO2 in the atmosphere and is incorporated

into biological material, its decay forming the basis of the well-established radiocarbon
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dating technique (Libby 1946, Libby et al. 1949). Meteoric 14C is delivered to the Earths

surface by precipitation in the form of carbonic acid and so can potentially contaminate

terrestrial samples intended for in situ 14C analyses. This contamination, however, is

quantitatively removed by leaching with oxidising acids (during the sample cleaning pro-

cess) and by combusting the samples at 500◦C prior to analysis (Lifton 1997, Lifton et al.

2001).

In terrestrial rocks, 14C is produced mainly by high-energy secondary neutron spal-

lation reactions on O with only about 3% being produced from reactions on Si, Mg, Al,

and Fe (Jull et al. 1998). In quartz, spallation reactions by high-energy secondary neu-

trons on 16O(16O[n,2pn]14C) and 28Si(28Si[n,X]14C, where X is any nucleon) accounts for

83% of the total 14C production, whereas the capture of negative muons by 16O nuclei

(16O[µ−,pn]14C) accounts for 15%, and fast muon induced reactions via bremsstrahlung

for only 2% of the 14C production (Heisinger et al. 2002b). A small fraction of 14C is also

produced by thermal neutrons via [n,α] reactions on 17O and via [n, p] reactions on 14N

if the latter is abundant in fluid inclusions (Reedy and Arnold 1972, Gosse and Phillips

2001, Dunai 2010).

In situ 14C is released from the host mineral at temperatures in excess of 1000◦C by

diffusion of carbon through the crystal lattice (Cresswell et al. 1993), and the diffusion

of CO2 in silicate melts is found to be largely independent of composition (Watson et al.

1982). 14C analyses in meteorites suggest that the temperature at which carbon is lost

from the crystal lattice depends on grain-size, with carbon being released from powdered

samples at lower temperatures, namely 700 - 800◦C (Jull et al. 1989a, Pineau and Javoy

1994, Des Marais and Moore 1984). The dependence of carbon extraction temperature on

the grain-size of silicate minerals ceases at their melting point (> 1600◦C) as above this

temperature all carbon is quantitatively removed (Fireman 1978).

Bauer (1947) was the first to contemplate the use of in situ 14C for studying meteorites

and since then the extraction and measurement of this nuclide has gone through substan-

tial advancement. The first combustion apparatus for producing CO2 from graphite was

proposed by Craig (1953) and many subsequent studies have followed his design. Table

2.1 provides a summary of the different carbon extraction procedures employed to date.

Carbon is extracted by step heating purified quartz in a resistance furnace in the pres-

ence of lithium metaborate (LiBO2) and ultra-high purity oxygen. The main advantage of
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this procedure is the use of a fluxing agent, namely LiBO2, which enables (1) extraction

of carbon from quartz at a temperature of 1100◦C and thus avoiding contamination by

nitrogen, the latter being released at temperatures above 1300◦C (Des Marais 1983), and

(2) using other mineral phases for in situ 14C analysis such as olivine and sanidine (cf.

Pigati et al. 2010a, Dunai 2010). The following section describes in detail the extraction

procedure employed as part of this study.

2.3 In situ 14C extraction at SUERC

Prior to analysis, ultra-pure quartz separates were prepared for all samples at the Univer-

sity of Glasgow, following a modified version of the protocol of Kohl and Nishiizumi (1992).

All samples were crushed and sieved to different size fractions. The 250-500 µm size frac-

tion was selected for all 14C analyses in order to minimize the possibility of contamination

by 14CO2 adsorbed from the atmosphere (Barker and Torkelson 1975).

The procedure used in this study is largely based on that described by Naysmith

et al. (2004) with the following notable exceptions: (1) the quartz sleeve is cleaned more

rigorously and handled with utmost care; (2) a quartz rod is used to push in and pull out

the alumina (Al2O3) boat from the furnace (3) the gas is collected for an additional 1 hour

after the 1100◦C heating step; and (4) the temperature in all cryogenic traps is constantly

monitored with a thermocouple and controlled by adding additional liquid nitrogen to the

slush; (5) after the initial set of measurements, bracketed blanks were used in calculations

instead of average blanks.

The extraction procedure is started by cleaning a 65 cm long and 41 mm diameter

quartz sleeve that holds an alumina sample boat (135 mm length × 13 mm width × 17

mm depth). The quartz sleeve is placed on a surveying tripod fitted with a pre-combusted

quartz rod and heated to > 800◦C using a glass blowers torch for at least 15 minutes

to oxidise any surface contamination (Figure A.5). After cleaning, the quartz sleeve is

inserted into a mullite tube (60% Al2O3, 40% SiO2 alumino-silicate ceramic) that runs

through the furnace (Figure 2.1). In order to avoid any post-cleaning contamination, the

quartz sleeve is carefully handled using gloves and stainless steel tongs.

The Al2O3 boat (Figure A.3) that will hold the sample is cleaned using a jet of com-

pressed air and placed in a separate small furnace for 8 hours at 850◦C in air, and cooled.
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5Å
)

-
-

H
ip

p
e

et
a
l.

(2
00

9)
q
u
a
rt

z
p
y
ro

ly
si

s
5

P
t

cr
u
ci

b
le

sa
p
p
h
ir

e
O

2
-

-
1
6
0◦

C
,

5
00
◦ C

,1
55

0
◦ C

-
C

u
O

;
va

ri
ab

le
te

m
p

er
a
tu

re
tr

a
p

(-
7
8
◦ C

,
-1

3
0
◦ C

,
an

d
-1

45
◦ C

)

-
g
as

m
ea

su
re

m
en

t

‡
q
u
ar

tz
†

n
a
tu

ra
l

ai
r

w
it

h
tr

a
ce

g
as

es
re

m
ov

ed

32



Chapter 2: In situ 14C Systematics
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Figure 2.1: Schematic of the extraction, purification, and graphitization of in situ 14C line.

LiBO2 is used as the flux agent; having a melting temperature of 845◦C it lowers the

melting temperature of quartz. The fluxing agent is also dried in a separate oven at 500◦C

and 20 g are added to the Al2O3 boat, which is than placed inside the clean quartz sleeve.

The quartz sleeve protects the main Mullite tube from the corrosive LiBO2 vapours. The

furnace and re-circulating section of the extraction line (Figures 2.1 and A.4) are pumped

until the pressure drops to 10−5 mbar, and then the LiBO2 is degassed in an ultra-high-

purity oxygen (UHP O2) atmosphere at a pressure of 30 - 40 mbar for 2 hours at 1100◦C.

The furnace is allowed to cool to below 800◦C to allow the LiBO2 to re-solidify before evac-

uating the extraction system. After the furnace has cooled to 180 - 250◦C, it is opened

and the quartz sleeve and boat removed. Five grams of quartz is placed in the boat. This

has previously undergone sonic cleaning the previous day for 30 minutes in 50% HNO3

solution to remove any absorbed carbon during sample storage, and rinsed with MilliQ

water and dried in a separate furnace at 75◦C. The boat is then returned to the quartz

sleeve and placed back in the furnace. When performing system blank measurements the

procedure outlined above is followed except that no quartz is added.

The sample undergoes a 2-stage heating process. The furnace and re-circulating section

are pumped until pressure drops to 10−5 mbar before heating the furnace to 500◦C in a re-

circulating UHP O2 atmosphere of 30 - 40 mbar for 1 hour. The recirculating pump is a 2-

stage stainless steel bellows pump (Senior Flexonics Corporation, Metal Bellows Division)

running at approximately 3100 RPM, with Teflon gaskets and Viton seals, ensuring that

the O2 carrier gas is continuously recirculated through the closed loop and all 14C atoms are
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Chapter 2: In situ 14C Systematics

oxidized. Pyrex glass frits installed at each end of the furnace tube protect the rest of the

extraction line from particulates, while also slowing the recirculating gas flow. Any CO2

that is produced at this heating step is considered to be from atmospheric contamination,

adsorbed or incorporated during sample handling (Des Marais 1983, Jull and Donahue

1988, Jull et al. 1989b, Cresswell et al. 1994), and thus pumped away.

The extraction line is pumped to 10−5 mbar, and the furnace is reheated to 1100◦C for

3 hours in a UHP O2 atmosphere of 30 - 40 mbar. The resulting CO2, which is considered

to be from in situ production (Lifton et al. 2001), is cryogenically trapped using liquid

N2 for an additional 1 hour. To ensure complete CO-to-CO2 conversion, the gas evolved

during extraction is circulated through an additional small furnace held at 970◦C and filled

with 3 mm diameter quartz beads that increase the surface area and the tortuosity of the

gas flow path. Most of the water released is frozen with an ethanol/dry-ice slush at a

temperature between -77 and -80◦C. The remaining water vapour and contaminant gases,

originating mainly from fluid inclusions (including SOx and NOx species), are removed

by passing the resulting gas mixture through an n-pentane/liquid N2 trap at -130◦C and

re-heating to 610◦C in a quartz combustion tube containing Cu granules and a Ag wool

molecular sieve adsorption system, for 20 minutes. This procedure re-adsorbs oxygen and

guarantees complete oxidation of any residual carbon species (Pineau and Javoy 1994).

In addition, the Cu granules also eliminate any halogens and convert SOx to CuSO4, the

latter generally reducing the conversion efficiency of CO2 to graphite (Yokoyama et al.

2004). The Cu granules also convert NOx to NO2, the latter condensing more easily than

CO2, and so is more easily separable cryogenically (Buchanan and Corcoran 1959, Dutta

and Patil 1995, Vandeputte et al. 1996).

The CO2 gas is re-trapped in liquid nitrogen (LN2) and cleaned with an iso-pentane/LN2

slush at -150◦C for 15 minutes (Des Marais 1983) to ensure that only CO2 is trapped. The

cleaned CO2 is transferred to a calibrated finger where it is measured using a highly sen-

sitive capacitance manometer (CMR 272, Pfeiffer) and diluted to approximately 1 ml (0.5

mg C) using 14C-free CO2 derived from an infinite age Icelandic doublespar. The dilution

minimizes the uncertainty in the volume measurement. The clean CO2 is converted into

an amorphous carbon deposit on the same extraction line. The CO2 is first reduced to CO

over 3 - 4 mg Zn at 450◦C and after reacting further with 1 - 1.5 mg Fe at 550◦C, graphite

is produced (Slota et al. 1987). For all samples prepared and measured during this study,

the graphite conversion efficiency monitored using a software, called SUERC Graphite
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Program (made in-house), was better than 90% A.1. The graphite is removed from the

vacuum extraction line and pressed into an aluminium cathode (at 180 psi) immediately

prior to AMS measurement.

All AMS measurements were carried out at SUERC (Freeman et al. 2004). Some of the

targets were analysed using a 5MV NEC Pelletron accelerator mass spectrometer and the

remainder using a NEC 250 kV single stage accelerator mass spectrometer. The measure-

ments are described in detail in Xu et al. (2004) and Maden et al. (2007). The 14C/13C

ratios were measured using oxalic acid standards (OxII) with a consensus value of 134.07

percent modern carbon (pMC). 14C/13C ratios were corrected using a combination of ex-

traction blanks and full procedural blanks (shielded quartz), and graphitization blanks, as

set out by Donahue et al. (1990). Uncertainty of individual sample measurement was de-

rived from the χ2-statistics test using statistical uncertainty of counting 14C atoms and the

scatter of 14C/13C ratios. Systematic uncertainties were assessed by secondary standards

prepared from bulk barley mash (TIRI A) and individual Belfast cellulose (FIRI I) samples

on a separate vacuum line, and from Icelandic doublespar (TIRI F) on the same vacuum

line, with consensus values of 116.35 ± 0.0084 pMC, 57.10 ± 0.23, and 0.180 ± 0.006

pMC, respectively (Gulliksen and Scott 1995, Scott 2003). Thus, final analytical errors

are derived from a quadrature sum of uncertainties of individual sample 14C/13C ratios

and systematic uncertainties. Precision is limited by the statistical accuracy of counting,

namely, 2% in 14C/13C ratios and is dependent on the carbon content and concentration

of 14C in the samples (Brown et al. 1984, Pigati et al. 2010b). AMS results were reduced

according to the procedures set out by Lifton (1997) and Lifton et al. (2001).

2.4 Results and discussion

Results are summarised in Tables 2.3, 2.4, 2.5, 2.6, and 2.7, and Figures 2.2, 2.3, and 2.4.

Prior to November 2008, all in situ 14C measurements at SUERC were performed without

monitoring and adjusting the temperature of the cryogenic traps i.e., the temperature

of the n-pentane/liquid N2 and iso-pentane/liquid N2 traps was not measured to ensure

that they were at the appropriate temperatures of -130◦C and -150◦C, respectively. Since

November 2008 this has changed and now the temperature of the cryogenic traps is moni-

tored using a thermocouple and the slushes are kept at -130◦C and -150◦C, respectively, by

slowly adding LN2. In Figures, 2.2 and 2.3 the switch to temperature controlled cryogenic
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Figure 2.2: Results of AMS measurements on the Icelandic doublespar aliquots. See text for
more details.

cleaning is indicated.

2.4.1 Icelandic doublespar

In addition to system blank and shielded quartz measurements, the performance of the

extraction system was also monitored by AMS measurements on aliquots of the Icelandic

doublespar used as the dilution gas prior to graphitization. These measurements served

three purposes: (1) to assess whether the dilution gas tank connected to the extraction

system is contaminated with air throughout its use, (2) to test for AMS measurement

fluctuations that can result in fluctuations in the in situ 14C data, and (3) to quantify

the graphitization blank. The graphitization (gas conversion to solid targets) contributes

40.000 14C atoms to the blanks. Contamination of the storage tank with air increases δ13C

of the gas and the obtained measured fraction modern of a background sample (F) values.

The doublespar measurement results fluctuate; however, they do not exhibit a clear trend,

suggesting no contamination by air (Figure 2.2). The fluctuations in the results, however,

indicate fluctuations in the performance of the AMS, and the anomalously large values

obtained for samples nDBP16 and nDBP17 (Figure 2.2) might explain the higher values

obtained for system blank samples BLK20, BLK21, and BLK23.
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2.4.2 Extraction blanks and shielded quartz

As part of the in situ 14C extraction, blanks cannot be measured simultaneously with

the samples. Thus, one must either interpolate bracketed blank values or use a long-term

average blank. Given the sensitivity of thein situ 14C extraction process to contamination

by environmental 14C, it is better practice to bracket each unknown sample measurement

between two blank measurements and, where it was available, a full procedural blank

(shielded quartz added). This bracketing approach was followed throughout this study

except where stated otherwise. In order to determine the extraction blanks (BLK), the

complete procedure described above was followed without placing any quartz in the alu-

mina boat. In case of the full procedural blank, 5g of shielded quartz (SHQ) has been

placed in the alumina boat. In this way, the obtained blank values represent the number

of 14C atoms introduced into the system from sources other than the sample (Tables 2.3

and 2.4).

To test the level of the system blanks when sample is added to the alumina boat,

shielded quartz samples were also analysed. The quartz for all measurement except SHQ8,

was separated from a granite taken from a depth of 1.5 km from Rosemanowes Quarry,

SW England (Chen et al. 1996), and so at least theoretically it should be free of any in situ

14C. The quartz used for SHQ8 was obtained from Bill Philips (at that time, Geography,

University of Edinburgh) and yielded an anomalously large value for reasons that have not

been established.

The system blanks exhibited substantial fluctuations at the beginning of the study,

suggesting that the continuous running of the extraction system was slowly cleaning con-

taminant carbon from the line. These fluctuations in the blanks were also reduced with

longer cleaning of the quartz sleeves and close monitoring of gas collecting time and of

the temperature of the cryogenic traps used in the gas cleaning steps (Figure 2.3). After

the replacement of the mullite tube (Figures 2.3 and A.2), system blanks exhibited the

same level of fluctuation as at the beginning of the study, suggesting that the line absorbs

carbon if not heated and pumped continuously.

The system blanks measured as part of this study prior to the replacement of the

mullite tube yielded an average of 2.75 ± 2.78 × 105 14C atoms (±1σ). The average of

system blanks that were measured prior the mullite tube replacement and with controlling

the temperature of the cryogenic traps was lower, namely, 2.02 ± 0.64 × 105 14C atoms
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Table 2.3: Summary of system blank measurement results (Dec/2007 - Mai/2010).

Date and Extraction CO2 Diluted CO2
14C

AMS ID AMS Sample ID date F value ±1σ (10−2 ml) (ml) (105 atoms) ±1σ

G18611 25.04.2008/5MV BLK1 13.12.2007 0.0399 0.0004 5.748 0.996 11.51 0.10
G18616 25.04.2008/5MV BLK2 24.01.2008 0.0183 0.0003 4.056 1.015 5.39 0.08
G18618 25.04.2008/5MV BLK3 12.02.2008 0.0063 0.0002 2.668 0.994 1.83 0.05
G20684 08.10.2008/SSAMS BLK5 28.05.2008 0.0029 0.0002 0.868 1.012 0.84 0.04
G20688 08.10.2008/SSAMS BLK8 04.06.2008 0.0026 0.0002 0.824 0.990 0.74 0.05

Temperature control

G21809 22.12.2008/5MV BLK9 23.10.2008 0.0070 0.0003 1.779 1.002 2.04 0.09
G22985 09.04.2009/SSAMS BLK10 26.01.2009 0.0037 0.0004 0.954 1.001 1.08 0.12
G22986 09.04.2009/SSAMS BLK11 02.02.2009 0.0062 0.0005 1.475 1.001 1.79 0.14
G22987 09.04.2009/SSAMS BLK12 09.02.2009 0.0056 0.0004 1.497 1.001 1.62 0.12
G22989 09.04.2009/SSAMS BLK13 17.02.2009 0.0114 0.0005 2.061 0.998 3.28 0.16
G22990 09.04.2009/SSAMS BLK14 05.03.2009 0.0070 0.0004 1.518 1.000 2.03 0.13
G22991 09.04.2009/SSAMS BLK15 09.03.2009 0.0063 0.0005 1.302 1.000 1.82 0.13
G22995 09.04.2009/SSAMS BLK16 11.03.2009 0.0060 0.0005 1.215 1.000 1.74 0.15
G22996 09.04.2009/SSAMS BLK17 18.03.2009 0.0094 0.0006 1.562 1.002 2.74 0.17

Temperature control and new furnace

G25684 06.10.2009/SSAMS BLK20 03.09.2009 0.0575 0.0004 8.026 0.994 16.57 0.13
G25685 06.10.2009/SSAMS BLK21 15.09.2009 0.0409 0.0004 6.312 0.998 11.83 0.12
G25686 06.10.2009/SSAMS BLK23 18.09.2009 0.0301 0.0004 5.597 1.000 8.72 0.10
G26215 30.10.2009/SSAMS BLK24 06.10.2009 0.0225 0.0003 5.011 0.999 6.51 0.10
G26216 30.10.2009/SSAMS BLK25 08.10.2009 0.0136 0.0003 3.254 0.994 3.93 0.10
G26217 30.10.2009/SSAMS BLK26 12.10.2009 0.0137 0.0003 2.798 0.994 3.93 0.08
G26218 30.10.2009/SSAMS BLK27 15.10.2009 0.0149 0.0003 2.364 1.000 4.31 0.09
G27095 05.01.2010/5MV BLK28 19.10.2009 0.0431 0.0004 5.119 1.000 12.49 0.13
G27096 05.01.2010/5MV BLK29 21.10.2009 0.0124 0.0003 1.909 1.001 3.59 0.08
G27097 05.01.2010/5MV BLK30 30.10.2009 0.0218 0.0003 2.907 0.999 6.30 0.10
G27105 05.01.2010/5MV BLK31 04.11.2009 0.0218 0.0003 3.015 1.000 6.33 0.10
G27106 05.01.2010/5MV BLK32 19.11.2009 0.0183 0.0003 2.364 1.001 5.31 0.09
G27107 05.01.2010/5MV BLK33 26.11.2009 0.0181 0.0003 2.126 1.000 5.23 0.09
G27108 05.01.2010/5MV BLK34 29.11.2009 0.0164 0.0003 2.082 1.000 4.75 0.09
G27115 05.01.2010/5MV BLK35 14.12.2009 0.0147 0.0003 2.278 1.122 4.79 0.09
G27960 02.03.2010/5MV BLK36 05.01.2010 0.0180 0.0005 2.417 1.006 5.24 0.15
G27961 02.03.2010/5MV BLK37 11.01.2010 0.0213 0.0004 2.639 1.000 6.16 0.12
G27962 02.03.2010/5MV BLK38 07.01.2010 0.0329 0.0005 4.722 0.999 9.51 0.15
G29551 07.06.2010/5MV BLK39 01.03.2010 0.0191 0.0004 3.139 1.000 5.55 0.12
G29552 07.06.2010/5MV BLK40 18.03.2010 0.0121 0.0003 2.083 1.001 3.51 0.10
G29553 07.06.2010/5MV BLK41 23.03.2010 0.0143 0.0004 2.194 1.001 4.14 0.11
G29554 07.06.2010/5MV BLK42 16.04.2010 0.0161 0.0004 2.472 1.001 4.67 0.11
G29555 07.06.2010/5MV BLK43 28.04.2010 0.0135 0.0003 2.194 0.999 3.91 0.10
G29556 07.06.2010/5MV BLK44 05.05.2010 0.0395 0.0005 4.722 0.998 11.43 0.15
G29562 07.06.2010/5MV BLK46 13.05.2010 0.0244 0.0004 3.333 0.998 7.07 0.13
G29563 07.06.2010/5MV BLK47 17.05.2010 0.0110 0.0004 - 0.997 3.17 0.11

Mean value - all: 5.18 3.60
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Table 2.4: Summary of shielded quartz measurement results (Dec/2007 - Apr/2010).

Date and Extraction CO2 Diluted CO2
14C

AMS ID AMS Sample ID date F value ±1σ (10−2 ml) (ml) (104 atoms.g−1) ? ±1σ

G18615 25.04.2008/5MV SHQ1 17.12.2007 0.0244 0.0003 3.991 1.006 14.2 0.18
G18619 25.04.2008/5MV SHQ3 27.02.2007 0.0051 0.0002 0.954 1.001 2.97 0.11
G20677 08.10.2008/SSAMS SHQ4 05.06.2008 0.0017 0.0001 0.694 1.009 1.01 0.08
G20678 08.10.2008/SSAMS SHQ5 09.06.2008 0.002 0.0002 0.716 1.006 1.17 0.09
G20679 08.10.2008/SSAMS SHQ6 11.06.2008 0.0061 0.0002 1.302 0.995 3.52 0.10

Temperature control

G22965 09.04.2009/SSAMS SHQ7 19.01.2009 0.0074 0.0005 2.256 0.999 4.31 0.28
G22966 09.04.2009/SSAMS SHQ8 23.01.2009 0.0065 0.0005 9.284 1.002 3.76 0.28
G27098 05.01.2010/5MV SHQ9 16.11.2009 0.0324 0.0004 4.360 0.999 18.76 0.23
G27099 05.01.2010/5MV SHQ10 24.11.2009 0.0226 0.0005 3.189 1.000 13.10 0.27
G27100 05.01.2010/5MV SHQ11 08.12.2009 0.0335 0.0004 4.382 1.000 19.41 0.23
G27963 02.03.2010/5MV SHQ12 21.01.2010 0.0176 0.0004 3.222 1.146 11.71 0.27
G27964 02.03.2010/5MV SHQ13 02.02.2010 0.0428 0.0006 5.417 1.001 24.81 0.33
G29564 07.06.2010/5MV SHQ14 12.04.2010 0.0163 0.0004 3.083 0.996 9.39 0.23
G29565 07.06.2010/5MV SHQ15 22.04.2010 0.0185 0.0004 3.278 0.999 10.72 0.23

Mean value - all: 9.92 7.53
? Not corrected for extraction blanks
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Figure 2.3: Results of the system blank (blue) and shielded quartz (red) measurements between
Dec/2007 - Mai/2010. Vertical lines indicate changes in the extraction procedure. For sample

SHQ8 see explanation in text.
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(±1σ). After the mullite tube was replaced, the average system blank value increased to

5.18 ± 3.60 × 105 14C atoms (±1σ). The reason for this increase is not clear but could be

linked to a problem that developed with the recirculating pump (Figure 2.1) resulting in

overturning of the boats and breaking of the quartz sleeves. It is possible that the turning

of the boats and breaking of the quartz sleeves resulted in molten sample being deposited

on the inner walls of the mullite tube. Another possibility, of course, could be that the

new mullite tube itself had an inherently higher 14C content or was more porous than the

previous one.

