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Preface

This thesis describes the complete calibration of J6C1 produced in-situ from 
potassium. This project was suggested by Dr John Stone and Dr Keith Fifield, and 
carried out at the Australian National University (ANU) jointly between the 
Research School of Earth Sciences (RSES), and the Department of Nuclear Physics, 
RSPhysSE. The author has taken primary responsibility from the beginning of this 
project to its conclusion. This has involved collecting the samples, performing 
mineral separations, preparing them for many different measurements, performing 
the measurements, and finally, carrying out the analysis and interpreting the data. 
During this process the author was assisted and advised by many people, as 
discussed below.

With the exception of the samples AT-10, AT-11, AT-12 and AT-13, which 
were collected by Dr Stone, all the Scottish samples were collected by the author 
with advice from Dr Colin Ballantyne and assistance from Keith Salt, Matt Franks, 
Angela Lamb and Dr Greg Lane. The samples for the depth profile from Wyangala 
were collected by the author with Dr Stone, Dr Fifield, Dr Richard Cresswell, Dr 
Mariana Di Tada and Dr Kexin Liu.

The original trace element measurements were made by ICP-MS at RSES 
with assistance from Mr Leslie Kinsley. X-ray fluorescence measurements (major 
element whole rock concentrations and some whole rock uranium and thorium 
concentrations) were made by Dr Bruce Chappell in the Geology Department at 
ANU. Later repeat trace element measurements were made by Prompt Gamma 
Analysis by XRAL in Canada.

Potassium concentrations were measured by the author with assistance 
from Mrs Robyn Maier. Initial calcium measurements were made by the author 
with the assistance of Mr Mike Shelley. These measurements were then repeated 
at Ecowise Environmental Laboratories, Australia.

All chloride measurements (pyrohydrolysis and isotope dilution) were 
made by the author following processes developed by Dr Stone. Likewise AgCl



samples for the b6Cl analyses were prepared by the author following procedures 
adapted by Dr Stone from the original work of Conrad et al [Con86] and Zreda et al 
[Zre91].

AMS measurements were made by the author using the 14UD Pelletron in 
the Department of Nuclear Physics. Successful 3bCl measurements on the samples 
relied on the expertise of Dr Fifield and Dr Cresswell, and additional assistance in 
measuring the samples was provided by Dr Stone, Dr Di Tada and Dr Liu. 
Acquisition of the multi-parameter data for these measurements employed the 
software written for the laboratory's data acquisition system by Dr Gordon Foote. 
The subsequent off-line sorting of these data, which was required to derive the 
36C1/Cl values, was carried out by the author using the same software.

Analysis and interpretation of the results was performed by the author with 
initial assistance from Mathematica programs written by Dr Stone and invaluable 
discussions with Dr Stone, Dr Fifield and Dr Lane.

The focus of this work has changed over time. The original intention was to 
include measurements made on eight samples collected from the Sierra Nevada, 
USA, by Dr Stone, and three samples collected in the Antarctic by Jeff Klein, but 
due to uncertainties in their exposure histories that became apparent after this 
work was underway, they were ultimately omitted from this dissertation. Some of 
the results obtained on these samples, in addition to four of the Scottish samples 
included in this work, can, however, be found in the following article:

J.M. Evans, J. O. H. Stone, L. K. Fifield and R. G. Cresswell
Cosmogenic chlorine-36 production in K-feldspar
Nucl. Instr. And Meth. In Phys. Res. B 123, p 334 -  340,1997.

No part of this thesis has been submitted for a degree at any other 
university.

Jodie Evans
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Abstract

Chlorine-36 production rates from potassium have been calibrated for the 
top 10m of the lithosphere, where "6C1 is produced by two main reaction channels: 
i) spallation, which dominates 3bCl production in the top 2 metres below the earth's 
surface, and ii) negative muon capture, which dominates at depths of between 2 
and ~20 metres below the earth's surface.

Rock samples were collected from two sites: i) rock surfaces exposed by the 
end of the Loch Lomond Readvance glaciation in Scotland 11,600 years ago, and ii) 
a 6.1m depth profile at a granite quarry in south eastern Australia, for which a 
steady state J6C1 concentration dictated by a history of constant erosion was 
assumed. In addition, the 36C1 measurements were made on pure K-feldspar 
mineral separates to remove the b0Cl contributions from calcium, iron and titanium, 
and to minimise the 36C1 contribution from chloride.

The potassium spallation production rate was deduced from 18 Scottish K- 
feldspar mineral separates to be 161 (9) atom (gK)'1 y r1 at sea level and high 
latitude. This value lies between two earlier calibrations after these had been 
adjusted to allow for 36C1 production by negative muon capture and low-energy 
neutron capture.

The 36C1 yield per stopped negative muon was determined from 15 K- 
feldspar mineral separates in the depth profile to be 5.80(0.48)xl0'2 atom per 
stopped p at sea level and high latitude. Assuming a negative muon stopping rate 
of 175 p g'1 yr'1, with a 10% uncertainty, the 36C1 production rate by negative muon 
capture on 39K is 10.2 (1.3) atom (gK)'1 yr'1 at sea level and high latitude.

A calibration of the fast neutron flux just above the air/ground boundary 
was also obtained from 36C1 measurements on eight pure quartz mineral separates 
prepared from the Scottish samples. This quantity is required for determining the 
36C1 production due to low-energy neutron capture on 3oCl in the near-surface. A 
value of 740 (63) n (g air)'1 yr'1 scaled to sea level and high latitude was determined, 
which is -35% higher than the previously published value.
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Chapter One

INTRODUCTION

Geomorphic processes that add material are relatively easy to date. 
However, many geomorphical processes remove material, and geologists have 
struggled to place time constraints on them. In recent years cosmogenic nuclides 
produced in-situ (in the lithosphere) have shown great potential for improving this 
situation.

Cosmogenic nuclides are produced by secondary cosmic rays colliding with 
terrestrial nuclei. To be useful, the cosmogenic nuclei must have a low terrestrial 
background. This condition is usually met because: i) there is no terrestrial source 
of radiation (such as the decay of 238U) with sufficient energy to produce a 
significant amount of them, and ii) the cosmogenic nuclei have either a negligible 
primordial concentration, or a sufficiently short half life that their initial 
concentration has decayed away.

Because cosmic rays are strongly absorbed in the atmosphere and 
lithosphere, in-situ production of cosmogenic nuclides takes place predominantly 
at the surface of the lithosphere. This makes cosmogenic nuclide accumulation, in 
effect, a surface exposure "clock" that can be used to put time constraints on 
destructive processes that leave nothing to be dated directly by traditional 
methods. When the surface of the lithosphere is static the "clock" runs at a rate 
determined by the half life of the cosmogenic nuclide, and the production rate in- 
situ of the cosmogenic nuclide. If the surface is being eroded, then the "clock" 
slows down in proportion to the erosion rate. If the surface is removed or replaced 
in a catastrophic event, such as a glacial retreat, land slide or lava flow, then the 
"clock" is reset and measures the exposure age of the new surface.



Chapter One ~ Introduction

An accurate and comprehensive knowledge of production rates of 
cosmogenic nuclides is critical to the application of this relatively new dating tool.

This thesis is concerned with the complete in-situ production rate of one 
particular cosmogenic isotope, 36C1, produced from one particular target element, 
potassium. There have been several conflicting calibrations of this production rate. 
Scaling all measured values to sea level and high latitude, the earliest calibration 
was performed by Zreda et al. [Zre91] who obtained a value of 107 ± 8 atom (gK)1 
yr'1. This value was revised to 154 ± 10 atom (glQ^yr1 in 1996 [Phi96]. In contrast, 
Swanson et al. [Swa941 determined the value to be 225 ± 28 atom (gK)'1 y r ;.

The differences in these values may result from four problems with the 
methods employed by all the previous groups. Firstly, calcium and J3C1 are also 
targets which could lead to the production of JbCl in the lithosphere. The previous 
researchers attempted to calibrate the production rates from all three target 
elements simultaneously by performing measurements on whole rock samples. 
For the majority of samples, 36C1 production was dominated by contributions from 
calcium and/or 3"C1, with a small contribution from potassium. Consequently, any 
errors in the calcium or J3C1 production rates were magnified in the calculation of 
the potassium production rate.

The second area of concern is that the production of J0C1 due to potassium
was treated as a single value, whereas it is in fact the sum of three reaction
channels: (i) spallation caused by fast neutrons, (ii) negative muon capture, and
(iii) low-energy neutron capture. Because of the different physical properties of
neutrons and muons, the fast neutron flux and the negative muon flux change with

*

altitude at different rates . To obtain the correct total production rate due to 
potassium at any altitude other than that of the original calibration samples, the 
production rate of each reaction channel must be determined separately so that it 
can be scaled appropriately.

Thirdly, to perform a well constrained calibration it is essential to select 
samples from surfaces of well known exposure age that have not been eroded or 
covered since their initial exposure. This is no simple task and generally restricts 
samples to those with an exposure age within the calibrated range of 14C dating.

* Low-energy neutrons are predominantly produced by fast neutrons and muons, so their altitude dependence 
scales partially with fast neutrons and partially with muons.

~ Page 2 ~
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The majority of the previous calibration samples were either from glacial moraines 
or young basalt lava flows, both of which have often proved difficult to date with 
conventional methods. Some of the original calibration measurements appear to 
have been based on sites where the geological history is poorly known, or where 
the preservation of surfaces cannot be guaranteed, or where the independently 
determined age of the sample is unreliable.

Finally, there are additional minor reaction channels that produce in-situ 3oCl 
in the lithosphere, such as spallation of iron and titanium. These minor production 
channels are a source of systematic error as iron and titanium concentrations are 
typically a characteristic of a particular rock type, and each study tended to use 
whole rock samples of one particular type. Consequently, the results of the 
previous studies were internally consistent, and problems with the set of j6C1 
production rates were not apparent when they were applied to samples of a 
similar rock type. However, there is the possibility of significant error if these 
production rate values are applied to rock-types with a different composition to 
those of the original calibration samples.

This thesis is focussed on the complete ^C1 production from potassium and 
represents the most complete calibration yet available. Measurements were made 
on pure K-feldspar mineral separates which virtually eliminated contributions 
from calcium, iron and titanium, and minimized the contributions due to chloride . 
A comparison of the calibration samples used in this work with those used in the 
previous calibrations are shown in Figure 1.1. It should be noted that the scales are 
logarithmic, and, as can be seen, the higher K/Ca and K/Cl ratios in the present 
work are much more suitable for calibrating the complete production rate from 
potassium.

Samples were collected from bedrock surfaces and glacially transported 
boulders that were exposed by the end of the Loch Lomond Readvance glaciation 
in Scotland. This event has been studied in detail and is well defined in both age 
and location. In addition, a depth profile to 6 metres was measured in a granite 
quarry at Wyangala, Australia, to separate the negative muon capture production

* Chloride is often present in the fluid inclusions of the minerals and so to a large extent is an intrinsic 
characteristic of a rock outcrop. By obtaining pure K-feldspar mineral separates, however, the chloride 
content of a sample can be minimised by removing chloride in the fluid inclusions of other (K-poor) minerals.

~ Page 3 ~
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Chapter One ~ Introduction

rate from the spallogenic production rate. Precise chloride measurements (with a 
reproducibility of ±1%) were made by isotope dilution mass spectrometry. This 
substantially reduced the uncertainty both in deriving the 36C1 concentration from 
the 36C1/C1 ratio measured by Accelerator Mass Spectroscopy (AMS), and in 
correcting for the 36C1 which is produced from 35C1. In some samples with higher 
chloride concentrations, the 3bCl contribution for low-energy neutron capture on 
33C1 was investigated by measuring the 36C1/C1 ratio in pure quartz mineral 
separates.
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Figure 1.1 Potassium, calcium and chloride concentrations in samples that have been used to 
calibrate the production of * 0  from potassium [Zre91, Swa94, Phi96]. Samples used in this study 
fall into two groups differing primarily in chloride concentrations. Samples from the Wyangala 
granite have low chloride concentrations (21 ± 4 ppm). Samples of Torrid on Sandstone from 
Scotland have chloride concentrations of 140 -275 ppm. An additional calibration sample used by 
Phillips et al. [Phi96] does not appear on the graph as its [K] /  [Cl] and [K]/[Ca] ratios are too low.

During the course of this study samples were also measured from the Sierra 
Nevada, U.S.A., and Antarctica, preliminary results of which are given in Evans et

~ Page 4 ~
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al. [Eva97]. These samples were not included in the final calibration as their 
exposure histories could not be sufficiently guaranteed. As a result they are only 
referred to in this dissertation where they were used to test a procedure that is 
relevant to this work.

The layout of this thesis is as follows. Chapter 2 gives an overview of how 
the measurement of cosmogenic nuclei concentrations can be applied to geological 
problems. It also discusses the production of cosmogenic nuclides, from cosmic 
ray fluxes, to the different nuclear reactions involved, and the actual production 
channels that produce 36C1 from potassium.

Chapter 3 reviews the previous work that is relevant to this study, including 
earlier calibration attempts of 3bCl from potassium, and recent studies on the low- 
energy neutron production at the air/ground boundary. Following this is an 
outline of the strategy used for this calibration.

The methodology and chemical procedures used in this work are described 
in Chapter 4.

Chapter 5 discusses the production rate of spallogenic secondary neutrons 
in the air above ground level, Pf(0) as determined from the Scottish quartz mineral 
separates. The surface production rate for from potassium spallation 
determined using the Scottish K-feldspar mineral separates is discussed in Chapter 
6. The JbCl production rate from negative muon capture, as determined from the 
K-feldspar mineral separates from the granite depth profile, is discussed in 
Chapter 7, while Chapter 8 summarises of the results and presents the conclusions.
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Chapter Two

COSMOGENIC NUCLIDE 
PRODUCTION IN-SITU

An overview of exposure age dating with cosmogenic nuclides produced in- 
situ is given in Section 2.1. This includes the equations that describe the 
accumulation of in-situ cosmogenic nuclides and shows how they can be used to 
obtain geological information such as exposure ages and erosion rates.

Calibration of the production rate of cosmogenic nuclides requires an 
understanding of the physics of cosmic rays, which initiate the whole process, and 
a basic understanding of the nuclear reactions that produce the cosmogenic 
nuclides. An overview of the relevantissues is given in Section 2.2.

The equations that describe each production channel for in-situ J6C1 are 
given in Section 2.3, using examples of production from potassium.

Finally, any study of in-situ cosmogenic nuclides would not be possible if it 
weren't for the ultra sensitive measurement technique of Accelerator Mass 
Spectrometry. Section 2.4 gives an introduction into this unique method of 
counting nuclei and illustrates how it differs from, and the advantages it has over, 
conventional methods of measuring long lived radionuclide concentrations.

2.1 Overview of Exposure Age Dating

The basic principles of exposure age dating are the same for all cosmogenic 
radionuclides produced in-situ (for a discussion on stable cosmogenic nuclides see 
[Lal88]). For a static (non-eroding) surface, the rate of accumulation of a 
cosmogenic nuclide in a surface sample with an initial concentration of zero is:
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dN
-  P - X N (2 . 1)

where N is the cosmogenic nuclide concentration, P is the production rate at the 
sample location and X  is the decay constant (for 36C1, X  = 2.303 x lO^yr'1). Solution 
of this gives the expression for concentration N, as a function of time:

N = - (  1 - e - * )
X

(2 .2)

where t is the exposure time.
Figure 2.1 shows the accumulation of a cosmogenic isotope in a static 

surface. It can be seen that during the initial period of nuclide growth, the 
cosmogenic nuclide concentration can give the length of time the sample has been 
exposed.

Static
Surface

Erosion Rate = 2 urn yr

Erosion Rate = 10 pm yr

Time (years)

Figure 2.1 The surface accumulation of “Cl over time t, calculated using a production rate of 180 atom 
(g K)1 yr'1 and assuming i) a static surface, ii) a constant erosion rate of 2 pm yr'1, and iii) a constant 
erosion rate of 10 pm y r1. Prior to reaching steady state the “Cl concentration can be used to 
determine the exposure age of a static surface. As the erosion rate increases, the time required to 
reach steady state decreases, as does the steady state concentration. If the surface is known to be at 
steady state, the reduced “Cl concentration can be used to determine the erosion rate.
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As the concentration increases, the number of decaying nuclei also increases 
to the point where the production and decay rates balance one another, and a 
steady state concentration is approached.

N (2.3)
X

Near steady state, a measurable change in the concentration takes longer to
achieve and so the uncertainty in the exposure age increases. The time it takes for
a surface to reach steady state depends on the isotopic half life and its production *
rate . Uncertainties in concentration measurements, the half life, and especially the 
^Cl production rate, set an upper limit on the use of exposure dating at ~3 lifetimes 
(~1 Ma), beyond which it would be difficult to distinguish a measured 
concentration from steady state.

The accumulation of cosmogenic nuclides at an eroding surface is reduced 
by the continuous movement of deeper, more heavily shielded material towards 
the surface. This material experiences a continually increasing production rate , 
and the surface is being refreshed with material that has a lower cosmogenic 
nuclide concentration. In a reference frame fixed to the surface, the differential 
equation which describes the accumulation of the nuclide with time at depth z (z 
increasing downwards), is:

dN
17 z

dN
P ( z ) - X N ( z ) - £ —  

dz ,
(2.4)

where 8 is the erosion rate, dz/dt .
The three terms on the right hand side of the equation describe changes in 

the concentration with time. P(z) is the production rate as a function of depth, the 
second term describes the loss of the cosmogenic nuclide due to radioactive decay, 
while the third term describes the rate at which surface material is replaced by 
underlying material with (typically) a lower concentration.

’ There have been two measurements of the 36C1 half life. The first measurement made in 1955 obtained the 
value 3.08 (0.03) x 105 yr [Bar55]. Goldstein measured the value in general use, 3.01 (0.02) xlO5 yr, in 1966. 
[Gol66]
' except for low-energy neutron capture production rates near the surface, as discussed in §3.2
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As a result of the additional loss of cosmogenic nuclides from erosion, it 
takes less time for the loss of cosmogenic nuclides (decay plus erosion) to balance 
the production of cosmogenic nuclides, and a steady state is approached more 
quickly. In addition, the steady state concentration is less than that for a static 
surface. Consequently, the steady state JbCl concentration can be used to measure 
the long term erosion rate (see Figure 2.1). However, unless the erosion rate has 
been constant for a long period of time, this may not correspond to the current 
erosion rate.

There are two common pitfalls in attempts to determine the exposure age of 
a surface. The first is to incorrectly assume that the initial cosmogenic nuclide 
concentration was negligible. If a young surface has been exposed by a shallow 
excavation there may be a significant initial cosmogenic concentration due to pre
exposure. This may be due to production by negative muon capture, or even from 
the tail of the spallation reactions, if the excavation was less than a few metres. If 
this isn't accounted for, then the "apparent exposure age" will be higher than the 
"actual exposure age". The second common pitfall is to assume a surface is static, 
when it is actually eroding. The effect this would have is to make the "apparent 
exposure age" lower than the "actual exposure age".

As the "apparent exposure age" can be greater than or less than the "actual 
exposure age", a cosmogenic isotope concentration by itself isn't sufficient to 
determine an upper or lower age limit, as is possible with many other dating 
techniques. Consequently, obtaining a reliable exposure age requires an 
understanding of the production mechanisms of cosmogenic isotopes so that 
during sample collection, suitable geomorphological information can be collected 
to provide supporting evidence of a minimum or maximum exposure age, for 
example, glacial striations which provide evidence of negligible erosion since the 
retreat of the glacier.

Besides additional geological and geomorphological information, there are 
two ways cosmogenic nuclides can be used to discriminate between the effects of 
age, erosion and pre-exposure:

1. Measurement of the concentrations of two or more cosmogenic nuclides with 
different half lives in the same sample [Nis91a, Liu94].
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2. Measurement of the nuclide concentration at different depths, thus exploiting 
the different depth dependencies of each production mechanism [Sto94, Sto98, 
Dep95] (see §2.2 and §2.3).

In principle, measurement of several cosmogenic nuclides at several depths 
should allow for multiple variables to be determined so that complex exposure 
histories to be unraveled. In practice, the current uncertainties in the production 
rates, and in the measurement of most cosmogenic nuclide concentrations, are still 
too large to enable more than two variables to be determined.

2.2 Important Features of Cosmic Rays

There are two sources of the primary cosmic ray particles which 
continuously bombard the Earth's atmosphere. "Galactic" cosmic rays originate 
outside the solar system; "solar" cosmic rays originate from the Sun. Solar cosmic 
rays make up the major proportion of the primary cosmic ray flux, but their 
energies rarely exceed 100 MeV. The galactic cosmic ray flux is much lower, but 
consists of protons and nuclei with a much higher average energy. In fact, their 
energies extend far beyond those attainable in the laboratory.

As primary cosmic rays impact on the Earth's atmosphere they trigger a 
chain of nuclear reactions called a cascade (see Figure 2.2) that produces secondary 
particles, nuclides and photons [Lin76]. The cascade exhausts itself when the 
energy of the original primary cosmic ray is shared among the large number of 
secondaries. Therefore the depth of penetration of the cascade is dependent on the 
energy of the primary cosmic ray. The average galactic cosmic ray proton has 
several GeV in energy, and can induce a nuclear cascade which propagates down 
to sea level. Only occasional solar flares produce solar cosmic rays in the GeV 
range [She92j. Consequently solar cosmic ray cascades occur almost entirely in the 
top layers of the atmosphere and the production in-situ of cosmogenic nuclides is 
almost entirely due to the secondary products of galactic cosmic rays.
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Primary Cosmic Rays

Top of the 
Atmosphere o

Surface of • •
Secondary' Cosmic Rays ;

t;

100 .01 ,

Figure 2.2 A schematic diagram showing a primary cosmic ray entering the Earth's atmosphere and 
triggering a cascade of reactions and producing secondary cosmic rays and possibly cosmogenic 
nuclides.
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Table 2.1 shows the gross features of primary and secondary cosmic rays. 
Most notably, primary cosmic rays are composed chiefly of protons and oc- 
particles, whereas the majority of secondary cosmic rays reaching the Earth's 
surface are chiefly electrons, photons, neutrons and muons (the composition and 
energies of secondary cosmic rays naturally vary with depth into the atmosphere 
and lithosphere).

Table 2.1 Gross composition of cosmic rays.

Primary: Solar 
Primary: Galactic 

Secondary

jor Components
98% protons

87% protons, 12% a-particles 
electrons, photons, muons 

neutrons

1 - 100 MeV 
10 MeV -  20 GeV 

0 -2 0  GeV 
0 - 500 MeV

2.2.1 Temporal and Spatial Variation of Cosmic Rays

Any temporal or spatial variation in the cosmic ray flux will directly affect 
the production of cosmogenic nuclides. Scaling factors discussed below can be 
used to adjust the calibrated cosmogenic nuclei production rates to any location 
where a sample is collected.

The Earth's magnetic field allows only charged cosmic rays above a certain 
cut-off energy to enter the magnetosphere. However, this only affects the cosmic 
rays entering at latitudes less than 60°, as at higher latitudes the cut off energy is 
lower than that allowed through to the earth by the solar magnetic field. 
Consequently, the cosmogenic nuclei production rates must be scaled for samples 
collected below 60° latitude.

In addition, cosmic rays are attenuated as they pass through the 
atmosphere, so the production rate increases with altitude above sea level. 
Altitude and latitude scaling factors for spallation and spallogenic neutron 
production have been deduced by Lai and Peters [Lal67]. Altitude scaling for 
negative muon capture (for both the production of 36C1 and muon-induced 
secondary neutrons) was calculated assuming an attenuation length of 247 g cm'2
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for the slow muon flux in the atmosphere [Con50; Win56], and for latitude 
assuming the same sea level variation as for neutrons [Lal67].

As neither the intensity nor the dipole axis orientation of the Earth's field is 
fixed, the cosmic ray flux varies with time at points on the Earth's surface below 
60° latitude (due to the solar magnetic field cut-off described above). 
Measurements of past geomagnetic field strengths can be obtained from 
paleointensity records in lava and sediment cores, which can then be used to 
calculate the time-averaged field strength for a sample [Nis89, Cla95].

The secondary cosmic ray flux also varies with the angle at which the 
particles travel through the atmosphere. If a sample site were shielded from 
cosmic rays coming vertically to it, then the flux at the sample site would be much 
less than if the same area were shielded from the horizon. Incoming cosmic rays

2.3
are believed to have a (sind) angular dependence, with A being taken from the 
horizon [Lal91]. Consequently, a correction is needed for any obstruction of 
greater thickness than a few metres that reduces the cosmic ray flux reaching the 
sample surface, and samples are normalised to a 2k  exposure surface.

Because the cosmic rays continue to attenuate through the lithosphere, the 
thickness of the sample will effect the average production rate experienced by the 
whole sample. This is particularly true for surface samples as their production is 
dominated by spallation which decreases steeply with depth. Therefore a 
thickness correction is also applied to each sample.

2.2.2 Description of Important Cosmic Ray Induced Nuclear Reactions

For the purposes of this study cosmic rays can initiate four main nuclear 
reactions. These are:

1. spallation
2. negative muon capture
3. photonuclear reactions
4. low-energy neutron capture

These reactions are important for the production of significant cosmic ray 
secondaries, as well as the production of cosmogenic nuclides (which are, in effect, 
secondaries themselves). A brief description of each reaction is given below.
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Since different energy ranges are important in many of the production 
channels considered in this work, use of non-quantitative terms, such as low/high 
and fast /slow energy, can be confusing and hence a definition of quantaties is 
given in Table 2.2.

Table 2.2 Terms used to describe neutron energies.

Approximate Energy Range Term used to describe the neutron3
> 50 MeV Fast
< 100 keV Slow
< 1 keV Low-energyb

0.1 eV -1 keV Epithermal
<0.1 eV Thermal

a All the neutrons can also be described as secondary.
b Note that low-energy neutrons encompass both thermal and epithermal neutrons.

1. Spallation is a energetic inelastic nuclear reaction in which at least one of the two
collision partners is a complex nucleus and the energy available well exceeds the

*

binding energy between the nucleons in the nucleus (approximately 8 
MeV/nucleon) [She76].

A spallation reaction is described as occurring in two steps. In the first step, 
known as the intranuclear cascade or "knock-on step", the particle enters the 
target. Because of the high energy of the particle, its wavelength is small enough 
that it becomes sensitive to the granular structure of the nucleus . Consequently it 
interacts with some of the nucleons through a series of successive scatterings from 
individual nucleons. In doing so a few nucleons can be knocked out of the target 
nucleus. If the incident energy is > 300 MeV, pions and K-mesons* * will be created 
and these may also be emitted from the nucleus. An incident nucleon with very 
high energy remains largely unaffected by the interaction, as it retains a large 
fraction of its energy and momentum [Sat901.

* The collective term for protons and neutrons, i.e. a constituent of an atomic nucleus.
At 1 GeV a proton has a wavelength of about 0.12 fm (1 fm = 1 xlO l5m). Comparatively, the nuclear 

radius has the dimensions of, 1.2 x A 16 fm, where A is the atomic number. For example, 39K has a nuclear 
radius of -4  fm.
* Pions and K-mesons are elementary particles that can take part in strong interactions and that have an 
integral spin. If given a chance to decay spontaneously they will produce muons, however, deep in the 
atmosphere and in rock they almost always interact with other nuclei before this can occur.
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The residual target is left in an excited state and in the second step it de- 
excites by evaporating y-rays, a number of single nucleons, or small clusters of 
nucleons. This second stage is referred to as the "evaporation" or "slow" stage.

The spallogenic nucleons (neutrons, protons or a-particles emitted during 
either stage of the spallation reaction) can have a range of energies, from ~1 MeV 
up to the energy of the bombarding particle (>50 MeV). The particles emitted in 
the first step, however, are more energetic and less isotropic (in the laboratory 
reference frame) than those emitted in the second step. In addition, the slower the 
incident nucleons, the more isotropic the emission of the spallogenic secondary 
nucleons.

Spallogenic secondary neutrons with sufficient energy may induce several 
more spallation reactions, while most spallogenic protons and a-particles will 
quickly come to rest as the result of ionisation losses [Lal671. Consequently, 
successive steps in the cascade become progressively richer in neutrons until at 
ground level, about 90% of interactions producing cosmogenic nuclides are 
initiated by neutrons.

The spallation reaction is the dominant production mechanism of JDC1 at the
surface of the lithosphere in typical crustal rock compositions. It is also the main
source of secondary neutrons in the top few meters of the lithosphere. Once the
secondary neutrons have slowed down, they may take part in the slow neutron
capture reaction discussed below. In addition, spallation reactions initiate the

*

production of muons (mostly in the top 100 g cm'2 of the atmosphere ). The pions 
and K-mesons that are emitted in the first stage of a spallation reaction can decay 
to produce negative and positive muons. These can then take part in negative 
muon capture reactions and photonuclear reactions, as discussed below.

2. The second reaction mechanism is negative muon capture. Muons are unstable 
subatomic particles with a mass of 207 me and a charge of ±le. As such, they
behave like a heavy electron/positron. Muons are produced by the decay of pions 
and K-mesons at an average height of 15 km above the Earth's surface [Cha71].

* Lengths and depths in the Earth's atmosphere and lithosphere are given in the units g cm': so that they are 
independent of density. For example, a cosmic ray with 150 MeV energy will travel ~50 g cm 2 in both the 
atmosphere and the lithosphere. This is equivalent to -420 m at the bottom of the atmosphere and -20  cm in 
the lithosphere.
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They have a meanlife of 2.2 ps when at rest, but can penetrate long distances into 
the Earth due to the absence of strong interactions and relativistic time dilation. 
The Coulomb force of the nucleus repels positive muons, and therefore only 
negative muons can be captured.

There are several steps in negative muon capture. The negative muon 
typically loses energy through collisions with electrons before being slowed 
sufficiently to be caught by an atom to form a p-mesic atom.

The muon then cascades rapidly to the Is level of the p-mesic atom, where it 
may decay or be captured by the nucleus and combine with a proton to produce a 
neutron. As the muonic orbit radius in the Is level of the atom is smaller than the 
electron orbit radius of the same quantum number by a factor of me/m^ (1/207),
the K-orbit may be entirely within the nucleus in a heavy atom, which increases 
the opportunity for the muon and proton to combine.

\x~ —> e~ +Vf_ + v negative muon decay
gt~ + (Z, A) —> (Z -1, A) + negative muon capture

In the latter case, a large part of the 107 MeV liberated is carried off by the 
neutrino, and the nucleus is left with an average excitation energy of 15 MeV. The 
nucleus may then de-excite by emitting neutrons and/or protons and/or a- 
particles. The emission of protons or a-particles, however, is much less likely 
(typically 2% of the time for protons, and 0.5% of the time for a-particles [Cha71]) 
as the Coulomb barrier of the nucleus impedes the escape of charged particles.

