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Abstract 

Variation in geomagnetic field behaviour occurs due to changes occurring deep within the 

Earth s i terior. Be ause of this relatio ship, it is possi le to use palaeo ag etis  to 

constrain the evolution of the deep interior over time. A lack of reliable data for the 

Palaeozoic makes it difficult to constrain this relationship prior to ~320 Ma. In this PhD 

thesis, new palaeointensity data are presented, extending our insight into the strength of 

the geomagnetic field back by 80 Myrs (from ~ 335 Ma to ~415 Ma). The new 

palaeointensity measurements come from six different localities; five of these cover the 

period leading up to the onset of Permo-Carboniferous Reversed Superchron (PCRS; ~317 – 

267 Ma), while the sixth quantifies the field strength afterwards. Current palaeointensity 

data prior to the most recent superchron, the Cretaceous Normal Superchron (CNS; ~125 – 

84 Ma), suggests that the field was persistently weak during the Jurassic (up to ~80Myrs 

before the CNS) and this period is often referred to the Mesozoi  Dipole Low  MDL . New 

microwave palaeointensity data from the Siberian Traps, which was emplaced just after the 

PCRS (~250 Ma), is presented in this thesis and the reassessment of the palaeointensity 

data already published from this locality suggests that the field at this time was similar in 

strength to the Jurassic. This suggests that the MDL could have extended back to this time, 

persisting far longer than previously anticipated (up to ~125 Myrs before the CNS). The 

three other Siberian studies presented in this thesis provide field estimates covering most 

of the Devonian: the Minusa Basin (408 – 388 Ma), the Kola Peninsula (390 – 360 Ma) and 

the Viluy traps (376 – 364 Ma), all of which suggest the field was weak preceding the PCRS. 

Additional palaeointensity estimates from UK sites, the Strathmore region (415 – 410 Ma) 

and the Kinghorn (345 - 332 Ma), show that this period of weak field extends throughout 

the whole of the Devonian into the Early Carboniferous. An evaluation of the reliability of 

all of the available site data from 200 - 500 Ma indicates the reliability of this feature. The 

proposed name for this period weak field is the Mid-Palaeozoic Dipole Low  (MPDL). While 

this interval appears to be similar to the MDL based on the most recent estimates of the 

length and average field strength MDL, there are insufficient data to confirm whether they 

are a common feature prior to superchron onset. The implications of these new Palaeozoic 

field estimates are also discussed in terms of their relation to mantle convection processes 

and the average Phanerozoic field strength. 
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Chapter 1 

Introduction 

 [Afte  I e so  uestio s hi  a out the o e] Yes, yes, yes, yes, a d hat if the o e is 

made of cheese? This is all best guess, o a de . That's all s ie e is, is est guess.  

 Conrad Zimsky, The Core ,(Amiel, 2003)) 

While we can be pretty sure that the core is not made of cheese, as delicious as that would 

be, our understanding of the Earth s deep i terior is li ited due to the ea s we have to 

observe it. U like the s ie tists of The Core , we do not have a ship made of unobtainium 

that e a  use to tra el through the Earth s i terior. I  fa t, the deepest e ha e ee  

able to drill into the Earth is ~12 km i to the Earth s Crust (Kozlovsky, 1986) . Therefore, the 

majority of our understanding into the Earth s deep interior comes from observations that 

are ade at the Earth s surfa e. 

It is proba ly o ious at this poi t that The Core  is one of my all-time favourite films and 

was part of what started my interest i  geo ag etis  a d the stru ture of the Earth s deep 

interior. What cemented the latter was undertaking my A level in geology. The same year I 

started sixth form (late 2006) was also the first year my school offered it and I decided to 

take it up despite being the only student in the class. What I remember most of the start of 

the course was learning about how P and S waves can be used to understand the structure 

of the Earth s i terior. By the time I was finishing up my time in sixth form (mid 2008), I 

knew I was going to continue onto a degree in Geology at the University of Liverpool. It was 

at this time that I gave my first presentation on how geophysics can be used to understand 

the Earth s deep i terior. We were assigned to give a presentation in A level maths on the 

mathematics related to a subject of interest to us, so I chose to give a talk on how 

mathematics has been used to determine the stru ture of the Earth s i terior. At the time 

my knowledge of the history of geophysics was poor so I went about it in my own way. 

Using my secondary school understanding of how density is calculated, I presented how the 

Earth s ass a d olu e could be calculated to get the average density of the Earth and 

showed that this was higher than expected when compared to the rocks at the surface. I 

finished with the equations for the P and S seismic waves and a quick explanation of how 

the velocity of the waves could be used to determine the density of the layers within the 
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Earth. While my interest in the Earth s deep interior has remained consistent, my 

understanding of it has improved considerably; in this chapter I will present how it is we 

have come to understand what the interior of the Earth is like and how palaeomagnetism 

can be used to improve our understanding of its evolution. A background to the 

palaeomagnetic theory relevant to this thesis will be presented separately in Chapter 2. 

1.1 Understanding the evolution of the Earth’s Deep Interior 

Newton was the first to propose, i  the late s, that the density of the Earth must 

increase towards its centre. He dedu ed this ased o  his esti ates of the Earth s a erage 

density at between 5,000 and 6,000 kg m
-3

, which he determined by comparing the period 

of the moon s orbit arou d the Earth to that of the period of Jupiter s satellites a d a  

assumption that the density of Jupiter was not less than that of water (Newton, 1687; 

Stacey and Davis, 2011). As well as being surprisingly close to modern determinations of the 

Earth s de sity 5513.4 kg m
-3

), it is also significantly higher than the average density of 

rocks found at the Earth s surface, which typically have densities between 1600 and 3500 

kg m
-3

 (sandstone to eclogite; Sharma, 1997). Estimates of the Earth s average density were 

later improved with the development of experiments to determine the gravitational 

constant (G), with the first reasonably accurate measurement coming from the Schiehallion 

experiment (Maskelyne, 1776) while the Cavendish experiment accurately measured G to 

1% of modern measurements (Cavendish, 1798), but not much ha ged fro  Ne to s 

origi al i fere e that the de ser aterial ould ha e su k to the Earth s e tre u til the 

late s. It as by this time that measurements of the Earth s precession and ellipticity 

could be used to determine the moment of inertia of the Earth (C), which showed that the 

Earth had to have a relatively strong concentration of mass towards its centre. From this, 

Emil Wiechert calculated that the moment of inertia of the Earth could be explained by a 

core with a composition similar to iron-nickel meteorites that were already suspected to 

represent inner planetary material, with a radius about three quarters that of Earth 

(Wiechert, 1897). Roughly ten years later, Oldham (1906) produced the first seismological 

evidence for a much smaller core, suggesting the density of the mantle and the core were 

much greater than previously thought. 

Since the discovery of the core by Oldham, seismology has largely dominated our 

understanding of the deep Earth. It has been especially important in quantifying the layers 

within the Earth, since its early use, including determining the crust-mantle boundary 

Mohoro ičić A., , the depth of the core (Gutenberg, 1914), the nature of the liquid 
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outer core (Jeffreys, 1926) and the solid inner core (Lehmann, 1936), to the development of 

Preliminary Reference Earth Model (PREM; Dziewonski and Anderson, 1981). Later 

developments in seismology include seismic tomography, first developed separately by Bois 

et al. (1971) and Aki and Lee (1976), with the first global coverage model being produced by 

Dziewonski and Woodhouse (1987), which could be used to resolve different features 

within the mantle (see Figure 1.1) such as subducting slabs (Kamiya et al., 1988; Spakman et 

al., 1988), mantle plumes (Montelli et al., 2004) and the Large Low-velocity Shear Wave 

Provinces (LLSVPs; Garnero et al., 2008; Helmberger et al., 2000; Wen, 2001). The LLSVPs 

Figure 1.1  A s he ati  ross se tio  of the Earth s dy a i  i terior, fro  Heron (2018), 

showing the convective processes operati g ithi  the Earth s deep i terior Large s ale 
mantle convection is represented by the blue and red arrows; red indicating the upwelling 

of relatively hot mantle plumes and blue indicating the downwelling of cold, subducting 

slabs. There are five phase boundaries shown; the dominant two, those that are deflected 

by slabs/plumes, are shown as solid lines at 410 and 660 kms, with three others at 220, 520 

a d  k . At the ase of the a tle is the D  layer a d ith the t o Large Lo -Velocity 

Shear Wave Provinces (LLSVPs), both of which are thought to be thermo-chemical in 

nature. The majority of mantle plumes are thought to be generated at the edges of these 

LLSVPs. 
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are defined by two patches of slow shear wave velocities at the base of the mantle, 

geographically positioned underneath Africa and the Pacific (the nature of the LLSVPs will 

be discussed further in section 1.2).  Other developments in seismology include the 

measurement of seismic anisotropy, which can be used to observe the preferred 

orientation of minerals in the mantle caused by convection (Tanimoto and Anderson, 1984).  

However, seismology, like almost all geophysical techniques, is limited in that it can only 

produ e a s apshot of the Earth s i terior i  the prese t day (Stevenson, 2015). In order to 

observe past changes in the deep Earth over time, we need records that are controlled by 

ariatio  i  the deep Earth, ut are preser ed at the Earth s surface (see Figure 1.2).  

Comparatively, the geological record is able to tell us much more about the nature of the 

Earth going back into deep time (Figure1.2), as the oldest materials on the Earth date back 

to not long after its formation i.e. the Jack Hills Zircons at ~4.2 Ga (Valley et al., 2014). 

However, this long record is largely restricted to the Earth s rust, ith sporadi  additional 

information about the deep lithosphere from orogenic events, the obduction of ophiolites 

and the mantle material brought to the surface by plume activity, e.g., Large Igneous 

Provinces (LIPs), which are extremely large accumulations of igneous rocks such lava flows 

and dykes swarms thought to erupt over a short geological interval (Sheth, 2007) and 

kimberlites pipes. 

The majority of our understanding of the he i al a d ther al e olutio  of the Earth s 

interior comes from observations from astronomy and geochemistry, along with inferences 

from numerical methods and some experiments (primarily in mineral physics: Stevenson, 

2015). Astronomy, primarily cosmochemistry and meteoritics, has been used to estimate 

the initial composition of the Earth based on the assumption that the Earth formed through 

si ilar a retio ary pro esses as other Earth-like  pla ets and, in terms of the major 

elements, the Earth is generally considered to be a closed system since the moon-forming 

impact (Halliday and Wood, 2015). The chemical evolution of the Earth can be understood 

because the processes involved generally include some form of differentiation of different 

ele e ts a d/or isotopes. The e ory  of these pro esses is then preserved because the 

planet is not in thermal equilibrium, leading to limitations in diffusivity and the 

development of chemically distinct reservoirs (Stevenson, 2015). The thermal evolution of 

the Earth is harder to determine, as the expected rate of heat loss varies significantly 

depending on mantle convection, differentiation (into the mantle and the core) and the 

presence of long-lived heat sources (e.g. radioactivity), so most of our understanding of this 

comes from numerical calculations and models. This is a problem where estimates for the 
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geophysical parameters used are poorly constrained, such as the estimates of the thermal 

conductivity of iron alloys at core conditions (Williams, 2018). Current estimates vary by a 

magnitude of ~6, which has a huge impact on our understanding of the present day heat 

flow from the core and the deep mantle s thermal evolution. Knowing the age of inner core 

nucleation would constrain this parameter and recent work has tried to constrain this date 

using the one geophysical method that has the potential to tell us about the evolution of 

the Earth s deep interior, palaeomagnetism. 

1.2 Relationship between the geomagnetic field and deep Earth 

processes 

The Earth s ag eti  field is produ ed y thermo-chemical convection within the outer 

core and its long-term variation may well relate to inner core and mantle evolution. An 

analogy for this is to compare the outer core to an engine, with a hot source (primarily the 

light elements being segregated out by the inner core as it freezes), a cold sink (the 

relatively cool mantle), the transfer of heat between them (thermo-chemical convection of 

the iron-alloy outer core and heat flow across the Core-Mantle Boundary (CMB)) and a 

work output (the geody a o . The i er ore hot sour e  is assu ed to ha e ee  fairly 

steady since its formation (prior to this, convection in the outer core is thought to have 

been primarily thermally driven (Aubert et al., 2009) , hile the old si k  ill ary 

significantly due to mantle convection and is likely to be a dominant control on geodynamo 

variation. The age of inner core nucleation (a boost to the strength of the hot sour e  is 

disputed, with suggestions from modelling varying from only a few hundred million years 

 

Figure 1.2  A schematic of how different Earth Science disciplines are able to provide 

information to different depths within the earth and to different times back in geological 

history (adapted from Gerya (2014)). 

Geochemistry 

Numerical Methods 

Palaeomagnetism 

Time 

Geology 
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old (Labrosse, 2014; Davies et al., 2015) to one that formed within the first billion years of 

the Earth s ~ .  Ga history (Stacey and Davis, 2011; Andrault et al., 2016), with the 

palaeointensity (i.e. field strength) record suggesting that it formed at ~1 - 1.5 Ga (Biggin et 

al., 2015) or ~600 Ma (Bono et al., 2019). Either way, this suggests that the main control on 

the Phanerozoic field would come from variation in its old si k,  the deep a tle, 

resulting in changes in heat flow across the CMB. 

 There are a number of different forms of palaeomagnetic variation observed in the 

Phanerozoic record, that vary over different timescales, including the frequency at which 

the geomagnetic field reverses (determined from magnetostratigraphy, which is the 

technique for correlating magnetic reversals recorded in largely sedimentary sections), the 

long-term average strength of the field (from palaeointensity records), and palaeosecular 

variation (PSV; the dispersion of Virtual Geomagnetic Poles (VGPs), which are pole positions 

determined from a single palaeodirection). A palaeomagnetic power spectrum for the 

dipole moment (i.e. field strength) of the field between 0 - 160 Ma, based on 

palaeomagnetic field modelling (last 7 Ka) and palaeomagnetic proxies (marine sediment 

relative palaeointensity records and the magnetostratigraphic timescale), shows that field 

behaviour over timescales less and greater than ~10 million years (Myrs) is controlled by 

different processes (Constable and Johnson, 2005). While field behaviour over shorter 

timescales can be approximated using stochastic models (Buffett and Puranam, 2017), 

reversal frequency appears to be non-stationary (Gallet and Hulot, 1997; Hulot and Gallet, 

2003). Non-stationary processes generally imply a ha ge i  the properties of the origi  of 

the process, typically in the boundary conditions (McFadden, 2007)  e.g. heat flow across 

the CMB. This suggests that we could potentially use long-term patterns in field behaviour, 

on timescales of 10s to 100s of Myrs, to understand the evolution of heat flow across the 

CMB during the Phanerozoic. 

Figure 1.3 shows variation in the Phanerozoic palaeomagnetic record in terms of reversal 

frequency and field strength as a V(A)DM, the strength of the dipole moment based on the 

site mean palaeointensity data normalised to take into account of site inclination 

(palaeolatitude). There are several patterns in reversal frequency that have been suggested 

for the Phanerozoic, largely relating to the three known superchrons (Pavlov and Gallet, 

2005), which are long periods (~20 - 30 Myrs) of no magnetic reversals. The first is that they 

appear to be recurring every ~180 - 190 Myrs (Biggin et al., 2012). It has also been 

suggested that the reversal frequency is very high ~10 - 20 Myrs preceding superchron 

(Pavlov and Gallet, 2001; Tominaga et al., 2015), with a sharp decline just before 
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superchron initiation (Hounslow, 2016). There also appears to have been a sharp transition 

to a rapidly reversing field following the Proterozoic superchron, the Ordovician Reversed 

Superchron (ORS: ~460 - 479 Ma) and the Permo-Carboniferous Reversed Superchron 

(PCRS: ~267 - 317 Ma), while reversal frequency was sluggish for ~30 Myrs following the 

Cretaceous Normal Superchron (CNS: ~84 - 125 Ma).  

Plotting the average field strength to reversal frequency over these timescales, there 

appears to be an inverse correlation between the two (Figure 1.3). This relationship is 

primarily based on field behaviour during the Jurassic, where peak Phanerozoic reversal 

frequency is accompanied with low field values (Tauxe et al., 2013), while the field values 

for the CNS are significantly stronger than the average Phanerozoic field (Tauxe and 

Staudigel, 2004; Tarduno and Cottrell, 2005). Recent work shows that this relationship 

Figure 1.3   The Phanerozoic palaeomagnetic record in terms of reversal frequency (blue 

line), and Virtual (Axial) Dipole Moment (V(A)DM; black circles), modified from Biggin et al. 

(2012). Reversal frequency is based on the 2016 update of the Geomagnetic Polarity 

Timescale (GPTS); the solid line represents where the reversal record is reasonably 

constrained due to the Marine Magnetic Anomaly (MMA) record to ~170 Ma and land 

based magnetostratigraphic studies since ~300 Ma, while the dashed lines represent 

periods where the reversal frequency is not as well constrained due to gaps in the GPTS. 

The V(A)DM values come from PINT15 database and represent all of the site data with at 

least  easure e ts per site    a d a sta dard de iatio  of   % see se tio  .  
for further details). 
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appears to hold when the data is filtered for different degrees of reliability (Kulakov et al., 

2018). This would agree with past studies that show distinct field behaviour, i.e. different  

latitudinal dependence associated with palaeosecular variation for the Jurassic and 

Cretaceous (Biggin et al., 2008), although this has recently been called into question 

(Doubrovine et al., 2019). Attempts to test the relationship between reversal frequency and 

field strength through the Phanerozoic have been shown  not to be statistically significant 

because of inadequate data (Ingham et al., 2014).  

Numerical geodynamo models have also ee  used si e the first Earth-like  odels 

(where the field produced is time-dependent and mostly dipolar at the Earth s surfa e  

were developed (Glatzmaiers and Roberts, 1995) to better understand the processes 

happe i g ithi  the Earth s deep i terior that affe t the field at the Earth s surfa e. While 

significant improvements have been made to these models since then, present day 

geody a o si ulatio s are still far too is ous i  o pariso  to the Earth s core due to the 

limitations associated with current computational capabilities (Roberts and King, 2013). The 

major effect of this is that the geodynamo simulations produce large-scale laminar flow 

patterns, rather than the smaller-scale turbulent flow structures expected within the 

Earth s ore (Glatzmaier, 2007). While modellers fall into two camps, those that feel the 

parameters are small enough to produce simulations that at least reflect the large scale 

features in the outer core, and those that feel the high viscosity means that the simulations 

are not realistic, recent  models have been able to show that variations in both the total 

and spatial heat flow across the CMB can cause changes in both the reversal frequency and 

the dipole moment (Driscoll and Olson, 2009; Olson, 2007). These numerical dynamos show 

that increasing the total heat flow or asymmetry of the heat flow (especially close to the 

equator as this is perpendicular to the convective cells in the outer core) causes an increase 

in reversal frequency and a decrease in the dipole moment (Olson et al., 2010; Olson and 

Amit, 2014). 

Changes in the CMB heat flow can occur due to whole-mantle convection processes, 

namely hot mantle plumes and cold subducting slabs, which may also affect the 

configuration of the LLSVPs. While mantle plumes are generally accepted as localised 

upwellings of rock that are hotter and more buoyant than the surrounding mantle, there is 

some debate as to their genesis (Farnetani and Hofmann, 2011). Mantle convection is 

vigorous enough with a Rayleigh number of 10
6 

- 10
8
 to cause instabilities to form in the 

thermal boundary layers (TBLs) in the mantle, generating thermal plumes (Loper and 

Stacey, 1983). The TBL that the plu es are o sidered to origi ate fro  are the D  layer 
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(see Figure 1.1) that extends to 100 - 200 km above the CMB and has been confirmed by 

seismic tomography as the origin for at least some plumes (Montelli et al., 2004; Wolfe et 

al., 2009). Also, the lowermost mantle is thought to be compositionally heterogeneous 

(Kellogg et al., 1999) and, while the plumes could be purely thermal, they are more likely to 

be thermo-chemical in nature (Ishii and Tromp, 1999; Masters et al., 2000). There is also 

thought to be a strong association between mantle plumes and LLSVPs, with the majority of 

recent hotspots as well as reconstructed LIPs and kimberlites from the past 200 Ma 

clustered around the edges of the LLSVPs (Torsvik et al., 2010).  

The LLSVPs are generally considered to be thermo-chemical in nature, as well as relatively 

hot compared to the surrounding mantle (Garnero et al., 2016). They can be modelled as 

thermo-chemical superplumes (Davaille et al., 2002), or as a stable (Tackley, 1998) or 

metastable (Tan and Gurnis, 2007) thermo-chemical pile with plume generation at the 

edges. However some argue that the LLSVPs could be purely thermal features (Davies et al., 

2012), i.e. a cluster of plumes (Bull et al., 2009; Schuberth and Bunge, 2009). Regardless of 

which model is correct, if the LLSVPs are relatively hot then their configuration would be an 

important factor controlling the spatial variation of heat flow at the CMB. However, there is 

some debate about the stability of the LLSVPs, with some suggesting that they have been in 

their present day configuration since ~300 Ma (Zhang et al., 2010), and potentially 540 Ma 

(Torsvik et al., 2010), while others suggest their current shape is due to moulding from 

subducting slabs (McNamara and Zhong, 2005; Bull et al., 2009). Subducting slabs could 

also contribute to heat flow variation across the CMB as, while some cold, subducting slabs 

tend to pool around some of the discontinuities in the mantle (e.g. at 660 km; Fukao et al., 

2001), others are thought to descend down to the CMB (Van Der Hilst et al., 1997). 

A significant amount of recent work has attempted to correlate palaeomagnetic variation 

to these specific processes. Probably the easiest of these processes to examine is the 

formation of mantle plumes, as an approximate record of plume activity is recorded by the 

LIPs, although the record is incomplete as the preservation potential of LIPs reduces going 

back into the geological record and only continental LIPs are preserved (Torsvik et al., 

2010). The main issues in interpreting the relationship depends on our understanding of 

how LIPs form and their residence time in the mantle, leading to mantle plumes being 

related to periods of both high (Biggin et al., 2012) and low (Olson and Amit, 2015) reversal 

frequency. Subduction has been harder to link to palaeomagnetic variation, as it is only 

with recent advances in plate modelling that it has been possible to get a good proxy for 

subduction flux through geological time. It has been suggested that Subduction Area Flux 
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(SAF) has a positive correlation with reversal frequency assuming a ~120 Myr lag time 

(Hounslow et al., 2018). This is shorter than seismologically constrained lag times of ~150 -

300 Myrs (Domeier et al., 2016; van der Meer et al., 2018) and much longer than those 

from those from the plume record (Biggin et al., 2012) and some numerical models (Zhang 

and Zhong, 2011; Olson et al., 2013), possibly because the models have focused on whole-

mantle convection, especially plume upwellings, rather than subduction specifically. Finally, 

it has also been suggested True Polar Wander (TPW) could affect the spatial variation of 

heat flow at the CMB. TPW is the solid-body rotation of the Earth in relation to its spin axis, 

which is different from Apparent Polar Wander (APW) where the poles appear to move 

over time due to the otio  of the plates a ross the Earth  surfa e. TPW would result in 

that movement of the LLSVPs across the CMB and this has been related to the reversal 

frequency (Biggin et al., 2012), although, like with subduction flux, TPW is difficult to 

constrain from the plate models. It is clear that all of these studies have issues resulting 

from our lack of understanding on the residence time of these mantle features and that the 

studies have all chosen to relate these mantle processes only to reversal frequency and not 

field strength, despite the expected inverse correlation between the two. The only studies 

that have related palaeointensity records from the Phanerozoic to deep Earth evolution 

(e.g. Biggin and Thomas, 2003) were done prior to our present understanding of 

geodynamo behaviour. 

1.3 Thesis aims and structure 

A major problem in using the Phanerozoic palaeomagnetic record to determine the 

e olutio  of the Earth s deep i terior is that, while the quality of the record is relatively 

good for the Mesozoic, it is extremely poor during the Palaeozoic and is largely missing 

prior to ~300 Ma. The Mesozoic record is especially good for the last ~170 Myrs due to the 

Marine Magnetic Anomaly (MMA) Record, constructed from the linear magnetic anomalies 

on the sea-floor that form as sea-floor spreading captures the reversing field and there are 

a number of continental studies that form the palaeomagnetic record prior to this. The time 

period before ~320 Ma (the Devonian to Early Carboniferous) is also of interest for a 

number of other reasons. Firstly, very little is clear about the behaviour of the Devonian 

field as there is very little reliable palaeodirectional or palaeointensity, due to extensive 

post-Devonian remagnetisation during the formation of Pangea (Torsvik et al., 2012), so 

any new, reliable, data could vastly improve our understanding of the field at this time. 

Secondly,  while it has been suggested that the field reverses rapidly ~10 - 20 Myrs prior to 

superchron onset, based on magnetostratigraphy prior to the CNS (Tominaga et al., 2015) 
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and ORS (Pavlov and Gallet, 2001), it has not been possible to confirm similar behaviour 

prior to the PCRS. It has long been of interest as to what causes superchrons and almost all 

of our information comes from prior to the CNS; we need to have Devonian to Early 

Carboniferous data to be able to compare to the period leading up to the CNS, the Jurassic. 

Thirdly, by ~300 Ma ost of our other sour es for u dersta di g the Earth s deep interior 

have been pushed back to their limits, i.e. both LIP preservation  and the kimberlite record, 

which can be used as a proxy for plume activity and for understanding the stability of 

LLSVPs, are poor prior to this time (Torsvik et al., 2010) and past subduction based on the 

present day configuration can only be inferred back this far (van der Meer et al., 2018), so it 

would be useful to develop another proxy for convection processes affecting the lower 

mantle that can be used prior to this.  

For all of these reasons, and others discussed throughout this thesis, it is of interest to 

acquire new palaeomagnetic measurements from the Devonian-Early Carboniferous to 

improve our understanding of field behaviour at this time. The overarching aim of this 

thesis is to improve our understanding of Palaeozoic field behaviour, specifically the 

behaviour of the field prior to the onset of the PCRS. To accomplish this aim, this thesis will 

present new reliable palaeointensity estimates from localities spanning the ~100 Myrs prior 

to the onset of the PCRS. A number of localities have been identified as being potentially 

suitable for palaeointensity studies from Russia and the northern UK based on previous 

palaeodirectional work, largely for determining the palaeomagnetic poles of Siberia and 

Baltica. From Russia these localities are the Minusa Basin, the Kola Peninsula and the Viluy 

Traps, while the Strathmore Region, the Cheviots and the Kinghorn were selected from the 

UK. The prevalence of sites that appear suitable for palaeointensity, the lack of suitable 

sections for magnetostratigraphy and the apparent inverse correlation between the 

behaviours, which can be tested assuming that a high reversal frequency is expected within 

~10 - 20 Myrs prior to superchron onset, are all reasons why this thesis has chosen to 

present new palaeointensity data for this period as opposed to magnetostratigraphy.  

New microwave palaeointensity data are also presented for the Siberian traps to clarify the 

strength of the field following the PCRS in order to understand how far back in geological 

time the low field values observed in the Jurassic extend back. It is generally accepted that 

this weak period, known as the Mesozoic Dipole Low (MDL), extended back to ~80 Myrs 

prior to the onset of the CNS and may have extended back ~125 Myrs to the end of the 

PCRS, which is a matter of debate because of conflicting results published from the Siberian 

traps (Shcherbakova et al., 2005, 2013, 2015; Blanco et al., 2012). This is of interest because 
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as well as presenting new palaeointensity data, this thesis aims to compare the field 

behaviour between the ~100 Myrs leading up to the PCRS and the MDL to better 

understand field behaviour leading up to superchron. An analysis of the reliability of the 

data from before, during and after the PCRS is also presented, similar to a recent study of 

palaeointensity data from the Jurassic and Cretaceous periods (Kulakov et al., 2018), to test 

the significance of the differences in field strength between periods of different reversal 

frequencies, improving confidence in the results.  

The key findings of this thesis are presented in Chapters 3 - 5 of this thesis. Each of these 

chapters has their own introduction, results and discussion, while Chapter 4 also has a 

description, abstract and conclusion as it has been published as a paper (Hawkins et al., 

2019). All of the appendices and the bibliography for the thesis are included at the end of 

the thesis. Further details on the structure of the thesis and the contributions of co-authors 

are listed below (apart from Chapter 7 which presents the conclusions of this thesis based 

on the Chapters 3 - 6): 

1.3.1 Chapter 2: Determining Palaeofield Strength 

This chapter is aimed at providing a background to palaeomagnetic, and especially, 

palaeointensity theory relevant to this thesis. Sections 2.1 - 2.3 detail how natural materials 

such as rocks are able to become magnetised by an external magnetic field, namely the 

Earth s geo ag eti  field, a d ho  this ag etisatio  a  remain stable for millions of 

years. Section 2.4 explains the theory behind palaeointensity measurements, while section 

2.5 describes the non-ideal behaviour that can lead to unreliable palaeointensity estimates. 

While each chapter includes a method that is relevant to that study, section 2.6 provides 

more detailed descriptions of the different techniques used to determine palaeointensity 

estimates, with a detailed overview of the relevant selection criteria used in this thesis to 

select reliable individual palaeointensity estimates in section 2.7. Section 2.8 describes the 

databases used when analysing long-term field strength and how the reliability of the site 

level palaeointensity data is assessed. 

1.3.2 Chapter 3: New insights from microwave palaeointensity results from Russia 

into the strength of the field before and after the Permo-Carboniferous Reversed 

Superchron 

This chapter incorporates data from two published studies with which I was involved. The 

work presented in this chapter represents my contribution to the studies. One of these 

studies as pu lished i  the paper Mi ro a e palaeointensities indicate a low 
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palaeomagnetic dipole moment at the Permo-Triassic boundary (Anwar et al., 2016) . The 

first author of this paper was Taslima Anwar, while I was second author. Taslima made all of 

the palaeointensity measurements from the south-eastern locality and some of the 

northern localities, while I made the rest of the measurements from the northern localities. 

I was also involved with reanalysing all of the data for the paper and wrote the magnetic 

mineralogy and discussion sections of the paper. The second paper is Was the De o ia  

geomagnetic field dipolar or multipolar? Palaeointensity studies of Devonian igneous rocks 

from the Minusa Basin (Siberia) and the Kola Peninsula dykes, Russia (Shcherbakova et al., 

2017).  The first author of this paper was Valia Shchebakova, while I was only fifth author 

having made all of the microwave palaeointensity measurements. Both of these studies 

were part of a larger collaboration between the palaeomagnetism groups at the University 

of Liverpool (UoL), the University of Alberta (UoA), the Russian Academy of Sciences (RAS) 

i  Mos o  a d the Borok  Geophysi al O ser atory part of the RAS , alo g ith the Viluy 

study that makes up the next chapter. The aim of these studies was to better understand 

the nature of the geomagnetic field, particularly its strength, before and after the PCRS. 

This chapter focuses on presenting the microwave palaeointensity data that I was involved 

in collecting, and analysing how these measurements can improve our understanding of 

field strength over just thermal measurements. 

1.3.3 Chapter 4: An exceptionally weak Devonian geomagnetic field recorded by the 

Viluy Traps, Siberia 

This chapter is derived from a manuscript published in Earth and Planetary Science Letters 

as An exceptionally weak Devonian geomagnetic field recorded by the Viluy Traps, Siberia 

(Hawkins et al., 2019).  I wrote the publication, with the other authors being Andy Biggin 

(UoL), Taslima Anwar and Vadim Kravchinksy (UoA), Valia Shcherbakova from Borok and 

Vladimir Pavlov and Andrey Shatsillo from RAS, Moscow. This study was part of 

collaboration between the four groups (the other studies are discussed in Chapter 3) aiming 

to constrain the strength of the field before and after PCRS from new Russian sites. As a 

part of this collaboration, Taslima Anwar conducted the microwave palaeointensity 

measurements of the V sites (I did the microwave measurements of the Vil sites), the 

pseudo-Thellier measurements and collected the SEM images. The rest of the thermal 

palaeointensity measurements and the pTRM tails measurements (Figure 4.8) were made 

by Valia Shcherbakova. I made all of the remaining rock magnetic and the majority of the 

palaeointensity measurements, as well as the analysis of all of the results. I also wrote the 

manuscript, which was revised by Andy Biggin and approved by all of the remaining 
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authors. The paper included five appendices in the supplementary information; two of 

which have been kept as Appendices (C and D), two have been added to the chapter as 

Figures (4.8 and 4.10) and the last is the raw data files which are not included as a part of 

this thesis.  

1.3.4 Chapter 5: Evidence for a Mid-Palaeozoic Dipole Low from Northern UK sites 

This chapter presents all of the data from the three northern UK localities, selected to 

provide new palaeointensity measurements from before and after the time period covered 

by the Minusa, Kola and Viluy localities (discussed in Chapters 3 and 4). The older localities 

include the Strathmore region and the Cheviots and the younger locality is the Kinghorn. 

The samples were collected as part of two trips, both by members of the University of 

Liverpool geomagnetism group; the first was led by Andy Biggin to the Kinghorn and the 

Cheviots localities in 2013 (prior to my starting the PhD) and I led the latter trip in 2015. 

Palaeodirectional, as well as palaeointensity, measurements were performed to confirm 

the primary magnetisation is present in the sites (all of the localities have been previously 

used to determine palaeomagnetic pole positions; however, the nature of the individual 

sites was unclear) and all of the work is presented in this chapter. All of the rock and 

palaeomagnetic measurements were made by me, the lab technician Elliot Hurst (prior to 

the start of my PhD) or undergraduate students I was supervising (Sheikeirra Thomas-

Cunnigham, Ed Sage and Patipan Saengduean).  

1.3.5 Chapters 6: New insights into Phanerozoic field strength variation 

This chapter discusses all of the implications of the new palaeointensity estimates 

presented in this thesis. The chapter starts with an evaluation of the reliability of our 

understanding of the Palaeozoic field strength (sections 6.1 and 6.2) by assessing the 

reliability of all of the available field strength data from between 200 – 500 Ma, including all 

of the new sites presented in this thesis. After this assessment, section 6.3 discusses the 

impact of these new estimates on our understanding of the relationship between 

Phanerozoic palaeomagnetic variation and deep Earth processes by comparing the newly 

expanded palaeointensity record to the most recent records for LIPs, SAF and TPW. Lastly, 

section 6.4 discusses how the average strength of the Phanerozoic field is determined and 

what effect the new and reassessed Palaeozoic estimates may have on this average. 
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Chapter 2 

Determining Palaeofield Strength 

The Ea th s ag eti  field is k o  to a  a oss all timescales. Direct observations of 

variation of the three components of the field, declination, inclination and intensity, can be 

measured in the present day from observatories and satellite measurements and there are 

records of direct measurements for the past ~500 years (Jackson et al., 2000). For 

information on the field prior to this, we need to make measurements of the field 

properties from burnt archaeological finds (archaeomagnetism) and from rocks 

(palaeomagnetism). However, this raises important questions including (a) how does a rock 

become magnetised, (b) what controls the length of time this magnetisation is stable and 

(c) how can a rock acquire a new magnetisation that is stable for millions of years? The 

fundamentals behind how palaeomagnetism is possible and how we are able to determine 

the past field strength of the Earth are detailed in this chapter along with how the reliability 

of palaeointensity is assessed.  

2.1 Magnetism of solids 

Since the discovery that electrical currents produce magnetic fields (Ørsted, 1820), the 

classical way to describe a magnetic moment is using the example of  an electrical current 

travelling through a loop or coil of wire. Current passing through a straight piece of wire will 

curl around the wire following the right hand rule, while a coil of wire produces a field that 

is identical to a permanent magnet (e.g. a dipole) and can be used to describe a magnetic 

(dipole) moment. Ampere was the first to suggest that all magnetism was generated from 

circulating currents and there are indeed two types of magnetic moment that are present 

in atoms: the orbit of electrons around the nucleus of the atom and also the spin of 

unpaired electrons, found in incomplete electron shells (Tauxe et al., 2010). Both of these 

moments will respond to the presence of an external magnetic field leading to induced 

magnetisation, a temporary magnetisation that occurs in response to an external field. The 

effect on the orbit of electrons is that the torque of the applied field changes the angular 

momentum of the orbit, generating a magnetisation in a direction opposing the external 

field. This is known as diamagnetism and is a property of all materials, although this 

contribution tends to be insignificant if the material contains permanent magnetic 

moments from the spin of unpaired electrons. 
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In materials that contain permanent magnetic moments, their response to an applied field 

largely depends on whether the adjacent magnetic moments interact or not (Dunlop and 

Özdemir, 2015). For paramagnetic materials, the thermal energy available at room 

temperature is enough to prevent any coupling effects between the permanent magnetic 

moments. Without coupling effects, the orientation of the moments is random and so their 

net magnetisation is zero, until an external field is applied and the moments become biased 

in the direction of the field. Ferromagnetism in the broadest sense occurs when these 

moments are coupled due to exchange interactions. The spins of the adjacent moments will 

align parallel in order to minimise the exchange energy involved, even in the absence of an 

external magnetic field. The magnetisation associated with this is known as spontaneous or 

remanent magnetisation and it persists with increasing temperature up until the Curie 

temperature (Tc), above which the thermal energy is sufficient to overcome the exchange 

energy, breaking the effects of the coupling and resulting in paramagnetic behaviour in the 

material above this temperature. There are technically several types of ferromagnetism, 

the first being the true meaning of the term ferromagnetism, where all of the magnetic 

moments in the material are aligned parallel to produce a net magnetisation in the same 

direction. Ho e e , so eti es egati e  e ha ge oupli g ill o u  he e oupled 

electron spins are antiparallel, resulting in magnetic sublattices where the magnetisation is 

in opposing directions (Néel, 1948). If the magnetisation in both directions is equal and 

antiparallel, then there is no net magnetisation (antiferromagnetism); however, impurities 

and/or defects in the crystal lattice may mean the sublattices are not completely 

antiparallel, leading to a net magnetisation (canted antiferromagnetism). A net 

magnetisation can also arise where the opposing magnetisations are unequal 

(ferrimagnetism); this last one is the most important mechanism geologically.  

2.2 Magnetic energies and domains 

The magnetisation of ferromagnetic minerals is controlled by the balance of magnetic 

energies acting on and within the material (Tauxe et al., 2010). Section 2.1 has already 

touched on exchange energy between coupled atomic moments and the energy associated 

with the external magnetic field. The total energy of a magnetic grain is the combination of 

these and four other energies: magnetostatic, magnetocrystalline anisotropy, 

magnetostrictive and magnetoelastic energies. Of these four energies, magnetostatic 

energy is generally the most important for the long-term stability of remanent 

magnetisation. Magnetostatic energy can be understood by considering a single spherical 

grain of ferromagnetic material. Within the grain, atomic magnetic moments cancel so 
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there is no internal magnetisation but there is a surface magnetic charge with positive and 

negative hemispheres. Magnetostatic energy is generated due to the repulsion of these 

opposing hemispheres and grains with just these two hemispheres are known as Single 

Domain (SD) grains. Magnetostatic anisotropy will cause differential energy requirements 

for magnetisation along the different axes of the grain. Elongate grains will be preferentially 

magnetised along the long axis as this allows for the greatest separation of the 

hemispheres, minimising the magnetostatic energy. This creates a barrier to rotation of the 

magnetic moments in SD grains. Magnetocrystalline energy is the relative energy required 

for magnetisation along different axes of a crystal lattice structure and, while there are 

usually axes in the magnetic mineral that require less energy for magnetisation, this tends 

to only be significant if the grain is of an equant shape. Magnetorestriction occurs where 

the crystal lattice deforms to change the dimensions of the grain to reduce the 

magnetisation of the grain, while magnetoelasticity involves the changes in the 

magnetisation of the grain to internal or external stresses. These magnetic energies may 

become significant in relation to samples that have experienced high degrees of pressure; 

such samples are generally avoided in palaeomagnetic studies.  

For an elongated grain, there are two magnetic easy axes and the grain will be 

preferentially magnetised along the axis closest to the direction of an external magnetic 

field. In a natural material containing numerous magnetic grains in randomised directions, 

the net magnetisation of the material will average out to the direction of the applied field. 

If there is insufficient thermal energy available to a grain for its magnetic moment to 

overcome the barrier caused by magnetostatic anisotropy, then the remanent 

magnetisation acquired will persist in an external field of a different direction to the 

elongation. At a given temperature and grain size, there is a probability that the moment 

will overcome this barrier and flip to the other easy direction. As they flip randomly, more 

grain moments will be in the other easy direction, causing the net magnetisation to decay. 