The average system blank obtained after replacing the mullite tube (5.18 ± 3.60 × 105

14C atoms ±1σ) is comparable to that reported by Hippe et al. (2009) at ETH, however,

roughly twice as high as the average system blanks obtained at the University of Arizona

by Miller et al. (2006): 2.40 ± 0.12 × 105 14C atoms using the extraction procedures

modified from Lifton et al. (2001), and 1.50 ± 0.10 × 105 14C atoms using the extraction

procedures modified from Pigati (2004) (Figure 2.3). The shielded quartz results exhibit

the same pattern as the system blanks. There initial variability in the 14C concentrations

decreases with time.

2.4.3 Reproducibility measurements

To assess the efficiency of the system I have also measured in situ 14C in a Lake Bonneville

shoreline surface quartz sample (PP4), which has been used as an internal standard at

the University of Arizona (Lifton et al. 2001). The PP4 material was collected from

Pleistocene Lake Bonneville wave-cut quartzite shorelines. The age of the surface was

previously constrained using radiocarbon and cosmogenic nuclide measurements (Oviatt

et al. 1992). Figure 2.4 shows a comparison of the PP4 results obtained as part of this

study with the latest PP4 results from the University of Arizona (Miller et al. 2006, Dugan

2008).

Measurements of in situ 14C concentrations in sample PP4 yielded an average of 3.91

± 0.50 × 105 14C atoms.g−1 quartz (±1σ) (Table 2.5) This value is slightly greater with

that obtained by Miller et al. (2006), namely, 3.56 ± 0.16 × 105 14C atoms.g−1 and by

Dugan (2008), namely, 3.61± 0.09 × 105 14C atoms.g−1. Nonetheless, our measurements

show a considerably larger spread than those of Miller et al. (2006) and Dugan (2008).

Although we do not yet know what the cause of the variability in our PP4 results is,
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Figure 2.4: Results of the reproducibility measurements (PP4). The grey symbols are the individ-
ual data points and the black symbols are the mean values obtained for each study. The horizontal
grey band represents Miller et al.’s (2006) average PP4 concentration at ±2σ level. Data points
plotted to the right of the dashed line were obtained by controlling the temperature of the cryogenic

traps using a thermocouple and keeping the slushes previously described at -130 and -150◦C.

we suspect two factors. First, some of the PP4 measurements were carried out prior to

monitoring the temperature of the cryogenic traps (Figure 2.4), and although we do not

have an estimate of how much the temperature of the slushes may have fluctuated during

these measurements, this fluctuation might have contributed to the observed variability

by trapping other gases to the calibration finger. Second, the graphite obtained from the

seventh PP4 sample was stored for more than four months prior to the AMS measurement,

and so there is a possibility that this sample has been contaminated by absorption of

meteoric 14C. Excluding the seventh PP4 sample and the ones that were measured prior to

controlling the temperature of the cryogenic traps, yields an average that is slightly higher

(4.03 ± 0.40 × 105 14C atoms.g−1) and still indistinguishable within ±2σ uncertainty from

those obtained by Miller et al. (2006) and Dugan (2008).

In addition to sample PP4, the performance of the extraction system has also been

tested by measurements of aliquots of two other samples: CRONUS-Earth-A from Antarc-

tica proposed as the new in situ 14C standard to be used for inter-laboratory comparisons

(http://www.physics.purdue.edu/primelab/CronusProject), and a sample from the

325 m shoreline of the Parallel Roads of Glen Roy, Scotland.

Measurements of in situ 14C in sample CRONUS-Earth-A at the University of Arizona

yielded a concentration of 6.88 ± 0.39 × 105 14C atoms.g−1 (n=3) (N. Lifton, personal
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Table 2.5: Results of the reproducibility measurements (PP-4).

Date and Extraction CO2 Diluted CO2
14C

AMS ID AMS Sample ID date F value ±1σ (10−2 ml) (ml) (105 atoms.g−1) ? ±1σ blank % •

No temperature control

G20699 08.10.2008/SSAMS PP4-1 13.06.2008 0.0717 0.0004 8.633 0.998 3.81† 0.82 18
G20704 08.10.2008/SSAMS PP4-4 21.08.2008 0.0647 0.0004 6.551 1.005 3.40† 0.82 20
G20705 08.10.2008/SSAMS PP4-5 01.09.2008 0.0589 0.0004 6.182 1.001 3.02† 0.82 23

Temperature control

G21793 22.12.2008/5MV PP4-6 02.12.2008 0.0753 0.0005 7.592 1.000 4.30‡ 0.18 14
G21797 22.12.2008/5MV PP4-7 05.12.2008 0.0724 0.0006 6.941 0.995 4.09‡ 0.18 10
G21798 22.12.2008/5MV PP4-8 11.12.2008 0.0718 0.0006 7.072 0.999 4.07‡ 0.18 11
G22975 09.04.2009/SSAMS PP4-9 15.12.2008 0.0828 0.001 7.896 0.997 4.75‡ 0.20 11
G22976 09.04.2009/SSAMS PP4-10 20.01.2009 0.0665 0.001 6.573 0.999 3.74o 0.09 14
G22977 09.04.2009/SSAMS PP4-11 19.02.2009 0.0722 0.001 7.245 1.000 3.97§ 0.09 14

Mean value - all: 3.91 0.50 15
? Scaled based on Lifton (1997)

† Corrected for system blanks (extraction blanks and shielded quartz) using a mean value of 3.18 ± 3.67 105 atoms

‡ Corrected for system blanks (extraction blanks and shielded quartz) using a mean value of 2.02 ± 0.64 105 atoms

o Corrected for system blanks using the mean of bracketed shielded quartz samples SHQ7 and SHQ8

§ Corrected for system blanks using the mean of bracketed extraction blanks BLK13 and BLK14

• Ratio of system blank 14C to amount of 14C measured in the sample

Table 2.6: Results of the reproducibility measurements (CRONUS-EARTH-A).

Date and Extraction CO2 Diluted CO2
14C

AMS ID AMS Sample ID date F value ±1σ (10−2 ml) (ml) (105 atoms.g−1) ? ±1σ blank % •

G27109 05.01.2010/5MV CRA-1 30.11.2009 0.1428 0.0007 7.766 1.001 7.29‡ 0.06 14
G27116 05.01.2010/5MV CRA-3 15.12.2009 0.1475 0.0007 8.091 1 7.09† 0.07 20

Mean value: 7.19 0.14 17
‡ Corrected for system blanks using the mean of bracketed extraction blanks BLK33 and BLK34

† Corrected for system blanks using the mean of bracketed extraction blank BLK35 and shielded quartz sample SHQ11

• Ratio of system blank 14C to amount of 14C measured in the sample

communication, March 2010 ). Measurements as part of this study yielded a concentration

of 7.19 ± 0.14 × 105 14C atoms.g−1 ±2σ (n=2), agreeing within uncertainty with those

made at Arizona (Table 2.6).

No prior in situ 14C measurements have been performed on the Glen Roy samples.

However, Fabel et al. (2010) have done in situ 10Be measurements on samples collected

from the 325 m shoreline yielding a mean exposure age of 11.9 ± 1.6 kyrs (n=4, age cal-

culated using scaling scheme of Desilets et al. (2006) and 4.88 ± 0.56 atoms.g−1 SLHL

production rate). Three aliquots from one of Fabel et al.’s (2010) samples has been anal-

ysed as part of this study yielding an average in situ 14C exposure age of 12.8 ± 1.1 kyrs

(n=3, calculated using the same scaling scheme as above). The two exposure ages overlap

within uncertainty (Table 2.7).
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Table 2.7: Results of the reproducibility measurements (Glen Roy).

Date and Extraction CO2 Diluted CO2
14C

AMS ID AMS Sample ID date F value ±1σ (10−2 ml) (ml) (105 atoms.g−1) ? ±1σ blank % •

G21801 22.12.2008/5MV GR1-2 17.11.2008 0.0337 0.0004 3.319 1.002 1.48† 0.14 26
G21802 22.12.2008/5MV GR1-3 24.11.2008 0.035 0.0004 3.254 1.001 1.55† 0.14 25
G21803 22.12.2008/5MV GR1-4 28.11.2008 0.0358 0.0004 3.579 1.002 1.60† 0.14 24

Mean value - all: 1.54 0.06 25
? Corrected using a combined thickness and topographic shielding scaling factor of 0.9517

† Corrected for system blanks (extraction blanks and shielded quartz) using a mean value of 2.02 ± 0.64 105 atoms

• Ratio of system blank 14C to amount of 14C measured in the sample

2.5 Summary

The results of the reproducibility measurements are satisfactory. The PP4 measurements

are indistinguishable within uncertainty from the latest PP4 results published by the

University of Arizona 14C lab Miller et al. (2006), Dugan (2008), but they are somewhat

higher and exhibit more spread. Measurements in both the CRONUS-EARTH-A and Glen

Roy samples agree within uncertainty with the in situ 14C and in situ 10Be results of the

University of Arizona and Fabel et al. (2010), respectively.

The results of the extraction blank and shielded quartz measurements suggest that the

continuous running of the extraction system and the monitoring of gas collecting time are

key to maintaining low and stable system blanks. The results also suggest that maintaining

the temperature of the cryogenic traps constant could also play a role in maintaining system

blank stability. The variability in the system blank data, however, means that a blank

bracketing approach should be followed instead of calculating a long-term average blank

and applying this to all sample measurements.
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‘Scotia’s hills of hoary hue,

Heaven wraps in wreathes of blue,

Watering with its dearest dew

The healthy locks of Scotia.’

[Henry Scott Riddell]



Chapter 3

Study Area

3.1 Introduction

As noted in Chapter 1, the aim of this thesis is to assess the extent to which the amount

and timing of site-specific Holocene soil erosional events can be quantified using depth-

profiles of in situ produced cosmogenic 10Be and 14C. A reliable control on the age of the

sediment on which the soil is formed is a perequisite. The age of the sediment body is

required so that the initial (zero-erosion) cosmogenic nuclide depth-profile, to which the

measured cosmogenic nuclide depth-profile is compared against, can be reconstructed. In

this study, the age of the sediment body (till) on which the soil has formed is established

by cosmogenic 10Be exposure dating of erratic boulders at one of the two study sites

(below). The two sites were selected at localities where the age of till stabilisation has

been dated independently using radiocarbon so that the 10Be exposure ages can be checked

for consistency.

The study was conducted at two study sites: Wester Cameron Farm, near Glasgow,

and Inchie Farm, near Lake of Menteith (Figure 3.1). The Wester Cameron Farm site is

located on the flat crest of the Loch Lomond Readvance (LLR) moraine and shows no signs

of soil erosion. This site was selected to test (1) whether cosmogenic nuclide depth profiles

of in situ 10Be and in situ 14C can be reconstructed in a sediment body of Holocene age,

and (2) whether in situ 10Be and in situ 14C yield results that (a) are concordant, and (b)

confirm the erosional stability of the site. The Lake of Menteith site is the steep inner flank

of the LLR moraine and shows clear evidence of soil erosion, including a marked erosional

break of slope below the moraine crest on its inner flank, and on-going rabbit burrowing
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and associated soil erosion. This site was selected to assess whether the technique can also

be applied to determining the timing and amount of soil loss.

Both sites are on Younger Dryas Loch Lomond Readvance end-moraines. The Younger

Dryas glacial readvance is well documented in Scotland (e.g., Sissons 1967, Thorp 1991,

Golledge 2010). Several published LLR moraine radiocarbon ages place a first order age

constraint on the age of till deposition. In addition, the site at Wester Cameron is close

to Croftamie, the well-studied LLR type-locality (Coope and Rose 2008).

3.2 Context

Scotland provides an excellent natural laboratory for undertaking the research proposed

here, as its landscape is dominated by glacial landforms that have been mostly preserved

from the Last Glacial Maximum, which had maximum extent between ∼17 - 18 cal kyr

(Stone et al. 1998).

The LLR perturbation of this landscape started at around 13 kyr (Stone and Ballantyne

2006) and peaked at the middle of the Younger Dryas, with a maximum mean annual

temperature at sea level of 2◦C (Ballantyne 1984). The LLR was a short-lived (∼1.3

kyr) glacial incursion, with low erosive power and a still-debated ice thickness (Jack 1877,

Sissons 1979, McIntyre and Howe 2010). Radiocarbon dating indicates that LLR glaciers

achieved their maximum extent after c. 12.8 kyr (Golledge et al. 2007) and the youngest

set of end moraines have been dated to around 11.6 kyr (Dugan 2008) with in situ 14C.

The LLR was followed by rapid deglaciation (Howe et al. 2002) mainly due to Scotland’s

climatic position (Lowell 2000), with evidence for climatic amelioration before 10.5 kyr BP

(Walker 1995). The rapid recession has been demonstrated also in glaciotectonic structural

evidence (Phillips et al. 2002). Localized ice stagnation might have occurred due to the

glaciers’ isolation related to their accumulation areas (Benn 1992). This was the last time

that the Scottish highlands have been occupied by glaciers (Golledge and Hubbard 2005,

Bradwell et al. 2008).

Prominent end moraines mark the limit of the LLR at several localities north of Glas-

gow, including Inchie Farm near Lake of Menteith and Wester Cameron Farm, our study

sites here (Evans et al. 2003) (Figure 3.1). The Lake of Menteith moraine has been in-

terpreted as a proglacially folded and thrust moraine, with the suggestion that the LLR
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moraine at Wester Cameron may have the same origin (Evans and Wilson 2006). The

type section for the LLR, at Croftamie (Figure 3.1), demonstrates that the Loch Lomond

glacier reached its maximum extent after 10.560 ± 160 14C yrs BP (12 - 12.7 cal kyr BP

[1σ] - OxCal v.4.1, 2010) (Rose et al. 1989). There is evidence for continuous glaciomarine

sedimentation after 10.350±125 14C yrs BP (11.7 - 12.6 cal kyr BP [1σ]- OxCal v.4.1, 2010)

(Browne and Graham 1981) suggesting a somewhat later deglaciation age (Gordon 1982),

in agreement with the recent findings of (Palmer et al. 2010), placing the deglaciation closer

to the Holocene. A radiocarbon age of 11.800 ± 170 14C yrs BP from a shell at the Lake

of Menteith moraine (13.8 - 13.4 cal kyr BP [1σ]- OxCal v.4.1, 2011) records a Lateglacial

Interstadial high sea level, suggesting that the LLR glacier advance occurred after this date

(Sissons 1967). However, most of the radiocarbon age determinations on shells (which in

themselves are problematic due to the marine reservoir effect) were undertaken during the

1960s and 1970s and so have large uncertainties. To date, the uncertainties related to

the LLR glaciers central and eastern extensions remain unresolved (Golledge et al. 2008,

Golledge 2010).

3.3 Study site 1: Wester Cameron Farm

Study site 1, on Wester Cameron Farm, is located approximately 20 km northwest of

Glasgow in the vicinity of Croftamie (Figure 3.1). The sampled end moraine is at an

elevation of ∼168 m and is evidently undisturbed. The study site is away from farm

tracks, is unforested (i.e., undisturbed by forestry activities) and has a flat crest where the

pit for the depth profile was excavated by mechanical backhoe.

The age of moraine emplacement was established by 10Be exposure dating of two

erratic boulders found on the moraine (Figure 3.2). The results of the 10Be analyses are

summarised in Table 3.1 ∗ and yielded an average age of 10.5 ± 0.9 kyr, slightly younger

than the published radiocarbon ages for the LLR maximum ice extent (Gordon 1982).

In order to collect samples for cosmogenic nuclide depth-profile measurements, two

∼2.5 m deep pits were opened: pit A, on the top of the moraine, on the stable crest, and

pit B on the flanking side. Approximately 2 kg of amalgamated sediment was collected

in contiguous 15 cm depth increments from both pits, but only the depth profile samples

collected from pit A were analysed. The results of the cosmogenic nuclide analyses in these

∗Full details of the analytical procedures are provided in Appendix C.
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Cameron B

Cameron A

Figure 3.2: Photograph showing the moraine ridge running left to right across the centre of the
of the photograph, with arrows indicating the two erratic boulders that were sampled for 10Be

exposure dating.

samples are presented in Chapter 4.

The Wester Cameron soil is a peaty podzol soil with a clear B horizon (Figure 3.3),

and is capped by a ∼15 - 30 cm thick, well-drained and ungullied peat layer. The presence

of the capping peat layer suggests prolonged soil stability and lack of erosion (cf. Edwards

and Whittington 2001) and confirms our initial observations about the lack of recent soil

disturbance at this site. Radiocarbon determinations on eight samples collected from a 21

× 27 × 15 cm peat monolith taken from the top of the moraine yield a maximum basal

age for the peat of ∼2 kyr. Complete details of the radiocarbon analyses are provided in

Appendix B.

Given that (1) the intensity of secondary cosmic ray neutrons, and therefore, the pro-

duction of cosmogenic nuclides decreases exponentially with depth as a function of density,

and (2) tills are unsorted and therefore have highly variable densities, a terrestrial laser

scanning-based approach was used to calculate the average density of each 15 cm depth

increment sample in the depth profile from pit A. The results of the density calculations

are summarised in Figure 3.3 with complete details being provided in Appendix B.
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(g/cm3)
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Figure 3.3: Description of Wester Cameron Farm sampling depth-profile. (A) Diagram and
photograph describing the till/soil: (1) Up to 30 cm thick peat; (2) Yellowish brown peaty podzol
soil with common 2 - 3 cm gravels. The layer contains abundant roots, is well drained and has
a slightly bleached appearance; (3) Gradual transition from the turf line situated a 60 cm depth
to a structureless till consisting of reddish-chocolate brown clay matrix enclosing sub-angular to
rounded pebbles (0.5 - 11.5 cm) of mixed lithologies indicating a wide source area; (4) Sandy/gritty
light clay with up to six thin red clay layers dipping slightly towards the southwest; (5) 15 - 20 cm
clasts in clay-rich matrix; (6) Olive-grey-brownish sand; (7) Dull greyish-brown clay to medium
sand matrix-supported diamicton with occasional gravels ranging in size from 0.2 - 0.3 cm to 1 - 30
cm, clearly bedded to laminated suggesting fluvial deposition. Similar in composition to layer (3)
but with clasts up to 30 cm. (B) Terrestrial laser scanner-derived plot of the thickness of material
removed during sampling, and used for determining the average dry density values shown on the
right. Vertical scale is the same as in (A). Red squares indicate samples collected and black squares
those that were used for cosmogenic nuclide analyses, with analysed nuclides listed in brackets.
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3.4 Study site 2: Inchie Farm

Study site 2, on Inchie Farm, is located approximately 23 km west-northwest of Stirling on

the shore of Lake of Menteith (Figure 3.1). The pit for a cosmogenic nuclide depth profile

was excavated on the steep inner flank of the moraine (∼50 m high), below a marked

erosional break in slope. The objective was to analyse a depth profile in an obviously

disturbed and eroded site.

No erratic boulders could be found on the moraine (Figure 3.4) and so to establish

the age of moraine emplacement, small pebbles (Figure B.9) were collected from the top

of the moraine and one bigger rock was collected from the pit wall (Figure B.10) and

analysed for in situ cosmogenic 10Be. These analyses (summarised in Table B.6) did not

yield meaningful results. Given that both the Loch Lomond and Lake of Menteith lobes

are mapped as part of the LLR, we assume that the 10Be exposure age of 10.5 ± 0.9 kyr

from Site 1, is representative for Site 2. Uncertainties that may arise as a result of using

this age at Site 2 are discussed in Chapter 5.

Pit

Break in slope

Figure 3.4: Photograph showing the the moraine ridge at Inchie Farm near Lake of Menteith.
White rectangles indicates location of pit opened for cosmogenic nuclide analyses, immediately

below a marked erosional break in slope.

As at Site 2, a ∼2.5 m deep pit was opened and samples for cosmogenic nuclide

analyses were collected at contiguous 15 cm depth intervals. The average density of the
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B
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(10Be, 14C)
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Sample labels
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Average
dry density

(g/cm3)
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1.55

1.72

1.23
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LM16
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LM17
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Figure 3.5: Description of Inchie Farm sampling depth-profile. (A) Diagram and photograph
describing the till/soil: (1) Dark-brown gritty to clay loam; (2) Diamicton with sandy-loam matrix,
with a clear boundary to (3) Diamicton with sandy-loam matrix and coarse clasts. This layer
includes large angular to well-rounded cobbles; (4) Massive yellow brownish-grey fine sand, gently
dipping towards the southeast; (5) Dark brown-grey sandy gravel of mixed lithology coarsening
upwards and with a lower boundary dipping towards the southeast; (6) Yellow-grey fine, locally
cross-bedded sand, dipping at 16 degrees to south. This unit contains an oxidised layer suggesting
interaction with ground water; (7) Thin bed of yellow-grey sand and gravel; (8) Thin layer of red-
brown sandy silt; (9) Fine sand layer with thinly interbedded reddish clay. (B) Terrestrial laser
scanner derived surface indicating the thickness of material removed during sampling, and used
for determining the average dry density values shown on the right. Vertical scale is the same as in
(A). Red squares indicate samples collected and black squares those that have been analysed for

cosmogenic nuclides, with analysed nuclides listed in brackets.
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soil/till was also determined at 15 cm intervals using the terrestrial laser scanning-based

approach. Results of the cosmogenic nuclide analyses in the samples from Site 2 are

discussed in Chapter 4. The results of the density calculations are summarised in Figure

3.5 with complete details being provided in Appendix B.

3.5 Summary

On both study sites the stratigraphy described above indicates complex glacio-fluvial pro-

cesses associated with ice margins (Gerrard 1992). There are uncertainties associated with

the form of deposition and exact timing of the LLR. However the similarity in stratigra-

phy and soil development (Douglass and Bockheim 2006) and the close physical proximity

between the two sites indicate that the cosmogenic 10Be exposure age determined at the

Western Cameron Farm is likely to be also representative of the moraine at Inchie Farm.

In all further calculations the exposure age of 10.5 kyr is used as the age of till stabilization

at both study sites. Neither the type of till formation nor lithology affect the cosmogenic

10Be and 14C depth-profiles. The attenuation with depth of cosmic rays, and therefore the

shape of the depth-profiles, is mainly a function of the density of the penetrated material.

The latter has been thoroughly characterised at both sample sites.
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Chapter 4

Results of the cosmogenic nuclide

analyses

4.1 Introduction

This chapter evaluates whether the full original thickness of the sediment at the two

study sites is still intact. Zero-erosion cosmogenic nuclide depth-profiles are calculated for

both sites using the 10Be exposure age obtained from the erratic boulders from Wester

Cameron (Chapter 3). These zero-erosion cosmogenic nuclide depth-profiles are compared

with those obtained from 10Be, 14C, and 26Al measurements in samples collected from

the two pits described in Chapter 3. This chapter also assesses whether the depth-profile

samples contain any cosmogenic nuclides inherited from previous periods of exposure, and

whether any grain-size effects are discernible in the measured concentrations. The chapter

opens in Section 4.2 with a brief description of the methods that are used for calculating

the ‘zero-erosion’ depth-profiles. The results of the cosmogenic nuclide measurements are

presented and discussed in Section 4.3.

4.2 Methods

Ultrapure quartz separates were prepared following the modified protocol of (Kohl and

Nishiizumi 1992). Cosmogenic 10Be and 26Al was separated from the ultrapure quartz

samples at the two cosmogenic isotope laboratories at the Scottish Universities Environ-
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mental Research Centre (SUERC): samples from Wester Cameron were prepared at the

NERC Cosmogenic Isotope Analysis Facility and samples from Inchie Farm were pre-

pared at the Centre for Geosciences - Cosmogenic Nuclide Laboratory. The cosmogenic

14C analyses were undertaken at SUERC Radiocarbon Dating Laboratory. Cosmogenic

isotope ratios were determined at the SUERC AMS laboratory (Freeman et al. 2007).

Appendix C give full details of the sample preparation and measurement procedures.