The negative muon capture reaction is important in this study not only as a 
production mechanism for °̂C1 from negative muon capture on j9K, but as an 
additional source of secondary neutrons from negative muon capture on all the 
constituents of the rock samples.

3. The third reaction is the production of secondary neutrons by photonuclear 
reactions which are initiated by bremsstrahlung, which is produced by the rapid

* Meanlife or lifetime is different from half life: meanlife (= 1/A., where A is the decay constant) is the average 
time an elementary particle (in a given medium) or radionuclide exists. A half life (= In2/A) is the amount of 
time which it takes for one half of a number of radioactive nuclei to decay.
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deacceleration, or "braking", of high energy, positive and negative, muons during 
a close approach to a nucleus. The energy lost at these encounters is radiated as a 
single photon and the radiative loss increases rapidly with the energy of the muon.

The photonuclear reaction occurs when the high energy photon is absorbed by 
another nucleus. This can cause either the emission of nucleons similar to the 
evaporation stage of the spallation reaction, or fission in heavy nuclides. The 
significance of this reaction is as a third source of secondary neutrons (the direct 
production of 36C1 from 39K via 39K(y, n2p) being negligible). This reaction has a 
low neutron yield and is a minor source of low-energy neutrons at the surface 
compared to spallogenic and mu-genic secondaries, but because it decreases more 
slowly with depth, it becomes more important below ~ 3 m in the lithosphere.

4. The final reaction is slow neutron capture, which is comprehensively described 
in Gladstone [Gla55]. The slow neutrons are captured by the nucleus in two 
distinct stages: first, the neutron is absorbed by the target nucleus to form a 
compound nucleus that is in an excited state. The excited compound nucleus then 
quickly undergoes the second stage of the reaction, involving either the emission 
of a y-ray, a-particle or proton*, or it is broken up into two more or less equal parts, 
i.e. it fissions. Of these reactions the (n, y) reaction is the most common, for it 
occurs with a wide variety of elements. The reactions that are accompanied by the 
emission of a charged particle, the (n, a) and (n, p) reactions, can only occur if there 
is sufficient energy to overcome the Coulomb potential in addition to detaching the 
particle from the nucleus. As a result these reactions are generally limited to 
isotopes of low proton number. On the other hand, the (n, f) reaction is generally 
restricted to a few isotopes of high mass number.

The likelihood of a nucleus taking part in a slow neutron capture reaction is 
expressed by its cross section, which is depicted as the effective area the nucleus

* Electrons also produce bremsstrahlung, but are not the principal source of high energy, cosmic ray induced 
bremsstrahlung in the lithosphere.
' Nuclear reactions are often represented by enclosing within brackets the symbols for the incoming or 
outgoing particles or quanta, with the initial and final nuclides being shown outside the brackets. For example 
35Cl(n, y)36Cl represents the reaction 35C1 + n —» 36C1 + y. This can be shortened to (n, y) when discussing the 
type of reaction, rather than a specific reaction.
+ In the case where a neutron is emitted, the reaction is called a scattering reaction i.e. the neutron interacts 
with, and transfers some or all of its energy to the nucleus, but the neutron remains free in the process.
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represents to the slow neutron, typically measured in barns . The slow neutron 
capture cross section not only depends on the neutron energy, but varies from one 
isotope to another isotope of the same element, and changes with the nature of the 
reaction. In many instances, however, this is simplified by the fact that one 
reaction predominates, an d /o r one particular isotope has a much larger cross 
section than the other isotopes of the same element.

The macroscopic cross section of a bulk material consisting of a mixture of 
different isotopes can be determined by summing the individual reaction cross 
sections, each weighted by the abundance of the target nuclei in the material. 
There are several isotopes that have notably high cross sections, such as 10B ,lo5,157Gd 
and 149Sm. These isotopes can greatly influence the macroscopic cross section of a 
rock sample even though their relative concentrations are very low in most 
common rock types.

For many elements (particularly those with mass number greater than 100) 
the capture cross section exhibits different characteristics in three different energy 
regions.

The lowest energy region, <0.1 eV, is where the neutrons are in thermal 
equilibrium with their environments. The cross section decreases steadily with 
increasing neutron energy. As the capture cross section varies inversely with the 
neutron velocity, thermal neutron capture is said to obey the 1/v  law. Although 
the thermal neutrons have a range of energies, they obey the Maxwell-Boltzmann 
distribution law, so that a unique temperature-dependent energy can be assumed. 
At 20°C, for example, the mean energy of a thermal neutron is -0.025 eV.

At neutron energies between 0.1 eV and 1 keV there is an epithermal or 
resonance region. This region is characterized by the occurrence of peaks, or 
resonances, where the capture cross section rises fairly sharply to high values for 
certain neutron energies and then falls again. Resonances occur when the energy 
of the slow neutron is equal to one of the quantum states of the nucleus. Some 
isotopes have only one resonance peak, while others have two or more.

Beyond the resonance region the nuclear cross sections decrease rapidly 
with increasing neutron energy. For energies of the order of 0.1 MeV or more, the

* The symbol for bams is b: 1 b = 10"28 m2 = 100 fm2
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capture cross sections decrease until they are similar in magnitude to the 
geometrical cross section.

Since the cross sections for this reaction are largest in the thermal and 
epithermal region, production of JbCl due to capture of neutrons at higher energies 
will be neglected and only low-energy (thermal and epithermal) neutron capture 
will be considered.

Chlorine-35 has a high thermal neutron capture cross section and dilute *
resonance integral for the (n, y) reaction of 43.6 barns and 17 barns respectively. 
Consequently this is a major production mechanism of 36C1 wherever chloride is 
present.

2.3 In-Situ Production Channels for 36C1

Cosmogenic nuclides are produced in both the atmosphere and uppermost 
lithosphere, and as a result they are divided into two categories according to their 
production location. Cosmogenic nuclides produced in the lithosphere are 
referred to as being "produced i n - s i t u Meteoric (or "garden-variety") cosmogenic 
nuclides are produced in the atmosphere and then dispersed through near surface 
reservoirs .

The cosmogenic nuclides produced in-situ that are most commonly used for 
geomorphic studies are 36C1,10Be and 2bAl. Chlorine-36 has a half life of 301 kyr and 
is produced in K-rich or Ca-rich minerals such as K-feldspar and calcite [Zre91, 
Swa94, Phi96, Eva97, Sto97, Sto98]. Beryllium-10 and 2bAl have half lives of 1.5 Myr 
and 705 kyr, respectively. Both 10Be and 26A1 are produced in quartz and other 
silicates [Lal91, Nis89].

* The dilute resonance integral is the integrated cross section over the resonance, or epithermal, energy range:
CEi C(E) d E , where E, and E2 are the upper and lower limits of the resonance energy region. The term
Je2
“dilute” refers to the fact that this parameter is only applicable to an infinitely dilute mixture of neutron 
absorbers and moderators, so that the medium through which the neutrons travel does not significantly modify 
the neutron-energy spectrum, an effect known as flux depression. This condition is met in most geochemical 
environments (Fab88).
T The most well known meteoric cosmogenic nuclide is 14C, which is produced by 14N(n,p)14C, and then 
mixes throughout the atmosphere and is taken up by living organisms. When the organism dies it stops taking 
up i4C and the concentration begins to decrease due to decay, which is the basis of l4C dating.
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Some nuclides, such as 36C1 and 10Be, have both meteoric and in-situ 
components. Meteoric JbCl is produced by spallation of argon, and meteoric 10Be is 
produced by spallation of oxygen and nitrogen. Others, such as 26Al, only have an 
in-situ component as there is no suitable target nucleus in the atmosphere.

Meteoric production rates are much higher than in-situ production rates due 
to the greater intensity of the cosmic ray flux in the atmosphere. For example, 
argon makes up ~1% of the atmosphere, compared to -11% potassium in K- 
feldspars, but the amount of 3bCl produced in the atmosphere is 2 orders of 
magnitude larger than in K-feldspar at the Earth's surface. Therefore, meteoric b0Cl 
must be removed from a rock sample before an in-situ 36C1 measurement is 
possible. Fortunately, due to the hydrophilic nature of chloride, it is not strongly 
retained by mineral surfaces, and tends to migrate into ground water, whereas the 
in-situ 36C1 remains captured in the mineral lattice.

There are several production channels in the lithosphere which result in the 
production of 3bCl. The most important of these are given in Table 2.3:

Table 2.3 The dom inant *C1 production channels in-situ in m ost rock types.

Spallation Negative Muon Capture Low-energy Neutron Capture

’’KCn, 2p 39K(jT, V2nTCl 39K(n, a)36Cl
“Ca in,3p2nfCl ^CafjT, 2 p 2 n t  Cl 35Cl(n/ y)“Cl

In this work there is no distinction between (n,2p2n) and (n,a) production 
channels (for example), as only the abundance of the target and product nuclei can 
be measured. In addition, a simplification has been made in only expressing the 
spallation and negative muon capture production channels involving 39K and 40Ca. 
There is a small 36C1 contribution from other less-abundant calcium and potassium 
isotopes, but as 39K and 40Ca have an isotopic abundance of 93.3% and 96.9% 
respectively, these are by far the dominant production channels. In contrast, the 
low-energy neutron capture on 3bCl and 39K production channels are isotope 
specific. The 3/Cl(M,2n)3bCl and 41K(n,a2n)3bCl reactions have a negative Q -value, 
and therefore cannot be initiated by low-energy neutrons.

4 The amount of energy produced in a nuclear reaction. A negative Q-value means that energy is required for 
a reaction to occur.
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There are a few other less significant production channels for the production 
in-situ of 3bCl, mainly from the spallation of iron and titanium. These have much 
smaller production rates per target nucleus [Fab881 and can be discounted 
altogether in this work, as the iron and titanium concentrations in K-feldspar are 
negligible.

The total production rate in-situ of 3bCl is the sum of the production rates for 
each production channel at a specific depth.

P ,cml (z) =  P sP (z) + p „- (z) + p„(z) (2.5)

where sp, p , and n denote production due to spallation, negative muon capture 
and low-energy neutron capture, respectively. Each of the individual production 
channels can be expressed as a function of several components, as described for the 
potassium production channels below.

Table 2.4 gives a summary of all the symbols used in this and subsequent 
chapters to describe the production and accumulation of 36C1.
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Table 2.4 Description of variables used in this work.
S y m b o l D e sc rip tio n V alue, R ange an d /o r U nits N o tes R efe re n ce
G e n e ra l S y m b o ls
z d e p th g e m 2

P d en sity 2.643 g c m 3 (1) M e a su red
2.65 g  c m 5 (2)

£ Erosion  ra te  a t  th e  to p  o f the  d e p th  profile p m  y r 1
X “Cl decay  c o n stan t 2.303 x 10* y r 1
t ,« “C l ha lf life 3.01 x 10s y r [Gol66]
p “C l p ro d u c tio n  ra te a to m  g '1 y r 1
N “C l co n cen tra tio n a to m  g 1
N _ M easu red  “C l concen tra tion a to m  g '1

±1 std  d e v ia tio n  u n certa in ty  of m ea su re d  “Cl a to m  g '
co n cen tra tio n

A , A v erag e  a tom ic  m ass o f a ir 14.5 g  m o l1 [Liu94]
A A verage  atom ic  m ass o f rock

Pk T otal “C l p ro d u c tio n  ra te  d u e  to p o tassiu m a to m  (g K )1 yT1
Pc. T otal “C l p ro d u c tio n  ra te  d u e  to  calcium a to m  (g C a )1 y r '1
■“ Cl produced  by spalla tion

P p ,(^ ) “ C l p ro d u c tio n  ra te  d u e  to sp a lla tio n  on  p o ta ss iu m a to m  (gK)’1 y r 1

P ^® > Surface “ Cl p ro d u c tio n  ra te  d u e  to Ca 48.8 ± 3 .4  a tom  (gCa)-1 y r 1 (3) [Sto97]
A ______ Effective a ttenuation  length for spallation p roduction 160 g  cm '2 Assumed value (cf. Nis94J)
’‘Cl produced  by negative m uon cap tu re

P m.(z ) “C l p ro d u c tio n  ra te  b y  n eg a tiv e  m u o n  cap tu re a to m  g 1 y r 1

P ,.c (0 ) “Cl p ro d u c tio n  ra te  b y  n eg ativ e  m u o n  c ap tu re  o n  Ca 
a t the su rface

5.3 ± 1.1 a to m  (g C a )1 y r ' (3) [Sto98]

* • ( * ) In ten s ity  o f n e g a tiv e  m u o n s s to p p in g  a t d e p th  z s to p p e d  p  g 1 y r 1 [Sto98j a n d  
Refs, th e re in

“Cl y ield  p e r  s to p p e d  p  in K -fe ldspar a to m  p e r  s to p p e d  p
K C hem ical c o m p o u n d  factor (fraction  o f n eg a tiv e  

m u o n s reach in g  th e  I s  m u o n ic  level of the  ta rg e t 
a tom )

t Iso topic  a b u n d a n c e  of “K o r “C a 93.3% for “ K, 96.6% fo r “ C a
K F raction  o f n u c le a r  c ap tu res  from  Is  m u o n ic  level
f ,p̂ n Probability of em ission channel requ ired  to p roduce  “Cl 

(for po tassium  this is a  p2n em ission channel a n d  for 
calcium  this is an  a  o r 2p2n em ission channel)

’‘Cl produced  by low-energy neu trons
Pn(z) C l p ro d u c tio n  ra te  from  lo w -en erg y  n eu tro n s a to m  g 1 y r 1

°,S T h erm al n e u tro n  c a p tu re  cross sec tion  o f “ C l 43.6 b a m s
T h erm al n e u tro n  c a p tu re  cross sec tion  of “ K 4.3 m illib a m s
F raction  of th e rm a l n e u tro n s  c a p tu re d  b y  “ C l 0 .0 0 1 3 3 -0 .0 0 2 2 9 (1)

0.00141 -  0.0274 (2)
f* F raction  o f th e rm a l n e u tro n s  c a p tu re d  b y  WK 0.00086 -  0.00118 (1)

0 .0 0 0 4 1 -0 .0 0 1 3 8 (2)
P , ( 0 ) P ro d u c tio n  ra te  o f spallogen ic  se co n d ary  n e u tro n s  in 

a ir  above  g ro u n d  level. E q u iv a len t to P,(0) in [Liu94]
Y “Cl p ro d u c tio n  ra te  b y  th erm al n eu tro n  c a p tu re  ra te a to m  g  ’ y r '1 N o ta tio n  u se d  b y

on  “Cl [Zre91, Sw a94],
0 T h erm al n e u tro n  p ro d u c tio n  ra te  a t sea level an d n e u tro n s  Kg ' y r 1 N o t te rm s u se d  in

h igh  la titu d e th is  w ork .
“ Cl produced by spallogenic therm al n eu tron  cap tu re
Pn.PKh Therm al n e u tro n  p ro d u c tio n  from  spalla tion  reaction n e u tro n s  g ' y r '1
K P re-ex p o n en tia l te rm  d escrib in g  p ro d u c tio n  of 0 .001907-0 .001933 (1) [Liu94]

spa llogen ic  th erm al n e u tro n s  in  rock. E quals <))*„ 2 ^  
/  P,(0) in  n o ta tio n  of [Liu94]

0 .001810-0 .001929 (2 )

K P re-ex p o n en tia l te rm  re la ted  to loss o f a lb e d o -0 .001178--0 .001262 (1) [Liu94]
n eu tro n s . E quals FA<j>’„ /  P,(0) in n o ta tio n  o f
[Liu94]

-0 .001092--0 .001339 (2)

C C harac te ristic  len g th  fo r th erm al n e u tro n  d iffusion . 21.05 -  23.44 (1) [Liu94]
1 8 .9 2 2 -2 6 .3 3 7 (2)
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Table 2.4 continued
S y m b o l D e s c r ip t io n V a lu e , R ange an d /or U n its N o te s R e feren ce

Difference between the thermal neutron fluxes in the 
air and the ground at the land surface elevation that 
would be observed in the absence of an interface.

[Liu94]

Macroscopic thermal neutron capture cross section 0.00580 -  0.00755 (1) [Liu94]
for a rock 0.00445 -  0.00895 (2)

F Weighting factor that determines the balances of the end 
members in the actual interface fluxes

[Liu94]

^ C l produced  by sp a llogen ic  ep itherm al n eutron  cap ture

n̂>p-epi Epithermal neutron production from spallation 
reactions

neutrons g 1 yr'1

I,s Dilute resonance integral for epithermal neutron 
absorption of 3SC1

17 ± 2 bams

I3, Dilute resonance integral for epithermal neutron 
absorption of WK

-1.9 millibams

êpi,35 Fraction of subsurface epithermal neutrons absorbed 0.00142 -  0.00220 (1)
by 3’C1 0.00164 -  0.0232 (2)

êpi.39 Fraction of subsurface epithermal neutrons absorbed 0.00095 -  0.00123 (1)
by ”K 0.00054 -  0.00127 (2)

is Pre-exposure term describing production of 0.1271-0.1456 (1)
spallogenic epithermal neutrons in rock. 0.1129-0.1787 (2)

K Pre-exponential term related to loss of albedo 0.05084 - 0.05824 (1)
neutrons. 0.04516-0.07148 (2)

K Characteristic length for epithermal diffusion in a 32.09 -  34.91 (1)
particular rock type 29.441 -  36.648 (2)

p(E.)„ Resonance escape probability for epithermal 
neutrons in the rock.
Fractional reduction (relative to an infinite rock assigned a value of 0.4 based on [Phi95]
medium) in the epithermal neutron flux at the 
atmosphere/rock interface

Monte Carlo simulations

N eu tron s produced  fo llow in g  n egative m uon capture

P J z ) Thermal neutron production from negative muon 
capture reaction

neutrons g ’ y r1

Y Average neutron yield from muon capture 0.5 neutrons per stopped p
N eu tron s p rod u ced  by ph otod isin tegration  reactions

P * Thermal neutron production from muon-induced 
photoneutron reactions

neutrons g 1 y r1

4>^(z) Fast muon flux at depth z muons cm 2y r1 [Sto98]
Yf Average neutron yield per photodisintergration 1 neutron disintegration1 [Wyk65]
k5ln(z k*) Accounts for the energy lost by the total muon flux 

at depth z.
7.75x10'*’ ln(0.1065 z) (1)

N eu tron  produced  by U fission  and (a ,n )  reactions
Thermal neutrons produced by radioactive decay of 
U and Th

neutrons g 1 yr'1

P a Production rate of thermal neutrons by (a,n) 
reactions

neutrons g ' yr'1

P, Production rate of thermal neutrons by U fission neutrons g 1 y r1 
MeV g 1 cm:S, Mass stopping power of element i for a-particles [Van73]

Fi

Y .O J)
Yn(Th)
n 238
A-238

F238

vn

Fractional abundance of element i 
Neutron yield of element i per ppm U 
Neutron yield of element i per ppm Th 
Atomic concentration of “ U in the sample 
Decay constant for
Branching ratio for spontaneous fission
Number of neutrons emitted per spontaneous
fission of :MU

ppm
neutrons g ' y r1 (ppm U)' 
neutrons g 1 y r ' (ppm Th)1 
atom g 1
1.5513 x 1010 yr ‘
5.45 x 10'7 
2.00 (0.03)

[Van73]
[Van73]

[Van73]
[Van73]
[Van73]

(1) Wyangala samples or mineral separates
(2) Scottish samples or mineral separates
(3) At sea level and high latitude
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2.3.1 Production due to Spallation

The fast neutron flux decreases exponentially in the lithosphere with an 
attenuation length, Asp of -160 g cm'2. Therefore, the cosmogenic production due to 
spallation from potassium can be expressed by the equation:

Psp.k (z) = PspA  0 ) [ K ] e ^  (2.6)

where PspK(0) is the surface spallation production rate (atom (gK)1 yr'1) due to 
potassium, [AT] is the potassium concentration (%wt), and z is depth in the 
lithosphere (g cmT).

An expression analogous to Equation 2.6 can be used to describe the 
spallation production for calcium. In the K-feldspar samples used for this study, 
P Ca (0) is typically <sc 1 % or less of the total spallation production. The value of
Psp Ca (0) used to make this small correction is 48.8 ±3.4 atom (gCa)'1 yr'1 at sea level 

and high latitude [Sto96].
Recent models of secondary cosmic ray transportation through the 

atmosphere and lithosphere predict that some of the fast neutrons produced in the 
lithosphere are lost into the air due to the different transport properties of the air 
and ground [Mas95b This would mean that the spallation depth dependence was 
not exponential near the surface (as in Equation 2.6), but was approximately 
constant for the first ~20 g cm'2. Corrections to this work of about 5% (depending 
on sample thickness) may be required at a later date if this effect is confirmed 
experimentally. At this point, however, an exponential attenuation from the 
surface will be assumed. Little error would be introduced to the exposure age 
measurement of an "unknown" sample, so long as the same thickness corrections 
were used and the sample was roughly the same thickness (~5cm) as the 
calibration samples.

It is interesting to note, however, that of all the major production channels 
producing in-situ "6A1, 10Be and 36C1, the spallogenic production of J6C1 from 39K, an 
(h, a) reaction, would be the most sensitive to this effect as it has the lowest 
threshold energy (see Table 2.5). The low threshold energy is important because 
the lower the incident neutron energy, the more isotropic the spallogenic neutrons 
(see § 2.2.2), so more are likely to be emitted back out of the surface. This is
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especially significant as the major contribution to isotope production comes from 
the part of the nucleon energy spectrum within ~10 MeV above the threshold value 
for the particular reaction [Lal67]. Consequently, the 3bCl production in the top 20 
g cm'2 would be expected to be flatter than the 20A1 or 10Be production rates in the 
same depth interval.

Table 2.5 The threshold energies for the major “Cl, 26A1 and u,Be production channels. The 
^KX^cQ^Cl reaction channel has by far the lowest threshold energy.___________________

36C1 Spallogenic 26 A1 Spallogenic 10Be Spallogenic
Production Production Production

Reaction Threshold Reaction Threshold Reaction Threshold
Channel Energy Channel Energy Channel Energy

39K(n,cc)36C l 1.36  M e V 28Si(n,p2n)2tAl 24.76 MeV 16O(n,4p3n)10Be 63.1 MeV
39K(n,2p2«)36Cl 27.1 MeV ^0{n,o2pn)wBe 34.6 MeV
"Cafoop^Cl 7.1 MeV 12C(n,2pn)10Be 27.4 MeV

40Ca(n,3p2w)36Cl 35.6 MeV
(Isotopic abundances are 93.3% for 39K, 96.9% for ^Ca, 92.2% for 2sSi, 99.8% for "O and 98.9% for UC).

2.3.2 Production due to Negative Muon Capture

Muons are weakly interacting particles and therefore the muon flux decreases 
much more slowly with depth than the fast neutrons flux. This leads to three 
important consequences:
1. Isotope production by negative muons increases less steeply with altitude than 

production by spallation. Thus, the total isotope production rate cannot be 
correctly scaled from one location to another unless the relative balance of 
production by spallation and negative muon capture is known.

2. While the surface negative muon production rate is a small portion of the total 
surface production rate, it is the dominant production mechanism between 
depths of a few metres and a few tens of meters in the lithosphere. At 
shallower depths, spallation is generally the dominant production mode, and at 
greater depths radiogenic and fast-muon-induced reactions become more 
important.

3. As the negative muon capture production rate diminishes less steeply with 
depth than spallation, changes to the surface, such as erosion or burial, will

-Page 26-

Calibration of the Production Rates o f Cosmogenic * Cl from Potassium



Chapter Two ~  Cosmogenic Nuclide Production In-situ

affect the muon capture component of the 3Xl concentration much less 
dramatically than the spallogenic component at a given depth.

Negative muon capture is, therefore, an important production mechanism 
not only for deep samples, but also for surface samples with high erosion rates and 
young surface samples that have been exposed by shallow excavation.

The negative muon capture reaction is described in Section 2.2.2. The 
production rate of X I by negative muon capture on potassium is given by the 
equation:

P„-.K = atom g'1 y r1 (2.7a)

= y _ ( z ) ^  (2.7b)

where TV(z) is the negative muon stopping rate as a function of depth, z,
f is the compound factor, which is the fraction of negative muons stopped 

in K-feldspar that reach the Is level of a potassium atom, as opposed to 
silicon, aluminium or oxygen atoms, 

f is the isotopic abundance of j9K,
fd is the fraction of negative muons which, having reached the Is level of the 

atom, are captured by the nucleus rather than decaying in orbit, 
fp2n is the probability of the exit channel in which a proton and two neutrons 

are emitted to produce a 36C1 nucleus, and 
Y k is the yield of 36C1 per stopped negative muon in K-feldspar.

The negative muon stopping rate at sea level and high latitude, 4V(z), has 
been evaluated by Stone et a l [Sto981 at depths from 100 g cm'2 to 5500 g cm'2 using 
range spectra of muons incident at the Earth's surface that were measured largely 
in the 1950s and early 60s (see references in [Sto98]) and is given by the expression:

log (^  (z))= a-t-Mog10(z) + c(log 10(z))2 +^(log10(z))3 +e(log10(z))4 + /( lo g 10(z))5 (2.8)

where a = 1.586, b = 1.709, c = -1.817, d = 1.185, e = -0.9642, /  = 0.01955.
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In this work the value of YK (= /, f d fc fp2„) is the unknown being determined. 
This is because amongst its four component factors only /,. and fd are well 
constrained experimentally. However, it must be appreciated that incorporated 
into the value of YK is the compound factor, fc, which is dependent on the mineral 
composition in which the target atom is held. Therefore, the value of YK obtained 
in this work is specific to K-feldspar and an additional uncertainty will be involved 
when applying this value to another K-bearing rock or mineral.

The value of the 36C1 production rate for negative muon capture on calcium 
that was used to apply minor corrections in this work was 5.3 atom (gCa)'1 y r1 at 
sea level and high latitude [Sto98]. As the correction is small, the additional 
uncertainty of applying the value obtained from calcite to K-feldspar will have a 
minimal effect on the uncertainty in the value of YK determined in this work.

2.3.3 Production due to Low-Energy Neutron Capture

Chlorine-36 is produced by low-energy (thermal and epithermal) neutron 
capture on both Cl and K. The cross section for the C\(n,y) Cl reaction for 
thermal neutrons is 43 ± 2 barns, and the dilute resonance integral is 17 ± 2 barns,

36 35therefore the production rate of Cl due to low-energy neutron capture on Cl is 
substantial wherever chloride is present.

On the other hand, the thermal neutron capture cross section for the
39 39

K(n,a)36Cl reaction on K is only 4.3 ± 0.5 millibarns, and the dilute resonance
*

integral is ~1.9 millibarns . Low-energy neutron capture on 39K is only expected to 
account for -2% of the total Cl production rate from potassium at the surface.

There are four sources of secondary neutrons in the lithosphere which are 
considered in this work: spallation reactions, negative muon capture reactions, 
photonuclear reactions and the decay of uranium and thorium. Because the cross 
section for neutron capture is highest at thermal energies, only the thermal neutron

* The alpha branching ratios have not been measured for any of the 39K resonances. However for light nuclei 
the level densities are relatively low and the dominant contribution to the resonance integral comes not from 
the resonances, but from the 1/v fall-off in cross section with energy (this is essentially due to the tail of the 
nearest subthreshold resonance), which contributes cross section beyond the thermal region. The Chart of the 
Nuclides assumes that the 1/v contribution to the resonance integral is 0.45 times the thermal cross section. 
Hence, to a good approximation, the resonance integral for the alpha-particle branch can be assumed to be 
0.45 times the known (n,a) thermal cross section.
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capture cross section is considered for each source, except for the spallation 
reactions. Because spallogenic secondaries at the surface are the largest of all the 
secondary neutron sources at any depth, epithermal neutron capture will also be 
considered for spallation secondaries. As a result the production of 36C1 by low- 
energy neutron capture can be expressed by:

pn (z) = Psp_,h (z) + Psp_epi (z) + Pla(.z) + Pllf(z) + Pv+Th (2,9)

The subscripts sp- th ,  s p -  epi, ps, pf and U + Th denote spallogenic thermal 
neutrons, spallogenic epithermal neutrons, mu-genic thermal neutrons, 
photonuclear thermal neutrons, and radiogenic thermal neutrons, respectively.

Secondary neutrons are typically produced with energies above the 
epithermal and thermal energy ranges and the neutrons have to be slowed down 
by collisions with terrestrial nuclei to reach epithermal and thermal energy ranges. 
During this process the number of neutrons may decrease as some take part in 
other reactions or, at shallow depths, are lost into the air due to an air/ground 
boundary effect (see § 3.2). As a result of the loss of neutrons near the air/ground 
boundary, the low-energy neutron sources require a correction at shallow depths, 
as described below. Section 3.2 contains a more detailed discussion of recent work 
related to this air/ground boundary effect.

Away from the air/ground boundary, thermal and epithermal neutron 
production is in equilibrium with the secondary neutron production for all 
secondary neutron sources.

2.3.3A Thermal Neutrons Produced by the Spallation Reaction

The dominant source of secondary neutrons in the uppermost few metres of 
the lithosphere is spallation reactions. For this work the thermal neutron model 
described by Liu et al. [Liu94] was adopted, discussed in Section 3.2.2. This model 
describes the production of 3oCl at the air/rock boundary by solving a diffusion- 
type equation that balances thermal neutron production and absorption.

P,sP-,„ = P /(0 )  ( / * + / ,  + V ' 2' 1“’) (2.10)
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This expression is effectively an exponential depth profile describing the 
production of thermal neutrons in the lithosphere, minus (as k2 has a negative 
value) an exponential depth profile that describes the diffusion of thermal 
neutrons into the air.

The parameter fA is the fraction of thermal neutrons captured by nuclide A 
(either 32C\ or 39K) and can be expressed by:

where o and N are the thermal neutron cross section and the abundance 
respectively, and i represents all the nuclides in the rock that significantly 
contribute to the macroscopic cross section of the rock.

The parameter Pf (0) is the production rate of spallogenic secondary 
neutrons (i.e. prior to thermalisation) in the air directly above the ground. The 
parameter Lth is the characteristic length for thermal neutron diffusion in the rock. 
The parameter k: describes production of spallogenic secondary neutrons in rock 
and can be expressed as:

where <J>*ä is the thermal neutron flux that would be observed at the land surface if 
some neutrons didn't diffuse upward into the atmosphere (as shown in Figure 2.3), 
and is the macroscopic thermal neutron capture cross section of the rock, 
which is the denominator in the expression for f A in Equation 2.11.