The ela atio  ti e τ  of a  asse lage of SD g ai s is the time taken for the net 

magnetisation to decay to 1/e (e being the mathematical constant that is the base of the 

natural logarithm) of its initial magnetisation. This is important because when the 

relaxation time is short (100 seconds) grains will quickly reach equilibrium with the applied 

field, hile lo g ela atio  ti es  Myrs) will preserve remanent magnetisations over 

these timescales. The barrier can also be overcome by increasing the external magnetic 

field energy to overcome the energy barrier to rotation or oe i it  of the ag eti  g ai  

(Butler, 1992); however, the field strengths required are generally limited to the lab. 
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There are size thresholds relating to SD grains, which vary depending on the magnetic 

mineral. Below a certain size threshold, the relaxation time is short enough that the 

thermal energy available at room temperature is enough to randomise the magnetic 

directions, so there is no net magnetism, and these particles are considered to be 

Superparamagnetic (SP). Above a certain size threshold, the total energy of the grain can be 

minimised by dividing the surface charge into magnetic domains, with opposing charges 

adjacent to each other, rather than separated by the width of the grain, reducing the 

magnetostatic energy. Domain walls, where the atomic magnetic moments swing from one 

magnetisation direction to another, minimise the exchange energy required. The energy 

required to form a domain wall varies across the grains due to defects, imperfections, etc., 

so, while these multi-domain (MD) grains can be magnetised in the direction of an applied 

field, the domain walls shift easily back into the minimal energy position. However, the 

boundary between SD and MD grains is not sharp, with grains in between the two states 

displaying behaviour similar to SD grains despite having a non-uniform magnetisation. The 

term Pseudo-single domain (PSD) was first coined for these grains by Verhoogen (1959), 

although it has since been shown through imaging and micro-magnetic modelling that the 

PSD range includes grains with both flower and vortex structures (Schabes and Bertram, 

1988; Almeida et al., 2014). Recent work has shown that PSD grains could be as or more 

stable than SD grains (Nagy et al., 2017), which is important as the majority of remanence 

carriers in geological samples are likely to be PSD.  

2.3 Remanent Magnetisation 

Néel theory explains how these changes in relaxation time are controlled by three key 

factors: grain volume, the magnetostatic anisotropy energy density, and temperature (Néel, 

1949, 1955). Figure 2.1 demonstrates the relationships between the three factors; the 

majority of remanent magnetisations found in palaeomagnetic samples come to be 

preserved due to changes in one of these factors. Magnetostatic Anisotropy energy density 

is the energy from the magnetostatic anisotropy of the grain divided by its volume, and as it 

increases, so does the relaxation time. As grain volume increases, so does the 

magnetostatic anisotropy energy as the surface charges are separated by increasing grain 

widths. This means that a magnetic grain can go from below its blocking temperature (the 

temperature at which the relaxation time (τ) of the grain is equal  to 100 seconds) to 

carrying a stable remanent magnetisation as it grows and the magnetisation it 
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acquires is known as a Chemical Remanent Magnetisation (CRM). Thermal energy works in 

two ways: (a) the increased energy in the system allows the grain moments to flip more 

often, reducing the relaxation time and (b) the atoms in the grain become spaced further 

apart, reducing the exchange energy as there is less overlap between electron orbits. The 

latter reduces the magnetisation and, therefore, the magnetostatic anisotropy energy. 

Thermo-remanent magnetisations (TRMs) form when rocks cool from high temperatures to 

below their blocking temperature such as in igneous rocks. As these rocks cool, randomly 

orientated assemblages of elongate SD and PSD sized titanomagnetite grains form below 

their Curie temperatures with magnetic moments that become partially aligned in the easy 

magnetisation direction closest to the geomagnetic field when the rock cooled below its 

blocking temperature. The net magnetisation of these grain moments is in the direction of 

the applied field. Detrital remanent magnetisations (DRMs) form from grains that already 

carry a remanent magnetisation and become aligned to the geomagnetic field once the 

grain has been able to settle in a viscous fluid. If the sample is left in ambient magnetic field 

for a period longer than its relaxation time then the magnetic direction of the grains will 

align with the magnetisation of the external field to form a Viscous Remanent 

Magnetisation (VRM).  

The Natural Remanent Magnetisation (NRM) is the remanent magnetisation present before 

any treatment and often comprises more than one magnetic component. This is why 

 
Figure 2.1  Variation in relaxation time displayed in terms of grain volume and 

(magnetostatic) anisotropy energy density. Decreasing the temperature for an assemblage 

of SD grains can produce a TRM if they go below the blocking temperature (modified From 

Tauxe et al., 2010). 
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samples are subjected to progressive demagnetisation in the lab to separate out the 

different components. The two most commonly used techniques for demagnetising 

samples are thermal and Alternating Field (AF) demagnetisation. Thermal demagnetisation 

works by heating a sample through gradually increasing temperature steps under zero 

magnetic field conditions in a shielded magnetic oven, which is why a demagnetisation step 

is also sometimes known as a zero-field o  Z  step. As demagnetisation proceeds, grains 

with increasingly high blocking temperatures lose their remanent magnetisation. Samples 

are generally heated to above the Curie temperature of the remanence carriers to fully 

demagnetise the samples, generally up to ~580 °C for samples with magnetite and ~675 °C 

for samples containing hematite (Tauxe et al., 2010). AF demagnetisation involves exposing 

a sample to an alternating magnetic field that decays linearly to unblock all of the magnetic 

grains below a specific coercivity, with the lowest coercivity grains unblocked first. To 

overcome the coercivity of the remanence carriers, magnetic fields of up to 100 – 200 

millitesla (mT) are applied, depending on the capabilities of the equipment and the 

presence of hematite (which has a much greater coercivity than magnetite).  The most 

stable remanent magnetisation is generally considered to be the primary remanence or 

Characteristic Remanent Magnetisation (ChRM).  

For each demagnetisation step, the intensity and direction of the magnetisation of the 

sample is measured on a magnetometer. The direction is generally converted into 

Declination (Dec), the angle between the magnetisation and geographic north in the 

horizontal plane, and Inclination (Inc), the vertical angle between the magnetisation and 

the horizontal plane. For analysing the palaeodirections, all of the demagnetisation steps 

are plotted on orthogonal vector plots, or Zijderveld diagrams (Zijderveld, 1967), which 

represent the 3D magnetisation vector as two lines on a 2D plot; one line showing what the 

vector appears as projected onto the horizontal plane and the other onto the vertical plane. 

For palaeointensity (past field strength) measurements, the samples need to be 

remagnetised, as well as demagnetised, in the lab. A TRM is applied by heating the sample 

in the same way as with a demagnetisation step but with a current generating a field in the 

magnetic oven, which is why these steps can be termed the in-field o  I  steps. Similarly, 

Anhysteretic Remanent Magnetisation (ARM) are acquired by applying a small constant 

field when AF demagnetising the sample. An Isothermal Remanent Magnetisation (IRM) is 

another remanent magnetisation that can be applied in the lab using a strong magnetic 

field at a constant temperature but can also occur naturally if a rock is hit by lightning. 
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2.4 Palaeointensity Theory 

Palaeointensity measurements are made on the assumption that the remanent 

magnetisation acquired by solids is linearly proportional in strength to the field that was 

applied, which largely appears to hold for Earth-like field values (Néel, 1949; Selkin et al., 

2007). The intensity that is recorded is dependent on the types, sizes and shapes of the 

magnetic mineral present, represented by: 

𝑝  ≅  𝑝  𝑝  Equation 1. 

𝑙  ≅  𝑙  𝑙  Equation 2. 

where 𝑝  and 𝑙  are the remanent magnetisations recorded by the sample, for the 

past and lab field respectively, and 𝑝  and 𝑙  is the proportion of the field strength 

recorded by the sample (Tauxe and Yamazaki, 2007). Assuming the magnetic mineralogy 

has not changed since the ChRM was recorded, then the proportion of field strength will 

have remained the same, so 𝑝 = 𝑙  and the two previous equations yield the past 

field strength: 

 𝑝 = 𝑀𝑝𝑀𝑙  𝑙  Equation 3. 

As we can only truly imitate the acquisition of TRM in the lab, as opposed to DRM or CRM 

acquisition, a solute  palaeoi te sit  e pe i e ts a  o l  e do e o  sa ples he e the 

ChRM has been acquired thermally. This is why absolute palaeointensity experiments are 

performed on igneous rocks that would have cooled from temperatures significantly above 

the Curie temperatures of their remanence carriers. The majority of palaeointensity 

experiments performed at present involve stepwise heating, aiming to progressively 

replace the NRM with Partial Thermal Remanent Magnetisations (pTRMs); a TRM acquired 

within a specific temperature interval that does not unblock all of remanence carries in the 

sample. Using stepwise demagnetisation is important as, especially in older samples, rocks 

may have been partially remagnetised, acquiring an overprint that needs to be removed to 

get to the ChRM. Whether a non-parallel overprint has been removed or not is determined 

by plotting the palaeodirection of the Z steps, to produce an accompanying Zijderveld plot 

for the palaeointensity experiment, the same as with any other demagnetisation 

experiment for palaeodirections. Using stepwise demagnetisation during palaeointensity 

experiments is possible because of a set of assumptions associated with pTRM acquisition 

k o  as Thellie s laws of independence and additvity (Thellier, 1938). The law of 
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independence assumes that a pTRM acquired between two temperature steps is 

completely independent of that acquired between any different two temperature steps. 

The law of additivity states that the sum of all of the independent pTRMs should be equal 

to the total TRM. There is a third assumption made in palaeointensity experiments known 

as Thellie s law of reciprocity, which assumes that the pTRM acquired by cooling from a 

specific temperature is then entirely replaced when the sample is heated again to that 

temperature 

2.5 Non-ideal palaeointensity behaviour 

There are many factors that can bias the results of palaeointensity experiments or cause 

them to fail. One of the most commonly considered issues is chemical alteration of the 

magnetic mineralogy so that 𝑝  and 𝑙  are no longer equal, which is one of the 

primary assumptions for calculating palaeointensity (see Equations 1 and 2). There are two 

forms of alteration that can be considered: (a) CRM or TCRM (thermal CRM) acquisition 

after the ChRM has formed, and (b) thermally induced lab alteration during the 

palaeointensity experiment. For igneous rocks, the former is usually caused by low-

temperature oxidation (e.g. magnetite is converted to maghemite below the Curie 

temperature: Dunlop and Özdemir, 1997). Thermally induced alteration of igneous rocks 

tends to involve the oxidation/reduction of titanomagnetites (e.g. maghemite is converted 

to hematite above 250 °C) or exsolution of magnetic phases (e.g. titanomagnetite rich in 

titanium (Ti) will oxyexsolve to form lamellae of magnetite and ilmenite: Coe, 1967). Low-

temperature alteration prior to the experiment can usually be detected from heating 

experiments and microscopy (e.g. maghematisation results in a volume reduction of the 

grain and observable cracking: Dunlop and Özdemir, 1997). Palaeointensity experiments 

can address the issue of alteration in different ways: with checks for alteration throughout 

(section 2.6.1) or after (section 2.6.2) the experiment, reduced/non-heating methods 

(sections 2.6.3-2.6.5) or using controlled atmosphere (e.g. Argon gas) for the heating steps 

has also been used with some success to reduce alteration (Valet et al., 1998; Kissel and Laj, 

2004). 

Another major problem is that the palaeointensity theory described in section 2.4 is based 

on SD behaviour and often the samples contain large PSD to MD grains which tend to fail 

the law of reciprocity Le i, 977; Bol shako  a d Sh he ako a, 979; Du lop a d Xu, 

1994). This is because these grains are large enough to contain domain walls, which are 

able to move around easily to accommodate the magnetisation of the grain. For a sample 
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with a pTRM acquired at a specific temperature, while the SD grains should all unblock at 

this temperature, larger grains can start to unblock below this temperature as the domain 

walls move to minimize the magnetostatic energy leading to excessive magnetisation loss, 

known as low-temperature pTRM tails (Dunlop and Özdemir, 2001). The domain walls may 

also persist at temperatures above the unblocking temperature, producing an excess 

magnetisation known as high-temperature pTRM tails. The effects of the MD behaviour on 

experiments that use pTRM acquisition are detailed in section 2.6.1. Magnetic interactions 

between grains can occur where the grains are very close to each other as the grains 

respond to the external magnetic field of the adjacent grains and it has been 

experimentally demonstrated that these grains will tend to behave as MD grains, even if 

they are smaller than MD grains (Hodgson et al., 2018). There has also been work looking at 

the ph si al alte atio  o  agi g of sa ples that a  o -ideal (non-SD) remanence 

carriers that suggests that the configuration of the magnetisation of the initial TRM may be 

meta-stable resulting in relaxation of the grain into a new configuration over relatively 

short timescales (   ea : de Groot et al., 2014) and that this can also exaggerate MD 

behaviour during palaeointensity experiments (Shaar and Tauxe, 2015). 

There are a few, less common, forms of non-ideal behaviour that can affect palaeointensity 

experiments and estimates. The first is the effect of cooling rate on the palaeointensity 

experiment. TRM intensity has been shown to be dependent on cooling time (Dodson and 

McLelland-Brown, 1980; Fox and Aitken, 1980; Halgedahl et al., 1980), with longer cooling 

times resulting in increased TRM intensity as more of the remanence carriers are unblocked 

with time. This can cause problems during the palaeointensity experiment when comparing 

the la  TRM a ui ed f o  ooli g o e   hou  a d the ChRM i  ig eous o ks that a  

have been acquired over millions of years (e.g. plutonic rocks). While it has been shown 

that the difference in cooling time can have an effect on the palaeointensity of SD grains, 

and a cooling rate correction can be applied where the size of the grains and cooling rate of 

the rocks is well constrained (Halgedahl et al., 1980; Leonhardt et al., 2006), the cooling 

rate does not have a significant effect on palaeointensity estimates from PSD-MD size 

grains (Biggin et al., 2013). The second issue occurs where the samples carry a magnetic 

fabric causing remanence anisotropy. This can deflect the palaeomagnetic directions 

(Uyeda et al., 1963; Coe, 1979) and affect the palaeointensity estimates (Rogers et al., 

1979; Aitken et al., 1981) and, while this is generally only a significant issue for deformed 

rocks and archaeological samples, these fabrics can also be found in some igneous rocks. A 

quick check for the effects of anisotropy during a palaeointensity experiment is to calculate 
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the angle between the direction of the field applied and the pTRM direction acquired (ϒ: 

see Table 2.1 for details) to see if there is a magnetic fabric deflecting the applied field. If 

present, it can be minimised by applying the lab field parallel to the NRM or corrected for 

using an anisotropy corrections (Selkin et al., 2000). The last issue discussed here is with the 

assumption of non-linear TRM acquisition with increasing field strength (see section 2.4). It 

has been demonstrated that certain grain sizes will saturate with increasing field strengths 

(Néel, 1949; Selkin et al., 2007); however, the relationship tends to holds for magnetic field 

strengths up to ~60 microtesla (μT), so it should not be an issue for the field strengths 

applied and measured in this project.  

2.6 Palaeointensity techniques 

In the more than 100 years since the first proposal for measuring palaeointensity 

(Folgerhaiter, 1899), a number of different techniques for determining past field strength 

have been developed. The earliest experiments followed the basics of palaeointensity 

theory (see section 2.4), taking a ratio of the NRM/TRM and multiplying this by the applied 

field strength to obtain the palaeointensity (Koenigsberger, 1938). However, this method 

has since been discounted as it does not take into account the effect of overprints and non-

ideal behaviour palaeointensity behaviour. A large number of palaeointensity techniques 

have been developed in an attempt to address these problems. This section will detail all of 

the absolute palaeointensity techniques used throughout this thesis and for other 

palaeointensity studies from relevant time periods (e.g. 200 – 500 Ma), including the 

history of their development and their relative advantages and disadvantages. 

2.6.1 The Thellier family  of techniques 

The majority of experiments performed at present fall under the bracket of ei g Thellie -

t pe,  where the NRM is progressively replaced with pTRMs during stepwise heating 

(named after Thellier and Thellier, 1959). The first example of the stepwise application of 

pTRMs was by Koenigsberger( 1938), which involved heating the sample in-field (an I step) 

to a temperature and then again to the same temperature and field strength but 180° in 

direction. From these experiments the entire magnetisation curve was decomposed to use 

the full NRM to give an indication of the strength of the magnetisation in the samples, 

which showed a reduction over time that Koenigsberger attributed to viscous decay (not 

knowing about the other possibilities such as APW: Tauxe and Yamazaki, 2007) and thought 

could be used as a method for dating the samples. However, this  method was expanded on 

theoretically by Thellier (1938), who recognised that TRMs could be used to understand 
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past magnetic field behaviour and experimentally by Thellier and Thellier (1959), who 

e og ised that the p opo tio alit  o sta t α  a  ha ge o e  the ou se of heati g. 

The Thellie -Thellier  method is considered as the double I step or II  protocol; with two 

anti-parallel in-field measurements at each temperature step. From this double I step, the 

NRM remaining could be calculated using simple vector subtraction and the development 

of the Arai-Nagata plots (more commonly known as Arai plots) to show NRM lost vs. TRM 

gain (see Figure 2.2 for an example) was developed not long after (Nagata et al., 1963). The 

values are generally normalised for the starting NRM and the slope of the selected 

component is the ratio of 𝑙  to 𝑝  (see section 2.4). These plots are still used in 

modern studies as they illustrate (a) the different components of the field and (b) non-ideal 

palaeointensity behaviour.   

With the development of effective magnetic shielding, it became possible to include 

demagnetisation or zero-field (Z) steps (Tauxe and Yamazaki, 2007), leading to the 

development of the Thellier-Coe protocol (Coe, 1967). The technique uses a Z step so the 

loss of NRM can be measured directly, followed by an I step to the same temperature to get 

the value of pTRM gained. This method is still generally considered one of the most reliable 

and is probably the most commonly used method at present (Paterson et al., 2015). One of 

the advantages of the Thellier-Coe protocol is that we can effectively test for non-ideal 

behaviour during the experiment. Along with the development of this protocol, Coe (1967a, 

b) also suggested a check for alteration during the experiment by heating to an earlier 

temperature step following a Z step, to test if the pTRM gained at this temperature has 

remained the same (see Figure 2.2b). This is known as a pTRM check (or P step) and tests 

Thellie s law of independence (see section 2.4) i.e. if the magnetic mineralogy of the 

sample is unchanged then the pTRM gained should remain the same for the same 

temperature and applied field strength. The other non-ideal behaviour that is problematic 

is pTRM tails caused by MD grains (see section 2.5) These pTRM tails are a major issue 

during palaeointensity e pe i e ts as the  ause the A ai plot to sag  elo  the 

expected, linear SD slope (Levi, 1977) and, if incorrectly interpreted, can lead to over- or 

underestimates of the palaeofield. A common method for identifying pTRM tails is to 

include an additional Z step, after an I step, to the same temperature to check no excess 

pTRM remains (see Figure 2.2b) and this is known as a pTRM tail check (Riisager and 

Riisager, 2001). 

Because of its popularity, many more variations on the Thellier method have developed 

since the Thellier-Coe protocol, with earlier variations primarily aimed at reducing the 
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number of heating steps in the experiment. These have two major advantages, (a) reducing 

the amount of time the experiment takes and (b) reducing the amount of heating and so 

reducing the risk of alteration. One of the more successful, early protocols developed by 

Kono and Ueno (1977) is the perpendicular method, named because it uses a single heating 

step with an applied field perpendicular to the NRM to calculate both the NRM lost and 

pTRM gained. If both the ratio of these (e.g. no alteration has occurred) and the direction of 

the NRM remain constant, then the end points of the vectors should fall along a straight 

line representing the ratio between the applied and past field strengths. Hoffman et al. 

(1989) went onto suggest a multi-specimen method , later updated by Hoffman and Biggin 

(2005), where the sample is divided into multiple specimens that are given a single Z and I 

step at different temperatures. A second, more widely used multi-specimen  method was 

later developed by Dekkers and Böhnel (2006) and is known as the multi-specimen parallel 

differential pTRM (MPDP)  method. This differs from the other multi-specimen method in 

that, instead of varying the temperature of the sister specimens, they are all heated to the 

same temperature but at different applied field strengths. Where the applied field is the 

same or close to the past field strength, there should be (almost) no change in the sample 

NRM. However, these methods can be difficult or unsuitable for measuring older samples 

(e.g. those that are 100s of Myrs old) as the overprints can be very large;  if the ChRM starts 

unblocking at a high temperature, the experiments may fail to measure it.  

Further developments of the Thellier method concentrated on improving the protocol, 

rather than reducing the number of heating steps, as it was shown that the max 

temperature and hold time of the heating steps have a greater effect on alteration than 

number of previous steps (Sherwood, 1991) and these variations have the advantage that 

pTRM checks can be applied. Aitken et al. (1988) used a variation on the Coe protocol with 

the I step before the Z step. Advantages of this include that any CRM created takes on the 

direction of the lab induced field, as it is created on an I step and not a Z step, which shows 

up on the orthogonal plots as a deflection of the NRM to the direction of the lab applied 

field. Also, pTRM checks are performed after complete IZ pairs, unlike with the Coe method 

where the pTRM check must be performed between a Z and I step to the same 

temperature (Valet et al., 1998). The disadvantages of this protocol are that pTRM tail 

checks cannot be performed and non-parallel lab fields can result in huge discrepancies in 

the Arai plot shape, leading to underestimates of the palaeofield (Biggin, 2010). A 

subsequent  variation developed by the Scripps Oceanography group incorporated both the 

Coe and Aitken protocol into the IZZI protocol (Tauxe and Staudigel, 2004; Yu and Tauxe, 
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2005), named after the order of the steps (an in-field/zero-field pair followed by a zero-

field/in-field pair to a higher temperature). One of the major advantages is that theoretical 

calculations and experimental data from Tauxe and Staudigel (2004)show that pTRM tails 

will present as zigzag patterns on an Arai plot when using the IZZI protocol, reducing the 

number of heating steps by reducing the need for pTRM tail checks. 

2.6.2 Wilson 

As previously discussed in section 2.6.1, the stepwise experiments of the Thellie  fa il  

rely on the pTRMs being acquired equally by the law of reciprocity, which can fail due to 

MD behaviour. To combat this issue, Wilson proposed a technique that compares the 

continuous thermal demagnetisation curve and continuous TRM acquisition curve of a 

sample to determine the palaeointensity estimate (Wilson, 1961, 1962). As the 

magnetisation measurements of each curve would be made at temperature, there are no 

pTRM tail effects and so the protocol can be conside ed do ai -state i depe de t.  

Another advantage of this method is that it should be relatively quick. The first major 

limiting factor is continuously heating and measuring the samples at the same time is not 

possible on the magnetometers generally available in palaeomagnetism labs. It is possible 

using a Vibrating Sample Magnetometer (VSM), a d the Geoph si al O se ato  Bo ok  

group in Russia are currently the only group routinely making measurements using the 

Wilson technique using their specially adapted 2-D and 3-D VSMs (Shcherbakova et al., 

2006, 2008a, 2008b). The other major issue is that since the sample is fully demagnetised 

before the TRM curve is acquired then, unlike the Thellier experiments, it is not possible to 

get a palaeointensity determination from the lower temperature portion if the sample 

alters. Muxworthy (2010) empirically determined that the Relative Standard Error (RSE), 

which is the standard error normalised by the palaeointensity estimate, was the best 

selection criteria for excluding samples that had undergone alteration when heated for the 

Wilson technique. The RSE was plotted against the normalised palaeointensity, the 

palaeointensity estimate divided by the known field (only historical flows that erupted in a 

known field were used) and a cut off of RSE .  appears to give reliable palaeointensity 

results. This selection criterion has since been incorporated into palaeointensity studies 

(see Chapters 3 and 4 of this thesis). 

2.6.3 Shaw 

As discussed in section 2.6.1 with the Thellier variants, many of the developments in 

palaeointensity have been aimed at reducing the degree to which samples are heated. First 
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described by Shaw (1974), based on suggestions by van Zijl et al. (1962a, b), the Shaw 

method takes advantage of the fact that ARM is considered comparable to TRM (Dunlop 

and Özdemir, 2007). The NRM is first demagnetised using stepwise AF demagnetisation to 

get the coercivity spectrum of the NRM. The sample is then given an ARM (ARM0), a TRM 

(TRM1) by heating the sample in-field above the maximum blocking temperature of the 

sample and a second ARM (ARM1), all of which are demagnetised using the same AF steps 

as used on the NRM before the next remanent magnetisation is applied. The 

palaeointensity estimate is determined by multiplying the lab field by the ratio of 

NRM/TRM1 and the coercivity spectrum of ARM0 and ARM1 are compared to see if the 

estimate is reliable, as they should be similar unless significant chemical alteration has 

occurred. There have been several updates since aimed at constraining the effects of any 

alteration during TRM acquisition, beginning with Rolph and Shaw (1985) suggesting that 

multiplying each TRM step by the ARM0/ARM1 ratio would correct for any alteration bias 

acquired from the TRM. Tsunakawa and Shaw (1994) suggested adding a second TRM 

(TRM2) using a longer hold time to encourage detectable alteration, followed by another 

ARM (ARM2), With this Double-Heati g Te h i ue DHT , if the slope of TRM1 and the 

corrected TRM2 differs by more than experimental error, then the estimate should be 

rejected.  

Another update to the Shaw technique suggested by Yamamoto et al. (2003) and 

Yamamoto and Tsunakawa (2005) was the addition of a Low Temperature Demagnetisation 

(LTD) step. This involves bathing the samples in Liquid Nitrogen to reduce the temperature 

of the samples below that of the Verwey transition of magnetite at 125 K, where the cubic 

inverse spinel crystal structure of magnetite changes to a monoclinic structure (Dunlop and 

Özdemir, 1997), in a zero-field environment. During this change in crystal structure, the 

magnetic domain walls in MD grains will be able to move freely and become magnetised by 

the ambient field, which in zero-field means that they demagnetise. SD grains that are 

controlled by shape anisotropy should keep their remanent magnetisation. This addition for 

LTD-DHT Sha  te h i ue should ha e a educed effect from MD behaviour and has been 

found to have improved results compared to other methods for the 1960 Hawaiian flow 

(Yamamoto et al., 2003). However, Carter-Stiglitz et al. (2002, 2003) found that SD grains 

may also be affected by LTD steps so the inclusion of the LTD step is still debated, especially 

as the Sha  ethod is theo eti all  do ai -state i depe de t  as it compares the full 

coercivity spectra. The addition of the DHT and the LTD step also, along with improvements 

in the rate at which magnetic ovens heat up and cool down, removes the advantage that 
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the original Shaw method had of being relatively quick compared to the Thellier variants 

(Tauxe and Yamazaki, 2007). 

2.6.4 Microwave  

Unlike the previous palaeointensity techniques, the microwave technique does not refer to 

a specific protocol but the method in which the magnetic grains are unblocked (the 

ajo it  of the Thellie  fa il  of p oto ols a  a d ha e ee  pe fo ed usi g the 

microwave technique). Demagnetisation occurs during conventional heating because it 

causes crystal lattice vibrations (e.g. phonons), which in turn excite the spin systems of the 

ferromagnetic grains (e.g. magnons). The difference between this and the microwave 

technique is that the latter should directly stimulate the magnons present in the 

ferromagnetic grains, without heating up the bulk sample (Hill and Shaw, 1999). First 

proposed by Walton (1991), Ferromagnetic Resonance (FMR) is used to generate magnons 

in the sample by parallel pumping (Sparks, 1964), where a microwave photon is split into a 

magnon pair, each with half the photons energy, which generate spin waves in the 

ferromagnetic grains with energies up to half of the microwave frequency. It has been 

demonstrated, just as with conventional heating, that when the energy is applied to 

magnetic moments in zero-field then the grain magnetisations becomes randomised, 

causing the sample to demagnetise (Walton et al., 1992) and when applied in the presence 

of an external field the sample will remagnetise (Walton et al., 1993). Progressive 

unblocking is generated by increasing the power and/or duration of the applied Microwave 

energy to determine the nominal power integral in Watts per second (W.s), similar to 

increasing the temperature of the heating step. The first palaeointensity experiments using 

the microwave technique were demonstrated by Walton et al. (1996).  

There has been some debate as to how much of the unblocking of ferromagnetic grains 

during the Microwave technique comes from direct stimulation, or by thermal effects that 

heat up the sample, most of which relates to the operating frequency of the 

palaeointensity system (Walton, 2004; Walton and Boehnel, 2008). The original 

experiments were performed on a 2.45 GHz system (Walton et al., 1992) as this was the 

standard domestic system that was easily available at the time. However, since the 

frequency of these domestic systems is calibrated to excite water molecules, the system 

was only able to unblock grains up to the equivalent of ~250 °C (Walton et al., 1992). This 

led to the development of higher frequency microwave systems by the University of 

Liverpool geomagnetism lab, namely the 8.2 GHz microwave system, which proved 
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successful in producing archaeointensities from ceramics (Shaw et al., 1996, 1999) and later 

palaeointensities from lava flows (Hill and Shaw, 1999, 2000). However, these systems were 

still unable to demagnetise samples with higher coercivity fractions, such as hematite (Hill, 

2000), so the 14 Ghz T ista  Mi o a e palaeoi te sit  s ste  as de eloped. Despite 

the increase in frequency, it has been suggested that 14 Ghz is still not high enough to 

demagnetise SD magnetite (Walton, 2004). A frequency of >24 Ghz was theoretically 

determined and led to the theory that the lower frequency system may be demagnetising 

samples by causing conventional heating of the matrix. Walton and Boehnel (2008) 

demonstrated an increase in the matrix temperature of a sample up to 137 °C using a 16.64 

GHz Microwave system and predicted that an a temperature of  ~300 °C would be needed 

for the 65 nm grains present in the synthetic sample to be demagnetised by the 14 Ghz 

system. Comparatively, Suttie et al. (2010) were able to show that with the correct 

positioning of the sample to where the electrical field is at a minimum in the resonance 

cavity of the microwave system, the sample is demagnetised directly by the magnetic fields 

without significant heating of the matrix. Suttie (2010) did note that differences in the 

observed heating between the two studies may relate to differences in the positioning of 

the thermocouple on the sample: Suttie et al. (2010) measured the bottom of the sample, 

while Walton (2004) measured the edge of the sample, which may experience higher 

temperatures as this is the same location where melt spots due to dielectric heating can 

occur. Another possibility for the different temperatures observed relates to the grain size 

distributions in the samples used: the synthetic samples used by Walton, (2004) contained 

only grains approximately SD in size, while Suttie et al. (2010) used natural basalt samples, 

which would contain a range of grain sizes, most of which would be larger than SD. 

Based on empirical evidence that the majority of igneous palaeomagnetic samples will lose 

most, but not necessarily all, of their magnetisation through microwave demagnetisation 

(see Chapters 3 - 5 for examples), the differences between the grain size distributions used 

in theoretical calculations and synthetic samples when compared to those in natural 

samples could be enough to explain the confusion with how the microwave system 

demagnetises the samples. Even if there are some questions remaining about the 

microwave system, there is sufficient published work to show that the microwave results 

are comparable to those from conventional thermal experiments (Hill et al., 2002; Biggin, 

2010). Its main advantage is that directly stimulating the ferromagnetic grains, rather than 

heating the bulk sample, should cause less alteration than heating the bulk sample; studies 

testing this assumption have found reduced alteration (Biggin et al., 2007; Biggin, 2010). 



31 

 

The microwave also has the advantage that it requires very little material (5 mm cores) and 

that the field can be applied in any direction. The main disadvantages are that the 

microwave cannot demagnetise high coercivity minerals (e.g. hematite) and that the 14 Ghz 

T ista  palaeoi te sit  s ste  at the U i e sit  of Li e pool is currently the only 

operational system. 

2.6.5  (Calibrated) Pseudo-Thellier 

Unlike the other palaeointensity methods described here, the pseudo-Thelllier method was 

originally designed to determine elati e  palaeoi te sit  esti ates from sediments (Tauxe 

et al., 1995), hi h diffe  f o  a  a solute  palaeointensity (see section 2.4) because the 

primary DRM needs to be compared to a different type of remanent magnetisation. While 

DRMs cannot not give an absolute estimate, laboratory  experiments have shown that 

samples that were sufficiently mobilised  prior to deposition record a magnetisation that is 

linearly proportional to an applied field (Kent, 1973). The method proposed by Tauxe et al. 

(1995) involves stepwise AF demagnetisation of the NRM, followed by stepwise acquisition 

and AF demagnetisation of an ARM using the same step sizes. The ARM gained is compared 

to NRM lost o  a pseudo-Arai plot  in a similar way to how TRM gained is on an Arai plot 

for thermal and microwave Thellier variants. It is this procedure that is used in this thesis to 

compare to the appearance of the thermal and microwave Arai plots (see section 4.4.3), 

rather than being used to determine a palaeointensity esti ate. Ho e e , a ali ated  

pseudo-Thellier method has been developed to determine absolute palaeointensity 

estimates. 

The develop e t of a ali ated  pseudo-Thellier technique primarily came from the need 

for non-heating methods that could be applied to extra-terrestrial materials because the 

samples form without oxygen present and tend to alter quickly when heated in air (Weiss 

et al., 2008; Garrick-Bethell et al., 2009). The potential for application to terrestrial 

materials that carry a TRM has also been recognised (Yu, 2010; de Groot et al., 2013) as this 

would remove the problems associated with alteration during thermal Thellier 

experiments. As the intensity of TRM is generally greater than that of ARM (Yu et al., 2003) 

some form of calibration is needed to reach an absolute palaeointensity estimate. Many of 

the earlier studies to determine a calibration factor focused on the demagnetisation, rather 

than the acquisition of ARM (Yu et al., 2003; Yu, 2010; Lappe et al., 2013). A different 

approach was proposed by de Groot et al. (2013), where historical lava flows with a known 

field value were used to determine a specific calibration for an applied ARM field with a 
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bias of 40 μT a d ARM a uisitio  ha a te isti s e e used as sele tio  ite ia fo  elia le 

estimates. As ARM acquisition is affected by grain size distribution (Yu et al., 2003), the 

magnitude of the AF for which half of the maximum ARM is imparted (B½ARM) can be used 

as grain size indicator and the study found empirically that a B½ARM between 23 and 63 

mT gave reliable palaeointensity estimates. While further studies were done to check the 

calibration (de Groot et al., 2015, 2016), these were compared to sites with derived 

palaeointensity estimates, rather than known field values, so it did not substantially 

improve the calibration. The main problem with this calibration is that it has a non-zero 

intercept of ~14 μT, hich de Groot et al. (2013) suggested could be due to highly nonlinear 

behaviour in the low field range. Paterson et al. (2016) analysed a number of other 

historical lavas to come up with a calibration that had a zero intercept but suggested that 

this pseudo-Thellier method may only be accurate to within a factor of ∼2 because of the 

strong dependence on the calibration to the magnetic mineralogy and that further work is 

needed to improve the calibrated pseudo-Thellier method. 

2.7 Selection Criteria 

As discussed in section 2.5.1, there are a number of non-ideal behaviours that can affect 

palaeointensity experiments. Coe et al. (1978) was the first to suggest the use of a robust 

suite of statistics to quantify these affects in Thellier experiments and determine the 

reliability of the palaeointensity estimates derived. Since then, a very large number of 

selection criteria have been developed for analysing data from Thellier experiments. These 

have all been listed in the Standard Palaeointensity Definitions document v1.0 (SPD; 

Paterson et al., 2014), which was designed to provide a reference document for users 

needing to analyse palaeointensity data and make sure there is consistency in how the 

selection statistics are calculated across different studies. While all of the information on 

the selection criteria used in this thesis are included the in the SPD, the criteria used 

throughout Chapters 3 – 5 have been summarised in Table 2.1, in conjunction with Figure 

2.2. The cut-offs applied to the selection criteria for each of the individual localities are 

discussed in Chapters 3 - 5. The selection criteria used for the other techniques are not 

included in the SPD and have been discussed in their individual sections (2.6.2 – 2.6.5) as 

there are relatively few criteria associated with these methods because (a) they have 

historically been used much less than the Thellier variants and so there has been less 

development around the methods and (b) these methods do not involve stepwise 

demagnetistion and pTRM acquisition and so do not need to check for pTRM tail effects or 

progressive alteration during the experiment. 
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Criterion Name Category Description Equation 

n Number (of 

points) 

Arai plot The number of points included in the selected component. 

 
- 

β Beta Arai plot A measure of the relative scatter around the line of best fit (Coe et al., 

1978). This is calculated as the ratio of the standard error of the slope 

σ  o e  the slope of the est fit line of the selected TRM and NRM 

points on the Arai plot (b)*1. Report to 3.d.p. 

=
𝜎   

FRAC (NRM) 

fraction 

Arai plot The fraction of the NRM used for the best-fit line on the Arai plot 

determined using the vector difference sum calculation (Shaar and 

Tauxe, 2013). This differs from the traditionally used f value (Coe et al., 

1978), which calculates the NRM fraction used for the best-fit from the 

ratio between NRM length of the best-fit line on the Arai plot ∆  o e  
the y-axis (NRM) intercept of the best-fit line on the Arai plot (Yint). The 

difference between is best illustrated by Figure 2.2a. Report to 3.d.p. 

𝐹 𝐴 =
  +1 −  −1

= 𝑉  

 

g Gap factor Arai plot A measure of the average NRM loss between successive palaeointensity 

steps, reflecting the average spacing of the selected Arai plot points 

along the best-fit line (Coe et al., 1978). See Figure 2.2a for an 

illustration of  a d ∆ . Report to 3.d.p. 

= 1−   +1
′ − ′ ²−1

= △ 2  

q Quality 

factor 

Arai plot This is a measure of the overall quality of the palaeointensity estimate, 

o i i g the elati e s atte  of the est fit li e β , the NRM f a tio  f  
and the gap factor (g) as described above (Coe et al., 1978). 

=   ′     K prime Arai plot The    criteria is described as the curvature of the Arai plot defined by a 

best fit of a circle to the data using the least squares approach 
(Paterson, 2011). Each axis is first normalised to the maximum value of 

ea h a is so NRM a d TRM a e oth  a d  so alues a  e 
compared between experiments with different applied field strengths 

(Blab). The ′     criterion represents the curvature of just the selected 

component and was first described in full by (Paterson et al., 2015). 

Report to 3.d.p.  

( − )2 + ( − )2 = 2 
 

Form of the best-fit circle to the 

selected component 

  ′        =
1

 

 

(Continued on the next page) 
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α Alpha Directional The angular difference between the best-fit lines on the orthogonal plot 

for the free-floating and anchored fits to go through the origin. The 

declination and inclination for these fits are both calculated from the Z 

steps from the palaeointensity experiment using the principal 

component analysis ((PCA: Kirschvink, 1980). Report to 1.d.p. 

=  .      

Where a and b are the calculated 

free-floating and anchored vectors*2 

MADANC Maximum 

Angular 

Deviation 

Directional MAD is the maximum angular deviation of the best-fit line on an 

orthogonal vector plot to the palaeomagnetic vector, determined from 

the Z steps of a palaeointensity experiment (Kirschvink, 1980). MADAnc 

represents the MAD for the anchored fit (MADFree is for the free-floating 
fit). Report to 1.d.p. 

𝐴 =   𝜏2 + 𝜏3𝜏1
  

Whe e τ3 < τ2 < τ1 are the eigenvalues 

of the PCA matrix 

ϒ Gamma Directional The angle between the direction for the last pTRM step selected (TRMi = 

end) and the direction of the applied field (Blab). Generally used as a quick 

check for the anisotropy effects during the palaeointensity experiment. 

Report to 1.d.p. 

See α Equation 

δCK Delta Check pTRM 

checks 

The maximum absolute difference produced by a pTRM he k δpTRM  
normalised by the total TRM (Leonhardt et al., 2006), determined in this 
case from the intercept of the best-fit line with the x axis (XInt). See 

Figure 2.2 for illustration. Report to 1.d.p. 

𝛿
=

  𝛿 ,   ≤   ≤ 𝑋  
× 100 

npTRM Number of 

pTRM 

checks 

pTRM 

checks 

The number of pTRM checks used for the selected component. 

- 

DRAT Difference 

Ratio 

pTRM 

checks 

The a i u  a solute diffe e e p odu ed  a pTRM he k δpTRM  
normalised by the length (L) of the best-fit line (Selkin et al., 2000), 

al ulated f o  the le gths of the TRM ∆  a d NRM ∆  le gths of 
the best fit line ( =  (∆ ′)2 + (∆ ′)2). See Figure 2.2 for illustration. 

Report to 1.d.p. 