The zero-erosion cosmogenic nuclide depth-profiles are calculated following Granger

and Smith (2000) and Granger and Muzikar (2001):

N(z, t) =
1− e−λt

λ

4∑
i=4

P (0)ie
−ρz/Λi (4.1)

where N(z, t) is the cosmogenic nuclide concentration (atoms.g−1) acquired by a sample

as a function of time and depth below the surface, λ is the radioactive decay constant,

calculated as ln(2)/T1/2, with T1/2 being the radioactive half-life of the cosmogenic nuclide

(yrs), t is the amount of time (yrs) since nuclide production began, P (0)i is the surface

production rate (atoms.g−1.yr−1) of a given cosmogenic nuclide by a given production

pathway (i.e., high energy neutrons, and slow and fast muons), ρ is the density of the

target material (g.cm−3), and Λi is the absorption mean free path for nuclear interacting

particles in the target mineral for a given production pathway (g.cm−2).

This study uses a 10Be half-life of 1.51 Myrs (Yiou and Raisbeck 1972, Hofmann et al.

1987, Inn et al. 1987) to be consistent with the 10Be standardization used at the SUERC

AMS. Although recent studies have found the 10Be half-life to be shorter, namely, 1.38

Myrs (Nishiizumi et al. 2007, Korschinek et al. 2010, Chmeleff et al. 2010), the choice of

half-life will not affect our results, as our samples are substantially younger than the 10Be

half-life. For all ‘zero-erosion’ cosmogenic nuclide depth-profile calculations, we take t in

equation 4.1 to be equal to 10.5 kyr, and use the measured density values presented in

Chapter 3.

The formulation in equation 4.1 allows for explicitly accounting for production of cos-

mogenic nuclides by muons. The calculations presented here account for production of

cosmogenic nuclides through high-energy neutron spallation, negative muon capture, and

fast muon induced bremsstrahlung, using the exponentials given by Granger and Smith
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(2000) and Granger and Muzikar (2001):

Pn(z) = Pn(0) exp[−ρz/Λn]

Pµ(z) = Pµ1(0) exp[−ρz/Λµ1] + Pµ2(0) exp[−ρz/Λµ2]

Pf (z) = Pµ3(0) exp[−ρz/Λµ3]

(4.2)

where Pn(0), Pµ1(0), Pµ2(0), and Pµ3(0) are the surface cosmogenic nuclide production

rates for neutrons (n) and slow (µ1,2) and fast muons (µ3), respectively. The seal-level,

high latitude muogenic production rates for 10Be, 14C, and 26Al are taken from Heisinger

et al. (2002a,b). Following Granger and Smith (2000), Λn = 160, Λµ1 = 738.6, Λµ2 =

2688, and Λµ3 = 4360 g.cm−2, respectively.

4.3 Results and discussion

A total of 33 samples were analysed as part of this work. In situ cosmogenic 10Be mea-

surements were done in all 33 samples, whereas in situ 14C measurements were restricted

to 16 of these samples (see below). Cosmogenic 26Al measurements were also done in nine

of the Wester Cameron samples.

4.3.1 Wester Cameron

A total of 14 bulk till samples (∼2 kg each) were collected from the ∼2.50 m deep pit on

the flat stable moraine crest on Western Cameron farm. The till samples were wet sieved,

dried, and separated into a total of 42 samples of three grain size fractions: 250 - 500 µm

(labels starting with CPA-F), 500µm - 2mm (labels starting with CPA-M), and > 2 mm

(labels starting with CPA-P). Of the 42 samples only 18 were processed for cosmogenic

nuclide analyses after crushing and sieving to 250 - 500 µm. All processed CPA-P samples

mainly consisted of sandstone clasts, whereas CPA-F and CPA-M consisted of mixed

lithologies. In situ cosmogenic 10Be was analysed in all 18 of the samples, whereas due to

the time-consuming nature of the in situ 14C extraction procedure, this nuclide was only

analysed in 9 of the samples. As already mentioned above, 26Al was also analysed in nine

of the 18 samples. Results of the cosmogenic nuclide measurements are summarized in

Figures 4.1 - 4.3. Detailed descriptions and photographs of selected samples are given in

Appendix C. Complete data tables with the cosmogenic nuclide measurement results are
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given in Appendix C.2.

4.3.1.1 Depth-profile characteristics and grain-size differences

The cosmogenic nuclide depth-profiles show declining 10Be, 26Al, and 14C concentrations

with depth (Figures 4.1 - 4.3). There is an indication of homogenisation of the upper 70

cm, which exhibit similar concentrations. The process has mixed both the coarsest and

finest grain sizes and has either acted throughout the last ∼10.5 kyrs or be sufficiently

recent to homogenise ∼10.5 kyr of cosmogenic nuclide in-growth at the two depths. A

range of mechanisms could be responsible for such mixing, including bioturbation by large

soil fauna and/or large flora (e.g., by tree fall and root throw), and perhaps cryoturbation,

all restricted to the top 50 - 70 cm of the till and presumably pre-dating the growth of

the peat that caps the moraine. Cryoturbation is unlikely for at least two reasons: (1) no

structures were evident in the till sediments indicative of cryoturbation at any depth in the

moraine; and (2) if cryoturbation did occur, it would have been most likely immediately

after the LLR and is unlikely in later Holocene climates at the moraines elevation. If the

shallowest two samples had been cryoturbated in the early Holocene, subsequent (middle

and late Holocene) acquisition of cosmogenic nuclides would have restored the exponential

depth-profile.

On soils that have not been disturbed by vertical movement and homogenisation of

material, erosion removes the high cosmogenic nuclide concentration surface material,

reducing the total cosmogenic nuclide inventory while not affecting the exponential shape

of the depth-profile. Homogenisation of the upper part of a cosmogenic nuclide depth-

profile, either by bioturbation or cryoturbation, will result in migration of low nuclide

concentration sediment upward. Erosion of a homogenised soil layer, therefore, creates

a mismatch between the integral of the concentration in the homogenised layer and the

integral of the exponential zero-erosion cosmogenic nuclide depth-profile (cf. Perg et al.

2001). To test whether the surface of the soil was eroded prior to the formation of the

peat cover, the total cosmogenic 10Be inventory in the Wester Cameron pit was calculated

by integrating the curve obtained by joining the 10Be concentrations measured in the

0.25 - 0.5 mm size fraction (cf. Hidy et al. 2010) and the one obtained by integrating

the curve defined by the zero-erosion cosmogenic 10Be depth-profile (Figure 4.4). The

difference between the two inventories is 10% (Figure 4.4). This difference is similar to
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Figure 4.1: Depth-profiles of measured 10Be concentrations in clasts in the pit on the LLR moraine
crest, Wester Cameron. Different colours indicate different grain sizes. Black squares represent
measured values. The length of each rectangle represents measurement uncertainty at the 1σ level,
and height of rectangles represents the sampling depth interval (15 cm). 10Be concentration was
not determined for the pebble sample at 120 - 135 cm depth below the peat, and the medium grain
size (gravel and coarse sand) of only the deepest sample was analysed for 10Be. The continuous
line with 10% uncertainty envelope (covering production rate and analytical uncertainties gives the
theoretical (‘zero-erosion’) depth-profile for a sedimentary body with the bulk densities determined
for the sampled profile (calculations using dry density shown in Figure 4.1A and those using wet
density are shown in Figure 4.1B), and which has been exposed for ∼10.5kyr and capped by a peat
with the measured density (including water content) of the Wester Cameron peat (∼0.8 g.cm−3)

developing at a constant rate from 2 kyr.

60



Chapter 4: Results of the cosmogenic nuclide analyses

peat
soil/till

0

50

100

150

200

250

0.5 1.5 2.5 3.5 4.5

26  Al Concentration [105 atoms.g-1]
D

ep
th

 [c
m

]

0.5 - 2 mm

2 - 150 mm

Zero-erosion profile with
10% uncertainty envelope

A B

0.25 - 0.5 mm

peat
soil/till

0

50

100

150

200

250

0.5 1.5 2.5 3.5 4.5

26  Al Concentration [105 atoms.g-1]

Zero-erosion profile with
10% uncertainty envelope

0.5 - 2 mm

2 - 150 mm

0.25 - 0.5 mm

Figure 4.2: Depth-profiles of measured 26Al concentrations in clasts in the LLR moraine crest,
Wester Cameron. For details see caption of Figure 4.1.
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Wester Cameron. For details see caption of Figure 4.1.
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erosion’ depth-profile (blue) and measured 10Be concentrations (red). See text for more details.

the uncertainty of the zero-erosion depth-profile, suggesting that the two inventories are

essentially identical, suggesting in turn that the sediment at the Western Cameron site

has not been eroded since its stabilization.

There is generally little differentiation in 10Be concentration by grain-size, and in

the two cases where this is observed (at 97 cm and 142 cm sample depths) the coarser

fraction has the lower concentration. This difference in 10Be concentration between the

different grain-sizes could simply be due to the fact that the coarser fraction amalgamates

substantially fewer individual clasts than the finer fraction (i.e., ∼10 individual clasts in

the coarser fraction vs. ∼105 sand grains in the finer fraction), and so may easily under-

or over-estimate the true mean 10Be concentration (cf. Hidy et al. 2010).

4.3.1.2 Cosmogenic nuclide inheritance

A depth-profile of terrestrial cosmogenic nuclide concentrations through a sedimentary

body can be used to determine the nuclide inheritance in the sediments and hence the

depositional age of the sediments upper surface (Phillips et al. 1990, Chadwick et al.

1994, Trull et al. 1995, Anderson et al. 1996, Repka et al. 1997, Phillips et al. 1998,

Perg et al. 2001, Hidy et al. 2010). The nuclide concentration at ∼2.5 m depth in the
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sedimentary deposit provides an estimate of the nuclide inheritance, on the assumption

that cosmogenic nuclide production at that depth is negligible (Anderson et al. 1996,

Burbank and Anderson 2001, Phillips et al. 1998). The depth-profile of cosmogenic nuclide

concentrations, and hence the inherited component at ∼2.5 m depth, can be inferred by

fitting an exponential depth-profile of nuclide concentrations to a surface sample and a

sample at depth (e.g., Anderson et al. 1996), if it is assumed that the profile has not been

perturbed by post-depositional burial (or erosion), by vertical movement of clasts (by, for

example, cryoturbation or bioturbation), and/or by bulk density changes (Anderson et al.

1996, Phillips et al. 1998, Hancock et al. 1999).

Glacial settings are susceptible to the issue of inheritance in exposure dating (Briner

and Swanson 1998, Fabel et al. 2002, Bierman 2007). Such inheritance may arise, for

example, from clasts dropping onto the ice surface from the exposed valley side above

the ice, or, probably more likely, in situations where an ice mass erodes and deposits

material that has been exposed to cosmic radiation prior to that glacial episode, which

does not erode sufficient depth of material (∼2 m) to be then eroding cosmogenic nuclide-

free material (Stroeven et al. 2002, Bierman and Nichols 2004). This situation commonly

arises when cold-based ice achieves minimal erosion because it is frozen to the bed (Staiger

et al. 2005). There is little evidence in the Wester Cameron LLR moraine depth-profile of

nuclide inheritance, with all but one of the measured 10Be concentrations (i.e., apart from

the top bioturbated sample at 70 cm depth) lying either side of, and overlapping with, the

calculated ‘zero-erosion’ depth-profiles, within the uncertainties of that calculated profile

and the measured concentrations. The only possible exception is the medium-sized fraction

of the deepest sample (225-240 cm), which returned a 10Be nuclide concentrations slightly

greater than that predicted by the calculated depth-profile for a ∼10.5 kyr-old moraine

with the densities of the Wester Cameron till (Figure 4.1). The 10Be concentrations

of the coarse- and fine-grained fractions of that deepest sample lie squarely within the

uncertainties of the calculated depth-profile and the nuclide concentration measured in the

medium-sized fraction is indistinguishable at 1σ from the nuclide concentrations measured

in those other two size fractions. It is therefore reasonable to conclude that the clasts record

minimal inherited nuclide concentration. It is important to remember that even though the

deepest clasts have 10Be concentrations of the order of 103 - 104 atoms.g−1 (corresponding

to <2 kyr of exposure for a production rate of ∼5 atoms.g−1.yr−1 at the ground surface),

the calculated depth-profile shows that that concentration will accumulate over 10.5 kyr
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at that depth in clasts with a minimal amount of inheritance (equivalent to a maximum of

∼800 years of exposure) in a sedimentary body with the measured densities of the Wester

Cameron moraine.

The low nuclide inheritance in clasts in the Wester Cameron LLR moraine is likely

to reflect several factors. Firstly, the Younger Dryas Loch Lomond valley glacier was not

cold-based and hence was able to erode its bed and remove much of the upper ∼2 m of

ground surface that was exposed during the preceding ice-free Windermere Interstadial.

Secondly, the Windermere Interstadial was of relatively short duration, meaning that the

clasts in the LLR moraine sampled here had relatively short duration of exposure to cosmic

radiation, hence minimising the in-growth of cosmogenic 10Be prior to the LLR. Thirdly,

and conversely, the LLR was itself of relatively short duration, making it more likely

that boulders with nuclide inheritance would have been retained within the system and

be available for sampling. Departures of the measured LLR till 10Be depth-profile from

the ‘zero-erosion’ cosmogenic nuclide depth-profiles for a ∼10.5 kyr-old Wester Cameron-

type till are minor, pointing to a relatively simple post-depositional history of acquisition

of 10Be. The simple exposure history of the soil/till at the Wester Cameron site is also

confirmed by the insignificant departures of the 26Al and 14C results from the ‘zero-erosion’

cosmogenic nuclide depth-profiles (Figures 4.2 and 4.3).

4.3.2 Inchie Farm

A total of 17 bulk till samples (∼2-5 kg each) were collected from the ∼2.55 m pit at the

inner edge of the moraine crest on Inchie Farm. The till samples were wet sieved, dried,

and separated into a total of 51 samples of three grain sizes fractions: 250 - 500 µm (labels

starting with CPA-F), 500 µm - 2 mm (labels starting with CPA-M), and > 2 mm (labels

starting with CPA-P). Of the 51 samples only 15 were processed for cosmogenic nuclide

analyses after crushing and sieving to 250 - 500 µm, except for LM-17F, for which only

the 125 - 250 µm size fraction was available. All processed LM-P samples consisted of

sandstone clasts, whereas LM-F and LM-M consisted of material of mixed lithologies. In

situ cosmogenic 10Be was analysed in all 15 of the samples. Due to the time consuming

nature of the in situ 14C extraction procedure (cf. Chapter 2), in situ 14C was only

analysed in 7 of the samples. The results of the cosmogenic nuclide measurements are

summarized in Figures 4.5 and 4.6. Detailed descriptions and photographs of selected
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Figure 4.5: Depth-profiles of measured 10Be concentrations in clasts in the LLR moraine crest,
Inchie Farm. For details see caption of Figure 4.1.

samples are given in Appendix C. Complete data tables with the cosmogenic nuclide

measurement results are given in Appendix C.2.3.

Unlike the results for the Wester Cameron site, the 10Be and 14C concentrations at

the Inchie Farm site show a clear departure from the ‘zero-erosion’ cosmogenic nuclide

depth-profiles obtained for an exposure duration of 10.5 kyr (Figures 4.5 and 4.6). The

measured profiles lie to the left of the ‘zero-erosion’ depth-profiles, indicating that either

(1) the soil/till at this site has undergone erosion sufficiently recently since its emplacement

that has not permitted the full ‘uneroded’ depth-profile to be re-established; or (2) the

soil/till was shielded by a layer of peat that has been subsequently removed; or (3) there

was no erosion but the age of soil/till stabilisation is younger than 10.5 kyr. The possibility
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Figure 4.6: Depth-profiles of measured 14C concentrations in clasts in the LLR moraine crest,
Inchie Farm. For details see caption of Figure 4.1.

of a peat cover can be easily excluded. The relatively low density of peat means that a

peat cover of at least 60 cm is needed for an exposure duration of at least 10.5 kyr, to

explain the departure from the ‘zero-erosion’ cosmogenic nuclide depth-profiles observed

at Inchie Farm. Moreover, the presence of a cover that has been subsequently removed is

tantamount to (1). In the absence of erosion, an exposure duration of 7.5 kyr is necessary

to reproduce the 10Be and 14C concentrations obtained at Inchie Farm (dashed lines in

Figures 4.5 and 4.6). This age is substantially younger than the deglaciation ages recorded

in Scotland (Benn and Lukas 2006). Moreover, the similarity in stratigraphy and soil

development (Douglass and Bockheim 2006) and close physical proximity between Inchie

Farm and Wester Cameron indicate that the cosmogenic 10Be exposure age determined at

the Western Cameron Farm is likely to be also representative of the moraine at Inchie Farm.

Therefore, the most likely explanation for the obtained 10Be and 14C concentrations is that

the soil/till at this site has undergone erosion sufficiently recently since its emplacement.

The amount and timing of this erosion are quantified in the following chapter.

4.3.3 Implications of the timing of erosion at Inchie Farm

The main aim of this study was the testing on a new cosmogenic nuclide-based approach

to determining the amount and timing of an erosion event, and so the sample strategy

was designed accordingly. We have selected two sites: one, at Wester Cameron, where we

could ascertain that no soil erosion occurred, and the surface of the moraine was intact;
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and one, at Inchie Farm, where there were visible signs of soil loss. The results of our

Monte Carlo analyses suggest that the erosion event at Inchie Farm occurred in the last

1.5 kyr, with a best fit at 300 years B.P. Given that we only have one site, and therefore

have only one estimate of the timing of the erosion event that removed the soil from this

site, we can only speculate as to what the geomorphological meaning of this erosion event

timing estimate is, if at all there is one.

Studies employing a range of tools, including pollen, potassium, magnetic suscepti-

bility, and radiocarbon analyses, have observed throughout Scotlands lakes, increases in

sedimentation attributed to agricultural activity during the mid Holocene at 5, 4, 3, 1.5,

and in some cases also at 0.3 kyr B.P. (Edwards and Whittington 2001). In the 18th

century, grain production in Scotland has increased following the independence war and

the Union of Scotland and England 1707 Agriculture Progress Regulation Act. This cen-

tury has also seen increases in deforestation as sheep grazing pressure increased with wool

production becoming an important part of the economy (Smout and Fenton 1965). This

intensification of agriculture coupled with deforestation in 18th century Scotland could

potentially be one explanation for the 300 years B.P. timing of the erosion event obtained

at Inchie Farm. Taking into account the uncertainty associated with our erosion event

timing estimate, however, the loss of soil at Inchie Farm could also be linked to the advent

of iron tools at around 500 B.C. (Barrett 1981).

4.4 Summary

Cosmogenic 10Be, 14C, and 26Al determinations in samples collected from depth-profiles at

two sites on the crests of the LLR moraine were compared with theoretical ‘zero-erosion’

cosmogenic nuclide depth-profiles obtained for a soil/till emplacement age of 10.5 kyr, in

order to evaluate whether the full original thickness of the soil/till at the two study sites

is still intact. The results of the cosmogenic 10Be, 14C, and 26Al analyses in the Wester

Cameron site samples confirm that the cosmogenic nuclide depth-profile to be expected

from a sediment body of Holocene age can be reconstructed. Moreover, the agreement

between the total cosmogenic 10Be inventories in the erratics and the Wester Cameron

soil/till samples (Figure 4.4) confirm that there has been no erosion at the sample site

since the deposition of the till/moraine. Further, the Wester Cameron depth-profiles

show minimal signs of homogenisation, as a result of bio- or cryoturbation, and minimal
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cosmogenic nuclide inheritance from previous exposure periods. The cosmogenic 10Be and

14C data from the Inchie Farm samples show a clear departure from the ‘zero-erosion’

cosmogenic nuclide depth-profiles suggesting that the soil/till at this site has undergone

erosion since its emplacement.
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Chapter 5

The magnitude and timing of soil

erosion at Inchie Farm and

sensitivity analyses

5.1 Introduction

As shown in Chapter 4, the results of the in situ cosmogenic 10Be and 14C analyses in the

Inchie Farm site samples show a clear departure from the ‘zero-erosion’ cosmogenic nuclide

depth-profiles, suggesting that the till at this site has been eroded since its emplacement.

A Monte-Carlo type approach is used in this chapter to model in situ cosmogenic 10Be and

14C depth-profiles for a wide range of till erosional events, thereby to constrain the magni-

tude and timing of till erosion at Inchie Farm. The Monte-Carlo type approach is further

employed to assess the sensitivity of the results to the model parameters. The chapter

opens in Section 5.2 by outlining the theoretical background of the Monte-Carlo approach

used here. The magnitude and timing of till erosion at Inchie Farm are determined in

Section 5.3, and Section 5.4 presents the results of the sensitivity analyses.

5.2 Theoretical background

The temporal evolution of the cosmogenic nuclide concentration (N) in a sample is de-

scribed by the differential equation:

70



Chapter 5: Magnitude and timing of soil erosion at Inchie Farm

dN(z, t)

dt
= P (z, t)− λN(z, t) (5.1)

where N(z, t) is cosmogenic nuclide concentration as a function of depth below the surface

and time, P (z, t) is the production rate, again as a function of depth below the surface

and time, and λ is the decay constant of a radionuclide (λ = ln(2)/T1/2, T1/2 being the

half-life) (Lal 1991, Niedermann 2002). Taking t = 0 as present and z0 as the initial burial

depth, the depth of a mineral grain below an eroding surface can be calculated as:

z(t) = z0 − εt (5.2)

where ε is the erosion rate (cm.yr−1). Solving Equation 5.1 yields:

N(z, t) = N(z, 0)e−λt +
4∑
i=4

P (0)i
λ+ ρε/Λi

e
− ρ(z0−εt)

Λi

(
1− e−(λ+ρε/Λi)t

)
(5.3)

where P (0)i and Λi are the surface production rate (atoms.g−1.yr−1) and mean cosmic

ray attenuation length (g.cm−2) for the different production pathways (i.e., high energy

neutrons, slow and fast muons; see Chapter 4 for more details) (Lal 1991, Niedermann

2002, Granger and Smith 2000), and (Granger and Muzikar 2001). Given that the initial

burial depth (z0) is not known, Equation 5.3 can be modified such that the present burial

depth (zp) is used instead:

z0 − εt = zp + εt (5.4)

Equations 5.3 and 5.4 accurately describe the accumulation of cosmogenic nuclides in a

mineral grain buried beneath an eroding or non-eroding surface, and are implemented

in a relatively simple numerical model used to calculate the evolution through time of

the 10Be and 14C concentrations of the samples in the Inchie Farm depth-profile. The

model works as follows. After stabilisation of the moraine, in situ cosmogenic 10Be and

14C start accumulating in the sediment body, against a continuous (steady-state) erosion

rate (ε in Equation 5.3). At a given moment in time (between sediment stabilisation

and the present), a given thickness of soil is instantaneously removed from the surface

of the sediment body by an erosional event, truncating the cosmogenic 10Be and 14C
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depth-profiles. Following this erosional event, in situ cosmogenic 10Be and 14C continue

to accumulate against the same or a different steady-state erosion rate. The accumulation

of 10Be and 14C is calculated using two versions of Equation 5.3. In the first version, t is

the amount of time since moraine stabilization to time of erosion event, and in the second

t is the amount of time since erosion event and present. The numerical model has four

unknowns: the timing and magnitude of the erosional event, and the steady-state erosion

rates that characterize the soil before and after the erosional event. A Monte-Carlo type

approach using a chi-squared inversion method is employed to identify the magnitude and

timing of the erosional event that best fits both measured cosmogenic 10Be and 14C depth-

profiles. The steady-state erosion rates for before and after the erosional event cannot be

quantified, and so the Monte-Carlo approach is also used to test the sensitivity of the

obtained erosional event magnitude and timing pair to a range of realistic estimates of

these steady-state erosion rates. Therefore, for the purposes of the chi-squared inversion,

the magnitude and timing of the erosional event are the only two unknowns. For complete

details on how Equation 5.3 is implemented in the numerical model, the reader is referred

to Appendix D.

For any cosmogenic nuclide depth-profile corresponding to a single erosional event with

a given timing and magnitude, one can minimize the difference between the measured 10Be

and 14C depth-profiles and those predicted by the model and therefore find the solution

that best fits the data. However, given that the measured 10Be and 14C concentrations

have an associated uncertainty, more than one erosional event timing and magnitude pair

will provide a reasonable fit to the data. Under these circumstances the statistically most

likely model solution can be obtained by minimising the chi-square (χ2) statistic, given by

(Bevington and Robinson 2003):

χ2 =
∑(

NMeasured −NModelled

σNMeasured

)2

(5.5)

where NMeasured and NModelled are the measured and modelled 10Be and 14C concentra-

tions in each sample, respectively, and σNMeasured is the uncertainty in the measured 10Be

and 14C concentrations. The χ2 approach has been successfully applied to quantifying the

depositional ages of eroding alluvial terraces (Siame et al. 2004, Hein et al. 2009, Braucher

et al. 2009, Guralnik et al. 2010, Hidy et al. 2010) and eroding moraines (Schaller et al.