The parameter k2 is related to loss of neutrons into the air, calculated by:

where F is the weighting factor that determines the balance of the end members in 
the actual interface fluxes, and Aty*ss is the difference between the thermal neutron

fluxes in the air and the ground at the land surface elevation, in the absence of an 
interface, as shown in Figure 2.3.

(2 . 11)

(2.12)

t 2 = FA<t>X,„/^(0) (2.13)
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Figure 2.3 Thermal neutron intensities as a function of depth in granite, calculated by the equation 
P r ( 0 + k1e {~z,L*)) using typical values for granite given by Liu et al. [Liu94], where P f (0)= 586

fast n (g air)"1 yr'1 [Phi96], k, = 1.008, A v = 170 g cm'2, k2 = -0.624, and Lss = 22.6 g cm “.

The parameters f35, f 39/ kx,k2, and Lth in Equation 2.10 depend on composition 
and can be calculated for each sample. As a result, *Pf (0) is the component of the 
spallogenic portion of the thermal neutron flux in the lithosphere that must be 
calibrated to determine the production rate of 36C1 from thermalised spallogenic 
secondary neutrons.

2.3.3B Epithermal Neutrons Produced by the Spallation Reaction

The dilute resonance integral is reasonably large for ^Cl compared to the 
thermal neutron capture cross section (-40%). Consequently, the proportion of ,6C1 
produced by spallogenic secondaries in the epithermal range is 20-40% of the total 
36C1 produced by spallogenic neutrons. However, the actual proportion depends 
strongly on the chemistry of the rock, as discussed in Section 3.2.
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The expression describing spallogenic epithermal neutron production of 36C1 
is analogous to Equation 2.10

- P / C W * *  + / „ (2-14)

The parameter Lepi is the characteristic length for epithermal neutron diffusion in a 
particular rock type. The parameter f epi A is the fraction of subsurface epithermal

neutrons absorbed by 33C1 or 39K respectively, and is the epithermal equivalent of 
Equation 2.11, except that it contains the dilute resonance integral IA, instead of the 
thermal neutron cross section:

/,epi,A
h N a (2.15)

The parameters k3 and k4 can be expressed by the relations:

* 3 = 0  - p ( £ j „

£
2

^4

£
2

(2.16)

(2.17)

where p(E[h)ss is the resonance escape probability for epithermal neutrons in the 

rock. A is the average atomic mass of the medium (air or sub-surface rock), and 
the subscripts ss and a refer to the subsurface and the atmosphere respectively. 
is the fractional reduction (relative to an infinite rock medium) in the epithermal 
neutron flux at the atm osphere/rock interface. This parameter was assigned a 
value of 0.4 based on simulations of neutron transport by the Monte Carlo method 
[Phi95J.

As with Equation 2.10, the parameters in Equation 2.14 can be calculated 
from the sample composition, with the exception of *Pf (0), which must be

calibrated.
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2.3.3C Thermal Neutrons Produced by the Negative Muon Capture Reaction

The second source of thermal neutrons is from negative muon capture 
reactions. Following the capture of a negative muon by any constituent of the 
rock, the nucleus most commonly de-excites by the evaporation of one or more 
neutrons. Therefore the calculations include all target nuclei present in the rock 
and all emission channels that include neutrons.

The production of 36C1 from mu-genic neutron capture can then be 
expressed by:

P.^z) = \ A z ) Y ,  (/„+/„) (2.18)

The term Ys is the average neutron yield from a muon capture and can be 
calculated by:

r, = I , / c , / , + 2 x / 2„., +3 x / 3„, +...) (2.19)

where i is an elemental constituent in the rock, and f is the compound factor and fd 
is the fraction of muons captured from the Is muonic level by the nucleus, as 
described in § 2.3.2.

The value of Ys is specific to a particular rock-type for two reasons. Firstly, 
the number of neutrons emitted by a particular nucleus varies from nucleus to 
nucleus. And secondly, the compound factor term, fc, affects the portion of 
negative muons that will be captured by each component of a mineral. The 
variation of this value from rock type to rock type, however, is expected to be 
small, and given that this is not a dominant production channel, an assumed value 
of 0.5 neutrons per stopped ji has been used.

The air/ground boundary effect has only been investigated for spallogenic 
secondary neutrons. However, for surface samples, the air /g round  boundary 
effect can be approximated by multiplying Equation 2.18 by the same correction 
determined for spallogenic thermal neutrons, /0*5, or in the terms used in 
Equation 2.10, (fc, +k2)/k, .
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2.3.3D Thermal Neutrons Produced by the Photodisintegration Reaction

The third (and final cosmogenic) source of thermal neutrons is from 
photodisintegration reactions initiated by positive and negative fast muons, as 
described in Section 2.2.2. The treatment of photonuclear secondaries follows the 
treatment used by Fabryka-Martin [Fab881, and can be described by the equation:

Pn J (z) = <D „ (z) Yf k5 \n(k6 z) ( /35 + / 39) (2.20)

The term 0^±(z) is the total cosmic ray muon flux at depth z at sea level and high 

latitude as given by the expression derived by Stone et al. [Sto98j:

log10[O/i±(z)J= A+£tog10(z)+C(log10(z))2 +£>(logI0(z))3+£( log10(z))4 + F(log10(z))5

(2 .21)

where >1 = 5.059, B = 2.088, C = -2.235, D = 1.127, E = -0.2634, F = 0.02138

The term Yf is the average neutron yield per photodisintegration. As this is

a very minor source of secondary neutrons in the depth range we are considering, 
the conventional value of one neutron per disintegration [Wyk65; Hay69] can be 
assigned to Yf without fear of added uncertainty due to oversimplification.

The term k. ln(k6 z) is derived from the gamma absorption cross section over 
the bremsstrahlung spectrum, the energy at which the cross section reaches its 
maximum and the gamma ray flux above this threshold. The logarithmic term 
ln(/:6z), accounts for the energy lost by the total muon flux at depth z which causes
the production of neutrons by fast muons to decrease more gradually with depth 
than the production by stopped negative muons. Consequently, this is one of the 
major production mechanisms of J6C1 below a depth of ~20 metres. The values of 
k5 and k6 are composition dependent and can be calculated using the formula given 
in Fabryka-Martin [Fab881 and Hayakawa [Hay69]. However, as this is a minor 
source of secondary neutrons in the depths considered in this work, and variation 
in the values of k5 and k6 is <1% from sample to sample, values of 7.75 x 1(T and 
0.1065 are used for k5 and k6 respectively for all the samples.
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The surface samples can be corrected for the air /ground boundary effect in 
the same manner as the thermal neutrons produced by negative muon capture 
reactions, i.e. multiplying Equation 2.20 by (&j + k2)/kl .

2.3.3E Thermal Neutrons Produced by the Radioactive Decay of U and Th

238
Finally, neutrons are produced from spontaneous fission of U, and (a ,n) 

reactions due to a-particles from the U and Th a-decay series. This production of 
neutrons is dependent on the uranium and thorium contents of the rock, and

36
therefore produces a background of non-cosmogenic Cl concentration that must 
be subtracted.

Pfi,U+Th — a  +  *Psf X / 3 5  +  ^39 ) (2 .22)

where the subscripts a  and sf denote neutron production by reaction due to a- 
particles and spontaneous fission respectively. The term <Pa is expressed by:

<P ='  a

Xw„(y)
TJT, [j/]  +

X w .W
ZS'F, [Th] (2.23)

where Si is the mass stopping power of the element i for a-particles,
F is the fractional abundance (ppm) of element i,
Yn(U) is the neutron yield of element i per ppm  U,
Yn(Th) is the neutron yield of element i per ppm Th,
[U] is the uranium concentration in ppm,
[Th] is the thorium concentration in ppm.

Values for the elemental neutron yields are given by Vandenbosch and Huizenga 
[Van73j.

The term Psf is expressed by:
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—  ^ 2 3 8  ^238 ^238 V n ^  2 4 )
= 0.429 [U]

where: N238 is the atomic concentration of 238U in the sample,
>.238 is the decay constant for 23SU = 1.5513 x 10'10 yr'!,
r238 is the branching ratio for spontaneous fission = 5.45 x 10'7,
vn is the number of neutron emitted per spontaneous fission of 23SU =
2.00±0.03 [Van73], and
[U] is the uranium concentration in ppm.

2.4 The Importance of AMS

The technique of accelerator mass spectrometry (AMS) is crucial to the 
feasibility of studying cosmogenic nuclides. The number of in-situ cosmogenic 
atoms in a natural sample is very small, typically 104 -  1CT atom g'1, or 10"18 -  10'13 of 
the total atoms in a rock sample. In addition, their half lives are extremely long 
compared to the available measuring time. As a result they have a very low decay 
rate which makes decay counting almost impossible. In most cases the ratio of the 
cosmogenic nuclide to the stable nuclide/s is very low (1015 -  10'12 for typical J6C1/C1 
ratios) which also rules out the use of conventional mass spectrometry as a feasible 
measurement technique.

As an example, consider a 36C1 measurement made on a typical sample with 
a chloride concentration of 100 ppm and a 36C1/C1 ratio of 100 x 1013. For a 
practical measurement by decay counting, a minimum decay rate of ~0.1 
decays/m in is required. This would require 2.28 x 10n atoms of 36C1, or 136g of 
chloride, necessitating 1.36 tonnes of sample. Measurement by AMS, on the other 
hand, provides the sensitivity to measure the 1.7 x 106 atoms of 36C1 in a 10 g 
sample from which 1 mg of chloride would be obtained. Since AMS involves 
physical counting of the individual atoms, rather than decays, this sample could be 
measured with a precision of <5%, detecting >400 3oCl ions in less than 30 minutes.

Accelerator mass spectrometry is an extension of normal mass spectrometry 
(see Figure 2.4), with the ability to measure nuclide ratios being extended from 10"9 
to 10"’3 [Lit87]. Both systems have the sample placed in an ion source from which
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ions are emitted, before being accelerated by an electric potential and mass- 
analysed by a magnet. A conventional mass spectrometer then measures the 
number of ions as a current in a Faraday cup or as individual ions using an 
electron multiplier (or Daly detector). AMS, however, further accelerates the ions 
to a terminal at high electric potential, where they pass through an electron 
stripping foil or gas which removes some or all of the electrons. The now highly 
positively charged ions are further accelerated to a second magnet. This selects the 
mass and charge state of the ions, which are then measured by counting them 
individually in a particle detector. (Details of AMS measurements will be 
discussed in chapter 4).

Given the small numbers of atoms and the extremely low nuclide ratios to 
be measured, AMS has certain advantages over conventional mass spectrometry:

1. Mass spectrometry measurements are limited by abundance sensitivity,
the background count rates at masses adjacent to the nuclide of interest. The
abundance sensitivity for a typical mass spectrometer is -10°, or -1CT10 for large
multi sector instruments. With 36C1/37C1 ratios as low as 1014, the 37C1 tail would

♦

swamp the 36C1 peak . AMS, however, recognises the ions by exploiting the 
difference in rates of energy loss of the ions individually at high energy (-150 
MeV).

2. A second challenge for the detection of small numbers of atoms of 36C1 is 
the presence of interfering ion beams from the isobar, 36S, and molecules such as, 
180 2 and ,2C3. In a conventional mass spectrometer these must be distinguished on 
the basis of their small difference in mass (see Table 2.6). To obtain the resolution 
required to separate isobars and interfering molecules from the nuclide of interest, 
conventional mass spectrometry typically works with ion beams in the nA range to 
maximise the focus of the beam and reduce the width of the peaks. This, however, 
also reduces their intensity, so that for nuclides with extremely low abundances 
(such as 36C1) this would result in prohibitively low count rates.

* As an ion is more likely to lose energy than gain energy, there is a tail on the low energy side of the peak.
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Figure 2.4 Schematic comparison of Accelerator Mass Spectrometry to normal Mass Spectrometry.

In contrast, AMS totally removes molecular interferences when the ions are 
stripped, as molecules dissociate when they become highly positively charged, 
while the isobar, 36S, is separated from 36C1 by the different rates of energy loss, 
which depends on the atomic Z number (see §4.3), rather than by their mass 
difference.

Table 2.6. The atomic mass of isobars and molecules that can smother the ^Cl peak during 
conventional mass spectrometry.________________________________________________

Isobar or Molecule Atomic Mass Difference from 36C1
36C1 35.9683009 -

36s 35.9670808 0.0034%
18o 2 35.99832 0.083%
I2C 36.00000 0.088%
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CALIBRATION OF THE 
PRODUCTION OF 36C1 FROM 
POTASSIUM:
BACKGROUND AND STRATEGY

There are several production channels that lead to the production in-situ 
of * 0 , hence, the calibration is complicated by the need to determine separately 
the rate of each mechanism. While this makes the calibration challenging, the 
variety of production mechanisms will allow j6Cl to be used to study a wide 
range of rock compositions and sample depths in the future.

The previous calibrations of the production of in-situ 36C1 from potassium 
are described in Section 3.1, while Section 3.2 describes several recent studies on 
the low-energy neutron flux at the air/ground boundary. Finally, Section 3.3 
outlines the calibration strategy implemented in this work.

3.1 Previous Work

Three previous attempts to calibrate the in-situ production rate of ^Cl 
have been reported. The basic approaches of each of these studies were very 
similar; ^Cl measurements were made on surface rock samples collected from 
areas that were believed to have a negligible erosion rate and an accurate 
exposure age determined by an independent method.

The previous authors [Zre91, Swa94, Phi96] determined only a single 
production rate for potassium which they termed "potassium spallation". 
Although spallation is the dominant source of ^Cl from potassium at shallow 
depths, it is also produced by negative muon capture and by low-energy
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neutron capture. To avoid confusion, the symbols PK and PCa will be used when 
discussing the quantities calibrated by the previous authors.

The evolution of the 3oCl production rate due to potassium calibration is 
described below.

3.1.1 The Calibration by Zreda et al. (1991)

The first study to determine experimentally the surface production rates
36

of Cl from potassium, calcium, and chloride was performed by Zreda et al. 
[Zre91]. The results of this calibration can be seen below in Table 3.1. The PK 
production rate and low-energy neutron capture on 33C1 were constrained by 
three rock samples collected from glacial moraine boulders from the 
Chiatovitch Creek in the White Mountains in eastern California, whose age has 
been determined by 14C measurements on rock varnish. The 14C age was used 
in the calibration rather than being converted to a calendar age, as the I4C 
calibration curve for this time period had not been confirmed and Zreda et al. 
believed the 14C age would underestimate the real age by only 2-3 ka.

Table 3.1 Results of the previous three calibrations.

Reference P aA K

atom (gK)~ yr"

p  ab 
1  Ca

atom (gCa)" yr"
Low-energy neutron 

capture on "CY
Zreda et a. (1991) 107 (8) 73(5) <>nc: 3.07 (0.24) x 105

i  -1 *1n kg yr

Swanson et al. (1994) 225 (28) 90 (5) <j)nc: 3.62(0.13) x 105
i  *1 *1n k g  yr

Phillips et al. (1996) 154 (10) 73(5) P f  (0)d: 586 (40) 
fast n (g air)'1 y r 1

a At sea level and high latitude.
b Additional calibration of the production rates of spallation and negative muon capture on 
calcium has been made, and is used in this work [Sto96, Sto98]. Combined, they give a value 
for of 64.2 (4.5) atom (gCa) ‘ y r 1.
c The thermal neutron stopping rate, defined below in Equation 3.1.
d The production rate of spallogenic secondary neutrons (i.e. prior to thermalisation) in the air 
directly above the ground, discussed in Section 2.3.1C.

* Radiocarbon dating was originally based on the assumption that the total amount of 14C in the 
atmosphere was constant with time. It was later shown that atmospheric 14C concentrations have varied 
significantly and as a result, a 14C calibration curve has been built up from 14C measurements made on 
samples whose age can be independently verified. As this curve is continuously being extended and 
refined, 14C measurements are often expressed in “14C years BP”, so the reader can use the latest 
calibration curve to determine a “calibrated” or “cal.” age.
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From the three rock samples, seven mineral fractions (bulk and/or *
quartz and/or microcline ) were prepared for J6C1 analysis. From these, the four 
with the highest potassium content (4.51 -  7.20% K) were chosen to determine 
the value of PK. For each of these, 36C1 production from potassium accounted for 
almost half the total 36C1 production, with the bulk of the remainder coming 
from 130-160 ppm Cl.

Five of the seven mineral fractions from the Chiatovitch Creek samples 
(including two that were used for the calibration of PK) were used to determine 
the value for the production rate due to thermal neutron capture on 3jCl. The 
Ca, K, and Cl concentrations were < 0.35% Ca, 0.31-4.51 %K and 101-160 ppm 
Cl. For this first attempt at a calibration, thermal neutrons were treated by 
assuming a linear relationship between thermal neutron production and 
thermal neutron capture for all rocks:

'i'.M ./* Ö-D

where x¥n is the thermal neutron capture rate on 33C1, (f)n is the thermal neutron 
production rate at sea level and high latitude, and / 35 is the fraction of thermal 
neutrons which are captured by J0C1 (see Equation 2.11).

The PCa production rate was constrained by samples from the Tabernacle 
Hill basalt flow in Utah, the age of which is based on bracketed 14C dates. The 
36C1 in these samples was dominated by production from calcium, with 
concentrations for calcium > 7.6 % Ca, potassium < 0.71 %K and chloride 94-111 
ppm Cl.

The production rates determined by Zreda et al. were supported by 36C1 
measurements made on 5 dolomite samples from Meteor Crater, Arizona and 4 
samples from Tioga-age moraines in Bloody Canyon in the Sierra Nevada. The 
Meteor Crater samples were chiefly a test of the PCa production rate as dolomite, 
a carbonate mineral, is ~21%Ca. The mean age determined for these samples, 
49.7 (0.85) ka is in good agreement with ages of 49.0 (3.0) ka obtained by 
thermoluminescence studies [Sut85], and 49.2 (1.7) ka obtained from 
cosmogenic 26Al/ °Be measurements [Nis91b].

The Bloody Canyon samples were not strictly independent tests of PK, as 
both they and the Chiatovitch Creek samples were deposited by the same 
glacial event and were dated by the same rock-varnish 14C technique. However, 
exposure ages of three of the four samples, with an average of 21.2 (1.6) ka, are

* A type of K-feldspar that was formed at low' temperature.
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in agreement with the 14C varnish age of 18.9 ka. This not only gave support to 
the calibration, but also demonstrated the reproducibility of the 3t1Cl 
measurements from geological samples.

As well as calibrating the production rates, Zreda et al. [Zre91J reported a 
test of the altitude/latitude scaling parameters. Prior to their work there were 
several published altitude/latitude scaling parameters that differed by as much 
as 100% [Lin63, Yok77, Lal91]. The latitude test was performed on 4 basaltic 
and hawaiitic boulders from late Pleistocene moraines at similar elevation to the 
calibration sites, but different geomagnetic latitudes. The 3oCl ages calculated 
using Lai's scaling parameter [Lal911 were in very good agreement with the 14C 
varnish ages, as opposed to the other scaling parameters which were as much 
as 50% higher. The altitude test was performed by measuring the J0C1 
concentration in eleven Hawaiian samples ranging in altitude from 0.4 km to 
4.05 km and with constant latitude. Once again Lai's scaling parameters fitted 
the measurements better, with an average difference of 8%, which was within 
the measurement uncertainty.

3.1.2 The Calibration by Swanson (1994)

An early indication that there was a problem with the calibration of
Zreda et al [Zre91], came from measurements by Swanson [Swa94]. He

*■

determined 36C1 concentrations in 15 till boulders deposited on the Whidbey 
and Fidalgo Islands by the Puget Lobe of the Cordilleran Ice Sheet during the 
Vashon Stade of the Fraser Glaciation. The age of deposition and initial 
exposure of these samples is closely bracketed by 14C measurements to between 
ca. 14,600 andl3,500 I4C yr B.P [Swa94 and references therein]. When the ages 
were calculated with Zreda's production rates and Lai's scaling parameters the 
36C1 ages were clearly inconsistent with the 14C ages, with the discrepancy being 
greatest for potassium-rich samples.

Consequently, Swanson attempted to recalibrate the production rates 
based on a new set of thirty-four carefully chosen whole rock samples from the 
Whidbey and Fidalgo Islands with very good 14C age control. From this they 
determined the value of PK to be more than twice that of Zreda et al. (Table 3.1). 

The calibration was performed in three steps;

* Material deposited by glaciers and ice sheets.
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Step 1: By adopting the treatment of thermal neutrons used by Zreda, Swanson 
determined <j>n from a group of 11 bedrock samples with mostly high chloride
concentrations (14-290 ppm Cl) and low calcium and potassium concentrations. 
Step 2: By using the average value of (f)n derived in step 1, he determined PCa
from 13 samples with high Ca (4.4-11.8 %Ca), variable chloride (19-102 ppm Cl), 
and low potassium (0.02 -  0.33 %K).
Step 3: PK was determined from a third group of 10 samples using the average 
values derived in step 1 and 2. The samples contained similar potassium and 
calcium concentrations (0.70-3.83%K and 0.29-4.40%Ca) and variable chloride 
concentrations (10-278 ppm Cl). While none of the samples in the calibration 
had very high potassium concentrations, six of the ten samples in the final 
group had more than 65% of their total 36C1 production due to potassium.

As a result of this method, the value determined for PK in Swanson's 
study is sensitive to uncertainties in the determination of 0„ and PCa, with any
error in the calibration of the latter rates producing a compensating error, of an 
opposite sign, in the value of PK.

3.1.3 The Calibration by Phillips et al. (1996)

Following the study by Swanson, there was some debate as to the source 
of error in the original calibration by Zreda et al. [Zre91], with general 
agreement that the problem lay in some aspect of the assumed exposure history 
of the Chiatovitch Creek moraine boulders [Swa94, Phi96]. It also became 
apparent around this time that the treatment of low-energy neutrons that had 
been used in the first two calibrations was too simplistic and there was a large 
air/ground boundary effect on the low-energy neutron flux that was highly 
dependent on the rock composition ([Dep94, Liu941 discussed below). When a 
better treatment of low-energy neutrons was developed by Liu et al [Liu941, 
Phillips et al. were able to incorporate this to re-analyze the 36C1 production 
rates. Discarding the samples from the Chiatovitch Creek moraine boulders, 
Phillips et al. added to the two Tabernacle Hill basalt samples, another 33 
samples from 18 locations. The samples were predominantly lava flows 
(typically Ca-rich and K-poor) and had independently measured ages ranging 
from 2 ka to 55 ka.

In the new treatment of low-energy neutrons, rather than calibrating the 
thermal neutron capture rate in rock (Equation 3.1), Phillips et al. [Phi96]
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determined the value of the production rate of secondary neutrons in air at sea 
level and high latitude, !Pf(0) as described by Liu et al. [Liu941 and outlined in 
Equation 2.10. Epithermal neutrons were also treated in an analogous manner 
[Phi95], as outlined in Equation 2.14.

The third calibration was performed in two steps. First, three sets of 
samples were used to determine the ratios of the production rates. Each set 
contained samples with identical exposure histories but widely varying 
chemical compositions, principally achieved by measuring different mineral 
separates from the same rock sample (see Table 3.2). The ratio 0 )/PCa was 
determined to be 1.20 x 1023 (fast n (g air)'1 yr'1)/(atom  36C1 (atom Ca)-1 yr-1). The 
ratio PK/P Ca was determined to be 2.05. For comparison, by taking the final 
values from the calibration performed by Swanson, a value of 2.50 for the 
PK/P Ca ratio is obtained.

Table 3.2 Samples used by Phillips et al. to determine the ratios of the *C1 production [Phi96].

Sample Name Location and Type Cl ppm K %wt Ca %wt
RC95-1A Glacially polished metamorphic outcrop, 52.7 1.51 6.18

RC95-1B Reverse Creek, eastern Sierra Nevada 127 0.05 18.46

RC95-1C 117 3.87 6.21

BPCR95B-5A Glacially polished granodiorite and mafic 67.9 2.32 3.89xenolith, Bishop Creek, eastern Sierra
BPCR95B-5A Nevada 212 1.18 6.62

MC1-1 Qtz Quartz separate and bulk siliceous dolomite, 17.0 0.0 0.0ejecta boulder,
MC1-1 Bulk Meteor Crator, Arizona (from [Dep95]). 70.0 0.33 7.18

The second step in the calibration used these ratios of production rates to 
obtain an equation for 36C1 accumulation with only the term PCd as an unknown. 
This equation was then applied to 33 whole rock samples and the best fit value 
of PCa was obtained. The values for the other production rate were then 
calculated (see Table 3.1). The deduced production rate due to potassium was 
particularly vulnerable to errors from the other production rates as only a small 
fraction of the total 36C1 production was due to potassium in almost all of the 
samples (as demonstrated in Figure 1.1). Of the 33 samples in the second step, 
only three had more than a quarter of the 3öCl concentration produced by 
potassium, and for those three samples it was because they had very low 
calcium and chloride concentration, rather than high potassium concentrations.
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In their analysis, Phillips et al. did not evaluate the uncertainty in the 
ratios of production rates. Consequently, the real uncertainty in value of PK 
determined by Phillips et al. will be larger than the 6.5% error stated.

3.2 Low-Energy Neutrons at the Air/Ground Boundary

Secondary cosmic ray neutrons are produced by many reactions (see 
Chapter 2) but at the air/ground boundary they are predominantly produced 
by spallation reactions. These neutrons are produced with an average energy of 
1 MeV, and to reach the low-energy region (< 1 keV) they must lose kinetic 
energy through collisions with surrounding nuclei. This transfer of energy is 
much more effective with light nuclei, particularly hydrogen. In addition, the 
probability of the neutron being absorbed into the nucleus of an atom that it 
collides with generally increases as the neutron energy decreases.

The epithermal neutron flux is most affected by the moderating 
properties of the air and ground. Air is a better moderator than dry rock by 
about an order of magnitude. However, small amounts of water (containing 
hydrogen) greatly increase the ground's bulk moderating ability, so that 
saturated soil is about five times more effective at moderating the neutrons than 
air. As a result, dry soil usually has a much higher epithermal neutron flux 
than the atmosphere, but wet soil has a lower epithermal flux [PhiOl].

In contrast, the thermal neutron flux is dominated by the absorption 
properties of the air and ground. As nitrogen has a comparatively large 
thermal neutron absorption cross section, the atmosphere typically has a 
macroscopic thermal neutron capture cross section about an order of magnitude 
larger than that of most rock types. The thermal neutron flux is therefore 
typically higher in rock or soil than it is in the atmosphere.

The result of these differences is a discontinuity in neutron production, 
thermalisation and absorption properties at the air-ground boundary. 
However, because the mean-free-path of neutrons in both media is long 
(between a few g cm'2 and tens of g cm'2, depending on energy), neutrons can 
diffuse across the boundary from the medium of high neutron density to the 
medium of low neutron density. This results in smooth thermal and epithermal 
neutron fluxes and 3oCl production rates across the boundary, with (usually) a 
deficiency in the rate of ^Cl production relative to spallogenic neutron 
production in the rock immediately below the surface, and a corresponding
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excess in the air above. The deficiency in 3bCl production extends to depths a 
few times the thermal neutron diffusion length - typically ~50 g cm'2. Because 
of the large dependence on the chemical composition of the ground, the 
treatment of low-energy neutrons can have a large impact on the calibration of 
the 36C1 production rates due to potassium.

The air/ground boundary effect for thermal neutrons was first 
investigated theoretically in 1940 by Bethe et al. [Bet40] for the case of air over 
water. These predictions were then experimentally confirmed by Swetnick in 
1954 [Swe54]. Over the following several decades the boundary effect was 
investigated for other situations, such as air over dry soil, iron and aluminium 
[Yam66, 0'Br78].

In the last decade there have been several air /ground boundary studies 
focused principally on how thermal neutrons should be treated for in-situ 
cosmogenic nuclide studies. Three different approaches to these investigations 
include:
1. simulations of the top metre of the earth's crust
2. computational models
3. isolation and measurement of the j:,Cl(n,y)36Cl channel in rock samples 
Some of the key results of each method are described below.

In all the simulations and computational modeling, the only source of 
low-energy neutrons considered was spallation reactions, which are the 
dominant source of secondary neutrons in the uppermost few metres of the 
lithosphere. As additional sources of low-energy neutrons are included in this 
study, the values obtained in the previous studies must be adjusted to enable a 
comparison to be made with the values obtained in this work.

3.2.1 Simulations of the Earth's Crust

Liu et al., [Liu94j reported the results of thermal neutron flux 
measurements made in a cement block (3.7m x 3.7m x 0.9m) designed to 
simulate the uppermost metre of the earth's surface. One of the chief 
motivations for this work was to provide data that could be used to develop 
and test models for predicting neutron fluxes and nuclide production rates in 
geological systems.
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[Liu94]

[Dep95]

Thermal neutron flux

(10 3 neutrons cm 2 s ' )

Figure 3.1 Comparison of the results for the thermal neutron flux as a function of depth. 
Measured data obtained in the cement block simulation are shown by the triangles, Liu et al's 
model of the cement block experiment, and Dep's model of the cement block experiment are 
also shown as indicated. Adapted from figures in Dep (1995) and Liu et al. (1994).

The influence which the air/ground boundary in the cement block (see 
[Liu94] for elemental composition) has on the thermal neutrons becomes 
minimal at 50 g cm'2. At the surface the thermal neutron flux was almost 50% 
less than the flux at 50 g cm 2 depth due to the loss of low-energy neutrons from 
the concrete into the atmosphere.

3.2.2 Computational Models

The results of the cement block simulation were used by both Liu et al. 
[Liu94] and Dep [Dep95] to compare very different computational modeling. 
Dep used Monte Carlo methods to simulate the secondary cosmic ray cascade 
in the atmosphere and the transport of neutrons near the air/ground boundary. 
This requires tremendous computer power and access to large neutron cross 
section libraries. Figure 3.1 compares the measurements obtained from the 
cement block simulation to theoretical results obtained by Dep for this situation.

Dep investigated the effect of both water content and the bulk 
composition of the rock on the low-energy neutron flux and the relative 
production of ^Cl from neutron capture on 3"C1 at the air/ground boundary. He
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demonstrated that the thermal neutron flux can vary by a factor of two 
depending on the water content and the elemental composition of the rock (see 
Table 3.3). These calculations highlight the importance of water content in 
determining the thermal neutron flux. Unfortunately water content is very 
difficult to measure accurately and has the potential to vary over time. 
However, the 36C1 production from low-energy neutron capture on 3'C1 isn't as 
dependent on water content as the thermal neutron flux since a significant 
proportion of the production occurs at epithermal energies [Dep95] (see Table 
3.3). For low porosity rocks such as granite, uncertainties in the water content 
could result in a 15% uncertainty in the calculated low-energy neutron capture 
on 3"C1 production rate [Dep95]. For porous rock-types, with possible large 
changes in water content, there are correspondingly much higher uncertainties 
in the calculated production rate [Dep95].