𝐴
=

  𝛿 ,   ≤   ≤
× 100 

CDRAT Cumulative 

DRAT 

pTRM 

checks 

This su s up all of the sig ed pTRM diffe e es ±δpTRMs , o alised 
by the length (L) of the best-fit line (Kissel and Laj , 2004). See Figure 

2.2b for illustration. Report to 1.d.p. 

𝐴 =
  𝛿 ,=1  

× 100 

(Continued on the next page) 
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DRATtail DRAT tail pTRM tail 

checks 

The a i u  a solute diffe e e p odu ed  a pTRM he k δpTRM  
normalised by the length (L) of the best-fit line (Biggin et al., 2007). See 

Figure 2.2b for illustration. Report to 1.d.p. 

𝐴 =
  𝛿   =1,…,

× 100 

 

Table 2.1  Descriptions of the commonly used selection criteria for the Thellier experiments (thermal and microwave) used in throughout Chapters 3 - 5. 

From left to right, the table includes the symbol or abbreviation used for the Criterion, the full name for the criterion, the category (one of four 

depending on what the statistic is calculated from), a description of the criterion including the publication(s) that originally cited the criterion, and, where 

appropriate, an equation for how the criterion is calculated. In these calculations, the i notation used throughout the equations refers to the ith 

temperature step of the palaeointensity experiment. The index j is also used for the pTRM checks to denote the jth temperature step before the ith term 

i.e. the pTRMi,j is the pTRM acquired between two temperature steps where i > j (e.g. pTRM500,400 would be the pTRM acquired between 400 °C (i) and 

500 °C (j)). The abbreviation Z and I are used for the zero-field and in-field steps and d.p. refers to the decimal places the statistic should be reported too. 

For further explanation of some of the terms used to calculate the criteria, Figure 2.2a illustrates the terms used for the Arai plot statistics and Figure 

2.2b illustrates the terms used for the pTRM and pTRM tail checks. All of the descriptions are based on those from the Standard Palaeointensity Database 

(SPD: Paterson et al., 2014). 

*1 See SPD fo  the al ulatio  of σ  a d . 
*2 This is o e a  of al ulati g the a gula  diffe e e ut it a  e i a u ate he e α is lose to  o  π, fo  a othe  ethod of calculation, see the SPD.  
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2.8 The PINT database and Qualitative Palaeointensity (QPI) Criteria 

So far this chapter has discussed the analysis and problems with reliability of 

palaeointensity data at the specimen level (sections 2.6 and 2.7). However analysis of long-

term field strength variation requires the compilation of large palaeointensity data sets e.g. 

the 2015 update of the Absolute Palaeointensity (PINT15) database (Biggin et al., 2009) 

maintained by Andy Biggin at the University of Liverpool. This database includes the entire 

2003 IAGA absolute palaeointensity database (Perrin and Schnepp, 2004), updated by Lisa 

Tauxe in 2006 (Tauxe and Yamazaki, 2007), ith ages 5  Ka all of the data that was 

i luded i  the p e ious data ase ith ages 5  Ka a e o  i o po ated i to the 

GEOMAGIA database: Brown et al., 2015). This database includes the published site level 

data for all of the studies available prior to the last update, including data on the site age, 

location, palaeodirectional data, palaeointensity data and lithology. While some studies 

may calculate certain data differently (e.g. calculating the standard error of the site 

palaeointensity values instead of standard deviation), all of this is converted to be 

comparable in the database. While this is the primary database compilation used in this 

thesis, there is also a comparable database managed by the Geophysical Observatory 

Bo ok  g oup that can be found at wwwbrk.adm .yar.ru /palmag /database _e .html). 

 
Figure 2.2  Example Arai plots modified from Paterson et al. (2014) illustrating how 

certain palaeointensity criteria are calculated: (a) shows how the statistics relating to 

the selected components are calculated and (b) how the pTRM and pTRM tail checks are 

al ulated the pTRM he ks a e ep ese ted  the lue a o s sho i g δpTRMi,j and 

the pTRM tails are represented by the red squares sho i g δtaili). This Figure is 

designed to be used in conjunction with the description and equations used in Table 2.1. 
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While the PINT15 database attempts to record the site mean data consistently, the site 

mean information is taken directly from the published study and, as methods and selection 

criteria have varied significantly over time (see sections 2.6 and 2.7), it can be very difficult 

to compare the reliability of the results from different studies. There are also things that 

can affect the reliability of the site measurement that have nothing to do with the 

palaeointensity measurements themselves e.g. if the age uncertainties are large, the 

V(A)DM values may not be reflective of the time-averaged field at the reported age. To 

address this, Biggin and Paterson (2014) developed the Qualitative Reliability criteria for 

palaeointensity (QPI), inspired by the 7 quality reliability (Q) criteria developed for 

palaeomagnetic poles by Van der Voo (1990). The 9 QPI criteria are scored in the same way 

as the Q criteria, with each criteria getting a score of 1 if the published information shows it 

has been fulfilled for that site and a score of 0 if not. All of the criteria scores are then 

added together to get the overall site QPI score. Table 2.2 provides a brief overview of the 

criteria and, for a more detailed explanation of how the QPI criteria have been applied in 

this thesis, see Appendix H. 

 

 

Table 2.2  A summary of 

the QPI criteria originally 

published in Biggin and 

Paterson (2014). This 

summary gives a brief 

overview of 8 of the 9 

criteria, the 9th criteria 

being the MAG 

criterion, which is 

granted if the raw data 

is made publicly 

available (named after 

the MAGIC database 

although the data can 

be published elsewhere 

to meet the criterion). A 

detailed overview of 
how the criteria are 

applied is documented 

in Appendix H. 
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Chapter 3 

New insights from microwave 

palaeointensity results from Russia into the 

strength of the field before and after the 

Permo-Carboniferous Reversed Superchron  

3.1 Introduction 

From evidence such as the Marine Magnetic Anomaly Record (MMA; Ogg et al., 2016), it 

has been established that the Earth s ag eti  field has re ersed o  many occasions over 

geological time and that the frequency with which the field reversed has varied significantly 

in time. The field is currently reversing ~4 times per million years (Myrs, based on an 

average of the last 10 Myrs); however, the palaeomagnetic record demonstrates periods of 

very different field behaviour, where the field does not reverse for >20 Myrs, which are 

known as superchrons. Three superchrons have been identified during the Phanerozoic 

(Pavlov and Gallet, 2005): the Cretaceous Normal Superchron (CNS; ~84 - 125 Ma), the 

Permo-Carboniferous Reversed Superchron (PCRS; ~267 - 317 Ma) and the Ordovician 

Reversed Superchron (ORS; ~460 - 479 Ma). These superchrons appear to be a recurring 

event separated by ~160 - 200 Myrs between each superchron. Several interesting features 

have also been noted about the changes in field behaviour with the onset of the youngest 

superchron, the CNS: the very high reversal frequency (~12 reversals per Myrs) noted ~30 - 

40 Myrs prior to the onset of the superchron (Jurassic Quiet Zone; Tominaga et al., 2008), 

the high field intensity during the CNS (Tauxe and Staudigel, 2004) and the extended period 

of weak field intensity leading up to the onset of the CNS, known as the Mesozoic Dipole 

Low (MDL; Prévot et al., 1990). It has also been noted that the there was a very gradual 

increase in the reversal frequency following the CNS, with low reversal rates for ~30 Myrs 

following the CNS (Gallet and Hulot, 1997), however it is unclear from this example alone 

whether these features are common to all superchrons or only relate to the CNS.  

The difficulty with determining if these features are common between superchrons is that 

there is insufficient and/or conflicting data within the palaeomagnetic record. While the 
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field behaviour prior to and during the CNS is fairly well understood (Biggin et al., 2012; 

Hounslow, 2016), this is not the case for the next youngest superchron, the PCRS. The PCRS 

was first described by Irving and Parry (1963) from a series near Kiama, New South Wales, 

which is why it is also known as the Kiaman Superchron. The quality of global 

magnetostratigraphy leads to fairly good constraints on the length of the superchron 

(Hounslow et al., 2004; Hounslow and Balabanov, 2018) and the reversal frequency 

following the superchron; this was initially high after the PCRS but dropped down to the 

rates observed following the CNS for the rest of the ~10 Myrs following the superchron 

(Hounslow, 2016). This is not the case prior to the PCRS due to the lack of quality 

magnetostratigraphic data (Ogg et al., 2016). Comparatively, there is more data available to 

look at the strength of the field prior to the PCRS, with several palaeointensity studies from 

~100 Myrs prior to the PCRS listed in the PINT15 database (Briden, 1966a, 1966b; Smith, 

1967; Schwarz and Symons, 1969; Kono, 1979; Rolph and Shaw, 1985; Tunyi, 1986; Didenko 

and Pechersky, 1989; Solodovnikov, 1993, 1996; Oppenheim et al., 1994). The site values 

from these studies generally suggest that the field was weak (most VDM values are <40 

ZAm2), however, there is some debate as to the reliability of the data from many of these 

studies; many of these studies do not meet simple reliability checks (such as having the 

number of measurements per site (n) >3 with a standard deviation <25 %) and they also use 

techniques and selection criteria that have since been superseded.  

There is also a question as to the length of the periods of weak field intensity prior to the 

superchron. When the MDL was initially proposed, it was suggested to have lasted for ~60 

Myrs, extending back up to the earliest Jurassic, with a field strength roughly a third of that 

of the rest of the Cenozoic (Prévot et al., 1990). However, the onset of the MDL was 

originally determined from only a few site values and, while the MDL hypothesis is still 

supported by a number of other studies (Pick and Tauxe, 1993; Biggin and Thomas, 2003; 

Shcherbakova et al., 2011, 2012; Tauxe et al., 2013), its duration is debated. Tauxe et al. 

(2013) show that weak field values persist throughout the Jurassic to ~200 Ma, suggesting 

that the MDL is at least ~80 Myrs long. While there is insufficient data available from the 

Triassic period to confirm that the MDL persists through this time, some studies on sites 

from the northern extent of the Siberian Traps suggest that the MDL may have continued 

for ~150 Myrs, back to the Permo-Triassic (P-T) boundary (Heunemann et al., 2004; 

Shcherbakova et al., 2005, 2013, 2015). However, while these localities suggest the field at 

this time was less than the Phanerozoic average (~42 ZAm2 Tauxe et al., 2013; ~50 ZAm2, 

Biggin et al., 2015), sites from the south-eastern extent of the Siberian Traps suggest the 
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field was equal in strength to the present (~80 ZAM2, Blanco et al., 2012). It has been 

suggested that northern sites may have been affected by MD effects, which can lead to an 

underestimate of the palaeofield if the high temperature slope is taken (Blanco et al., 

2012). The difference could also be due to the effects of time averaging of the two 

localities, with one or both of the localities insufficiently sampling palaeosecular variation.  

Microwave palaeointensity experiments have the potential to answer some of the 

questions we have as to the nature of these period of low field intensities. It has been 

demonstrated that while the unique microwave palaeointensity at the University of 

Liverpool system produces comparable results to those using conventional thermal 

techniques (Hill et al., 2002), there are a number of advantages to it over the traditional 

thermal Thellier-type experiments. The microwave method has been shown to produce less 

alteration then conventional thermal methods as the non-magnetic matrix of the samples 

do not heat up during the experiment (Walton et al., 1996; Hill and Shaw, 1999), resulting 

in generally higher success rates for palaeointensity studies (Böhnel et al., 2003). The 

microwave system is also better designed to control a number of effects that are otherwise 

difficult to control in a conventional oven. This includes being able to control the angle of 

the applied field direction in comparison to the ChRM, which has been shown to have a 

strong effect on Multi-domain (MD) behaviour during palaeointensity experiments (Biggin, 

2010), and being able to go to lower applied field values (<20 μT , ithout o er s a out a 

magnetic gradient, to reduce non-linear TRM effects in samples with low PI estimates 

(Selkin et al., 2007). As microwave and thermal techniques demagnetise the samples in 

different ways, comparison of the two can improve the reliability of the site and allow it to 

pass the TECH QPI criteria (Biggin and Paterson, 2014; Appendix H).  

To improve our understanding of the geomagnetic field, both before and after the PCRS, 

microwave experiments are performed on several sites that have also been measured using 

thermal palaeointensity techniques. The sites  preceding the PCS come from two localities 

with volcanism from ~50 - 70 Myrs prior its onset (Veselovskiy et al., 2013; Vorontsov et al., 

2013; Arzamastsev et al., 2017), the Minusa Basin and the Kola Peninsula. The sites from 

after the PCRS come from two localities from the Siberan Traps, emplaced around the P-T 

boundary ~250 Ma (Courtillot and Renne, 2003), ~10 Myrs after the end of the PCRS. This 

chapter will start by covering the geological background of these localities, including 

palaeodirectional analysis, and give a summary of the rock magnetic analysis done as a part 

of previous palaeomagnetic studies. Scanning Electron Microscopy (SEM) is provided for 

the Siberian Trap sites, as it was not included in previous studies and is important for 
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identifying whether the samples carry a TRM (see Section 2.8 and Appendix H for further 

details), along with the results from the microwave palaeointensity measurements. These 

microwave results are then integrated with the thermal measurements to determine the 

most reliable means possible for these sites. While the Minusa and Kola sites represent new 

localities, there have been several studies producing numerous site measurements from 

the Siberian Traps so all of the sites are assessed for reliability using QPI criteria (Biggin and 

Paterson, 2014). All of these checks contribute to give the most reliable estimates possible 

of the strength of the field before and after the PCRS. 

3.2  Method 

The results presented from the two studies (see Appendices A and B) were measured on 

the U i ersity of Li erpool s 14Ghz microwave palaeointensity system with low-

temperature SQUID magnetometer (Hill and Shaw, 1999). The measurements were 

performed on non-oriented, 5mm diameter cores and performed in air. All of the 

microwave measurements were done following a Thellier-type protocol involving 

progressive, stepwise demagnetisation in zero field (Z) and given partial thermal remanent 

magnetisation (pTRM) in-field (I), with the majority of experiments using the IZZI protocol 

(Tauxe and Staudigel, 2004). This pattern of equal power ZI steps followed by equal power 

IZ steps has the advantage that large pseudo-single domain (PSD) to multi-domain (MD) 

behaviour produces zig-zagging of the Arai plots due to large PSD-MD behaviour of the 

magnetic grains, meaning that pTRM tail checks are not needed (Yu and Tauxe, 2005). The 

field was applied at a  a gle ° a d < ° to the NRM to minimise the domain state 

effects (Biggin, 2010). The strength of the applied field varied depending on the site but the 

applied field was generally within 1.5 times that of the palaeointensity estimate to reduce 

the problem of non-linear TRM effects (Selkin et al., 2007). All of the measurements 

included pTRM checks to check for alteration as increasing power intervals were applied.  

A number of selection criteria were used to determine the accepted measurements. All of 

the selection criteria used was adapted from the suggested from SELCRIT2 criteria (Biggin et 

al., 2007), designed to reduce accepting data affected by MD-like behaviour; however, the 

criteria and cut-offs used varied slightly between the pre-PCRS and post-PCRS studies (see 

Table 3.1). One of the biggest differences between the two studies is the NRM fraction used 

(FRAC). Both studies used a lower natural remanent magnetisation (NRM) fraction than 

suggested by SELCRIT2, partly because the NRM fraction has been calculated using by the 

vector difference sum calculation (FRAC; Shaar and Tauxe, 2013), rather than calculating  
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the NRM fraction from the y intercept (f; Coe et al., 1978). For linear Arai plots, the f and 

FRAC values should be fairy similar but for Arai plots that exhibit convex, two-slope 

behaviour due to an overprint the f value would be unreasonably high while FRAC would be 

more representative of the true NRM fraction. The low FRAC is also because samples of this 

age tend to only have a small fraction of the NRM that is representative of the 

characteristic remanent magnetisation (ChRM) due to significant overprints. As the P-T 

samples are younger, they have a smaller overprint then the Minusa and Kola samples and 

so a larger FRAC could be used. Both studies used a quality factor (q) equal to or higher 

then SELCRIT2 and, because the q factor takes into account the NRM fraction used, it was 

possible to use a slightly higher q value for the P-T study. Both used a slightly higher DRAT 

then the SELCRIT2 criteria as this criteria is normalised to the length of the best fit line of 

the selected component so using a smaller fraction of the Arai plot will lead to higher 

values. The Minusa and Kola study also included CDRAT as many of the Arai plots exhibited 

convex, two-slope behaviour and this criteria should reject any samples exhibiting the 

cumulative alteration that can cause these Arai plots (Kissel and Laj, 2004). The 

Minusa/Kola study also includes a DRATtail of 10% for the microwave measurement using 

Coe protocol, instead of IZZI. Some of the P-T measurements were also accepted if one of 

the criteria was just outside of the minimum acceptable criteria. 

Rock magnetic, palaeodirectional analysis and thermal palaeointensity measurements have 

all been performed on the sites prior to or in conjunction with the microwave 

palaeointensity measurements discussed here. Where the results are referenced in this 

study, the methods used can be found in the same studies. Scanning Electron Microscope 

(SEM) analysis was also performed as part of these palaeointensity studies and the method 

 
Table 3.1  Acceptance parameters for the Thellier-type measurements from the Minusa 

and Kola study (Shcherbakova et al., 2017) and the Microwave study for the Siberian Traps 

(Anwar et al., 2016). The selection criteria used are described in section 2.7 and Table 2.1, 

as well as the SPD (Paterson et al., 2014). 
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and results for the P-T study are outlined in this chapter (the Minusa/Kola SEM work was 

not analysed by the thesis author but can be found in Shcherbakova et al., 2017). The SEM 

analysis of the P-T samples was performed on the carbon coated polished thin sections 

using a Zeiss EVO LS15 EPSEM with energy dispersive X-ray (EDX)  spectroscopy from the 

Scanning Electron Microscope Laboratory of the University of Alberta (Edmonton, Canada). 

Back-scatter electron (BSE) images were taken to analyse the textures of magnetic 

recorders and EDX was used to try and constrain their chemical composition. 

3.3 Sampling Targets 

3.3.1 Geological Background 

3.3.1.1 Pre-PCRS Localities 

The sites studied from before the PCRS comes from two localities. The older locality is the 

Minusa Basin, a Mid-Late Palaeozoic rift basin on the Siberian Craton, of the Minusinskaya 

Valley region. The samples used for palaeointensity come for four mafic sections from the 

thick lavas piles of the Byskarskaya series; Tuba, Koksa, Sisim and Truba (Figure 3.1a). 

Isotopic age dating (40Ar/39Ar) of the Minusa volcanism shows that it was emplaced in two 

stages, with the Byskarskaya series representing the earlier stage dated from 407.5 ± 0.2 to 

386 ± 4 Ma (Vorontsov et al., 2013). The lavas are also covered by sediments bearing fauna 

interpreted as Eisfelian-Givetian (398 - 385 Ma) in age, in agreement with the lavas being 

Emsian-Eifelian in age (408 - 388 Ma).  

The palaeodirections for these sections were published in (Shatsillo, 2013) and further 

described in (Shcherbakova et al., 2017). They exhibit a wide range of components that 

have been interpreted as the ChRM, as all of them occupy the high temperature blocking 

interval (>300 °C) and show a high degree of consistency within the site. They are also all 

interpreted as representing the Devonian field and that the variation observed is because 

the field was more complex than during the present day e.g. had a stronger non-dipole 

component. These ChRM directions have been divided into three groups based on the 

strength of the evidence of their primary nature; green, yellow and red. The most prevalent 

of the dire tio al o po e ts are North N  a d South S  dire tio s a d these ha e the 

strongest evidence, including; (a) being geographically well distributed (found at almost all 

locations and more than 200 km apart), (b) they are antipodal, (c) the N component passes 

a fold test (the lava bedding was too similar for the S component directions for a fold test to 

be conclusive) and (d) the VGPs are consistent Lower Devonian poles for the Siberian   
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the yellow group; East E ), North-West ( NW ), North-West-South-East ( NWSE , which has 

an inclination close to the horizontal and so includes directions that point both ways) and 

South-West ( SW . The primary nature of the ChRMs is supported by (a) the NW  a d 

NWSE  o po e ts oth passing a fold test, (b) remagnetisation being determined as 

unlikely as the VGPs are inconsistent with any later Phanerozoic poles and (c) tectonic 

rotation seeming unlikely as the directions are consistent over a wide area and within the 

 

Figure 3.1  (a) Location map for the Minusa and Kola locality maps (b and c). (b) Geological 

map of the Minusa Basin. The four lithological units shown in the key are: (1) Permo-

Carboniferous sediments, (2) Early-Middle Devonian volcanogenic sedimentary rocks 

(Byskarskaya series), (3) Pre-Devonian basement and (4) Faults. Also marked are the four 

suites of the Minusa basin: (I) Nazarovskaya, (II) Chebakovo-Balakhtinskaya, (III) Syda-
Erbinskay and (IV) Minusinskaya. The stars mark the four sections that have been studied 

for paleointensity: (1) Tuba, (2) Koksa, (3) Sisim and (4) Truba. (c) A map of the Kola 

Peninsula showing the geographical location of all of the sites that have been investigated 

for palaeointensity. Both maps are from Shcherbakova et al. (2017). 



46 

 

sa e se tio s as the N  a d S  components. The red group includes all of the directions 

that are outliers compared to these components, but are still unlikely to be 

remagnetisation as they exist in the same sections, a d the P  o po e t dire tio s, which 

appears to e a ed after Pole  as the  VGP s lie close to the Jurassic pole (Torsvik et al., 

2012) and so may have been remagnetised (as Shatsillo( 2013), which is the original paper 

to describe this component, is in Russian, the naming convention for this component is not 

entirely clear).  

The younger of the Pre-PCRS localities is the Kola Peninsula (Figure 3.1b), the most north-

eastern part of Fennoscandia. The samples come from the Kola Alkaline Province, which is 

made up of alkaline-mafic plutons and numerous dyke swarms, intruded into the 

metamorphosed, Archean-Proterozoic shield. Ar-Ar and Rb-Sr age dating of the province 

suggests that it was emplaced throughout the Mid-Late Devonian, around 390-360 Ma 

(Veselovskiy et al., 2013; Arzamastsev et al., 2017). The six dykes that were investigated for 

palaeointensity were considered coeval with dykes dated in these studies to between 382.8 

± 5.6 Ma and 375.1 ± of 3.9 Ma. The only dyke to pass the microwave palaeointensity 

selection criteria is apparently of this youngest age (sample 25-11).  

A number of detailed studies on the palaeodirections from this locality have shown that the 

majority of dykes in this locality have undergone some low temperature alteration, 

producing an intermediate temperature component that is also present in some of the 

Proterozoic dykes and parts of the shield (Veselovskiy et al., 2013, 2016) that matches the 

Early Jurassic part of the apparent polar wander path (APWP) for Baltica (Torsvik et al., 

2012). However, some of the dykes still carry the Devonian ( D ) component, which appears 

to be primary in age because; (a  it is lose to the Early De o ia  part of Balti a s APWP, (b) 

it passes a baked contact test (Arzamastsev et al., 2017) and (c) it is observed in rock from 

across the whole Peninsula. The different polarity directions just fail a reversal test, possibly 

because of the problem of separati g the D  o po e t fro  the you ger re ag etistio  

in some of the samples. All of these dykes were chosen because they exhibit the cleanest 

examples of what is considered to be the primary Devonian palaeodirections the D  

component).  

3.3.1.2 Post-PCRS Localities 

The Siberian Traps is one of the largest Large Igneous Provinces (LIPs) known to be 

emplaced during the Phanerozoic. The Traps are built up largely of basaltic lava flows, 

which are concentrated towards the northern part of the Traps outcropping on the Siberian 
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platform, but also included extensive intrusive magmatism. The traps were emplaced 

around the time of the Permo-Triassic Boundary (~250 Ma) cited as a possible cause of the 

largest Phanerozoic mass extinction event (Courtillot and Renne, 2003) and correlating with 

a period of a major environmental crisis (Erwin, 1994; Kravchinsky, 2012). 

The samples analysed in this study come from some of the sites previously analysed for 

palaeointensity or, at least, palaeodirections, from the Siberian Traps. There are five studies 

in the most recent update of the PINT15 database (Biggin et al., 2009) and the samples 

analysed for this study come from sites in the database already analysed for palaeointensity 

using thermal methods. Four of the sites come from the Maymecha-Kotuy region (Figure 

3.2), which is a 4 km thick volcanic sequence located towards the northern part of the 

Siberian platform. The five formations that make up the Maymecha locality, from oldest to 

youngest, are the Pravoboyar, Onkuchak, Tyvankit, Delkan and Maymechin Formations. The 

Kotuy locality also includes the Onkuchak formation, which overlies the Arydzahang 

Formation (correlates with the Pravoboyar Formation). Absolute age dating suggests that 

 

Figure 3.2  Geological map of the 

Siberian Traps. The position of 

the two localities studied for 

microwave palaeointensity are 

marked by red stars; (1) the 

Maymecha-Kouty and (2) the sills 

by the Sytikanskaya and 

Yubileinaya kimberlite pipes. This 

map comes from Anwar et al. 

(2016). 
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these flows were emplaced with over a relatively short interval with the most recent U-PB 

age dates for the Arydzahang and Delkan Formations suggesting they were emplace at 

252.24 ± 0.12 Ma and 251.90 ± 0.061 Ma respectively (Burgess and Bowring, 2015; updated 

from 251.7 ± 0.4 Ma and 251.1 ± 0.3 Ma from Kamo et al., (2003)). The sections studied for 

Microwave palaeointensity include the Maymecha section studied for palaeointensity by 

Shcherbakova et al., (2015), who managed to distinguish 42 flows from the Tyvanit and the 

Delkan Formations, as well as two sections where the flows were indistinguishable, and the 

Truba section studied by Shcherbakova et al., (2013), which includes 42 distinct flows from 

the Onkuchak Formation in the Kotuy region. The Maymecha-Kotuy section has also been 

correlated to the Norilisk section, which is one of the other localities with palaeointensity 

sites in the PINT15 database. The Normal polarity part of the Norilisk section, top part, 

correlates with the normal polarity section in the lower part of the Onchuak Formation and 

the top part of the Pravoboyar/Arydzahang Formations (Pavlov et al., 2011, 2015). 

Stratigraphy (Fedorenko et al., 2000) and age dating (Burgess and Bowring, 2015) agree 

fairly well with this. 

The second locality to the analysed in this study is in south-eastern part of the Siberian 

traps (Figure 3.2). The magmatism here is found as 5 – 20 m thick, near surface intrusions 

and the sites for this study come from sills overlain in the area of Sytikanskaya (S1-3) and 

Yubileinaya (Y1) kimberlite pipes. While direct age dating has not been possible (Zolotukhin 

a d Al ukha edo , , the sills are clearly relate to the trap magmatism, which is 

believed to have been emplaced over ~1 - 2 Myrs (Burgess and Bowring, 2015). Basaltic 

dikes related to the sills cut across Carboniferous-Permian sediments, the sills are covered 

by younger sediments and even include inclusions of older sediments and fossils 

(Kravchinsky et al., 2002; Blanco et al., 2012). The age relationships between the sills are 

not clear but field observations suggest there were multiple eruptions in this area so the 

different sites are though provide a reasonable representation palaeosecular variation. 

Palaeodirections from these sills report a stable, antipodal ChRM of normal polarity for the 

Yubileinaya sill and reverse for Sytikanskaya (Kravchinsky et al., 2002; Blanco et al., 2012). 

3.3.2 Rock magnetics 

3.3.2.1 Pre-PCRS Localities 

All of the rock magnetic experiments for the pre-PCRS localities were performed by 

Shcherbakova et al. (2017). The magnetic mineralogy of the Minusa sections can be divided 

into three types based on thermomagnetic curves, hysteresis and SEM analysis of etched 
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thin sections. Samples with type 1 magnetic mineralogy show fairly reversible 

thermomagnetic curves (Figure 3.3ai), with Curie temperatures indicative of hematite, and 

the very high magnetic hardness of these samples agree with this (Figure 3.3aii). SEM 

analysis of a sample from Sisim site 41 (sample 417) confirms this; the BSE images of the 

magnetic grains (Figure 3.3g) show the typical exsolution texture for high temperature 

oxidation of titanomagnetite into magnetite and ilmenite lamellae but etching of the thin 

section with hydrochloric (HCL) acid shows that the magnetite must have oxidised to 

hematite as it did not dissolve. Samples with type 2 mineralogy were found to exhibit very 

similar thermomagnetic curves (Figure 3.3bi) to the type 1 samples except with a possible 

second, lower, Curie te perature a d asp- aisted  hysteresis loops (Figure 3.3bii) 

indicating the presence of magnetically softer magnetite as well as hematite. BSE images 

from site 45 (Figure 3.3h, i; sample 440) are also very similar to those from Sisim site 45, 

with large grains displaying the same exsolution structure, however HCL acid was able to 

dissolve some of the cells, confirming the presence of some magnetite. Samples with type 3 

magnetic mineralogy displayed similar thermomagnetic curves (Figure 3.3ci) to that of the 

mixed mineralogy type 2 samples, except that they were not as reversible after heating to 

>400 °C. This could indicate the alteration on heating due to the presence of maghemite; 

however, there are no SEM images to confirm the presence of maghematisation. As the 

Day plot (Day et al., 1977) was designed for pure magnetite samples, is probably not 

effective tool for determining the grain size distribution of these samples as they all appear 

to contain hematite but experiments applying pTRMs to determine domain structure 

(Shcherbakova et al., 2000) indicate SD-like behaviour at least for the ChRM component 

(Figure fi, fii).  

The rock magnetic analysis on the Kola intrusives shows that there is no evidence of low 

temperature alteration in the magnetic mineralogy of these samples either (Figure di, ei). 

SEM analysis shows large titanomagnetite grains that have undergone high temperature 

alteration to produce fine magnetite and ilmenite lamellae (Figure 3.3j). This is supported 

by the largely reversible thermomagnetic curves with Curie temperatures close to pure 

magnetite (Figure di, ei) and hysteresis properties (Figure dii, eii) consistent with PSD 

portion of the day plot (Figure 3.3k). 

3.3.2.2 Post-PCRS Localities 

Rock magnetic analysis for the Siberian Trap sites was performed across a number of 

palaeomagnetic studies. The flows from the Truba section were divided into four groups  
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Figure 3.3  Representative rock magnetic analysis of the Pre-PCRS localities, Minusa and 

Kola, published by Shcherbakova et al., 2017. (a - e) Represent the typical (i) 

thermomagnetic curves and (ii) hysteresis loops from the two localities; (a) Minusa type 1 

mineralogy (sample 417, Sisi  , red  o po e t), (b) Minusa type 2 mineralogy (sample 

440, Sisi  , gree  o po e t), (c) Minusa type 3 mineralogy (sample 846, Koksa 70-

, gree  o po e t  a d d, e  Represe tati e Kola sa ples sa ple 099, site 11-15 and 

sample 225, site 18-13 respectively). (f) Estimation of pTRM tail effects (Shcherbakova et 

al., 2000) for Minusa sample 121 Tu a, site , yello  (continued on the next page) 



51 

 

(continued from the previous page) component) the between (i) 550 °C - 600 °C and (ii) 550 

°C - 600 °C. To achieve this, the sample is given a full TRM i  a field of μT to higher of 

the interval temperatures (T2). The plots show the magnetisation of the samples when (1) 

heated in zero-field to remove the TRM equal to and less than the lower of the interval 

temperatures (T1) to leave a pTRM(T2,T1), (2) heated back to TRM2 to remove all of the 

pTRM and (3) cooled back down to room temperature (T0), with the arrows showing the 

direction of heating/cooling. As the second heating to T2 should remove all of the pTRM, 

then the only magnetisation remaining will be due to tail effects of samples that unblock 

between T1 and T2. (g-j) BSE SEM images showing the representative magnetic mineralogy 

textures from the two localities, after being etched with HCL acid to differentiate magnetite 

and hematite (magnetite will dissolve, hematite will not); (g) Minusa sample 417 (Sisim, site 

, red  o po e t , (h, i)  Sisi , site , gree  o po e t  and (j) Kola sample 109. 

(site 11-15). (k) Day plot (Day, 1977) of all of the Minusa samples with hysteresis curves like 

that of the type 3 mineralogy (those that saturate) and the Kola samples that provide 

palaeointensity estimates. 

 

and the thermomagnetic curves of the group 4 flows (Figure 3.4a), representative of the 

two flows measured in this study (flows 28 and 29), provided Curie temperatures of ∼250 – 

400 °C, which suggests the remanence carries are Ti-rich titanomagnetite (Shcherbakova et 

al., 2013). The published thermomagnetic curves are also irreversible, with small reductions 

in magnetisation in temperature steps between 200 - 400 °C and a much larger increase in 

magnetisation above the Curie temperature of the sample. The small reductions at lower 

temperatures could be suggestive of the some alteration due to (titano)maghemite, which 

converts to hematite, while the large increase in magnetisation is likely to be due to 

exsolution of the titanomagnetite into ilmenite and (titano)magnetite, which agrees well 

with the Curie temperatures close to 580 °C for the final cooling curve. The Day plot (Figure 

3.4c) shows that all of the samples used for palaeointensity were SD to small PSD in size. 

There are representative SEM images published for this study for the groups 1 - 3 flows but 

none for the group 4 flows used for palaeointensity.  

The two sites from the Maymecha section both come from the Tyvankit Formation and are 

represented by the type A1 thermomagnetic curves from Shcherbakova et al. (2015), which 

give Curie Temperature around that of magnetite (Figure 3.4b). However, these curves are 

also irreversible from temperatures >400 °C, with a reduction in the magnetisation of the 

sample similar to that of the T (28 and 29) flows. This suggests the samples may have 

undergone some maghematisation as the Curie temperature of maghemite can be only 

slightly elevated from magnetite. The Day plot (Figure 3.4d) shows that all of the samples 

from the Tyvankit Formation were SD to PSD in size.  There are also representative BSE 

images for the Tyvankit Formation published for this study that show both large grains of 

(titano)magnetite with exsolution lamellae and dendritic magnetite; however, it is not clear 
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Figure 3.4  Representative rock magnetic analysis of the northern and south-eastern 

Siberian Trap localities, published by Shcherbakova et al., 2015, 2013 and Blanco et al., 

2012. For the northern localities: (a) Representative thermomagnetic curves of the group 

four flows; samples (i) 184 (flow 18) and (ii) 403 (flow 38) from the Onkuchak Suite 

(Shcherbakova et al., 2013). (b) Representative thermomagnetic curve for Type A1 
mineralogy from sample 430 from the Tyvankit Formation (Shcherbakova et al., 2015). Day 

plots for the (c) Onkuchak Suite (Shcherbakova et al., 2013) and (d) Tyvankit Formation 

(Shcherbakova et al., 2015). For the south-eastern localities: Representative (i) 

thermomagnetic curves and (ii) hysteresis loops from the sills by the (e) Sytikanskaya and 

(f) Yubileinaya kimberlite pipes (Blanco et al., 2012). (g) A modified day plot with the 

magnetite SD + SP and SD + MD theoretical mixing lines (Dunlop, 2002) for the Sytikanskaya 

(triangles), Aikhal (diamonds) and Yubileinaya (circles) localities (Blanco et al., 2012). 



53 

 

which is representative of flows 21 and 23.  

Rock magnetic analysis of the sites from the sills by the Sytikanskaya and Yubileinaya 

kimberlite pipes was all performed by Blanco et al., (2012). The samples from Sytikanskaya 

produced reversible thermomagnetic curves, with a Curie temperature of 560 °C, 

suggesting the remanence carriers are nearly pure magnetite (Figure 3.4ei). Thermally 

dependent magnetic susceptibility curves for Yubileinaya are also reversible but have a 

Cure temperature slightly depressed from that of magnetite (~500 °C), suggesting the 

samples contains low-Ti (titano)magnetite (Figure 3.4eii). The Day plot (Figure 3.4g) shows 

that all of the samples plot in the PSD region, either close to or along the SD + MD mixing  

line (Dunlop, 2002). There were also no SEM images for the sites published as a part of this 

study. 

3.4 Results 

3.4.1 SEM from the Siberian Traps 

To corroborate the results from the rock magnetic work for the sites from the Siberian 

Traps and confirm the presence of a primary TRM, SEM analysis was performed on 

representative thin sections from each of the sites and published in Anwar et al. (2016). BSE 

images of the Truba sites shows that despite producing similar thermomagnetic curves, the 

morphology of the magnetic minerals differ between the two sites. T (flow 28) shows what 

appears to be dendiritic (titano)magnetite and small needles of ilmenite (Figure 3.5a), 

although there is only EDX to confirm the small needles are ilmenite, the dendritic crystals 

can be assumed to be titanomagnetite based on the rock magnetic analysis and their 

similarities in morphology to the remanence carriers from the group 1 flows from the same 

study (see Figure 2 from Shcherbakova et al., 2013). T (flow 29) contains very large (> 100 

μ , skeletal tita o ag etite grains (Figure 3.5b; EDX gives Ti:Fe ratio is 37 %).), with a few 

exsolution lamellae of ilmenite. Both of these textures are consistent with the flows 

undergoing rapid cooling, which could explain the high titanium content of the 

titanomagnetite, as there was probably not enough time for the it to exolve into magnetite 

and ilmenite before solidifying.  The large titanomagnetite grain from T (flow 29) also shows 

signs of cracking, which is a sign of a volume reduction in the grains, associated with low 

temperature oxidation (e.g. maghematisation; Dunlop and Özdemir, 1997), which is also 

consistent with the rock magnetic analysis by (Shcherbakova et al., 2013). For the sites from 

the Maymecha section, M (flows 23 and 21), the SEM analysis confirmed that the samples 

contained large grains of (titano)magnetite with exsolution lamellae as seen in Figure 3a of 
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Shcherbakova et al. (2015). 

The Sytikanskaya sites (S1 and S3) both show grains of magnetite (confirmed from EDX as 

having no discernible titanium) with a large variation in size from < 10 μ  to u h larger, 

subhedral grains (50 –  μ  lo g . This fits ell with both the thermomagnetic curves 

from Sytikanskaya that suggested the samples contained nearly pure magnetite and the 

samples falling on the SD + MD mixing line of the Day plot. While the large grains do not 

show typical exsolution structure, there appears to be some long needles of ilmenite in the 

large magnetite grain (Figure 3.5c) and there is no sign of the cracking associated with 

maghematisation. The Yubileinaya site (Y1; Figure 3.5d) contains similar textures to that of 

T (flow 28; Figure 3.5b) with dendritic titanomagnetite and needle-like ilmenite crystals, 

 

Figure 3.5  Representative BSE images of the magnetic mineralogy of the sites that passed 

palaeointensity selection criteria: (a) sample 294 (Truba, flow 28), (b) sample 304 (Truba, 

flow 29), (c) sample 15 (Sytikanskaya pipe, site S1) and (d) sample 1 (Yubileinaya pipe, site 

Y1). This figure is modified from Anwar et al. (2016) 
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which is also in good agreement with the thermally dependent susceptibility curves for 

Yubileinaya, although the BSE images suggest that the ratio of titanomagentite to ilmenite 

in Y1 is much greater. 

3.4.2 Palaeointensity results 

3.4.2.1 Pre-PCRS localities 

A total of 36 microwave palaeointensity measurements were made on specimens from 9 

sites from Minusa and only 11 measurements on specimens from four sites from Kola. All of 

the microwave measurements were published in Shcherbakova et al., (2017) and are listed 

in Appendix A. The limited number of microwave palaeointensity measurements are due to 

several factors, including a limited amount of material (only 1 cm3 cubes) being sent to 

Liverpool, a number of thermal measurements (both Thellier-Coe and Wilson) having 

already been produced at Borok, and the magnetic mineralogy of some of the samples 

making measurements using the microwave system difficult for some sites. As the sites only 

produced 1 - 2 microwave measurements, and all the measurements within the site come 

from the same sample, it is difficult to assess the internal consistency of the measurements 

within the sites, however all but one site produced consistent microwave results. Further 

discussion about the in-site consistency of the measurements will take place in section 6.1, 

when the microwave estimates are compared to those from the thermal measurements. 

From Minusa, only 9 measurements from 6 sites passed (a pass rate 25 %) with values 

ranging between 5 – 21 μT (see Appendix A). Only one site with Type 1 mineralogy was 

measured and it is not surprising that these measurements did not pass as the microwave 

system generally cannot demagnetise remanence held by hematite. The microwave Arai 

plots from samples that pass selection criteria from Minusa vary in appearance from near 

linear (Figure 3.6a) to two-slope (both convex as in Figure 3.6b and concave) depending on 

the degree of overprint in the sample. While this convex, variable-slope shape can be 

caused by sagging Arai plot due to large PSD to MD behaviour (Levi, 1977) this is not the 

case here as the low power slope clearly relates to the overprint, which has a distinct 

direction from the ChRM. Further evidence that the Arai plots are not being affected by 

large PSD-MD behaviour are that the plots do not show any signs of the zig-zagging that is  

expected he  usi g the IZZI ethod a d the sele ted o po e ts are li ear, gi i g lo  k  

alues of  ± .  k  refle ts the ur ature of the sele ted o po e t; Paterson, 2011). 