2009).
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When used as a goodness-of-fit indicator, χ2 is reduced by dividing by the degrees

of freedom given as Ns − m, where Ns is the number of measurements and m is the

number of model parameters (Bevington and Robinson 2003). If the modelled cosmogenic

nuclide depth-profile is a good fit to the data, the reduced χ2 (χ2
red) should approach unity

(χ2
red = 1). Values that are large or < 1 indicate that the modelled cosmogenic nuclide

depth-profile is not appropriate at describing the measured concentrations (Bevington and

Robinson 2003).

Given that the in situ cosmogenic 10Be and 14C depth-profiles are independent of each

other, separate χ2
red maps (see below) can be produced for each nuclide and the intersection

of the two will constrain the erosional event timing and magnitude pair that best fits the

two datasets.

The model was implemented in the R statistical language (Ihaka and Gentleman 1996,

R Development Core Team 2011) and the code is provided in Appendix D. The model

predicts in situ cosmogenic 10Be and 14C depth-profiles for erosional events with timings

calculated at 100-year increments (from 10.5 kyr to present) and magnitudes at 10 cm

increments (from 0 to 100 cm). Model results are provided as contoured maps of χ2
red

values obtained for the full range of erosional event timing and magnitude pairs. The

timing-magnitude pair with the lowest χ2
red (if not < 1) is considered to be the one that is

most likely to explain the data. The 68% (1σ level) confidence interval around the best-fit

parameter combination is given by χ2
red + 1 (Bevington and Robinson 2003).

5.3 The magnitude and timing of soil erosion at Inchie Farm

The LLR moraine at the Inchie Farm site is characterized by a sharp apparently erosional

break-in-slope on its inner flank (Figure C.2), suggesting that the missing soil material was

removed instantaneously in a short erosional event. Had the moraine been subjected to

slow continuous erosion, rather than a virtually instantaneous erosional event, the break-

in-slope would very likely have been rounded off and erased.

The shape of the Inchie Farm moraine suggests some post-glacial stabilization, since

fresh LLR moraines tend to be triangular in cross section (Derek Fabel, personal commu-

nication, June 2011), and sharp-crested moraines will tend to stabilise to being shorter,

as material moves from the moraines crest to its flanks and toe (Anderson and Humphrey
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1989, Hallet and Putkonen 1994, O’Neal 2006, Putkonen et al. 2007, Pelletier 2008). This

stabilisation most likely occurs relatively soon after deglaciation and hence will not effect

the in situ cosmogenic 10Be and 14C results. And even if the post-glacial stabilisation is

not ‘instantaneous’, it will presumably slow with time as the ‘adjusted’ form is approached.

The Inchie Farm depth-profiles were sampled immediately below the observed break

in slope, and given the above, it is assumed that the departure of these depth-profiles

from the theoretical, ‘zero-erosion’ depth-profiles calculated for this site (Chapter 4) are

the results of an erosional event. The likely magnitude and timing of this erosional event

are constrained below using the Monte-Carlo approach described in the preceding section.

This analysis assumes no (or negligible) continuous soil erosion but the possibility that the

LLR moraine at Inchie Farm experienced continuous erosion cannot be completely ruled

out. The following section therefore explores the sensitivity of the obtained erosional event

magnitude and timing pair to an assumed continuous erosion rate.

The Monte-Carlo type analysis was carried out at first for each cosmogenic nuclide

separately. For each nuclide, an almost infinite combination of erosional event magnitude

and timing pairs produce fits with low χ2
red values (Figure 5.1) suggesting that a single

nuclides cannot constrain the magnitude and timing of a Holocene soil erosional event.
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Figure 5.1: χ2
red contour plots obtained for the 10Be (left) and 14C (right) depth-profiles assuming

no continuous erosion. Dark red indicates a small χ2
red and therefore a reasonable fit to the data,

showing that when taken independently, both 10Be and 14C depth-profiles can be explained by a
nearly infinite combination of erosional event magnitude and timing pairs.
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Figure 5.2: χ2
red contour plot obtained for the combined 10Be and 14C depth-profiles assuming

no continuous erosion. The inset shows an enlargement of the area of the plot with the lowest
obtained χ2

red values and the 68% (1σ) confidence envelope.

However, the χ2
red contour plots obtained for the two nuclides are markedly different

and when used together, 10Be and 14C will substantially narrow the range of erosional

event magnitude and timing pairs that provide good fits to the data. Combining the two

nuclides and performing the analysis using both 10Be and 14C depth-profiles together yields

a narrower set of likely erosional event magnitude-timing pairs (Figure 5.2). The lowest

χ2
red value is 2.3 and was obtained for an erosional event that occurred 300 years ago and

resulted in the instantaneous removal of 30 cm of soil. Considering the 68% confidence

interval (Figure 5.2) (min χ2
red + 1 = 3.3), the results of the Monte-Carlo analysis indicate

that the erosional event is very likely to be relatively recent ( <∼ 1500 years) and removed

(20 - 50 cm).
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5.4 Sensitivity analysis

The analyses presented in the preceding section suggest that the moraine at Inchie Farm

lost material as a result of a relatively shallow (20 - 50 cm) erosional event in the last

1.5 kyr. These results, however, are based on the assumption that the background long-

term erosion rate on the moraine is negligible. This section explores the sensitivity of the

obtained erosional event magnitude and timing pair to an assumed continuous erosion rate.

This section also explores the sensitivity of the results to sample size and measurement

accuracy, and to the parameter values used.

5.4.1 ‘Non-zero’ continuous erosion rate

The Monte-Carlo type analyses were repeated for continuous erosion rates ranging between

5 and 100 mm.kyr−1 (Figure 5.3). Continuous erosion rates of up to 10 mm.kyr−1 yield χ2
red

contour plots that are almost identical to that obtained when assuming a zero background

erosion rate (Figure 5.2) suggesting that continuous erosion rates <10 mm.kyr−1 will not

affect the 10Be and 14C depth-profiles sufficiently to perturb the erosional event ‘signal’.

As for the < 10 mm.kyr−1 case, low χ2
red values are obtained for recent and shallow

erosional events when assuming a continuous erosion rate of 20 mm.kyr−1. However, the

10Be and 14C depth-profiles are also equally well fitted by any erosional event older than

10 kyrs BP. For continuous erosion rates > 20 mm.kyr−1, the 10Be and 14C depth-profiles

are perturbed sufficiently such that no erosional event magnitude and timing pair provides

a reasonable fit to the measured 10Be and 14C depth-profiles.

The fact that (1) for background erosion rates > 20 mm.kyr−1 10Be and 14C depth-

profiles poorly fit the data, and (2) for background erosion rates > 20 mm.kyr−1 these fits

have lower χ2
red values than those obtained for the same rates but assuming no erosional

events (Figure 5.4), suggest that a continuous erosion alone (i.e. without an erosional

event) is not sufficient to explain the data, and that the data are best explained by a

combination of a discrete erosional event superimposed on a zero or relatively low (< 20

mm.kyr−1) continuous erosion rate.

The sensitivity analyses clearly show that for the magnitude and timing of an erosional

event to be determined with confidence, the continuous erosion rate should first be con-

strained. The latter can be achieved by measuring cosmogenic nuclide depth-profiles on
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Figure 5.3: χ2
red contour plots obtained for the combined 10Be and 14C depth-profiles for contin-

uous erosion rates between 5 - 100 mm.kyr−1
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Figure 5.4: χ2
red values obtained for the combined 10Be and 14C depth-profiles for continuous

erosion rates between 5 - 100 mm.kyr−1 and assuming no erosional events.

those parts of the same moraine that do not show obvious signs of erosion (e.g., the stable

crest of the moraine). Alternatively, measured (empirical) erosion rates may be assumed

to apply. The relatively few studies of soil erosion rates in Scotland generally report neg-

ligible or relatively low rates. For example, Kirkbride and Reeves (1993) found no erosion

occurring on grasslands and Duck and McManus (1987) used reservoir sedimentation over

periods of 35 - 121 years to calculate erosion rates of 2.1 - 52 t.km2.yr−1/1.2 - 28 mm.kyr−1

(at two hours drive from Inchie Farm at Angus, Scotland).

5.4.2 Measurement uncertainty and sample size

χ2
red is calculated as the difference between measured and modelled values, divided by the

measurement uncertainty (Equation 5.5, Bevington and Robinson 2003). Consequently

meaning that high measurement uncertainties result in artificially low χ2
red values that do

not necessarily represent a better fit of the model to the data.

To test the effect of measurement uncertainty on χ2
red, the Monte-Carlo type analyses

were conducted using synthetic 10Be and 14C depth-profiles produced assuming an erosion

event that occurred 200 years ago and resulted in the removal of 30 cm of soil. The
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analyses were conducted for assigned uncertainties of 3%, 5%, and 10% (Figure 5.5). For

synthetic data the analyses should yield χ2
red = 0 for the above erosion event timing and

magnitude pair (i.e., 200 years/30 cm) (cf. Bevington and Robinson 2003)

However, as inferred above, an increase in measurement uncertainty results in overall

lower χ2
red values for all but the 200 years/30 cm timing and magnitude pair, for which

χ2
red = 0. If the two depth-profiles are not synthetic, but consist of real measurements, the

observed minimum χ2
red would be different from zero and increase inversely proportionally

to measurement uncertainty. The three contour plots in Figure 5.5 exhibit the same overall

pattern, indicating that while measurement uncertainty has an effect on the absolute

χ2
redvalues, it does not affect the overall structure of the results. This means that although

the uncertainty on the measurements will determine the confidence that can be assigned

to a certain outcome, it does not determine the likelihood of that outcome not being the

best-fit scenario.

To explore the extent to which sample size affects the χ2
red values obtained, further

synthetic depth-profiles were produced with different numbers of data points. As above,

all depth-profiles have an associated uncertainty of 5% and are obtained for the removal

of 30 cm of soil 200 years BP. Figure 5.6 shows the results for 10Be and 14C depth-profiles

with data points at 7.5 cm (n=35) and 15 cm (n=17) depth intervals, and for depth-

profiles consisting of two data points only (7.5 cm and 255 cm depth). Surprisingly all

scenarios (i.e., 35, 17, and 2 data points) yield similar χ2
red distribution plots, suggesting

that at least in theory two data points (topmost and bottom) per nuclide are sufficient to

constrain the erosion event timing and magnitude pair (cf. Anderson et al. 1996).

In practice, however, the uncertainties associated with the measured data points will

likely be larger than 5% and so have a substantial effect on the χ2
red results (Figure 5.7)

meaning that two data points per nuclide will not be sufficient. The 14C analyses are likely

to have more variable uncertainties than the 10Be analyses, and since the former require

more time and effort, a better solution, as suggested by the results in Figure 5.7, is to

reconstruct the full 10Be profile using a large number of 10Be measurements and only a

few 14C measurements for the 14C profile (n = 3). Reconstructing the full profile with at

least one nuclide is important as the form of the depth-profile provides information about

the concentration of inherited nuclide, and/or soil mixing, and about the erosional history

of the profile.

79



Chapter 5: Magnitude and timing of soil erosion at Inchie Farm

1

4

2

6

8

9

9

10

10

20

20

40

40

60

60

08

80

100

0.5

1

1.5

2

2.5

2.5

5

5

10

10

51

15

02

20

25

5

10

15

20

25

25

30

30

50

50

70

70

110

110

150

150

091

190

032

Thickness of material removed (cm)

Ti
m

in
g 

of
 e

ve
nt

 (y
ea

rs
 B

P)

2000

4000

6000

8000

10000

0 20 40 60 80 100

Synthetic values (n=16), Deposition age = 10.5 kyr,
ρ = 1.82 g.cm-3, Λ = 160 g.cm-2, Uncertainty = 3%

0

Ti
m

in
g 

of
 e

ve
nt

 (y
ea

rs
 B

P)

Thickness of material removed (cm)

2000

4000

6000

8000

10000

0 20 40 60 80 100

Synthetic values (n=16), Deposition age = 10.5 kyr,
ρ = 1.82 g.cm-3, Λ = 160 g.cm-2, Uncertainty = 5%

0

Thickness of material removed (cm)

Ti
m

in
g 

of
 e

ve
nt

 (y
ea

rs
 B

P)

2000

4000

6000

8000

10000

0 20 40 60 80 100

Synthetic values (n=16), Deposition age = 10.5 kyr,
ρ = 1.82 g.cm-3, Λ = 160 g.cm-2, Uncertainty = 10%

0

Figure 5.5: χ2
red contour plots obtained for the combined 10Be and 14C depth-profiles assuming

no continuous erosion, and varying the level of uncertainty on the 10Be and 14C concentrations.
Synthetic 10Be and 14C depth-profiles were used instead of the measured ones.
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Figure 5.6: χ2
red contour plots obtained for the combined synthetic 10Be and 14C depth-profiles

assuming no continuous erosion and 5% uncertainty on the 10Be and 14C concentrations. (left)
using 35 sample points per nuclide; (middle) using 17 sample points per nuclide; (right) using only

two data points: at 7.5 and 255 cm depth respectively.
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Figure 5.7: χ2
red contour plots obtained for the combined 10Be and 14C depth-profiles at Inchie

Farm assuming no continuous erosion and using subsets of the measured 10Be and 14C values.
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5.4.3 Model parameters

The equations implemented in the numerical model used in this thesis to predict the 10Be

and 14C depth-profiles for a given erosional event magnitude and timing pair rely on a

number of parameters with known values. These parameters are: the age of till stabil-

isation, density of the deposit, cosmogenic nuclide production mechanisms (i.e., relative

proportion of neutron spallation vs. muon interactions), and sea level and high latitude

cosmogenic nuclide production rates. Although changing these parameters simultaneously

will result in very different model results, for the sensitivity analysis presented here, each

of the above parameters is changed in isolation while all others are held constant.

5.4.3.1 Age of the sediment body

All model results presented above were obtained taking the Wester Cameron erratic boul-

ders mean 10Be exposure age of 10.5 kyr to be the age of till stabilization at both the

Wester Cameron and Inchie Farm sites. However, as mentioned in Chapter 3, the timing

of the LLR has been dated using radiocarbon measurements in samples from various loca-

tions including one collected from the vicinity of the Inchie Farm sample site (see Golledge

et al. 2007 for a list of LLR radiocarbon ages). This latter sample was a marine shell found

below the till deposit and yielded a radiocarbon age of 11.8 ± 0.17 14C kyr (Sissons 1967)

calibrated to 13.5 kyr BP using OxCal v.4.1.7. Gordon (1982) has argued that this age

has, being measured in marine shells, likely been affected by the reservoir and hard-water

effects (Heier Nielsen et al. 1995, Ascough et al. 2009). Moreover, of a time lag between

moraine formation and the radiocarbon age, unless the age is measured on the remains of

a living organism buried during moraine formation (Lowell et al. 1990). Thus it is likely

that the mean 10Be exposure age obtained at Wester Cameron is closer to the true age

of till stabilization than the radiocarbon age of 13.5 kyr BP. Nonetheless the effect of an

older till stabilization age on the predicted erosional event magnitude and timing pair is

explored in Figure 5.8.

Assuming an age of 13.5 kyr BP as the age of till stabilization predicts an erosional

event that is deeper and earlier (Figure 5.8). For each 1 kyr increase in the age of till

stabilization, the model predicts an increase of 30% in the depth of the erosional event

and a 60% increase in the timing of the event (Figure 5.8). This clearly illustrates the

importance of accurately constraining the age of deposition if the magnitude and timing
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Figure 5.8: χ2
red contour plots obtained for the combined 10Be and 14C depth-profiles at Inchie

Farm assuming no continuous erosion and varying the age of till stabilization.
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of the erosional event are to be reliably determined.

5.4.3.2 Density of the sediment

The density of till at both the Wester Cameron and Inchie Farm sites was determined

at high resolution as described in Chapter 3. However, the density of glacial deposits is

highly variable both from deposit to deposit and within an individual profile, and so a

sensitivity analysis provides useful insights regarding future applications of this method

to sites where such high-resolution data on till density are not available.

For the purposes of the sensitivity analysis (Figure 5.9), till/soil density was allowed

to vary at 0.1 g.cm−3 increments between 1.5 g.cm−3 and 2.4 g.cm−3, the range typically

quoted in the literature for glacial deposits (Fausey et al. 2000, Staiger et al. 2006). Al-

though the density of a sedimentary deposit can also vary through time (cf. Rodés et al.

2011), this temporal variation is likely to be relatively insignificant in glacial deposits when

compared to the spatial variation (i.e., between deposits) or the variation within a profile,

and so such temporal variation is not considered here.

The results of the sensitivity analysis are shown in Figures 5.10 - 5.11, and illustrate

that while there is no relationship between the density of the sedimentary deposit and

the predicted best-fit erosional event timing, the former determines the obtained best-fit

erosional event magnitude in both a predictable (the higher the density the shallower the

best-fit erosional event) and substantial way (∼ 40 cm depth difference for a density range

of 1 g.cm−3). Thus, for the method presented in this study to be applicable successfully

to other sites, data on the density of the sedimentary deposit must be obtained a priori.

5.4.3.3 Nuclide production pathways

Brown et al. (1995) have argued that the production of cosmogenic nuclides in the upper 1

- 2 metres of a soil is predominantly due to neutron spallation and muogenic contributions

can be ignored. This statement has however been since challenged by Brown et al. (2003)

and Braucher et al. (2009) who found that considering both high energy neutron spallation

and muon reactions substantially improves the determination of ages and denudation rates

from cosmogenic nuclide depth-profiles.

Muon reactions are particularly important for 14C; slow and fast muons are thought
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Figure 5.9: χ2
red contour plots obtained for the combined 10Be and 14C depth-profiles at Inchie

Farm assuming no continuous erosion and varying the density of the sedimentary deposit.
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to account for 17% of 14C production at the surface (Heisinger et al. 2002a,b) and this

importance is clearly shown in Figure 5.12. While ignoring muogenic production for 10Be

does not result in significant changes in the structure of the χ2
red plot (Figure 5.12 -

middle), ignoring muogenic production for 14C yields a χ2
red plot that is substantially

different in its structure to that obtained when both high energy neutron spallation and

muon interactions are considered (Figure 5.2).

The systematics of in situ 14C production are still poorly understood. The currently

used production rate of this nuclide is based on a very limited number of calibration sites

(cf. Lifton et al. 2005, 2008, Balco et al. 2008, Dunai 2010, White et al. 2011) and our cur-

rent understanding of the role of muons in the production of cosmogenic nuclides is based

on a single study (i.e., Heisinger et al. 2002a,b) that might considerably overestimate the

importance of muons in the production of in situ 14C (Nat Lifton, personal communica-

tion, August, 2011). Consequently successful future application of the method presented

in this thesis requires an improvement of our understanding of in situ 14C production

mechanism.

5.4.3.4 Sea Level High Latitude production rates

The results of age or denudation rate calculations involving cosmogenic nuclides depend

highly on the sea level high latitude (SLHL) production rates that are used. The quality

(or ‘accuracy’) of these production rates depend on (1) the quality of the calibration

data sets, and (2) the quality of the altitude/latitude scaling schemes used to calculate

the production rates (Balco et al. 2008, Dunai 2010). Calibration data sets represent

cosmogenic nuclide concentration measurements at sites that have undergone negligible

denudation and have ages that have been independently determined (see Balco et al. 2008

and Lifton et al. 2005, 2008 for a list of calibration sites used for 10Be and 14C). As the

calibration site ages have associated uncertainties, these propagate into local cosmogenic

nuclide production rates. Moreover, all calibration-site-specific local cosmogenic nuclide

production rates are standardized to sea level and high latitude using one of the many

altitude/latitude scaling schemes (e.g., Stone 2000, Dunai 2000, Lifton et al. 2008). Each

of these have an uncertainty. It is difficult to calculate the uncertainties of the currently

used SLHL production rates but Balco et al. (2008) estimated that the 1σ uncertainty

introduced by empirical scaling schemes may be as large as 10%. In short, although the
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Figure 5.12: χ2
red contour plots obtained for the combined 10Be and 14C depth-profiles at Inchie

Farm assuming no continuous erosion and varying the relative contribution of muons to the total
production of 10Be and 14C.
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currently used SLHL production rates for 10Be and 14C have ‘quoted’ uncertainties, the

true absolute uncertainties are unknown.

The production rate is important when ages rather than rates are calculated (such as

in this study). To assess the effect that these production rate uncertainties have on the

χ2
red results, SLHL production rates of both nuclides have been varied by ± 15% in 5%

increments.

The results presented in Figures 5.13 and 5.14 indicate, as expected, a substantial affect

on χ2
red. Surprisingly the two nuclides affect the structure of the χ2

red results in opposite

ways: decreasing the 14C SLHL production rate results in older and deeper erosional events

whereas the same is obtained when the 10Be SLHL production rate is increased.

Figures 5.13 and 5.14 also show that χ2
red is more sensitive to changes in the production

rate of 14C than 10Be. This is important as, to date, the in situ cosmogenic 14C SLHL

production rate is the least well constrained (cf. Dunai 2010). Thus, as with muon pro-

duction that successful future application of the method presented in this thesis requires

an improvement of our understanding of the systematics of in situ 14C.

5.5 Summary

The LLR moraine at the Inchie Farm site is characterised by the presence of a sharp

break in slope, suggesting that the missing soil material was removed instantaneously by

an erosional event. The hypothesis of an erosional event is also supported by the clear

departure from the zero-erosion cosmogenic nuclide depth-profiles shown by the 10Be and

14C measurements in the Inchie Farm samples. A Monte-Carlo type analysis suggests that

the erosional event is very likely to be relatively recent and also relatively shallow, resulting

in the removal of circa 20 - 50 cm of soil circa 1500 years BP. The sensitivity analyses

undertaken show that the predicted magnitude and timing of the Inchie Farm erosion event

are highly sensitive to assumptions about the background rate of continuous soil erosion

at the site and also about the stabilisation age of the till. Further, the results also indicate

that the density of the sedimentary deposit will also affect the predicted magnitude and

timing of the erosional event. All of the above properties can be independently determined

a priori and so, although critical, they do not impede future applications of the method

presented in this study to other sites. The sensitivity analyses also show that the predicted
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erosional event magnitude and timing are very sensitive to the in situ cosmogenic 14C

SLHL production rate used and to the assumptions that are made about the contribution

of muons to the total production of this cosmogenic nuclide. Given that the production

systematics of in situ 14C are less well understood than those of other more routinely used

cosmogenic nuclides, advances in this regard need to be made for the method presented

in this thesis to be applicable with confidence to scenarios similar to the one presented in

this thesis (as well as to the wider application of in situ 14C analysis more generally).
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There’s no sense in being precise when you don’t even know what you’re

talking about.

[John von Neumann]



Chapter 6

Conclusions, Limitations, and

Future Research

6.1 Conclusions

The present study has explored the extent to which in situ cosmogenic 10Be and 14C

depth-profiles can be used to quantify the magnitude and timing of site-specific erosional

events over Holocene timescales on soils/sediments of known age. The study has focused

on two sites located on end moraines of the Loch Lomond Readvance in Scotland: Wester

Cameron and Inchie Farm near Glasgow. Conclusions from the data and the results of the

numerical simulations can be divided into three broad categories: (1) those concerning the

amount and timing of erosion at both sites, (2) those concerning the broader implications

of the sensitivity analyses, and (3) those concerning the extraction and measurement of in

situ 14C.

The conclusions concerning the amount and timing of soil erosion at the Wester Cameron

and Inchie Farm sites are as follows:

(1) The results of the in situ cosmogenic 10Be, 14C and 26Al analyses in the Wester

Cameron site samples confirm that the cosmogenic nuclide depth-profile to be ex-

pected from a sediment body of Holocene age can be reconstructed. Moreover, the

agreement between the total cosmogenic 10Be inventories in the erratics and the

Wester Cameron soil/till samples indicate that there has been no erosion at the

sample site since the deposition of the till/moraine. Further, the Wester Cameron
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depth-profiles show minimal signs of homogenisation, as a result of bioturbation, and

minimal cosmogenic nuclide inheritance from previous exposure periods.