Table 3.3 Surface thermal neutron fluxes and 36C1 production by neutron capture for different rock types 
and water content, calculated by the Monte Carlo method [Dep95]._________________________________

R o ck  T y p e
G r a n ite

B a sa lt D o lo m ite
1.0 wt %. 2.0 wt %. 4.0 wt %.

water Water water
Thermal Neutron Flux3 
(Relative to 1.0 wt % water) 1.00 1.20 1.43 0.78 1.36

36C1 Production13 
(Relative to 1.0 wt % water) 1.00 1.07 1.18 0.84 1.24

Proportion of Neutron-Capture 36C1 
Produced at Energies< 0.1 eV

59% 67% 75% 54% 66%

a Calculated using a standard elemental composition for that rock type, see table in [Dep95]. 
b The average production for the top 5 g cm “. Assuming a potassium concentration of 4.53%, 0.79% and 
0.47%, and a calcium concentration of 0.95%, 7.68% and 17.3% and a macroscopic thermal neutron 
capture cross section of 0.0057 cm2 g 1,0.0076 cm2 g 1 and 0.0038 cm2 g 1 in granite, basalt and dolomite 
respectively.

In comparison to Dep's computational modeling, Liu et al, [Liu94], 
attempted to develop a simple but physically based model for the thermal 
neutron flux as a function of depth that could be readily used to extract 
geological information from in-situ cosmogenic nuclide measurements. Their 
model takes the high energy neutron flux in air directly above the ground, Pfff), 
as input, and solves a simple diffusion-type equation that balances thermal 
neutron production and absorption. The solution to these equations is shown 
in Section 2.3.3A and is used in this work. Figure 3.1 gives a comparison of the 
measurements obtained from the cement block simulation (discussed above) to 
the theoretical results obtained by Liu et al. for this situation. In addition, 
Figure 3.2 compares the thermal neutron flux with depth obtained by Liu et al's
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model with those obtained by Dep's Monte Carlo model for various rock types. 
The two models are in good general agreement.

The major limitation of the model obtained by Liu et al, is that it neglects 
intermediate energy interactions, and therefore doesn't include epithermal 
neutron capture. Phillips et al. [Phi96] overcame this by including epithermal 
neutrons in an analogous, but separate, manner to Liu's treatment of thermal 
neutrons (see § 2.3.3B), which is the method used in this work. In their 
calibration, Phillips et al., [Phi96] deduced the value of P{(0) as 586 ± 40 neutrons 
(g air)'1 y r1 .

— g r a n i t e  

c a r b o n a t e

0.5 1.0 1.5
Normalized Therm al  Neutron Flux

Figure 3.2 Comparison of the thermal neutron flux with depth as calculated by Liu's model 
(given by labeled lines) and Dep's model (given by labeled symbols) for basalt, granite and 
carbonate rock. From Liu et al, [Liu94].

In addition to the computational modeling summarized above, a new 
model of low-energy neutrons by Phillips et al. [PhiOl] promises to overcome 
many of the problems of the treatment of Liu et al. [Liu94], while still having the 
practical advantages of being analytical rather than requiring the time 
consuming Monte Carlo approach. This new model takes a similar approach to 
Liu et al, however, instead of deriving the thermal neutron flux directly from 
the high-energy neutron flux, first the epithermal neutron flux is derived from
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the high-energy flux (by solving a similar diffusion-type equation). The results 
of this are then used to derive the thermal neutron flux.

3.2.3 Physically Isolating the 33Cl(n,y)36Cl Channel

The third method of investigating the low-energy neutron flux at the 
air/ground boundary is to isolate the 35Cl(n,y)36Cl production channel in rock 
samples, see for example Bierman et al., [Bie95] and Dep [Dep95] and the 
discussion below.

Bierman et al., [Bie95], presented a study in which they attempted to 
estimate the relative ages of debris-flow fan surfaces and erosion rates of 
bedrock by isolating the 35Cl(n, y)36Cl production pathway. Their assumption 
was that the fluid inclusions in his granitic samples contained a large portion of 
the chloride in the rock, and very little potassium or calcium (although no 
potassium, calcium or chloride measurements were made to confirm this 
assumption). So by crushing the whole rock samples very finely, at least the 
largest fluid inclusions would break open to release the chloride. Due to the 
hydrophilic nature of chloride, it could be collected by soaking the sample in 
distilled water, centrifuging the sample, and pouring off the solution. Chloride 
was then extracted from the solution by precipitating AgCl and the 36C1/C1 ratio 
measured by AMS.

Bierman et al. assumed that 36C1 was produced solely by 33Cl(n, y)36Cl, so 
they used the 36C1/C1 ratio, rather than convert this into a “Cl concentration. In 
order to obtain estimates of erosion rates and relative exposure ages from their 
measurements, Bierman et al. derived a neutron stopping rate as a function of 
depth, including neutrons that were produced by spallation reactions, from fast 
and slow muon reactions, and radioactive decay of U and Th. The loss of 
spallogenic and mu-genic neutrons at shallow depths due to the air/ground 
boundary effect was taken into consideration. While this low-energy neutron 
flux depth profile wasn't quantitative, the air/ground boundary effect was the 
same order of magnitude as Liu et al. [Liu94].

Bierman et al/s  3oCl/Cl measurements were reproducible and appeared 
to be representative of the samples' exposure history. However, because of the 
complex nature of the 35Cl(n,y)36Cl production channel near the earth's surface, 
combined with a complicated geological setting, it was impossible for Bierman 
et al. to determine whether boulder to boulder variability was due to the 
extraction procedure or the geological nature of the debris-flow fan.
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Dep (1995) attempted to isolate the 3DCl(n/y)36Cl production channel by a 
different method. He prepared quartz mineral separates which he assumed 
contained virtually no potassium or calcium, but contained chloride in the fluid 
inclusions. The quartz mineral separate could then be dissolved and prepared 
as AgCl, similar to normal ^Cl measurements.

Dep measured a Cl/Cl depth profile in quartz mineral separates 
prepared from a 60cm drill core from a siliceous dolomite ejecta boulder 
collected from the Meteor Crater, Arizona. The depth profile is shown in Figure 
3.3, with the solid line indicating results from the Monte Carlo model 
(discussed above), and the dotted line the predicted profile from the concrete 
block simulation (also discussed above). The measured depth profile is in 
general agreement with the two models, however, it should be noted that there 
is a log scale (unlike Figure 3.1) so there is a significant amount of scatter in the 
results.

Depth (g/cm )
Figure 3.3 Measured and predicted depth dependence of * 0 / 0  in quartz mineral separates. 
The solid line is the predicted profile from a Monte Carlo model and the dotted line is the 
predicted profile from the concrete block simulation. Adapted from a figure in [Dep95].
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While attempts to isolate the 35Cl(n,y)36Cl production channel by both 
Bierman et al [Bie96] and Dep [Dep95] were not definitive, their work suggests 
that if the method were refined it would be a very useful way to investigate the 
36C1 concentration due solely to the 35Cl(n/y)36Cl production channel in a 
particular sample. Comparing results from different samples in a simpler 
geological setting could provide a very interesting insight into the geological, as 
well as chemical, dependence of low-energy neutron capture by 35C1, without 
these effects being diluted by 36C1 production from potassium or calcium.

3.3 Calibration Strategy adopted in this Study

This section discusses the approach used in this study to improve on the 
methods used previously.

3.3.1 Well-Constrained Exposure History

A geological calibration of cosmogenic nuclide production rates must be 
based on samples with well-constrained exposure histories. Samples from two 
locations were used in this study: 1) surface samples from western Scotland, 
and 2) a depth profile from Wyangala, south eastern Ausralia. The exposure 
history of both locations are discussed below.

Scottish Samples
The glacial histories of Great Britain and North Europe have been

extensively studied [Bal94, Sut84]. Many glacial episodes have been recognised
*

during the Quaternary period, but as later glaciations tend to obliterate 
evidence of earlier glacial and interglacial periods, the most well constrained 
episodes are the Loch Lomond Stadial* and the Dimlington Stadial shown in 
Figure 3.4.

The Dimlington ice sheet covered two thirds of the present land area of 
Great Britain when it reached its maximum extent between 18,000 and 17,000 
14C year BP. It was the greatest expansion of glacier ice since the Anglian

* The most recent period in geological time, extending from 1.8 million years ago to the present.
' Stadial is the term used for a period when the climate is colder and Interstadial is the term used for a 
period when the climate is warmer.
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Glacial stage that covered most of Great Britain and Northern Europe between
c. 480,000 and 430,000 years ago [Ros87].

Following the Dimlington Stadial there was a relatively brief warmer
climate (the Windermere Interstadial) before the last glacial episode in Great
Britain, the Loch Lomond Stadial, which is the equivalent of the Scandinavian *
Younger Dry as . Glaciers re-occupied cirques in the Scottish highlands and a 
small icecap formed over Rannoch Moor southeast of Ben Nevis.

0 100 km

Limits of Late 
Devensian ice

- - \  Southern limit of 
\  Anglian Glaciation

Maximum extent of 
Loch Lomond Readvance

Figure 3.4 Extent of glacial limits in Great Britain and Ireland.

* “Dry as” is a genus of plants whose pollen is found in cores from lakes and bogs during glacial periods. 
Hence the “Older Dryas” and “Younger Dryas” refer to periods when tundra plants were the dominant 
vegetation in Scandinavia.
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The Loch Lomond Stadial is believed to have been the result of
movement of the Atlantic oceanic polar front, which reached its southernmost
position off the coast of SW Ireland around 10,200 14C years BP (11,960 cal. yr
BP, [Rud77]). Carbon-14 dates on pre-glacial material underlying and
incorporated into Loch Lomond Re-advance till indicate that glaciers reached
their maximum extent after 10,900-10,560 14C yr B.P. (12,940-12,640 cal yr B.P.;
[Ros88, Pea89J). The age of deglaciation is loosely constrained by I4C dates from
basal organic sediment in peat bogs within the area occupied by Loch Lomond
Re-advance glaciers, the oldest of which are -10,200 14C yr B.P. (11,960 cal yr
[Gra91]). These limits place the re-advance within the Younger Dryas period
(13,000-11,600 cal yr B.P.) as defined by 14C dates from Scandinavia, and

*

counted annual layers in the Greenland ice cores . The sample sites were most 
likely exposed at the end of this period, when mean annual temperatures in 
Scotland rose from sub-zero to positive values at a rate as high as 1°C per 
decade [Atk86]. Such abrupt climatic warming would have rapidly melted 
small cirque and valley glaciers. Another possibility that must be borne in 
mind, however, is that glaciers withdrew from some sites before the end of the 
stadial, due to decreased snowfall under the prevailing cold arid conditions 
[Ben92]. Thus although the age of deglaciation is not independently dated at 
any of the sites sampled, it is reasonable to assign a value of 11,600 ± 500 yr, 
corresponding to the onset of abrupt warming but allowing latitude for melting 
and the possibility of early withdrawal.

Two types of surface samples from Scotland were included in the 
calibration - bedrock samples that would have been first exposed during glacial 
retreat, and large boulders that fell onto the surface of glaciers just prior to 
deglaciation.

Bedrock samples were collected where possible; however, many samples 
were also collected from several glacially transported boulders. Bedrock 
samples were taken from the downstream side of roches moutonnees to ensure

From 1989 to 1994 an extensive paleoclimate record for the Northern Hemisphere, termed the 
Greenland Ice Core Project (GRIP) and Greenland Ice Sheet Project Two (GISP2), was acquired from 
deep ice cores from on and near the Greenland summit. A wide range of environmental and physical 
parameters were measured in each of the cores. It has been possible to count annual layers in the GRIP 
core to obtain excellent dating, particularly back to the Younger Dryas [Gre97].
' A roche moutonnee is a rock mass forming a hillock, which is smooth and rounded, often with striations 
on the upstream side, and steeper and rougher on the down stream side. It is the product of a glacier 
going over a hill in the bedrock. As the glacier is pushed up, the pressure on the ice increases, causing the 
bottom of the glacier to melt. Once the glacier passes the summit of the hill the pressure decreases and 
the melt water freezes the bedrock to the glacier. The movement of the glacier can then “pluck” large 
boulders from the bedrock.
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that sufficient rock was removed during the glacial episode so that the risk of 
pre-exposure was minimised. As rock would have been removed by 
"plucking" rather than "scouring", glacial striation wouldn't be expected to be 
found on the samples themselves. Nevertheless, striations were observed on 
nearby rock surfaces at many sample locations, implying a negligible erosion 
rate.

The glacially transported boulders were carefully selected. Only 
boulders that were located within the limits of the Loch Lomond Readvance 
were sampled. The fact that they hadn't reached a moraine implies that the 
glacier retreated after the boulder fell on it (and cosmic ray exposure began) but 
before the boulder could reach the moraine. For smaller glaciers a few km in 
length, as was common in the Loch Lomond glacial period, it would probably 
take the boulder 100-200 years to travel from the head of the valley to the 
moraine, given a conservative travelling speed of ~30m/yr [Bou79,Ste83]. 
Given that the Loch Lomond Readvance ended very rapidly, it can be assumed 
that the boulders were delivered onto the ice surface <200 years before the end 
of the Loch Lomond Readvance, so assigning an exposure age of 11,600 years to 
the samples is quite secure.

Several features were looked for when choosing a glacially transported 
boulder from which to collect samples.
1. The boulders had to be large (1.5m x 1.5m x 1.5m at a minimum) so that the 

side of the boulder that was sampled didn't contain ^Cl from pre-exposure. 
Large boulders are also less likely to be covered by snow during the winter.

2. The boulders needed to be non-rounded, implying that they weren't old 
boulders that were overridden by a Loch Lomond glacier. A rounded 
boulder would also indicate a higher likelihood of erosion.

3. The boulders needed to be located in a position to which they could not 
have rolled down from a surrounding hill, in which case they might not be 
associated with glaciation.

4. The boulders needed to have been overturned when they fell. Dilation
*

joints on the lower surfaces were sought as evidence of this.

Wvangala Samples
The depth profile was measured in a granite quarry at Wyangala, south 

eastern Australia (342 02’ S and 1482 55’ E, see Figure 3.5). Wyangala is situated

* When an overlying weight is removed, the release of pressure causes the rock to expand and split along 
expansion or dilation joints in concentric layers at right angles to the direction of pressure release.
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in the Lachlan foldbelt which formed along a convergent margin about 400 to 
300 Myr ago [TwiOO, O'SuOO]. The area has undergone a period of weathering 
and landscape stability for the last ~50 Myr [O'SuOO], and this is reflected in the 
present day landscape which is relatively flat, with little expression of 
underlying rock.

Using a generous constant erosion rate of 10 jam y r1, the spallation 
portion of the 36C1 concentration would reach steady state in the whole profile in 
~0.2 Myr. As the negative muon capture portion has a lower production rate, it 
would take -lMyr. Consequently, it can be very safely assumed that the region 
has been stable for a sufficient amount of time. However, it is harder to provide 
evidence that the erosion rate has remained constant over such a long period. 
The Wyangala area is eroding by exfoliation, where the surface is lowered by 
the removal of successive slabs, which is a common characteristic of granite 
weathering*. For this present work, it can only be said that there is no evidence 
that the erosion rate has changed significantly in the last -1 Myr, and a 
continuous long term erosion rate is assumed.

Figure 3.5 The location of Wyangala.

* A continuous long term erosion can be assumed as long as the thickness of the slabs being removed is 
significantly less than the fast neutron attenuation length, Asp, or ~60 cm in granite [Lal91].
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3.3.2 Potassium Concentration

Chlorine-36 measurements were performed on pure K-feldspar mineral 
separates with potassium concentrations of typically ~11 %K. These were low 
in calcium (0.03-2.00 %Ca) minimising its contribution to production of 3bCl. 
Chloride concentrations varied from 17.5 ppm up to 275 ppm. In the case of 
low-Cl samples, neutron-capture production is also minimal compared to 
production from potassium. In the high-Cl samples, which included most of 
the K-feldspar derived from Torridon Sandstone in Scotland, neutron capture 
production was high enough to warrant a separate calibration (Chapter 5).

Previous calibrations have assimilated 36C1 production from spallation of 
Ti and Fe into the production rates assigned to Ca, K and 33C1 reactions. 
Although contributions from Ti and Fe are expected to be small, calibration 
based on pure minerals such as K-feldspar, that contain virtually no Fe or Ti, 
avoids this problem. Contributions from these elements have most likely been 
attributed to Ca in previous calibrations based on whole-rock samples, which 
relied largely on Fe-, Ti-rich basalt samples to determine the production rate 
from Ca [Zre91, Swa94, Phi96]. This may partly explain discrepancies between 
existing estimates of the production rate from Ca reactions (see Table 3.1).

3.3.3 Analysis Strategy

The calibration was approached from three perspectives:
1) The 36C1 concentration in 18 surface K-feldspar mineral separates from 

Scotland were measured to constrain the value of the potassium spallation 
production rate, PspK(0).

2) The 36C1 concentration in 8 surface quartz mineral separates from Scotland 
were measured to constrain the value of the production rate of spallogenic 
secondary neutrons in the air directly above the ground, !Pf(0).

3) The *C1 concentration was measured in 16 K-feldspar mineral separates in 
a depth profile from Wyangala, Australia. These samples were used to 
constrain the 36C1 yield per stopped negative muon, YK. As even small erosion 
rates can have a large effect on steady state concentrations, it was necessary to 
also allow the erosion rate, £, to be a free parameter in the fit to the depth 
profile.

It was assumed that the Scottish samples were unaffected by erosion (see 
Appendix C for a discussion on this assumption). Therefore their 36C1

-Page 57-

Calibration of the Production Rales of Cosmogenic "Cl from Potassium



Chapter Three ~ Calibration of the Production o f36 Cl from Potassium

concentration is described by the general Equation 2.2, for the accumulation of 
36C1 in a static surface. By substituting for all the 36C1 production channels, the 
36C1 concentration in a static surface as a function of time is given by the 
following:

N (0) = (0)x[ JT ] + (0)x[Ca]

+ ( /35 + / 39 )x 7-*, (0) x (ft] + )

+  (fepi.35  +  /.p /,39 )x (0) X (fcI +  &2 )

+ ( /35 +/39 )x l'1 x4' . ( o)
p

+ ( /3S + / 39 )x 7.75X 10"6 X }

spallation

negative muon capture

spallogenic thermal neutrons 

spallogenic epithermal neutrons

mu-genic neutrons 

photonuciear neutrons 

radiogenic neutrons

(3.2)

The Wyangala samples with a long exposure time are affected by erosion, so 
their j6Cl concentration is described by Equation 2.4, which is the general 
differential equation appropriate for the accumulation of an in-situ cosmogenic 
nuclide over time at depth z with a surface erosion rate of £. By solving 
Equation 2.4 and summing over all the 36C1 production channels, the JbCl 
concentration as a function of erosion, depth and exposure time can be

spallation 

negative muon capture 

spallogenic thermal neutrons 

spallogenic epithermal neutrons

+ ( /35 + / 39 )x Ys X (Z +  £pt)e~^dt mu-genic neutrons

determined, giving the following result:

n  (- c) -  fc»(°>xy i +p^ (° > xy aOg~,/A'
,o,al (A + pe / A ip)

+ x[K]+YCa x[C a])x|4V  (z + £pt)e^dt

+ (■/» + f 39 )x P; (0)x
k,e' • + k,e - z / L lk

A + p e / A sp A + pe / Llh

+ (f<pi.3S+f'pi.39)xP , (0)X
(  C e - Z'K kAe

A + p e /A jp X + p£/L'

+ ( /35 + / 39 )xY/s x7.75.ri0”6 (z + £pr)ln(0.1065(z + £pp^ h dt

+(/■»+/„)-f -
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The calibration was approached from three perspectives. First, the 
quartz samples from Scotland were considered to determine Pfff), as they were 
the least dependent on the other unknown quantites. The minimisation was 
performed by calculating the 36C1 concentration for the quartz samples using 
Equation 3.2 and adjusting the value of *Pf(0) to minimise the yf sum over the 
samples:

x 2=X
(n  - n  YV  v meas 1 v total )

) 2

(3.4)

where Nmeas and a meas are the measured 3oCl concentration and uncertainty 
respectively.

Knowing the value of !Pf(0) it was then possible to deduce PKsp(0) from 
the Scottish K-feldspar samples. Again using Equation 3.2, PKsp(0) was adjusted 
to minimise the yj sum over the Scottish K-feldspar samples.

Finally, the depth profile was investigated. First, the value for the 
erosion rate above the profile was constrained by substituting the values for 
P/0) and PKsp(0) and an approximate estimation of YK into Equation 3.3, with 
subsequent adjustment of 8 to minimise the yf sum over the surface depth 
profile samples. The values for the J6C1 yield per stopped negative muon were 
then constrained by substituting the values for P/0), PKsp(0) and 8 into Equation 
3.3, and subsequent adjustment of YK to minimise the y f  sum over the whole 
depth profile.

To ensure the best possible results, the above procedure was repeated 
iteratively over the Scottish quartz, the Scottish K-feldspar and the Wyalanga K- 
feldspar samples, until the values of P/0), PK,p(0), YK and 8 remained 
unchanged. This iterative procedure was used in preference to a global 
minimisation as the measured 36C1 concentration for the quartz samples had 
uncertainties of 10-15%, compared to ~5% for the K-feldspar samples. 
Consequently the K-feldspar samples had an undue effect on the value of Pf(0).

While the above shows that the values for P/0), PKsp(0), YK and 8 are 
inter-related, they will be discussed separately for simplicity. The value 
determined for P / 0) and the Scottish quartz samples are discussed in Chapter 5. 
The value determined for PfpK(0) and the Scottish K-feldspar samples are 
discussed in Chapter 6, while the depth profile and the values for YK and 8 are 
discussed in Chapter 7.
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Chapter Four

METHODOLOGY

A comprehensive chemical analysis is required for each in-situ 36C1 sample. 
Determination of the 3oCl contribution from the spallation and negative muon 
capture reactions requires that the potassium, calcium, chloride and 3oCl 
concentrations be measured in each mineral separate. The density of the rock must 
also be measured in order to determine the attenuation rate of the secondary 
cosmic rays. To calculate the 36C1 production by thermal neutron capture on 3dC1 
(or 39K) the major elements (Si02, TiCX, Al2Oy Fe2Oy MnO, MgO, CaO, Na20 , ICO 
and P2Os) and important trace elements for neutron absorption and emission (B, 
Gd, Sm, U and Th) must also be measured in the whole rock portion of each 
sample.

4.1 Sample Collection

As AMS measurements become more and more routine, it is often the 
choice of samples that determines the success of a study. This section discusses 
some of the important general features required of a sample for a production rate 
calibration. Much of this also applies to samples collected to determine exposure 
ages and erosion rates. Detailed discussion of the sample locations from which 
samples were collected for this study will be provided where appropriate in the 
following chapters.
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4.1.1 Surface Samples

The first requirement of a production rate calibration sample is that the 
exposure age should not need to be calibrated. There are two types of samples that 
satisfy this requirement: 1) a sample from a surface that has been exposed by an 
event whose timing has been precisely determined, and 2) a sample from a surface 
that is known to be old enough that isotopic steady state can be assumed, negating 
the need to know the exposure age of the surface. Both types of samples have 
advantages and disadvantages. The advantages of choosing a young surface 
include:
i) A wider range of rock types and geological situations, and
ii) The likelihood of a simple exposure history, for which erosion, burial or snow 

cover can be ruled out.
The disadvantages of a young surface are:
i) The calibration is completely dependent on the reliability of the measurements 

determining the surface age.
ii) The sample will be sensitive to pre-exposure. Enough needs to be known 

about the event that brought the sample to the surface to be confident that it 
was previously shielded from penetrating cosmic rays (such as muons).

iii) Finally, the cosmogenic nuclide concentration may be low enough to make for 
a challenging high precision AMS measurement.

For a sample at steady state, the advantages are:
i) factors such as surface exposure age and pre-exposure cease to be important.
ii) Sample will have a very high cosmogenic concentration, so the precision of the 

AMS measurement can be maximised.
The disadvantages of using a sample at steady state are:
i) The sensitivity of the calibration to the preservation of the surface. Even a low 

erosion rate can have a large effect on the accumulation of cosmogenic 
nuclides in an old surface.

ii) There is more chance of snow or soil cover, or even vertical tectonic movement 
(changing the sample's altitude), that may be undetected.

iii) The main disadvantage of attempting to use samples at steady state is that 
suitable locations are extremely rare, with rock outcrops in the Antarctic being 
the most promising candidates [Nis91a].
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However, failure to have reached steady state, erosion, burial, snow cover and 
tectonic uplift all reduce the cosmogenic nuclide accumulation, so that calibrations 
based on ancient surfaces tend to provide firm lower limits to production rates.

4.1.2 Depth Profile

There are two ways of sampling a depth profile: (1) to drill a core in 
bedrock, and (2) to make use of a man-made rock profile, such as a road cutting or 
a rock quarry. In the prior case it is much easier to determine the integrity of the 
surface (applying all the criteria of a surface sample), but it is more difficult to 
obtain complete cores greater than a metre in length. Typically the top of the cores 
are crushed, which adds uncertainty to the depth measurements.

Samples from a road cut or quarry are generally easier to obtain and the 
distance from the surface is easy to measure. It is, however, much harder to 
determine if rock or soil has been removed from the original surface as the result of 
the road works or quarrying. The integrity of the surface, however, can be 
confirmed by collecting and measuring surface samples from the surrounding 
area. This was the method adopted in the present work.

4.2 Chemical Preparation of Samples

After noting dimensions and other physical characteristics, samples were 
thoroughly cleaned and crushed in a jaw crusher, then sieved into grain size 
fractions between 75 microns and 450 microns. The smaller grain sizes were used 
for whole-rock chemical measurements, the larger grain sizes were used for 
mineral separation. Prior to mineral separation the samples were cleaned in an 
ultrasonic bath and boiled in 10% nitric acid to remove fine grained powder and 
carbonate and oxide weathering products.

4.2.1 Mineral Separation: K-feldspar and Quartz

K-feldspar was separated from quartz and plagioclase by flotation in an
ethylene bromide-acetone solution at a density of 2.58 g cm'3. The purity of the 
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mineral separates was checked under a polarizing microscope, and in general the 
heavy liquid separation was sufficient to obtain better than 95% pure K-feldspar.

Quartz samples were obtained by selective etching in dilute HF [Koh92]. 
Some of the mineral separates required an additional purification by a combination 
of flotation in an ethylene bromide-acetone solution at a density of 2.68 g cm'3, and 
use of a Frantz magnetic separator to remove magnetic minerals.

To ensure that there was no meteoric 36C1 left from the original sample or 
introduced during the mineral separation, the mineral separates were leached 
twice in hot 10% nitric acid and then rinsed several times in deionised water.

4.2.2 AgCl Preparation

To measure the 36C1/C1 ratio by AMS, chloride was extracted from the 
mineral separates and precipitated as AgCl. This is the preferred chemical form 
for the AMS ion source. During the preparation, extra steps were included to 
remove sulfur from the AgCl, as 3oS greatly interferes with the 3bCl measurement 
(see § 4.3). The procedure used was based on Conard et al. [Con86] and Zreda et al. 
[Zre91], with adaptations made by Dr John Stone. A brief summary is given 
below, concentrating on values and noteworthy aspects specific to this work. 
Except where noted, the procedure is the same for quartz and K-feldspar mineral 
separates.

The clean mineral separates were weighed and transferred into 500 ml 
Teflon bottles. Sample sizes were typically 10 g; however, they ranged from 26 g 
for the depth profile samples, to 6.5 g for repeat measurements of some Scottish 
samples. Carrier containing ~1 mg of chloride was added to the K-feldspar 
mineral separates for two reasons; firstly to ensure that there was sufficient AgCl 
to make a measurement, and secondly to minimise the effect of uncertainty in the 
chloride measurement. (Since the establishment of the isotope dilution method of 
measuring chloride, discussed below, the latter reason is largely redundant and in 
the future the need to add chloride carrier will not be as pronounced.) The carrier 
was made up from Weeks Island Halite and has a 36C1/C1 ratio below the present 
detection limit of the AMS system which is 4 x 1016.
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When small amounts of AgCl were precipitated from large volumes of 
solution (>400ml) it was found that yields were very poor. Therefore, for some of 
the quartz mineral separates, which were processed without addition of chloride 
carrier (see Appendix A), -0.25 ml of NaBr was added so that AgBr would also be 
precipitated with the AgCl which made collecting the precipitate easier.

It should be noted that while the addition of Br carrier or the Cl carrier is 
often essential in order to obtain sufficient final precipitate, they both have a 
slightly negative effect on the AMS measurement. The addition of chloride carrier 
reduces the 36C1/C1 ratio, while the addition of NaBr reduces the chloride 
concentration, and therefore produces lower 35C1, j6C1 and 37C1 beams. In general, 
however, this is only an issue for samples that start with a low 36C1 concentration.

The K-feldspar mineral separates were dissolved in 3.5 ml cone. HF and 6 
ml 2N H N 03 for each gram of sample. Quartz mineral separates were dissolved in 
5 ml cone. HF and 10 ml IN  H N 0 3 per gram of sample. Once the initial heat of the 
reaction had subsided the samples were heated gently, for 24 to 48 hours. The 
bottles were never allowed to boil to avoid possible loss of volatile HC1 or Cl2.

During dissolution of the K-feldspar mineral separate, a fluoride gel was 
produced (quartz dissolved completely and the solution was transferred directly). 
This was centrifuged off and the solution was quantitatively transferred to a Teflon 
beaker, along with several rinses of the fluoride gel. The solution was then heated 
and -1 ml of 10% A gN 03 was added to precipitate AgCl. Ag2S 0 4 also precipitates 
at this stage. Convection of the hot solution aided precipitation and flocculation. 
The precipitate was then collected and rinsed.

The separation of sulfur from the chloride was performed by dissolving the 
precipitate in 2 ml 1:1 NH3, transferring to a glass tube, and adding 1 ml of 
saturated BaN03 solution. After diluting to -40 ml, the ammoniacal solution was 
left for a minimum of 24 hours for BaS04 to precipitate. After centrifuging the 
precipitate, the chloride remaining in solution could be pipetted out.

Additional A gN 03 was added, the solution was heated and then acidified to 
precipitate clean AgCl. AgCl was collected by centrifuging, then dried and 
pressed into sample holders, ready for measurement on the accelerator.