Alteration can also cause variable slope behaviour and while the samples do appear to be 

affected by alteration towards the end of experiment (see the failed pTRM checks in Figure 
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3.6a and b), they are fine for the selected component and DRAT/CDRAT pass selection 

criteria. 

From Kola, only 2 measurements passed, both from site 25-11 (pass rate 18 %), that gave 

values of ~ 12 μT. The limited numbers of measurements are due to many of the same 

reasons as the Minusa sites, as well as there being very few sites identified in the first place 

because of the pervasive Jurassic remagnetisation of the Kola dykes. Unlike Minusa, it is 

unclear why the samples are altering at such low powers (see Figure 3.6c) as the rock 

magnetic analysis shows that the samples contain thermally stable magnetite 

(Shcherbakova et al., 2017). This early alteration appears the main reason for the low pass 

rate and, as the directions from the other sites that do not include microwave 

measurements that pass selection criteria show a large overprint on these samples, early 

alteration is a big problem as the ChRM cannot be reached.  

3.4.2.2 Post-PCRS Localities 

Microwave measurements were made on 50 specimens from 14 sites from the Siberian 

Traps; 10 from the northern localities and four from the south-eastern localities. All of 

these measurements are shown were published in Anwar et al., (2016) and are listed in 

Appendix B. Only 12 measurements, across five sites (3 from the Maymecha section and 2 

from Truba), passed selection criteria passed from the northern localities giving values 

between 5 - 27 μT. One of the sites, Flow 18 from the Maymecha section, only produced a 

single palaeointensity estimate (with no thermal estimates) and so was excluded for further 

analysis. Like with the Minusa and Kola samples, only a limited number of palaeointensity 

estimates were possible due to the small amount of available material and 3 of the 4 sites 

 
Figure 3.6  Representative microwave Arai plots from the Minusa and Kola localities. From 

Minusa (a) is an example of a near-linear slope with very little overprint and (b) an example 

with a convex shape due to a clear overprint. From Kola (c) is an example of only one of two 

measurements that passed for a single site (25-11), which show alteration at moderate 

powers. 
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already had thermal measurements for the site. Examples of representative Arai plots are 

shown in Figure 3.7, with all of the plots exhibiting linear slopes and relatively little 

overprint. The Truba samples (Figure 3.7a and b) alter early on during the experiment, 

which is probably due to exsolution of the titanomagnetite samples upon heating. The 

Maymecha section samples (Figure 3.7c) do not alter until much higher powers, probably 

because they are carrying more thermally stable magnetic minerals (e.g. higher Curie 

temperatures). There is also a small amount of zig-zagging observable on the associated 

Zijderveld plots, which tends to be associated with large PSD - MD behaviour. These 

measurements have still been accepted as the estimates do not appear to have been 

stro gly affe ted y MD, ith k  alues  0.49 indicating that the slopes of the selected 

components are linear and MAD° < 3.5 showing that the zig-zagging is very minor. All 

results for the Maymecha sites appear to be consistent within the sites, while the Truba 

sites have greater standard deviations, although this could be due to the much lower site 

means (<10 μT . 

 
Figure 3.7  Representative microwave Arai plots from the Siberian Traps; (a - c) from the 

northern localities and (d - f) from the south-eastern localities. The representative Arai 

plots from the Truba section (a and b) and the Sytikanskaya sill sites (d and e) are from S1 

and S3 respectively) show alteration of the samples at moderate powers and, in the case of 

the Truba plots, slight zig-zagging in the corresponding Zijderveld plots. The representative 

plots from the Maymecha section (c) and Yubileinaya sill site (f is Y1) both show linear 

slopes with negligible overprint. 
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From the south-eastern localities, 18 measurements passed across all 4 sites giving values 

between 14 – 58 μT, although site S2 only produced a single palaeointensity estimate and 

so was excluded for further analysis. The remaining sites all gave 5 - 6, consistent results; S1 

and Y1 both have standard deviations <=25 % for n based on Paterson et al. (2010) and S3 is 

< 1 % from this. Representative Arai plots for the sites are shown in (Figure 3.7d - f) 

showing a linear slope component, with some overprinting of the samples in a different 

direction to give the convex shape at the start of the experiment in the cases of sites S3 and 

Y1. Curvature towards the end of the experiment is clearly related to alteration as the 

pTRM checks fail and the selected components from the measurements are taken before 

this failure. 

3.5 Discussion 

3.5.1 Integration of and Comparison between microwave and thermal Results 

Almost all of the sites also include thermal palaeointensity results so these have been 

combined with available the new microwave results for further analysis and all the available 

results for the sites are listed in Tables 3.2 and 3.3. Combining all of the different 

measurements from different techniques for the site is the standard protocol for inputting 

the data into palaeointensity databases (e.g. the PINT15 database; Biggin et al., 2011) and 

analysing the site reliability (e.g. applying QPI criteria). Combining estimates from different 

techniques can also highlight issues with the samples that a single technique may not 

observe. For the Minusa and Kola sites, the shape of the Arai plots from the thermal 

Thellier-Coe and microwave methods (the raw data of which is published in Shcherbakova 

et al. (2017)) are fairly comparable for each site, with slight differences in shape probably 

due to differences in unblocking behaviour and demagnetisation of the overprint before 

starting the palaeointensity experiment. Comparing the other microwave results to the 

thermal results (both Thellier-Coe and Wilson) for the Minusa sites (Figure 3.8), indicates 

that, while the several of the sites have a fairly high standard deviations (up to  59 %), this 

does not appear to be due to discrepancies between the techniques. Figure 3.8 shows that 

for the Minusa site, almost all of the ranges of estimates for the different techniques 

overlap at each site, apart from a few outliers (such as the Wilson measurements for Koksa-

N 70-7 and Tuba 28). Even for these measurements, the outlying estimates are only out by 

a fe  i rotesla so the lo  sites ea s ge erally <  μT  ay e o tri uti g to the high 

standard deviations. Comparatively, the results from the different experiment types from 

site 25-11 (Figure 3.8) highlights a potential issue with this site as all of the techniques give  
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Site Sample Method
Low 

W.s/T

High 

W.s/T

Hlab 

μT n β FRAC g q delCK DRAT CDRAT α MADANC Pi μT Site Mean 

μT
VDM 

(ZAm
2
)

Minusa (green components)

Koksa-N/70-7 879B MW 66 134 5 5 0.041 0.345 0.675 7.6 10.3% 11.2% 3.5% 6.7 1.9 0.10 8.8

(Type 3) 879C MW 42 173 8 11 0.038 0.621 0.786 12.9 14.4% 14.3% 15.2% 7.1 3.2 -0.37 10.3

879(1) TT 480 600 20 10 0.055 0.430 0.837 11.0 2.8% 3.8% -5.1% 4.2 1.7 0.26 4.1

879 W 230 550 30 9.8

Sisim 438 2k W 231 649 30 20.6

immirskaya 440_2d TT(2c) 400 645 30 7 0.026 0.531 0.710 17.2 3.6% 5.7% 8.7% - 1.5 -0.21 6

suite/45 440 2k W 301 649 30 8.5

441_jr6 TT 400 630 20 7 0.066 0.334 0.756 2.8 1.4% 4.3% 2.8% 8.2 1.8 -0.35 16.8

442A MW 115 193 10 5 0.049 0.519 0.653 4.6 3.2% 7.2% 8.2% 12.8 3.6 -0.22 8.2

442 2k W 351 649 30 6.9

442(1)_jr6 TT 300 600 20 7 0.034 0.503 0.801 14.0 3.4% 5.3% -0.9% 8.8 4.2 0.10 7.5

442(1)_2d TT(2c) 200 630 30 7 0.025 0.586 0.761 18.7 2.3% 3.8% 4.3% - 2 -0.12 5.3

442(4)_2d TT(2c) 400 625 50 6 0.051 0.319 0.721 6.1 0.5% 1.1% 0.6% - 3.6 -0.37 5.6

442(3)_2d-1st TT(2c) 200 600 10 6 0.017 0.584 0.753 27.9 0.03 5

Truba/33 331A MW 85 174 10 7 0.076 0.618 0.813 6.5 7.3% 8.6% 14.5% 10.6 4.3 -0.23 9.7

331B MW 88 165 10 7 0.021 0.639 0.816 25.6 6.5% 4.2% 6.1% 1.3 0.7 0.06 21

331_jr6 TT 510 640 20 6 0.078 0.427 0.781 5.7 2.2% 3.6% 5.1% 14.0 4.4 0.50 8.9

Minusa (yellow components)

Koksa-S/009 123C MW 0 174 5 7 0.014 0.894 0.783 35.7 13.9% 12.4% -10.4% 14.6 5.9 0.00 7

123E MW 105 177 7 7 0.047 0.635 0.808 11.5 6.0% 7.0% 15.7% 13.6 5.4 -0.17 5.4

Tuba/28 101 W 202 650 20 5.3

102_jr6 TT 450 610 20 12 0.04 0.38 0.88 13.5 6.6% 10.0% -6.5% 0.9 1.2 -0.13 11.5

102 W 171 548 20 8.3

103 W 400 650 20 4.7

105 W 151 650 20 6.7

106C MW 44 161 15 8 0.078 0.468 0.795 6.6 10.2% 13.7% -6.0% 10.4 5 -0.38 8.6

106G MW 69 136 8 5 0.078 0.286 0.698 4.0 2.5% 4.3% -7.7% 5.4 1.8 0.37 6.5

106 W 153 650 20 4.4

107 W 351 650 20 8

108 W 100 650 20 5.6

109 W 102 650 20 6.5

-

-

-

-

13 ± 7                   

(n = 3)
32 ± 16

6 ± 1               

(n = 2)
14 ± 3

-

6 ± 2              

(n = 11)
18 ± 5

-

-

-

8 ± 3              

(n=4)
17 ± 6

-

-

9 ± 5                  

(n=10)
19 ± 11

-

-

NO CHECKS
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Site Sample Method
Low 

W.s/T

High 

W.s/T

Hlab 

μT n β FRAC g q delCK DRAT CDRAT α MADANC Pi μT Site Mean 

μT
VDM 

(ZAm
2
)

Minusa (red components)

Sisim 471A MW 98 175 6 5 0.074 0.415 0.59 4.3 4.8% 6.3% 4.3% 8.7 3.1 -0.38 6.2

immirskaya 471(1)_jr6 TT 450 640 20 13 0.066 0.483 0.80 9.4 4.8% 6.1% -2.5% 4.8 1.8 0.43 4.6

suite/53 471.sr2 TT 475 600 20 5 0.05 0.405 0.38 5.5 3.4% 4.6% -2.8% 3 1.2 0.26 3.8

471 W 250 540 20 4.8

473(2) TT 450 600 20 8 0.036 0.396 0.802 15.1 3.4% 4.8% -15.5% 9.7 3.2 0.18 5.3

473(1) TT(2c) 520 640 30 7 0.027 0.382 0.723 17.6 4.1% 6.2% -3.0% - 3.6 0.15 3.7

437_2k W 50 650 30 6

Kola

25-11 K536A MW 18 128 10 11 0.061 0.411 0.883 5.1 1.7% 3.2% 2.3% 4.5 2.2 0.36 11.4

K536B MW 13 96 10 6 0.055 0.406 0.758 6.4 10.0% 10.1% 9.4% 13.6 3.4 0.22 11.6

536-11(2) TT 300 530 20 9 0.094 0.397 0.76 4 4.2% 8.3% 1.0% 9.6 6.1 0.39 4.5

536-11 2d W 101 499 20 2.3

8 ± 5 18 ± 11

-

5 ± 1 13 ± 2-

-

  

Table 3.2  Summary table of all of the palaeointensity estimates from the sites that produced accepted microwave results from the Minusa and Kola 

localities. The techniques used include microwave IZZI protocol with pTRM checks (MW), thermal Thellier Coe protocol with pTRM (TT/TT(2c)), the 2c 

representing samples where the magnetisation was only measured in two components) and Wilson (W). The thermal results (as well as the Micrpwave 

results) were all published in Shcherbakova et al. (2017), where there is also a full description of the procedures. All of the selection criteria used are 

described in Table 2.1 and the Standard Palaeointensity Definitions (Paterson et al., 2014). 

Table continued from page 35 
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Site Sample Method
Low 

W.s/T

High 

W.s/T

Hlab 

μT N β FRAC g q delCK DRAT CDRAT α MADANC Pi μT Site Mean μT
VDM 

(ZAm
2
)

Truba

T SIBPT294 MW 66 138 20 6 0.079 0.408 0.763 6.3 2.2% 3.1% 2.0% 4.3 3.4 -0.14 8.1

(flow 28) SIBPT294B MW 95 362 10 13 0.045 0.369 0.856 6.4 4.8% 12.6% 12.0% 13 2.3 0.05 5.1

SIBPT294C MW 63 141 7 7 0.033 0.609 0.664 13.3 6.5% 5.4% 8.8% 7.7 3.4 -0.14 10.6

294(1)*
1 TT 200 350 20 7 - 0.42 0.82 2.7 - - - - - 20.4

294(jr6)*
1 TT 200 390 20 10 - 0.68 0.88 5.6 - - - - - 21.3

294(1)*
1 W 14.3

T SIBPT304 MW 45 220 30 8 0.064 0.672 0.757 9.1 5.5% 6.5% -7.9% 1.5 1.5 0.27 13.7

(flow 29) SIBPT307A MW 80 216 15 9 0.021 0.593 0.865 29.6 12.2% 15.5% 32.4% 5.3 3 0.09 6.6

SIBPT307B MW 65 167 10 7 0.101 0.360 0.799 3.8 1.5% 2.5% -1.0% 6.2 1.9 0.49 7.9

308(1)*
1 TT 200 270 20 3 - 0.28 0.50 1 - - - - - 18.9

308(2)*
1 TT 160 270 20 7 - 0.33 0.83 4 - - - - - 23.9

308(1)*
1 W 23.6

Maymecha

M SIBPM336 MW 119 289 20 11 0.018 0.645 0.859 29.8 4.5% 5.9% 9.9% 2.4 1.6 -0.13 13.4

(flow 23) SIBPM336B MW 135 293 20 9 0.036 0.584 0.85 13.5 5.2% 7.5% -5.4% 5.5 6.1 -0.06 13.2

336*
2 TT 500 620 20 13 - 0.58 0.89 35.2 - - - - - 10.8

336_jr6*
2 TT 450 580 20 12 - 0.58 0.88 10.3 - - - - - 8.7

336*
2 W 9.0

M SIBPM346 MW 184 385 30 6 0.044 0.589 0.762 10.9 7.8% 9.8% 4.7% 0.3 1.5 -0.08 23.8

(flow 21) SIBPM346B MW 106 249 20 8 0.033 0.747 0.829 18.1 10.2% 8.5% 6.0% 1.3 0.8 -0.04 26.6

Sytikanskaya

S1 S8-9a*
3 TT 450 575 30 5 0.1 0.95 0.49 3.8 - - - - - 18

SIBPS10-7B MW 32 280 20 14 0.013 0.649 0.805 40.3 12.4% 14.5% 8.3% 7.6 2.6 -0.1 17.8

SIBPS10-7C MW 102 166 20 6 0.102 0.604 0.591 4.2 11.1% 11.5% 8.5% 10.5 6 -0.37 17.5

SIBPS10-7D MW 97 270 20 7 0.046 0.578 0.793 10 3.6% 4.6% -6.3% 1.7 1.1 -0.18 18.4

S15-1bf*
3 TT 200 450 40 9 0.07 0.384 0.796 4.2 - - - - - 40.1

SIBPS15-6 MW 21 129 40 7 0.054 0.508 0.645 6.8 1.9% 2.9% 5.4% 3.5 1.1 0.32 21.2

SIBPS15-6B MW 36 156 20 9 0.058 0.382 0.793 5.5 4.3% 6.9% 9.0% 4.1 1.1 0.35 23.1

SIBPS15-6C MW 77 178 20 9 0.027 0.520 0.830 19.5 7.5% 9.8% 23.9% 6.3 4.2 0 14.3

8 ± 3                

(n = 3)
12 ± 4

9 ± 4 (n=3) 14 ± 6

11 ± 2               

(n = 5)
24 ± 5

25 ± 2 (n=2) 54 ± 4

19 ± 3 (n=7) 32 ± 5
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Site Sample Method
Low 

W.s/T

High 

W.s/T

Hlab 

μT N β FRAC g q delCK DRAT CDRAT α MADANC Pi μT Site Mean μT
VDM 

(ZAm
2
)

S3 SIBPS27-5 MW 93 336 40 12 0.048 0.778 0.859 11.8 10.1% 13.7% -6.7% 7.7 7.5 -0.34 20.2

SIBPS27-5B MW 123 191 20 4 0.083 0.375 0.625 3.3 4.3% 7.7% 11.7% 5.3 3.2 -0.47 15.2

S28-5b2*
3 TT 350 575 25 7 0.07 0.86 0.77 9.1 - - - - - 28

SIBPS28-3B MW 122 226 40 7 0.026 0.405 0.796 12 1.3% 2.9% -5.7% 7.4 4.8 -0.05 19.2

SIBPS28-3C MW 76 172 35 8 0.068 0.608 0.804 8.3 10.4% 13.5% 22.6% 8.3 4.4 0.19 15.3

SIBPS28-3D MW 69 153 20 7 0.086 0.349 0.769 3.4 3.9% 8.4% 9.8% 0.8 1 0.45 13.9

SIBPS30-11 MW 82 244 30 8 0.047 0.745 0.807 13.6 13.2% 15.3% 13.6% 2.2 5.6 -0.09 12.3

S32-4b*
3 TT 375 475 40 5 0.1 0.32 0.72 1.4 - - - - - 40.78

S32-4bf*
3 TT 375 500 40 6 0.1 0.49 0.79 2 - - - - - 49.28

Yubileinaya

Y1 Y51-3b*
3 TT 250 550 80 7 0.02 0.87 0.76 24.4 - - - - - 36.25

Y52-3a*
3 TT 300 525 40 10 0.1 0.89 0.77 4.4 - - - - - 44.9

Y52-4a*
3 TT 250 525 35 7 0.04 0.82 0.76 15.3 - - - - - 44.7

SIBPY1-6B MW 35 77 40 6 0.017 0.788 0.522 18 6.4% 6.3% 9.4% 1.8 2.3 -0.08 58.3

SIBPY1-6C MW 39 80 50 5 0.054 0.589 0.628 5.7 8.5% 12.0% 22.2% 6.1 4.5 0.2 51.4

SIBPY1-6D MW 39 73 45 6 0.049 0.555 0.704 6.3 5.1% 7.3% 10.3% 6.1 4.4 -0.21 57.9

SIBPY4-2 MW 22 84 50 6 0.036 0.641 0.523 8.8 4.1% 5.2% 12.5% 8.1 7.7 -0.24 44.1

SIBPY4-2B MW 30 60 50 4 0.093 0.429 0.579 2.8 4.2% 6.9% 9.0% 4.6 5.1 -0.43 47.5

SIBPY4-2C MW 27 65 50 6 0.05 0.552 0.706 6.8 5.8% 8.7% 14.7% 5 4.2 -0.23 47.9

49 ± 7 (n=8) 64 ± 10

16 ± 3 (n=6) 25 ± 5

  
Table continued from page 37 

Table 3.3  Summary table of all of the palaeointensity estimates from the sites that produced accepted microwave results from the Siberian Traps 

localities. The techniques used include microwave IZZI protocol with pTRM checks (MW), various thermal Thellier-type protocol (TT) and Wilson (W). A 

full description of the thermal Thellier protocols used is described in each of the published studies the results are from; *1 Shcherbakova et al. (2013), *2 

Shcherbakova et al. (2015) and *3 Blanco et al. (2012). The greyed out results have been excluded from the final mean or QPI scoring for the site (see 

section 4.5.1 for further details). All of the selection criteria used are described in Table 2.1 and the Standard Palaeointensity Definitions (Paterson et 

al., 2014). 
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different results. While the two microwave results are very similar, they differ significantly 

from the thermal results suggesting that there may be some effects such as MD behaviour 

or alteration that is affecting the results between the techniques. However, all of the 

microwave and thermal Thellier results have passed selection criteria checking for MD and 

alteration effects and generally give consistent results and of the results from these sites 

appear to give relatively low palaeointensity values in the range of 4 - 21 μT. 

For the sites from the Siberian Traps, the thermal results from both the Maymecha 

(Shcherbakova et al., 2015) and Yubileinaya (Blanco et al., 2012) sites give consistent 

estimates to those from the microwave estimates. For the remaining sites, from Truba and 

Sytikanskaya, there is a clear discrepancy between the thermal estimates and microwave 

estimates within the site. However, unlike the Kola site, the causes of these inconsistencies 

are clearer, leading to the exclusion of some of the thermal results (greyed out results in 

Table 3.3). For the thermal results from Truba, there are two possible factors that may have 

affected the thermal results; MD effects and alteration at moderate temperatures. The SEM 

analysis from these sites suggest MD effects may be a concern; the dendritic magnetite of 

 
Figure 3.8  A comparison of the palaeointensity estimates from the three different 

techniques used for the Minusa and Kola sites. The filled circles represent the mean for the 

technique and the lines represent the full range of estimates from the technique. Each 

technique is colour coded and the number of measurements that passed for each 

technique for each site is listed along the top of the plot (no. of microwave results/no. of 

Thellier results/no. of Wilson results/total no. of results). 
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T(28) is likely to be interacting, which produces MD like behaviour during palaeointensity 

experiments ( Hodgson et al., 2018), and many of the titanomagnetite grains look to be 

within the MD size range. Unlike the microwave experiments, which included the IZZI 

protocol, the Thellier experiments performed by Shcherbakova et al., 2017 do not include 

any checks for MD effects (e.g. pTRM tail checks) and the f values are low (mostly < 0.5) so 

MD effects could have led to an overestimate. Arai plot curvature may not be obvious due 

to the alteration of the samples at moderately low temperatures so the Thermal Thellier-

results were excluded due to lack of MD checks and lower q factors compared to the 

microwave results.  The Wilson results should be domain state independent but the 

estimate from T (flow 29) was consistent with the thermal Thellier and the estimate from T 

(flow 28) fell in between the thermal and microwave Thellier. However, the high titanium 

content of the Truba flows suggest they are unsuitable for Wilson experiments as the 

titanomagnetite is likely to exolve and there are no checks for alteration (Muxworthy, 

2010). 

Similar problems are observed with the sites from Sytikanskaya (S1 and S3), with thermal 

estimates up to twice as high as the microwave ones (Blanco et al., 2012). Like with the 

Truba sites, it appears that MD effects could be leading to an overestimate of the thermal 

results from this site. The Thellier results used a mix of the Coe and the Aitken protocol, 

with only the Coe protocol experiments including pTRM tail checks. MD effects on 

measurements using the Aitken protocol are known to be especially pronounced, 

depending on the angle that the applied field makes with the NRM (Biggin, 2010), and this 

generally holds for these samples, with the highest estimates from S1 and S3 (S15-1bf and 

S32-4bf respectively) both coming from the Aitken measurements. The palaeointensity 

estimates from the Blanco et al. (2012) also applied two grades of estimates based on the 

sele tio  riteria; the first ei g the A  grade ased o  the sele tio  riteria y Selkin et al. 

(2000) a d the se o d ei g the looser B  grade ith li its of  % < ea DEV <  %,       

20 % <pTRM tail check <25 % and 30 % < f <60 %. As this looser grade allows for estimates 

that are not as reliable as the measurements that passed the microwave selection criteria 

to e a epted, all of the B  easure e ts fro  the Blanco et al. (2012) have been 

excluded (greyed out Table 3. . The o ly Aitke  easure e t ot to also e of B  grade 

has a high f value (Y52-3a in Y1; f = 0.89), suggesting it is unlikely to have been affected by 

MD behaviour, and so it has not been excluded. 
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3.5.2 Field strength before and after the PCRS  

All of the sites described in this study give site mean VDM estimates of 13 - 32 ZAm2 that 

are lower than either of the calculated Phanerozoic averages (Tauxe et al., 2013; Biggin et 

al., 2015). The sites published by Shcherbakova et al. (2017) expand this range to 9 - 97 Am2 

for the Minusa locality, although the highest site mean is the only one above the 

Phanerozoic averages. Comparatively, the thermal only estimates from the Kola locality are 

all lower than the site with microwave data. As described in section 3.5.1 there is some 

question over the reliability of the Kola measurements as the single microwave site gave 

consistently higher estimates than the other three measured sites. The Minusa locality 

appears to give more robust results with a total of 11 sites and general consistency 

between the techniques. It is worth noting that the estimates also cover several different 

directional components which Shcherbakova et al. (2017) have interpreted as potential 

evidence of a field with a greater multi-polar component than the present. The green 

component is considered the most robust of the directions and three of the sites from this 

component produced microwave estimates. The integrated microwave and thermal data 

produced site estimates between 9 - 32 ZAm2), all of which are weaker than the 

Phanerozoic averages, which is generally expected of a less dipolar field (Olson, 2007).  

All of this suggests that the Minusa locality should at least cover palaeosecular variation 

(Kola is debatable as there are only four sites but three of the Kola sites are reversed and 

one is normal) and appears to represent a weak field. There are very few sites in the PINT15 

database from the time of the Minusa and Kola localities, or in the Devonian to the Early 

Carboniferous as a whole, to compare these to and (as shown in Figure 3.9), the majority of 

these sites do not pass basic checks for reliability. However, other studies from about the 

same time (Briden, 1966b; Smith, 1967; Kono, 1979; Rolph and Shaw, 1985; Solodovnikov, 

1992, 1996; Oppenheim et al., 1994) also produce weak estimates for V(A)DM estimates 

similar to the new, reliable palaeointensity estimates bolstering the idea that the field was 

weak during the Early Devonian.  

While the Minusa and Kola localities are new to the PINT15 database (Biggin et al., 2009), 

there are a 144 sites from five previous published studies available from the Siberian Traps 

(Heunemann et al., 2004; Shcherbakova et al., 2005, 2013, 2015; Blanco et al., 2012), some 

of which have been superseded by the addition of the new microwave measurements. 

These studies highlighted a difference in the field strength between the northern and 

south-eastern localities, that brought into contention that the idea that the field was weak   
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during the emplacement of the Traps. It has been suggested that the northern sites 

produced underestimates due to selection of high temperature component from samples 

affected by MD behaviour (Blanco et al., 2012). This was based on the Norilisk samples of 

Shcherbakova et al. (2005) and does not hold up for other northern sites that show 

alteration at moderate temperatures (e.g. the Truba sites from Shcherbakova et al., 2013). 

Also, multiple checks for MD behaviour have been applied to the new microwave 

measurements (i.e. IZZI protocol and low k , hi h also gi e lo  palaeointensity estimates. 

Conversely, some of the thermal results from the northern and south-eastern sites, the 

Truba and Sytikanskaya sites were accepted using looser selection criteria and appear to 

have overestimated of the field strength, while the results from Yubileinaya suggest some 

of the high results do reflect greater field strengths. 

The other suggested cause for the regional discrepancy is that the localities sample 

different periods of palaeosecular variation. Accurate age estimates are important to 

 
Figure 3.9  V(A)DM values for all of the sites for 150 - 450Ma from the PINT15 database 

(Biggin et al., 2009) with the new site data from Minusa and Kola (green plus signs for the 

sites that include microwave data and are discussed in this study and the crosses are the 

purely thermal sites published in Shcherbakova et al.,( 2017)) and the new Siberian Traps 

sites including microwave data (red diamonds). The PINT15 data sites are distinguished is 

they pass a asi  relia ility he ks; la k ir les ha e    a d std.de    % a d the rest 
are in grey. The dashed grey lines represent average field strength for (a) the present day 

and the Phanerozoic field strength from (b) Biggin et al., 2015 and (c) Tauxe et al., 2013. 

The blue line represents the average reversal frequency binned per 10Myrs. 
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establish whether this is the case. Secular variation analysis of the Norlisk section 

palaeodirections (from Heunemann et al., 2004) by Pavlov et al. (2015) suggests that the 

sections may have only formed over the order of 10,000 years. Pavlov et al. (2015) also 

suggested that the base of the Norilisk section, the upper Ivakinskii Formation to the lower 

Nadezhdinsky Formation, may have formed in a transitional or excursional field, based on 

the palaeodirections. This seems to be in agreement with the palaeointensity estimates 

from these parts of the section, as the site VDMs are consistently lower than those from 

the normal polarity zone of the same section (Figure 3.10).This normal polarity zone 

appears to correlate with the normal polarity zone of the Pravoboyar-Onkuchak Formations 

of the Maymecha-Kotuy section. The Maymecha-Kotuy sites from this and the other studies 

(Shcherbakova et al., 2013, 2015) come from the overlying Tyvankit and Delkan Formations, 

which are estimated to be at least ~300,000 years younger than the top of the normal 

polarity zone (Burgess and Bowring, 2015). As these cover two polarity zones, the 

 
Figure 3.10  Boxplots showing the distribution of VDM values from the different formations 

of the Norilisk section; Km; Kumginsky Formation, Hr; Kharaelakhsky 

Formation, Mk; Mokulaevsky Formation, Mr; Morongovsky Formation, Nd; 

Nadezhdinsky Formation, Tk; Tuklonsky Formation, Gd; Gudchikhinsky Formation, 

Sv; Syverminskii Formation, Iv; Ivakinskii Formation. The Formations are listed in 

Stratigraphic order (Km at the top is the youngest and Iv at the bottom is the oldest). The 

distinction between the normal polarity and transitional/excursional field was made by 
Pavlov et al. (2015), who estimated the entire section to be about 10,000 years based on 

the geomagnetic secular variation. This figure was published in Anwar et al. (2016). 
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combined northern sites are much more likely to cover palaeosecular variation. However, 

the combined sites are still likely to cover < 1Myr and the full emplacement of the Traps is 

considered to have taken ~2 Myrs (Burgess and Bowring, 2015). If the Yubileinaya sites 

were emplaced outside of the period the northern sites were emplaced, its reasonable that 

significantly different field intensities could be recorded based on the secular variation of 

the last 2 Myrs (Valet et al., 2005). 

To further test this, all of the published sites for the Siberian Traps were updated in the 

PINT15 database and analysed for QPI criteria (Biggin and Paterson, 2014; Appendix H). This 

assessment was originally made by the author and published in Anwar et al. (2016) and a 

summary of this is included in Chapter 5 of this thesis as part of a larger QPI study. The sites 

that were considered excursional/transitional from the Norilisk section (sites from the 

Nadezhdinsky (Nd) Tuklonsky (Tk), Gudchikhinsky (Gd), Syverminskii (Sv), Ivakinskii (Iv) 

Formations) were excluded from further analysis to reduce this source of potential bias 

towards a weak field and the rest of the sites were divided by the three different localities, 

the Maymecha-Kotuy and Norilisk sections of the north and the sills of the south-east 

(Figure 3.11). The northern localities dominate the record and sites all produce relatively 

low estimates, especially in comparison to the south-eastern sites. This relationship holds 

as the site VDMs are filtered for increasing QPI, suggesting at least some of the higher field 

strengths should be reliable. It is fair to suggest that all of the sites need to be included to 

fully cover palaeosecular variation and this gives median values <30 ZAm2 (Figure 3.11), 

significantly less than the Phanerozoic average. 

3.5.3 Implications for palaeomagnetic field behaviour  

The new and revised sites, along with the existing site data from the PINT15 database 

(Biggin et al., 2009), prior to and after the PCRS both indicate that the field was weak during 

both of these periods. This has implications for the pattern in palaeomagnetic field 

behaviour observed during Phanerozoic. Its known that the MDL preceded the CNS for    

~80 Myrs at least and, as the mean field estimates for the Siberian Traps (Figure 3.9) are 

similar or less to that of the Jurassic (Tauxe et al., 2013), the MDL may well have preceded 

the CNS by ~130 Myrs. This interpretation needs to be treated with some caution as there 

is a gap between 200 – 250 Myrs, with almost no site VDMs. The Minusa and Kola sites also 

suggest the field was weaker preceding the next youngest superchron, the PCRS. While 

there are very few site values from this time and the rest of the Devonian-Early 

Carboniferous, and quick filtering suggests the a lot of the data may not be reliable, they 
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also support a period of weak field at this time. If this is the case, based on the age of the 

Minusa sites, this weak field would have persisted for at least ~70 – 80 Myrs prior to the 

PCRS, which is in line with the minimum estimates for the MDL. All of this indicates that 

there may have been extended periods of weak field prior to both of the youngest 

Phanerozoic superchron. 

  

 
Figure 3.11  Boxplots showing the VDM distribution of all of the sites (excluding the 

transitional/excursional sites from Norilisk, see Figure 3.10 for the transitional/excursional 

sites) from the Siberian Traps, filtered according to their QPI scoring; (a) QPI  ,  QPI  , 
(c) QPI   a d d  QPI  . The lo alities represe ted are M-K (Maymecha-Kotuy sections), 

Noril (the normal polarity part of the Norilisk section i.e. the Km, Hr, Mk and Mr 

Formations), North (all of the northern localities: the combined M-K and Noril sections), 

East (all of the sites from the sills in the southeast) and All (all of the sites from all of the 

localities of the Siberian traps e.g. the M-K, Noril, North, and East sites combined). The 

numbers below the boxes represent the number of specimens at each locality. This figure 

was published in Anwar et al. (2016). 
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Chapter 4 

An exceptionally weak Devonian 

geomagnetic field recorded by the Viluy 

Traps, Siberia  

This chapter was published in Earth Planetary Science Letters (Hawkins et al., 2019) and has 

been included in this thesis in paper format (including the abstract and conclusions). A 

detailed overview of the input of the collaborators to the paper is listed in section 1.3.3. 

Abstract 

The detection of anomalous time averaged geomagnetic behaviour is crucial for 

understanding past magnetospheric shielding and inferring deep Earth evolution. Links 

have been suggested between geomagnetic field variation over timescales of tens to 

hundreds of millions of years and processes near the core-mantle boundary (CMB); 

however, this becomes difficult to establish prior to the PCRS (267 - 319 Ma) due to a lack 

of reliable data. To improve the record prior to the PCRS, we present multi-method 

palaeointensity estimates from nines dykes and lava flows from the Viluy Traps, Siberia, 

emplaced during the Upper Devonian between 376.7 ± 1.7 Ma and 364.4 ± 1.7 Ma. These 

sites have previously been published as part of two palaeodirectional studies, one of which 

produced the accepted 360Ma pole for Siberia (Q factor 6). All of the sites produced very 

weak field values ranging from 4 - 15 ZAm2, in close agreement with other recent results 

from Mid-Lower Devonian Siberian samples. QPI criteria have been used to illustrate the 

reliability of these new, low palaeointensities, confirming the period of weak field 

suggested by other recent Siberian work, and the period of implied increased incidence of 

solar wind radiation, extended into the Upper Devonian. Along with evidence for moderate-

high reversal frequencies and a potentially significant multipolar component during the 

Devonian, these weak field values also suggest a significantly different pattern of heat flow 

across the CMB relative to more recent times. 
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4.1 Introduction 

The Ea th s ag eti  field is k o  to vary over timescales of tens to hundreds of millions 

of years (Myrs), with potential regular patterns in the variation of reversal frequency and 

field strength (Biggin et al., 2012). Three superchrons have been identified during the 

Phanerozoic, with a periodicity of ~ 180Myrs (Pavlov and Gallet, 2005). It has been 

suggested that there is a relatively sharp transition going from higher than average reversal 

frequencies into these superchrons; there is a peak in reversal frequency in the Jurassic, 

preceding the Cretaceous Normal Superchron (CNS), and there appears to be similarly high 

reversal rates during the Mid-Cambrian (Pavlov and Gallet, 2001), not long before the 

Ordovician Reversed Superchron (ORS). Reversal frequency and field strength may also be 

inversely coupled with lower than average field strengths are observed during the Jurassic 

peak reversal frequency, while the CNS appears to have the highest field strength values of 

the Phanerozoic (Tauxe and Staudigel, 2004). However, the quality of the data during this 

time is not good enough to confirm this (Ingham et al., 2014). 

All of these variations in field behaviour may be due to whole mantle convection mediating 

heat flow across the CMB, which in turn affects convection in the outer core. As well as 

fitting with the timescales over which these patterns of variation occur, this idea is 

supported by models showing that increased convection, above a critical value increasing 

reversal frequency is coupled with a decrease in the dipole moment and a decrease in the 

dipolarity of the field (Olson, 2007). This class of models has also been used to directly 

show that increases in the total heat flow or changing the pattern of heat flow across the 

CMB results in increasing reversal frequency (Olson and Amit, 2014). Based on these 

relationships, palaeomagnetism has the potential to provide an independent record of 

changing CMB heat flux and the evolution of the deep mantle.  

To confirm these patterns and their link to CMB heat flux, more reliable data are needed, 

especially preceding the PCRS. The geomagnetic field during this period, the Mid-Devonian 

to Early Carboniferous, is generally poorly understood due to the paucity of reliable data, 

including palaeomagnetic poles (Torsvik et al., 2012), magnetostratigraphy (GPTS2016; Ogg 

et al., 2016) and palaeointensity data (PINT15; Biggin et al., 2009). Recent work has tried to 

address this lack of data, including a magnetostratigraphic study by Hansma et al., (2015) 

on the Frasnian-Famenian of the Canning Basin. They reported a reversal frequency for this 

period of ~2 - 5 Myr-1 based on the Oscar Range stratigraphy, similar to Palaeogene levels, 

which while lower than the peak in the Jurassic, would still be moderate to high compared 
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to the rest of the Phanerozoic. This may also be an underestimate of the reversal frequency 

as there were reported sections with multiple neigh ou i g, si gle sa ple h o s , which 

are not included in the calculated reversal frequency. While these could be excursions or 

possibly examples of onset delayed magnetisation, they may be periods of rapid reversals 

that are not fully captured because the sampling rate of one sample per 0.5 - 1 m is too low 

to capture the full number of reversals. 

Recent work has also focused on improving the palaeointensity record; there are only 

seven studies for the Devonian currently in the PINT15 database (Biggin et al., 2009) and 

the World Palaeointensity Database (wwwbrk.adm.yar.ru/palmag/database_e.html), All of 

these studies reported low-field values but, largely due to the age of these studies, they fall 

short of modern reliability criteria. Recent work on dykes and lava flows from the Minusa 

Basin, Siberia and the Kola Peninsula, support a weak field during the Lower-Middle 

Devonian (Shcherbakova et al., 2017). The five characteristic remanent magnetisation 

(ChRM)  observed for the Minusa Basin samples, othe  tha  the e pe ted N  a d S  

components, appear to be of primary Devonian age and suggest a significant multipolar 

component to the field during this time, fitting with field strength and dipolar contribution 

being coupled. Further work is needed, especially from the Upper Devonian, to (a) explore 

if the palaeointensity and reversal frequency are coupled and (b) to provide further 

evidence that Devonian is similar to the Jurassic and incorporates a sharp transition in field 

behaviour preceding the PCRS, as observed during the late Jurassic-early Cretaceous, 

before the CNS.  

This study presents new, high quality palaeointensities from microwave Thellier-type, 

thermal Thellier and Wilson techniques from the Upper Devonian Viluy Traps. These results 

are discussed in terms of their implications for Phanerozoic geomagnetic field variation and 

deep mantle evolution. 

4.2 Geological Background 

The Viluy Traps is a Large Igneous Province (LIP), formed in association with the Viluy 

palaeorift; the south- este  a h of a t iple ju tio  ift s ste  that fo ed alo g the 

eastern margin of the Siberian Craton (Kravchinsky et al., 2002; Figure 4.1). The associated 

magmatism comprises basalt flows within the rift basins, several NE-SW trending dyke 

swarms concentrated along the margins of the palaeorift, associated sills towards the basin 

centre, kimberlites and alkaline ultrabasic rocks with carbonatites (Masaitis et al., 1975; 

Kiselev et al., 2012). The traps are known to be Late Devonian- Early Carboniferous in age  
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from observed geological relationships; the dykes cut Middle to Late Devonian sediments, 

some are eroded and covered by Early Carboniferous sediments and clasts of trap materials 

are found in Early Carboniferous conglomerates (Kravchinsky et al., 2002). The initial age 

dating of the traps did not provide better constraints on their emplacement age as the 

majority of K-Ar age dates clustered between 340 – 380 Ma, with a scatter ranging from 

450 to 320 Ma (Shpount and Oleinikov, 1987). More recent K-Ar and 40Ar/39Ar results from 

Courtillot et al. (2010) suggest that the emplacement of the traps occurred around the time 

of the extinction at the Frasnian-Famenian boundary (372.2 ± 1.6 Ma). Further work by 

Ricci et al. (2013) shows that the traps were probably emplaced in two stages; the first 

around the time of the extinction at 376.7 ± 1.7 Ma and then a second emplacement at 

364.4 ± 1.7 Ma. 