(2) The results of the in situ cosmogenic 10Be and 14C analyses in the Inchie Farm site

samples show a clear departure from the ‘zero-erosion’ cosmogenic nuclide depth-

profiles suggesting that the soil/till at this site has undergone erosion since its em-

placement. The LLR moraine at the Inchie Farm site is characterised by the presence

of a sharp break in slope upslope of the sampled depth-profile, suggesting that the

missing soil material was removed instantaneously by an erosional event rather than

by slow continuous erosion. Monte-Carlo type analysis carried out to constrain the

magnitude and timing of this erosion event suggests that this event was relatively

recent and relatively shallow, resulting in the removal of circa 20 - 50 cm of soil at

a maximum of 1500 years BP.

The conclusions concerning the broader implications of the sensitivity analyses are as

follows:

(1) The results of the sensitivity analyses show that the predicted magnitude and timing

of the Inchie Farm erosion event are highly sensitive to (i) assumptions about the

background rate of continuous soil erosion at the site and (ii) the stabilisation age of

the till. The results further indicate that the density of the sedimentary deposit (iii)

will also affect the magnitude and timing of the predicted erosional event. All three

parameters can be independently determined a priori and so despite the fact that

the method presented in this study is sensitive to variations in these parameters,

they do not impede future applications of the method.

(2) The results of the sensitivity analyses also show that the predicted magnitude and

timing of the erosional event are very sensitive to the in situ cosmogenic 14C SLHL

production rate used and to assumptions about the contribution of muons to the

total production of this nuclide. Given that the production systematics of in situ

14C are less well understood than those of other more routinely used cosmogenic

nuclides, advances in this regard need to be made for the method presented in this

thesis to be applicable with confidence to scenarios similar to that presented here.

The experimental nature of in situ 14C analysis has meant that a large part of the work

in this study has been concerned with characterising and improving the performance of
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the in situ 14C vacuum extraction system at SUERC. The conclusions that can be drawn

from the data obtained from this part of the work are as follows:

(1) The results of reproducibility measurements on the SUERC in situ 14C extraction

system are satisfactory. This projects measurements of the PP4 University of Arizona

internal standard are indistinguishable within uncertainty from the latest PP4 results

published by the University of Arizona 14C lab (Miller et al. 2006, Dugan 2008), but

they are somewhat higher and more dispersed. Measurements of both the CRONUS-

EARTH-A, a new in in situ 14C standard, and Glen Roy samples agree within

uncertainty with the in situ 14C and in situ 10Be results of the University of Arizona

14C lab and those of Fabel et al. (2010), respectively.

(2) The results of the system blank and shielded quartz measurements suggest that the

continuous running of the extraction system and the monitoring of gas collecting time

are key to maintaining low and stable system blanks on an in situ 14C extraction sys-

tem following the design of Lifton (1997). The results also suggest that maintaining

the temperature of the cryogenic traps constant can also play a role in maintaining

system blank stability. The variability in the system blank data, however, means that

a blank bracketing approach should be followed instead of calculating a long-term

average blank and applying this to all sample measurements.

6.2 Limitations

(1) The overall aim of this study was to assess the extent to which cosmogenic 10Be and

14C depth-profiles can be used to constrain the magnitude and timing of a Holocene

age erosion event. To this end, the Inchie Farm study site was carefully selected as

representing an apparently undisturbed (i.e., not eroding) sediment body of Holocene

age that has been truncated by an erosional event. Thus all interpretations of the

results were made under the assumption that the background long-term erosion

rate on the Inchie Farm moraine is negligible. Although the assumption of zero

background erosion is supported by both field evidence and the 10Be and 14C results

obtained at the first study site, Wester Cameron, a non-zero background erosion

rate cannot be completely ruled out. Analyses show that background erosion rates

of up to 10 mm.kyr−1 yield χ2
red contour plots that are almost identical to that
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obtained when assuming a zero background erosion rate suggesting that background

erosion rates <10 mm.kyr−1 will not affect the in situ 10Be and 14C depth-profiles

sufficiently to perturb the erosion event signal. When assuming background erosion

rates > 20 mm.kyr−1, reasonable fits to the 10Be and 14C depth-profiles are obtained

without the need to invoke any erosional events. However, these fits have slightly

higher χ2
red values than those obtained for the same background erosion rates but

also assuming one erosional event. The latter suggests that a continuous background

erosion rate alone (i.e. without an erosional event) is not sufficient to explain the

data, and that the data are best explained by a combination of erosion evental and a

zero or relatively low (< 20 mm.kyr−1) background erosion rate. Despite the above,

the fact that the rate of continuous background soil erosion at Inchie Farm was not

quantified independently is a limitation of this work.

(2) A prior condition to using cosmogenic nuclide depth-profiles to constrain the magni-

tude and timing of soil erosion events is having a reliable control on the age of the

sedimentary deposit (soil or till) under investigation. All model results presented in

this study were obtained taking the mean 10Be exposure age of 10.5 kyr obtained

from the erratic boulders at Wester Cameron to be the age of till stabilization at

both the Wester Cameron and Inchie Farm sites. No erratic boulders could be found

at Inchie Farm and so to establish the age of moraine stabilisation at this site, small

pebbles were collected from the top of the moraine and analysed for in situ cosmo-

genic 10Be. The results of these analyses, however, did not yield meaningful results

(Appendix B.3). Given that the two study sites (Wester Cameron and Inchie Farm)

are located on two moraines formed by two adjacent lobes of the same glacial read-

vance, the assumption that the Wester Cameron 10Be exposure age of 10.5 kyrs is

representative for Inchie Farm is probably correct. Nonetheless, the absence of an in-

dependent cosmogenic 10Be based moraine stabilisation age estimate at Inchie Farm

is a limitation of this work. The moraines at Wester Cameron and Inchie Farm have

been dated using conventional and AMS radiocarbon, Rose et al. (1989) obtaining a

maximum age of ∼12.5 kyr BP for the Wester Cameron moraine and Sissons (1967)

obtaining a maximum age of ∼13.5 kyr BP for the Inchie Farm moraine. Both of

these ages are older than the 10.5 ± 0.9 kyr 10Be exposure age obtained as part of

this study. However, as argued by Lowell (2000), there is often a time lag between

moraine formation and the obtained radiocarbon age, unless the latter is obtained
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from the remains of a living organism buried during moraine formation. Moreover,

the Inchie Farm radiocarbon age was determined in a marine shell that has likely

been affected by the reservoir and hard-water effects (Gordon 1982, Heier Nielsen

et al. 1995, Ascough et al. 2009). Thus it is likely that the mean 10Be exposure age

obtained at Wester Cameron is closer to the true age of till stabilization than the ra-

diocarbon ages. Despite these various complications related to the two radiocarbon

ages, the discrepancy between these and the 10Be exposure age obtained for Wester

Cameron could also be explained by both the exposure dated erratic boulders and

the adjacent soil in which the in situ 10Be and 14C profiles were measured being

previously covered by a layer of soil or till that shielded some of the cosmic radi-

ation. This shielding would result in lower nuclide concentrations and so younger

ages as compared to the radiocarbon ones. The possibility of such shielding is not

considered in this work.

6.3 Future research

Following the early work of Craig (1953), the extraction and measurement of in situ 14C has

advanced substantially. Jull et al. (1992) were the first to develop a system for extracting

in situ produced cosmogenic 14C in terrestrial rocks. Although nearly two decades have

now passed, in situ cosmogenic 14C is still not routinely used in the study of Earth surface

processes (see Chapter 2). For in situ 14C to be used routinely by geomorphologists,

advances have to be made in at least two areas:

6.3.1 Extraction and purification of in situ 14C.

(1) Unlike pyrolysis, combustion of a sample in the presence of oxygen converts all carbon

contained within the sample into CO2 with an efficiency of 100 % (Wright et al. 2003)

and so future research effort should be directed towards improving combustion based

14C extraction systems. The size of the extraction system at SUERC has meant that

a substantial amount of time had to be spent waiting for the required level of vacuum

to be reached. Further a large extraction system means a larger surface area and a

system that is more prone to contamination. Reducing the size of the in situ 14C

extraction system will no doubt increase sample throughput and this will make blank
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bracketing practical, the latter allowing for better corrections and thus more reliable

data.

(2) A small fraction of 14C is produced by thermal neutrons via [n, α] reactions on 17O

and via [n, p] reactions on 14N (Reedy and Arnold 1972, Gosse and Phillips 2001,

Dunai 2010). The latter can be abundant in fluid inclusions (Duke et al. 1990). Fluid

inclusions will be released during sample combustion and in those samples that are

rich in these, the 14C hosted in the inclusions will contribute to the measured total

14C. Even if fluid inclusions contain only minimal amounts of 14N and thus minimal

14C, they are also likely to contain CO2 and CH4 (Van den Kerkhof and Hein 2001).

The release of these gases during sample combustion will bias the estimation of the

volume of 14C-containing-CO2 derived from the combustion of the sample - and

this volume is required for calculating the concentration of 14C in the sample (see

Calculation A). To date no research has investigated the effect of fluid inclusions on in

situ 14C extraction. Methods based on laser Raman spectroscopy (Rosso and Bodnar

1995, Karim and Hong 2010) could be used to efficiently and non-destructively assess

the composition of fluid inclusions. Further, samples can be crushed under vacuum

thereby releasing all gases trapped in fluid inclusions as in case of 21Ne extraction.

(3) Irrespective of the vacuum extraction system design, during sample loading the in-

terior of the furnace is exposed to air (and possibly dust) that will results in con-

tamination with not only atmospheric 14C but also moisture, resulting in more time

required for reaching a high vacuum. The problem of moisture and atmospheric 14C

adsorption could be alleviated by flushing the furnace with He or Ar gas during sam-

ple loading such that the flow of gas is from inside outwards. Flushing might not be

practical with the current furnace of the SUERC extraction system, given its large

size. However, flushing with He or Ar would work with smaller furnaces. Further,

flushing the entire extraction system with He gas between samples could also keep

blanks low and limit any memory effects in the long term (Paul and Skrzypek 2006).

(4) In the current design, slushes (mixtures of LN2 and n-pentane and iso-pentane; see

Chapter 2) are employed for cleaning the released CO2 from contaminants such as

CH4, SOx, and NOx. The use of slushes has been one of the obstacles in automating

the extraction of 14C. Molecular sieves have been used to separate CH4 and other

compounds from CO2 (Morishige 2011) and so they could potentially replace slushes
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enabling automation and therefore higher sample throughput (see also (1) above).

(5) Lasers have now become a versatile tool in the geosciences, being used for heating

samples or as ablation tools often directly coupled to a mass spectrometer (Kelley

2002, Stuart et al. 1999, Sylvester 2001). Recently Balco and Shuster (2009) have

used a 75 W diode laser to extract and analyse Ne from quartz samples by heating

the samples packed in Ta foil. A similar laser based heating system could greatly

benefit the extraction of in situ 14C, although a metal-free solution would need to

be developed.

6.3.2 In situ 14C production systematics.

(1) The production systematics of in situ 14C are less well understood than those of the

more routinely used 10Be. The value of the in situ 14C SLHL production rate is

based on a very small number of calibration sites all located at relatively high lat-

itudes (e.g., Miller et al. 2006, Dugan 2008). The network of cosmogenic nuclide

production calibration sites has been improved as the results of the CRONUS Earth

and CRONUS EU research efforts (http://www.physics.purdue.edu/primelab/

CronusProject/cronus/ and http://www.cronus-eu.net/), but the lack of cali-

bration sites located at low latitudes remains a problem.

(2) Heisinger et al.’s (2002a, 2002b) work suggests that 17% of the in situ cosmogenic

14C found in quartz is produced by slow and fast muon reactions. This proportion

is considerably higher than those found for the other cosmogenic nuclides that are

routinely analysed in this mineral (i.e., 10Be, 26Al, and 21Ne), namely 2 % (Heisinger

et al. 2002a,b, Balco and Shuster 2009). Heisinger et al.’s (2002a, 2002b) results for

14C are based on targets prepared using the in situ 14C wet extraction procedure of

Lal and Jull (1994) (see Table 2.1) and so additional experiments, using the more

common in situ 14C extraction procedures described in Chapter 2 (e.g., Lifton et al.

2001, Hippe et al. 2009, Fülöp et al. 2010) are needed in order to test for the validity

of Heisinger et al.’s (2002a, 2002b) results.

The method described in this work was aimed at a very specific scenario: the quantification

of the magnitude and timing of an erosional event that resulted in the instantaneous

removal of material from a soil/till of known age. However, the method is readily applicable
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to other scenarios that involve the instantaneous removal of a certain layer of material (soil,

sediment, or bedrock) as long as the initial undisturbed cosmogenic-nuclide depth-profile

can be reconstructed. As such the method could be extended to eroding soils of unknown

age that are in steady state, as in the case of these the cosmogenic nuclide depth-profile

is time invariant being the result of an equilibrium between soil production as a result of

weathering of the parent material and soil loss as a result of continuous surface erosion. For

these soils the initial un-truncated cosmogenic nuclide depth-profile can be reconstructed

using samples collected from depth-profiles at sites that have not been disturbed by the

erosion event.

Processes related to seismic activity (e.g., shallow landslides, movement along faults)

result in displacement of material and thus in many cases will also results in truncation of

the cosmogenic nuclide depth-profile. Therefore, the method developed in this work could

readily be applied to quantifying the timing of such seismic events.
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Duct tape is like the force. It has a light side, and a dark side, and it

holds the universe together

[Carl Zwanzig]



Appendix A

In situ 14C data reduction and

details of the SUERC 14C

extraction system
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Appendix A: SUERC extraction system and in situ 14C data reduction

A.1 Calculation

All in situ 14C AMS data were reduced following the calculations presented in Lifton

(1997). These calculations are presented below. The AMS laboratory at SUERC has sup-

plied a 14C/13C ratio for each sample in several batches between December 2007 and May

2010. The 14C/13C ratios are needed in order to correct for the graphitization background

and the carbon isotope fractionation occurring during sample extraction.

A ‘fractionation factor’ is applied to correct the 13C/12C AMS ratios for isotopic frac-

tionation. The 14C activity of all the samples is normalised relative to a 13C/12C ratio

of -25h, corresponding to the theoretical ratio for 1890 wood. This is done by also mea-

suring the 13C/12C ratio in the samples. The 13C/12C stable isotope ratio is reported in

the δ13C notation relative to V-PDB, where V-PDB is a Cretaceous belemnite from the

Peedee formation in South Carolina and is the primary standard for δ13C determinations.

The ‘fractionation factor’ is calculated using the following equation:

FF =
975

1000 + δ13C
(A.1)

where FF is the ‘fractionation factor’ used to correct measured ratios for isotopic frac-

tionation and δ13C is the on-line 13C/12C of the sample measured in the AMS.

The uncertainty of FF is calculated using:

σFF = FF

√(
σδ13C

1000 + δ13C

)2

(A.2)

The ‘measured fraction modern’ is calculated using the equation below, with fractionation

corrections being applied to both the sample and oxalic acid standard:

FM =
14C/13Cs × FF

0.7459×14 C/13COxii × FFOxii
(A.3)

where FM is the ‘measured fractionation modern’, 14C/13Cs is the measured ratio of the

sample, and 14C/13COxii is the measured ratio of the oxalic acid standard included in

every AMS batch.

The uncertainty of the ‘measured fraction modern’ is calculated using the following:
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σFM = FM

√(
σ14C/13Cs
14C/13Cs

)2

+

(
σFFs
FFs

)2

+

(
σ14C/13COxii
14C/13COxii

)2

+

(
σFFOxii
FFOxii

)2

(A.4)

Every batch of samples that was run on the accelerator includes a number of background

samples prepared in the purification and graphitization part of the in situ 14C extraction

system (Figure 2.1). The Icelandic doublespar (DBP) sample (as background sample) is

put through the same graphitization procedures as the unknown samples to try and quan-

tify how much contamination is added to the sample during the graphitization (Donahue

et al. 1990) illustrated on A.1. To calculate the ‘measured fraction modern of a back-

ground sample’ F , all the background samples are grouped together and used to calculate

an apparent fraction modern of the background, by using the average of the measured

14C/13C ratios of all the DBPs in a batch, and the associated 1σ uncertainties.

F is calculated using the following:

F = FMs × (1 + FMDBP )− FMDBP (A.5)

and the corresponding 1σ uncertainty is calculated using the following:

σF = σFMs + σFMDBP + FMs × FMDBP

√(
σFMs

FMs

)2

+

(
σFMDBP

FMDBP

)2

(A.6)

where F is the apparent fraction modern of a background sample, the DBP is the acronym

of the Icelandic doublespar.

In this study the data is presented as the number of 14C atoms from a single combustion

for blanks and unknown samples. The calculation to determine the number of 14C atoms

in a blank sample is given below:

N [14C]atoms =
Fs × λ×A× Vs

Va
(A.7)

where N [14C]atoms is the number of 14C atoms without blank correction, Fs is the corrected

fraction modern of a sample, λ is the fractional abundance of 14C in modern carbon (1.177
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× 10−12 for 14C/12C), A is Avogadro’s number (6.023 × 1023), Vs is the volume of CO2

collected in a combustion step, Va is volume of 1mole of CO2 at STP.

Blanks are corrected for using the following:

NBLKsub = NS −
(NBLK1 +NBLK2)

2
(A.8)

where NS is the number of 14C atoms in a sample, and NBLK is the number of 14C atoms

in the blank.

In this study the extraction blank is obtained by taking an alumina boat (see Figure A.3)

filled with LiBO2 and putting it through the same procedures as an unknown sample. A

system blank (or full procedural blank) is the same as an extraction blank but shielded

quartz is added to the alumina boat. The variability in system blanks is caused mainly by

the fragility of the in situ 14C extraction line (see Figure A.2), and so, where possible, a

blank bracketing approach was followed instead of the normal approach where corrections

are made using a long-term average blank value.

Finally the concentration (atoms.g−1) of in situ 14C in a sample, and its corresponding

uncertainty are calculated using:

Na.g−1 =
NBLKsub

Sg
(A.9)

σNa.g−1 = NBLKsub ×

√(
σNBLK

NBLK

)2

+

(
σSg
Sg

)2

(A.10)

where Sg is sample mass in grams.
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Figure A.1: Photograph showing the graphitization software.

Figure A.2: Photograph showing the broken mullite tube.
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Figure A.3: Photograph showing the alumina boat.

14C extraction vacuum line of Naysmith et al. (2004) that was built 
following Lifton et al. (2001). The purified quartz is heated to 1100oC in a 
resistance furnace in the presence of lithium metaborate and ultra-high 
purity oxygen. The released carbon is oxidised and the resulting CO2 is 
cryogenically cleaned and graphitized for AMS measurement.

Figure A.4: Photograph showing the in situ cosmogenic 14C extraction line at SUERC.
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Figure A.5: Photograph showing the quartz tube flaming setup.
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Appendix B: Sample site details

B.1 Peat monolith sample composition and radiocarbon anal-

yses

Blanket peats formed throughout the Holocene (due cool and wet temperate climate) and

occupy quite an extensive area of Scotland. Blanked peat is formed as a result of slow

decomposition of organic matter, mainly sphagnum moss (Borren et al. 2004). The peat

cover at Wester Cameron is not gullied and is well drained. The peat cover is relatively

shallow (15 - 30 cm) and has an angulated mineral rich base (Figure B.1).

Green

Mostly mineral phase

Proper peat

Litter peat

Figure B.1: Photograph showing the sampled peat monolith, Wester Cameron Farm.

A 21 × 27 × 15 cm monolith peat sample was collected for radiocarbon measurements.

The sample was collected from around one metre to the east of the cosmogenic depth

profile sample site and was located on the top of the moraine. The monolith sample was

taken with a shovel and was wrapped in aluminium foil and kept in cold storage until

sampling was undertaken. Prior to sampling the monolith was split into two. One half

was sampled for AMS radiocarbon analyses and the other half was sampled for particle

size distribution, water content, organic matter content and density. The latter analyses

were aimed at characterising the peat and at assessing whether this has incorporated any

moraine material.
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B.1.1 Peat composition analyses

The aliquots for bulk density, organic matter content, and particle-size analyses were

collected using a metal ring with a volume of 5 cm3 at every 2 cm (Figure B.2). Dry bulk

density was measured after drying at 105◦C (Table B.1). Total organic matter content was

estimated as loss-on-ignition at 500◦C (Gale and Hoare 1991) and showed a linear decrease

with depth, indicating that the growth of the peat layer was continuous. Particle size

distribution was analysed on 0.3 - 0.6 g aliquots of the dried material using a Coulter LS 230

laser granulometer (see Table B.2 and Figures B.3, B.4, B.5 and B.6). The LS230 measures

particle size distribution of a sample homogeneously mixed within a calgon solution, based

on the principle that particles scatter and diffract light at certain angles based on their

size, shape, and optical properties. This method enables the measurement of particles

between 0.4 µm - 2 mm, size range typical for mud and soil samples (Blott et al. 2004).

Throughout the profile the amount of fine sand was constant (∼8 - 10%), the uppermost

samples containing substantially more silt than the deeper ones, the latter containing

higher percentages of clay. The analysed material changed incrementally from silty loam

to silty clay.

Figure B.2: Photograph showing the peat monolith with samples removed for density, water
content, organic matter content and grain size analyses.
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Table B.1: Peat sample density measurement results, Wester Cameron Farm.

First set

Sample ID Wet weight Dry weight Organic content Dry density Wet density Grain size
[g] [g] % [g/cm−3] [g/cm−3] [g]

P1 2.5 0.1 86.36 0.1 0.5 0.0762
P2 3.4 0.3 74.7 0.2 0.7 0.2788
P3 5.2 1.1 51.87 0.4 1.0 0.6084
P4 5.9 2.2 29.93 0.6 1.2 0.6126
P5 5.7 2.5 22.38 0.6 1.1 0.6417
P6 5.7 2.8 18.07 0.7 1.2 0.6118
P7 6 3.5 9.94 0.8 1.2 0.6079

Average: 0.5 1

Replicate

Sample ID Wet weight Dry weight Organic content Dry density Wet density Grain size
[g] [g] % [g/cm−3] [g/cm−3] [g]

P9 2.4 0.1 90.35 0.1 0.5 0.0472
P10 3 0.2 80.93 0.2 0.6 0.1632
P11 3.3 0.5 60.53 0.2 0.7 0.4646
P12 5.3 1.4 44.31 0.5 1.1 0.6253
P13 4.2 1.6 29.19 0.4 0.8 0.606
P14 4.7 2.0 22.3 0.5 0.9 0.6294
P15 4.9 2.6 11.1 0.6 1.0 0.6086

Average: 0.4 0.8

B.1.2 Peat radiocarbon analyses

Each AMS radiocarbon aliquot comprised of at least 40 g of sediment and was >1 cm

thick. The aliquots were washed and all recognizable plant remains were removed. Peat

is commonly used in radiocarbon dating, but complexity of biota can contribute to dating

anomalies, usually there being discrepancies between the radiocarbon ages determined

from the humin and humic fractions. In this study the humic acid (alkali soluble, acid

insoluble) was used for dating, and this can provide younger ages as it is mobile and can

incorporate rootlets (Cook et al. 1998).

All aliquots underwent an acid-alkali-acid (AAA) pre-treatment. The acid wash con-

sisting of 0.5 M HCL for 2 hrs at 80◦C is used to remove the fluvic acid. After neutralisation

the material is heated to 80◦C in 0.5 M NaOH for 2 hrs to extract the humic and remaining

fluvic acids. The humic acid solution is filtered off. Acidification (to pH2) with 4 M HCl

after the alkali treatment precipitates humic acids and removes CO2 dissolved form air

during alkali treatment. The precipitated humic fraction was washed with distilled water,
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Figure B.3: Grain size distribution plots for the peat samples, Wester Cameron Farm.
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Figure B.4: Grain size distribution plots for the peat samples, Wester Cameron Farm (cont1).
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Figure B.5: Grain size distribution plots for the peat samples, Wester Cameron Farm (cont2).
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Figure B.6: Grain size distribution plots for the peat samples, Wester Cameron Farm (cont3).
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centrifuged for 3 minutes at 6000 rpm and oven dried and weighed. Following, the samples

were combusted and converted to CO2 with CuO and silver wool, cryogenically purified,

and then graphitized in the presence of Fe and Zn (Slota et al. 1987).