Procedural blanks were prepared with every batch of 7 samples. The 
average blank ^Cl/Cl ratio was (1.7 ± 1.2) x 10'15, which is equivalent to (2.8 ± 2.0) x 
104 atoms of 36C1. The procedural blanks were used to make a 36C1 blank correction 
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to that batch of samples. In addition, the chloride was measured in the chemicals 
used in the AgCl preparation so that a chloride correction could also be made to 
the 36C1/C1 value measured for each sample. The principal source of chloride was 
from the HF, which was measured by isotope dilution to be 0.094 jag Cl (ml HF)'1. 
Given that 5 ml of cone. HF per gram sample was used in the dissolution, the 
chloride correction was typically of the order of 5 jig Cl*.

The AgCl sample sizes ranged from -3 mg to 18.5 mg. The average yield, 
determined by weighing the final AgCl precipitate, was 84% for the high chloride 
samples and 59% for the low chloride samples.

4.2.3 Major Element and Trace Element Composition

Potassium concentration measurements were performed by flame 
photometry using methods developed at ANU for K-Ar dating [C0066], with 
accuracy and precision better than ±1%.

36
To determine the percentage of Cl produced from calcium (which should 

be minimal if the mineral separation is good), the calcium concentration in the 
Wyangala K-feldspar mineral separates was measured by Inductively Coupled 
Plasma-Optical Emission Spectroscopy (ICP OES). As the calcium concentrations 
were very low (<0.3% Ca), the measurement uncertainty was high, -20%. 
However, as the 36C1 contribution from calcium was <1% of the total 36C1 
concentration, this had a negligible effect on the calibration.

The major element composition (Si02, Ti02, A120 3, Fe20 3, MnO, MgO, CaO, 
Na20 , K,0 and P20 5) of all samples was measured by X-ray fluorescence (XRF).

Finally, the abundance of trace elements important in low-energy neutron 
production and absorption (B, Gd, Sm, U and Th) were measured by Inductively 
Coupled Plasma - Mass Spectrometry (ICP-MS) and neutron-induced prompt 
gamma spectroscopy. Prompt gamma analyses were used to check inexplicably 
high B concentrations in one set of Scottish samples. After confirming that the 
prompt gamma method gave results in acceptable agreement with ICP-MS 
analyses for Gd, and for B in selected Wyangala samples, it was noted that prompt 
gamma results for the Scottish samples were almost exactly half the values 
obtained by ICP-MS. It appears that a standardisation error in the ICP-MS B
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analyses (either a typographical error or loss of boron from the rock standard 
preparation) caused the problem. Boron analyses from this run were reduced by a 
factor of 2.

Initial ICP-MS values for uranium and thorium in the Wyangala samples 
were also high and erratic, which was attributed to either a "nugget" effect 
involving U-Th bearing minerals in the granite, or incomplete dissolution of these 
minerals in some of the samples and standards. As a result, all the different 
grainsize fractions for a sample were re-combined and a 30g sample was then 
taken as a representative sample of the whole rock. This was then crushed down 
to a fine powder in a Tema Mill and analysed for uranium and thorium by XRF. 
This greatly reduced the scatter in the uranium and thorium numbers, and brought 
them into good agreement with other uranium and thorium analyses of rocks from 
the Wyangala Pluton [Cha97]. Three Scottish samples were also re-analysed for 
uranium and thorium by XRF, and gave results in good agreement with the ICP- 
MS values.

4.3 Accelerator Mass Spectrometry

Accelerator Mass Spectrometry (AMS) is a process that uses nuclear 
techniques to measure extremely low isotope ratios. The techniques used by AMS 
have evolved over the last two decades, as the number of measurable isotopes and 
fields of application, have increased. In addition to earth sciences, applications 
include archeology hydrology, meteorology, biochemistry, medicine and 
radioactive waste management.

AMS is not a single technique. Every isotope has different problems that 
need to be resolved, and the solutions often vary from lab to lab [Fif99]. A 
complete discussion of AMS techniques is far beyond the scope of this dissertation. 
Instead, the discussion will be limited to the measurement of “Cl at the Australian 
National University prior to 1999, during which time all measurements for this 
work were made. (From 1999 onwards a new ion source was used routinely for 
36C1 measurements, which increased beam currents and as a result changed many 
of the parameters mentioned below.)
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The ANU tandem accelerator, shown in Figure 4.1, is one of the highest 
energy accelerators used for AMS, and one of the few that is still also used 
extensively for nuclear physics research. The high energies obtainable make it
ideal for isotopes that require separation from an interfering isobar, such as in

36the case of Cl analyses.

Inflection
Magnet

Pre-accelerator 
(125 k V)

Negative 
Ion Source

14UD Accelerator

High Voltage Terminal

Foil Stripper

7-11+

AMS Beam Line

Analysing Magnet
Switching Magnet Ionisation

Detector

Figure 4.1 Schematic diagram of the ANU 14UD tandem accelerator.
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The prepared AgCl samples were pressed into a AgBr substrate which was 
in turn pressed into a copper sample holder. The role of the AgBr was to reduce

36
the interference of S ions, as commercial copper has been found to contain much 
higher levels of sulfur than AgBr. The sample holder was placed into the ion 
source and a Cl" ion beam was produced by cesium sputtering. The ions were 
accelerated by a 128 kV potential to the inflection magnet which selected the

36
mass/charge ratio of the ions. For the measurement of Cl, a mass of 36 and a

36 _  12 _  18
charge of -1 were selected. This also transported S , C , and 0 2 .

The negative ions were accelerated toward the positive terminal of the 
accelerator where electrons were stripped off the ions as they passed through a
carbon foil. Passage through the foil also dissociated molecular ions into their

12 18
component atoms, effectively eliminating interference from C3 , and C>2 .

From the terminal, the ions (in charge states between predominantly +6 and 
+11) were further accelerated to the larger analysing magnet at the base of the

36 10+

accelerator which is set to select Cl ions with an energy of 154 MeV. This 
magnet is kept at a constant magnetic field. Periodically (approximately every 10

35 37
min), Cl and Cl ions are sent through the accelerator to a Faraday cup in front of 
the heavy ion detector. This is accomplished by varying the inflection magnet and

36
terminal voltage. To measure Cl the terminal voltage is set to 14.00 MV. To

35 37
measure Cl and Cl, the terminal voltage is set to 14.40 MV and 13.63 MV 
respectively.

Chlorine-36 is measured in the heavy ion detector (see Figure 4.2) which 
separates the isobars by measuring the energy lost by the ions during collisions 
with propane molecules [Lit87, Fif94, Fif99]. The propane gas is ionised by the 
collisions with the high energy heavy ions and an electric potential inside the 
detector causes the electrons to drift to the upper (anode) plate and the positive 
propane ions to the bottom (cathode) plate. There are several anode plates and the 
electrons are light enough to move to the plate directly above where they were 
produced. It is therefore possible to measure the energy lost by the high energy 
ion under that plate. The cathode measures the total energy of the high energy 
ions. Isobars with the same ionic charge state have the same total energy, but the 
rate they lose energy is dependent on the atomic number Z. The isobar with the
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higher Z travels a shorter distance through the detector and loses more energy 
under the first plates and less under the later ones.

The energy signals are recorded to disk for each ion entering the detector. 
Subsequent off-line sorting of the data is performed by comparing histograms of 
one parameter versus another (see for example, Figure 4.3). Specific ions are 
grouped together in these spectra and gates are placed around groups of ions to 
discriminate between the ions. A contaminating ion with a wayward path through 
the detector may have the right energies to appear in the 36C1 gate in one of the 
spectra, however, it will fall outside the 36C1 gates in the others. Only those ions 
which fall in all three gates will be included in the 36C1 count. By this processes, 36C1 
can be completely separated from 36S as long as the 36S count rate is less than ~5 
kHz (see Figure 4.3). The 36S count rate for samples used in this work, however, 
were typically less than 200 Hz, allowing to be easily separated out.

+800V
+400V
OV

cm

Figure 4.2 Schematic diagram of the heavy ion detector used for ^Cl/Cl measurements at ANU.
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Figure 4.3 The ungated spectra (a) and the gated spectra (b) of the Residual Energy vs Total Energy 
measured in the heavy ion detector.

Twelve sample holders could be loaded into the ion source at one time. 
These typically comprised 11 samples and one in-house standard. The overall 
measurement uncertainty (excluding counting statistics) is <3% from the long term 
reproducibility of the in-house standard. However for samples with 36C1/C1 ratios 
less than ~2 x 10'u, the counting statistics dominate the measurement uncertainty.

4.4 Chloride Measurements

Chloride is an intrinsically difficult element to measure accurately in silicate 
rocks. An accurate chloride measurement, however, is crucial to distinguish

36
between the production of Cl from potassium and the production due to low-

35
energy neutron capture on Cl. In addition, the chloride concentration is needed 
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36 36
to determine the Cl concentrations from the Cl/Cl ratio obtained by the AMS 
measurement. Originally pyrohydrolysis was investigated as a method for 
determining the chloride concentration. This was found to give unreliable results 
and was replaced by isotope dilution.

4.4.1 Pyrohydrolysis

Chloride measurements in silicate rocks by pyrohydrolysis is described by 
Evans et al. [Eva80, Eva811. The sample is placed in a ceramic crucible with copper 
accelerator, iron accelerator and V_0 , and then heated in an induction furnace to
greater than 1000°C. At these temperatures, the sample melts and the chloride is 
released with the other volatile gases. These were transported by oxygen saturated 
with steam into a container filled with a basic solution (NaHC03/N a2C03). This 
was then analysed for chloride by ion chromatography. After each sample was 
run an empty graphite crucible was heated in the furnace to purge the collection 
system for 10 min into the collection bottle. To test the effectiveness of the purges, 
a second purge was often performed into a new collection bottle to measure any 
residual chloride.

Evans et al. [Eva801 reported a one standard-deviation precision of ± 5%. 
We were not able to obtaine such a good reproducibility for our results. One 
sample was measured nine times by pyrohydrolysis (see Figure 4.4). The values 
obtained ranged from 185 ppm to 368 ppm but tended to clump around 315 ppm. 
This was believed to be the chloride concentration prior to an isotope dilution 
measurement, which showed the chloride concentration was indeed 365 ppm. 
Therefore all but one of the 9 measurements produced yields that were 
significantly less than 100%. This makes pyrohydrolysis unsuitable for anything 
but determining a lower limit on the chloride concentration, which was not 
sufficient for this work.
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Measurement Number

Figure 4.4 Sample ML-1 was measured nine times by pyrohydrolysis, giving a range of values from 
185 to 368 ppm. An isotope dilution measurement showed that the concentration was indeed 365 
ppm. This demonstrates the degree to which our pyrohydrolysis results were non-reproducible.

4.4.2 Isotope Dilution

The principle of isotope dilution is the determination of the chloride 
concentration by measuring the change in the natural 33C l/3/Cl ratio induced by 
adding a known amount of 3/Cl spike. After spiking, the method is insensitive to 
variations in chemical yield. Up to 1 g of sample was prepared as AgCl, as 
described in Section 4.2.2, with the exception that it was spiked with a mixture of 
30-40 micrograms of 37C1 tracer (either 94.0% or 98.0% enrichment) and 0.5 mg of Br 
(as NaBr), and the sulfur clean up steps were left out.

The chloride isotope ratio of the final AgCl + AgBr sample was then 
measured accurately at a Faraday Cup at the low energy (LE) end of the 
accelerator. Negative Cl beams from the mixed Cl-Br samples are typically 0.2-1.0 
microamp, measured at the LE faraday cup after magnetic separation by the 
inflection magnet. Analyses of normal Cl give o:C l /37Cl = 3.07-3.17 (compared to 
the accepted value of 3.127), but are stable to better than ± 1% on a given day. The 
procedural blank is 1.9 ± 0.2 microgram of Cl (0.6 from HF, 1.3 from added NaBr).
The concentration of the 37C1 spike solution was established to better than ±1% by 
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analysis of gravimetric NaCl solutions. Overall external precision is ± 1 ppm Cl for 
samples with concentrations < 20-30 ppm Cl, and ±1-2% for samples with higher 
concentrations, based on propagated errors and duplicate analysis of samples with 
5 - 300 ppm Cl. In the course of this work, 11 chloride measurements were
made on sample with chloride concentrations ranging from 17 ppm to 267 ppm. 
As shown in Figure 4.5 the reproducibility of these measurements is excellent.

Weighted Average Chloride Concentration (ppm)

Figure 4.5 Repeat isotope dilution measurements. The chloride concentrations ranged from 17ppm 
to 267 ppm. Included on the plot is the errors for each measurement. The 1:1 agreement between 
the measurements can clearly be seen.
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36C1 PRODUCTION DUE TO LOW- 
ENERGY NEUTRON CAPTURE: 
SCOTTISH QUARTZ MINERAL 
SEPARATES

The chief aim of this work was to calibrate the production of 36C1 due to 
potassium. Ideal samples would have high potassium concentrations and low 
calcium and chloride concentrations. A low calcium concentration can almost 
always be achieved by sampling a suitable rock type and extracting a particular 
mineral. However, the chloride concentration is often a characteristic of a rock 
outcrop, rather than a steadfast trait of a type of rock or mineral. This was the case 
for the Scottish Torridon Sandstone samples, and as a result, high K/Cl ratios 
could not be obtained by selection in the field or mineral separation in the lab and 
it became necessary to find a way to calibrate or correct for the neutron-produced 
36C1. This chapter will discuss how the low-energy neutron capture reaction on 3oCl 
is accounted for in this study. This is one of the largest challenges in determining 
the 36C1 production rate from potassium.

5.1 Isolating the 36C1 Produced by Low-Energy Neutron 
Capture on 35C1

The work by Bierman et al. [Bie94] and Dep [Dep95] (see §3.2.3) 
demonstrated that J6C1 produced by low-energy neutron capture on 3oCl can be
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physically isolated from the spallogenic or muon-produced J6C1 by removing the 
chloride in the rock sample either by crushing the sample, or by mineral 
separation. The fraction of 36C1 produced by low-energy neutron capture on 3dC1 
can then be determined by measuring the 36C1/C1 ratio of the chloride (with minor 
corrections for blank, and any Ca- and K-derived ^Cl extracted with the chloride). 
This corrected 3oClnY/Cl ratio is the amount of j6Cl produced by the 3DCl(n,y)3bCl 
reaction per ppm Cl in that sample. Because the low-energy neutron diffusion 
lengths are large (-4-10 cm depending on composition) compared to the grain size 
of the sample (typically <lcm), the low-energy neutron flux, and therefore the 
3öClnY/Cl ratio, is homogenous over the rock sample. Consequently, the 3oClnY/Cl 
ratio is the same for a whole rock sample or a mineral separate of that sample.

The 36ClnY/Cl ratio results from capture of thermal and epithermal neutrons 
from all sources (including radiogenic neutrons), integrated over the sample's 
complete exposure history. Thus it includes effects such as changes in water 
content, snow cover and outcrop geometry, that may have affected neutron 
capture but are not included when n-produced 3bCl is calculated. Subtracting a 
measured Alln Y /Cl value from the total J6C1/C1 ratio in K-feldspar is therefore 
preferable to subtracting a calculated correction for n-produced ~,6C1 in the K 
calibration. The approach taken in this study was to compare measured and 
calculated 36Cln Y /Cl ratios, using the data both to calibrate !Pf(0) and to investigate 
possible causes of variability in neutron fluxes at the sample sites.

Similar techniques to those used by Bierman et al. [Bie94] and Dep [Dep95] 
were investigated as methods for isolating the 3dC1 produced by low-energy 
neutron capture on 35C1. In the end, 36C1 measurements on pure quartz samples 
were used to produce the final results discussed in this chapter. However, a 
description of the early attempts and a discussion of possible future improvements 
are given in Appendix A.

5.2 The Scottish Quartz Samples

Quartz mineral separates were prepared for eight Scottish samples. These 
eight were chosen because the corresponding K-feldspar mineral separate 
contained high chloride concentrations, ranging from 207-275 ppm (discussed in 
Chapter 6).

~ Page 76 ~
Calibration of the Production Rates of Cosmogenic “  Cl from Potassium



Chapter Five ~ 36Cl production by low-energy neutron capture: Scottish quartz mineral separates

The results of the AMS measurements are given in Table 5.1.
Table 5.1 Measurements on Scottish Quartz Samples

Sample
Name

Chloride2
(ppm)

Potassium
(%wt)

["ciyciu;
x 1015 xlO15

["cc /c i]^
xlO15

At-12 Qtz 63 0.025 (0.008)e 50.8 (4.7) 43.2 (5.1) 25.7 (3.4)
At-13 Qtz 25 0.002 (0.006) 55.4 (5.8) 50.1 (6.2) 29.0. (3.9)

95Scot004 Qtz 58 0.025 (0.008)e 45.3 (4.7) 28.9 (6.0) 18.9 (5.5)
95Scot018 Qtz 55 0.118 (0.035) 43.6 (2.1) 30.2 (2.9) 23.8 (4.2)
95Scot020 Qtz 38 0.003 (0.001) 47.4 (4.1) 40.7 (4.5) 30.2 (4.0)
95Scot021 Qtz 54 0.004 (0.001) 37.4 (2.7) 28.7 (3.0) 24.0 (4.0)
95Scot041 Qtz 56 0.010 (0.003) 44.8 (3.2) 36.4 (3.6) 26.1 (3.6)
95Scot042 Qtz 59 0.014 (0.004) 38.1 (2.8) 25.5 (3.4) 17.4 (4.2)

2 Estimated from the final AgCl weight and approximating the yield based on previous experience. 
b Including a measured * 0  and Cl blank correction of 0.9 -  1.3% (§ 4.2.2).
c Chlorine-36 produced by cosmogenic low-energy neutron, i.e. corrected for potassium produced 
“Cl and radiogenic “Cl.
d Scaled for a 2k horizon at sea level and high latitude (scaling factors in Appendix B). 
e Average of the K measurements for the other samples. No measurement made.

The chloride concentrations were calculated from the final AgCl weight and 
an approximate yield, based on previous experience. However, since carrier 
wasn't added to these samples the uncertainty in the chloride concentrations has 
negligible impact on the values or uncertainty of the 36ClnY/Cl ratios. (The non
zero potassium concentrations do introduce a very weak dependence on the 
chloride concentration).

The potassium concentration in the quartz mineral separates was measured 
by flame photometry (see § 4.2.3). All the samples contained only minor 
concentrations (see Table 5.1), except for 95SCOT018-Qtz, which contained 
0.118%K. Consequently, this sample required a 6% correction to the AMS 
measurement (see Table 5.2). This, however, is trivial compared to the radiogenic 
J6C1 in the quartz samples, which accounts for between 17 - 33% of the measured 
36ClnY/Cl ratio.

Calcium measurements were not made on quartz mineral separates as the 
whole rock samples contained very low calcium concentrations (all but one was < 
0.11% Ca). Therefore, it was assumed that the calcium concentrations in the quartz 
samples would be negligible.

The original idea for utilising the quartz sample was to multiply the 
measured 6̂ClnY/Cl ratio by the chloride concentration of the K-feldspar mineral 
separate, to obtain a correction for all the d6Cl concentration due to low-energy 
neutron capture on JDC1 in the K-feldspar, including radiogenic. Subtracting this
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from the total b6Cl concentration measured in the K-feldspar sample would give the 
36C1 concentration due solely to one of the potassium (or calcium if its 
concentration was not assumed to be negligible) production channels. However, it 
proved practicable to extract quartz separates from only eight of the eighteen 
samples. The possibility of using the weighted average value of cosmogenic 
36ClnY/  Cl (corrected for potassium and radiogenic produced j6Cl, and scaled to a 2n 
horizon at sea level and high latitude) was considered as a compatible correction 
for the remaining ten K-feldspar samples. This would be justifiable as all the high 
chloride K-feldspar samples were Torridon Sandstone, for which the composition 
variation would be fairly small. However the sample to sample variation of the 
scaled, potassium- and radiogenic-corrected JbClnT/Cl was significant, as seen in 
the last column of Table 5.1. Nevertheless, in the final analysis, this was not 
chosen as the optimal method. However, this method is used in Section 6.3 to 
show that the results obtained by this method are consistent with the final results.

It was decided that instead of using the 36ClnY/Cl ratio to make a measured
correction for the 3oCl produced by low-energy neutrons, a more consistent
approach to the analysis would be to use the 3bClnY/Cl ratios to determine the value
of Pf(0). The deduced value of F/iO) could then be used to correct for the 3bCl
produced by low-energy neutrons in all the K-feldspar samples. To determine the
value of *Pf(0) the equations for the spallogenic thermal and epithermal neutrons
(equations 2.10 and 2.14) and neutrons produced by negative muon capture and
photonuclear reactions (equations 2.18 and 2.20) were used to calculated the

*■

36C1/Cl ratio in the quartz samples as a function of Pf(0) . This was compared to 
the measured 36C1/C1 ratio in the form of a By minimising the %2 over all 
the quartz samples the best fit value of !Pf(0) was determined, as described in § 
3.3.3.

* All the whole rock values and quantities derived from them that are required in these equations 
are given in Appendix B.
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5.2.1 Evaluation of <PX0)

The value of Pf(0) was determined from the eight Scottish quartz mineral 
separates to be 740 ± 54 fast n (g air)'1 yr'1, with a reduced X  of 1-13. Figure 5.1 
plots the X surface for P f(0).

740  (54)

P f ( 0 )

Figure 5.1 ^,(0) versus X for the eight Scottish quartz mineral separates.

Table 5.2 shows a breakdown of the calculated 36C1 components in the 
quartz samples. The spallogenic thermal and epithermal neutrons make up -70% 
of the total 36C1 produced in the quartz, with radiogenic 36C1 responsible for a 
significant proportion of the remaining 36C1. The amount of JbC\ from low-
energy neutrons produced by fast and slow muons, which are not a function of 
7>(0), are an order of magnitude less than spallogenic low-energy neutrons.

Table 5.2 Breakdown of the components making up the measured * 0 / 0  ratio.

Sample
Name

[ * a r / a L

x 1015

K
Spallation

P'
Capture

Radiogenic . 
Fraction

Cosmogenic Low-energy Neutrons

Thermal Epi
thermal

11'
capture

Fast
muons

At-12Q tz 50.8 (4.7) 1.58% 0.08% 18.04% 62.81% 12.09% 4.81% 0.59%
At-13Q tz 55.4 (5.8) 0.31% 0.02% 17.03% 65.34% 11.97% 4.75% 0.58%

95Scot004Q tz 45.3 (4.7) 1.29% 0.06% 32.70% 52.20% 9.20% 4.04% 0.50%
95Scot018Q tz 43.6 (2.1) 5.68% 0.33% 25.89% 54.66% 8.26% 4.61% 0.57%
95Scot020Q tz 47.4 (4.1) 0.23% 0.01% 20.46% 64.52% 9.46% 4.74% 0.58%
95Scot021Q tz 37.4 (2.7) 0.22% 0.01% 24.14% 60.43% 9.29% 5.26% 0.65%
95Scot041Q tz 44.8 (3.2) 0.56% 0.03% 20.48% 63.49% 9.55% 5.24% 0.64%
95Scot042Q tz 38.1 (2.8) 0.66% 0.04% 26.78% 58.62% 8.73% 4.61% 0.57%
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The value reported by Phillips et al. [Phi96] was 586 ± 40 fast n (g air)1 yr'1. 
However, as they only considered spallogenic low-energy neutrons, this is reduced 
to 551 fast n (g air)1 yr'1 when the low-energy neutrons produced by negative 
muon capture reactions and photonuclear reactions (~6%, see Table 5.2) are 
subtracted.

5.3 The Effect of Erosion and Local Geometry on the 36C1 
Produced from Low-energy Neutrons

One of the most striking features of the scaled cosmogenic 36ClnY/Cl ratios 
from the quartz samples (Table 5.1) is the large sample-to-sample variation, 70% 
between the highest and the lowest samples. The uncertainty in the AMS 
measurements was only of the order of 10%, which cannot account for all of the 
variation. It is possible that the extra variation is due to a combination of three 
factors:
1. Some of the variation in the scaled cosmogenic "6ClnY/Cl ratios may be due to 
undetected erosion at the sample surface. As discussed in Section 2.3.3A and 3.1.2, 
the production rate of 36C1 by spallogenic low-energy neutron capture initially 
increases with depth just below the surface because of neutrons lost into the 
atmosphere during the thermalisation process+.

Figures 2.3 and 3.1 shows the low-energy neutron flux peaks at ~50 g cm 2, 
at which point it is -50% higher than surface neutron flux. In other words if -50 g 
cm'2 had been removed from the surface in the last 10,000 years, giving an erosion 
rate of -0.002 cm yr'1 (which is the highest reasonable erosion rate), then the scaled 
cosmogenic 36ClnY/Cl ratios would be -50% too high. As mentioned previously, 
the samples were chosen with minimal erosion in mind, however, a zero erosion 
rate cannot be guaranteed. Therefore it is likely that some of the scaled

While this effect has only been studied for spallogenic secondaries, there is no reason to believe a 
similar effect would not occur for secondary neutrons produced by stopped negative muon capture 
or photonuclear reactions, although the magnitude may be different as the energy of the original 
secondary neutrons varies depending on the reaction channel. For example, spallogenic 
secondaries are produced with an average energy of 1 MeV while neutrons produced by negative 
muon capture have an average energy of 5 MeV [Fab88]. On the other hand, this effect would not 
be expected to be seen in the radiogenic “Cl contribution as the concentration is assumed to be at 
steady state, and therefore only a minor portion of the “Cl was produced in the last 11,600 years.

~ Page 80 ~
Calibration of the Production Rates of Cosmogenic "Cl from Potassium



Chapter Five ~ 36Cl production by low-energy neutron capture: Scottish quartz mineral separates

cosmogenic 36Cln Y/Cl ratios are high because a small amount of erosion has gone 
undetected. However, the effect is unlikely to be as high as, and can't be more 
than, 50%.
2. Production of f̂aCl by low-energy neutrons is sensitive to the local geometry, < 1 
m radius, where the thermalisation process occurs (§ 3.2). To demonstrate this 
point, consider the samples 95SCOT041 and 95SCOT042. These samples were 
collected from the same large boulder (~3 m high, and ~2.5 m long and wide). 
Therefore, they have the same exposure history, the only difference being that 
95SCOT041 was collected in the middle of the top surface (all edges > 1 m away) 
and 95SCOT042 was collected about 30 cm from the corner. The scaled 
cosmogenic 6̂ClnY/Cl ratio for 95SCOT042 is 35% lower than 95SCOT041, which 
can be attributed to the loss of low-energy neutrons from the sides (if there was 
pre-exposure from one of the sides, the edge sample would have a higher 36ClnY/Cl 
ratio). This is analogous to the low-energy neutron loss from the surface described 
in Section 3.2 and in Liu et al. [Liu941.

This conclusion is supported by measurements made by Dep [Dep95], in 
which the 36C1/C1 ratio was measured in four whole rock samples collected from a 
single granodiorite boulder on a glacial moraine at Bishop Creek, USA. Two of the 
samples were from the top of the boulder and two of the samples were taken from 
the side of the boulder. The samples had high chloride concentrations (137-197 
ppm) and low calcium and potassium concentrations (3.31-3.89 %wt and 1.60-2.41 
%wt respectively). The weighted average exposure age (calculated directly from 
the measured 36C1/C1 ratio) of the two samples taken from the top of the boulder 
was 15% lower than expected. Dep attributed this to the reduction in the 36C1 
production rate from low-energy neutron capture because of the proximity of the 
sample to the boulder edge.
3. In addition to the effect of erosion discussed above, high 36ClnY/Cl ratios in 
several of the quartz samples such as AT-13 and 95Scot020 could be explained by a 
neutron capture enhancement due to outcrop geometry. These samples were 
collected on the lower portion of glacially-plucked steps in bedrock - a precaution 
intended to minimize the possibility of pre-exposure (see § 3.2.3). For these 
samples, high j6ClnY/Cl ratios may be attributable to an increase in the low energy 
neutron flux at the sample site due to low energy neutrons being lost from the wall 
overlooking the sampling point and captured in the surface below.
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Although some of the scatter in the 3bClnT/Cl values may be due to the 
effects discussed above, the mean value of !Pf(0) derived here is unlikely to be 
systematically offset. The samples were collected with care to avoid eroded 
surfaces and obtain 2n exposure geometry where possible. Nevertheless, the 
possibility of measurable local geometry effects warrants further investigation.
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36C1 PRODUCTION BY SPALLATION: 
SCOTTISH K-FELDSPAR MINERAL 
SEPARATES

The spallation production rate is constrained by 18 surface samples exposed 
by the end of the Loch Lomond Readvance glaciation in Scotland. Chlorine-36 
measurements were made on pure K-feldspar mineral separates, which virtually 
removed the *C1 contribution due to calcium production channels. Fifteen of the 
samples are Torridon Sandstone and had fairly high chloride concentrations (141 -  
275 ppm), so that low-energy neutron capture on 3"C1 accounted for 24% - 37% of 
the total cosmogenic 36C1 in the sample. Consequently, the treatment of low-energy 
neutrons described in Chapter 5 is very important for these samples. The 
remaining three samples are granites, with low chloride concentrations (20.5 -  27.6 
ppm), and therefore more than 89% of the cosmogenic 36C1 was produced via one 
of the potassium production channels. As a result, these samples played a 
dominant role in constraining the potassium production rate.

The production rate of 36C1 from potassium spallation is deduced in Section 
6.1. Section 6.2 compares the value derived in this work with those previously 
published. Section 6.3 then demonstrates that the value determined for the 
potassium spallation production rate is independent of the method of analysis 
chosen for the quartz samples in Chapter 5.
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6.1 Chlorine-36 Production from Spallation on Potassium

A map of the locations from which the samples were collected is given in 
Figure 6.1, and the details of the sample locations and scaling parameters can be 
found in Table B1 in Appendix B. The assumed exposure age of all the samples is 
11,600 years (a description of the relevant glacial history, justifying this choice of 
deglaciation age, is given in § 3.3.1). All the samples are Torridon Sandstone, 
except 95SCOT047,95SCOT063 and 95SCOT068 which are granites.