The samples used for palaeointensity in this study were collected during two separate 

expeditions, as orientated blocks from exposures along the Viluy and Markha Rivers. 

Kravchinsky et al (2002) published the palaeodirections (Figure 4.2) from the first 

expedition including dyke and sill samples from four sites from Markha River (sites M2, M4,   

 
Figure 4.1  (a) Simplified geological map of the north-eastern part of the Siberian platform 

from Kravchinsky et al., (2002); box shows the close up area shown on map 1b and (b) 

Location of all of the sites used for palaeointensity from the two expeditions (V and M sites 

from Kravchinsky et al., 2002 and Vil sites from Orlov and Shatsillo, 2011); sites that passed 

for palaeointensity are shown in green, sites that failed are in red. 
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M5, and M6) and three sites from Viluy River (V6 - 8), along with those from four kimberlite 

pipes of the Alakit-Markha region. The average direction from these sites (Ds = 319°, Is =       

- °, κ = 32, α95 = 8.3°) was used to determine a pole position for the Siberian platform at 

~360 Ma, based on the age constraints available at the time. This pole is considered to be of 

high quality, with a Q factor of 6 (Torsvik et al., 2012) and several lines of evidence to 

suggest the directions from these sites are primary; the similarity between directions 

coming from different rock types (e.g. basalts and kimberlites), the sites being 

geographically disparate and the inclusion of a reversal.  

The palaeodirections from the second expedition were published by Orlov and Shatsillo 

(2011; Figure 4.2); the sampling also took place along the Viluy River, from basalts from the 

upper part of the Emyaksinsk Formation, which are generally considered to be volcanic 

flows (Masaitis et al., 1975). These 12 sites (the Vil sites) give well clustered 

palaeodirections, with a reversed site in the sequence, giving an average direction of Ds = 

192°, Is = 70° κ = , α95 = 4.9°). While the majority of these palaeodirections have the 

opposite polarity to those published by Kravchinsky et al. (2002), the two sets of directions 

do not pass a reversal test (Angle = 32°, Critical angle = 9.5°; Koymans et al., 2016; 

McFadden and McElhinny, 1990). They also plot closely to unpublished directions from sites 

(V1, 2 and 5) that were considered outliers in the study by Kravchinsky et al. (2002) because 

they were not antipodal to the majority of the directions.  

 

Figure 4.2  Includes all the 

published VGPs from the Late 

Devonian–Early Carboniferous 

basalt flows and dykes from 

the Viluy and Markha river 

traps, as well as kimberlite 

pipes of the Alakit–Markha 

region considered to be of a 

similar age, used to produce 

the 360 Ma pole (black; 

Kravchinsky et al., 2002), 

three unpublished VGPs from 

the same study, originally 

considered to be outliers 

(brown; Kravchinsky et al., 

2002) and the VGPs from the 
basalt flows of the 

Emyaksinskaya Formation 

(blue; Orlov and Shatsillo, 

2011). 
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There are several benign possibilities for why the palaeodirections from these two studies 

are not antipodal; a time difference between the normal and reversed directions allowing 

for apparent polar wander (APW), unusual geomagnetic field behaviour, possibly from 

increased, long-lived non-dipole features, or the effects of palaeosecular averaging. The 

most recent age dating (Ricci et al., 2013) suggests that the traps were emplaced in two 

stages, ~12 Myrs apart, which could allow for APW, however there is no evidence to 

suggest any of the Viluy sites come from the earlier stage; the Vil sites and some of the V 

sites (V1, V2, V5 and V6) all come from the Appainsk and Emyaksinsk Formations, which 

have been  dated to the  second emplacement (from Vil 6 and Vil 13) but the other sites (V7 

and 8) are not as well constrained and could have been emplaced earlier. There is the 

suggestion of a long-lived low intensity, multipolar magnetic field during the Devonian  

(Shcherbakova et al., 2017), however there is not the same strength of evidence for this 

from the Viluy sites. It has ee  oted, ased o  the high κ fo  the upper part of the 

Emyaksinsk Formation, that the succession of lavas may have been emplaced coevally, 

although this is not supported by the reversed site in the succession. If this is the case, the 

Emyaksinsk Formation probably covers much less palaeosecular variation then the sites 

used for the 360 Ma pole (Kravchinsky et al., 2002). There is some support for this as the Vil 

sites do pass a reversal test at classification level C when compared to just the published 

and unpublished V sites (Angle = 16°, Critical angle = 20°; Koymans et al., 2016; McFadden 

and McElhinny, 1990).  

4.3 Magnetic Mineralogy  

Rock magnetic experiments were performed on at least one representative specimen from 

each site and, in conjunction with Scanning Electron Microscope (SEM) analysis, used to 

determine their magnetic mineralogy and suitability for palaeointensity experiments. The 

rock magnetic experiments were performed on crushed samples in air, using the Magnetic 

Measurements Variable Field Translation Balance (MMVFTB) at the University of Liverpool, 

to measure IRM, magnetic hysteresis properties and saturation magnetisation dependence 

on temperature. SEM analysis included Backscattered electron (BSE) imaging and energy 

dispersive X-ray (EDX) spectroscopy, performed on the carbon coated polished thin sections 

using a Zeiss EVO LS15 EP-SEM, operating at an acceleration voltage of 20 kV, at the 

Scanning Electron Microscope Laboratory of the University of Alberta. The combined 

analysis shows that samples with acceptable palaeointensity results can be divided into 3 

magnetic mineralogy types, with some sites represented by more than one type (see Table 

4.1). 
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Samples with type 1 magnetic mineralogy represent 37 % of the samples that gave 

acceptable palaeointensity results. They display a single Curie temperature of ~580 °C and 

highly reversible saturation magnetisation curves upon heating and cooling up to 600 °C 

(Figure 4.3a, b). This indicates that the samples are dominated by magnetite, with little to 

no titanium, and that the magnetic minerals in the samples are not altering during heating 

until above the Curie temperature. BSE imaging and EDX spectroscopy show that these 

samples contain bright, subhedral, titanium-iron oxides grains, up to ~60 μ  i  dia ete , 

which are separated into two phases as multiple subsets of lamellae (Figure 4.3c, d). These 

lamellae are characteristic of titanomagnetite that have undergone deuteric oxidation to 

form very low-Ti titanomagnetite and ilmenite (Dunlop and Özdemir, 1997). On the Day 

plot (Figure 4.4), the type 1 samples plot within the PSD region, largely around 50 - 60 % on 

the SD - MD mixing line. 

 

Figure 4.3  Examples of saturation magnetisation with temperature curves, BSE images and 

EDX spectra for the 3 magnetic mineralogy types that pass selection criteria; (a - d) Type 1, 

(e - i) Type 2a and (j - m) Type 2b. For the saturation curves, the first two columns, 

temperature steps of 100 °C between 350 – 650 °C were used for all of the experiments 

apart from (a), which shows a single heating and cooling experiment to 700 °C. Black curves 
represent the heating steps, grey curves the cooling steps. For the SEM images, the third 

column, mineralogical abbreviations are: Mag, Magnetite; Ilm, Ilmenite; Ti-Magh, 

Titanomaghemite; Magh, Maghemite. The fourth column, the EDX spectra, shows the 

relative abundance of the of the iron oxide elements; O, Oxygen; Ti, Titanium; Fe, Iron. 
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Samples with type 2 mineralogy represent 63 % of the samples that gave acceptable 

palaeointensity results. All of the saturation magnetisation curves are irreversible from 

~350 °C, indicating alteration occurs across all temperatures above this; however the 

samples can be divided into two sub-types. Type 2a samples give Curie temperatures 

between 580 - 650 °C (Figure 4.3e, f), suggesting a mixture  of magnetite, maghemite and 

possibly hematite (Dunlop and Özdemir, 1997), and the  alteration from ~350 °C fits within 

the range of temperatures over which maghemite breaks down into hematite. Maghemite 

grains are apparently too fine to be observed directly using the SEM, however BSE images 

of magnetite-ilmenite lamellae (Figure 4.3g) show signs of cracking which is commonly 

associated to the volume reduction associated with maghematisation (Dunlop and 

Özdemir, 1997). Hematite is also likely to be too fine to be observed directly so it is difficult 

to distinguish if it is present originally or created by the transformation of the maghemite 

when heated. Type 2a samples plot further towards the SD region of the Day Plot then type 

1, probably due to the SD maghemite/hematite present (Figure 4.4).  

Type 2b samples appear to contain two magnetic phases, one with a Curie temperature of 

320 – 330 °C and the other between 520 – 580 °C (Figure 4.3j, k). The higher Curie 

temperature is consistent with a very low-Ti titanomagnetite, while the lower Curie 

temperature would be consistent with a Ti-rich titano-magnetite. BSE imaging reveals 

 

Figure 4.4  Mrs/Ms vs. 

Hcr/Hc plot, based on 

Dunlop (2002), for all of 

samples that gave successful 

palaeointensity 

determinations. Points are 

coded depending on their 

magnetic mineralogy type. 

Abbreviations are: Mrs, 

saturation remanence; Ms, 

saturation magnetization; 

Hc, coercivity; Hcr, 
coercivity of remanence; SD, 

single-domain; PSD, 

pseudosingle-domain; MD, 

multidomain. Includes the 

SD-MD mixture models for 

pure magnetite. 
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bright, subhedral grains, up to ~170 μ  i  dia ete , o tai i g spa se la ellae (Figure 

4.3l). These suggest that there was originally some degree of exsolution, producing 

ilmenite, but the basalt likely cooled too fast or in insufficiently oxidising conditions, to 

allow the two phases to exsolve fully. Some of the irreversibility of the saturation 

magnetisation curves could be due to oxyexsolution of the titanomagnetite upon heating 

but these samples also appear to have been maghematised to titanomaghemite (the 

irregular, wavy structures on the titanomagnetite grains in Figure 4.3l are an indication of 

shrinkage cracks). The type 2b samples also plot within the PSD region on the Day plot, 

between ~70 – 90 % on the SD - MD mixing line (Figure 4.4). The low degree of exsolution 

may explain the larger effective grain sizes of the type 2b samples than the type 1 samples. 

Palaeointensity estimates that passed our strict selection criteria have been retained 

despite having Type 2 mineralogy on the basis of them displaying minimal alteration of the 

remanence carriers as indicated by pTRM checks and their reliability in discussed sections 

4.5.1 and 4.5.2. 

4.4 Palaeointensity 

4.4.1 Experimental Technique 

Four different palaeointensity methods were successfully used for determining 

palaeointensity: microwave IZZI and perpendicular protocols, thermal Thellier-Coe and 

Wilson. The bulk of the measurements were made on 5 mm, cylindrical samples, in air, 

using the 14 GHz microwave palaeointensity system with low-temperature SQUID 

magnetometer (Hill and Shaw, 1999) at the University of Liverpool, which has been 

demonstrated to give equivalent results to thermal Thellier-style experiments (Biggin et al., 

2007b). Almost all of the successful palaeointensity determinations came from using the 

IZZI protocol (Tauxe and Staudigel, 2004); the samples are treated using microwave energy 

in zero field and then in-field, before repeating these steps reversed at a higher power, with 

pTRM-checks made at each alternate power-time step. The experiment was conducted on 

individual specimens so the laboratory field could be varied each time to better fit the 

estimated palaeointensity; in-field values ranged from 2 – 25 μT. In each case, the field was 

applied in a direction between 45 and 135° away from the ChRM such that a compromise 

was achieved between minimising any non-ideal behaviour arising from multi-domain 

effects while also being able to detect its presence (Yu and Tauxe, 2005). The perpendicular 

protocol, without pTRM checks and tail checks, was also used (Hill and Shaw, 2007) but only 

gave one successful palaeointensity estimate. 
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Experiments on 1 cm cube specimens, using the Thellier-Coe method (Coe, 1967) were all 

undertaken at the University of Alberta (U of A) and the Geoph si al O se ato  Bo ok  of 

the Russian Academy of Sciences. At the U of A, samples were heated in a shielded ASC 

thermal demagnetizer and measured with a 2G cryogenic magnetometer. At Borok, 

experiments were conducted using with a full-vector three or two component vibrating 

sample magnetometer (3D-VSM or 2D-VSM), both of which were constructed at Borok with 

integrated furnace and magnetometer, or heated in an electric furnace and measured on 

an Agico JR6 spinner magnetometer. Specimens were heated twice in air: once in zero field 

and then again to the same temperatures, cooled in a laboratory field of 15 or 20 μT. These 

double heating steps were carried out in over at least 12 steps up to 525 – 640 °С ith 

pTRM checks, room-temperature susceptibility measurements performed after every 

second step and U of A included pTRM tail checks from 250 – 350 °C. No systematic 

variations in the palaeointensity results were observed between the different devices. 

The selection criteria are used for determining palaeointensity, taken from the Standard 

Palaeointensity Definitions (Paterson et al., 2014), a e:   ; FRAC  . ; β . ;   ; k   

0.48; MADANC  °; α  °; DRAT  % a d CDRAT  % (descriptions of these criteria 

can also be found Table 2.1). These are modified from the SELCRIT2 criteria (Biggin et al., 

2007a) with the DRAT criterion relaxed because, in the majority of the cases, the overprint 

takes up a significant portion of the NRM and DRAT is normalized by the length of the best 

fit line and so CDRAT was added to help compensate for this relaxed criteria. PTRM tail 

checks were included for the majority of the thermal Thellier experiments (excluding site Vil 

22), while the microwave used IZZI protocol in which MD behaviour is evident on the Arai 

plots as zig-zagging due to the alternating ZI and IZ steps (Riisager and Riisager, 2001). The 

curvature factor (Paterson, 2011) of the best-fit segment of the Arai-Nagata plot, k , has 

also been added to exclude MD behaviour. 

Wilson s method (Wilson, 1961) was also applied to a select number of samples, using the 

3D-VSM and 2D-VSM at the Borok observatory. For this technique, the curve produced by 

continuous thermal demagnetisation for the natural remanent magnetisation (NRM) is 

plotted against a full thermal remagnetisation curve (TRM) to find the temperature interval 

where the shape of the two curves is the most similar and used to calculate the 

palaeointensity. The similarity of NRM and TRM curves provides a strong argument in 

favour of the thermoremanent nature of the NRM and the Wilson method has an 

advantage of being independent of domain state. The samples were remagnetised in 

laboratory fields of 15 or 20 μT, the temperature interval selected was from between 150 – 
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600 °C and a published set of criteria for the selection of successful palaeointensity results, 

based on the degree of fit between the two curves (Muxworthy, 2010), were applied. 

4.4.2 Palaeointensity results 

Almost all microwave and thermal Thellier-type palaeointensity experiments produced two-

slope Arai plots (Figure 4.5), independent of the magneto-mineralogy type of the studied 

sample, while an example of the results from the Wilson technique is shown in Figure 4.6. 

In the majority of cases, there is no significant change in the direction between the two 

slopes and the low power/temperature component satisfies the 15° criterion used for 

alpha. Site V7 is the exception, which shows an overprint in a > 90° direction and a linear 

component once the overprint is removed (Figure 4.7b). All microwave and Thellier results 

passing the selection criteria, included those for the low-temperature slopes, are listed in 

Appendix C and Wilson results with selection criteria are listed in Appendix D. However, 

while both the low- and high-temperature slopes for the Arai plots passed selection criteria, 

in some cases for the same Arai plot, only the high-temperature slopes were accepted as 

reliable for reasons that will be discussed in section 4.5.1.  

Palaeointensity experiments were performed on 146 specimens from 17 sites, with 51 

specimens from 9 sites producing reliable palaeointensity estimates, as summarised in 

Table 4.1. The palaeointensity estimates range from 2 - 14 μT. An examples of a failing Arai 

plot is illustrated by Figure 4.5e; for the IZZI protocol, the Arai plots and Zijderveld diagrams 

show signs of zig-zagging indicative of MD behaviour (for the Thellier-Coe the slope is 

curved and does not pass k  and the samples alter too early in the experiment, as seen by 

failure of the pTRM checks. As all of the samples came from unoriented blocks, it is not 

possible to check the palaeodirections from the palaeointensity experiments; however the 

results from the thermal Thellier-Coe experiments are within the temperature ranges used 

for the palaeodirections. While the relationship between the power integral and the 

blocking temperature is unclear, microwave and thermal Arai plots, for the same samples, 

are very similar in appearance.  

4.4.3 Pseudo-Thellier 

Non-heating pseudo-Thellier experiments (Tauxe et al., 1995) were performed to 

determine if the two slope nature of the Arai plots was due to thermal alteration during the 

palaeointensity experiment. Samples went through stepwise AF up to 100 mT using the 2G 

cryogenic magnetometer at the U of A, before having an ARM applied along the Z axis using  
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Figure 4.5  Example Arai plots illustrating the two experimental protocols; top row (a, b, c) 

are microwave IZZI protocol and the bottom row (d, f) are thermal Thellier-type. The Arai 

plots also illustrate the behaviour of the three different magnetic mineralogy types; first 

column (a, d) are Type 1, second column (b) is Type 2a and the third column (c, f) are Type 

2b. There are no thermal examples of Type 2a magnetic mineralogy that passes; (e) is a 

typical example of a failed (microwave IZZI protocol) Arai plot showing zig-zagging and 

failed pTRM checks. All show the two-slope appearance typical for these samples, an 

example of an Arai plot displaying a distinct overprint, from site V7 is in Figure 8b. 

 

 

Figure 4.6  Typical example 

of a thermomagnetic curve 

for the Wilson method. 

There are the three 
thermomagnetic curves; the 

demagnetisation curve 

NRM(T), the remagnetisation 

curve TRM(T) and the fitting 

function curve TRM*(T), 

which is TRM(T) multiplied 

by coefficient kw. The TRM 

lines are solid, while the 

NRM line is dashed and all of 

them are normalised using 

the starting NRM intensity 

(NRM(T0)).  
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Dec° Inc° k a95° n NMW NTT NW N PI (mT)
s.d. 

μT
s.d./P

I

VDM 

(ZAm
2
)

AGE STAT TRM ALT MD ACN TECH LITH MAG

V5 62.3 116.0 148.1 81.7 86.4 9.9 1/2 11 3 1 0 4 8.7 4.8 55% 11.6 1 0 1 1 1 1 1 0 1 7

V7 62.3 116.1 316.2 -42.3 38.5 5.6 3 16 5 0 0 5 6.7 1.7 25% 14.1 1 0 0 1 1 1 0 0 1 5

V8 62.3 116.1 154.2 68.0 142.7 3.5 1 10 6 0 0 6 5.9 0.9 15% 9.1 1 1 1 1 1 1 0 0 1 7

Vil 13 62.6 115.4 211.3 75.2 78.0 6.1 1/2/3 18 6 0 0 6 4.7 1.0 21% 6.6 1 0 1 1 1 1 0 0 1 6

Vil 16-1 62.6 115.4 196.0 62.8 95.8 7.9 3 9 3 0 0 3 14.0 0.5 4% 23.3 1 0 0 1 1 1 0 0 1 5

Vil 16-2 62.6 115.4 184.3 59.5 50.4 10.9 3 16 9 0 0 9 2.5 0.7 29% 4.3 1 0 0 1 1 1 0 0 1 5

Vil 18-1 62.6 115.4 187.1 62.7 232.3 4.4 3 15 2 0 3 5 2.4 1.1 45% 4.3 1 0 0 1 1 1 1 0 1 6

Vil 20 62.3 116.0 203.3 75.9 26.1 10.1 2 11 3 2 0 5 10.0 2.0 20% 14 1 0 1 1 1 1 1 0 1 7

Vil 22 62.3 116.1 215.1 76.1 142.1 3.8 1 15 0 5 3 8 6.9 1.7 25% 9.5 1 0 1 1 0 1 1 0 1 6

QPI Criteria

QPISite Lat° Long°

Paleodirections (stratigraphic) Magnetic 

mineralogy 

type

Paleointensity*
1

Table 4.1.  Summary of site mean palaeointensity data and QPI criteria for all of the investigated sites that pass selection criteria.*1 n is the number 

of samples measured per site;  

NMW, NTT, NW and N are the number of samples that pass for microwave, thermal Thellier, Wilson and the combined results from all of these 

techniques. 
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the same steps and a bias field of 5 –  μT. Pseudo A ai plots e e ade  plotti g the 

NRM lost against ARM acquired and vector difference sum calculations were used to 

remove the effect of the overprints being non-convergent. The AF demagnetisation did not 

resolve the two components as well as the microwave and thermal methods so, when 

calculating the ratio of the two slopes, only the points close to the start and end of the 

experiment were used. When compared to specimens from the same site, the Arai and 

Pseudo-Arai plots are very similar in shape (Figure 4.7), both with the two-slope plots and 

site V7 which is overprinted in a different direction. The similarity in shape between the 

plots suggests that thermal alteration is an unlikely candidate for the two-slope plots. 

 
Figure 4.7  Examples of Microwave IZZI protocol Arai plots (top row; a, b) and example 

A ai  plots f o  the pseudo-Thellier method (bottom row; c, d) from the same sites to 

compare with. The Arai plots represent different magnetic mineralogy types; the first 

column (a, c) are type 1 and the second column (b, d) are type 2a. There is no example for 

type 2b as none of the pseudo-Thellier plots had microwave or thermal plot with the same 

palaeodirectional behaviour to compare too. The ratio of slopes for both the microwave 

and pseudo-Thellier plots are given to illustrate the similarity in shape between the two 

methods, suggesting that the shape of the plots is not related to alteration due to heating 

during the microwave and thermal palaeointensity experiments. 
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4.5 Discussion 

4.5.1 Possible causes of two-slope behaviour 

The most commonly accepted causes of two-slope Arai plots that appear to be from a 

single palaeodirectional component are: (a) multi-domain (MD) behaviour leading to a 

curved Arai plot (Dunlop and Özdemir, 2001), and (b) that the second slope is produced by 

alteration of the magnetic mineralogy during the experiment due to heating (Kissel and Laj, 

2004). Recent work by Shaar and Tauxe (2015) has shown that agi g  sa ples a  also 

produce curved Arai plots due to an instability of thermoremanence, attributed to 

irreversible changes in the micromagnetic structures of non-SD grains. Another possibility is 

that the specimen is recording an overprint several times stronger than the ChRM, with an 

indistinguishable field direction. The correct interpretation of these Arai plots is vital 

because incorrectly selecting either the high or low temperature components on the curve 

will produce an over- or underestimate of the palaeofield strength.  

Laboratory-induced alteration seems to the least likely of the explanations for several 

reasons. The first is that the accepted results all include a sufficient number of positive 

pTRM checks, passing both DRAT and CDRAT selection criteria, suggesting no significant 

alteration has occurred. Furthermore, the two-slope behaviour is observed, and gives 

similar results from, all magnetic mineralogy types. This includes the type 1 samples that 

contain nearly pure magnetite and do not show any signs of alteration during heating 

during the rock magnetic experiments (Figure 4.3a, b). Finally, the Pseudo-Thellier results 

also produce two slope Arai plots despite the samples not undergoing heating.  

It also seems unlikely that MD behaviour or agi g  of the thermoremanence caused the 

two-slope behaviour exhibited by these samples. Both multi-domain behaviour and 

samples strongly affected by aging, based on the results from the Shaar and Tauxe (2015),  

tend to produce zig-zagging of the Arai and/or Zijderveld plots when IZZI protocol is used. 

IZZI was used for most of the experiments in this study and those that exhibited this 

behaviour (see Figure 4.5e) were not included, while results from the Coe protocol are 

shown to give consistent results and/or have pTRM tail checks. Furthermore, both also 

cause curvature of the Arai plot and all of the selected o po e ts had to pass k  sele tio  

criteria, which checks for the curvature of the selected component. 

The apparent remaining option is that the two slopes are caused by an overprint of thermal 

or (thermo-)viscous origin, acquired in a field of similar direction but greater field strength.  



86 

 

 

The similarity in direction suggests that the overprint could have been acquired soon after 

the traps were emplaced. However, while the spline fit for the APW path for Siberia 

(Torsvik et al., 2012) suggests that north-south motion was relatively small during the Early 

Carboniferous  4 cm/yr), this is based on very few data points (there is a data gap of >70 

Ma either side of the 360 Ma pole). The APW curve of Siberia, and later Baltica at ~250 Ma, 

does not appear to go back to this latitude in the subsequent 360 Ma, although it is possible 

that a thermal overprint could have been acquired during a period when local field 

directions deviated from the average global field.  

As for a (thermos-)viscous overprint, Kravchinsky et al., (2002) reported a low-temperature 

component (LTC), present up to 300 °C, across all of the 360 Ma pole sites (including the 

kimberlite pipes) and in line with the regional geomagnetic field. This apparent present day 

overprint was reported as being significantly different from the high-temperature 

component (HTC). However, all but one of the sites reported were reversed, while all the 

sites presented in this study are normal apart from V7, which shows the overprint. The LTC 

site means from the Orlov and Shatsillo sites, agree with the site means from the 

Kravchinsky et al. (2002) paper (see Figure 4.8), suggesting that they carry the same 

overprint. We note that although the palaeointensity values associated with the LTC of 15 - 

52 μT (21 – 71 ZAm2) are comfortably within the range of the field observed for Eastern 

 

Figure 4.8  The site mean 

low temperature 

components (LTC) from the 

published Late Devonian–
Early Carboniferous basalt 
flows and dykes from the 

Viluy and Markha river 

traps (brown; Kravchinsky 

et al, 2002) and those from 

the basalt flows of the 

Emyaksinskaya Formation 

(blue; Orlov and Shatsillo, 

2011), also from the Viluy 

and Markha rivers. The 

black square represents 

the modern day field for 

the Viluy and Markha 

Rivers region. 
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Asia for the past 6000 years (Cai et al., 2017), the likely non-thermal origin of this 

component precludes a reliable palaeointensity. 

Further evidence of a viscous overprint comes from Figure 4.9, which shows the apparent 

direction of the acquired pTRMs for two examples where both the low and high 

temperature slopes pass for the same measurement (observed in type 1 samples only). In 

both the Microwave and Thermal cases, the LTC pTRM directions are deflected from the 

applied field direction, converging towards the applied field direction with increasing 

power/temperature steps, while the HTC pTRMs match the applied field direction. 

However, sequential Microwave pTRMs appear to differ by a high angle, sometimes > 90°, 

while sequential Thermal pTRM s differ by a much smaller angle. This deflection does not 

appear to be the result of magnetic anisotropy as the direction is not consistent.  

Instead, this behaviour appears to be due to pTRM tails. Typically, pTRM tails manifest as 

curved Arai plots or failed pTRM tail checks in Thellier-type experiments using the Coe 

protocol and zig-zagging Arai and/or Zijderveld plots for those using IZZI. Curved or zig-

zagging Arai plots and failed pTRM tail checks are due to an overall difference in the 

intensity between the Z and I steps. However, where zig-zagging occurs in the Zijderveld 

plot, but not the Arai plot, this is because the overall intensity of the pTRMs acquired and 

removed are equal but the vector components (x, y, z) of this gain/loss are not the same. If 

the applied field is quasi-perpendicular to the NRM, as recommended (Biggin et al., 2007b), 

and excessive unblocking occurs in the dominant component of the applied field direction 

(e.g. for an applied field with an inclination of ±90°, the z component is dominant), if this is 

not entirely removed by the Z step then this deflects the NRM direction e.g. causing 

Zijderveld zig-zagging.  

Similar behaviour appears to deflect the pTRM directions, except that the excess 

unblocking occurs in a non-dominant component. For example, the applied field for V92-1D 

(Figure 4.9 a, b) had an inclination of 0° but the pTRMs acquired had a significant z 

component .Experiments to estimate the domain structure of the samples confirm some 

non-ideal behaviour in the LTC (a small pTRM tail formed at <400 °C) for Vil 354 (Figure 

4.10) comparable to Vil 352 in Figure 8e - h) but SD behaviour in the HTC (no pTRM tail). 

Apart from plotting the apparent pTRM directions, which is not commonly done, this 

behaviour may be distinguishable from ϒ (the angular distance between applied field and 

pTRM directions; Paterson et al. (2014)). In the majority of cases, ϒ is high for the LTC s 

>> °  a d lo  fo  the HTC °  ut this is ot al a s the ase see Appe di  D; site V  fo  
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Figure 4.9 . Examples of two-slope Arai plots (first column), where both slopes pass 

selection criteria, with stereoplots (second column) showing the NRM direction of the 

sample and apparent pTRM directions. The samples both have Type 1 mineralogy, the only 

mineralogy where both slopes from the same experiment are shown to pass. The top four 

plots show the low temperature slope examples showing ; (a, b) microwave IZZI protocol 

example and (c, d) thermal Thellier-Coe examples. The bottom four plots show the low 

temperature slope examples showing; (e, f) microwave IZZI protocol example and (g, h) 

thermal Thellier-Coe examples. While the NRM directions do not vary significantly across 

the two slopes, the pTRM checks for the low temperature (continued on the next page) 
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an example where this is true and site Vil 13 for a case where there is a LTC with a low ϒ 

and a HTC with a high ϒ).  

4.5.2 Reliability of the palaeointensity results 

To evaluate the reliability of the sites, QPI criteria (Biggin and Paterson, 2014) were applied 

to the 9 sites that passed selection criteria. All the sites meet the AGE criterion due to the 

isotopic age dating, in agreement with the stratigraphy, and palaeodirections consistent 

with APW. Only one of the sites meets the STAT criterion, some most likely failing because 

of the low site means. TRM has been awarded to all of the sites with Type 1 mineralogy as 

the SEM results show primary igneous textures with no evidence of maghematisation and 

to site Vil 13 because the different mineralogy types give consistent results. All of the sites 

pass ALT because the experiments use pTRM checks and pass DRAT and CDRAT. All sites, 

apart from Vil 22, pass MD by using a combination of one or more of the following; IZZI 

protocol (microwave experiments) without zig-zagging in the Arai or the Zijderveld plots, 

pTRM tails ith DRATtail  % the al Thellie -Coe experiments) or use a domain-state 

independent method (Wilson technique). All of the sites pass ACN; anisotropy effects have 

been ruled out because the pTRM deflection at low temperature/power is inconsistent and 

the ϒ alues fo  the HTC a e lo  Figu e . , lo  field alues e e applied  μT  to 

negate the non-linear TRM effects and the magnetic grains appear PSD in size so cooling 

rate effects should be negligible. Four out of the nine sites met TECH by using more than 

one palaeointensity technique, all the sites fail LITH as they sample a single lithology and all 

of the sites pass MAG because the measurement data has been made publically available 

(Hawkins et al., 2019). 

Based on the current criteria definitions, all of the sites score highly (5 - 7), suggesting that 

the data is reliable. The site mean palaeointensities range from 2 – 14 μT, gi i g VDM 

values of 4 - 23 ZAm2; the locality mean field strength is 7μT o  11 ZAm2. Figure 4.11 shows 

(continued from previous page) slope are deflected from the applied field direction; in both 

cases they tend toward the applied field direction with increasing power/temperature 

steps. The deflection of the pTRMs is not in a consistent direction, which as the magnetic 

anisotropy cause, leaving pTRM tails as a likely explanation. For the microwave experiment, 

sequential pTRMs look to differ by a high angle, sometimes >90°, while sequential Thermal 

pTRMs differ by a much smaller angle. This could be due to the different protocols, with the 

high angle caused because of the alternating ZI and IZ steps used during the microwave 
experiments. The low temperature pTRM is representative of all of the low temperature 

behaviour observed across the different sites and magnetic mineralogy types, which is why 

it has been excluded. 
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Kola (Shcherbakova et al., 2017) and the Devonian-Carboniferous results from the 2015 

PINT database (Biggin et al., 2009) and the World Palaeointensity Database 

(wwwbrk.adm.yar.ru/palmag/database_e.html). The Viluy results are in close agreement 

with those from Minusa (site mean for the most reliable, green and yellow sites is 30 ZAm2) 

and even closer agreement with Kola (site mean of 11 ZAm2), which potentially overlaps in 

age with the Viluy samples (Viluy samples are age dated to between 363-378 Ma, Kola to 

between 371 – 387 Ma). The Viluy results are also in close agreement with most of the 

other Devonian-Carboniferous sites (Briden, 1966b, 1966a; Didenko and Pechersky, 1989; 

 

 
 

Figure 4.10  Estimation of domain structure of domain grains – carriers of NRM for samples 

Vil354 (site 22). Full lines are the continuous temperature curves of the pTRMs (T1,T2) after 

s it hi g off the la  field  μT at T2 and cooling to T0, followed heating to T1 and cooling 

from T1 to T0; all are made in zero field. The arrows point the direction of temperature 

change. Vertical lines mark the temperature interval in which pTRM (T1,T2) was created. 
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Kono, 1979; Krs, 1967; Oppenheim et al., 1994; Rolph and Shaw, 1985; Schwarz and 

Symons, 1969; Smith, 1967; Solodovnikov, 1992a, 1992b, 1996; Thomas and Piper, 1995; 

Tunyi, 1986), despite their questionable reliability; many of the site results come exclusively 

from non-Thellier methods and all were taken before modern selection criteria were in 

place, e.g., in many cases the experiments do not have any of the standard checks for 

alteration (pTRM checks) or MD behaviour (pTRM tails checks/IZZI protocol). The 

combination of all of these results gives strength to the argument that the Devonian field 

 
Figure 4.11  V(A)DM values for the Devonian-Carboniferous sites (black circles; filled 

ha e  a d std.de  %  f o  the PINT  database (Biggin et al., 2009) and the 

World Palaeointensity Database (wwwbrk.adm.yar.ru/palmag/database_e.html), with 

recently published data from Minusa and Kola (green crosses) and Viluy data published 

here (red squares). The dashed grey lines represent average field strength for (a) the 

present day and the Phanerozoic field strength from (b) Biggin et al., 2015 and (c) Tauxe 

et al., 2013. The low and high along the top of the plot refer to the average field 

strength of the periods outlined, whether they are above or below the Phanerozoic field 

strength respectively. The blue line represents the average reversal frequency binned 

per 10 million years (unbroken line represents the schematic Canning Basin from the 

GTS2016 update (which is likely to be an underestimate, dashed blue lines are for the 

(d) minimum and (e) maximum possible reversal frequency from Hansma et al. 2015).  
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was significantly weaker than the average Phanerozoic geomagnetic field; between 42 

ZAm2 (Tauxe et al., 2013) and 50 ZAm2 (Biggin et al., 2015). 

However, these average field strengths are significantly weaker than the expected dipole 

based on the last few million years (Cromwell et al., 2015) and there are several possibilities 

for why these results could underestimate field strength that may not fully be evaluated by 

the QPI criteria: (a) not averaging the global field, (b) thermo-chemical remanent 

magnetisation (TCRM) and (c) non-SD behaviour. As discussed in section 4.2, while it is not 

entirely clear if the Emyaksinsk Formation (the Vil sites) covers palaeosecular variation, and 

the majority of the results do come from this section (6 out of the 9 sites), the combination 

of the sites should easo a l  o e  palaeose ula  a iatio  κ =  and V7 is reversed 

compared to the other sites) and the average of the Vil sites is only slightly weaker than the 

average for the V sites (10 ZAm2 instead of 12 ZAm2). Non-dipolar field behaviour or APW 

between sites would also effect the interpretation of the results but there is little evidence 

of these from the age dating and palaeodirections. 

TCRM acquisition is generally considered to be less efficient then TRM acquisition but can 

produce linear slopes, meaning palaeointensity results could pass selection criteria but 

likely to underestimate the past field strength (Fabian, 2009). There are two forms of TCRM 

acquisition that could affect these samples, either low or high temperature oxidation (e.g. 

maghematisation and oxyexsolution respectively). The best indication of the possible 

effects maghematisation comes from Vil 13, which includes samples with all three magnetic 

mineralogy types. The samples all gave very consistent results with the site, just missing out 

on STAT, (probably because of the low site mean (<5 μT , suggesti g that aghe atisatio  

has not had a significant impact on the palaeointensity estimates. For this reason, the sites 

have been included, though they are less reliable (illustrated by the failed TRM criteria). By 

removing all of the Type 2 samples, the overall mean remains relatively unchanged (10 

ZAm2 instead of 11 ZAm2) but the standard deviation reduces (3 ZAm2 instead of 6 ZAm2). 

However, it is unclear whether this is due to the effects of the mineralogy or if the inclusion 

of the Type 2 sites produces a better sampling of the palaeosecular variation. As for 

oxyexsolution, while it is been observed in these samples and it has been suggested as a 

possible cause of low field estimates (Smirnov and Tarduno, 2005), it is generally accepted 

that oxyexsolution occurs at temperatures not much lower than 600 °C  (Dunlop and 

Özdemir, 1997) and the HTC starts unblocking at a much lower temperature then in the 

Smirnov and Tarduno study, so any TCRM from oxyexsolution is unlikely to be a signifciant 

part of the ChRM. 
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Non-SD behaviour of the remanence carriers has also been suggested as a possible reason 

for why the Phanerozoic field appears weaker than expected; either due to MD behaviour 

causing Arai plot curvature (Smirnov et al., 2017) or due to the instability of the 

thermoremanece over time (Shaar and Tauxe, 2015). However, it is not uncommon for 

samples older than these to have the ChRM from two-slope Arai plots accepted, even if the 

overprint direction are indistinguishable, while the low temperature slope is dismissed as 

being carried by MD to large PSD grains (Kulakov et al. (2013)). Section 4.5.1 outlines the 

evidence for non-SD behaviour affecting the LTC, but not the HTC. While it is still possible 

that non-SD behaviour, if present, may be exaggerating the curvature of the Arai plot, the 

(thermo-)viscous overprint is clearly causing the two-slope appearance. Also, apart from 

the large titanomaghemite grains of the type 2b samples (only 20% of the accepted results), 

all of the magnetic recorders appear to be on the smaller size of PSD, which has been 

shown to magnetically stable for billions of years (Nagy et al., 2017). 

4.5.3 Implications of a weak Devonian field 

As discussed in section 4.1, results from models suggest that when the dipole moment is 

small, an increase in the reversal frequency and the non-dipolar components of the field 

are expected. This agrees with the most recent estimates in reversal frequency for the 

Upper Devonian of ~2 - 5 Myr-1 by Hansma et al. (2015) based on the Oscar Range 

stratigraphy (see the minimum and maximum reversal frequencies represented by the blue 

dashed lines in Figure 4.11). This is especially true if this is, as suggested by authors, 

potentially an underestimate due to under sampling. There is not much evidence to support 

this f o  the Vilu  HTC di e tio s, although the st a ge  di e tio  e.g. p e iousl  

unpublished V sites) could be suggestive of non-GAD behaviour. However,  other Devonian 

age Siberian sites, including the Minusa sites (Shcherbakova et al., 2017), the Zharovsk 

complex (Shatsillo et al., 2014) and Appainskaya Suite (Konstantinov et al., 2016) all 

indicate a range ChRM components that could relate to an increase in the non-dipolar 

component. 

The low field values, and potentially high reversal frequency/larger multi-polar component, 

may suggest that convection in the outer core was more vigorous during this period (Olson, 

2007), probably caused by an increase in the total heat flow across the core-mantle 

boundary (CMB) or changes in its pattern (Olson and Amit, 2014). Variation in heat flow 

across the CMB is driven by changes in the structure of the deep mantle (relative to the 

core) due to plumes, slabs, distribution of deep basal piles and True Polar Wander (TPW; 
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Biggin et al., 2012). Due to the limitations of plate reconstructions for the Devonian, it is 

difficult to determine the influence of these different components, especially the degree 

and influence of subduction and TPW. The easiest to estimate is plume activity by looking 

at the dist i utio  of LIP s e pla ed afte  this ti e although this will be negatively affected 

by preservation bias. There may have been an increase in the number of LIPs emplaced 

approximately ~50 Myrs after the Viluy LIP (Biggin et al., 2012), which could reflect the time 

it takes a plume to rise through the mantle. The Viluy LIP has also been suggested as one of 

the causes of the Frasnian-Famemnian extinction event (Kravchinsky et al., 2002), but we 

note the suggestion of (Shcherbakova et al., 2017) that a sustained weak and non-dipolar 

field in the mid-Palaeozoic would cause a long-term reduction in the effective shielding of 

the magnetosphere, potentially also affecting the biosphere. The veracity of claimed links 

between geomagnetic field behaviour and deep Earth as well as biological evolution 

remains to be elucidated. 