All radiocarbon analyses were done at the SUERC AMS (Xu et al. 2004). A small

fraction of the CO2 gas was used for the measurement of the δ13C fraction, in a conventional

mass spectrometer and was pMC (percent Modern Carbon) corrected for fractionation.

During stable isotope ratio measurements the relative abundances of masses 44, 45 and 46

in the gas are compared with those of a working standard reference gas of known isotopic

composition. In practice this is achieved by automatic valve switching and data collection

whereby reference gas and sample gas are alternately bled into the mass spectrometer

switching ten times over a period of several minutes thus obtaining a mean delta value for

the sample with respect to the reference gas using the delta notation shown below:

δs−r =

(
Rsample
Rreference

− 1

)
× 103 (B.1)

where R is the 45/44 ratio (for obtaining the δ13C). δ is in units of h.

Contributions to the 45 and 46 peaks from minor isotope combinations (e.g. 17O) in

the CO2 molecules are compensated for using the Craig corrections by the software (Craig

1957). The latter procedure provides raw δ’s with respect to the internal reference gas.

Adjusting the δ’s to get values with respect to the international standards (V-PDB and

V-SMOW) involves the equation below:

δa−c = δa−b + δb−c + 10−3 × δa−b × δb−c (B.2)

where a is the sample gas, b is the internal reference gas and c is the international standard.

δ(b−c) is the value (in h) of the internal reference gas with respect to the international

standard. The internal reference gas has been pre-calibrated using carbon dioxide sample

gases of known isotopic composition produced from International Reference Materials such

as NBS-19 and IAEA standards.

All radiocarbon dates are reported in calendar years before present, where the present

is defined as AD 1950, and were calibrated with Oxcal v.4.1 (Bronk Ramsey 2009) using the

INTCAL09 atmospheric calibration curve (Reimer et al. 2009) and a bayesian framework.
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Values are expressed as 95%(±2σ) confidence limits. The radiocarbon ages are strati-

graphically coherent, except the for the reversal of CPT5 and CPT6. The two samples were

collected from the contact zone between the peat and the underlying mineral substrate.

This reversal is thought to reflect the introduction of younger carbon by groundwater per-

colating along the relatively impermeable surface at the base of the peat (i.e., along the

top of the mineral material) (Gordon Cook, SUERC, personal communication, 25 August

2008). CPT1 is modern. Accepting the radiocarbon determinations for CPT2, CPT3,

CPT4, CPT7 and CPT8 as correct implies a basal age for the peat of 1400-2000 14C years

depending on whether the top of the peat or the root zone is taken to be the reference point

(which returned the modern age) or the present ground surface. Basal age is calculated

as follows:

Basal age = (Current year − Calibrated year)/(sampling depth× total depth) (B.3)

Based on the basal age determination peat formation started at between 500 - 2157 years

ago. No matter whether the minimum or maximum calibrated ages are used or whether

the root zone or ground surface are used as a reference point, the peat started forming at

a maximum of 2000 years BP. This relatively young age combined with a bulk density of

0.5 - 0.9 g.cm−3 indicates that the peat cover did not shield substantially the soil from

cosmic rays and so did not have a substantial effect on the accumulated cosmogenic nuclide

concentrations.

The results of the AMS radiocarbon analyses are presented in Table B.3 and Figure

B.7.
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Figure B.7: Results of the radiocarbon determinations, Wester Cameron peat (OxCal v4.1.7
Bronk Ramsey 2009; Atmospheric data from Reimer et al. 2009)
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Appendix B: Sample site details

B.2 Density measurement

Information on the density of the material making up a deposit is key in calculating the

cosmogenic nuclide depth profile in that deposit. This is because the attenuation of the

intensity of cosmic rays in a material depends on the density of that material (Lal 1991):

P (z) = P (0)exp
[
−ρz

Λ

]
(B.4)

where P (z) is the cosmogenic nuclide production rate at depth (atoms.g−1.yr−1) within a

material (e.g., rock or soil), P (0) is the cosmogenic nuclide production rate at the surface,

z is depth (cm), Λ is the mean cosmic ray attenuation length (g.cm−2), and ρ is material

density (g.cm−3).

Both pits were opened on moraines characterised by unsorted sediment consisting of

clasts of varying sizes, and so standard methods for calculating density (cf. Balco and

Stone 2003) could not be applied here.

To calculate and map changes in the density of the till a novel method based on terres-

trial laser scanning was utilised. Terrestrial laser scanning (TLS) is increasingly applied

in geosciences because of relatively fast and reliable 3D point cloud data acquisition. The

TLS applications in geology are mainly concerned with representing the surface of objects

(for a review see Buckley et al. 2008. A close-range TLS (e.g., Leica Scanstation2 with

a generator for power supply) enables the collection of high precision and high accuracy

point cloud data with relative easy. However, the weight of the instrument is ∼60 kg and

so transporting to the field is not straightforward (see on Figure B.8).

The sampled pit walls were scanned using a laser scanner before and after sampling so

that a high resolution DEM of the two surfaces can be constructed. During measurement

the instrument was held fixed on a tripod and the scanned wall was clearly visible both

horizontally and vertically from this. The time required for one scan was of 15 minutes.

The instrument was positioned 2 - 3 metres from the scanned wall and this yielded a

resolution of 1 mm. The vertical range was limited to 45◦ below horizontal and 35◦ above

horizontal. The point clouds were reduced using Cyclone (version 6.5) so that surplus data

are reduced and the scans are registered together and geo-referenced and exported into an

ASCII format. The point clouds were reduced to 25% of the initial size so that they can

be handled by ArcGIS.
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Figure B.8: Photograph showing the TLS setup, Wester Cameron Farm..

After importing into ArcGIS the point clouds were triangulated and the resulting Tri-

angulated Irregular Networks (TIN) converted into regular grids. Triangulating first and

then converting into a regular grid was preferred to directly interpolating the point cloud

due to the rather poor selection of interpolating techniques that are offered in ArcGIS.

The obtained regular grids (surfaces) were filtered to remove obvious artifacts (e.g., mea-

suring tape present in some of the scans) and then used to calculate volume of material

removed by sampling per each pixel by simply subtracting the pre-sampling grid from the

post-sampling grid. Given that the TLS was held fixed on a tripod, a difference between

the pre- and post-sampling grids only occurs for pixels where material has been removed

by sampling (i.e., for pixels were no material was sampled, the difference between the two

surfaces = 0). The per pixel volume grids were then cut into 15 cm bands (as each sample

was collected 15 cm intervals) and the values summed for each band so as to yield the

total volume removed from that band (= the total volume of each sample). Samples were

weighed before and after drying in an oven and the sample masses and sample volumes

were then used to calculate both an average dry and an average wet density for each 15

cm band.

The obtained values are listed in tables B.4 and B.5
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Table B.4: Density calculation results, Wester Cameron Farm.

Wester Cameron

From top Volume Dry Mass Dry Density Wet Mass Wet density
(15 cm bands) (cm−3) (g) (g.cm−3) (g) (g.cm−3)

1 2007 1841 0.92 2681 1.34
2 1194 1974 1.65 2373 1.99
3 1706 1621 0.95 1871 1.1
4 1141 1952 1.71 2240 1.96
5 938 2031 2.16 2367 2.52
6 1435 1731 1.21 2016 1.41
7 1226 1602 1.31 1900 1.55
8 1298 2254 1.74 2637 2.03
9 1212 1738 1.43 1995 1.65
10 1706 2927 1.72 3293 1.93
11 1545 2362 1.53 2661 1.72
12 1124 1840 1.64 2160 1.92
13 1287 1988 1.54 2287 1.78
14 1110 1856 1.67 2171 1.96

Average density: 1.51 1.77

Table B.5: Density calculation results, Inchie Farm.

Inchie Farm

From top Volume Dry Mass Dry Density Wet Mass Wet density
(15 cm bands) (cm−3) (g) (g.cm−3) (g) (g.cm−3)

1 1907 2569 1.35 3538 1.85
2 2230 3452 1.55 4156 1.86
3 2152 3706 1.72 4110 1.91
4 2741 3368 1.23 3699 1.35
5 2420 3404 1.41 3869 1.6
6 2283 4593 2.01 5225 2.29
7 1976 3573 1.81 4048 2.05
8 1839 3899 2.12 4337 2.36
9 2808 3134 1.12 3619 1.29
10 2215 3865 1.75 4597 2.08
11 2057 3994 1.94 4370 2.12
12 1629 3304 2.03 3522 2.16
13 2586 3303 1.28 3554 1.37
14 2857 4180 1.46 4471 1.56
15 1618 2637 1.63 2966 1.83
16 2217 2691 1.21 2915 1.32
17 2360 4247 1.8 4713 2

Average density: 1.61 1.82
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B.3 Erratic samples, Inchie Farm

Figures B.9 and B.10 are showing the location of samples as well as the type of material

collected for surface exposure dating at Inchie Farm.

Figure B.9: Photograph showing the sampled pebbles, Inchie Farm.

168



Appendix B: Sample site details

36 masl (GPS)36 masl (GPS)

250 cm

150 cm

160 cm

8 cm dia. qrt clast
        LM09-03

pit face
surface

50 cm

Figure B.10: Photograph showing the relative location of sample LM09-03 collected for surface
exposure dating, Inchie Farm
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Appendix C

Cosmogenic 10Be, 26Al, and 14C

Analyses
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C.1 Sample preparation

The procedures used to isolate and clean quartz, and to extract Be and Al for AMS

analyses are based on Kohl and Nishiizumi (1992). The samples collected from Wester

Cameron (Figure C.1) were prepared at the NERC Cosmogenic Isotope Analysis Facility

at SUERC, and the samples collected from Inchie Farm (Figure C.2) were prepared at

the Glasgow University Cosmogenic Isotope Analysis Facility also based at SUERC. The

two labs follow slightly different Be and Al chemistry procedures and therefore both are

provided here.

Figure C.1: Photograph showing the pit opened for cosmogenic nuclide depth-profile sampling,
Wester Cameron Farm.
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Figure C.2: Photograph showing the pit opened for cosmogenic nuclide depth-profile sampling,
Inchie Farm.

C.1.1 The preparation of ultrapure quartz separates

Around 2-5 kg of samples were collected at 15 cm depth intervals from both field sites

from two ∼2.5 m deep pits (Table C.1).

Samples were wet sieved and the 250 - 500 µm fraction that is commonly used in

cosmogenic nuclide studies (cf. Gosse and Phillips 2001, Bierman et al. 2002, Bierman and

Nichols 2004, Dunai 2010) has been separated and labeled as CPA-F and LM-F, for Wester

Cameron and Inchie Farm, respectively. The remaining sample material was separated in

two size fractions: a coarse one (> 2 mm) labeled CPA-P and LM-P, and one with grains

between 0.5 mm - 2 mm labeled CPA-M and LM-M, respectively (Figure C.3). These
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Table C.1: Sample labels and weights.

Western Cameron Fram Inchie Farm
Sample Bulk sampling Sample Bulk sampling
name weight (kg)? name weight (kg)?

CPA-1 2.86 LM-01F 3.54
CPA-2 2.68 LM-02F 4.16
CPA-3 2.72 LM-03F 4.11
CPA-4 2.78 LM-04F 3.7
CPA-5 2.29 LM-05F 3.87
CPA-6 2.19 LM-06F 5.23
CPA-7 1.76 LM-07F 4.05
CPA-8 2.16 LM-08F 4.34
CPA-14 1.84 LM-16F 2.9

- - LM-17F 4.68
?wet weight

coarse (P) and medium (M) size fraction samples were then crushed using a jaw crusher,

washed and dried. The amount of material lost after each cleaning step is shown in Table

C.2 and C.3. On average, around 60 - 70% of the material was lost during sample cleaning.

The separated aliquots were leached several times in 10 to 20% HCl/HNO3 for 12 hours

on a hotplate at 110◦C to remove carbonates and metals. The HCl/HNO3 solution also

acts to open pathways within grains along which HF can attack solid inclusions and lithic

fragments. All samples were then washed in distilled H2O and dried overnight. After

drying, all samples were passed through a Frantz isodynamic magnetic mineral separator

to split each sample into a magnetic fraction (mostly lithic) and a non-magnetic fraction

(mostly quartz and feldspar).

All Wester Cameron samples and sample LM-01M from Inchie Farm were further

purified using 85% pyro-phosphoric acid, which rapidly dissolves aluminosilicates, but only

minimally attacks quartz. Ortho-phosphoric acid heated to 220 - 250◦C efficiently dissolves

feldspars, but is less efficient at removing amphiboles, garnets, and oxides. Sample and

acid are heated in a 600W mantle (EM1000/CE) to ∼240◦C. Mineral dissolution proceeds

rapidly (30 - 60 minutes at ∼240◦C), after the water content of the acid boiled off and

the acid becomes more viscous. After 1 hour of dissolution, the samples are cooled down

to ∼150◦C and rinsed with hot (60 - 70◦C) water to dissolve remaining acid and silica.

The supersaturated silica solution in a form of gelatinized film adhering to the flask and

quartz grains is dissolved with sodium hydroxide (50%), heated for 10 minutes. The
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Figure C.3: Photograph showing a selection of the cosmogenic nuclide depth-profile samples.
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Table C.2: Sample weights in grams after each cleaning step, Wester Cameron Farm.

250 - 500µm

Dry weight Magnetic
Sample ID (250 - 500µm) HCl/HNO3 separation H3PO4 HF leaching

CPA-1F 166.5 (39.1?) 99.2 95.6 (2?) 75.2 61.1
CPA-2F 155.7 (27?) 111.3 105.5 (5.3?) 79.4 67.1
CPA-3F 155.1 (34?) 106.4 96.2 73 58.8
CPA-4F 210.9 (80.1?) 116.9 108 (7.8?) 77 62.9
CPA-5F 121.5 109.6 103.4 (2.8?) 74.2 59.8
CPA-6F 168.3 (22.3?) 131.4 125.8 (24.8?) 70.1 54.7
CPA-7F 205.8 (65.9?) 124.9 114.8 (14.5?) 72 57.4
CPA-8F 138.2 118.9 107.8 (7.8?) 72.4 58.8
CPA-14F 80.7 70.8 61.2 44.5 33.9

> 2mm

Dry weight after crushing Magnetic
Sample ID (250 - 500µm) HCl/HNO3 separation H3PO4 HF leaching

CPA-1P 145.7 123.9 108.6 (7.9?) 60.6 43.9
CPA-2P 140.6 121.5 100.2 60.9 43.2
CPA-3P 125.8 106.1 68.7 39.4 22
CPA-4P 224.2 178.8 141.5 (40.7?) 51.1 32.4
CPA-5P 95.8 79.8 53.4 27.4 8.5
CPA-6P 87.1 76.1 58.2 39.9 27.7
CPA-7P 17.1 13.1 9.2 5.6 2.2
CPA-8P 132.7 123.6 118.1 (17?) 79.7(6.7?) 61.4
CPA-14P 142.1 129.7 108.7 63.2 38.5

500 - 2 mm

Dry weight after crushing Magnetic
Sample ID (250 - 500µm) HCl/HNO3 separation H3PO4 HF leaching

CPA-14M 74.1 65.5 49.5 32.4 19.9
?archived
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Table C.3: Sample weights in grams after each cleaning step, Inchie Farm.

250 - 500µm

Dry weight Magnetic
Sample ID (250 - 500µm) HCl/HNO3 separation Flotation H3PO4 HF leaching

LM-01F 176 113.7 74.8 60.9 - 48.2
LM-02F 179.4 132.4 81.9 68.4 - 56.4
LM-03F 125.1 105.5 69.3 53.8 - 42.2
LM-04F 185.7 145.8 79.1 61.7 - 49.8
LM-05F 148.9 118.8 73.7 55.5 - 42.4
LM-06F 175.8 151.6 100.4 81.9 - 64.7
LM-07F 103.4 86.2 56.7 45.1 - 33
LM-08F 109.6 86.7 57.6 39.5 - 28.4
LM-16F 129.6 120.1 83.8 63.6 - 50.2
LM-17F 518.6(3.8†) 311.4 268.9 (66.5?) 123.6 - 68.4

> 2mm

Dry weight after crushing Magnetic
Sample ID (250 - 500µm) HCl/HNO3 separation Flotation H3PO4 HF leaching

LM-1P 214.8 (14.4?) 183.2 84 54.8 - 40.4
LM-2P 272.6 (70.6?) 186.8 82 64.4 - 47.8
LM-3P 334.9 (133.2?) 191.4 113.9 71.6 - 57.1
LM-8P 361.6 (160.1?) 195.8 184.1 (25.4?) 147.1 - 130.4

500 - 2 mm

Dry weight after crushing Magnetic
Sample ID (250 - 500µm) HCl/HNO3 separation Flotation H3PO4 HF leaching

LM-1M 96.1 87.8 51.4 41 35.3 26.7
?archived
†after wet sieving only 3.8 g remained of the 250 - 500 µm size fraction, the 125 - 250 µm
has been used instead

177



Appendix C: Cosmogenic 10Be, 26Al, and 14C Analyses

remaining sample is rinsed in water several times and dried. Because this process allows

the processing of only three samples per day, the Lake Menteith samples were further

purified using a froth-flotation process. A carbonator is used to mix CO2 with a solution

consisting of 11 l of H2O, 1 g Lauryl Amine (n-Dodecylamine) surfactant, and 1 mL Acetic

acid. This CO2-solution mixture is sprayed onto the sample sitting in 1% HF solution and

a few drops of Eucalyptus oil, and results in most aluminosilicates floating and therefore

being removed from the sample.

The remaining aluminosilicates can be removed by selective dissolution using dilute

HF, leaving a very pure quartz residue behind. Thus, to remove all feldspars the samples

were transferred to 500 mL high-density polyethylene bottles and were leached in a 2%

HF/HNO3 solution for several days at 80◦C under constant ultrasonic agitation. This

process does not only dissolve feldspars but strips off the outer rim off individual quartz

grains to ensure that all meteoric 10Be is removed. To assess the purity of the quartz,

the aluminum content of the clean separates is measured. The Al concentrations should

preferably be in the range 10 - 100 ppm (Kohl and Nishiizumi 1992, Bierman et al. 2002).

A higher concentration generally (though not always) indicates the presence of an impurity

such as feldspar, muscovite or an insoluble fluoride residue from the quartz clean-up (e.g.,

Na3AlF6).

C.1.2 Purification and Be extraction, Wester Cameron Farm samples

C.1.2.1 Sample purity check

Sample aliquots of 0.4 g were dissolved in 40% HF and the reaction temperature was

increased gradually during this process. After complete dissolution and evaporation of

hydrofluoric acid, the fluorides were taken up in a mixture of 6M HCl and 70% HNO3.

This mixture was evaporated at temperatures below 110◦C to drive off HF but to avoid

losses of Al by volatilization. The residues were re-dissolved in 3% HNO3 and transferred

to centrifuge tubes and further diluted with 3% HNO3. The results of the ICP/AES

measurements are shown in Table C.4
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C.1.2.2 Be and Al extraction

The Be and Al extraction procedures described below are those described in Wilson et al.

(2008) based on Cristoph Schnabel protocol (CIAF). Beryllium is a very rare element in

quartz and so it is necessary to spike the sample with a known quantity of 9Be. The aim

of spiking is (1) to allow tracing the movement of the in situ cosmogenic 10Be through the

processing, and (2) to obtain sufficient in situ cosmogenic 10Be at the end of the processing

to generate an ion beam in the AMS. The aim is not to introduce any 10Be to the sample,

thus a Be carrier solution with known concentration of 9Be is used. It is critical that a

low-level carrier is used for samples with potentially low levels of 9Be. The samples were

dissolved with 40% HF incremental addition, and than 400 - 490 mg Be in dilute nitric

acid was added to the resulting residue (Table C.5).

Table C.5: Sample and carrier masses, WesterCameron.

Be-carrier Al-carrier Be Spike Al Spike
Sample ID Quartz (g) mass (g) mass (g) (µg) 1σ Be Spike (µg) 1 σ Al Spike

CPA-1P 33.009 0.4877 - 197.7 4 - -
CPA-2P 33.014 0.4875 - 197.6 4 - -
CPA-3P 15.013 0.4043 - 163.9 3.3 - -
CPA-4P 25.148 0.4033 - 163.5 3.3 - -
CPA-5P 7.033 0.3321 - 134.6 2.7 - -
CPA-6P 19.912 0.4039 - 163.7 3.3 - -
CPA-8P 34.553 0.404 - 163.8 3.3 - -
CPA-14P 30.753 0.4024 - 163.1 3.3 - -
CPA-14M 13.124 0.328 - 133 2.7 - -
CPA-1F 33.002 0.4878 - 197.8 4 - -
CPA-2F 33.029 0.489 - 198.2 4 - -
CPA-3F 35.041 0.4055 - 164.4 3.3 - -
CPA-4F 35.029 0.4051 - 164.2 3.3 - -
CPA-5F 35.016 0.4046 - 164 3.3 - -
CPA-6F 34.432 0.4033 - 163.5 3.3 - -
CPA-7F 34.89 0.4034 - 163.5 3.3 - -
CPA-8F 34.57 0.403 - 163.4 3.3 - -
CPA-14F 26.891 0.4029 - 163.3 3.3 - -

Be-carrier concentration: 405 ± 8.1 ppm

Once all the quartz had been dissolved the residue was then taken up in 4 mL 6M HCl

and 2 mL 70% HNO3 and repeatedly dried down at< 110◦C with 4 mL 6M HCl. Successive

evaporations and re-dissolutions of the samples eliminate fluoride (as HF) almost entirely.

Fe, Ti, Al, Be, and alkalis are left as chloride salts ready for anion exchange clean-up. The

sample is diluted with 4 mL 6M HCl, transferred to a centrifuge tube and centrifuged at

3700 - 3900 rpm for 7 minutes. The supernatant from the centrifugation step is transferred
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to a new centrifuge tube and the residues washed in with 250 mL 6M certified HCl,

centrifuged again and the whole solution is weighted. For analysis of inherent 27Al using

an ICP/AES a 250 mL aliquot is taken from this solution. Because 26Al measurements

were not part of the initial plans, theses aliquots were placed in storage.

Anion exchange columns are used to separate remaining impurities such as Fe and Ti

from the samples. The anion chromatography procedure utilises columns filled with AG-1

X8 200-400# anion resin. Prior to loading the samples, the columns were stripped with

10 mL 0.2M HCl, and were conditioned using 8 mL 6M HCl. Al and Be were eluted from

each column by loading the 4 mL 6M HCl solution directly from the centrifuge tube. After

Al and Be elution, 1 mL of 0.5M H2SO4 was added to each sample and the solutions were

dried-down on a hotplate at ∼90 - 110◦C. The samples were re-dissolved using 5 - 6 drops

of ∼2% H2O2 and 2 mL 0.04 M H2SO4 with traces of H2O2. Where Ti (in the form of

TiO[H2O2]2+) was present the solution turned amber-gold. The samples were dried-down

again on a hotplate at ∼90 - 110◦C. The 2 mL 0.04M H2SO4 with traces of H2O2 was

added and dried down repeatedly. At the end of this procedure the samples were either

a compact white cake or small syrupy droplets of involatile H2SO4. The final dried cake

was re-dissolved in 2 mL 0.04M H2SO4 with traces of H2O2 and let it stay overnight. The

sample is transferred to a cleaned centrifuge tube with 1 mL 0.5M H2SO4 and centrifuge

for 5 min at 3500 rpm.