'An Teallach

^  Applecross 

Liathach

Cairngorms

100 km

Figure 6.1 Map of Western Scotland indicating the locations from which the samples were collected. 
Samples AT-10, AT-11, AT-12 and AT-13 were collected at An Teallach. Samples 95SCOT004, 
95SCOT018, 95SCOT020, 95SCOT021, 95SCOT032, 95SCOT041 and 95SCOT042 were collected near 
Liathach. Samples 95SCOT006, 95SCOT007, 95SCOT008 and 95SCOT015 were collected at 
Applecross. Sample 95SCOT047 was collected from Skye, and samples 95SCOT063 and 95SCOT068 
were collected in the Cairngorms.
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Table 6.1 presents the measurements made on the K-feldspar mineral 
separates. The potassium concentration measurements were made by flame 
photometry, the calcium concentration by X-ray fluorescence, and the chloride 
concentration by isotope dilution. The 3°C1/C1 ratios were measured by AMS, and 
the 36C1 concentrations of the K-feldspar mineral separates were calculated from 
the ^Cl/Cl ratio and the chloride concentration. As a result of the samples' low 
altitudes and relatively short exposure, the ^Cl concentrations in these samples 
were low and high sensitivity was required in the AMS measurements. The high 
3bCl/C l ratios for 95SCOT063 and 95SCOT068 reflect the low chloride concentration 
of the K-feldspar mineral separates and the high altitude from which the samples 
were collected (-930 m, compared to < 570m).

Table 6.1 Composition of K-feldspar mineral separates
Sample
Name

Potassium  
(K % wt)

Calcium  
(Ca % wt)

Chloride
(ppm)

Measured * 0 / 0  
(x 10'15)

16C1] (atom g'V 
(x 10s)

AT-10 11.48(0.02) 0.02 (0.02) 169.3 (1.6) 118.0 (5.6) 5.37 (0.26)
AT-11 12.15(0.01) 0.04 (0.04) 181.9 (1.6) 110.0 (6.8) 5.30 (0.33)
AT-12 11.95(0.02) 0.04 (0.04) 226.3 (2.2) 103.3 (5.9) 5.57 (0.32)
AT-13 11.86 (0.03) 0.04 (0.04) 237.8 (3.8) 108.0 (6.2) 6.01 (0.36)
95Scot004 10.42 (0.02) 0.11 (0.11) 207.1 (2.5) 70.6 (4.6) 4.53 (0.30)
95Scot006 7.20 (0.10) 0.20 (0.20) 141.2 (1.7) 74.2 (5.1) 2.81 (0.20)
95Scot007 10.70 (0.06) 0.05 (0.05) 213.2 (2.6) 72.4 (4.6) 3.60 (0.23)
95Scot008 10.38 (0.03) 0.46 (0.46) 174.2 (2.0) 71.5 (4.8) 3.10 (0.21)
95Scot015 10.56 (0.06) 0.09 (0.09) 208.3 (2.5) 75.5 (4.7) 3.66 (0.23)
95Scot018 11.44 (0.04) 1.43 (1.43) 232.9 (2.9) 62.2(4 .1) 3.57 (0.24)
95Scot020 10.92 (0.17) 0.04 (0.04) 231.6 (2.2) 68.8 (4.6) 3.93 (0.27)
95Scot021 10.18 (0.02) 0.06 (0.06) 246.9 (3.1) 61.7 (3.8) 3.64 (0.23)
95Scot032 10.14 (0.03) 0.04 (0.04) 173.3 (2.2) 91.3 (6.2) 4.14 (0.29)
95Scot041 10.63 (0.03) 0.04 (0.04) 267.6 (2.4) 70.6 (4.3) 4.27 (0.26)
95Scot042 11.19(0.05) 0.04 (0.04) 275.4 (3.4) 78.0 (5.2) 4.91 (0.33)
95Scot047 5.97 (0.02) 0.93 (0.93) 22.5 (0.3) 81.5 (6.7) 1.51 (0.13)
95Scot063 11.46 (0.01) 0.34 (0.34) 27.6 (0.3) 301.4 (14.4) 6.59 (0.32)
95Scot068 10.91 (0.08) 0.34 (0.34) 20.5 (0.3) 405.2 (19.9) 6.54 (0.32)

* Including a measured *C1 and Cl' blank correction of 0.2-1.2%.

The whole rock major element and trace element measurements are given in 
Table B2 and B3 respectively. These concentrations are important as they are used 
to calculate terms such as the macroscopic cross section for thermal neutron 
capture, which define the amount of 36C1 produced by low-energy neutron capture 
on 39K and 3bCl. All the derived terms (calculated from values in Table B.2, B.3 and 
6.1) are given in Table B.4.

It is interesting to note that for the samples with high chloride 
concentrations, the percentage of low-energy neutrons captured by a nucleus is 
an order of magnitude higher than the percentage of low-energy neutrons
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captured by a 39K nucleus. However, for the samples with low chloride (—20 ppm) 
and high potassium concentrations (-10%), the percentage of low-energy neutrons 
captured by a 3'C1 nucleus is of the same order of magnitude as the percentage of 
low-energy neutrons captured by a 39K nucleus.

Table 6.2 gives a breakdown of the calculated 36C1 concentration by 
production channel, as well as the total measured J0C1 concentration for 
comparative purposes. Spallation on potassium is the largest contributor to 36C1 
concentration, although the contribution of 36C1 from low-energy neutron capture 
on 3oCl is significant in all but the three low chloride samples.

The negative muon capture on 39K accounts for between 3.9% and 5.7% of 
the total cosmogenic 3oCl production due to potassium in each of the samples, with 
the variation arising from the different altitudes of the samples. The low-energy 
neutron capture on 39K accounts for between 2.1% and 3.3% of the total cosmogenic 
36C1 produced from potassium in each of the samples, with the range 
predominantly due to the varying chemical compositions of the samples. The 
combined 36C1 contribution from these minor production channels is 6.5% to 8.8% 
of the total cosmogenic 36C1, with an average of 7.7%. Therefore, values of PK from 
earlier work must be adjusted downwards by this fraction in order to compare 
them with the potassium spallation rate derived in this study.

Table 6.2 Breakdown of * 0  concentration by production channel in the Scottish K-feldspar samples
Total _______ Reactions on Potassium_____________ Reactions on 3SC1______ Reactions

Sample measured Spallation p Neutron Cosmogenic Radiogenic on Ca
Name “Cl

102 atom g'1 102 atom  g 1
capture

102 atom  g'1
capture2

102 atom  g '
n capture

102 a tom  g 1
n capture

102 atom  g '1 102 atom  g'1

AT-10 5370 (263) 3242 158 116 1323 209 2
AT-11 5296 (332) 3531 177 116 1251 304 4
AT-12 5569 (324) 3350 166 94 1289 289 4
AT-13 6007 (356) 3253 162 95 1404 289 4

95Scot004 4532 (302) 2633 136 98 1162 576 9
95Scot006 2811 (196) 1459 88 58 821 192 14
95Scot007 3604 (234) 2129 131 89 1231 357 3
95Scot008 3096(211) 2041 125 83 905 346 30
95Scot015 3656 (230) 2046 128 92 1229 401 6
95Scot018 3565 (242) 2234 134 89 1180 449 94
95Scot020 3928 (266) 2025 122 78 1182 305 2
95Scot021 3636 (228) 1963 118 73 1204 384 4
95Scot032 4142 (286) 2665 142 110 1406 277 3
95Scot041 4269 (261) 2409 137 87 1546 401 3
95Scot042 4905 (329) 2516 144 101 1623 599 3
95Scot047 1514 (126) 1213 74 42 100 42 63
95Scot063 6589 (316) 4858 205 348 301 451 47
95Scot068 6535(322) 4625 195 404 217 466 47
1 spallation + negative muon capture
2 cosmogenic + radiogenic
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From the 36C1 concentrations and the assumed exposure age of the samples, 
the ^C1 production rate due to spallation on potassium can be calculated. This was 
deduced using the values of *Pf(0) constrained by the Scottish quartz samples (see 
Chapter 5), and the "6C1 yield per stopped negative muon constrained by the 
Wyangala depth profile (see Chapter 7) to determine the 36C1 concentration as a 
function of the potassium production rate for each sample. The best value of the 
potassium spallation production rate was then determined by X  minimisation (see 
§ 3.3.3) over the 18 Scottish K-feldspar mineral separates.

The value of PKsp(0) was determined to be 161 ± 9  atom (gK)'1 yr'1 with a 
reduced X  of 1.91. Figure 6.2 shows the %2 surface for PKsp(0).

160.8(3.8)

'  > i

Figure 6.2 The y? surface for PKsp(0) determined from 18 Scottish K-feldspar mineral separates.

The uncertainty in the value of PKsp(0) above incorporates three components 
added in quadrature. The first component is the statistical uncertainty from the fit 
which was determined by increasing the X  by 1 [Bev92, Lyo86, Pre87]. The second 
component of the uncertainty comes from the assumed exposure age (see §3.3.1). 
The final component comes from the uncertainty in ^Cl contribution from low- 
energy neutron capture in the K-feldspar mineral separate. To determine this 
uncertainty, the fit to PKiSp(0) was repeated using values of Pf(0) ± la. The change 
in the value of PKsp(0) was taken as the third component of the uncertainty. The 
major contributor (-60%) to the final value of the uncertainty was from the 
assumed exposure age.

As a simple exposure history has been assumed for the Scottish samples, the 
possibility exists that pre-exposure or erosion on the samples has been erroneously
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neglected. Both these possibilities are discussed in detail in Appendix C where it is 
shown that neither pre-exposure nor erosion is likely to be a major source of 
systematic uncertainty in this study.

6.2 The Potassium Spallation Production Rate and 
Comparison with Previous Work

The value of PKsp(0) derived in this study is 161 ±9 atom'1 (gK)'1 yr'1 at sea 
level and high latitude. To compare this with the production rates determined in 
previous calibrations [Zre91, Swa94, Phi961 the values of PK from those calibrations 
must be adjusted by 7.7% (see page 86) to obtain potassium spallation rate values 
from their results (as opposed to total 36C1 production from potassium).

Table 6.3 Comparison of the values determined for the ^Cl production by spallation on potassium.

This Study 161 (9) atom (gK)1 yr1
Phillips et al., (1996) 142 (9) atom'1 (gK)'1 yr'1 (adjusted)"

Swanson et al., (1994) 208 (26) atom'1 (gK)1 yr'1 (adjusted)"
Zreda et al., (1991) 99 (7) atom'1 (gK)'1 yr'1 (adjusted)3

7.7% correction has been made for ^Cl production by negative muon capture and low-energy 
neutron capture on potassium.

The potassium spallation production rate determined in this study is 29% 
less than the adjusted production rate determined by Swanson el al. [Swa94], 
which is almost within error, and 13% more than the adjusted production rate 
determined by Phillips et al. [Phi961, which is within error. The adjusted value 
obtained by Zreda et al. [Zre911 is 63% lower than the value determined in this 
study, but this value has already been superseded [Phi96J because the assumed 
exposure history of the samples was incorrect (see §3.3.1).

Aside from possible errors in the assumed exposure history in the 
calibration sites, there are several factors that contribute to the variation in the 
values in Table 6.3. The first is that the previous calibrations were attempting to 
determine the 36C1 production rates from calcium, 3"C1 and potassium. In almost all 
the samples, however, the 36C1 production was dominated by calcium and/or 3dC1 
production channels. Consequently, the production rate due to potassium was 
extremely vulnerable to systematic errors in these production rates.
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Secondly, the previous calibrations only considered the spallation 
production channel for 36C1 production from potassium (and calcium). 
Consequently, when the derived production rates were scaled to sea level from the 
various altitudes of the sample sites, only the spallation correction factors were 
used. As a portion of the production rate was actually due to muon reactions, 
which vary less steeply with altitude than spallation reactions, this will under 
estimate the production rate at sea level. This error was not corrected when the 
adjustment of 7.7% was made above to account for the production by negative 
muon capture and low-energy neutron capture. This effect is ^4% (depending on 
altitude).

Thirdly, the previous calibrations were based on whole rock measurements. 
Consequently, additional 3bCl would have been produced by minor reaction 
channels such as spallation of titanium and iron. Iron and titanium tend to 
concentrate in Ca-rich, basaltic rocks, so contributions from these elements are 
likely to be a more serious source of error in previous estimates of the Ca spallation 
rate. Nonetheless, previous whole-rock calibrations of 36C1 from K have used 
samples requiring significant Ca corrections. If the (granite) samples used for K 
calibration have lower Fe/Ca and Ti/Ca ratios to those (basaltic samples) used for 
Ca calibration, the adjustments for Ca-derived 36C1 will be too high - and the 
resulting estimates of PK will likely be too low. The magnitude of this effect is 
likely to be small, based on the Ti and Fe spallation rates estimated by Masarik and 
Reedy [Mas96] (but these remain to be calibrated). This particular source of 
uncertainty does not affect the values determined in this calibration because K- 
feldspar contains only a small amount of iron and negligible titanium.

Finally, the largest uncertainty in this calibration, as with the previous 
calibrations, is the correction for the j6C1 production by low-energy neutron capture 
on 33C1. This is also where the greatest potential for improvement in the near 
future lies, as discussed in the next section.

6.3 Measured Vs Model-Dependent Correction of Low- 
energy Neutron Capture on 35C1

As discussed in Chapter 5, the original intention in this study was to 
measure 36ClnY/Cl ratios in potassium-free quartz from the Scottish samples, and
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use the values as a basis for subtracting the low-energy neutron-produced 3bCl in 
the K-feldspar. In the end, however, these data were used as input to a model of 
the neutron capture process to derive a value of Pfi0). This value was then used to 
determine the contribution of neutron capture for all 18 samples, not just the 8 for 
which measurements on quartz were made. It is interesting, however, to compare 
the model-based approach with the more direct experimental approach. The 
following will demonstrate that the potassium spallation production rate obtained 
is independent of the method of the way the quartz data are used in the 
calculation.

Table 6.4 shows the total 36C1 concentration (cosmogenic and radiogenic) 
due to low-energy neutron capture on 'DC1 determined from i) the model 
dependent approach (see Chapter 5) and ii) directly from the measurements on the 
quartz samples.

Table 6.4 The total * 0  production from neutron capture on potassium calculated using two 
different methods.

Sample
Name

Total All concentration due to low-energy neutron 
capture on "5C1 in the K-feldspar mineral separates

p ;
atom (gK)-1 yr'1

model-dependent measured
AT-12 1.58 (0.12) xlO5 1.98 (0.18) xlO5 176 (16)
AT-13 1.69 (0.12) xlO5 2.32 (0.24) x 105 187 (20)

95Scot004 1.74 (0.13) xlO5 1.61 (0.17) x 10s 182 (20)
95Scot018 1.63 (0.12) xlO5 1.73 (0.08) x 10s 133 (17)
95Scot020 1.49 (0.11) xlO5 1.91 (0.17) xlO5 162 (23)
95Scot021 1.59 (0.12) xlO5 1.59(0.11) x 10s 168 (19)
95Scot041 1.95 (0.14) xlO5 2.07 (0.15) x 105 149 (18)
95Scot042 2.22 (0.16) x 105 1.81 (0.13) xlO5 200 (21)

a The total %C1 production from potassium deduced using the measured All^/C l.

The uncertainty in the measured 36C1 concentration is due to the AMS 
experimental uncertainty. The calculated and measured 36C1 concentrations due to 
low-energy neutron capture on 3aCl agree within their relative uncertainties in 
almost all the samples.

The measured 36ClnY/Cl ratio can now be used to deduce the total 3bCl 
production from potassium (see Table 6.4). The weighted average of these values 
is 168 (7) atom (gK)'1 yr'1. Adjusting this value by 7.7% (see page 86) to subtract the 
contributions due to negative muon capture and neutron capture by potassium 
leads to a production rate due to spallation alone of 157 (19) atom (gK)1 y r1. This is
in very good agreement with the value of 161 (9) atom (gK)1 yr'1 obtained using the
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derived value of Vf{0) and minimising the X  f°r the entire set of Scottish K-feldspar 
samples. This indicates that from the eight quartz samples the derived value of 
TfiO) is representative of the 18 K-feldspar samples, and that the Liu et al. [Liu94l 
neutron capture model is adequately treating the low-energy neutrons within the 
degree of uncertainty of the measurements.

It is important to also note that the 36Cln7/Cl ratio in the quartz samples 
already incorporates a correction for erosion on that portion of the 36C1 
concentration and this makes the value determined for potassium spallation more 
sensitive to erosion. This point is illustrated in Figures C.l and C.2, which shows 
that when j6Cl is produced by both low-energy neutron capture and potassium 
spallation (as in the K-feldspar samples) the increase in the n-capture production 
rate just below the surface counteracts the exponential decrease with depth of the 
spallation production rate, making the samples much less sensitive to erosion than 
samples containing only spallation or n-produced ^Cl.

A final test of the effect that 3bCl produced by low-energy neutron capture 
has on the calibration of PKsp(0) is to determine the value of PK>sp gramte(0) by 
minimising the X  only over the three low-chloride granite samples. From this, a 
value of 174 (9) atom (gK)'1 yr'1, with a reduced x  of 0.66 is obtained. If the same is 
done for the 15 sandstone samples, which have an average chloride concentration 
of 212 ppm, the value for P K.sP,s a n d s t o n e ^ )  is determined to be 155 (12) atom (gK)'1 yr'1, 
with a reduced %2 of 1.65. These values agree within error, which again indicates 
that the treatment of the low-energy neutrons is not adversely effecting the 
accuracy of the potassium spallation production rate.

There is considerable scope for improving the experimental correction of 
low-energy n-produced J6C1 by measuring the 36Cln7/Cl ratio. Particularly, the 
effect of local geometry on low-energy neutrons needs to be quantified, as 
discussed in Chapter 5. In addition, an improved method for modeling low- 
energy neutrons by Phillips et al. [PhiOl] (see §3.2.2) appears promising. With 
these future improvements, the uncertainty caused by the 6̂C1 produced by low- 
energy neutron capture will be reduced and the value of 36C1 production by 
potassium spallation can be even more tightly constrained.
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Chapter Seven

36C1 PRODUCTION DUE TO 
NEGATIVE MUON CAPTURE: 
WYANGALA DEPTH PROFILE

The negative muon capture rate was determined by measuring the 36C1 
concentration in K-feldspar rich (-30%) granite samples from a depth profile down 
to 6 meters. The samples were taken from a granite quarry face in Wyangala, 
Australia (latitude 34° 02' S, longitude 148° 55' E). The quarry is young enough 
that the surface can be considered fresh in terms of in-situ 36C1 production, 
however, the area is known to be geologically very old and stable (see §3.3.1) so 
that the 36C1 concentration can be assumed to be at steady state for the entire 
profile. As a result, even the deepest samples have high 36C1 concentrations and 
high precision 36C1 measurements were possible.

In total, 18 samples were analysed, 16 samples in the depth profile and 2 
samples collected from pastoral land adjacent to the quarry. As even very low 
erosion rates will have a large effect on the steady state “Cl concentration, it was 
necessary to allow the erosion rate to be a free parameter in the fit to the depth 
profile, as described in Section 3.3.1. Section 7.1 compares the erosion rates 
determined for the two samples adjacent to the quarry with the erosion rate 
determined from the sample at the top of the profile.

Section 7.2 discusses the value deduced for the 36C1 yield per stopped 
negative muon, YK, and the erosion rate of the profile, £, determined using the 
entire deep profile.



Chapter Seven ~ 56Cl production due to negative muon capture: Wyangala depth profde

Section 7.3 then discusses two possible sources of uncertainty for the value 
determined for the negative muon production rate: i) assumptions made about the 
top of the profile, and ii) uncertainty in the "6C1 contribution from low-energy 
neutron capture at depth in the profile.

Finally, Section 7.4 discusses the 36C1 production rate due to negative muon 
capture on potassium, and makes a comparison with the 36C1 production rate due 
to due negative muon capture on calcium [Sto98].

7.1 Surface Samples

Three surface samples were collected for comparison to the profile samples 
to ensure that the top of the profile was identified. WYS3 and WYS4 were 
collected in a pastoral paddock adjoining the quarry, and therefore were 
unaffected by the quarry. The rock outcrops from which the samples were 
collected were "tors", which are convex, residual outcrops that stick out of the 
hillside. Consequently, they would be expected to have a lower erosion rate than 
at the top of the profile. WYS3 was on the top of the hill and WYS4 was roughly 
half way between WYS3 and the top of the profile.

The third surface sample was WYBACK which was collected several meters 
from the quarry edge on a flake lying over the slab that formed the top of the 
profile (see Figure 7.1). To "reconstruct" the profile, it was believed that the flake 
and the slab extended over the top of the profile until the time of quarrying. 
Consequently, WYBACK was taken as the original top of the profile, and WYTOP 
the next highest sample with a shielding depth of c.15 g cm'2. This scenario is in 
agreement with the 3oCl concentrations measured in the sample, as well as the 
measured 10Be and 26A1 concentrations made on the samples [StoOl ].
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WYBACK

WYTOP
WY005-010

WY016-020

weathered
surface

Main 
^  Profile

20 cm

Figure 7.1 Schematic diagram showing the positions of WYBACK and WYTOP relative to the main 
of the depth profile.

Table 7.1 gives the locations of the surface samples and their correction 
factors. The thickness corrections shown in the table were calculated assuming 
there was zero erosion at the surface, and as a consequence of the air/ground 
boundary effect, the thickness correction for the thermal neutrons is large. 
However, the air/ ground boundary effect occurs only within the top ~50 g cm'2, 
and at greater depths than this it scales (to first order) with the spallation 
production rate. Therefore, erosion will reduce this thickness correction.

Table 7.1 Location and Correction factors of the Wyangala surface samples.
Sample
Name

Altitude Alt/Lat Correction Horizon Thickness Correction'
(m) S p a lla tio n M u o n s Correction sp a lla tio n th erm a l n E p ith erm al n

W YS3 61 (T 1.45 1.17 1.00 0.96 1.33 1.04
W YS4 570 1.40 1.15 1.00 0.96 1.31 1.05

W Y BA C K 540 1.37 1.13 0.99 0.94 1.43 1.06

“ Calculated assuming zero erosion. 
b Top of the hill.

To determine the proper low-energy neutron thickness correction for an 
eroding surface, the 36C1 concentration produced by spallogenic thermal neutron 
capture on 3oC\ was calculated as a function of depth for erosion rates of 0 Jim yr"1, 1 
pm yr'1, 2 pm yr'1 and 5 pm yr'1, as plotted in Figure 7.2.
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WYS4

CD C

WYS3
"O  CD

WYBACKU  H

Erosion Rate [im yr-

Figure 7.2 The steady state ^Cl concentration produced by spallogenic thermal neutron capture on ^C1 
as a function of erosionjhe 3 curves are calculated for WYS3, WYS4 and WYBACK.
The effect of the air/ground boundary is no longer visible for erosion rates > 0.5 pm v r wh i c h  is lower 
than the expected erosion rate at Wyangala. Therefore, the spallation depth correction should be used 
for the low-energy neutron capture production channels for the surface samples.

The effect of the air/ground boundary is removed for erosion rates > 0.5 pm 
yr'1. As the erosion rate at Wyangala is expected to be higher than this, the 
appropriate thickness scaling parameter for the low-energy neutron capture 
production rates for the surface samples is the spallation thickness correction.

Figure 7.2 has further implications for the ability of the surface samples to 
constrain the erosion rate. As discussed in Appendix C, most of the Scottish 
surface samples were insensitive to erosion because the combined effects of the 
low-energy neutron capture production rate and the spallation production rate 
make the 36C1 concentration fairly constant for the first couple of cm, as seen in 
Figure C.l and C.2. However, Figure 7.2 shows that because the samples are at 
steady state, the air/ground boundary effect is only present for erosion rates lower 
than that expected at Wyangala. Consequently the 3bCl concentration in the surface 
samples is very sensitive to the erosion rate.

Table 7.2 presents the measurements made on the K-feldspar mineral 
separate. The 36C1/C1 ratios were measured by AMS, the potassium concentration 
by flame photometry, the calcium concentration by ICP-OES, and the chloride 
concentration by isotope dilution. The 36C1 concentrations of the K-feldspar
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mineral separates were calculated from the J6C1/C1 ratio and the chloride 
concentration. The raw result as well as the value scaled to a 2n surface at the top 
of the profile are presented below.

The whole rock major element and trace element concentration are given in 
Table D.l and D.2 in Appendix D. The results in these Tables, along with the 
values given in Table 7.2 are used to derive the parameters important to the low- 
energy neutron capture production rates, and are given in Table D.3.

The j6Cl concentration due to thermal neutron capture in WYS3 is 
significantly higher than the other samples because its gadolinium and samarium 
concentrations (Table D.2) are roughly half that of the other surface samples.

Table 7.2 Composition of the Wyangala surface K-feldspar mineral separates.

Sample
Name

Potassium  

( %  wt)

Calcium  

(% wt)

Chloride

(ppm)

Measured 
“Cl/Cl 
(x 101S)

[*Cl]a 
(atom g'1) 

(x 10s)

[“Cl]b 
(atom g ’) 

(x 10s)
W YS3 10.46 (0.01) 0 .24 (0.10) 18.1 (0.2) S ee  T able 7.3 44 .03  (1 .40)‘ 43 .50  (1.38)
W YS4 10.95 (0.12) 0 .29  (0.03) 19.0 (0.3) 2328  (78) 25.81 (0.89) 26 .38  (0.93)
W Y BA C K 11.11 (0.07) 0 .24  (0.10) 17.5 (0.2) 1883 (65) 19.93 (0.71) 21.66  (0.76)

a Unsealed “Cl concentration.
bChlorine-36 concentration scaled to the top of the profile and corrected for thickness and shielding. 
c' Weighted average of measurements on duplicate AgCl samples from the same K-feldspar.

The reproducibility of the chemical preparation and AMS measurements 
was demonstrated by four repeat Wyangala samples, shown in Table 7.3. After 
adjusting the measured 36C1/C1 for the different sample weights and the amount of 
carrier added, the 36C1 concentrations obtained for all four samples are in very good 
agreement. The weighted average of the two 36C1 concentrations were used in all 
the calculations and are shown in all subsequent tables and figures.

Table 7.3 The “Cl concentration measurements made on duplicate AgCl samples prepared from the
same K-feldspar mineral separate.

Sample Sample Chloride Measured [“Cl] r a r
Name Weight (g) Carrier (mg) “Cl/Cl x 1015 10s atom g 1 105atom g 1
W YS3 13.060 1.164 2412  (81) 44.21 (1.50)

W Y S3R 24.209 1.179 3828  (123) 43.91 (1.44) 44 .03  (1.40)

W Y TO P 13.672 1.166 1006 (38) 18.74 (0.71)
W Y TO PR 17.593 1.185 1192 (50) 18.63 (0.79) 18.70 (0.66)

W Y 016-020 14.099 1.163 92 3  (37) 16.39 (0.82)
W Y 016-020R 26.639 1.181 1368 (49) 15.44 (0.56) 15.61 (0.55)

W Y 038-045 14.007 1.160 550  (24) 9 .52  (0.42)
W Y 039-045R 10.413 1.181 47 2  (19) 10.57 (0.44) 10.06 (0.37)

a weighted average.
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Table 7.4 gives a breakdown of the calculated 36C1 concentration for each 
production channel. The total measured j6Cl concentration is also included for 
comparative purposes.

Table 7.4 Breakdown of “Cl concentrations by production channel in the Wyangala surface samples.
Sample
Name

Measured
[“Cl]

102atom  g '

Reactions on Potassium Reactions on “Cl Reactions 
on Cab

102atom g 1
S p alla tion

102atom  g 1
p ca p tu re

102atom  g 1
n capture* 
102atom  g 1

C osm ogen ic  
102atom  g 1

R ad iogen ic  
102atom  g '

WYS3 44037 (1396) 35065 3981 1856 846 76 263
VVYS4 25812 (886) 18791 3166 1445 773 142 163
WYBACK 19928 (711) 14789 2862 981 530 89 105

a cosmogenic +radiogenic 
b spallation + negative muon capture.

The 36C1 production from potassium accounts for -90% of the total J0C1 
production. Potassium spallation, however, only accounts for -80% of this, which 
is less than the proportion due to spallation in the Scottish samples, again because 
of the impact erosion has on the present samples.

The long term erosion rates were determined from the three surface samples 
from the measured J0C1 concentrations, as described in § 3.3.3, and given in Table 
7.5.

Table 7.5 Erosion Rates of the Wyangala surface samples.

Sample Name Altitude Erosion Rate
WYS3 610 m 2.64 (0.14) pm  yr''
WYS4 570 m 6.21 (0.30) pm  yr'1

WYBACK 540 m 7.91 (0.37) pm  yr'1

WYS3 
2.64 pm yr'1 WYS4

610 m 

_ _  570 m

540 m

340 m

Figure 7.3 The erosion rate relative to the surrounding terrain. The erosion rate increases down the 
hill, as expected.
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The erosion rate increases with increased distance from the top of the hill 
(see Figure 7.3), which is as expected for two reasons. Firstly, WYS3 and WYS4 
were collected from tors which have a lower erosion rate than the surrounding 
bedrock. And secondly, erosion rates are typically lower on top of a hill as there is 
neither slope to increase erosive power of water flowing over the surface, nor any 
catchment area upslope to gather water.

The values also agree well with general estimates of erosion rates in the 
region. Limestone erosion rate in south eastern Australia have been measured by 
36C1 produced in calcite [Sto94] by employing the 36C1 production rates for calcium 
spallation and negative muon capture on 40Ca [Sto97, Sto98]. These give values 
between 11 and 36 Jim yr'1. Given the high susceptibility of limestone to erosion, it 
would be expected that these erosion rate would be significantly higher than those 
at Wyangala. However, they reflect the same time period as that of the Wyangala 
samples since they are both 36C1 measurements. Therefore they provide a reliable 
upper limit of the erosion rate.

Consequently, the 3bCl concentrations of the surface samples are in 
agreement with the scenario that an insignificant amount of rock or soil has been 
removed during the process of quarrying.

7.2 The Depth Profile

Sixteen samples were measured in the depth profile, down to a depth of 6.1 
m. Table 7.6 gives the depth and thickness of the samples in the depth profile. For 
samples above 2 m, where 3bCl production is dominated by spallation, the 
representative depth was calculated as the effective depth assuming the 
production rate had an exponential attenuation length of 160 g cm'2. Below 2 m the 
representative depth was taken as the average depth of the sample. The 
corrections for altitude and shielding for the samples in the depth profile, are the 
same as for WYBACK (see Table 7.1).

To determine the mass shielding depths for the samples, the density of the 
granite was measured to be 2.643 ± 0.003 g cm'3. This measurement was made by 
determining the weight and volume of displaced water of 10 representative 
uncrushed samples (weighing up to ~130g) from various places in the profile.
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Table 7.6 Depth of Wyangala samples.