4.6 Conclusions 

New data from the Upper Devonian Viluy LIP show the field to be significantly weaker than 

the average Phanerozoic field, in close agreement with recent, Lower Devonian results from 

the Minusa Basin, Siberia and the Kola Peninsula. The weak field values, along with 

moderate to high reversal frequencies and a potentially significant multipolar component, 

suggest convection in the core was more vigorous during the Devonian, which may relate to 

increased heat flow across the CMB due to high level of LIP producing plume activity at this 

time. This field behaviour preceding the PCRS, is also similar to that prior to the two other 

superchrons during the Phanerozoic, implying this sharp transition in behaviour may relate 

to the initiation of the Superchron.  

This study also shows that variable slope Arai plots can be considered for palaeointensity 

with appropriate stipulations; the nature of both slopes needs to be confirmed and caution 

should be taken as not all non-SD behaviour is apparent from conventional palaeointensity 

selection criteria. Generally this type of pTRM tails results in a high ϒ, while the component 

unaffected by tails has a low ϒ value; however, this is not evident in all of the cases so there 

is an argument for plotting the apparent pTRM directions. 
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Chapter 5 

Evidence for a Mid-Palaeozoic Dipole Low 

from Northern UK sites 

5.1 Introduction 

It is well established from the palaeomagnetic record that the geomagnetic field varies over 

timescales of 10s to 100s of millions of years (Myrs) in terms of reversal frequency (Ogg et 

al., 2016), palaeointensity (Biggin et al., 2009) and palaeosecular variation (Biggin et al., 

2008). While geomagnetic variation on much shorter timescales is considered to be due to 

sto hasti  p o esses i  the Ea th s o e (Constable and Johnson, 2005), it is considered that 

this  longer scale variation may relate to variation in heat flux at the Core-Mantle Boundary 

(CMB) due to whole-mantle convection (Biggin et al., 2012). The majority of our present 

u de sta di g of the Ea th s Deep I te io  omes from seismology, which just gives us just 

a snapshot of the Earth at the present day. Comparatively, the palaeomagnetic record goes 

back billions of years (Kobayashi, 1968; McElhinny and Evans, 1968; Schwarz and Symons, 

1969) and can used to understand variation in the deep Earth, going back through 

geological time. Recent work has aimed at correlating variation in reversal frequency to 

deep earth processes, including mantle plumes (Biggin et al., 2012; Olson et al., 2013), 

subduction (Hounslow et al., 2018) and True Polar Wander (TPW; Biggin et al., 2012). 

However, all of these studies have shown that the lack of quality magnetostratigraphy prior 

to the Permo-Carboniferous Reversed Superchron (PCRS; ~267 - 317 Ma) means that it is 

not possible to sufficiently constrain reversal frequency in order to test the relationship 

prior to ~320 Ma. 

Variation in the Precambrian palaeointensity record (>540 Ma) has been used to suggest a 

possible age for the nucleation of the inner core (Biggin et al., 2015) and a minimum age 

start of the geomagnetic field (Tarduno et al., 2015); it has not been used to relate 

geomagnetic variation and deep earth processes during the Phanerozoic, since Biggin and 

Thomas (2003). However, that study assumed that CMB heat flux and the dipole moment 

were proportional, rather than the inverse relationship determined from more recent 

numerical modelling (Olson, 2007). There are periods of time where this pattern in field 

behaviour appears to hold, such as the Cretaceous Normal Superchron (CNS; ~84 – 125 Ma) 
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from which the highest field strength measurements from the Phanerozoic have been 

obtained (Tarduno and Cottrell, 2005; Tauxe and Staudigel, 2004). It is preceded by the 

Jurassic hyperactivity period (Tominaga et al., 2008), which occurred during the Mesozoic 

Dipole Low (MDL), a period with a field strength of a third of the Phanerozoic average that 

persisted for at least ~80 Myrs prior to the start of the CNS (Prévot et al., 1990) and 

potentially covered the whole of the period ~120 - 250 Ma (Anwar et al., 2016; Perrin and 

Shcherbakov, 1997), although palaeointensity data is needed for the Triassic to confirm 

this. Recent work looking at the relationship between field strength and reversal frequency 

during these periods showed that the inverse correlation between the two was significant, 

even for a reduced data set with the least reliable palaeointensity site values removed 

(Kulakov et al., 2018). Based on the available palaeointensity data from the PINT15 

database (Biggin et al., 2009) and recent studies (Hawkins et al., 2019; Shcherbakova et al., 

2017), there may have been an extended period of weak field strength, similar to the MDL, 

prior to the PCRS. To determine if this is the case, and to use the palaeointensity record as 

an indicator of evolution in the deep earth prior to 300 Ma, the reliability of this period of 

weak field needs to be confirmed. This can be done in two ways: collection of more, reliable 

palaeointensity data from prior to the PCRS, and analysis of the reliability of the data 

already available from the PINT15 database. 

For the new palaeointensity determinations, three localities from the northern UK, 

spanning ~330 - 410Ma were sampled: the Strathmore region and Kinghorn of Scotland and 

the Cheviots in northern England. All of these sites have previously been sampled for 

palaeodirections and have published palaeomagnetic poles with Q factors of 6 - 7 (Torsvik 

et al., 2012). The ages of the rocks associated with these localities span ~90 Myrs prior to 

the PCRS, an interval just over the minimum expected length of the MDL, and covering the 

periods before and after the recent Devonian studies included in this thesis. Palaeointensity 

measurements have previously been made on sites from the Strathmore locality (Kono, 

1979), based on some of the same sites as the original palaeodirectional study by Sallomy 

and Piper (1973). These gave low field strength values of ~35 ZAm2, which is significantly 

lower than the present day field strength. However, the reliability of this study is unclear as 

it was done prior to the development of modern day palaeointensity techniques and 

selection criteria, no checks for alteration or multi-domain behaviour were included and 

there are known to be issues with the perpendicular method (Grappone et al., 2019). There 

have been no palaeointensity studies conducted previously for the Cheviots or the Kinghorn 

lavas. Palaeointensity measurements have been made on other Carboniferous igneous sites 
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from just south of the Kinghorn, from the Midland Valley Sill (Garcia et al., 2006; Thomas et 

al., 1997), however these are considered to be ~20 – 30 Myrs younger than the Kinghorn 

samples, which would put them within the PCRS. 

5.2 Geological Background 

The oldest of the northern UK localities analysed is the Lower Old Red Sandstone of the 

Strathmore region, from the northern Midland Valley in Scotland (Figure 5.1). This 

succession is represented by interbedded fluvial conglomerates and sandstones, 

punctuated by calc-alkaline volcanism, and deposited as part of three successive, graben-

bound sedimentary basins: (a) the Stonehaven (Stonehaven Group), (b) Crawton 

(Dunnotar-Crawton Group), and (c) Strathmore (Arbuthnott–Garvock and Strathmore 

Groups) basins (Browne et al., 2002). The source of this magmatism comes from the 

subducting Laurentian plate under the Iapetus suture (Woodcock and Strachan, 2012) and 

was greatest during the deposition of the Dunnotar-Crawton Group to the Lower 

Arbuthnott–Garvock Group. The sites analysed for this study come from the Crawton 

(Crawton Bay and Todhead) Volcanic Formation of the Dunnotar-Crawton Group and the 

Montrose (Scurdie Ness) and Ochil Hill (Wormit Bay and Abernethy) Volcanics Formations 

of the Arbuthnott–Garvock Group. While there is no direct age dating available, there are 

published Rb-Sr dates from units correlated to the oldest and youngest. The Lintrathen Tuff 

Member of the Crawton Volcanic Formation has been correlated to the Gle e ie 

Po ph  e e  north of the highland boundary fault, which has been dated to 415.5 ± 

5.8 Ma (Thirlwall, 1988). For the Ochil Hills Volcanic Formation, age dating was done on 

rhyolite from the base of the Wormit Bay section to 410.± 5.6 Ma (Thirlwall, 1988). This age 

date is in close agreement with misopore assemblages from the sedimentary rocks of the 

Wormit Bay section to the Lockhovian (419.2 ± 3.2 Ma to 410.8 ± 2.8 Ma; Richardson et al., 

1984).There is no age dating for the Montrose Volcanic Formation, although it has been 

correlated with ignimbrite only 120 m stratigraphically above top of Crawton lavas (Browne 

et al., 2002) and lies below the Ochil lavas. 

The next oldest locality is that of the Cheviot Volcanic Formation, named after the Cheviot 

Hills in northern England (Figure 5.1). The Formation is part of the Reston Group, 

representing all of the Siluro-Devonian clastics and volcanics of the Southern Upland 

Terrane. The Formation is comprised of a thick pile (~1 km) of andesitic lava interspersed 

with minor rhyolitic and pyroclastic layers (Browne et al., 2002). The lavas of the Cheviots 

are both younger and chemically distinct from those of the Lower Old Red Sandstone in the 
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Midland Valley to the north. The volcanism in this area was generated from a trans-

tensional regime that caused partial melting of the Avalonian plate under the SUT, which is 

the accretionary prism formed during the closure of the Iapetus (Woodcock and Strachan, 

2012), producing the Cheviot granite that extruded the lavas of the Cheviot Volcanic 

Formation. Biostratigraphic constraints are not possible for the Cheviot Hills Volcanic 

Formation or the rest of the Reston Group at this locality. However, three Rb-Sr ages were 

determined from the lavas from the lavas (391 ± 8 Ma, 380 ± 11 Ma and 395.9 ± 3.8 Ma) 

that also match well with the coeval Cheviots Granite (Thirlwall, 1988). 

 
Figure 5.1  Maps of the northern UK localities showing (a) the geological units and (b) the 

Geographical distribution of the northern UK sites in this study. The Geological units come 

from Edina Digimap and generalised descriptions are listed in the legend underneath. The 

grey filled areas represent the units samples; the Strathmore Group, the Cheviot Volcanic 

Formation and the Kinghorn Volcanic Formation. The red circles represent the site 

locations; the individual sites from the Strathmore locations and the Kinghorn lavas are too 

close together to distinguish on this map and the Cheviots sites are (i) CH1-3 and CH8, (ii) 

CH4, (iii) CH5-6 and (iv) CH7. 
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The youngest of the localities is the Kinghorn Volcanic Formation, part of the Visean 

volcanic rocks of the Midland Valley (Figure 5.1). This volcanic formation consists of a thick 

series (~485 m) of basaltic lavas interspersed with minor volcanoclastics (Stephenson et al., 

2003). Unlike the previous localities, the magmatism of the Midland Valley at this time does 

not relate to the Caledonian orogeny. Instead, it is the result of lithospheric extension 

caused by the Variscan front to the south, which also lead to rifting and the development of 

fault-bound basins. Stratigraphically, the age of the Kinghorn lavas are well constrained as 

they are correlated with the Sandy Craig and Pathead Formations of the Strathclyde Group, 

whose strata are found above and below, as well as interbedded with the Kinghorn Volcanic 

Formation. The misopore assemblages in these correlated sedimentary rocks constrain the 

age of the Kinghon lavas to the Asbian - Brigantian (~337.5- 326.4 Ma). Isotopic age dating 

appears to have been largely unsuccessful as it has generally produced ages that are too 

young, possibly due to Argon loss (Monaghan and Browne, 2010). The closest age date to 

the Asbian - Brigantian comes a K-Ar age date 338 ± 4 Ma from a sample from between 

Burntisland and Kinghorn (Fitch et al., 1970). 

5.3 Sampling and Method 

All of the selected localities have successfully been used to determine palaeomagnetic 

poles for the Baltica Polar Wander path (Torsvik et al., 2012). A total of 285 samples were 

collected from (137 sites from 16 sites from the Strathmore region, 79 from 8 sites from the 

Cheviots and 69 from 12 Kinghorn sites). When sampling, every possible effort was made to 

locate the same sites as those used for the published palaeomagnetic poles (the sites that 

are included in this Chapter are listed in Table 5.2). However, the studies included limited 

information on the site locations e.g. no available map references, latitude and longitude, 

etc. Where it was difficult to constrain the exact location, sites were chosen from the same 

formations as the previous studies. The palaeodirections from the Strathmore region were 

originally measured by Sallomy and Piper (1973), which was then later superseded by the 

palaeomagnetic pole determined by Torsvik (1985), which has a Q factor of 7. Based on the 

descriptions from Torsvik (1985), many of the sites from the Strathmore locality can be 

directly related to sites from this study (e.g. Crawton Bay and Todhead) or from roughly the 

same location (e.g. Scurdie Ness). For the other sites (e.g. Wormit Bay), the relation to the 

Torsvik sites is less clear; however, the geology is very well constrained from geological 

maps and the geological conservation review in the case of the Wormit Bay section 

(Stephenson et al., 1999). The Cheviots palaeomagnetic pole was determined by Thorning 

(1974) and has a Q factor of 6. Based on the published map, CH4 is e ui ale t to Tho i g s 
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site 15, CH5 - 6 are from around site 17 and CH7 is from site 20. Sites CH1 - 3 and CH8 are 

from areas west of the published map. The Kinghorn palaeomagnetic pole was determined 

by Torsvik et al. (1989) and has a Q factor of 6. Based on the published map and a 

comparison of the polarity of the sites, KH1 appears to come from close to sites 26 - 28, 

KH2 from close to sites 38 and 39 and two of sites KH7 - 9 represent sites 29 and 30. 

The majority of samples were collected as oriented drill-cores and the rest as oriented hand 

samples that were then drilled in the lab. Sun compass readings were collected and used to 

orient samples where possible, which was only for the Cheviots, while the rest were 

oriented using magnetic readings. None of the sites deflected the needle of compass so the 

magnetic readings should be accurate. Tilt corrections were made based on bedding 

readings from the localities where available; this was possible for Strathmore sites that 

produced accepted site directions and the Kinghorn sites, while no tectonic correction was 

possible for the Cheviots (same as for Thorning, 1974) because of the limited nature of the 

exposure. The samples were cut into 25.4 mm and 12.7 mm oriented cores for measuring. 

All of the sites initially had their palaeodirections and rock magnetic properties measured 

to check their suitability for palaeointensity experiments. The palaeodirections were 

determined by thermally demagnetising the samples in Magnetic Measurements Super 

Cooled and 24 Thermal Demagnetisers (MMTD) and measured using either an Agico JR6 

spinner or RAPID 2G SQUID magnetometer respectively. Two selection criteria were applied 

to the palaeodirections to determine if the measurements were successful: (a) the mean 

angular dispersion (MAD°), and (b) the angle between the anchored and unanchored 

di e tio s α° . Individual di e tio s he e eithe  of these e e  10° were not used and 

sites were not accepted that if the palaeodirections were not clustered (k <15). The new 

site means are not designed to supersede the previous studies as, in most cases, they are 

based on fewer sample directions. Issues with the reliability of the previous studies will be 

discussed in the palaeodirection results section.  

The rock magnetic measurements including hysteresis, IRM, Back-field and thermomagnetic 

curves were all measured crushed samples, generally from the lower end of the cores, in air 

on a Magnetic Measurements Variable Field Translation Balance (MMVFTB). Scanning 

Electron Microscopy (SEM) analysis was performed on a Hitachi Table-top Microscope 

TM3000 with energy-dispersive X-ray (EDX) analysis capabilities. Back-scattered Electron 

(BSE) images were taken of thin sections from samples gave accepted palaeointensity 

results, to confirm that the magnetic mineralogy shows primary igneous textures consistent 

with the samples carrying their primary thermoremanent magnetisation (TRM). EDX was 
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also used to identify to assist in identification of the magnetic mineralogy from the BSE 

images. 

Sites that produced palaeodirections consistent with those from the earlier studies and 

suitable magnetic mineralogy were then measured for palaeointensity. Two palaeointensity 

techniques were used: (a) thermal and (b) microwave Thellier-style experiments using the 

IZZI protocol (Tauxe and Staudigel, 2004). This protocol includes a repeating pattern of 

zero-field (Z) and in-field (I) steps followed by a pTRM check to an earlier temperature step. 

The advantage of the IZZI protocol is that pTRM tails are generally evident from zig-zagging 

of the Arai and/or Zijderveld, so pTRM tail checks are unnecessary for this protocol (Yu and 

Tauxe, 2005). The thermal measurements were run on oriented, half-inch cores that were 

heated in atmosphere in the super cooled MMTD and then measured on the RAPID 2G 

SQUID magnetometer. Before measuring the natural remanent magnetisation (NRM) of the 

sample was applied, a small alternating field (AF) step of 5mT as applied as a  AF lea se  

in order to reduce potential MD effects of the samples on the palaeointensity experiment 

(Biggin et al., 2007; Dunlop and Özdemir, 2001). The temperature steps were chosen based 

on the behaviour of the samples during thermal demagnetisation; e.g., where samples 

were shown not to demagnetise below 300 °C, this was selected as the initial step for the 

thermal palaeointensity experiments. All of the samples were heated above the Curie 

temperature of the remanence carriers, up to 680 °C for some samples and an applied field 

of 20 μT was used for the in-field steps. The Microwave measurements were both 

demagnetised and measured in atmosphere using the unique T ista   GHz i o a e 

palaeointensity system with low-temperature SQUID magnetometer (Hill and Shaw, 1999). 

The samples were not oriented and the applied field was varied between 3 – 20 μT 

depending on the expected palaeointensity of the samples. Increasing power steps were 

applied until the experiments failed pTRM checks. 

The selection criteria used to determine acceptable palaeointensity results, shown in Table 

5.1, are based on developed selection criteria sets (MC-CRIT; Paterson et al., 2015) and 

previous palaeomagnetic studies for samples of a similar age (Anwar et al., 2016; Hawkins 

 

n FRAC β q MADANC α DRAT CDRAT npTRM

4 . . <=0.48

  
 

 

Table 5.1  Acceptance parameter for all of the measurements included in this study. The 

selection criteria as described in the Table 2.8 and Standard Palaeointensity Definitions 

(SPD; Paterson et al., 2014). 
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et al., 2019; Shcherbakova et al., 2017). The MC-CRIT selection criteria sets were developed 

based on improving previously determined sets of selection criteria to reach the correct 

estimate from samples that may be influenced by MD behaviour. The selection criteria 

chosen to be important for this study, based on experience from the previous studies and 

the techniques and/or protocols used in this study, are a mix of the MC-CRIT.A1 and MC-

CRIT.C1. MC-CRIT.A  did ot i lude α, hi h is i po ta t he  the e is likel  to e a i  

of components but did include CDRAT, which is included here to check for progressive 

alteration and is especially important for samples such as titanium (Ti) rich titanomagnetite 

that is expected to exolve at some point in the experiment. It also included npTRM, while 

MC.CRIT.C  did i lude α, but not CDRAT and npTRM, and a pTRM tail check that is 

unnecessary when using the IZZI protocol. These criteria were designed for application to 

samples that only include a single component, which is unrealistic considering the age of 

these samples. For this reason, the limit for FRAC is set lower than the  0.55 suggested for 

IZZI experiments to take into account that the ChRM component may only represent a 

fraction of the NRM due to overprinting. While some of the other criteria can remain the 

same as the MC.CRIT values, su h as β a d , those that are normalised by the length of the 

selected component (see Table 2.1) need to be adjusted because of the smaller FRAC, 

which is why the DRAT and CDRAT selection criteria are higher than for the MC.CRIT 

criterion. MAD and α a e ot o alised  the length of the selected component but have 

been set higher as effects such as incomplete unblocking of the overprint can affect the 

results. Finally,   ⃑⃑⃑   is set at its highest acceptable value as determined by Shaar and Tauxe 

(2015).  

5.4 Results 

5.4.1 Palaeodirections 

All of the palaeodirections measured are listed in Appendix E, example Zijderveld diagrams 

and related intensity plots are shown in Figure 5.2 and a summary of all of the sites that 

passed selection criteria is shown in Table 5.2. For the Strathmore sites (Figure 5.3a), the 

locality means from Torsvik, 1985 was recalculated (Normal; Dec = 224°, Inc = 45°, α9  = 

11°, k =21, n = 9: Reversed; Dec = 54°, Inc = -45°, α9  = 4°, k =24, n = 6) as the original 

study generated the mean from all the individual measurements, rather than from the 

mean of the site means as is typically calculated for the pole positon. The recalculated 

locality mean does not include any of the group 2 measurements from Torsvik (1985): the 

high temperature measurements from the Crawton Bay flow 1 (CB3) and Hilton on Knapp  
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Figure 5.2  Example Zijderveld  and demagnetisation intensity plots of selected 

palaeodirections from the (a) Strathmore region, (b) Cheviots, and (c) Kinghorn. 

 
Figure 5.3  Stereographic projections of the accepted site mean directions for (a) the 

Strathmore, (b) the Cheviots and (c) the Kinghorn sites. The site means are shown with 

thei  α9  i le. The sites a ked  olou ed i les ep ese t the e  site di e tio s 
while the sites marked with black squares are the study means from the original published 

studies for the localities: Torsvik (1985) for Strathmore, Thorning (1974) for the Cheviots 

and Torsvik et al. (1989) for the Kinghorn. The locality mean from the original Strathmore 

study was recalculated to fit with modern palaeodirection analysis (see text for more 

details). The Cheviots also include black diamond sites that represent some of the 

individual sites of interest from the original study by Thorning. 
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Locality Site Lithology* Lat° Long° N Dg° Ig° Ds° Is° k α95 Paleo-Lat
Pole 

latitude

Pole 

longitude

CB1 Andesite 56.9080 -2.2022 11 33.5 -62.3 45.0 -50.4 71.2 5.4 -43.6 -5.9 140.4

CB2 Andesite 56.9077 -2.2001 7 225.6 31.1 228.3 18.4 33.7 10.5 16.8 -12.8 -51.3

CB3 Andesite 56.9081 -2.1980 4 202.2 54.2 213.6 44.1 24.5 18.9 34.8 -2.5 -32.0

CB4 Andesite 56.9083 -2.1992 3 184.9 50.5 198.1 43.5 15.0 33.0 31.2 -6.3 -18.6

Todhead TH1 Andesite 56.8848 -2.2161 10 22.6 -51.1 30.3 -37.2 99.7 4.9 -31.8 8.3 149.4

SN1 Basalt 56.6910 -2.4424 10 44.1 -16.0 50.6 -64.6 25.5 9.8 -8.2 -21.4 142.7

SN3 Basalt 56.6810 -2.4507 8 199.0 -26.7 200.0 19.8 16.7 13.9 -14.1 -21.1 -23.6

WB1 Baked sandstone 56.4241 -2.9849 8 250.9 21.2 235.5 38.1 90.1 5.9 11.0 0.7 -53.1

WB2 Andesite/Basalt 56.4244 -2.9847 8 244.8 24.8 227.1 38.3 37.1 9.2 13.0 -2.6 -45.9

WB3 Andesite/Basalt 56.4237 -2.9857 8 230.8 22.3 215.8 29.1 24.5 11.4 11.6 -12.0 -38.2

WB4 Andesite/Basalt 56.4207 -2.9911 9 261.3 36.2 234.8 55.7 18.4 12.3 20.1 13.6 -45.7

WB5 Andesite/Basalt 56.4207 -2.9911 8 261.2 31.2 239.5 51.5 143.3 4.6 16.8 11.8 -51.2

CH1 Andesite 55.4338 -2.4270 8 300.2 51.2 - - 326.3 3.1 31.9 -5.5 -11.9

CH2 Andesite 55.4339 -2.4269 3 304.7 56.5 - - 66.4 15.3 37.0 -6.9 -4.5

CH3 Andesite 55.4340 -2.4270 10 295.1 55.7 - - 200.8 3.4 36.3 -9.6 -9.5

CH4 Andesite 55.4875 -2.2967 11 45.4 -49.9 - - 122.2 4.1 -30.7 -4.5 139.9

CH5 Andesite 55.5066 -2.3491 4 125.1 70.5 - - 321.8 5.1 54.7 29 30.4

CH6 Andesite 55.5082 -2.3494 6 121 65.6 - - 61.3 8.6 47.8 24.5 36.9

CH7 Andesite 55.4461 -2.3631 14 250.3 62 - - 175.0 3.0 43.2 -24.5 -9.6

CH8 Andesite 55.4208 -2.4096 9 273.7 64.2 - - 93.7 5.3 46.0 -18.8 -6

KH1 Basalt 56.0625 -3.1793 2 169.7 3.2 168.6 2.8 118.7 23.1 1.6 -31.8 10.3

KH2 Microgabbro 56.0586 -3.2233 2 209.6 5.8 205.9 18.8 318.6 14.0 2.9 -20.9 -30.6

KH4 Basalt 56.0639 -3.1734 8 38.9 -34.1 25 -48.3 162.2 4.4 -18.7 2.0 155.2

KH7 Basalt 56.0669 -3.1735 7 36.2 -10 31.9 -22.6 103.4 6.0 -5.1 17.2 144.0

KH8 Basalt 56.0680 -3.1738 6 41.3 -15.8 35.6 -29.4 36.1 11.3 -8.1 12.2 141.8

KH9 Basalt 56.0674 -3.1737 5 45.6 -13.8 40.9 -28.5 74.2 8.9 -7.0 30.3 210.1

KH10 Basalt 56.0626 -3.1749 8 24.3 8.3 24.9 -3.7 21.9 12.1 -1.8 28.6 148.1

Crawton 

Bay

Scurdies 

Ness

Wormit 

Bay

Kinghorn 

Cheviots
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(From page 83) Table 5.2  Summary of the directions of all of the accepted sites (see 

Appendix E for the individual site directions). The site based information includes the 

lithology of the site (based on mapping by the British Geological Survey) and the site 

latitude/longitude (°). The full site Fisher statistics are listed including; the number of points 

in the component (N), the declination and inclination of the component in geographic 

(Dg°and Ig°) and tectonic (Ds°and Is°) co-ordinates, the precision parameter (k) and the 

circle of 95% confidence α95). The palaeo-latitude (°) and the pole longitude and latitude (°) 

are also shown; although these site palaeodirections are not designed to supersede the 

previous studies, especially as many of the sites have low n values. 

 

and Crawton Bay flow 2 (CB4). The k values for the group 2 measurements from these sites 

are also very low: the Hilton on Knapp site is the only one just above the k  15 cut-off. The 

favoured explanation from Torsvik (1985) is that the shallower group 2 directions represent 

a partial remagnetisation formed as the titanomaghemite in the samples underwent low 

temperature oxidation to precipitate hematite, which explains why the remagnetisation 

formed as the high temperature component. For this reason alone, these sites are excluded 

from palaeointensity analysis as they are expected to carry a TCRM. All but two of the sites 

measured passed the selection criteria, covering both the normal and reversed field state, 

and are in agreement with the recalculated locality means. The Wormit Bay sites, along 

with the TH1 (Todhead) and CB1 (Crawton bay) were generally fairly tightly clustered and 

agreed better with the Torsvik (1985) results, while the rest of Crawton Bay sites (CB2 - 4) 

and the Scurdie Ness sites (SN1 and 3) were not. A positive conglomerate test was obtained 

for Crawton Bay in the original study and a conglomerate test performed on the 

conglomerate overlying TH1 (site TH2) shows that directions are uniform with weak 

support (P(H A|R) = 0.71; Heslop and Roberts, 2018). Cores were also collected from the 

clasts from the underlying conglomerate (TH3), close to the base of the overlying lava, to 

see if they were suitable for a baked contact test, however the conglomerate test showed 

that it was not clear if they were unimodal or not (P(H A|R) = 0.49; this is classed as 

unimodal weak support but is extremely close to 0.5, which is no preference). The weak 

support from these tests could be due to the low N values (8 and 7 respectively but TH2 

does appear to be clearly unimodal suggesting the conglomerate has not been completely 

remagnetised, while TH3 may have been partially remagnetised by the overlying lava but 

not enough to be suitable for further analysis. Comparatively, a test of the common true 

mean direction between the directions from the baked sediment at Wormit Bay (WB1) and 

the overlying lava flow (WB2) was positive at classification C (Angle = 7°, Critical Angle = 

10°; Koymans et al., 2016; McFadden and McElhinny, 1990; Tauxe et al., 2010).  
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All of the Cheviot palaeodirections passed selection criteria and clustered well at the 

within-site level (k > 60). The site means from this study agree well with those collected at 

the same locations  by Thorning (1974). Specifically, Figure 5.3b shows that CH4 matches 

well with site 15, which agree well the mean from the andesites and rhyolites, CH5-6 match 

fairly well with site 17 (within 18 - 22° of each other) and CH7 with site 20. The site mean 

directions for CH1-3 and CH8 are also fairly close to that of CH7/site 20 (within 10 - 30° of 

CH7), which agrees well with geographic distribution of the sites as they lie just west to 

CH7. However, these new sites that were not originally samples by the Thorning study do 

not match well with the mean from the andesites and rhyolites, which were used to obtain 

the apparently reliable palaeopole. There are several possibilities for why these site means 

do not match well with the palaeopole: (a) mistakes in orientating the samples, (b) these 

sites have undergone a tectonic rotation in comparison to the other sites that is not 

apparent, (c) these sites have been remagnetised since the lavas were extruded or (d) there 

are problems with the calculation of the original pole. A mistake in the orientation seems 

unlikely because there is a good match between sites CH1 - 3, CH7 and CH8, which are 

geographically close. Both rotation and remagnetisation are difficult to rule out; there is no 

geological evidence for rotation or for features that are likely to have caused thermal 

remagnetisation in these directions but this is in part due to a lack of outcrop.  However, 

low temperature acquisition of a TCRM is considered likely based on the magnetic 

mineralogy (see section 5.4.2). Looking at the andesite and rhyolite sites from the original 

study, there was a high degree of scatter (k = 10) and a common true mean direction test 

shows that the sites do not appear to be antipodal (tested negative with Angle = 30° and a 

Critical angle =29; Koymans et al., 2016; McFadden and McElhinny, 1990; Tauxe et al., 

2010). Combined with the new measurements, the low AF demagnetisation steps in the 

original study (a maximum of  ~35 mT), the possibility of TCRM acquisition and the lack of 

tectonic correction as the lavas are cited as not dipping more then 5 - 8° (Carruthers, 1934), 

all brings into question the reliability of the palaeomagnetic pole from the Cheviots. 

While the Kinghorn produced more sites that failed the selection criteria then any of the 

other, most of the sites that passed were in very close agreement with the published 

locality means from Torsvik et al., 1989 (see Figure 5.3c). Site failure appears to be due to 

the magnetic mineralogy of the samples, most had very high-Ti content similar to KH10, the 

only high-Ti titanomagnite site to pass albeit with the lowest k value (see section 5.4.2). 

Unlike the Torsvik study, the majority of the lavas sampled here are normal in polarity, 

while the original study sampled more reversed polarity lavas to the north of these. 
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5.4.2 Magnetic Mineralogy 

Rock magnetic experiments were performed on all of the sites analysed from the three 

localities and the magnetic mineralogy for all of the sites is discussed here; however, only 

samples that gave acceptable palaeointensity results are shown in the Day plot (Figure5.4) 

and only some of these sites have SEM analysis associated with them. The Strathmore 

locality shows the greatest range of magnetic mineralogy for samples that gave accepted 

site directions, most likely because the sites cover the greatest geographical distribution.  

There are similarities between the magnetic mineralogy of Crawton Bay and Scurdie Ness 

volcanics; samples from both CB1 and SN1 both exhibit reversible thermomagnetic curves 

with two apparent Curie temperatures (Figure 5.5a), one around 580 °C that is indicative of 

magnetite and the other around 680 °C that is indicative of hematite. The presence of 

hematite is likely to be the cause of the deviation of the samples from the SD + MD mixing 

lines of the Day plot as it was designed for purely magnetite samples, however the samples 

that plot closest to it are within the PSD region (Figure 5.3a). Samples from the rest of the 

Crawton Bay and Scurdie Ness sites (CB2 - 4 and SN3) and the Todhead site (TH1) all give 

thermomagnetic curves that are irreversible above 300 °C (Figure 5.5b), suggesting that 

 
Figure 5.4  Mrs/Ms vs. Hcr/Hc plot, based on Dunlop (2002), for all of samples that gave 

successful palaeointensity determinations. Points are coded depending on their magnetic 

mineralogy type. Abbreviations are: Mrs, saturation remanence; Ms, saturation 

magnetization; Hc, coercivity; Hcr, coercivity of remanence; SD, single-domain; PSD, 

pseudosingle-domain; MD, multidomain. Includes the SD-MD mixture models for pure 

magnetite. 
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alteration of the magnetic mineralogy is occurring across all temperatures above this. The 

Curie temperature of these samples varies; most give a Curie temperature of ~470 – 540 °C, 

although TH1 produces a much higher Curie temperature of ~620 – 640 °C. The Curie 

temperature of TH1 fall into the range of that of maghemite and the temperatures across 

which alteration occurs fits with the temperature range at which maghemite breaks down 

to hematite (Dunlop and Özdemir, 1997). The depressed Curie temperature of the other 

sites suggests that maghematisation occurred to magnetic minerals with a higher Ti content 

to form titanomaghemite.  

 
 

Figure 5.5  Representative thermomagnetic curves (a - h) and BSE SEM images (i - j) from 

the sites that provided accepted palaeointensity estimates. The thermomagnetic curves 

show the magnetisation of the sample upon heating (red line) and cooling (blue curve). 

Some of the curves show a single heating or cooling curve to 600 °C or 700 °C (all of these 

curves are considered to be relatively reversible to at least 600 °C). The rest have been 

heated in steps of 100 °C from 300 °C or 350 °C to show over which temperature range(s) 
the curves are irreversible, indicating the presence of alteration. The top row (a - d) and the 

first SEM image (i), which represents the mineralogy from thermomagnetic curve d) are 

from the Strathmore sites and the second row and second SEM images, (j) which 

represents the mineralogy from thermomagnetic curve g) are from the Kinghorn sites. The 

key magnetic minerals are labelled, having been identified from the EDX and igneous 

textures. 
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Comparatively, there is no evidence for this kind of thermal alteration in the Wormit Bay 

samples. The baked sediment (WB1) produces a reversible, noisy thermomagnetic curve 

with a Curie temperature of ~680 °C, indicating hematite as the main magnetic carrier with 

possibly some magnetite based on the inflection around 580 °C (Figure 5.5c). The rest of 

the sites (WB2 - 5) produce reversible thermomagnetic curves with Curie temperatures 

around and just below the Curie temperature of magnetite, around 520 – 580 °C (Figure 

5.5d), suggestive of very low-Ti titanomagnetite. This is supported by SEM analysis of the 

samples indicating grains of low-Ti titanomagnetite next to ilmenite, both on the order of 

s of μ , ith o e ide e of e solutio  lamellae (Figure 5.5i). The grains of magnetite do 

not show signs of cracking, suggesting there has been a reduction in the volume of the 

grains, which is consistent with the thermomagnetic curves which do not indicate the 

presence of maghemite. This lack of lamellae may explain the relatively large grain sizes 

suggested for the Wormit Bay sites, with WB2 and WB3 samples looking to contain 

primarily MD size samples, while WB4 and WB5 have a finer grain size distribution in the 

PSD range (Figure 5.4a). 

The magnetic mineralogy of the Cheviots and the Kinghorn are similar to that of some of 

the Strathmore sites. For the Cheviots, the magnetic mineralogy of the sites falls into one of 

two groups. The first (CH1, CH3 and CH6) is similar to that of SN1 and WB1 (Figures 5.5a) 

and c) with noisy, reversible thermomagnetic curves indicating the presence of magnetite 

and hematite (Figure 5.5e). The rest of the sites produce irreversible thermomagnetic 

curves from 300°C (Figure 5.5f) similar to those CB2 (Figure 5.5b) except with higher Curie 

temperatures of ~600 – 660 °C indicating maghemite without any titanium like TH1. As 

none of the sites from the Cheviots were used for palaeointensity (see section 5.4.3), no 

further rock magnetic or SEM analysis was performed. For the Kinghorn sites, most of those 

that gave acceptable palaeodirections (KH2, KH4 and KH7 - 9) produce reversible curves 

(Figure 5.5g) similar to that WB2-5 (Figure 5.5d), with Curie temperatures ranging from 

~540 – 580 °C, indicating magnetite or very low-Ti titanomagnetite. Sites KH1 and KH10, as 

well as all of the sites that failed to give acceptable palaeodirections, gave much lower 

Curie temperatures in the range of 370 – 480 °C and, while they are relatively reversible at 

temperatures below the Curie temperature, they are irreversible above the Curie 

temperature (Figure 5.5h). Unlike the samples containing maghemite or titanomaghemite 

that showed a decrease in the magnetisation upon heating, these show an increase in 

magnetisation after the final heating step and the Curie temperature of the curve upon 

cooling is around 580 °C, suggesting the titanomagnetite samples have exsolved upon 
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heating into magnetite and ilmenite. SEM analysis indicate the presence of what appears to 

be large scale lamellae between the titanomagnetite and ilmenite (Figure 5.5j), with the 

tita o ag etite fo i g a ou d the edge of la ge, skeletal g ai s of il e ite s of μ  i  

length). Like the Wormit Bay samples, the titanomagnetite does not show signs of cracking 

and all of the samples that passed for palaeointensity plot within the PSD region of the Day 

plot (Figure 5.4b).  

5.4.3 Palaeointensity 

Measurements were performed on 82 samples from six sites from the Strathmore locality 

(WB1 and WB2 have been grouped into a single site as they represent a single cooling unit) 

and on 76 samples from seven sites from the Kinghorn locality. From the Strathmore sites, 

CB1 and SN1 were measured for palaeointensity, along with all of the sites from Wormit 

Bay because the palaeodirections and rock magnetic results from all of the sites suggested 

that the samples were suitable for palaeointensity experiments, although whether these 

sites have a primary TRM is questionable (see section 5.5.1 for further discussion). From the 

Kinghorn, all of the sites that passed the palaeodirection selection criteria were deemed 

suitable for measuring for palaeointensity. The Cheviot sites were not used for 

palaeointensity because there were several potential issues with the reliability of these 

samples based on both the palaeodirections and the magnetic mineralogy. All of the sites 

measured for palaeointensity produced estimates that passed selection criteria, with a total 

of 30 accepted results for the Strathmore locality and 27 accepted results for the Kinghorn. 

However, since only one measurement passed for KH2 it will not be included in the 

analysis. The site mean values for the Strathmore sites range from 3 - 51 μT 6  - 98 ZAm2) 

and the Kinghorn  range from 4 - 11 μT  - 26 ZAm2) and all of the site level results are 

listed in Table 5.3, while summaries of all of the measurements made are listed in 

Appendices F and G.  