Sulphate-based cation chromatography (2 mL 50 WX8 column) was used to remove Ti

and elute to Al and Be, separately. The cation chromatography procedure utilises columns

filled with AG-50W X8 200-400# cation resin. Prior to loading the samples, the columns

were stripped with 9 mL 6M HCl followed by 8 mL 1.2M HCl, then 9 mL 0.2 M H2SO4

with traces of 2% H2O2. The sample is loaded from previous centrifuge tube stored as 3

mL H2SO4 solution. Ti formed a narrow red-brown band at the top of each column resin

bed. The band of Ti was slowly moved down the column by the slow addition of 2 +

6 mL of 0.5M H2SO4 containing a trace of ∼2% H2O2. For Ti-rich samples (CPA-10F,

CPA-10P, CPA-12F and CPA-13F), it was necessary to add a further 1 - 4 mL of 0.5 M

H2SO4. The total amount of 12 mL 0.5 M H2SO4 should not be exceeded to avoid elution

of Be. After the removal of Ti, Be was eluted by draining through 10 mL 1.2M HCl. Al

was eluted from the columns by draining through 6 mL of 4.5M HCl and stored in test

tubes. If the Be fraction is yellowish-greenish Ti has still to be separated completely. In

such a case TiO(OH)2 x H2O is precipitated at pH = 4 after the following procedure. The
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Be and Al faction (10 mL) is reduced on a hotplate to less than 1 mL and transferred to

a 15 mL centrifuge tube. 25% aqueous NH3 (PRIMAR) carefully added until about pH

2 - 2.5 is reached, continued with dropwise addition of 1.5% aqu.NH3 (PRIMAR). The

pH should be at least 3.9, but less than 4.2. The precipitate is centrifuged or 6min at

3500 rpm and the supernatant of each sample is transferred back to its beaker. Than

1 mL pH3 solution (prepared from 250 µL 0.3 M HCl Specified in 30 mL 18 MilliQ

water) added twice to each precipitate remained in the centrifuge tubes. The precipitates

mix thoroughly and centrifuged again. The supernatant is combined with the respective

solution in the beaker. The solution volume in the beaker is reduced to less than 2 mL. If

a white precipitate occurs during cooling of the solution or even while the sample is still

on the hotplate, NH4Cl might have formed. If NH4Cl is present, 1.5 mL 35% HN03 are

added and evaporated (CPA-9F).

The Be solutions are reduced to 2 mL and left to dry on a hotplate at 100 and 130◦C.

Once the Be solution has dried-down Be is precipitated as Be(OH)2 by adding drop-wise

25% NH3 (aq) solutions until the pH of the Be solutions was brought to 9. After cen-

trifuging for 7 minutes at 3500 - 3900 rpm the samples were decanted and the supernatant

was discarded. The samples were rinsed three times with MilliQ water. The hydroxide

is dissolved in as little volume of 70% HN03 as possible (2 drops from a 1 mL pipette

are enough) and transferred to a cleaned and air-dusted quartz crucible. The solution is

gradually dried down, starting at about 80◦C. After the solution has been dried down:

the temperature is increased from 180◦C to 250◦C. NO2 is forms and is visible as brown

bubbles. The whole drying and decomposition procedure on the hotplate can take 6 - 8

h. The quartz crucible with base and lid is placed into a muffle furnace and heated to

900◦C at 8◦C/min for 100 min and subsequently cooled down to room temperature. The

crucibles are transferred to the AMS building wrapped in Al foil. Each BeO pellet was

mixed using a cleaned quartz-spatula with Nb (purity of Nb: 99.99%, Alfa Aesar .325

mesh) and packed into Cu cathodes using press.

After six months of storing the Al aliquots, cosmogenic 26Al was also measured in

selected samples from the eluted fraction during cation exchange. The volume was reduced

to about 2 mL heated on a hotplate to between 100◦ and 130◦C. Al(OH)3 has been

precipitated by adding 25% NH3(aq) PRIMAR drop-wise at pH 8. The solutions were

homogenized and centrifuged for 7 minutes at 3500 - 3900 rpm. The precipitates were

washed three times until they reached pH 7. Al(OH)3 was transferred to crucibles using
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small drops of 18MilliQ water. Hydroxides were usually dry after 12hrs. After drying

the crucibles were capped with their specific lids and transferred to the muffle furnace

for conversion to oxides. After oxidation the sample were transferred to AMS building.

During pressing 99.95%, Alfa Aesar, 100 mesh Ag (a minimum of 3.3 mg) is mixed with

the Al2O3 and pressed into targets for AMS measurement.

C.1.3 Purification and Be extraction, Inchie Farm samples

C.1.3.1 Sample purity check

Small aliquots (∼0.4 g) were separated from each sample and placed into 15 mL Teflon

vials. Samples were dissolved in a solution of 5 mL concentrated AR grade HF (48 - 50%)

and 5 - 7 drops of 1:1 H2SO4, dried down on a hotplate, and then re-dissolved in 10 mL

of 2% HNO3. Blank solutions were also prepared and measured alongside the samples.

Samples that yielded Al concentrations < 150 ppm were considered to be pure. The results

of the AAS measurements are shown in Table C.6

C.1.3.2 Be extraction

The Be extraction procedures described below are largely those described in Child et al.

(2000), with modifications by Derek Fabel (University of Glasgow). Aliquots of ∼15 -

20 g were separated from each sample and placed into 500 mL Teflon FEP bottles, and

v0.22 g of Be carrier was added to each bottle (Table C.7). Samples were dissolved in

concentrated AR grade HF (∼5 mL of HF were added for every gram of quartz in each

sample bottle; ∼100 mL of HF was added to the blank bottle). There was a strong initial

reaction to the addition of HF. After this subsided the bottles were placed around the

edges of a hotplate set on a low temperature (∼50◦C), swirled occasionally to mix HF

down into the dense H2SiF6 forming around the quartz grains and left for a couple of

days to enable all of the quartz to dissolve. Two small aliquots (∼2% of the solution)

were taken from each dissolved sample and prepared for AAS measurement to estimate

the stable 27Al concentration by measuring the total Al in the sample solution (parent

solution). 1 - 2 drops of 1: 1 H2SO4 has been added to each and dried at 90◦C - 140◦C on

the hotplate. The remaining small dot of precipitate of Fe-Al-Be-Ti alkali salt has been

dissolved in 5 mL of 5% HNO3. Because 26Al has not been measured theses aliquots have
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Table C.7: Sample and carrier masses, Inchie Farm.

Be-carrier Al-carrier Be Spike Al Spike
Sample ID Quartz (g) mass (g) mass (g) (µg) 1σBe Spike (µg) 1σAl Spike

LM01P 24.464 24.464 - 215.7 215.7 - -
LM02P 19.967 19.967 - 218.1 218.1 - -
LM03P 20.317 20.317 - 211.4 211.4 - -
LM08P 21.521 21.521 1.0298 190.4 190.4 1026.7 20.5
LM01M 20.065 20.065 - 215.9 215.9 - -
LM01F 21.984 21.984 - 236.1 236.1 - -
LM02F 22.002 22.002 - 214.9 214.9 - -
LM03F 20.546 20.546 - 225.3 225.3 - -
LM04F 21.07 21.07 - 220.1 220.1 - -
LM05F 22.063 22.063 - 222.2 222.2 - -
LM06F 25.14 25.14 - 219.3 219.3 - -
LM07F 20.589 20.589 - 220.4 220.4 - -
LM08F 20.564 20.564 - 221.5 221.5 - -
LM16F 20.98 20.98 - 218.2 218.2 - -
LM17F 20.146 20.146 - 220 220 - -

LM0901 20.499 20.499 0.8129 221 221 810.5 16.2
LM0902 22.288 22.288 - 221.8 221.8 - -
LM0903 17.521 17.521 - 220.9 220.9 - -

Be-carrier concentration: 980.4 ± 19.6 ppm
Al-carrier concentration: 997 ± 19.9 ppm

been stored.

Once all the quartz had been dissolved, the bottles were removed from the hotplate

and cooled to room temperature. Samples were transferred to 500 mL Teflon beakers.

After the addition of 2 - 3 mL of 6M HCl and 1 mL of 8M HNO3 to each beaker, the

samples were dried-down on a hotplate at ∼130◦C - 180◦C (∼90◦C - 140◦C during the

night). After drying and cooling to room temperature, the samples were re-dissolved in

∼2 mL of 6M HCl, and dried-down again on a hotplate at ∼90◦C - 140◦C. The dissolution

and dry-down of each sample in 6M HCl was repeated a third time, followed by a final

dissolution in ∼2 mL of 6M HCl. The final solution was typically coloured a deep yellow-

green by FeCl3. By the end of the procedure some samples had produced either a fine,

powdery white precipitate that does not re-dissolve (i.e., TiO2) or a dense black substance

(i.e., graphite). No Al or Be is co-precipitated with C or Ti and these precipitates were

removed by centrifuging prior to anion chromatography. Anion exchange columns are

used to separate remaining impurities such as Fe and Ti from the samples. In strong HCl,

Fe(III) forms a range of anionic Cl− complexes (FeCl−4 , FeCl2−5 and FeCl3−6 ), which bind

tightly to the anion exchange resin. These can be seen as a brown stain in the top few mm
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of the resin. Al and Be do not form strong Cl− complexes and wash through the column

as HCl is added. Ti is more problematic; Ti(IV) forms TiCl2−6 , which binds, but some Ti

always seems to remain cationic, to form neutral species or to revert to Ti(III), which does

not form strong Cl− complexes. Ti is seldom 100% stripped from the Al plus Be fraction.

Al and Be are split and Ti is further removed using cation exchange columns. The anion

chromatography procedure utilised columns filled with AG-1 X8 200-400# anion resin.

Prior to loading the samples, the columns were stripped with 10 mL 1.2M HCl, and were

conditioned using 10 mL 6M HCl. Al and Be were eluted from each column using 6 mL

6M HCl. After Al and Be elution, 1 mL of 0.5M H2SO4 was added to each sample and the

solutions were dried-down on a hotplate at ∼70 - 90◦C. None of the resulting residue had a

yellow-green colour, this indicating that all Fe was removed during anion chromatography.

The samples were re-dissolved using 5 - 6 drops of ∼2% H2O2 and 2 mL MilliQ water

containing a trace of 0.5M H2SO4. The samples were dried-down again on a hotplate at

∼90 - 140◦C. The H2O2 -MilliQ water addition and dry down was repeated. At the end

of this procedure the samples were either a compact white cake or small syrupy droplets

of involatile H2SO4. The final dried cake was re-dissolved in 1 - 2 drops of MilliQ water

containing a trace of ∼2% H2O2 and 0.5M H2SO4.

Sulphate-based cation chromatography is used to remove Ti and elute to Al and Be,

separately. The cation chromatography procedure utilised columns filled with AG-50W X8

200-400# cation resin. Prior to loading the samples, the columns were stripped with 10

mL 4M HCl followed by 10 mL 1.2M HCl, and were conditioned using 10 mL 0.2M H2SO4

(with a trace of ∼2% H2O2). The samples were loaded onto the columns. Ti formed a

narrow red-brown band at the top of each column resin bed. The band of Ti was slowly

moved down the column by the slow addition of 8 mL of 0.5M H2SO4 containing a trace

of ∼2% H2O2. After the removal of Ti, Be was eluted by draining through 10 mL 1.2M

HCl. Five drops of 8M HNO3 were added to each Be solution and the samples were left

to dry on a hotplate at ∼60◦C. Al was eluted from the columns by draining through 6 mL

of 4M HCl.

Once the Be solution has dried-down, the vials were cooled to room temperature and

the white residue was redissolved using 2 mL 1% HNO3. The samples were transferred to

centrifuge tubes and a further 1mL of 1% HNO3 was added. To precipitate Be as hydroxide,

the pH of the Be solutions was brought to 8 using 25% - 50% NH4OH solutions. After

centrifuging for 10 minutes at 3500 rpm the samples were decanted and the supernatant
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was discarded. The samples were rinsed with 5 mL MilliQ water and 1 drop of 25%

NH4OH was added to the centrifuge tubes. The samples were dispersed by vortexing and

then centrifuged again for 10 minutes at 3500 rpm. The samples were decanted and the

supernatant was discarded. The samples were rinsed with MilliQ and NH4OH three more

times.

After hydroxide precipitation, the samples were dried overnight in an oven at ∼70◦C.

After drying, the centrifuge tubes were left to cool to room temperature. A set of small

quartz crucibles with lids were weighed to 4 decimal places (tare weight). The resulting

small pellets of Be hydroxide were transferred to the quartz crucibles (placed into a perspex

holder). The crucibles were covered with their quartz lids and the perspex holder was

placed into a furnace and baked at 800◦C for 2 hours. After cooling to room temperature

(∼15 hours) the quartz crucibles were weighed again and the tare weights were subtracted

to obtain the weight of the oxides. Each BeO pellet was mixed with Nb and packed into

Cu cathodes for AMS measurement.

C.2 AMS measurements

C.2.1 10Be AMS measurements

10Be/9Be ratios were measured at the SUERC 5MV NEC Pelletron AMS (Freeman et al.

2007), using NIST 30600 with a nominal value of 10Be/9Be = 3.06 × 10−11 (Middle-

ton et al. 1993), 14% higher than the NIST certified value (10Be/9Be = 2.68 × 10−11).

The measurements are described in detail in Maden et al. (2007) and Schnabel et al.

(2007). The 10Be/9Be ratios of the full chemistry procedural blanks prepared with the

samples were 4.62 × 10−15 and 4.65 × 10−15 (1σ uncertainty of 1.11 × 10−15) and 5.57

× 10−15 and 3.27 × 10−15 respectively (1σ uncertainty of 1.6 × 10−15). This ratio was

subtracted from the Be isotope ratios of the samples. Blank-corrected 10Be/9Be ratios of

the samples ranged from 2.3 × 10−14 to 1.31 × 10−13 and 6.65 × 10−14 to 8.74 × 10−13

for Wester Cameron and Inchie Farm, respectively. Independent repeat measurements of

AMS samples were combined as weighted means with the larger of the total statistical

error or mean standard error. Final analytical error in concentrations (atomsg−1 quartz)

are derived from a quadrature sum of the standard mean error in AMS ratio, 2% for AMS

standard reproducibility, and 2% in Be spike assay. The results of the AMS measurements
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are shown in Tables C.8 and C.9.

Table C.8: Results of the 10Be AMS measurements, Wester Cameron.

10Be/9Be
Sample ID AMS ID Blank ID (× 10−15) 1σ10Be/9Be

CPA-1P b2812 CB160608 and CB200608 135.97 3.89
CPA-2P b2807 CB160608 and CB200608 135.58 3.79
CPA-3P b2805 CB160608 and CB200608 61.41 2.33
CPA-4P b2802 CB160608 and CB200608 83.95 2.82
CPA-5P b2818 CB160608 and CB200608 23.41 1.66
CPA-6P b2817 CB160608 and CB200608 45.96 2.57
CPA-8P b2815 CB160608 and CB200608 51.4 2.28
CPA-14P b2814 CB160608 and CB200608 29.01 1.9
CPA-14M b2826 CB160608 and CB200608 22.02 1.51
CPA-1F b2808 CB160608 and CB200608 140.05 4.38
CPA-2F b2806 CB160608 and CB200608 134.83 3.98
CPA-3F b2803 CB160608 and CB200608 139.15 4.85
CPA-4F b2801 CB160608 and CB200608 116.06 3.96
CPA-5F b2800 CB160608 and CB200608 100.1 3.63
CPA-6F b2825 CB160608 and CB200608 78.89 2.94
CPA-7F b2824 CB160608 and CB200608 61.73 2.43
CPA-8F b2820 CB160608 and CB200608 68.15 5.44
CPA-14F b2819 CB160608 and CB200608 27.86 1.58

[10Be/9Be]CB160608: 4.62 ± 0.98 × 10−15

[10Be/9Be]CB200608: 4.65 ± 1.24 × 10−15

Isotope ratios were normalised to NIST 30600 using 10Be/9Be = 3.06 × 10−11

(Middleton et al. 1993) and using a 10Be half-life of 1.51 × 106 years
(Yiou and Raisbeck 1972, Hofmann et al. 1987, Inn et al. 1987).
Average of two blanks used: 4.63 × 10−15.10Be/9Be ratios are presented
before blank correction.

C.2.2 26Al AMS measurements

The 26Al/27Al ratios were measured with the 5MV NEC Pelletron accelerator mass spec-

trometer at SUERC (Freeman et al. 2004) as part of a routine Al run. The procedures

for measurement are described in detail in Maden et al. (2007) and Freeman et al. (2007).

The spectrometer is set for injection of Al−, sputtered from the Al2O3 target, which is

argon gas stripped at a terminal voltage of 4 MV. The high-energy mass spectrometer is

set to analyze 26Al3+ in a gas ionization detector. Typical ion currents of 27Al− were 400

nA. −27Al3+ was collected in an offset Faraday cup after passing the high-energy magnet

and digitized through a charge amplifier. The primary standard Z92-0222, kindly donated

by M. Caffee (PRIME Lab, Purdue University) with a nominal 26Al/27Al ratio of 4.11 ×

10−11 was used for normalization. This ratio agreed to better than 1% with the four stan-
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Table C.9: Results of the 10Be AMS measurements, Inchie Farm.

10Be/9Be
Sample ID AMS ID Blank ID (× 10−15) 1σ10Be/9Be

LM01P b4055 CFG1001 72.11 2.72
LM02P b4056 CFG1001 45.93 2.7
LM03P b4057 CFG1001 40.21 1.91
LM08P b4058 CFG1001 26.54 3.29
LM01M b4059 CFG1001 51.9 2.98
LM01F b4061 CFG1001 51.78 2.98
LM02F b4062 CFG1001 53.51 4.93
LM03F b4063 CFG1001 40.04 2.52
LM04F b4064 CFG1001 34.45 2.24
LM05F b4067 CFG1001 35.98 3.19
LM06F b4068 CFG1001 37.59 2.23
LM07F b4069 CFG1001 26.64 2.15
LM08F b4070 CFG1001 24.46 2.52
LM16F b4071 CFG1001 15.35 2.85
LM17F b4073 CFG1001 14.31 1.0

LM0901 b4075 CFG1002 35.21 1.8
LM0902 b4076 CFG1002 33.39 2.35
LM0903 b4079 CFG1002 28.37 2.23

[10Be/9Be]CFG1001: 5.57 ± 1.49 × 10−15

[10Be/9Be]CFG1002: 3.27 ± 0.94 × 10−15

See notes for Table C.8.
10Be/9Be ratios are presented before blank correction.
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Table C.10: Results of the 26 AMS measurements, Wester Cameron.

26Al/27Al 27Al
Sample ID AMS ID Blank ID (× 10−15) 1σ26Al/27Al (× 109 atoms)

CPA1P a819 CB150908 and CB111208 130.7 8.35 8.79
CPA2P a818 CB150908 and CB111208 110.72 5.5 8.38
CPA3P a817 CB150908 and CB111208 132.99 9.98 3.29
CPA4P a816 CB150908 and CB111208 82.03 4.41 6.2
CPA6P a814 CB150908 and CB111208 132.52 7.83 2.07
CPA8P a813 CB150908 and CB111208 79.81 4.67 4.2
CPA14P a812 CB150908 and CB111208 30.18 4.6 5.8
CPA14M a811 CB150908 and CB111208 27.22 2.68 2.6
CPA14F a810 CB150908 and CB111208 26.85 2.66 5.57

[26Al/27Al]CB150908: 2.22 ± 0.7 × 10−15

[26Al/27Al]CB111208: 0.4 ± 0.4 × 10−15

The Al fractions after cation exchange has been used and no carrier has been added.
Average of two blanks used: 1.31 × 10−15. 26Al/27Al ratios are presented before blank correction.

dard materials of the highest 26Al/27Al ratio purchased from Kunihiko Nishiizumi (2002).

The ratio of Z92-0222 also agreed to better than 2% with the two standard materials

with the lowest 26Al/27Al ratio (i.e., Al01-5-2 and Al01-5-3). The 26Al/27Al ratios of the

processing blanks prepared with the samples range 26Al/27Al ratios of the samples ranged

from 2.5 × 10−14 to 1.31 × 10−13. One-sigma uncertainties of the SUERC AMS mea-

surement consist of the uncertainty of the sample measurement, the internal uncertainty

of the normalization (reproducibility of the measurements of the primary standard) and

the uncertainty of the blank correction. One-sigma uncertainties for the concentrations

determined at SUERC include the 1σ uncertainty of the AMS measurement and the 1σ

uncertainty of the determination of total Al with ICP-MS (typically between 2.0% and

2.1%, but here 3.5% and 4.5%). The 1σ uncertainties additionally includes 1.5% for the

fact that a mineral aliquot was used for the determination of stable 27Al instead of an

aliquot from the sample that has been dissolved for 26Al analysis (26Al analysis was not

foreseen in the beginning). Carrier solution was not used in these analyses. See Table

C.10.

C.2.3 Summary of the cosmogenic 10Be, 26Al and 14C data

The results of the cosmogenic 10Be, 26Al and 14C analyses are summarised in Tables C.11,

C.12, C.13, and C.14, below.
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Table C.11: In situ cosmogenic 10Be and 26Al data for the pit samples, Wester Cameron.

Dry Density Wet Density 10Be 26Al
Sample ID Depth (cm) (g.cm−3) (g.cm−3) (at.g−1) 1σ10Be (at.g−1) 1σ26Al

CPA-1P 30-45 0.92 1.34 52570 1932 345000 26000
CPA-2P 45-60 1.65 1.99 52380 1896 278000 17800
CPA-3P 60-75 0.95 1.1 41420 2055 289000 24700
CPA-4P 75-90 1.71 1.96 34460 1487 199000 13600
CPA-5P 90-105 2.16 2.52 24010 2601
CPA-6P 105-120 1.21 1.41 22710 1604 137000 10500
CPA-8P 135-150 1.74 2.03 14810 857 95400 7430
CPA-14P 225-240 1.67 1.96 8642 800 54400 9290

CPA-14M 225-240 1.67 1.96 11770 1290 51400 6220

CPA-1F 30-45 0.92 1.34 54220 2111 - -
CPA-2F 45-60 1.65 1.99 52220 1958 - -
CPA-3F 60-75 0.95 1.1 42170 1774 - -
CPA-4F 75-90 1.71 1.96 34910 1465 - -
CPA-5F 90-105 2.16 2.52 29880 1330 - -
CPA-6F 105-120 1.21 1.41 23560 1104 - -
CPA-7F 120-135 1.31 1.55 17880 910 - -
CPA-8F 135-150 1.74 2.03 20060 1800 - -
CPA-14F 225-240 1.67 1.96 9426 807 52900 6450

Site Latitude 56.00936 degrees (WGS 84)
Site Longitude -4.4741 degrees (WGS 84)
Site Elevation 169 m
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Table C.12: In situ cosmogenic 10Be data for the pit samples, Inchie Farm.

Dry Density Wet Density 10Be
Sample ID Depth (cm) (g.cm−3) (g.cm−3) (at.g−1) 1σ10Be

LM-01P 0-15 1.35 1.85 39203 2134
LM-02P 15-30 1.55 1.86 29470 2511
LM-03P 30-45 1.72 1.91 24084 1963
LM-08P 105-120 2.12 2.36 12402 2275

LM-01M 0-15 1.35 1.85 33313 2654

LM-01F 0-15 1.35 1.85 33164 2647
LM-02F 15-30 1.55 1.86 31295 3521
LM-03F 30-45 1.72 1.91 25260 2396
LM-04F 45-60 1.23 1.35 20162 2117
LM-05F 60-75 1.41 1.6 20463 2553
LM-06F 75-90 2.01 2.29 18666 1771
LM-07F 90-105 1.81 2.05 15071 2096
LM-08F 105-120 2.12 2.36 13600 2310
LM-16F 225-240 1.21 1.32 6803 2400
LM-17F 240-255 1.77 1.96 6380 1594

Site Latitude 56.17488 degrees (WGS 84)
Site Longitude -4.27385 degrees (WGS 84)
Site Elevation 36 m
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D.1 Explanation of source code

The Monte Carlo-type analyses presented in this thesis were performed using the statistical

package R (Ihaka and Gentleman 1996, R Development Core Team 2011). The following

is an explanation of the R script.

D.1.1 Code dependencies

The reduced-χ2 plots included in Chapter 5 make use of the package ‘lattice’. This is

loaded using:

library(lattice)

D.1.2 Model constants

All cosmogenic nuclide production parameters are read in as constants specified by the

user. Additional constants include the age of the sedimentary deposit and the rate of

continuos background erosion both before and after the erosion event.