Sample
Name

Sample
Thickness

(cm)

Representative
Depth

(cm)

Mass shielding  
depth 

(g cm'2)
W YBACK 5 2.5 6.6
W YTOP 5 8.16 21.6
W Y005-010 5 13.2 34.8
W Y016-020 4 23.7 62.5
W Y039-045 6 47.7 126
W Y050-055 5 58.2 154
W Y080-085 5 88.2 233
W Y095-100 5 103 273
W Y130-140 10 141 372
W Y190-200 10 201 530
W Y240-250 10 251 663
W Y330-350 20 346 914
W Y455-473 18 470 1241
W Y535-550 15 548 1448
W Y585-600 15 598 1581
W Y600-610 10 611 1614

In Section 7.1, WYBACK was treated as a surface sample and a thickness 
correction was applied. In this section, however, WYBACK is considered part of 
the depth profile and is given a representative depth of 2.5 cm (as shown in Table 
7.6) with no thickness correction, in line with the other depth profile samples.

Table 7.7 gives the chemical composition of the K-feldspar mineral separates 
for the depth profile and the calculated 36C1 concentration. From the top of the 
profile to the bottom the total 36C1 concentration decreases by 95%. Even for the 
deepest samples, however, a measurement uncertainty of ~5% was obtained.

Table 7.7 K-feldspar mineral separate compositions of the Wyangala depth profile.
Sample
Name

Potassium  
(% wt)

Calcium  
(% wt)

Chloride
(ppm)

Measured 36C1/C1 
(x 1015)

r c i ]  (atom g 1) 
(x 10s)

W YBACK 11.11 (0.07) 0.24 (0.10) 17.5 (0.2) 1883 (65) 20.12 (0.71)
W YTOP 11.05(0.01) 0.20 (0.06) 23.8 (0.3) See T able 7.3 18.70 (0.66)
W Y005-010 11.47 (0.08) 0.22 (0.10) 25.5 (0.7) 951(35) 17.74 (0.67)
W Y016-020 10.99 (0.04) 0.12 (0.10) 21.5 (0.3) See T able 7.3 15.61 (0.55r
W Y039-045 10.72 (0.04) 0.16 (0.10) 17.5 (0.3) See T ab le  7.3 10.06 (0.37)*
W Y050-055 10.77(0.05) 0.22 (0.07) 18.9 (0.3) 723(26) 9.65 (0.36)
W Y080-085 11.03 (0.11) 0.19 (0.10) 21.2 (0.3) 541 (21) 7.12 (0.28)
W Y095-100 11.15 (0.07) 0.30 (0.10) 20.8 (0.3) 329 (13) 6.11 (0.24)
W Y 130-140 10.77 (0.02) 0.17 (0.10) 22.2 (0.4) 307 (14) 4.22 (0.20)
WY190-200 10.94 (0.03) 0.15 (0.10) 21.5 (0.4) 251 (10) 2.89 (0.12)
W Y240-250 10.05 (0.05) 0.27 (0.04) 22.6 (0.3) 176 (7) 2.08 (0.09)
W Y330-350 11.14 (0.03) 0.13 (0.10) 19.2 (0.2) 162(7) 1.76 (0.08)
W Y455-473 11.12 (0.05) 0.11 (0.10) 19.5 (0.3) 130 (6) 1.45 (0.07)
W Y535-550 10.90 (0.05) 0.16 (0.10) 20.0 (0.2) 113 (5) 1.22 (0.06)
W Y585-600 10.90 (0.04) 0.24 (0.06) 21.8(0 .3) 106 (5) 1.20 (0.06)
W Y600-610 10.93 (0.04) 0.14 (0.10) 20.7 (0.3) 96 (5) 1.09 (0.05)

a Weighted average of measurements on duplicate AgCl samples from the same K-feldspar, see Table 7.3.
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The measured J0C1 concentration with depth can be seen in Figure 7.4. A 
clear elbow can be seen at a depth of ~2m where the dominant production 
mechanism changes from potassium spallation to negative muon capture on 
potassium. Scatter is expected in this curve as a result in variations in the chemical 
composition of the samples, particularly in the potassium and chloride 
concentrations.

o
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Figure 7.4 The measured 36C1 concentration with depth. The error bars are the experimental uncertainty. 
Scatter in the profile is expected due to the variations in the chemical composition of the samples.

Table 7.8 gives the breakdown of the 36C1 concentration by production rate 
for the depth profile. At the top of the profile -15% of the potassium-produced 36C1 
is due to negative muon capture because the surface is eroding. This percentage 
increases with depth as the spallation component becomes less dominant. At a 
depth of 1.4m -52% of the potassium-produced j6Cl is due to negative muon 
capture, and at the bottom of the profile, -79% of the potassium-produced 36C1 is 
due to negative muon capture.
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Table 7.8 Breakdown of the ^Cl concentration by production channel in the Wyangala K-feldspar
samples

Sample
Name

Measured
[^Cl]

102a to m  g '

Reactions on K Reactions on "Cl Reactions 
on Cab

K fa to m  g 1
S p a lla tio n  
102atom  g '

■ji cap tu re
102atom  g 1

n  ca p tu re4
102atom  g 1

C o s m o g e n ic  
102a to m  g 1

R a d io g e n ic
102 a to m  g 1

W Y BA C K 20120  (711) 14242 2764 963 541 89 101
W Y TO P 18699 (658) 12899 2749 1137 916 152 77
W Y 005-010 17740 (673) 12319 2819 1030 915 122 79
W Y 016-020 15614 (547) 9927 2631 830 687 109 37
W Y 039-045 10049 (371) 6515 2407 630 481 83 35
W Y 050-055 9649 (358) 5502 2349 595 498 104 41
W Y 080-085 7124 (278) 3432 2212 517 504 148 24
W Y 095-100 6110 (238) 2709 2144 439 446 112 32
W Y 130-140 4220  (196) 1409 1868 338 389 141 12
W Y 190-200 2894 (120) 531 1618 293 325 160 7
W Y 240-250 2076 (89) 213 1309 221 301 131 10
W Y 330-350 1761 (79) 49 1158 235 213 149 4
W Y 455-473 1448 (69) 6 885 168 153 113 4
W Y 535-550 1223 (59) 2 742 148 136 109 5
W Y 585-600 1199 (55) 1 674 167 155 147 8
W Y 600-610 1086 (54) 1 661 177 146 157 5

a cosmogenic + radiogenic. 
b spallation + negative muon capture.

From the measured 36C1 concentrations in the 16 depth profile mineral 
separates, the best values for the 3faCl yield per stopped negative muon and the 
depth profile erosion rate were determined by calculating the expected 36C1 
concentration and minimising the %2 as described in § 3.3.

The depth profile erosion rate was determined to be 8.50 (0.22) pm y r1 and 
the value of YK was determined to be 5.80 x 102 atom per stopped p with a reduced 
X2 of 1.17. From the goodness of fit of the model to the measured samples, YK has 
an uncertainty of 2.1 x 10'3 atom per stopped p‘.

Figure 7.6 shows the %2 surface for YK and £, while Figure 7.5 shows 
projections of the X  surface for YK and £ respectively.

The value for the erosion rate determined during the minimisation of the 
depth profile is in good agreement with the value of 7.91 (0.37) pm yr'1 which was 
determined in Section 7.1 using WYBACK as a surface sample. This gives further 
support to the conclusion that a negligible amount of the material has been 
removed by quarrying.

~ Page 102 ~

Calibration of the Production Rates of Cosmogenic “Cl from Potassium



Chapter Seven ~  36Cl production due to negative muon capture: Wyangala depth profile
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Figure 7.5 Projections of the x2 surfaces for a) Yk and b) e.
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Figure 7.6 The x2 surfaces for YK and e. The inner contour is at x2min = 1.2, then the contours increases 
in steps of 1.0.

Figure 7.7 shows the measured 36C1 concentration for each sample, aswell as 
the calculated 36C1 concentrations from potassium, and negative muon capture on 
39K. Also shown are profiles of the calculated ^Cl concentration from negative 
muon capture on 39K, the total production from potassium, and the production

~ Page 103 -

Calibration of the Production Rates o f Cosmogenic <6Clfrom Potassium



Chapter Seven ~  36Cl production due to negative muon capture: Wyangala depth profile

from 10.9% K and 21 ppm Cl'. These profiles are calculated using the average 
values for potassium, chloride and wholerock concentrations for the depth proifile 
samples.

negative muon 

capture on 3’l

C l concentration 
(10.9% K, 21 ppm Cl)

1200
total Cl production 

from potassium

1400

1600

36C1 Concentration (atom g ')

Figure 7.7 A breakdown of the “Cl concentrations in the Wyangala K-feldspar depth profile. The 
closed dries are the calculated “Cl concentration from negative muon capture on 39K, the open 
diamonds are the total “Cl concentration due to potassium, and the closed triangles are the 
measured “Cl concentration. All the “Cl concentrations include ±1g error limits. The solid lines are 
the modeled “Cl concentration for negative muon capture, total production due to potassium and 
total production in the samples using the average values for the depth profile samples of: 10.9% K, 
21 ppm Cl, f* = 0.00177, f39 = 0.00101, k, = 1.154, k, = -0.711, k, = 0.137, k4 = 0.0547, Lth = 21.9, =
34.1 and PaU+Th= 16.56.

7.3 Possible Sources of Uncertainty in the Derived Value of YK

Two possible sources of uncertainty in the derivation above require further 
consideration. The first is if the presumed top of the profile is not correct. As
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discussed earlier, there are good grounds for believing that the top of the profile 
has been correctly identified. Nevertheless, the possibility that the quarrying may 
have removed unrecognised material is considered in Section 7.3.1.

Secondly, the value of YK is most tightly constrained by the deep samples 
where negative muon capture is the dominant production mechanism of “Cl. 
However, there is a considerable, 30-40%, contribution of 36C1 from low-energy 
neutron capture on 39K and “Cl in this region of the profile. Consequently, an 
adequate treatment of low-energy neutrons below ~lm in the profile is very 
important to the calibration of the value of YK. This is discussed in Section 7.3.2.

7.3.1 The Possible Effect of Quarrying on the Calibration

To test the possibility that material was removed during quarrying, the 
depth of each sample was increased by 20 cm and 40 cm to model the scenario that 
20 cm or 40 cm of rock, or the equivalent thickness of soil, was removed. With the 
new sample depths the %2 minimisation was repeated to deduce the best fitting 
values of YK and £, shown in Table 7.9 .

Table 7.9 The values for e and YK that minimise the X for the scenarios that 0 cm, 20 cm and 40 cm 
of rock (or equivalent density of soil) was removed prior to the quarrying._______________________
Effective Depth Removed 

by Quarrying
S

urn yr'1
y k

36C1 atom s (stop p ed  p  )

2
Reduced %

0 cm 8.50 5.80 X  10'2 1.17
20 cm 5.52 5.02 x 10‘2 1.30
40 cm 3.81 4.60 x 10'2 1.35

Table 7.9 shows that the effect of a 20 cm or 40 cm unrecognised loss of 
rock (53 or 106 g cm 2 of soil) would be significant overestimation of the true 
erosion rate (2.5x for 40 cm), but it will only have a minor effect on the fit to the 
profile and on the value of YK (-20% for 40 cm). The large changes in the erosion 
rates are a result of the sensitivity of the spallation component of the “Cl profile to 
erosion, due to the short attenuation length of fast neutrons (-60 cm in granite). 
The muon flux, on the other hand, attenuates much more slowly with depth and 
therefore the value determined for YK is fairly insensitive to changes at the surface.
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Therefore, performing the calibration assuming the profile surface is unaffected by 
quarrying does not lead to significant uncertainties in the value deduced for YK.

7.3.2 Chlorine-36 Produced by Low-energy Neutron Capture

For samples that were collected from below ~lm in the depth profile, the 
total 36C1 production is dominated by negative muon capture on 39K. Consequently 
these samples most tightly constrain the value of YK. However, the calculated 3oCl 
production due to low-energy neutron capture on 3"C1 and 39K accounts for 30% to 
40% of the total 36C1 concentration in samples in this depth region. Because the 
K/Cl ratio is almost constant throughout the profile, it is impossible from these 
data to determine separately the relative contributions of production by muon 
capture and muon-induced n-capture reactions. Consequently, the value 
determined for YK is vulnerable to uncertainties in the treatment of low-energy 
neutrons.

Table 7.10 presents a break down of the fraction of 36C1 that is produced by 
low-energy neutron capture on 39K and 33C1 in each of the depth profile samples. 
The degree to which uncertainties in the low-energy neutron production rate will 
translate to uncertainties on the deduced value of YK depends on the total amount 
of 36C1 produced by these reaction channels, i.e. from both 33C1 and ~9K

Table 7.10 Breakdown of the “Cl concentration by low-energy neutron capture.

Sample
Name

Radiogenic
Neutrons

Spallogenic
Thermal
Neutrons

Spallogenic
Epithermal
Neutrons

Mu-genic
Neutrons

Photonuclear
Neutrons

Total “Cl by 
low-energy 

neutrons
39K “Cl 39K “Cl 39K “Cl 39k “Cl 39K “Cl

W YS3 0.1% 0.2% 3.9% 6.1% 0.5% 0.6% 0.6% 1.0% 0.1% 0.2% 13.2%
W YS4 0.3% 0.5% 4.6% 7.2% 0.4% 0.6% 1.1% 1.7% 0.2% 0.4% 17.0%
W Y BA C K 0.3% 0.4% 2.7% 3.8% 0.4% 0.5% 1.0% 1.4% 0.2% 0.3% 11.2%
W Y TO P 0.4% 0.8% 3.5% 6.8% 0.4% 0.7% 1.3% 2.6% 0.3% 0.6% 17.4%
W Y 005-010 0.3% 0.7% 3.3% 6.6% 0.4% 0.7% 1.3% 2.6% 0.3% 0.6% 16.7%
W Y 016-020 0.4% 0.7% 3.0% 5.4% 0.4% 0.6% 1.4% 2.4% 0.3% 0.6% 15.3%
W Y 039-045 0.5% 0.8% 2.8% 4.2% 0.4% 0.5% 1.8% 2.6% 0.5% 0.7% 14.7%»
W Y 050-055 0.7% 1.1% 2.7% 4.3% 0.4% 0.5% 2.0% 3.1% 0.5% 0.8% 16.2%
W Y 080-085 1.2% 2.1% 2.4% 4.2% 0.3% 0.5% 2.6% 4.5% 0.7% 1.3% 19.9%»
W Y 095-100 1.1% 1.8% 2.1% 3.6% 0.3% 0.4% 2.9% 4.8% 0.8% 1.4% 19.3%»
W Y 130-140 1.8% 3.3% 1.5% 2.8% 0.2% 0.3% 3.4% 6.3% 1.1% 2.0% 22.1%
W Y 190-200 3.0% 5.4% 0.8% 1.5% 0.1% 0.2% 4.4% 7.8% 1.5% 2.7% 27.3%»
W Y 240-250 2.9% 5.9% 0.5% 0.9% 0.1% 0.1% 4.8% 9.7% 1.8% 3.6% 30.4%»
W Y 330-350 5.3% 8.3% 0.1% 0.2% 0.0% 0.0%» 5.3% 8.2% 2.2% 3.4% 33.1%
W Y 455-473 5.4% 8.5% 0.0% 0.0% 0.0% 0.0% 4.9% 7.8% 2.3% 3.7% 32.6%»
W Y 535-550 5.7% 9.5% 0.0% 0.0% 0.0% 0.0% 4.8% 7.9% 2.4% 4.0% 34.4%»
W Y 585-600 7.1% 12.8% 0.0% 0.0% 0.0% 0.0% 4.8% 8.8% 2.6% 4.6% 40.7%»
W Y 600-610 8.0% 13.7% 0.0% 0.0% 0.0% 0.0% 4.8% 8.3% 2.6% 4.4% 41.9%»
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Spallogenic thermal neutrons are the dominant source of low-energy 
neutrons in the top metre of the profile and account for a total of -10% of the 3oCl 
produced at the surface. The magnitude of this contribution was calibrated, in 
effect, when the value of P{(0) was determined in Chapter 5.

At depths greater than -1 m the fraction of 36C1 produced by low-energy 
neutron capture increases to as much as 40% at a depth of 6m. Roughly half of this 
contribution is due to radiogenic low-energy neutrons, since the Wyangala 
samples have high thorium concentrations. This low-energy neutron source is 
independent of depth (the fraction of radiogenic 6̂C1 is only increasing with depth 
because the other production rates are decreasing), and has an uncertainty of -7%.

Neutrons emitted following negative muon capture reactions on the various 
rock constituents are the dominant source of cosmogenic low-energy neutrons in 
the significant depth region for the calibration of YK, and account for -13% of the 
total 36C1 concentration in the KYeldspar mineral separates. This production 
channel depends on an assumed value of 0.5 for the average neutron yield per 
negative muon capture, Ys. The value of Ys is composition dependent; the adopted 
value is similar to that determined for limestone (0.44 ± 0.15 n per stopped p), and 
the uncertainty is estimated at -50%.

The 36C1 contribution from photonuclear low-energy neutrons due to fast 
muons increases from 3% at lm to 7% at 6m, and is expected to become the 
dominant 36C1 production mechanism in K-feldspar between 10m and 20m as it 
diminishes less steeply with depth than the other cosmogenic production rates. 
This reaction channel depends on assumed values for the average neutron yield 
per photodisintegration, Yf. Following Stone et al. [Sto98], a value of 1 n 
(disintegration)1 has been assumed, and the uncertainty is conservatively 
estimated to be -50%.

Adopting 50% uncertainties on both Ys and Yf leads to an additional 
uncertainty of -7.5% in YK. This is larger than the uncertainty in YK derived from 
the fit to the depth profile (-3.5%). Therefore the overall uncertainty is obtained by 
adding these two contributions together in quadrature to obtain an uncertainty of 
8.3%.

To constrain the value of YK more precisely in future, the low-energy 
neutron capture production channel would need to be treated differently. It would 
be possible in principle to reduce the uncertainty arising from the neutron capture
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mechanism by measuring independently the production of b6Cl from chlorine 
alone. This could be accomplished by measuring the 36C1 concentration in quartz 
mineral separates from the deeper samples, in the same way as for the Scottish 
samples (see Chapter 5). The 36C1 contribution due to low-energy neutron capture 
on 39K can then be calculated from the different cross sections and concentrations of 
35C1 and 39K.

7.4 Discussion on the Negative Muon Capture on Potassium 
Production Rate

The bbCl yield per stopped negative muon is 5.80 (0.48) x 10'2 atom per 
stopped |T. Assuming a negative muon stopping rate of 175 ji” g'1 yr'1 at the surface 
with an uncertainty of 10%, the JbCl production rate by negative muon capture is 
10.2 (1.3) atom (gK)'1 y r 1 at sea level and high latitude. The largest source of error 
in this value comes from the uncertainty in the 3bCl produced by low-energy 
neutron capture in the samples at depths below ~lm.

The surface 36C1 production by negative muon capture on potassium per 
target nucleus is almost twice that for calcium, which is 5.3 atom (gCa)'1 yr'1 [Sto98]. 
This is because the emission channel from potassium is more favourable than the 
emission channel from calcium as fewer nucleons (and more specifically protons) 
need to be emitted to produce a 3bCl nucleus. Calcium, however, has the advantage 
that there are rock types with larger target nuclei concentrations than is the case for 
potassium.

Negative muon capture on potassium accounts for ~6% of the total 
cosmogenic 3bCl surface production at sea level and high latitude. If the surface is 
eroding, however, the contribution from negative muon capture will account for a 
significantly larger proportion of the j6C1 at the surface. At Wyangala, where the 
erosion rate is 8.5 |J.m yr'1, the negative muon capture production mechanism 
accounts for 15% of the K-produced 36C1 at the surface. Therefore, negative muon 
capture is important not only for samples collected from >lm  below the surface, 
but for eroding surfaces, and for surfaces that have had a short exposure time and 
only been exposed by a shallow excavation (l-2m). A detailed discussion of this 
issue can be found in Stone et al. [Sto98]. However, it should be noted that this
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discussion refers to J6C1 production from calcium, which is more sensitive to the 
effects of erosion as the 36C1 production by negative muons on 40Ca is -11% of the 
calcium spallation production rate at sea level and high latitude. In comparison, 
the 6̂C1 production by negative muons on 39K is only -6% of the potassium 
spallation production rate.
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CONCLUSIONS

This thesis has presented the results of a complete calibration of the 
production rates of cosmogenic 6C1 from potassium in the top 10 metres of the 
lithosphere. Three previous calibrations have been performed to determine the 
total surface production rate of 36C1 from potassium. This work is an improvement 
on these studies as a result of three strategies:

1. The two main production mechanisms in the top 10 metres of the 
lithosphere: spallation and negative muon capture were determined separately 
by analysing surface samples and a depth profile,

2. “Cl measurements were made on samples with well constrained exposure 
histories.

3. The “Cl concentration measurements were made on pure K-feldspar 
mineral separates to maximise the potassium-produced 36C1. In addition, this 
virtually removed the 36C1 contribution from calcium, iron and titanium, and 
minimised the “Cl contribution from “C1.

The value of PK (0) was deduced to be 161 (9) atom (gK)'1 yr'1 at sea level 
and high latitude (see Table 8.1). This was determined from 18 K-feldspar mineral 
separates prepared from samples exposed by the end of the Loch Lomond 
Readvance in Scotland, which has been assigned an exposure age of 11,600 years. 
The possible uncertainty in this value due to erosion or pre-exposure was modeled 
and shown to be insignificant within measurement uncertainties.

The “Cl yield per stopped negative muon, YK, was deduced as 5.80 (0.48)xl0 \  
This value was determined from 16 samples measured in a depth profile down to 
6.1 metres from a granite quarry. The quarry was located in Wyangala, south
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eastern Australia, and the 36C1 concentration was assumed to be at steady state for 
the whole depth profile. Assuming a negative muon stopping rate of 175 g g 1 yr'1 
at sea level and high latitude (with a 10% uncertainty), the negative muon capture 
production rate is 10.2 (1.3) atom (gK)'1 yr’1.

Table 8.1 The results of this calibration, scaled to sea level and high latitude.

161 (9) atom (gK)1 yr1 

5.80 (0.48) x 102 36C1 atoms per stopped jT

!P,(0) 740 (63) fast n (g air)1 yr1

For comparative purposes, the total production rate due to potassium at the 
surface at sea level and high latitude is shown in Table 8.2 as 174.4 atom (gK)1 yr'1. 
To calculate this production rate a 2% contribution at the surface from low-energy 
neutron capture on 39K was assumed. (This contribution will vary from sample to 
sample as it is composition dependent.) This total rate lies between the values of 
225(25) atom (gK)1 yr'1 [Swa941 and 154 (10) atom (gK)1 yr'1 [Phi961, the two most 
recent calibrations of the total "°C1 production due to potassium. (The earliest 
calibrated value of 107(8) atom (gK)'1 yr'1 [Zre911 was superseded [Phi96]).

Table 8.2 Comparison of Production Rates determined in this study to those determined in previous 
work.

This Work Previous Work

PK.totaî P̂ = 174.4 (9.1) atom (gK)1 y r la
107(8) atom (gK)1 y r1 [Zre91]

PK lotal(0): 225(25) atom (gK)'1 yr'1 [Swa94] 
154 (10) atom (gK)1 y r1 [Phi96]

!Pf(0) = 740 (54) fast n (g air)'1 y r1 586 (40) fast n (g air)1 y r1 [Phi961b 
(551 (40) fast n (g air)'1 yr'1) c

J PK,totii((l) = (P^(0) + Yk x 175) x 1.02, assuming a negative muon stopping rate of 175 (i g 1 yr1 and 2% of 
the total surface production from potassium is produced by low-energy neutron capture on 3TC. 
b Assuming spallation as the only source of low-energy neutrons.
c The value of [Phi96] corrected for low-energy neutrons produced by negative muon capture and 
photonuclear reaction induced by fast muons.

For 15 of the Scottish samples the contribution from low-energy neutron 
capture on 33C1 was 24% to 37% of the total 36C1 concentration. Therefore, a
significant source of uncertainty on the determined value of PKsp(0) was the
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treatment of the low-energy neutrons at the surface. To overcome this, the value 
for the fast neutrons in air directly above the ground, <Pf(0), was determined to be 
740 (63) fast n (g air)'1 yr'1 from pure quartz mineral separates prepared from eight 
of the Scottish samples. The previously deduced value of Pf(0) of 586 fast n (g air)'1 
y r1 given in Table 8.2 was determined assuming all the low-energy neutrons at the 
air/ground boundary were derived from spallogenic reactions. If this value is 
lowered by 6% to a value of 551 (40) fast n (g air)'1 yr'1 (to account for low-energy 
neutrons produced by negative muon capture and photonuclear reactions due to 
fast muons) then it is 35% lower than the value of Pfff) determined in this work.

There appeared to be a sample to sample variation amongst the eight quartz 
mineral separates due to the effects of local geometry on the low-energy neutron 
flux. Future studies that isolate the 36C1 contribution from low-energy neutron 
capture on "Cl, combined with an improved method of modeling low-energy 
neutrons at the air/ground boundary [PhiOl], will significantly reduce the 
uncertainty in determining the 36C1 produced by low-energy neutron capture on 
"XT, and enable the value of PK (0) to be even more tightly constrained.

While muon capture is responsible for the majority of the 36C1 in the samples 
below 2m in the depth profile, low-energy neutron capture on "XT and 3"K 
accounted for an estimated 30% to 40% of the total 36C1 produced in these samples. 
This contribution is only an estimate because it is based on assumed values of the 
average neutron yield per muon capture in the sample, Ys, and the average 
neutron yield per photodisintegration, Yf. The uncertainty from these assumed 
values is believed to be twice the statistical uncertainty in the derived value of YK. 
A more accurate account of low-energy neutron sources at depth will be needed in 
the future to constrain the value of YK more tightly. This could be achieved by 
applying a similar approach to that used for the Scottish samples and measuring 
the J6C1 concentration in quartz mineral separates from below 2m, which would 
allow the contribution from 3XT to be determined, and from this, the contribution 
from 39K can be deduced.
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For reference purposes and to enable a visual comparison of the different 
depth dependences and relative yields for the different production rates, Figure 8.1 
gives a summary of the 36C1 production rates from potassium at sea level and high 
latitude. It is of note that the spallation production profile is only dependent on 
the density of the rock and the potassium concentration (assumed to be 2.65 g cm° 
and 10%K respectively), while the negative muon capture production rate is also 
dependent on the particular rock or mineral type. The low-energy neutron capture 
production profile, however, is also dependent on the sample's chemical 
composition.

The 36C1 production rates due to low-energy neutron capture on 33C1 are not 
shown. Nevertheless, Figure 8.1 is useful for understanding the neutron 
production channels for J0C1, as they show the same behaviour as for low-energy 
neutron capture on 39K. Therefore, the shapes of these curves can be used and 
scaled up or down depending on the chloride concentration. For example, if the 
chloride concentration were 11 ppm, then the 36C1 contribution from low-energy 
neutron capture on 3TI1 would be the same as that shown in Figure 8.1 for 39K with 
a 10% potassium concentration.

To conclude, this thesis presents the most comprehensive and accurate 
study currently available on the production in-situ of 36C1 from potassium. The 
chief source of uncertainty remains the contribution from neutron-produced 36C1 
(from both 33C1 and 39K) at the air/ground boundary and at depth between 2 and 6 
metres. Further investigations which isolate the low-energy neutron capture 
reaction on 35C1 will provide significant insight into this production mechanism, as 
well as allowing an accurate determination of the 3bCl contribution from this 
mechanism on a sample to sample basis. Applications of these production rates by 
themselves, and in conjunction with the calcium spallation and negative muon 
capture production rates [Eva93, Sto96, Sto98], will enable future measurements of 
precise exposure ages and erosion rate measurements in almost all rock-types.
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EARLY ATTEMPTS AT ISOLATING 
THE 36C1 PRODUCED BY LOW- 
ENERGY NEUTRON CAPTURE ON 
35C1

A .l Early A ttem pt: The C rushing  Technique

The first attempt at isolating the low-energy neutron capture of 3"C1 
pathway was very similar to that of Bierman et al. [Bie94] (see § 3.2.3) in that the 
sample was crushed to break open the fluid inclusions and release the chloride 
(and neutron-produced 36C1). Some of the K-feldspar mineral separate was 
placed in a mortar and pestle with deionised water and ground up to break open 
the fluid inclusions. The chloride (and neutron-produced 36C1) would be released 
directly into the water. The remaining K-feldspar was then removed by 
centrifuging and the solution was prepared for an AMS measurement using the 
method described in Section 4.2.2.

Initially an agate mortar and pestle was used. It was cleaned by scouring 
and rinsing multiple times in de-ionised water, and then soaking it for 24 hours 
or more in 10% HN03. This process was repeated multiple times. Several 
samples were crushed and prepared as AgCl. Procedural blanks were prepared 
by placing distilled water in the mortar and pestle, grinding, collecting the water 
and preparing for an AMS measurement in the same way as a sample. The AMS
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measurements revealed that the solutions contained extremely high 3bCl 
concentrations, with 36C1/C1 ratios higher than 10'10. This occurred for multiple 
samples and blanks. As the mortar and pestle had been very thoroughly 
cleaned, it was believed that the 3oCl contamination came from the agate as some 
of it was abraded off with each crushing. Interestingly, the AMS measurements 
on the remaining K-feldspar, which had been rinsed several times in de-ionised 
water, gave ratios that were up to ~40 x lower and were in reasonable agreement 
with previous measurements, indicating the efficiency with which such rinses 
remove unbound chloride. As the previous history of the mortar and pestle was 
unknown, the cause of the contamination remains a mystery.

The second attempt at isolating the low-energy neutron capture of JbCl 
pathway again involved crushing the K-feldspar, this time using a new 
corundum mortar and pestle. A procedural blank was prepared in this mortar 
and pestle which showed it contained negligible JbCl. The available K-feldspar 
for a sample was now low, and as a consequence insufficient chloride could be 
released to guarantee sufficient AgCl could be precipitated for an AMS 
measurement (generally it was found that precipitating small amounts of AgCl, < 
2 mg, from a large volume of solution, > 400 ml, gave very low yields). To 
address this chloride carrier was added. As a result, to calculate the 3oClnY/Cl 
ratio from the 3bCl/Cl ratio measured by AMS, the amount of chlorine released 
had to be measured and the yield from the chemical procedure had to be known. 
Given the difficulties of quantitatively transferring the solution and powdery K- 
feldspar into the beaker from the mortar and pestle, ambiguity in the yield was 
large enough to obscure any useful information from the final 3oCln Y/Cl ratios.