As hematite appears to be the primary remanence carrier for sites CB1, SN1 and WB1, only 

thermal experiments were performed on these samples (apart from a test sample from 

SN1) as generally the microwave system is unable to demagnetise hematite. Examples of 

Arai plots from these sites are shown in Figure 5.6 a - c. All produce linear sloped Arai plots, 

with minimal overprints that do not show signs of alteration from failing pTRM checks until 

the end of the experiments. While some of the selected components start from ~500 °C 

(e.g. SN1-1BII, Figure 5.6b), the majority start from ~300 °C (e.g. CB1-H2C, Figure 5.6a) and 

generally end at ~620-660°C suggesting that for some of them the palaeointensity estimate  
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CB1 56.9080 -2.2022 45.0 -50.4 5 51 15.9 31% 98 1 0 0 1 1 1 0 0 1 5

SN1 56.6910 -2.4424 50.6 -64.6 4 11 1.7 16% 18 1 0 0 1 1 1 0 0 1 5

WB1/2 56.4244 -2.9847 231.3 38.3 8 16 6.5 41% 34 1 0 1 1 0 1 1 1 1 7

WB3 56.4237 -2.9857 215.8 29.1 6 20 7.0 35% 46 1 0 1 1 0 1 1 0 1 6

WB4 56.4207 -2.9911 234.8 55.7 5 3 0.3 10% 6 1 1 1 1 1 1 1 0 1 8

WB5 56.4207 -2.9911 239.5 51.5 2 6 4.3 68% 12 1 0 1 1 0 1 1 0 1 6

KH1 56.0625 -3.1793 168.6 2.8 5 7 1.9 28% 17 1 0 1 1 1 1 0 0 1 6

KH4 56.0639 -3.1734 25.0 -48.3 6 5 0.7 13% 10 1 1 1 1 1 1 0 0 1 7

KH7 56.0669 -3.1735 31.9 -22.6 4 11 4.4 41% 26 1 0 1 1 1 1 1 0 1 7

KH8 56.0680 -3.1738 35.6 -29.4 3 7 4.5 61% 17 1 0 1 1 1 1 0 0 1 6

KH9 56.0674 -3.1737 40.9 -28.5 5 10 4.0 40% 24 1 0 1 1 1 1 0 0 1 6

KH10 56.0626 -3.1749 24.9 -3.7 3 4 1.1 24% 11 1 0 1 1 1 1 0 0 1 6

TRM

Kinghorn

Midland 

Valley

Std.dev

/mean

Std.dev 

μT
Mean 

μTNIncDecLongLatSite Locality
VDM 

(ZAm
2
)

AGE STAT TOTALALT MD ACN TECH LITH MAG

Table 5.3  Summary of site mean palaeointensity data and QPI criteria for all of the investigated sites that pass selection criteria. Latitude and longitude 

are as before and Declination and Inclination are the tectonically corrected mean site directions for this study (see Table 5.2). N is the number of 

palaeointensity measurements accepted for the site. The QPI criteria come from Biggin and Paterson (2014) and for further details on how the 

Strathmore and Kinghorn sites were scored, see section 5.5.1. 
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must be derived from both the magnetite and hematite recorders in the samples. This 

could explain the slight zig-zagging of the CB1 Arai at lower temperatures, which is typically 

a reflection of MD effects in IZZI protocol experiments (Yu and Tauxe, 2005), as the 

hematite that unblocks at higher temperatures tends to be single domain (Dunlop and 

Özdemir, 1997). While the different samples from SN1 give consistent palaeointensity 

 
Figure 5.6  Representative Arai plots illustrating the different behaviours observed for the 

samples from the Strathmore sites. All of the measurements were done using Microwave 

and Thermal Thellier-type experiments using the IZZI protocol. The three Arai plots along 

the top row represent the sites with only thermal measurements as the remanence is 

carried by hematite; (a) CB1 (Crawton Bay), (b) SN1 (Scurdie Ness) and (c) WB1 (the baked 

sediment from Wormit Bay). The four bottom Arai plots show a comparison of the 

microwave and thermal results representing the two behaviours observed from Wormit 

Bay sites. The middle row is from WB2 showing the thermal behaviour (d) and the 

Microwave behaviour (e). The bottom row is from WB4 showing the thermal behaviour (f) 

and the Microwave behaviour (g). 
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results, this is not the case for the samples from CB1, with three of the samples giving 

esti ates of ~  μT, hile the othe  t o esti ates a e significantly lower.  

As previously stated, sites WB1 and WB2 have been combined into a single site as they 

should represent a single cooling unit, with the WB2 lava baking the underlying sandstone 

of WB2 and this is supported by the common true mean test performed on the 

palaeodirections. The thermal Arai plots from WB1 and WB2 are similar in appearance 

(Figures 5.6c - d), as both have a relatively small overprint and linear slopes for the selected 

component, and the mean results of the two are within (~5 μT). However the standard 

deviation for the sites is fairly large (41%) as there is significant variation between the 

palaeointensity estimates. The highest estimates come from the WB1 samples, which could 

be due to differences in the mineralogy (WB1 contains hematite as the primary remanence 

carrier, while WB2 carries magnetite); however, the Microwave results from WB2 are also 

consistently lower than that of the thermal results from the same samples. This pattern is 

also observed for the WB3 samples and the cause of these differences in estimates may 

relate to MD effects; for WB2 and WB3 the thermal Arai plots display linear slopes, while 

the microwave plots tend to produce variable slope plots and zig-zagging in the Zijderveld 

plot (Figure 5.6e), but not the thermal plots. Despite WB4 producing consistent results, the 

samples may also have been affected by MD behaviour during the experiment. However, 

WB4, and WB5, samples display almost reversed behaviour with the microwave samples 

producing near linear plots, while the thermal plots give variable slopes and zig-zagging 

Zijderveld plots (Figure 5.6f - g).  

The thermal experiments for the Kinghorn were generally unsuccessful so only the two of 

the sites (KH4 and KH7) include thermal as well as microwave results. It is not clear why 

there is such a high failure rate for the thermal experiments. They mostly failed due to high 

β,   ⃑⃑⃑⃑ , and/or CDRAT which suggests MD behaviour or alteration e.g. exsolution of the 

titanomagnetite in the samples. The higher titanium sites, KH1 and KH10, produce two-

slope Arai plots with distinct directional components for the low- and high- temperature 

slopes (Figure 5.7a). Of the sites with low-Ti titanomagnetite, KH8 and KH9 and one of the 

samples from KH7 exhibit linear sloped plots with relatively little overprint (Figure 5.7c - d), 

while the other samples from KH7 exhibits variable slope plots (Figure 5.7de). Sites KH7, 

KH8 and KH9 have much higher standard deviations (40 - 61%); however, this appears to be 

because different samples taken from the lava flows have recorded different field strengths 

(e.g both measurements from KH9-3 give estimates of ~5 -  μT a d all th ee of the KH9-4 
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measurements give estimates of ~12 - μT; see Appendix 5 for more examples). This holds 

for measurements using different techniques: a microwave experiment from core KH7-8 

produces an Arai plot and palaeointensity estimate similar to the thermal experiment. KH4 

exhibits similar behaviour to the Strathmore sites WB4 and WB5, with the thermal and 

microwave producing very consistent estimates that pass STAT, but the thermal Arai plots 

are suggestive of MD behaviour (variable slope and zig-zagging as shown in Figure5. 7e) 

while the Microwave plots are relatively linear (Figure 57f).  

5.5 Discussion 

5.5.1 Reliability of the Strathmore palaeointensity estimates 

There are several issues to discuss in terms of the reliability of the palaeointensity results 

from the Strathmore and Kinghorn sites, which can be analysed in terms of the QPI criteria. 

A work flow of how the QPI criteria were applied to both the new Scottish palaeointensity 

 
Figure 5.7  Representative Arai plots illustrating the different behaviours observed for the 

samples from the Kinghorn sites. All of the measurements were done using microwave and 
thermal Thellier-type experiments using the IZZI protocol. The first column is 

representative of the Ti-rich titanomagnetite sites (a) KH1 and (b) KH10, which only 

produced acceptable microwave measurements. The second column represents one of the 

magnetite sites (KH9) which produced consistently different palaeointensity estimates from 

the two samples (c) KH9-3 and (d) KH9-4. The last column shows a comparison of (e) 

thermal and f) microwave Arai plots from one of the magnetite sites that produced 

accepted estimates from both (KH7). 
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sites and the sites from 200 – 500 Ma in the PINT15 database is outlined in Appendix H. For 

most of the criteria, whether the site passed or not was relatively clear. AGE passed for all 

of the new sites as they had clear isotopic and/or stratigraphical age constraints, with 

errors within 10 % of the age, palaeodirections in agreement with the previous, high quality 

pole directions and all of the palaeointensity results come from the ChRM (not an 

overprint). All of the new sites also pass ALT because the accepted results had pTRM checks 

meeting reasonable DRAT and CDRAT criteria (<15 % for both). Out of the ACN sub-criteria, 

all of the sites definitely pass for anisotropy as all the selected measurements have ϒ <5° 

(see Appendices F and G), and non-linearity is not considered to be a problem as, while the 

applied field strength and palaeointensity estimates are not always within 1.5 times of each 

other, the inconsistencies between the estimates do not correlate with the field strength 

where this is the case and the highest applied field strengths were 20 μT, which should be 

low enough to not  be significantly affected by non-linear affects (Selkin et al., 2007). The 

cooling rate should also pass as all of the samples that contain at least some non-SD 

magnetite as a remanence carrier (Figure 5.4). The remanence carriers for WB1 are likely to 

be SD due to the hematite but it passes as the results are consistent with the thermal 

results from WB2. As the cooling rate appears not to have affected the estimates ACN 

passes for all sites. STAT passes where the sites have five or more measurements with a 

standard deviation <25 % for n (Paterson, 2011), TECH passes where both Microwave and 

thermal measurements have been accepted and LITH passes for WB1/WB2 because the sub 

sites represent two lithologies with distinct magnetic mineralogy. 

As regards the TRM criterion, the Wormit Bay and Kinghorn lavas have microscopy 

associated with them that show primary igneous textures and no evidence of low 

temperature oxidation, so these sites will all pass TRM. This includes WB1/WB2 as, while 

there are no SEM images for the WB1 there is strong evidence that WB1 acquired its TRM 

at the same time as WB2 e.g. consistent palaeodirections and similar palaeointensity results 

(while there is variation in the estimates from this site, at least one thermal results from 

each lithology gives estimates of ~20 μT . While sites CB1 and SN1 have not been 

discounted because hematite can form in lavas due to oxidation at high temperatures and 

the palaeodirections are consistent with those for the palaeomagnetic poles, hematite can 

also form due to inversion of titanomaghmeite during low temperature oxidation (Dunlop 

and Özdemir, 1997), which is the primary remanence carrier at the other sites from 

Crawton Bay and Scurdie Ness. While the site would fail the TRM criteria regardless as 

there is no microscopy for these sites, it is still unclear whether the remanence at these 
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sites is carried by a TRM or TCRM, which would have a significant effect on the reliability of 

the estimates. TCRM acquisition could also explain the variation in the estimates from CB1 

as there does not seem to be another clear explanation. 

Low temperature TCRM acquisition cannot explain the high standard deviations from the 

other sites and MD effects need to be considered as several of the Arai plots exhibited 

potential MD behaviour, e.g., variable slope Arai plots, zig-zagging of Arai plots and 

Zijderveld plots, etc. Generally, the MD effects were only observed from measurements 

from one technique per site, while the other produced relatively linear sloped Arai plots. 

There are several differences between the thermal and Microwave experiments that could 

potentially account for the differences in MD behaviour but the main two that have been 

shown to cause significant differences in the palaeointensity estimates are the applied field 

direction in comparison to the ChRM (Ron Shaar et al., 2011) and the inclusion of AF 

cleansing steps for the thermal experiments (Dunlop and Özdemir, 2001). There are also 

two different behaviours to be considered; WB2 and WB3 gave consistently lower results 

for the Microwave samples, which were the samples that exhibited MD behaviour, while 

WB4 gave consistent estimates and passed STAT despite MD effects being apparent in the 

thermal experiments; WB5 produced only two results making it difficult to determine how 

it fits in with the other sites. The differences between the site behaviour probably relate to 

the grain size distribution of the samples as the Day plots show that sites WB2 and WB3 are 

very much on the larger PSD to MD side, while WB4 and WB5 are distributed towards the 

SD region.  

Like the WB2 and WB3 lavas, Microwave estimates have previously been shown to give 

lower estimates then thermal experiments (Biggin, 2010; Grappone et al., 2019). Unlike 

these samples, the experiments were performed on younger, single component samples 

that showed greater MD behaviour in the thermal experiments then the Microwave ones 

and the lower temperature component would have been an overestimate. Applying the 

field perpendicular to the ChRM is known to cause the least amount of Arai plot curvature 

in the sample (Paterson, 2011) and zig-zagging (Shaar et al., 2011) but due to the 

configuration of the magnetic ovens it is harder to change the applied field direction then 

for the microwave system, which can cause greater MD effects during the thermal 

experiments. However, for these sites, the angle between the ChRM and the applied field 

direction is generally between 60 - 90° for both techniques. The thermal experiments do 

include an AF cleansing, while the microwave ones do not and this could be the cause of 

the reduced MD effects in the thermal experiments. Regardless of the reason, the 
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estimates seem to vary due to MD behaviour. This observation is also consistent with the 

highest estimates coming from the baked sediment WB1, the primary remanence carrier of 

which is hematite. Therefore, sites WB1/2 and WB3 fail the MD criterion. The observed 

differences in the MD behaviour between the thermal and microwave samples from WB4 

and WB5 is probably due to the differences in the applied field direction: the field was 

applied at an angle of 45 - 50° from the ChRM for the microwave experiments and at an 

angle of 60 - 90° from the ChRM for the thermal experiments. As WB4 produced consistent 

within-site results and passes relevant selection criteria, it passes the MD criterion. WB5 

fails the criterion however; even though there could be other reasons for the inconsistency 

in the estimates, there is not enough information to exclude MD effects. 

5.5.2 Reliability of the Kinghorn palaeointensity estimates 

For the Kinghorn samples, there is very little evidence for potential MD behaviour in the 

samples. While sites KH1 and KH10 have slightly higher standard deviations (>25% for n; 

Paterson, 2011), this is probably due to the low mean values for the sites (7μT a d μT 

respectively). For the sites with significantly different estimates (KH7 - 9), the variation 

correlates with measurements from different samples, with sister specimens giving 

consistent results. It is not clear why the samples provide consistently different results from 

the different samples. The lavas flows are unlikely to have cooled slowly enough for 

different parts of the flow to have acquired a TRM at different field strengths and while 

there is an apparently bimodal distribution for the grain size for these sites (Figure 5.5), all 

of the samples are PSD and should not be affected by cooling rate (Biggin et al., 2013). The 

probability of a cooling rate effect is further reduced as the samples with smaller grains for 

KH8 and KH9 produced the lower estimates, rather than the overestimate that would be 

expected for SD grains considering a shorter lab cooling time for the microwave system 

versus cooling in nature. The only site to exhibit some zig-zagging is KH4 but, like WB4, the 

site gives consistent palaeointensity estimates and passes ele a t sele tio  ite ia, β (the 

relative data scatter around the best-fit line) and therefore it also passes MD. 

5.5.3 Implications for Palaeozoic field strength 

Figure 5.8 shows the new Scottish site means plotted along with new Russian site means 

des i ed i  Chapte s  a d  a d the PINT  data ase filte ed fo    a d std.de  % . 

These new Scottish site means are in close agreement with the Russian data: the Kinghorn 

sites are closest in age with the Viluy sites (~30 Myrs difference), both of which only have 

VDM values <30 ZAm2, while the Strathmore sites and the Minusa sites (~20 Myrs 
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difference) are both generally <50 ZAm2 but both have a single high strength outlier. It may 

also be worth noting that both of these sites included thermal only data due to the 

hematite component, although both sites appear to have taken the palaeointensity 

estimate from both the magnetite and hematite component which suggests they are 

reliable. The addition of these sites suggests that the period of weak field from ~360 – 390 

Ma may extend from ~335 – 415 Ma. These implications will be discussed in further detail 

in Chapter 6. 

 
Figure 5.8  The Phanerozoic palaeomagnetic record in terms of reversal frequency (blue 

line), and Virtual (Axial )Dipole Moment (V(A)DM; black circles), updated to include the new 

palaeointensity data for the Palaeozoic, including the Strathmore and Kinghorn sites (from 

this chapter, the Viluy sites (Hawkins et al., 2019), the Minusa and Kola sites (Shcherbakova 

et al., 2017) and the P-T sites (Anwar et al., 2016). For further details see Figure 1.3. 
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Chapter 6 

New insights into Phanerozoic field strength 

variation 

6.1 Assessing the quality of the palaeointensity data for 200 - 500 Ma 

Chapters 3-5 have presented new palaeointensity data from between ~335 Ma to ~415 Ma 

(see Figure 5.8), covering ~80 Myrs leading up to the Permo-Carboniferous Reversed 

Superchron (PCRS). However, there is a significant amount of published data from this 

period and the PCRS, which should also be included when understanding Proterozoic field 

strength. Some of these data have been included in previous plots throughout this thesis 

(Figures 3.9, 4.11, and 5.8) but much of the site data does not appear on these figures as 

they ere filtered usi g a si ple he k for relia ility; the u er of sites has to e  a d 

the standard deviation % . While these criteria can be considered relatively loose as the 

number of sites required is relatively small (Paterson et al., 2010), most of the data points 

from between the start of the of the PCRS (~320 Ma) to 500 Ma are removed by this filter 

(see Figure 6.1). Only Solodovnikov (1996) and Oppenheim et al. (1994) included multiple 

sites that pass this selection criteria for this time periods. However, this does not mean the 

data is inherently unreliable or that the sites from the PCRS, fewer of which were removed 

by the filter, are more reliable  

To assess the reliability of the palaeointensity sites leading up to the PCRS, QPI criteria were 

applied to all of the sites in the PINT15 database (Biggin et al., 2009) between 200 - 500 Ma. 

This time period was selected both because it covers the time periods during and just after 

the PCRS to compare to the period leading up to the PCRS and because it compliments two 

other QPI studies that assessed the PINT15 database for 500 - 3500 Ma (Biggin et al., 2015) 

and 65 – 200 Ma (Kulakov et al., 2018). A description of QPI criteria is given in section 2.8, a 

work flow for how the QPI scoring was assigned is given in Appendix H and a summary of 

the scores applied is given in Appendix I. The aim of applying the QPI criteria is to identify 

where sites are more likely to have been affected by any problems that are often 

associated with palaeointensity experiments; however, this does not mean that the data is 

not inherently unreliable and should not be completely excluded. Generally, the QPI scoring 

tends to reflect where there is insufficient information published to confirm that a potential 
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issue has been addressed, rather than it being clear that that issue has affected the 

estimates. Only sites with QPI scores of 0 will be excluded as these either have no published 

information to support the site means being reliable or they are confirmed to be unreliable.  

Prior to applying the criteria, the PINT15 database sites were updated (to include new sites, 

some of which supersede the previous sites) and corrected where necessary to give 536 

sites (where previously there were 456). Of these 80 new sites, 14 have yet to be assessed 

and 15 received a score of 0, leaving 505 sites for analysis. As shown in Figure 6.2, the 

density of the data varies a lot over selected time period, with no data available between 

415 -500 Ma and almost no sites between 200 - 250Ma. There is an abundance of data at 

~250 Ma, which is almost entirely due to the large number of studies available for the 

Siberian Traps (Heunemann et al., 2004; Shcherbakova et al., 2005, 2013, 2015; Blanco et 

al., 2012; Anwar et al., 2016). 

All of the highest scoring sites (QPI  are fou d leadi g up to a d after the PCRS, 

representing the most recently published studies (Shcherbakova et al., 2017; Hawkins et al., 

Figure 6.1  The Phanerozoic palaeomagnetic record in terms of reversal frequency (blue 

line), and Virtual (Axial )Dipole Moment (V(A)DM): black circles for all of the sites from the 

PINT ith at least  easure e ts per site    a d a sta dard de iatio  of   %, red 

open circles for those that did not and orange circles are the new sites presented in this 

thesis. For more information see Figure 1.3.% (see section 2.8 for further details). 
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2019), as well as this study. While there are a lot of sites from across the PCRS, the majority 

of these come from only a few publications; 144 of the 195 sites covering this period come 

from just four studies (Senanayake and McElhinny, 1983; Bolshakov et al., 1989; 

Solodovnikov, 1992a, 1992b) and the QPI scores for these are low because these 

publications include very little information published about these sites. In the case of the 

publications with Solodnikov as an author, work has been done to confirm the reliability of 

the methods used by the author for two of their other studies (Shcherbakova et al., 2009). 

However, the low QPI scores for these sites do not mean that data across the PCRS is 

inherently unreliable, just that it should be treated with more caution as we cannot confirm 

it is as reliable as the most recent studies. Also, prior to the PCRS, the site means appear 

fairly consistent with the older studies that give lower QPI scorings (see Figure 6.2), which 

suggests that there is no reason to believe that PCRS results from a modern study would be 

dramatically different either. 

 
Figure 6.2  The age distribution of all of the V(A)DM values with QPI >0 between 200 – 500 

Ma. A summary of the QPI scores applied to each of the studies from this period are 

outlined in Appendix I. The size and the colour of the circles representing the V(A)DM 

values corresponds to the QPI scoring as outlined in the key. The PRE-, PCRS, and POST- 

section refer to the same age bins used for the Kolmogorov-Smirmov tests in Figure 5.8 and 

Table 5.4 
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To test whether the apparently greater field strength during the PCRS is significant, the data 

were grouped, based on the start and end of the PCRS from ~267 – 317 Ma(Ogg et al., 

2016), into three bins; PRE(-PCRS) from 317 – 415 Ma, PCRS from 265 – 317 Ma and POST(-

PCRS) from 200 – 265 Ma (effectively this is all of the sites at ~250 Ma). One exception for 

this grouping is the sites from the Solodovnikov (1992b) study. While the sites are 

described as Middle Carboniferous (mean age of ~329 Ma), there are large age 

uncertainties associated with these and all of the other Solodovnikov studies. As all of the 

29 sites used have a negative inclination, and this should be enough sites to cover 

palaeosecular variation, the lack of any sites with a antipodal direction suggests that these 

sites actually record the field during a supercrhon i.e. the PCRS. This is difficult to confirm as 

it is not possible to determine if the directions are reversed or normal because the sites 

come from the Tarim block and the palaeogeographic position of this block is not well 

constrained during this time (Pisaresky, pers. comm.). However, the age uncertainties and 

palaeodirections alone make a strong enough argument for moving the site means from 

this study into the PCRS bin. Based on these groupings and including all of the available site 

data with QPI > 0, the field during the PCRS appears to be significantly stronger than the 

field before and after the Superchron. The mean field strength is 28 ZAm2 for the ~100Myrs 

leading up to the PCRS, ~77 ZAm2 during it, and ~27 ZAm2 for the ~20 Myrs afterwards. The 

differences in field strength values are even more apparent if the median results are taken, 

as shown in Figure 5.8a. The PRE (PCRS) average field strength drops to ~24 ZAm2, while the 

average field strengths remains roughly the same for during and after the PCRS, at ~85 

ZAm2 and ~23 ZAm2. 

  

Table 6.1  The asymptotic p-values (p) and hypothesis test results (h) for the Kolgomorov - 

Smirmov tests performed on all of the palaeointensity site data from 200 - 500Ma. The h 

values denote where the null hypothesis can (1) or cannot (0) be rejected at the Alpha 

significance level, where the null hypothesis is that the two data sets come from the same 

data distribution. This was tested at both the 95% and 99% significance levels for three age 

bins: PRE (-PCRS; 415 - 317Ma), PCRS (317 – 267 Ma) and POST (-PCRS; 267 - 200MA. The 

tests were performed across these bins and across different filtering for site QPI values up to 

QPI   as o e of the PCRS sites ha e site alues i  this ra ge. 

PRE vs. PCRS PRE vs. PCRS PRE vs. PCRS 95% 99% 95% 99% 95% 99%

QPI ≥ 5.8E-26 9.2E-37 6.2E-03 1 1 1 1 1 1

QPI ≥ 2.4E-20 7.1E-32 6.6E-03 1 1 1 1 1 1

QPI ≥ 4.8E-11 1.5E-19 1.6E-04 1 1 1 1 1 1

QPI ≥ 7.5E-05 2.0E-02 1.0E-03 1 1 1 0 1 1

QPI ≥ 2.5E-02 1.9E-02 8.3E-02 1 0 1 0 0 0

QPI ≥ - - 1.4E-02 - - - - 1 0

p values PRE vs. PCRS PRE vs. PCRS PRE vs. PCRS
QPI filter
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Based on the rest of the plots from Figure 6.3 (b - f), these relationships hold up as the site 

data is filtered based on its QPI values, leaving smaller but more potentially more reliable 

data sets when filtered for increasing QPI scores. Kolgorov-Smirmov tests (Massey, 1951) 

were performed at the 95% and 99% significance levels on different pairings of all three of 

the bins, for different QPI scores from QPI  to QPI , to check that the site mean field 

strength values really come from different distributions, representing periods of distinct  

field behaviour. The results are shown in Table 5.4 and, up to QPI 4, all of the tests reject 

the null hypothesis that the data sets come from the same distribution at the 99% 

confidence level. At QPI , the failure of the tests ay relate to the la k of data left in each 

bin, as shown in Figure 8. Based on these tests, it seems clear that the strength of the 

geomagnetic field during the PCRS was significantly higher than that of the field during the 

periods before and after. Despite their similarity in mean field strength, the Kolgorov-

 
Figure 6.3  Boxplots showing the V(A)DM distribution of the for the different age bins used 

in the Kolgomorov-Smirmov tests (outlined in Table 5.4). The boxplots are filtered for the 

different QPI scores applied to the sites, between QPI  to QPI . The u ers o er the 
boxes display the number of sites in each of the age bins. On each box, the central mark is 

the median, the edges of the box are the 25th and 75th percentiles, the dashed lines 

extend to the most extreme data points not considered outliers, and outliers are plotted 

individually (+). 
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Smirmov tests still suggest that the sites before and after the PCRS come from distinct 

distributions up to QPI 4. This may be because the sites from before the PCRS represent a 

long period of time (~80 Myrs), while the data from after the PCRS largely represents a very 

short period of time (perhaps as short as ~1 Myr based on Burgess and Bowring (2015): see 

section 3.5.2 from this thesis for more details) as most of it comes from the Siberian Traps.  

6.2 Geomagnetic field variations in the Palaeozoic 

Based on the new palaeointensity sites, and the evaluation of the reliability of all of the 

sites from between 200 - 500 Ma, there appears to be a distinct period of relatively low 

field strength for ~80 Myrs prior to the onset of the PCRS. While the average field strength 

is low across this entire period, the field appears to slightly stronger between ~390 - 

415Ma, based on the measurements from the Strathmore sites (this study and the less 

reliable Kono (1979) study) and the Minusa sites (Shcherbakova et al., 2017). For these 

localities, there are a number of sites with field values > 40 ZAm2 and some with values 

greater than the present day values of ~80 ZAm2. Comparatively, the site values from Kola, 

Viluy and the Kinghorn, along with the majority of the sites from between ~375 -335 Ma 

from the PINT database (with lower QPI scores), are all <40 ZAm2. The data available is 

insufficient to determine whether this could represent a weakening of the field 

approaching the onset of the PCRS or a distinct period of field behaviour. However, it may 

be worth noting that both sites from Minusa and the Strathmore region that give high field 

values have hematite as a remanence carrier. It is also unclear whether this feature extends 

right to the onset of the PCRS, which is ~10 – 20 Myrs younger then the Kinghorn sites. This 

is because the Solodovnikov (1992b) sites have values consistent with those from other 

studies from the PCRS but, while the sites have placed in PCRS bin due to their 

palaeodirections, the age constraints currently have the sites at ~10 Myrs prior to the PCRS. 

High field values at this time would be in conflict with the expected inverse relationship 

between field strength and reversal frequency as peaks in reversal frequency are observed 

~10 - 15Myrs before the onset of the Phanerozoic Superchron (Hounslow, 2016). This could 

either confirm the issues with the age constraints associated with these sites or suggest 

that the hypothesis that the inverse relationship between field strength and reversal 

frequency does not hold for the entire Phanerozoic. To do this, either better age constraints 

for these Solodovnikov sites are needed, which could be difficult to get as the site location 

information is limited, or palaeointensity sites with good age constraints are needed for this 

time. 
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Apart from the questionable timing of the transition in field strength, this Mid-Palaeozoic 

Dipole Low (MPDL)  appears ery si ilar to the MDL. This supports the idea that there are, 

potentially recurring, patterns in field behaviour on the order of 10s to 100s of millions of 

years during the Phanerozoic (Biggin et al., 2012). The average field strength during the 

PCRS is high (~85 ZAm2) and very close to that of the CNS (~80 ZAm2; Tauxe and Staudigel, 

2004). However, as shown in Figure 6.2 and 6.3, the reliability of the data during this period 

is unclear, with almost all of the sites scoring QPI  a d o sites ith s ores QPI >5. The 

strength of the field after the PCRS is much better defined because of the high number of 

sites from the Siberian Traps (see Chapter 3 for further details) and is shown to be 

approximately a half to a third the strength of the field PCRS (depending on the QPI filter 

used). It is less clear if the field was as weak following the CNS (Shcherbakova et al., 2012); 

however, this may fit with observations in the reversal frequency following both 

superchron. While the reversal frequency appears to have returned to moderate levels ~10 

- 15Myrs after the PCRS, it remained low for ~30 Myrs after the CNS (Hounslow, 2016). 

6.3 Palaeozoic geomagnetic variation and deep Earth processes  

As discussed in sections 1.2 and 4.5.2, several studies have tried relating variation in the 

palaeomagnetic record to deep Earth processes, largely based on correlating the reversal 

frequency record to mantle plume generation (Biggin et al., 2012; Olson and Amit, 2014), 

subduction flux (Hounslow et al., 2018) and True Polar Wander (TPW: Biggin et al., 2012). 

However, most of these studies have only analysed the data going back to ~300 Ma 

because of the poor quality of the records prior to this (both the palaeomagnetic record 

and those it has been compared to). As there have been several recent updates to the 

Large Igneous Province (LIP), subduction flux and TPW records, improving and extending 

them back through most of the Palaeozoic, it is possible to compare them to the new 

palaeointensity data presented here.  

First for comparison is the updated LIP record by Ernst (2014) in Figure 6.4, which is shown 

offset by 50 Myrs to take into account the lag-time for the plume to rise from the core-

a tle ou dary CMB  a d rea h the Earth’s surfa e, along with the Phanerozoic 

palaeointensity record(as shown in Figure 6.1). Compared to the LIP record used in the 

earlier studies (Figure 6.4a), while there is definitely a greater number of LIPs included, the 

pattern of variation in the Mesozoic has not changed much, with an obvious peak in LIP 

emplacement in the Jurassic (Figure 6.4bi). While the number of LIPs recorded in the 

Palaeozoic has definitely increased, although there are still definitely fewer LIPs than in the 
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Mesozoic, although this is not surprising as the preservation potential of the LIPs will 

definitely decrease going back through the geological time. There may be a slightly higher 

concentration of LIPs ~70 – 90 Myrs prior to the onset of the PCRS (Figure 6.4bii), which 

would be similar to the timing of the Jurassic peak (Figure 6.4bi) prior to the onset of the 

 

 
Figure 6.4  (a) The Phanerozoic palaeointensity record as V(A)DM (see figure 6.1 for further 

details) and (b) a histogram from the number of LIPs per 10 Myrs based on the record from 

Ernst (2014). Where the age distribution of the LIP is larger than the bin width, the mean 

age has been used. The LIP record has also been offset by 50 Myrs to account for the time it 

takes for the plumes to travel from the Core-Mantle Boundary (CMB) to the surface. 
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CNS. These would also correlate to the periods with the weakest Mesozoic and Palaeozoic 

field strength values. There are two things to consider with this possible correlation 

between plume generation and reversal frequency or field strength. The first is that the 

offset used here is the same as that used by Biggin et al. (2012), which takes the maximum 

plume rise time from Van Hinsbergen et al. (2011). While this is within the range also 

suggested by Olson and Amit (2015) of 30 - 60 Myrs, and the updated LIP record does not 

disagree with it, the interpretation would be very different using a different plume rise time 

(Olson et al., 1987; Thompson and Tackley, 1998; Courtillot and Olson, 2007). The second 

consideration is that, even with the increased number of LIPs recorded in the Palaeozoic, 

the possible concentration prior to the PCRS does not significantly exceed background 

Palaeozoic levels so any correlation is still tenuous. 

Since Hawkins et al. (2019) was initially submitted, work has been done to calculate 

subduction flux and relate it to reversal frequency during the Phanerozoic (Hounslow et al., 

2018), which is why it is not discussed in section 4.5.3. This study found that reversal 

frequency appears to correlate with subduction area flux (SAF) given a lag-time of ~120 - 

130 Myrs (see Figure 6.5). There are several points of contention with this correlation, 

including the length of the lag-time being inconsistent with previously derived estimates for 

slab subduction through the mantle and poor data quality prior to ~320 Ma. There are also 

issues surrounding the calculation of SAF as, while the two calculated SAF records agree 

well with each other at certain times and with other subduction proxies (e.g strontium 

isotopes and detrital zircons), there are time periods where the differences between the 

models can be ~6 km2 yr-1 (half the maximum estimated SAF). The differences also increase 

going back in time, neither of which is surprising as the palaeogeographic interpretations 

the SAF are calculated from are expected to differ more as there is less available evidence 

to base the models on. The SAF also does not take into account the total volume of material 

subducted or the temperature of the slab (both of which are controlled by the age of the 

subducting slabs) or whether the slabs will descend to the CMB. However, the V15 (Vérard 

et al., 2015) estimates of SAF show relatively high SAF from at least ~420 – 330 Ma (when 

offset), before decreasing around the start of the Kiaman (Figure 6.5b). This inverse 

correlation between SAF and field strength is the expected response as sinking slabs are 

expected to thin the thermal boundary layer above the CMB, increasing heat flow across it 

(Steinberger and Torsvik, 2012). V15 also shows increases in SAF towards the onset of the 

PCRS, which could explain the possible weakening of the field through this period. 
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Lastly, Biggin et al. (2012) also considered the possibility that TPW could cause observed 

Phanerozoic palaeomagnetic variation. This assumes that the pattern of heat flow across 

the CMB observed in the present day, which is largely controlled by the Large Low-Shear 

Wave Velocity (LLSVPs: Figure 6.6a), has remained relatively unchanged during the 

Phanerozoic. TPW would cause the whole-mantle, including the LLSVPs, to rotate with 

respect to the rotation axis of the Earth and geomagnetic north (Figure 6.6b). This has an 

effect on the spatial distribution of heat flow at the CMB and this variation, especially 

equatorial variation, which is considered to have the largest impact as it is perpendicular to 

the main convection direction within the outer core, will cause long-term variation in the  

 
Figure 6.5  Comparison of SAF calculated from the full plate models by Matthews et al. 

(2016: M16) and Vérard et al. (2015: V15), originally published by Hounslow et al. (2018). 

(a) Comparison of the M16 SAF and LS reversal rate with a 120 Myr SAF lead.LS reversal 

rates were determined at 10 Myr intervals to be scaled equally to that of the M16 SAF. The 

timescale is paired with the LS reversal rate timescale. Error bars on the reversal rate data 

are σ sta dard de iatio s of the  Ma LS reversal rates in each 10 Myr window. The M16 

SAF is raw in this comparison (not de-trended). (b) Comparison of the de-trended V15 SAF 

and LS reversal rate with a 130 Myr SAF lead. 
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Figure 6.6  Plots showing Phanerozoic TPW, its effects on CMB heat flow and possible 

correlations to : (a – c) are taken directly from Biggin et al. (2012), while d has been 

modified from Torsvik et al. (2014). (a) Shows the SMEAN tomographic model (Becker and 

Boschi, 2002) used by Biggin et al. (2012) for calculating the spatial heat flow distribution at 

CMB, rotated by different degrees to represent the effects of TPW at different time 

intervals. The higher shear wave velocities (red areas) are considered to represent the 

lower temperatures and higher CMB heat flux. (b) A model of TPW for the last 300 Ma 

(Torsvik et al., 2012). (c) The modelled time series (red line) of variations in average shear 

wave velocity (inferring relative changes in heat flow) in the equatorial region (between 10° 

N and 10° S) shown alongside reversal frequency (black line). (d) The updated TPW record 

from Torsvik et al (2014), modified to include a generalised overview of Phanerozoic field 

variation. The white bars are the three Phanerozoic Superchron: the Cretaceous Normal 

Superchron (CNS), the Permo-Carboniferous Superchron (continued on the next page) 
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(continued from the last page) (PCRS) and the Ordovician Reversed Superchron (ORS). The 

black bars represent the two suggested Phanerozoic dipole lows: the Mesozoic Dipole Low 

(MDL) and the Mid-Palaeozoic Dipole Low (MPDL: proposed in this Chapter). While the 

superchron divisions are based on reversal frequency and the dipole lows are based on field 

strength, both the CNS and PCRS appear to be periods of relatively high field strength. 

 

behaviour of the geomagnetic field (Olson et al., 2010). Modelling of heat flow at the 

equator, based on the movement of the present day heat flow configuration due to TPW, 

compared to reversal frequency (Figure 6.6c) suggests the possibility that the two are 

correlated. Since this work was done, Torsvik et al. (2014) have released an updated record 

of TPW during the Phanerozoic, calculated from full plate models (Figure 6.6d), extending 

the record beyond 300 Ma. To really test the correlation between the two records in the 

Palaeozoic, the effects of TPW on equatorial heat flux using this updated record should be 

modelled; however, this modelling is beyond the scope of this thesis. However, based on 

the previous comparison (Figure 6.6b), the peak average shear wave velocity (e.g. heat 

flow), the highest rate of rotation and the greatest angular deviation of the present day 

deep mantle configuration appear to coincide with a period of reversing field and covers 

most of the maximum extent of Mesozoic Dipole Low (MDL: ~120 – 250 Ma based on the 

recent Siberian work of Anwar et al. (2016).  

Comparing the Palaeozoic field to the updated TPW record (Figure 6.6d), the PCRS appears 

to cover a period where the net TPW angle is close to 0° (suggesting the configuration is 

similar to the present day) and the rate of rotation is also close 0° (suggesting there is very 

little rotation during this period). During the MPDL, the rate and angle of the rotation 

appear to be much higher (apart from a relatively stable part around 340 – 380 Ma. Both of 

these periods are fairly consistent with their Mesozoic counterparts, the CNS and MDL 

respectively, indicating that TPW could be responsible for the palaeomagnetic variation 

observed in the Palaeozoic, but the effects on equatorial heat flux really need to be 

modelled first to confirm this. As with SAF, some care must be taken as the TPW is 

calculated from full plate models and is, therefore based on palaeogeographic 

interpretations, and so there will probably be discrepancies between different full plate 

models. Most importantly, an inherent assumption of this relationship is that the present 

day configuration of heat flux at the CMB has been fairly stable during the Phanerozoic due 

to the long-term stability of the LLSVPs. While there is some geological evidence that this 

should be the case could be true to ~540 Ma (Torsvik et al., 2010), there are authors who 

consider the LLSVPs to be more dynamic (Zhang and Zhong, 2011). 
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6.4 Implications for average Phanerozoic field strength 

As well as the implications for the relationship between palaeomagnetic variation and deep 

Earth processes, both the new data and the evaluation of the existing data from between 

200 – 500 Ma could be useful for understanding the long-term average strength of the field 

during the Phanerozoic. It has long been recognised that the geomagnetic field varies 

throughout geological time (Briden, 1966; Prévot et al., 1990; Valet, 2003) and there have 

been a number of attempts to determine the average field strength for the Phanerozoic 

(Juárez et al., 1998; Selkin and Tauxe, 2000; Perrin and Schnepp, 2004; Tauxe and Yamazaki, 

2007). Throughout this thesis, the site palaeointensity values have been compared to two 

of the most recently calculated long-term Phanerozoic field averages ~42 ZAm2 (Tauxe et 

al., 2013) and ~50 ZAm2 (Biggin et al., 2015), However, while these values have so far been 

taken as representative of the Phanerozoic field, there are a number of points that need to 

be addressed, relating to how these field values have been determined, before discussing 

the inclusion of both the new and re-evaluated Palaeozoic data into the Phanerozoic 

average. 

Early attempts to determine the average geomagnetic field strength used relatively recent 

field values (  Ma: McFadden and McElhinny, 1982), assuming that they were 

representative of long-term field behaviour over geological timescales, to determine a 

dipole moment of ~80 ZAm2. While other studies are all in close agreement with this recent 

field average (Tanaka et al., 1995; Selkin and Tauxe, 2000), Juárez et al. (1998) proposed 

that it may not be representative of the average Phanerozoic field and suggested a much 

lower average field value of ~42 ZAm2. Further studies have generally produced 

Phanerozoic averages between ~42 - 63 ZAm2, the maximum of which is still significantly 

less than the recent field average. This disparity between the modern day field strength and 

the rest of the Phanerozoic is a matter of some debate in the palaeointensity community 

(Tauxe and Yamazaki, 2007), especially because, as previously stated, the other time 

periods that include comparable field strength values are the two most recent Phanerozoic 

superchron, the CNS and PCRS. While these periods agree well with the suggested inverse 

relationship between field strength and reversal frequency, the modern field is reversing at 

a rate of ~4 – 6 Myr-1 (Figure 6.1: Ogg et al., 2016). This has led to some debate as there 

appear to be three possibilities for why the recent field appears relatively strong compared 

to the rest of the Phanerozoic: (a) we are currently in a period of unusual field behaviour, 

(b) recent palaeointensity estimates overestimate the strength of the field, or (c) 

Phanerozoic palaeointensity estimates underestimate the strength of the field. 
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To evaluate the first possibility, Figure 6.7a - d presents histograms of the PINT15 site mean 

palaeointensity data for the past (a) 10 Myrs, (b) 5 Myrs, (c) 1 Myrs, and (d) 500 Ka. Going 

from the youngest (Figure 6.7d) to oldest (Figure 6.7a) plots, there is a definite shift in the 

median field strength from >80 ZAm2 to <60 ZAm2 as the number of low palaeointensity 

estimates (<30 ZAm2) increases dramatically. The biggest shift in the appearance of the 

histograms from what appears to be a more symmetric distribution (Figure 6.7c, d) to a 

positively skewed distribution (Figures 6.7a, b) suggests a change in field behaviour around 

the ~1 Myr point. One possibility is that our present chron, the Bruhnes chron (0 – 781 Ka), 

is an unusual one and separating the PINT15 palaeointensity estimates for the last 10 Myrs 

by whether they are pre-Bruh es >  Ka  or Bruh es  .  Ka  produces distributions 

with the expected medians for the Phanerozoic field strength (~40 – 50 ZAm2: Figure 6.7e) 

and present field strength (~80 ZAm2: Figure 6.7f). This alone is not enough to confirm that 

field behaviour during the Bruhnes is unusual; however, this does suggest that the Bruhnes 

data should be excluded when calculating the average Phanerozoic field strength. 