Attenuation length and material density:

Ln <- 160 #neutron spallation

L1mu <- 738.6 #slow muons

L2mu <- 2688 #slow muons

L3mu <- 4360 #fast muons

Rho <- 1.82 #average wet density

Cosmogenic nuclide specific production parameters:

BeP <- 5.2 #Be-10 production rate

Bel <- log(2)/1510000 #Be-10 decay constant

BePn <- 0.9724 #Be-10 production fraction by neutrons

BePmu1 <- 0.0186 #Be-10 production fraction by slow muons1

BePmu2 <- 0.004 #Be-10 production fraction by slow muons2

BePmu3 <- 0.005 #Be-10 production fraction by fast muons

CP <- 17.7 #C-14 production rate

Cl <- log(2)/5730 #C-14 decay constant

CPn <- 0.83 #C-14 production fraction by neutrons

CPmu1 <- 0.0691 #C-14 production fraction by slow muons1
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CPmu2 <- 0.0809 #C-14 production fraction by slow muons2

CPmu3 <- 0.02 #C-14 production fraction by fast muons

Age of sedimentary deposit and rate of background erosion:

TotalTime <- 10500 #age of deposit (years)

EBef <- 0.001 #background erosion rate for before erosion event (cm/yr)

EAft <- 0.001 #background erosion rate for after erosion event (cm/yr)

D.1.3 Input/Output routines

All data and results are read in from and written to comma separated (csv) text files. The

following segment of code reads in the files holding the measured nuclide concentrations,

and creates the files that will store all intermediate model results:

Data <- read.csv("Be-data.csv", header = TRUE)

NtotFile <- file("BeModelled.txt","w")

RunFile <- file("BeRun.txt", "w")

MeasuredBeFile <- file("BeMeasured.txt", "w")

BeErrorFile <- file("BeError.txt", "w")

hFile <- file("Beh.txt", "w")

tFile <- file("Bet.txt", "w")

Data <- read.csv("C-data.csv", header = TRUE)

NtotFile <- file("CModelled.txt","w")

RunFile <- file("CRun.txt", "w")

MeasuredCFile <- file("CMeasured.txt", "w")

CErrorFile <- file("CError.txt", "w")

hFile <- file("Ch.txt", "w")

tFile <- file("Ct.txt", "w")

D.1.4 Monte Carlo-type simulation

The part of the source code that performs the Monte Carlo-type simulations consists of

three loops: one for the magnitude of erosion, one for the timing of erosion, and one for

each of the samples in the two cosmogenic nuclide depth-profiles. This segment of the

code works as follows: for a series of erosion events with magnitudes taken from 0 to 100

cm at intervals of 10 cm, and timings taken from 0 to the age of the sedimentary deposit

(here 10,500 years) at intervals of 100 years, cosmogenic 10Be and 14C concentrations are
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calculated for points at a depth equal to those where measured 10Be and 14C values exist.

The two nuclides are treated separately, the segment of code for 10Be being:

for (hErosion in seq(0,100,10)) {

for (tErosion in seq(0,10500,100)) {

for(depth in Data$Depth) {

Pn = (BePn * BeP) * exp((-Rho * (depth + EAft*tErosion))/Ln)

Pmu1 = (BePmu1 * BeP) * exp((-Rho * (depth + EAft*tErosion))/L1mu)

Pmu2 = (BePmu2 * BeP) * exp((-Rho * (depth + EAft*tErosion))/L2mu)

Pmu3 = (BePmu3 * BeP) * exp((-Rho * (depth + EAft*tErosion))/L3mu)

Pnb = (BePn*BeP) * exp((-Rho * ((depth+hErosion) + EBef*(TotalTime-tErosion)))/Ln)

Pmu1b = (BePmu1*BeP) * exp((-Rho * ((depth+hErosion) + EBef*(TotalTime-tErosion)))/L1mu)

Pmu2b = (BePmu2*BeP) * exp((-Rho * ((depth+hErosion) + EBef*(TotalTime-tErosion)))/L2mu)

Pmu3b = (BePmu3*BeP) * exp((-Rho * ((depth+hErosion) + EBef*(TotalTime-tErosion)))/L3mu)

N1 = ((Pnb / (Bel + (Rho*EBef/Ln))) * (1-exp(-(Bel+(Rho*EBef/Ln))*(TotalTime-tErosion))))+

((Pmu1b / (Bel + (Rho*EBef/L1mu))) * (1-exp(-(Bel+(Rho*EBef/L1mu))*(TotalTime-tErosion))))+

((Pmu2b / (Bel + (Rho*EBef/L2mu))) * (1-exp(-(Bel+(Rho*EBef/L2mu))*(TotalTime-tErosion))))+

((Pmu3b / (Bel + (Rho*EBef/L3mu))) * (1-exp(-(Bel+(Rho*EBef/L3mu))*(TotalTime-tErosion))))

N2 = ((Pn / (Bel + (Rho*EAft/Ln))) * (1-exp(-(Bel+(Rho*EAft/Ln))*tErosion)))+

((Pmu1 / (Bel + (Rho*EAft/L1mu))) * (1-exp(-(Bel+(Rho*EAft/L1mu))*tErosion)))+

((Pmu2 / (Bel + (Rho*EAft/L2mu))) * (1-exp(-(Bel+(Rho*EAft/L2mu))*tErosion)))+

((Pmu3 / (Bel + (Rho*EAft/L3mu))) * (1-exp(-(Bel+(Rho*EAft/L3mu))*tErosion)))

Ntot = N2 + N1

write.table(Ntot, file = NtotFile, append = TRUE, row.names = FALSE, col.names = FALSE)

RunCounter <- paste(toString(hErosion),"666", toString(tErosion), sep="")

write.table(as.numeric(RunCounter),file = RunFile,

append = TRUE, row.names = FALSE, col.names = FALSE)

write.table(tErosion, file = tFile, append = TRUE, row.names = FALSE, col.names = FALSE)

write.table(hErosion, file = hFile, append = TRUE, row.names = FALSE, col.names = FALSE)

}

for(BeMeasured in Data$Be10) {

write.table(BeMeasured, file = MeasuredBeFile,

append = TRUE, row.names = FALSE, col.names = FALSE)

}

for(BeError in Data$dBe10) {

write.table(BeError, file = BeErrorFile,

append = TRUE, row.names = FALSE, col.names = FALSE)

}

}

}
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D.1.5 Goodness of fit statistic calculations

The reduced-χ2 (χ2
red statistic is used to evaluate how good model results fit the 10Be and

14C data (see Chapter 5 for more details). The segment of code evaluating χ2
red is given

below:

BeModelled <- read.csv("BeModelled.txt", header = FALSE)

BeObserved <- read.csv("BeMeasured.txt", header = FALSE)

BeError <- read.csv("BeError.txt", header = FALSE)

BehEr <- read.table("Beh.txt", header = FALSE)

BetEr <- read.table("Bet.txt", header = FALSE)

BeCounter <- read.csv("BeRun.txt", header = FALSE)

CModelled <- read.csv("CModelled.txt", header = FALSE)

CObserved <- read.csv("CMeasured.txt", header = FALSE)

CError <- read.csv("CError.txt", header = FALSE)

ChEr <- read.table("Ch.txt", header = FALSE)

CtEr <- read.table("Ct.txt", header = FALSE)

CCounter <- read.csv("CRun.txt", header = FALSE)

BeGFi = ((BeObserved - BeModelled) / BeError)^2

CGFi = ((CObserved - CModelled) / CError)^2

AllDataBe <- cbind(BeCounter,BehEr,BetEr,BeGFi, deparse.level = 0)

AllDataC <- cbind(CCounter,ChEr,CtEr,CGFi, deparse.level = 0)

BeGF <- tapply(AllDataBe[,4], AllDataBe[,1], FUN = sum)

CGF <- tapply(AllDataC[,4], AllDataC[,1], FUN = sum)

GF = (BeGF+CGF) / (16-2)

Depth <- tapply(AllDataBe[,2], AllDataBe[,1], FUN = mean)

Time <- tapply(AllDataBe[,3], AllDataBe[,1], FUN = mean)

χ2
red contour plots are created using the segment of code given below. χ2

red values for all

erosion event magnitude and timing pairs are also saved in an text file.

colour.ramp <- colorRampPalette(c("red", "white", "cyan", "blue"), space = "Lab")

contourplot(GF ~ Depth+Time, cuts=100, region = TRUE, col.regions = colour.ramp,

main="Menteith, Rho = 1.82 g.cm-3",

xlab="Thickness of material removed (cm)",

ylab="Timing of event (years BP)")

SortedData <- order(GF,Depth,Time)

Results <-rbind(GF,Depth,Time) [,SortedData]

write.table(Results, file = "Results.txt", row.names = TRUE, col.names = FALSE)
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This appendix contains publications to date on work contained within and/or related to

the thesis. These publications are:

(1) Fülöp, R.-H., Naysmith, P., Cook, G.T., Fabel, D., Xu, S. and Bishop, P.: 2010,

Update on the performance of the SUERC in situ cosmogenic 14C extraction line,

Radiocarbon 52, 1288-1294.
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in-situ cosmogenic 14C be used to assess the influence of clast recycling on exposure

dating of ice retreat in Antarctica?, Quaternary Geochronology 6, 289-294.
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UPDATE ON THE PERFORMANCE OF THE SUERC IN SITU COSMOGENIC 14C 
EXTRACTION LINE

R H Fülöp1,2,3 • P Naysmith2 • G T Cook2 • D Fabel1 • S Xu2 • P Bishop1

ABSTRACT. In this paper, we describe improvements to the in situ cosmogenic radiocarbon extraction system at SUERC
made since 2004, highlighting the factors that potentially control the reduction of analytical variability. We also present new
results on system blanks and of measurements of in situ 14C in shielded quartz and a surface quartz sample used at the Uni-
versity of Arizona as an in situ 14C standard (PP-4). The SUERC in situ 14C extraction system was built in 2001 and is based
on a combustion technique following the design of the extraction system at the University of Arizona. Our preliminary results
suggest that the continuous running of the extraction system and the monitoring of gas collecting time and of the temperature
of the cryogenic traps used in the gas cleaning steps are key to maintaining low and stable system blanks. Our latest average
system blank is 2.02 ± 0.23 × 105 14C atoms. This is consistent with those recently published by the University of Arizona and
ETH in situ 14C labs. Measurements of in situ 14C concentrations in sample PP-4 yield an average of 3.82 ± 0.23 × 105 atoms
g1 quartz, again consistent with published values.

INTRODUCTION

Although not yet routinely analyzed, in situ cosmogenic radiocarbon (in situ 14C) has the potential
to be a very versatile tool to geoscientists. First, it has a relatively short half-life (5730 yr), meaning
that when compared to the other cosmogenic nuclides, namely, 3He, 10Be, 21Ne, 26Al, and 36Cl, in
situ 14C is substantially more sensitive, and so, is particularly useful for dating recent (Holocene)
events and identifying rapid changes in erosion rates. Furthermore, in situ 14C is produced in quartz,
a mineral that is both highly resistant to weathering and common in nature, and so it can be used
alongside the routinely measured longer-lived cosmogenic 10Be to resolve complex exposure histo-
ries involving burial and/or erosion occurring over the past 25 kyr.

The in situ 14C extraction system of Scottish Universities Environmental Research Centre (SUERC)
was built in 2001 and is based on the design of the extraction system at the University of Arizona
(Lifton et al. 2001; Pigati 2004). The SUERC in situ 14C system works by heating purified quartz to
1100 C in a resistance furnace in the presence of lithium metaborate (LiBO2) and ultra-high purity
oxygen. Any released carbon is oxidized and the resulting CO2 is cryogenically cleaned, diluted
with 14C-free CO2, and converted to graphite. The latter is pressed into targets and measured at the
SUERC AMS.

Preliminary results on system blanks and CO2 recovery obtained using the SUERC extraction sys-
tem have been presented by Naysmith et al. (2004) and Naysmith (2007). In this paper, we describe
improvements to the extraction system since 2004, highlighting the factors that potentially control
the reduction of analytical variability. We also present new results on system blanks and of measure-
ments of in situ 14C in shielded quartz and a surface quartz sample previously analyzed at the Uni-
versity of Arizona (PP-4).

METHODS

Ultrapure quartz was prepared at the University of Glasgow following a modified version of the pro-
tocol of Kohl and Nishiizumi (1992). AMS measurements were carried out using the 5MV NEC

1Geographical and Earth Sciences, University of Glasgow, Glasgow G12 8QQ, Scotland.

2Scottish Universities Environmental Research Centre (SUERC), East Kilbride G75 0QF, Scotland.
3Corresponding author. Email: r.fulop@suerc.gla.ac.uk.
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Pelletron at SUERC (Freeman et al. 2004). The measurements are described in detail by Maden et
al. (2007).

14C Extraction and Graphitization Procedure

The procedure used here is largely based on that described by Naysmith et al. (2004) with the fol-
lowing notable exceptions: (1) the quartz tube is cleaned more rigorously and handled with utmost
care; (2) the gas is collected for an additional 1 hr after the 1100 C heating step; and (3) the temper-
ature in all cryogenic traps is constantly monitored using a thermocouple and controlled by slowly
adding liquid N2.

The extraction procedure is started by cleaning a 65-cm-long and 41-mm-diameter quartz tube that
will hold the alumina (Al2O3) sample boat (135 mm × 13 mm width × 17 mm depth). The quartz
tube is carefully placed on a surveying tripod fitted with a quartz rod and heated up to >800 C using
a glass blower’s torch for several minutes to burn off any surface contamination. After cleaning, the
quartz tube is inserted into the mullite (an alumino-silicate ceramic) tube that runs through the fur-
nace (Figure 1). In order to avoid any post-cleaning contamination, the quartz tube is carefully han-
dled using gloves and stainless steel tongs. The Al2O3 boat that will hold the sample is cleaned using
a jet of compressed air and placed in a separate small furnace for 8 hr at 850 C in air. The boat is
cooled and LiBO2 is added to the Al2O3 boat, which is carefully placed inside the quartz tube that
was cleaned earlier. The furnace and recirculating section of the extraction line are pumped until
pressure drops to 105 mbar, then the LiBO2 is degassed in an ultra-high-purity oxygen (UHP O2)
atmosphere at a pressure of 30–40 mbar for 2 hr at 1100 C. The furnace is allowed to cool overnight
to 120 C before it is opened and the quartz sleeve and boat removed. Five grams of quartz, which
have been washed the previous day in 50% HNO3 solution to remove any surface contamination, are
placed in the Al2O3 boat, which is then returned to the quartz sleeve and placed back in the furnace;
when performing system blank measurements, everything is done in the same way except no quartz
is added. Next, the sample undergoes a 2-stage heating process. The furnace and recirculating sec-
tion are pumped until pressure drops to 105 mbar before heating the furnace to 500 C in a recircu-
lating UHP O2 atmosphere of 30–40 mbar for 1 hr. Any CO2 that is produced at this heating step is
considered to be from atmospheric contamination and discarded (cf. Lifton et al. 2001). After the

Figure 1 The SUERC vacuum system for extraction, purification, and graphitization of in situ-produced 14C
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line is pumped down once again to 105 mbar, the furnace is reheated to 1100 C for 3 hr in a UHP
O2 atmosphere of 30–40 mbar and the resulting CO2—which is considered to be from in situ pro-
duction (Lifton et al. 2001)—is cryogenically trapped using liquid N2 for an additional 1 hr. Con-
taminant gases (including SOx and NOx species) are removed by passing the resulting CO2 through
an n-pentane/liquid N2 trap at 130 C and reheating to 610 C in a quartz combustion tube contain-
ing Cu/Ag filter for 20 min. Next, the gas is passed through an iso-pentane/liquid N2 trap at 150 C.
The cleaned CO2 is measured using a highly sensitive capacitance manometer and diluted to approx-
imately 1 mL using 14C-free CO2 derived from an “infinite age” Icelandic doublespar. The CO2 is
then reduced to graphite using Fe and Zn as described by Slota et al. (1987). The graphite is removed
from the vacuum extraction line and pressed into an AMS target.

RESULTS AND DISCUSSION

Results are summarized in Tables 1 and 2 and Figures 2 and 3. Prior to November 2008, all 14C mea-
surements at SUERC were done without monitoring and adjusting the temperature of the cryogenic
traps—i.e. the temperature of the n-pentane/liquid N2 and iso-pentane/liquid N2 traps was never
measured to ensure that they were at the appropriate temperatures of 130 C and 150 C, respec-
tively. Since November 2008, this has changed and now the temperature of the cryogenic traps is
monitored using a thermocouple and the slushes are kept at 130 C and 150 C, respectively, by
slowly adding liquid LN2. In Figures 2 and 3, the switch to temperature-controlled cryogenic clean-
ing is indicated by vertical dashed lines. All results were calculated according to the procedures set
out by Lifton (1997) and Lifton et al. (2001). Graphitization blanks were corrected for as set out by
Donahue et al. (1990).

System Blanks and Shielded Quartz

In order to determine the system blanks, we followed the complete procedure described above with-
out placing any quartz in the alumina boat. The shielded quartz was separated from a granite taken
from a depth of 1.5 km from Rosemanowes Quarry, SW England (Chen et al. 1996), and so at least
theoretically it should be free of any in situ 14C.

The system blanks exhibited substantial fluctuations at the beginning of the study, suggesting that
the continuous running of the extraction system was slowly cleaning contaminant carbon from the
line. These fluctuations in the system blanks were also reduced with longer cleaning of the quartz
sleeves and close monitoring of gas collecting time and of the temperature of the cryogenic traps
used in the gas cleaning steps (Figure 2). The average of all system blanks that were measured as
part of this study is 2.75 ± 0.77 × 105 14C atoms. The average of system blanks that were measured
when controlling the temperature of the cryogenic traps is lower, 2.02 ± 0.23 × 105 14C atoms. Both
values are comparable with those reported by Miller et al. (2006) and obtained at the University of
Arizona using extraction procedures modified from Lifton et al. (2001)—yielding an average sys-
tem blank of 2.40 ± 0.12 × 105 14C atoms—and from Pigati (2004)—yielding an average system
blank of 1.50 ± 0.10 × 105 14C atoms (Figure 2). Our system blanks are also comparable (although
slightly lower) with those recently obtained at ETH in Zurich (Hippe et al. 2009).

The shielded quartz results exhibit the same pattern as the system blanks (Figure 2). There is con-
siderable variability in the obtained concentrations, although, similarly to the system blanks, the
data suggest that the extraction system is slowly cleaning with use. The 2 data points that were
obtained using temperature-controlled cryogenic traps are identical within uncertainty. However,
using these 2 data points alone, it is not possible to infer whether controlling the temperature of the
traps has any effect on lowering analytical variability, as suggested by the system blanks.
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Table 1 Results of the system blank (top) and shielded quartz (bottom) measurements. All uncer-
tainties are at the 1- level.

System blanks

AMS ID F value

CO2

(102 mL)
Diluted CO2

(mL)

14C
(105 atoms)

G18611 0.0399 ± 0.0004 5.748 0.996 11.51 ± 0.10
G18616 0.0183 ± 0.0003 4.056 1.015 5.39 ± 0.08
G18618 0.0063 ± 0.0002 2.668 0.994 1.83 ± 0.05
G20684 0.0029 ± 0.0002 0.868 1.012 0.84 ± 0.04
G20688 0.0026 ± 0.0002 0.824 0.990 0.74 ± 0.05
G21809 0.0070 ± 0.0003 1.779 1.002 2.04 ± 0.09
G22985 0.0037 ± 0.0004 0.954 1.001 1.08 ± 0.12
G22986 0.0062 ± 0.0005 1.475 1.001 1.79 ± 0.14
G22987 0.0056 ± 0.0004 1.497 1.001 1.62 ± 0.12
G22989 0.0114 ± 0.0005 2.061 0.998 3.28 ± 0.16
G22990 0.0070 ± 0.0004 1.518 1.000 2.03 ± 0.13
G22991 0.0063 ± 0.0005 1.302 1.000 1.82 ± 0.13
G22995 0.0060 ± 0.0005 1.215 1.000 1.74 ± 0.15
G22996 0.0094 ± 0.0006 1.562 1.002 2.74 ± 0.17

Mean value—all: 2.75 ± 0.77
Mean value—temperature control: 2.02 ± 0.23

Shielded quartz

AMS ID F value

CO2

(102 mL)
Diluted CO2

(mL)

14Ca

(104 atoms g1)

G18615 0.0399 ± 0.0003 3.991 1.006 14.20 ± 0.18
G18619 0.0063 ± 0.0002 0.954 1.001 2.97 ± 0.11
G20677 0.0017 ± 0.0001 0.694 1.009 1.01 ± 0.08
G20678 0.0020 ± 0.0002 0.716 1.006 1.17 ± 0.09
G20679 0.0061 ± 0.0002 1.302 0.995 3.52 ± 0.10
G22965 0.0074 ± 0.0005 2.256 0.999 4.31 ± 0.28
G22966 0.0065 ± 0.0005 9.284 1.002 3.76 ± 0.28

Mean value—all: 4.42 ± 1.83
aNot corrected for system blanks.

Table 2 Results of the reproducibility measurements (PP-4). All uncertainties are at the 1- level.

AMS ID F value

CO2

(102 mL)
Diluted CO2

(mL)

14C
(105 atoms g1)

G20699 0.0717 ± 0.0004 8.633 0.998 3.81 ± 029
G20704 0.0647 ± 0.0004 6.551 1.005 3.40 ± 0.29
G20705 0.0589 ± 0.0004 6.182 1.001 3.02 ± 0.29
G21793 0.0753 ± 0.0005 7.592 1.000 4.05 ± 0.30
G21797 0.0724 ± 0.0006 6.941 0.995 3.84 ± 0.30
G21798 0.0718 ± 0.0006 7.072 0.999 3.82 ± 0.30
G22975 0.0828 ± 0.0010 7.896 0.997 4.75 ± 0.10
G22976 0.0665 ± 0.0010 6.573 0.999 3.74 ± 0.09
G22977 0.0722 ± 0.0010 7.245 1.000 3.97 ± 0.09

Mean value: 3.82 ± 0.23
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Reproducibility Measurements

To assess the efficiency of the system, we have also measured in situ 14C in a Lake Bonneville shore-
line surface quartz sample (PP-4), which has been used as an internal standard at the University of

Figure 2 Results of the system blank (top) and shielded quartz (bottom) measure-
ments. Data points plotted to the right of the dashed line were obtained by controlling
the temperature of the cryogenic traps using a thermocouple and keeping the slushes
at 130 C and 150 C, respectively. The 2 gray horizontal bands on the top graph
(labeled Miller et al. (2006)–Lifton and Millet et al. (2006)–Pigati, respectively)
show the mean system blank values from Miller et al. (2006). The heights of the rect-
angles are equal to the uncertainties of the 2 mean blank values.
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Arizona (Lifton et al. 2001). Figure 3 compares our results with the latest PP-4 results from the Uni-
versity of Arizona in situ 14C lab (Miller et al. 2006).

Measurements of in situ 14C concentrations in sample PP-4 yield an average of 3.82 ± 0.23 × 105

atoms g1 quartz. This value is consistent with that obtained by Miller et al (2006), namely 3.56 ±
0.16 × 105 atoms g1. Nonetheless, our measurements show a considerably larger spread than those
of Miller et al. (2006). Although we do not yet know what the cause of the variability in our PP-4
results is, we suspect 2 factors. First, some of the PP-4 measurements were carried out prior to mon-
itoring the temperature of the cryogenic traps (Figure 3), and although we do not have an estimate
of how much the temperature of the slushes may have fluctuated during these measurements, this
fluctuation might have contributed to the observed variability. Second, the graphite obtained from
the seventh PP-4 sample was stored for more than 4 months prior to the AMS measurement, and so
there is a possibility that this sample has been contaminated. Excluding the seventh PP-4 sample and
the ones that were measured prior to controlling the temperature of the cryogenic traps, yields an
average that is slightly higher (3.88 ± 0.22 × 105 atoms g1) but still indistinguishable within uncer-
tainty from that obtained by Miller et al. (2006). Recently, the University of Arizona 14C lab stopped
using sample PP-4 for repeatability measurements.

CONCLUSIONS

We have made substantial progress in developing a method for extraction and measurement of in
situ 14C at SUERC. Our preliminary results suggest that the continuous running of the extraction
system and the monitoring of gas collecting time are key to maintaining low and stable system
blanks. Our results also suggest that maintaining the temperature of the cryogenic traps constant
could also play a role in maintaining system blanks stable. The results of our reproducibility mea-

Figure 3 Results of the reproducibility measurements (PP-4). The gray sym-
bols are the individual data points and the black symbols are the mean values
obtained for each study. See text and caption of Figure 2 for more details.
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surements are satisfactory. Our PP-4 measurements are indistinguishable within uncertainty from
the latest PP-4 results published by the University of Arizona 14C lab (Miller et al. 2006), but they
are somewhat higher and exhibit more spread. All our future reproducibility measurements will be
carried out using the new CRONUS in situ 14C standard material.
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