Upon reflection, there are several things that could be done to greatly 
improve the mortar and pestle technique of isolating the 3feClnY/Cl ratio. The 
principle goal would be to increase the amount of chloride released so that 
carrier was not required and hence the yield would not be important. This could 
be achieved by crushing larger samples (about 8 g, depending on the size of the 
mortar and pestle) for longer amounts of time (> 5 min) to release as much 
chloride as possible. It should also be possible to use another mineral separate, 
or even a whole rock aliquot, in the crushing procedure than the precious (in this 
work) K-feldspar mineral separate. If a pure mineral separate was not used, it 
would also be possible to use a larger grain size, which should contain more
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intact fluid inclusions. If there was still insufficient AgCl, NaBr carrier could be 
added to precipitate AgBr with the AgCl.

A.2 Second Attempt: The Quartz Samples

As crushing the samples had not been completely successful, another 
method was used to determine 36ClnY/Cl, similar to the technique used by Dep 
[Dep95]. Pure quartz mineral separates were prepared by the technique 
described in Section 4.2.1. Quartz was chosen as the best mineral as it is easy to 
separate (given its high resistance to HF [Kol92b and while it contains no 
potassium, calcium or chloride in its crystal lattice, it often contains chloride in 
fluid inclusions [Nor891. The method of extracting the chloride and preparing it 
as AgCl for an AMS measurement is described in Section 4.2.2. While this 
method was relatively simple and successful for most of the quartz samples, for 
some samples the AgCl precipitate was much smaller than expected and very 
hard to collect. It became evident afterwards that when the quartz dissolved it 
produced a very dense solution, and this inhibited flocculation of the AgCl into 
large clumps. If there was insufficient AgCl to flocculate, it would remain as tiny 
particles suspended in the solution and was not recoverable. To overcome this, 
NaBr carrier could be added to precipitate AgBr with the AgCl to aid flocculation 
(see § 4.2.2). The latter technique proved relatively successful for several Sierra 
Nevada samples; however as they are not directly relevant to this calibration, 
they shall not be discussed further.
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THE SCOTTISH SAMPLES:
SAMPLE LOCATIONS, WHOLE ROCK 
MEASUREMENTS AND DERIVED QUANTITIES

Table B.l details the locations from which the Scottish samples were 
collected, as well as a breakdown of the correction factors applied to the sample 
to scale the production rate from the sample site to the surface production rate at 
sea level and high latitude with a 2n horizon (the typical location for which 
cosmogenic nuclide production rates are expressed).

Table B.l Location Parameters and Correction Factors

Sample
Name

Altitude Latitude Sample
Type

Alt/Lat Scaling Horizon
Scaling

Thickness Scaling

spallation M-
capture spallation

Epithermal
neutrons

Thermal
neutrons

AT-10 570 m 58.5° 1A 1.754 1.318 0.900 0.972 1.034 1.246
AT-11 520 m 57.8° 1A 1.674 1.289 0.970 0.972 1.041 1.229
AT-12 520 m 57.8° 1A 1.674 1.289 0.925 0.984 1.028 1.136
AT-13 520 m 57.8° 1A 1.674 1.289 0.912 0.976 1.041 1.195

95Scot004 430 m 57.5° 1A 1.540 1.236 0.906 0.984 1.026 1.142
95Scot006 105 m 57.0° 2A 1.122 1.058 0.998 0.984 1.019 1.154
95Scot007 95 m 57.0° 2A 1.110 1.052 0.998 0.976 1.027 1.218
95Scot008 95 m 57.0° 2A 1.110 1.052 0.986 0.976 1.030 1.211
95Scot015 100 m 57.0° 2A 1.116 1.055 0.990 0.953 1.053 1.373
95Scot018 130 m 57.5° 1A 1.151 1.070 0.945 0.976 1.029 1.203
95Scot020 170 m 57.5° 1A 1.198 1.091 0.879 0.957 1.057 1.341
95Scot021 110 m 57.5° 1A 1.127 1.060 0.945 0.984 1.021 1.149
95Scot032 388 m 57.5° 2A 1.481 1.212 0.996 0.968 1.033 1.283
95Scot041b 220 m 57.5° 2A 1.260 1.118 0.993 0.984 1.020 1.149
95Scot042b 220 m 57.5° 2A 1.260 1.118 0.993 0.976 1.032 1.211
95Scot047 130 m 57.0° 2B 1.151 1.071 0.990 0.968 1.044 1.245
95Scot063 930 m 57.0° 2B 2.395 1.559 0.985 0.976 1.028 1.211
95Scot068 925 m 57.0° 2B 2.384 1.556 0.990 0.976 1.028 1.208

a 1 = bedrock, 2 = glacially transported boulder, A = Torrid on sandstone, B = granite. 
b Collected ~1.5 m apart on the top of the same very large erratic.
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As the Scottish sample sites are at low altitude (less than 930m) and high 
latitude these corrections amount to less than a factor of 2.4 in all cases. In 
addition, because of the high latitude (almost 60°) no correction is required for 
changes in the Earth's magnetic field strength (as described in section 2.2.1).

Table B.2 presents the results of the major element measurements made on 
a whole rock fraction of the sample by X-ray fluorescence (see Chapter 4).

Table B.2 Whole Rock Major Element Concentrations (%wt)
Sample
Name S i0 2 TiOj A1A FeA M nO MgO CaO Na20 k 2o PA
AT-10 84.29 0.39 8.09 1.38 0.01 0.56 0.03 0.99 4.15 0.01
AT-11 77.51 0.64 11.11 1.29 0.01 0.98 0.05 1.17 5.25 0.01
AT-12 75.67 0.46 11.85 1.33 0.01 1.10 0.05 1.16 5.90 0.02
AT-13 76.29 0.32 11.73 1.52 0.01 1.12 0.05 1.24 5.70 0.02

95Scot004 71.90 0.53 13.57 3.09 0.03 1.87 0.16 2.43 4.71 0.09
95Scot006 80.87 0.46 9.45 2.32 0.02 0.37 0.28 2.76 3.30 0.04
95Scot007 84.19 0.31 7.89 1.32 0.01 0.48 0.07 1.72 3.38 0.02
95Scot008 80.46 0.48 8.95 1.86 0.08 0.71 0.64 2.12 3.22 0.05
95Scot015 76.72 0.30 12.16 1.81 0.01 0.57 0.13 3.44 4.36 0.02
95Scot018 76.19 0.21 8.70 1.36 0.16 1.46 2.00 2.03 3.05 0.09
95Scot020 80.30 0.28 10.50 1.78 0.01 1.06 0.06 1.33 4.62 0.03
95Scot021 82.26 0.40 8.97 1.83 0.01 0.68 0.08 1.54 4.09 0.02
95Scot032 85.72 0.22 7.51 0.83 0.01 0.79 0.06 1.60 3.15 0.02
95Scot041 83.14 0.28 8.42 1.40 0.01 0.83 0.05 1.23 3.97 0.01
95Scot042 80.41 0.56 9.09 2.41 0.02 1.16 0.06 1.12 4.07 0.03
95Scot047 69.54 0.50 13.18 5.07 0.10 0.11 1.30 4.27 4.57 0.07
95Scot063 75.75 0.11 13.38 1.01 0.03 0.09 0.48 3.84 5.36 0.05
95Scot068 75.49 0.14 13.33 1.15 0.03 0.09 0.48 3.81 5.41 0.06

Table B.3 Whole Rock Trace Element Concentrations (ppm)
Sample
Name B (ppm) Gd (ppm) Sm (ppm) U (ppm) Th (ppm)

AT-10 24.5 1.9 1.7 1.0 4.1
AT-11 47.0 2.6 3.8 1.4 7.1
AT-12 64.5 3.5 2.5 1.2 6.0
AT-13 68.0 2.2 3.0 1.2 5.5

95Scot004 41.5 2.3 2.1 2.2 8.8
95Scot006 5.9 0.9 1.0 0.8 3.0
95Scot007 16.5 2.1 2.6 1.1 5.2
95Scot008 18.0 4.8 6.2 1.5 6.5
95Scot015 18.0 2.2 3.1 1.2 5.0
95Scot018 23.0 4.8 5.7 2.3 3.8
95Scot020 40.0 3.0 2.4 1.2 4.6
95Scot021 20.0 4.0 3.6 1.2 5.3
95Scot032 17.0 1.7 2.5 0.9 4.9
95Scot041 21.0 1.5 2.2 1.4 4.5
95Scot042 27.5 2.8 4.2 2.2 6.5
95Scot047 3.0 19.2 19.9 0.6 10.4
95Scot063 3.8 6.4 8.2 8.5 45.1
95Scot068 2.5 8.1 10.6 15.8 58.1

Table B.3 presents the concentrations measured on whole rock of the 
important trace elements for low-energy neutron production and absorption.
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The boron and gadolinium concentrations were measured by neutron 
activation/prompt gamma analyses, and the samarium, uranium and thorium 
concentrations were measured by ICP-MS.

Accurate measurements of whole rock concentrations are important as 
they are used, along with the K-feldspar chemical composition given in Table 6.1, 
to calculate the terms which define the 36C1 production from low-energy neutron 
capture on 33C1 and 39K, such as the macroscopic cross section, which are given 
below in Table B.4. For example, many of the Torridon Sandstone samples have 
very high boron concentrations. As boron has a high thermal neutron capture 
cross section a lot of the thermal neutrons in the rock will be absorbed by boron 
instead of 35C1, which is shown by a high macroscopic cross section number 
(compare AT-13 with 95SCOT006 for instance).

Table B.4 Derived Quantities for Scottish K-feldspar Mineral Separates.

S a m p le
N a m e

Sc.N, ZI,N, S p a llo g e n ic  T herm al S p a llo g en i c Percent neutrons
N eu tron s E pitherm al N eu tron s captured by:

x 1 0 3 x l O 3 K k : K K K Lep1 35cr 39K b
AT-10 5.276 2.609 1.116 -0.745 24.516 0.129 0.0517 34.345 3.21 % 0.25%
AT-11 6.796 3.224 1.079 -0.676 21.876 0.159 0.0636 31.287 2.73% 0.21%
AT-12 7.765 3.605 1.061 -0.640 20.542 0.177 0.0707 29.698 3.00% 0.19%
AT-13 7.635 3.647 1.062 -0.644 20.654 0.179 0.0715 29.441 3.17% 0.18%

95Scot004 6.767 3.297 1.085 -0.682 21.824 0.164 0.0655 30.804 3.09% 0.18%
95Scot006 4.447 2.354 1.130 -0.785 26.653 0.118 0.0471 36.095 3.09% 0.18%
95Scot007 4.808 2.376 1.120 -0.764 25.701 0.118 0.0471 36.014 4.44% 0.26%
95Scot008 5.725 2.600 1.110 -0.727 23.642 0.129 0.0516 34.563 3.17% 0.22%
95Scot015 5.580 2.686 1.112 -0.733 23.932 0.134 0.0535 33.981 3.78% 0.22%
95Scot018 5.761 2.638 1.089 -0.709 23.971 0.131 0.0523 34.876 4.19% 0.24%
95Scot020 6.358 3.019 1.100 -0.703 22.354 0.149 0.0597 31.964 3.71% 0.20%
95Scot021 5.653 2.620 1.117 -0.735 23.675 0.130 0.0521 34.262 4.50% 0.22%
95Scot032 4.556 2.283 1.124 -0.776 26.337 0.113 0.0452 36.648 3.79% 0.26%
95Scot041 5.452 2.530 1.115 -0.740 24.166 0.125 0.0502 34.952 5.06% 0.24%
95Scot042 5.731 2.739 1.110 -0.727 23.588 0.136 0.0545 33.619 4.89% 0.23%
95Scot047 8.947 3.002 1.114 -0.650 18.922 0.153 0.0610 32.198 0.30% 0.10%
95Scot063 5.722 2.472 1.125 -0.737 23.683 0.124 0.0496 35.501 0.51% 0.25%
95Scot068 6.073 2.484 1.125 -0.727 22.999 0.125 0.0499 35.435 0.37% 0.23%
J equivalent to (f^+f iJ5) x 100 
b equivalent to (f^+f^,,) x 100
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THE POSSIBLE INFLUENCE OF 
PRE-EXPOSURE AND EROSION 
ON THE SCOTTISH SAMPLES

A simple exposure history has been assumed in this study, that is, the 
surface JbCl concentration is negligible at the end of the Loch Lomond Readvance, 
followed by continuous exposure on a static surface up to the present. To be 
confident that a systematic error is not being incorporated into the calibration, 
the probable effects of pre-exposure and erosion are considered below.

C.l Pre-exposure

There are two possibilities for pre-exposure.
1. Loch Lomond glaciers may not have removed sufficient material from the 

rock surface to reduce the surface 3oCl concentration to (within experimental 
uncertainty) zero at the retreat of the Loch Lomond Readvance.

2. Samples from the glacially transported boulders may have been taken from 
sides that don't have an exposure age of 11,600. This could be because the 
sample surface was the original exposed surface prior to the erratic being 
extracted from it's host rock, or that the erratic was dislodged from its host 
rock significantly before the end of the Loch Lomond Re-advance.



Appendix C

There is evidence of many glacial episodes in Britain and Northern Europe 
in the Quaternary period. Following the Anglian glacier there were four possible 
glacial periods before the Late Devensian Substage (which include the 
Dimlington and Loch Lomond Stadials, discussed in §3.3.1). These events are not 
sufficiently constrained to speculate on the actual exposure history in Scotland 
over the last 430,000 years, but they do strongly suggest it is very unlikely that 
the surfaces would have been at steady state at the onset of the Loch Lomond 
Readvance. This reduces the chances of pre-exposure as the lower the 3oCl 
concentration at the beginning of the Loch Lomond Readvance, the less material 
that would have had to be removed to reach a 36C1 concentration that is less than 
the concentration measurement uncertainty 11,600 years later.

To demonstrate this point, if we assume a spallation production rate of 
162 atoms (gK)'1 yr'1 and a negative muon capture production rate of 10 atoms 
(gK)'1 y r1, then over 11,600 years of exposure the surface 36C1 concentration is 6.85 
x 10' atom (gK)1. Assuming a 5% measurement uncertainty, then the 3DC1 surface 
concentration just after the retreat of the Loch Lomond Readvance must be <3.4 x 
10° atom (gK)'1 for pre-exposure to be less than the experimental uncertainty. The 
amount of material which the Loch Lomond Readvance must have removed to 
reach this concentration depends on the 36C1 concentration at the onset of the 
Loch Lomond Readvance, as shown in Table C.l.

Table C.l The thickness of material which must have been removed by the Loch Lomond 
Readvance to satisfy the condition of negligible pre-exposure.________________________

* 0  Concentration prior to the 
onset of Loch Lomond Readvance

Net Accumulation 
Time

Spallation
Only

Spallation + Negative 
Muon Capture

Steady state ;> 2.88 Ma 1.8 m 3.3 m

% steady state ~0.6 Ma 
(2 “Cl half lives) 1.7 m 2.5 m

Vi steady state -0.3 Ma 
(1 “Cl half lives) 1.4 m 1.9 m

!4 steady state -125 ka 1.0 m 1.2 m

To reduce the possibility of pre-exposure, samples were chosen to 
maximise the material removed during the Loch Lomond Readvance. The 
glacially transported boulders were at least 1.5m x 1.5m xl.5m, while the roches 
moutonnees were sampled on the downward side where the step up was at least
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1 m. Consequently, it can be assumed that at least 1 m of material was removed 
above each sample. This implies that pre-exposure is negligible if the surface 
concentration prior to the onset of the Loch Lomond Readvance was < !4 steady 
state. This would be the case if the four or more glacial episodes (including the 
Dimlington Stadial) since the Anglian Icesheet removed >2.5 m. While there is 
no hard evidence to prove this, it seems a very likely scenario. Therefore, 
although pre-exposure can not be categorically dismissed, it seems improbable 
that is a large source of systematic uncertainty in this calibration.

An additional consideration for pre-exposure is if some of the boulders 
landed with a surface that was pre-exposed facing upward, or that they were 
extracted from their host rock a considerable time before the retreat of the Loch 
Lomond Readvance. While the strict sampling criteria for glacially transported 
boulders reduced this probability, it is possible that one or two pre-exposed 
boulders slipped through. To determine the likelihood of this, the minimised 
potassium spallation production rate using only the glacially transported 
boulders was calculated to be 158 (9) atom (gK)'1 yr'1, compared with the 
minimized potassium spallation production rate using only the bedrock samples 
of 165 (10) atom (gK)1 yr'1. As the values are in excellent agreement, the amount 
of pre-exposure in the glacially transported boulders is not significant compared 
to other sources of uncertainty.

C.2 Erosion

To perform this calibration it has been assumed that the rock surfaces 
have not eroded significantly since the retreat of the Loch Lomond Readvance. 
While an important part of the fieldwork was to find surfaces that showed no 
evidence of erosion, the nature of the samples collected (to minimise pre
exposure) made it difficult to prove the absence of erosion. The glacially 
transported rock-fall boulders will obviously not be glacially striated as they 
stayed on top of the ice, while the down-flow sides of roches moutonnees, by 
their nature, aren't glacially striated (with rock being removed by "plucking" 
rather than "scouring"). It is possible, therefore, that some surfaces may have 
eroded since the retreat of the Loch Lomond Readvance and this needs to be 
considered as a source of systematic uncertainty.
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To estimate the possible effect of erosion on this calibration, variations in 
the surface concentration with erosion are shown for two K-feldspar samples in 
Figures C.l and C.2. As the spallation production rate has a very different depth 
dependence compared to the low-energy neutron capture production rate, the 
effect of erosion on the surface concentration is strongly dependent on the 
proportion of 36C1 produced by spallation compared to the amount produced by 
low-energy neutron capture on 33CL As a result, the K-feldspar samples are 
broken into two groups, the high potassium, high chloride concentrations of the 
Torridon sandstone samples, as represented by the sample 95SCOT004 in Figure 
C.l, and the high potassium, low chloride concentrations of the granite samples, 
as represented by the sample 95SCOT068 in Figure C.2.

100% low energy neutrons

95SCOT004

100% muon capture

100% spallation

Erosion jim yr

Figure C.l The effects of erosion on the surface ^Cl concentration, normalised to surface ^Cl 
concentration with zero erosion for the K-feldspar mineral separate 95SCOT004. Also shown is 
the effect erosion would have if the *C1 production was due to 100% spallation, 100% negative 
muon capture or 100% low-energy neutron capture on ^Cl. The mineral separate has 207 ppm 
Cl- and 10.4 %K, and therefore ~2/3 of the ^Cl production is due to spallation. The shaded 
region represents the 6% uncertainty on the measured ^Cl concentration. The arrow represents 
the minimum erosion rate required to influence the calibration.

The K-feldspar mineral separate 95SCOT004 has approximately average 
concentrations of chloride and potassium for this group, with 207 ppm Cl and 
10.4%K. As a result, approximately two thirds of the 36C1 production in this 
sample is due to spallation and approximately one third is due to low-energy
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neutron capture. (To simplify these calculations, only spallation and negative 
muon capture on j9K, and spallogenic thermal and epithermal neutron capture on 
33C1 were considered.)

Figure C.l show the surface concentration as a function of erosion rate 
normalised to the surface concentration with no erosion, so that only the 
chemical composition of the sample is important. Three of the curves show the 
erosion dependence if the 36C1 production due solely to low-energy neutron 
capture on 3dC1, spallation on 39K, and negative muon capture on 39K. The middle 
line is the combination of these production channels for 95SCOT004, assuming 
5% of the surface production due to potassium is by negative muon capture. The 
shaded region represents the 6% measurement uncertainty in the 36C1 
concentration measurement for 95SCOT004. When the curves are within this 
uncertainty region, the erosion rate doesn't have a distinguishable effect on the 
surface concentration. Only a very small erosion rate would be required to make 
a large impact on the surface concentration if the 36C1 production was due solely 
to spallation or low-energy neutron capture. The ^Cl concentration due to 
negative muon capture however, is less sensitive to the erosion rate as 
production due to negative muons diminishes less steeply with depth than fast 
neutrons. The particular combination of the three production mechanisms for 
95SCOT004, however, means that the sample is only slightly affected by low 
erosion rates. (This feature of a combined spallation/low-energy neutron 
capture production rate is also discussed in references [Liu94, Dep95, Mas951). 
The effect of erosion becomes distinguishable from no erosion at 8 > -0.0038 cm 
y r1. During the time since the retreat of the Loch Lomond Readvance, this is 
equivalent to the removal of 44 cm of rock from the surface, which is considered 
a highly unlikely event, and therefore erosion from the surface does not make a 
large contribution to the calibration uncertainty for the Torridon sandstone 
samples.

The low chloride K-feldspar mineral separates are represented by 
95SCOT068 which has 20.5ppm Cl and 10.9%K. Consequently, only 10% of the 
3dC1 production is due to low-energy neutron capture on 3dC1 and this sample is 
dominated by spallation. As this sample was collected from high altitude it has a 
higher 36C1 concentration than 95SCOT004 which was easier to measure precisely, 
so that the shaded region is smaller with an uncertainty of 4%.
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For this sample, the erosion rate only needs to be > 0.0012 cm yr’1 for it to 
have a distinguishable effect on the 36C1 surface concentration. During the time 
since the retreat of the Loch Lomond Readvance, this is equivalent to the removal 
of 13 cm of rock from the surface. Therefore these samples are mucn more 
sensitive to the effects of erosion, which is significant as these samples played 
such a dominant role in constraining the potassium spallation production rate. 
However, is seems likely that any surface from which 13 cm of rock had been 
removed would have been recognised in the field and avoided, so this isn't 
considered a large contributor to the uncertainty in the calibration.

100% neu tron  capture

1.2 “

00% m uon  capture

95SC O T 068

1(^0 spaljatipn

Erosion p m yr

Figure C.2 The effects of erosion on the surface 36C1 concentration, normalised to surface 36C1 
concentration with zero erosion for the K-feldspar mineral separate 95SCOT068. Also shown is the effect 
erosion would have if the 36C1 production was due to 100% spallation, 100% negative muon capture or 
100% low-energy neutron capture on 3:>C1 for this sample. The mineral separate has 20.5 ppm Cl- and 10.9 
%K, and therefore -90% of the 36C1 production is due to spallation. There is a 4% uncertainty in the 
measured 36C1 concentration. The arrow represents the minimum erosion rate required to influence the 
calibration.
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THE W YANG AL A SAMPLES:
SAMPLE LOCATIONS, WHOLE ROCK 
MEASUREMENTS AND DERIVED QUANTITIES

D.l The Surface Samples

Tables D.l and D.2 shows the whole rock major element concentrations 
and trace element concentrations, respectively. The whole rock major element 
concentrations and uranium and thorium concentrations were measured by XRF, 
and boron, gadolinium and samarium were measured by ICP-MS (see § 4.2.3).

Table D.l Whole Rock Major Element Chemistry of the Wyangala surface samples (% wt).
Sample
Name SiOz T i0 2 A 1 A FeA MnO MgO CaO Na20 k 2o P A
W YS3 74.28 0.41 13.11 2.69 0.04 0.73 1.73 2.45 4.46 0.11
W YS4 73.16 0.49 13.06 3.17 0.04 0.87 1.71 2 .37 4.69 0.13
W YBA CK 72.28 0.48 13.75 3.13 0.04 0.89 1.80 2.50 5.01 0.10

Sample
Name B (ppm) Gd (ppm) Sm (ppm) U (ppm) Th (ppm)

W YS3 1.8 7.5 9.0 2 21
W YS4 2.1 14.3 17.6 3 29
W Y BA C K 1.6 13.1 15.7 3 22

The values in Table D.3 are the quantities derived to determine the low- 
energy neutron production rate, calculated from the values in Tables D.l, D.2 
and 7.2.
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Table D.3 Derived Quantities for the Wyangala surface samples.

Sample
Name

Z cj.N,

x l O J

I I .N ,

x Iff3

Spallogenic Thermal 
Neutrons

Spallogenic 
Epithermal Neutrons

Percent neutrons 
captured by:

K k2 K K K Lepi 3Scr 39Kb
WYS3 5.973 2.509 1.128 -0.691 20.572 0.1271 0.0508 34.210 0.34% 0.23%
WYS4 7.548 2.652 1.133 -0.736 23.103 0.1345 0.0538 35.131 0.28% 0.19%
WYBACK 7.365 2.677 1.129 -0.696 20.825 0.1360 0.0544 34.048 0.28% 0.21%
a equivalent to ( f ^ + f ^ ) x 100 
b equivalent to ( f^ + f^ )  x 100

D.2 The Depth Profile

The whole rock major element chemistry for samples in the depth profile 
is presented in Table D.4 and the trace element chemistry in Table D.5. The 
whole rock major element concentrations and uranium and thorium 
concentrations were measured by XRF, and boron, gadolinium and samarium 
were measured by ICP-MS (see § 4.2.3).

Table D.4 Whole Rock Major Element Chemistry of the Wyangala depth profile (% wt).
Sample
Name S i0 2 T i0 2 a i2o 3 Fe20 3 MnO MgO CaO Na20 k 2o P A
WYBACK 72.28 0.48 13.75 3.13 0.04 0.89 1.80 2.50 5.01 0.10
WYTOP 72.85 0.50 13.33 3.16 0.04 0.91 1.92 2.49 4.60 0.10
WY005-010 74.69 0.40 12.88 2.57 0.03 0.72 1.77 2.44 4.63 0.10
WY016-020 71.70 0.49 13.81 3.11 0.04 0.89 1.67 2.48 5.49 0.10
WY039-045 72.91 0.37 13.41 2.38 0.03 0.67 1.50 2.34 5.89 0.10
WY050-055 71.37 0.47 14.39 2.98 0.04 0.84 1.88 2.62 5.55 0.10
WY080-085 72.42 0.51 13.29 3.27 0.04 0.93 2.00 2.54 4.59 0.11
WY095-100 73.43 0.47 12.98 3.06 0.04 0.87 1.94 2.46 4.36 0.10
WY130-140 72.53 0.50 13.36 3.17 0.04 0.87 1.88 2.46 4.88 0.11
WY190-200 71.65 0.51 13.56 3.32 0.04 0.92 1.98 2.49 4.75 0.12
WY240-250 72.16 0.50 13.40 3.10 0.04 0.86 1.83 2.46 5.12 0.12
WY330-350 70.97 0.58 13.98 3.70 0.05 1.02 2.05 2.55 4.86 0.12
WY455-473 71.36 0.47 14.10 3.04 0.04 0.84 1.98 2.62 5.16 0.11
WY535-550 71.71 0.49 13.44 3.22 0.04 0.90 1.89 2.49 4.94 0.10
WY585-600 72.58 0.46 13.51 2.95 0.03 0.85 2.00 2.58 4.72 0.10
WY600-610 72.12 0.51 13.45 3.21 0.04 0.90 2.00 2.56 4.68 0.11

The chemical composition of the rock is very uniform and the numbers 
also agree well with trace element measurements made on other granite samples 
from the Wyangala pluton [Cha97].
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Table D.5 W hole Rock Trace Element Concentrations of the Wyangala depth profile.
Sample B Gd Sm U Th
Name_______ (ppm) (ppm) (ppm) (ppm) (ppm)
VVYBACK 1.6 13.1 15.7 3 22
WYTOP 3.8 5.6 6.3 3 22
WY005-010 2.8 9.2 10.9 2 20
WY016-020 2.1 10.1 12.4 2 23
WY039-045 3.9 14.7 17.5 3 19
WY050-055 2.2 9.2 11.4 3 21
WY080-085 5.0 10.8 12.4 4 25
WY095-100 3.7 9.8 11.4 3 21
WY130-140 4.3 10.5 12.3 4 25
WY190-200 3.0 10.5 12.2 4 29
WY240-250 1.5 6.5 7.7 3 23
WY330-350 4.3 7.9 8.9 4 29
WY455-473 4.6 11.5 13.6 4 22
WY535-550 4.3 12.1 14.3 3 24
WY585-600 4.5 10.5 12.1 4 24
WY600-610 2.1 8.5 10.2 4 28

Table D.6 contains the derived quantities that determine the low-energy- 
neutron production rate, which are calculated from the values in Tables D.4, D.5, 
7.7. It is of note that because of the consistently low chloride concentrations and 
high potassium concentrations for the entire depth profile, the percentage of low- 
energy neutrons captured by 33Cl is only -60% higher than the percentage 
captured by 39K, despite the large difference in the cross sections.

Table D.6 Derived Quantities for W yangala K-feldspar mineral separates.

Sample

Name

Xa.N,

xlO'*

SI,N,

x l O ’

Spallogenic 
Thermal Neutrons

Spallogenic 
Epithermal Neutrons

Percent of low- 
eneigy neutrons 

captured by:
k, k t L,h K K 35C1‘ 39K>

WYBACK 7.365 2.677 1.129 -0.696 20.82 0.1345 0.0538 34.05 0.28% 0.21%
WYTOP 5.804 2.612 1.131 -0.740 23.44 0.133 0.0531 34.44 0.43% 0.23%
WY005-010 6.359 2.538 1.133 -0.725 22.38 0.129 0.0514 34.91 0.44% 0.23%
WY016-020 6.886 2.716 1.127 -0.706 21.58 0.138 0.0553 33.86 0.35% 0.21%
WY039-045 6.899 2.704 1.123 -0.703 21.61 0.137 0.0548 34.02 0.28% 0.20%
WY050-055 6.732 2.719 1.129 -0.712 21.80 0.138 0.0554 33.81 0.31% 0.21%
WY080-085 6.345 2.683 1.127 -0.721 22.44 0.136 0.0545 34.01 0.36% 0.22%
WY095-100 6.574 2.595 1.130 -0.717 22.04 0.132 0.0526 34.57 0.35% 0.22%
WY130-140 6.904 2.693 1.127 -0.706 21.52 0.137 0.0547 33.96 0.36% 0.21%
WY190-200 6.610 2.664 1.085 -0.681 22.03 0.135 0.0542 34.20 0.36% 0.21%
WY240-250 6.579 2.877 1.118 -0.708 22.08 0.146 0.0582 32.90 0.36% 0.19%
WY330-350 6.420 2.715 1.130 -0.721 22.30 0.138 0.0554 33.80 0.32% 0.22%
WY455-473 7.188 2.734 1.125 -0.697 21.12 0.139 0.0556 33.76 0.31% 0.21%
WY535-550 7.254 2.711 1.589 -0.695 21.05 0.138 0.0551 33.94 0.32% 0.20%
WY585-600 6.421 2.641 1.128 -0.720 22.32 0.134 0.0536 34.30 0.37% 0.22%
WY600-610 6.326 2.622 1.129 -0.723 22.50 0.133 0.0533 34.44 0.36% 0.22%
a equivalent to (fa5-4-fepi3S) x 100 
b equivalent to (f39-f-fepi 39) x 100
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