It has also been suggested that recent overestimates may be due to pTRM tails or the 

instability of TRM (Shaar and Tauxe, 2015). Both relate to the behaviour of MD or large PSD 

grains; pTRM tails occur due to movement of the domain walls to minimise the total energy 

of the grain during Thellier-type palaeointensity experiments (see section 2.5), while the 

instability of TRM is thought involve similar energy minimisation processes occurring before 

the sample is treated in the lab (de Groot et al., 2014). Both can result in saggi g  Arai 

plots from Thellier-type experiments (see section 2.6.1), which, if the low temperature 

slope is selected, would give an overestimate of the palaeointensity. As recent samples do 

not typically have large overprints, as they are unlikely to have been heated due to burial or 

have had time to acquire a significant Viscous Remanent Magnetisation (VRM), selecting 

from the lower temperature portion of the Arai plot is often considered reasonable. While 

pTRM tail checks (Riisager and Riisager, 2001) and IZZI protocol (Tauxe and Staudigel, 2004) 

are often used in modern experiments to check for pTRM tails, a large number of legacy 

data would not have these checks and, if the experiments did not include pTRM checks, the 

change in slope associated with the curved Arai plot could be mistaken for alteration rather 

than pTRM tails. Equally, for older samples where overprints are expected to higher 

temperatures, selecting the higher temperature slope of a curved Arai plot could result in 

an underestimate of the field (Smirnov et al., 2017).  

To check whether these potential MD effects may have caused this discrepancy, the PINT15 

data can be filtered for sites that may have been affected by MD effects by excluding the 
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Figure 6.7  Histograms of the number of site mean V(A)DM values in the PINT15 database 

(Biggin et al., 2009) for: (a) the last 10 Ma, (b) 5 Ma, (c) 1 Ma and (d) 500 Ka. All of the 

values from a have also been divided into two categories to show the distributions for (e) 

Pre-Bruhnes (> 781 Ka) and (f  Bruh es  Ka . The i  idth of all of these plots is  
ZAm2 and the red dashed line marks the present field strength of 80 ZAm2 . 
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sites that failed the MD QPI criterion (where evaluated). Filtering the palaeointensity 

estimates used for assessing the strength of the field before, during and after the PCRS 

(Figure 6.3a) for just the estimates that passed the MD criterion gave median field values of 

25 ZAm2 for the PRE(-PCRS), 85 ZAm2 for the PCRS and 25 ZAm2 for the POST(-PCRS), which 

are nearly identical to the previously calculated median field values (see section 6.1). 

Kulakov et al. (2018) also filtered the site means from between 65 – 200 Ma based on the 

MD criterion and got very similar median field strength values  whether the sites that 

passed the MD criterion were included or not. Currently, there is no assessment for MD 

behaviour for the palaeointensity estimates from the Bruhnes chron, although based on 

geomagnetic modelling (PADM2M: Ziegler et al., 2011), which also includes 

archaeointensities and relative palaeointensity time-series as well as palaeointensity 

estimates from igneous rocks. These other data sources are less likely to be affected by MD 

behaviour and the average field strength for the Bruhnes determined from this model is  

slightly weaker than other estimates at ~62 ZAm2, suggesting the values from the PINT 

database may be affected indeed be overestimating the strength of the recent field. While 

it is still unclear whether the Bruhnes data from the PINT database overestimates the 

average field strength for this time period or not, it does not appear that Phanerozoic 

palaeointensity estimates are underestimating the field strength due to MD behviour. 

Based on this, the next thing to consider is the reliability of the currently proposed 

Phanerozoic average field strength values. To start with, there is a small discrepancy 

between the averages proposed by Tauxe et al. (2013) and Biggin et al. (2015) that needs to 

be understood. The former was calculated from data from between 0 - 200 Ma from the 

MAGIC database that had a site sta dard de iatio  of < % of the ea  or < μT this 

would take into account the fact that weak sites often have higher standard deviations 

because of the small mean). The data was then divided into 5 Myr bins, with the median for 

ea h i  al ulated for i s ith  site ea s a d then the median of all these values 

was taken as to give an average field strength of  42 ZAm2, the same as was proposed by 

Juárez et al. (1998). While this method does not exclude the Bruhnes data, dividing the data 

into 5 Myr bins should negate any skewing of the data towards high field estimates, as 

shown in the Figure 6.7b. Biggin et al. (2015) took a different approach to determining the 

Phanerozoic field average, taking into account the high Bruhnes values by excluding all of 

the data <1 Ma. Site means from 1 – 500 Ma from the PINT15 database were used, with 

sites filtered for STAT and for palaeointensity experiments that include checks for alteration 

to take account of the ALT criteria (see section 2.8 for further details on QPI criteria). The 
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Phanerozoic average appears to have been calculated from the median of all of these site 

means. 

It is not entirely clear which of these is the cause of why the Phanerozoic field average 

calculated by Biggin et al. (2015) is slightly higher as there are a number of variables that 

differs between the two methods i.e. the database, time period and filters used are all 

different. However, what seems like the variable that could have the most affect is binning 

the data before taking the average or not because of the variation in the number of site 

means available during different time periods. As discussed throughout this thesis, there 

appear to be two long-lived dipole lows during the Phanerozoic, two superchrons with 

relatively high field values and these intervals persist for different lengths of time. While 

this might suggest that the an average of all of the data from the Phanerozoic might bias 

the field lower, as these dipole lows persist for a longer time, this may not be the case as 

there appears to be a larger number of palaeointensity estimates during the CNS than the 

Jurassic (based on the PINT15 database). Also, weak field sites are less likely to pass the 

STAT criterion and be excluded (see 4.3.2: Appendix H for an explanation) so this could also 

bias the average high. 

A major take-away from these Phanerozoic field averages is that they both seem to be 

dominated by data from the Mesozoic: Tauxe et al. (2013) only used Mesozoic data and, 

while Biggin et al. (2015) used data from 1 – 500 Ma, the Mesozoic estimates dominate the 

Phanerozoic record (Figure 6.1) and all of the estimates used were expected to have a QPI 

of ~3 – 4, which would filter out most of the Palaeozoic estimates (Figure 6.2). Rather than 

recalculating the Phanerozic mean field strength to include the new Palaeozoic estimates, 

which would probably just lower the average field strength, a comparison of the average 

field strength of the two Phanerozoic dipole lows and the two youngest superchron could 

indicate whether the average field strengths calculated from the Mesozoic are appropriate 

for the Palaeozoic. Based on an evaluation of the reliability of the PINT15 database using QPI 

criteria for the period 65 – 200 Ma, similar to that performed on the data from 200- 500 Ma 

performed in this chapter, Kulakov et al. (2018) determined a median field strength for the 

CNS of ~48 ZAm2 and for the rest of the Cretaceous and the Jurassic, which covers the 

confirmed extent of the MDL (126 – 200 Ma), a median field of ~36 ZAm2. The average field 

strength for this time period is very different though if the estimates for the Jurassic 

Hyperactivity period (JHAP:155 - 171 Ma), where the reversal frequency peaks at ~12 Myr-1 

(Tominaga et al., 2015), are included as it increases to ~43 ZAm2 as the median field 

strength the JHAP is only ~24 ZAm2. 
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While the median field strength of the PCRS appears to be stronger than that of the CNS, 

this time interval has the least reliable QPI values, with almost no QPI values >4, and has the 

most variable median depending on QPI filtering (see Figure 6.3). The PRE(-PCRS) interval 

has a very similar field strength to the JHAP, despite covering a much longer time interval. 

There is some suggestion from the older sites (Strathmore and Minusa) that these 

represent a slightly stronger period than the younger sites (Kola, Viluy and Minsua), which 

may be similar to the rest of the Jurassic, while the younger sites represent a similar period 

to the JHAP. While there is very little magnetostratigraphy available to confirm this, 

Hounslow (2016) suggests there were similar reversal rates (12 Myr-1) ~14 Myrs prior to the 

onset of the PCRS, around the time of the Kinghorn sites. All of this suggests that the 

variation in field strength in the Palaeozoic is similar to that of the Mesozoic and an average 

Phanerozoic field strength based on the Mesozoic estimates is suitable for applying to the 

Palaeozoic. While it would be good to include the Palaeozoic data into the Phanerozoic 

average, there are probably still not enough estimates from the MPDL to be truly 

representative of its average field strength and the lower apparent reliability of the PCRS 

estimates mean they may also fail to truly represent the PCRS, especially once filters are 

applied. 
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Chapter 7 

Conclusions 

As stated in section 1.3, the primary aim of this thesis was to improve our understanding of 

Palaeozoic field behaviour, specifically the strength of the field prior to the Permo-

Carboniferous Reversed Superchron (PCRS). This aim has been achieved, with a total of 28 

new sites presented across five localities covering 415 - 335 Ma (Chapters 3-5), as well as an 

additional 7 sites from the Siberian Traps emplaced just after the PCRS (Chapter 3). These 

sites represent our most reliable data for this time period, with QPI values of 4 - 8. These 

scores are significantly higher than the scores applied to the majority of the sites from 

between 200 – 500 Ma, which were also assessed for their reliability as a part of this thesis 

(Chapter 6). The average field strength for the ~100 Ma prior to the onset of the PCRS is 

~24 ZAm
2
. This is significantly weaker than either of the suggested averages for Phanerozoic 

field strength of ~42 ZAm
2
 (Tauxe et al., 2013) and ~50 ZAm

2 
(Biggin et al., 2015). The 

proposed a e for this feature is the Mid-Palaeozoic Dipole Low  a d this, along with the 

other key features of Palaeozoic field behaviour noted in this thesis, will be summarised 

below. Also as part of these conclusions, the implications of the revised Palaeozoic field 

strength on Phanerozoic palaeomagnetic variation, its relation to deep mantle variation and 

the average Phanerozoic field strength will be discussed. Finally, there is a summary of the 

limitations observed throughout the studies and suggestions for future work to address 

them 

7.1 Summary of Palaeozoic geomagnetic field behaviour 

As already descri ed, this Mid-Palaeozoi  Dipole Lo  MPDL) represents an ~80 Myr 

period where the field was weaker than average leading up to The PCRS. The MPDL is 

observed from ~415 Ma and continues to at least ~335 Ma, although it may extend right up 

to the onset of the PCRS. There appears to be a significant change in the strength of the 

field around the start of the PCRS, although the exact timing of this is in question as the 

stratigraphic ages for the Solodovnikov (1992) sites put the start of the high field values 

before the onset of the superchron. However (as discussed in section 6.2), the age 

constraints are imprecise, the sites estimates are consistent with other studies from the 

PCRS and, most importantly, the polarity of the field for all of the sites appears to be 
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reversed. If the age of these sites is incorrect, then the MPDL may extend right to the onset 

of the PCRS making it at least ~100 Myrs in length. The MPDL may not be consistently low 

across the entire ~80 Myrs, with seemingly higher field estimates between 415 – 39 0Ma 

than for the rest of the MPDL. This could suggest that the field was weakening towards the 

start of the PCRS; howeve,r there are insufficient data to confirm this.  

The other key Palaeozoic palaeomagnetic features noted in this thesis come from during 

and just after the PCRS. The average field strength during the PCRS, based on all of the 

available sites with QPI 1, is ~85 ZAm
2
, close to the present field strength based on 

absolute palaeointensity values from igneous materials (~80 ZAm
2
), however the reliability 

of these sites is questionable with most of the QPI alues  (section 6.2) and the reliability 

of high field values from the Bruhnes chron have been questioned (see section 6.4). 

However, the average PCRS field strength does decrease  with filtering for higher QPI values 

up to QPI  here the u er of a aila le site ea  esti ates is o lo ger sig ifi a t  to 

give average field values similar to the CNS (Kulakov et al., 2018). The PCRS is then followed 

by the relatively weak field values similar to that of the MPDL, which may represent the 

onset of the Mesozoic Dipole Low (MDL), although the lack of data for ~50Myrs through the 

Triassic make this impossible to confirm at this time.  

Also, while there is almost no reliable palaeodirectional data from the MPDL, it is worth 

noting the relationship between the palaeodirections and the field strength. The best 

record comes from the recent magnetostratigraphic study from the Canning Basin (Hansma 

et al., 2015), which suggests that the field was at least moderately reversing during the 

weak field around the emplacement of the Viluy Traps (see Chapter 4). Hounslow (2016) 

indicated that the reversal frequency ~14 Myrs prior to the onset of the PCRS was also very 

high (~12 Myr
-1

), ~5 Myrs after the Kinghorn sites. It is also suggested from some of the 

palaeodirections from the Siberian sites, Minusa (Shcherbakova et al., 2017) and possibly 

Viluy (see section 4.5.3) that there may have been a greater non-dipole component to the 

field relative to the present day. Comparatively, there is no indication of a greater non-

dipole component from the northern UK sites, which gave similar field strength values (see 

Chapter 5).  

7.2 Implications for Phanerozoic field behaviour and deep mantle 

variation 

Extending the palaeointensity record reliably back to ~415 Ma provides a better indication 

of patterns in Phanerozoic palaeomagnetic field behaviour on the order of 10s - 100s of 
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millions of years. There are clear similarities in length and average filed strength of the 

MPDL and the MDL. This is not enough to suggest that extended periods of weak field are 

common preceding a superchron and the palaeointensity data prior to the Ordovician 

Reversed Superchron (ORS) is not sufficient to test this theory. The only suggestion that the 

field may have been weak prior to the ORS comes from the high reversal rates just prior to 

the ORS (Hounslow, 2016), assuming that the inverse correlation between field strength 

and reversal frequency holds. As the magnetostratigraphic record prior to ~320 Ma is 

largely incomplete, it is not possible to use new palaeointensity data to test this 

relationship. The most that can be said is that the recent  data from the Viluy Traps 

(Chapter 4) and the Canning Basin (Hansma et al., 2015) agree with the inverse relationship. 

However, if the age constraints on the Solodovnikov (1992) sites are correct, then this 

relationship breaks down as this would indicate high field values during a period of 

moderate reversal frequency (Hounslow, 2016), although it is very unlikely, based on the 

palaeodirections, that these sites are not from the PCRS. 

As stated in Chapter 1, these variations in field behaviour on the order of 10s – 100s of 

millions of years are thought to relate to processes in the deep mantle causing variation in 

heat flow across the CMB. It is difficult to relate the variation of Phanerozoic field behaviour 

to deep mantle processes such as plumes, subducting slabs and the relative motion of the 

LLSVP’s due to poor Palaeozoic records of these processes. Section 6.3 compares the 

extended palaeointensity record to the most recent records for Large Igneous Province (LIP) 

emplacement, Subduction Area Flux (SAF) and True Polar Wander (TPW). While the 

updated LIP record (Ernst, 2014) does include more Palaeozoic LIPs than the previously 

used records, it is still difficult to distinguish any correlatable pattern to compare to the 

palaeointensity record, suggesting the poor preservation of Palaeozoic LIPs may mean that 

no further inference can be made for the relationship between field behaviour and mantle 

plumes.  An inverse correlation between field strength and the SAF, shifted for ~130 Myrs, 

is apparent for the V15 SAF estimates (Figure 6.5) for the Palaeozoic (Vérard et al., 2015), 

with high SAF values across the MPDL before dropping off at the start of the Kiaman, 

however there are still a number of questions about the validity of the SAF calculation 

during this period and how it is correlated to palaeomagnetic variation (see section 6.3). 

Finally, there may be a relationship between TPW and Phanerozoic field strength, based on 

the most recent TPW record (Torsvik et al., 2014). However, testing this requires the 

equatorial heat flux at the CMB based on TPW (see Figure 6.6c and section 6.3 for details) 

to be calculated, which is beyond the scope of this thesis. If the relationship holds, could 
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have larger implications for the stability of the LLSVPs prior to 300Ma.Lastly, there are the 

implications of these new Palaeozoic estimates on the Phanerozoic average field strength. 

Section 6.4 discussed the calculation of the current estimates, why the Bruhnes field does 

not appear to be representative of the Phanerozoic record and how the current averages 

appear to be dominated by estimates from the Meozoic. While there are still doubts about 

whether the estimates from the Palaeozoic are robust and reliable enough to make a 

significant contribution to the Phanerozoic average, there are many similarities between 

the average field strength values, for different time intervals defined in relation to the two 

youngest superchron (the CNS and PCRS), between the Palaeozoic and Mesozoic. 

7.3 Study limitations and future directions 

While all of the studies have yielded reliable palaeointensity estimates, they have also 

highlighted a number of issues when determining palaeointensity estimates, especially 

from samples several 100s of million years old. One thing of note is how MD-like behaviour 

can manifest on Arai plots and Zijderveld diagrams in different ways, even between 

different specimens from the same sample or samples using the same technique. Section 

5.4.3 highlighted this for the Wormit Bay lavas, with more significant MD effects (curved 

Arai plots and zig-zagging of the Zijderveld diagrams) associated with the microwave 

measurements compared to the thermal measurements for WB2 and WB3 and vice versa 

for WB4. This variance appears to relate to the different grain size distributions as WB4 is 

more PSD-like and WB2 and WB3 are more MD-like. WB2 is also an example where the 

sample gave different estimates depending on the technique used (thermal vs. microwave) 

and MD effects were only apparent for one of the techniques. These studies support using 

a multi-technique approach to collecting palaeointensity data as comparing the 

measurements between techniques can best indicate where samples behave 

problematically. The microwave technique is especially useful where there is MD or 

nonlinear effects as it is easy to control the angle of the applied field (to reduce or 

exaggerate MD behaviour) and applied field strength (applied field strengths close to the 

palaeointensity estimate reduces nonlinear effects). It is also worth noting the interesting 

way in which the pTRM tails presented in Viluy samples (see section 4.5.1) as they were not 

apparent in in the Arai or Zijderveld plots. The Viluy study calls into question the dismissal 

of two-slope Arai plots from older samples where the overprint direction is not distinct 

from the ChRM (e.g. Kosterov and Prévot (1998)) without checks to confirm the primary 

nature of the ChRM.. 
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This study has also highlighted where there are still limitations in our understanding of 

Phanerozoic palaeomagnetic field behaviour. As discussed in sections 6.1 and 6.2, while 

there are a significant number of sites for the PCRS, the QPI analysis cannot confirm that 

these high field values are reliable. The majority of these studies are by Solodnikov and, 

while other studies have shown that the methods used were reliable (Shcherbakova et al., 

2009), the lack of information provided by these studies make it difficult to check the 

results without redoing them. As shown with the Solodovnikov (1992b) study, the 

stratigraphic age constraints on the sites may not be precise enough and it is difficult to 

revise these age constraints as they primarily come from Russia manuscripts that are not 

easily accessible. It would be worth collecting new palaeointensity site measurements for 

the PCRS, especially between 300 – 330 Ma, to better understand the timing of the 

transition in field strength at the start of the PCRS. The start of the MPDL is also unclear as 

there is no reliable data available between 415 – 500 Ma and the work on the Siberian 

Traps has shown (Chapter 3), the MDL may be up to ~130 Myrs long and the MPDL could be 

of a similar length. Collecting any new palaeointensity measurements from sites between 

415 – 550 Ma would be useful, especially prior to the ORS as this could indicate if these 

dipole lows are a common feature prior to superchron onset. Further work is also needed 

to understand the relationship between TPW and Phanerozoic field variation (sections 6.3 

and 7.2). 

7.4 Key contributions 

In summary, the work done as part of this thesis has contributed: 

1. Adding 36 new, reliable palaeointensity sites from between ~335 – 415 Ma, over 

half of the number of sites that had been previously measured for this period, 

which were often excluded from analysis of Phanerozoic field variation 

2. Revising 7 sites for the Siberian Traps to solve the discrepancy in field strength 

values from this locality. 

3. An update to all of the sites between 200 – 500 Ma from the PINT15 database; 

correcting the site information in the database, adding any recently published sites 

and evaluating the reliability of all of the sites. 

4. Presenting evidence for a Mid-Palaeozoic Dipole Lo  MPDL  si ilar to the MDL 

and apparently directly preceding the onset of the PCRS. 
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5. Suggestions for future work to better understand long-term, including the potential 

to correlate palaeomagnetic variation and TPW through the Phanerozoic, 

potentially confirming the stability of the LLSVPs prior to 300 Ma. 

 



Selection criteria:

n FRAC β q MADANC α DRAT CDRAT DRATtail 

4 . . % %

N Mean PI (mT) s.d. (mT) s.d./Mean

MS123B  0 144 5.9 10 7 0.025 0.600 0.808 18.0 8.0% 12.4% 22.6% 6.7 3.4 - 2.6 0.01 3

MS123C  0 174 7.0 5 7 0.014 0.607 0.783 35.9 13.8% 12.4% -10.4% 14.6 5.9 - 3.9 0.00 3

MS123D 0 141 6.4 7 5 0.095 0.824 0.69 3.6 4.3% 6.4% -10.3% 17.6 4.9 - 2.8 -0.01 2

MS123E  105 177 5.4 7 7 0.048 0.635 0.808 11.3 6.0% 7.0% 15.6% 13.6 5.4 - 2.4 -0.17 3

MS123G 148 207 8.2 5 6 0.049 0.407 0.718 8.2 21.2% 19.8% 29.2% 8.8 4.3 - 3.6 0.18 7

MS123H 109 169 5.9 5 6 0.094 0.351 0.686 5.1 14.5% 13.2% 22.0% 6.4 4.7 - 0.8 0.08 2

MS106B  56 141 12.6 10 8 0.120 0.381 0.668 2.8 16.0% 19.7% -33.1% 11.3 5.4 - 4 0.46 5

MS106C  44 161 8.6 15 8 0.078 0.468 0.795 6.6 10.2% 13.7% -6.1% 10.4 5.1 - 3 -0.38 4

MS106D  34 129 16.4 10 9 0.096 0.533 0.734 3.9 19.2% 19.8% -51.7% 13.5 9.1 - 0.8 -0.59 5

MS106E  108 144 21.6 10 5 0.132 0.469 0.584 2.9 5.9% 3.8% 2.8% 1.6 3.6 - 49.9 0.55 2

MS106F  83 137 42.1 20 6 0.150 0.450 0.754 2.9 12.6% 9.5% -13.7% 11.3 6.0 - 2.1 0.15 3

MS106G 69 136 6.5 8 5 0.078 0.286 0.698 4 2.5% 4.3% -7.7% 5.4 1.8 - 5.6 0.37 3

MS106H* 111 174 6.7 8 7 0.061 0.274 0.79 9 21.1% 23.3% -15.0% 9.9 7.5 - 3 -0.40 5

MS124B 138 173 49.7 10 4 0.022 0.250 0.580 7.5 25.4% 17.3% -14.1% 7.4 1.4 - 38.4 -0.14 2

MS124C  140 202 51.9 10 7 0.113 0.560 0.777 3.4 4.0% 1.5% -1.8% 2.6 1.5 - 4.8 0.74 4

MS124D  0 143 25.0 10 6 0.212 0.247 0.749 0.9 3.5% 4.9% -2.4% 7.4 0.8 - 3.5 0.36 2

MS124E 92 145 33.7 10 4 0.147 0.290 0.371 0.8 2.9% 2.6% 0.6% 0.8 0.5 - 45.3 0.85 2

MS124F 89 165 47.7 10 6 0.124 0.430 0.612 2.1 7.9% 3.8% 3.3% 0.5 0.4 - 22.2 0.60 3

MS331A  85 174 9.7 10 7 0.078 0.618 0.813 6.4 7.5% 8.8% 14.7% 10.6 4.3 - 2.5 -0.23 3

MS331B 88 165 21 10 7 0.021 0.639 0.816 25.6 6.5% 4.2% 6.1% 1.3 0.7 - 3.1 0.06 4

MS438C 95 163 15 10 5 0.129 0.229 0.651 1.5 2.7% 5.1% 3.4% 10 1.6 - 4.4 -0.13 3

MS441A  61 171 17.2 8 7 0.087 0.147 0.713 1.1 4.3% 14.1% 6.5% 6.0 0.6 - 25.1 0.26 4

MS442A 115 193 8.2 10 5 0.049 0.321 0.653 4.6 3.2% 7.2% 8.2% 12.8 3.6 - 3 -0.22 4

MS471A 98 175 6.2 6 5 0.074 0.415 0.592 4.3 4.8% 6.3% 4.3% 8.7 3.1 - 0.7 -0.38 4

MS472B 74 138 5.5 10 6 0.057 0.305 0.78 7.1 9.0% 15.3% 2.2% 11.7 4.3 - 0.8 -0.26 5

MS472C  45 138 7.5 5 8 0.161 0.416 0.790 2.8 16.8% 16.5% 16.0% 7.0 5.1 - 10.5 0.91 5

MS472D  63 173 7.1 7 8 0.077 0.353 0.794 4.9 12.1% 17.9% 8.3% 11.9 4.0 - 3.6 -0.08 4

MS473A 45 175 4.6 5 8 0.053 0.452 0.749 8.6 15.2% 18.4% 12.0% 16.8 6.4 - 3.2 0.06 4

MS475B  82 175 5.6 7 8 0.074 0.611 0.839 6.5 7.2% 9.8% 11.2% 32.2 14.0 - 1.6 0.30 4

MS870A  52 161 3.9 5 9 0.174 0.263 0.818 4.4 10.8% 9.0% -11.1% 14.9 9.1 - 5.5 1.17 6

MS870C 24 135 8 5 6 0.083 0.316 0.700 2.4 10.8% 19.9% 18.6% 46.9 7 - 1.8 0.16 3

MS875A  61 155 4.5 8 8 0.192 0.187 0.838 1.8 5.1% 10.9% -38.5% 8.8 3.0 - 1.8 1.17 5

MS875B  0 36 37.2 5 3 0.236 0.514 0.500 1.2 9.9% 2.4% -2.4% 21.2 6.9 - 24.4 0.59 1

MS879A  65 161 3.6 5 9 0.164 0.233 0.806 3.7 10.7% 11.5% -9.6% 19.7 10.2 - 3.2 1.11 5

MS879B 66 134 8.8 5 5 0.041 0.345 0.675 7.6 10.3% 11.2% 3.5% 6.7 1.9 - 4.7 0.10 3

MS879C  42 173 10.3 8 11 0.038 0.621 0.785 12.7 14.4% 14.3% 15.1% 7.1 3.2 - 2.1 -0.37 5

K223I 92 188 5.9 10 4 0.024 0.364 0.41 9.9 0.083 0.122 0.088 6.7 2.8 0.115 2.5 0.15 4

K222A

K223B   189 237 3.5 5 6 0.107 0.327 0.748 3.1 16.4% 29.9% 11.6% 6.3 6.7 - 7.1 -0.76 5

K223C   

359I 76 197 6.1 10 7 0.342 0.242 0.68 0.8 14.2% 29.3% -2.8% 44.1 10.1 - 15.3 1.73 5

359Y 35 100 11.3 10 7 0.141 0.395 0.796 3.5 15.4% 16.4% 20.4% 6.1 8 - 4.9 1.04 4

K359A   53 120 5.4 2 5 0.230 0.355 0.399 1.0 25.6% 15.6% 11.4% 19.7 7.1 - 7.7 1.23 4

K438A   

K457A   

K536A 18 128 11.4 10 11 0.061 0.411 0.883 5.1 1.7% 3.2% 2.3% 4.5 2.2 - 4 0.36 5

K536B 13 96 11.6 10 6 0.055 0.406 0.758 6.4 10.0% 10.1% 9.4% 13.6 3.4 - 5.7 0.22 3

Location α MADANCPI (μT) Hlab μT n b FRAC g

6.2 1.1 18%

28

q δCK DRAT CDRATSite Sample Low W.s High W.s

009

DRATtail ϒ npTRM
Site values (MW)

11%

18-13
Altered early, no selectable component

-

- -

70-6 - - - -

-

45 1

1%

Altered early, no selectable component

- - -

-

Broke, no selectable component
- - - -

Altered early, no selectable component

- - -

8.2

0.1

1.0

-

53 1 6.2 -

11.5

29-09

22-09

70-7 2 9.5
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Minusa

Kola

25-11 2
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Appendix A. Summary of all of the microwave palaeointensity results made for the Minusa and Kola localities, as published in Shcherbakova et al. (2017). The power values for the selection criteria are listed in Watts per second (W.s). All of the selection criteria shown are described in Table 2.1. Experiment results that do not pass the selection criteria are in grey and the selection 

criteria that failed underlined.
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Selection criteria:

n FRAC b q MADANC α DRAT

4 . 5 . 5 5 5%

N Mean PI (mT) s.d. (mT) s.d./Mean

M226    79 207 7.7 20 8 0.061 0.350 0.706 3.5 13.6% 42.1% 42.7% 37.1 7.4 - 1.5 -0.33 6

M252    236 417 5.5 20 6 0.046 0.331 0.446 5.3 19.9% 35.1% 42.2% 9.1 3.2 - 1.8 0.57 3

M336    144 289 13.4 20 11 0.018 0.645 0.859 29.8 4.5% 5.9% 9.9% 2.4 1.6 - 0.9 -0.13 6

M336B   135 293 13.2 20 9 0.036 0.584 0.850 13.5 5.2% 7.5% -5.4% 5.5 6.1 - 1.4 -0.06 5

M346    184 385 23.8 30 6 0.044 0.589 0.762 10.9 7.8% 9.8% 4.7% 0.3 1.5 - 1.5 -0.07 5

M346B   106 249 26.6 20 8 0.033 0.747 0.829 18.1 10.2% 8.5% 6.0% 1.3 0.8 - 4.2 -0.04 4

M375B   7 15 29.2 20 9 0.029 0.466 0.831 11.7 12.5% 17.3% 14.5% 0.9 0.4 - 0.7 -0.12 6

M375C   128 230 22.0 20 8 0.031 0.594 0.829 15.4 7.6% 9.0% 21.4% 2.9 0.9 - 0.3 0.21 4

Flow 6 T49     109 222 22.3 20 4 0.005 0.845 -0.038 -1.4 9.5% 33.6% 32.1% 3.4 7.9 - 3.1 -0.02 2 - - - -

Flow 17 T173    73 158 5.1 30 6 0.094 0.239 0.722 3.5 13.6% 29.4% 28.5% 9.4 5.5 - 2.5 0.09 4 - - - -

T294    66 138 8.1 20 6 0.079 0.408 0.763 6.3 2.2% 3.1% 2.0% 4.3 3.4 - 1.0 -0.15 3

T294B   95 363 5.1 10 13 0.045 0.369 0.856 6.4 4.8% 12.6% 12.0% 13.0 2.3 - 2.0 0.04 9

T294C   63 141 10.6 7 7 0.033 0.609 0.664 13.3 6.5% 5.4% 8.8% 7.7 3.4 - 1.0 -0.15 5

T294D   44 198 1.4 7 9 0.264 0.116 0.392 0.0 0.1% 6.3% 0.7% 72.9 1.2 - 3.0 -0.10 5

T304    45 220 13.7 30 8 0.064 0.672 0.757 9.1 5.5% 6.5% -7.9% 1.5 1.5 - 2.8 0.29 5

T304B   92 177 8.2 15 7 0.072 0.497 0.757 5.9 24.1% 37.2% 46.8% 2.2 1.9 - 1.0 0.12 3

T304C   80 152 8.5 15 6 0.179 0.391 0.697 1.8 7.8% 14.8% 14.8% 2.0 0.6 - 3.2 0.76 3

T307A   81 216 6.6 15 9 0.021 0.593 0.865 29.6 12.2% 15.5% 32.4% 5.3 3.0 - 3.1 0.09 5

T307B   65 167 7.9 10 7 0.101 0.360 0.799 3.8 1.5% 2.5% -1.0% 6.2 1.9 - 4.1 0.49 3

T308A   5 8 37.3 10 4 0.076 0.338 0.471 4.0 15.0% 6.1% -1.4% 2.2 2.1 - 3.5 -0.27 3

T308B   

Flow 35 T370    110 160 34.7 30 5 0.306 0.242 0.296 0.2 12.9% 47.2% 82.7% 15.3 11.9 - 2.5 -1.16 5 - - - -

Flow 40 T419    138 247 38.8 40 6 0.010 0.428 0.386 7.7 34.1% 125.2% 239.6% 2.7 4.0 - 6.3 0.05 4 - - - -

S10-7   124 181 19.2 35 4 0.164 0.627 0.575 2.1 10.6% 15.3% 23.0% 5.3 3.5 - 0.9 0.75 5

S10-7B  32 280 17.8 20 14 0.013 0.649 0.805 40.3 12.4% 14.5% 8.3% 7.6 2.6 - 2.3 -0.11 7

S10-7C  102 166 17.5 20 6 0.102 0.604 0.591 4.2 11.1% 11.5% 8.5% 10.5 6.0 - 0.6 -0.36 4

S10-7D  97 270 18.4 20 7 0.046 0.578 0.793 10.0 3.6% 4.6% -6.3% 1.7 1.1 - 1.5 -0.18 4

S15-6   21 129 21.2 40 7 0.054 0.508 0.645 6.8 1.9% 2.9% 5.4% 3.5 1.1 - 3.8 0.32 3

S15-6B  36 156 23.1 20 9 0.058 0.382 0.793 5.5 4.3% 6.9% 9.0% 4.1 1.1 - 4.2 0.35 4

S15-6C  77 178 14.3 20 9 0.027 0.520 0.830 19.5 7.5% 9.8% 23.9% 6.3 4.2 - 5.3 0.01 4

S9-3B   134 254 20.9 20 5 0.095 0.395 0.731 2.3 5.0% 11.8% 15.4% 50.4 9.3 - 2.6 0.34 2

S9-3    

S2 S17-3   86 201 11.3 35 6 0.069 0.385 0.705 6.0 12.6% 20.3% 28.3% 10.8 4.6 - 4.5 -0.50 4 1 11.3 - -

S24-5   21 143 5.3 40 10 0.180 0.560 0.614 1.8 8.7% 16.0% 39.8% 73.1 28.4 - 6.4 -0.46 5

S27-5   93 336 20.2 40 12 0.048 0.778 0.859 11.8 10.1% 13.7% -6.7% 7.7 7.5 - 1.0 -0.33 9

S27-5B  123 191 15.2 20 4 0.083 0.375 0.625 3.3 4.3% 7.7% 11.7% 5.3 3.2 - 9.4 -0.48 4

S28-3B  122 226 19.2 40 7 0.026 0.405 0.796 12.0 1.3% 2.9% -5.7% 7.4 4.8 - 3.0 -0.04 6

S28-3C  76 172 15.3 35 8 0.068 0.608 0.804 8.3 10.4% 13.5% 22.6% 8.3 4.4 - 5.0 0.18 5

S28-3D  67 153 13.9 20 7 0.086 0.349 0.769 3.4 3.9% 8.4% 9.8% 0.8 1.0 - 5.8 0.46 3

S30-11  82 214 12.3 30 8 0.047 0.745 0.807 13.6 13.2% 15.3% 13.6% 2.2 5.6 - 4.4 -0.09 6

S3011B  91 183 12.6 35 7 0.043 0.296 0.798 9.4 8.0% 15.0% 38.9% 3.1 3.4 - 0.6 -0.27 6

Y1-6B   35 77 58.3 40 6 0.017 0.788 0.522 18.0 6.4% 6.3% 9.4% 1.8 2.3 - 0.2 -0.09 3

Y1-6C   39 80 51.4 50 5 0.054 0.589 0.628 5.7 8.5% 12.0% 22.2% 6.1 4.5 - 2.1 0.21 3

Y1-6D   39 73 57.9 45 6 0.049 0.555 0.704 6.3 5.1% 7.3% 10.3% 6.1 4.4 - 0.7 -0.20 3

Y2-2    28 53 7.3 50 3 0.326 0.264 0.467 0.5 1.9% 5.3% 5.5% 24.4 4.9 - 1.9 -0.73 2

Y2-2B   29 60 8.6 50 4 0.159 0.374 0.608 1.4 1.0% 2.6% 2.7% 8.4 3.1 - 1.9 -0.60 2

Y3-6    21 59 11.4 50 3 0.261 0.377 0.420 0.8 0.3% 0.6% 0.6% 11.9 4.0 - 0.5 -0.73 1

Y4-2    22 84 44.1 50 6 0.036 0.641 0.523 8.8 4.1% 5.2% 12.5% 8.1 7.7 - 1.7 -0.25 3

Y4-2B   30 60 47.5 50 4 0.093 0.429 0.579 2.8 4.2% 6.9% 9.0% 4.6 5.1 - 2.6 -0.44 2

Y4-2C   27 65 47.9 50 6 0.050 0.552 0.706 6.8 5.8% 8.7% 14.7% 5.0 4.2 - 1.8 -0.23 3

qLocation Site Sample Low W.s High W.s PI (μT) Hlab μT n b FRAC g ϒ npTRM
Site values

Maymecha

- - - -

Flow 23

δCK DRAT CDRAT α MADANC DRATtail

- -

0.1 1%

Flow 21 2 25.2 2.0 8%

3.8

2.8 16%

2.7 34%

11%

Sytikanskaya

S1 6 18.7 3.1 16%

Arai plot goes backwards

Yubileinaya Y1 6 51.2 5.8

S3 5 16.8

Appendix B. Summary of all of the microwave palaeointensity results made for Siberian Trap localities, as published in Anwar et al. (2016). The power values for the selection criteria are listed in Watts per second (W.s). All of the selection criteria shown are described in Table 2.1. Experiment results that do not pass the selection criteria are in grey and the selection criteria that failed 

underlined.

Flow 18

Truba

Flow 29 3 9.4

Flow 28 3 7.9

2 13.3

Arai plot goes backwards

Flow 18 1 22.0

41%

𝑘′ 



Selection criteria:

n FRAC β q MADANC α DRAT CDRAT npTRM

4 >=0.25 <=0.1 >=1 <=0.48 <=10 <=15 <=15% <=15% >=3

N Mean PI (mT) s.d. (mT) s.d./Mean N Mean PI (mT) s.d. (mT) s.d./Mean

V2-2B    MW 16 52 206.1 25 5 0.517 0.375 0.479 0.5 10.7% 2.6% -2.4% 13.2 6.1 12.9 2.62 2

V11-3 MW 0 59 46.0 10 6 0.173 0.372 0.760 1.8 5.1% 2.7% 2.2% 22.1 3.9 23.5 0.49 2

V11-3Ba MW (P) 91 111 1.0 5 4 0.715 0.274 0.340 0.1 3.06

V11-3Bb MW 0 85 40.8 25 8 0.078 0.439 0.832 4.0 6.2% 8.6% -16.7% 3.1 2.2 4.0 -0.28 3

V18-4BI  MW 40 79 30.7 25 4 0.122 0.166 0.659 1.0 2.0% 6.9% -11.6% 10.7 2.6 4.4 -0.52 2

V44-1B MW 34 110 6.2 25 7 0.075 0.595 0.786 7.9 4.9% 6.4% -4.6% 13.9 13.9 3.6 0.18 4

V44-4   MW 0 121 12.0 10 9 0.092 0.889 0.728 7.3 17.6% 12.2% 9.5% 2.9 3.8 3.0 0.57 4

V44-4B  MW 40 69 17.6 5 4 0.109 0.347 0.636 3.1 15.0% 7.6% -9.7% 5.3 2.0 10.6 -0.20 4

V44-4C  MW 9 68 23.6 5 6 0.084 0.627 0.711 6.3 14.2% 4.0% -4.8% 3.0 1.3 11.5 0.27 3 First

V92 TT 250 500 27.6 15 6 0.112 0.437 0.747 4.7 18.8% 12.9% -24.8% 2.1 1.6 14.4% 10.8 0.00 4

V92a TT 460 550 3.9 20 5 0.073 0.132 0.629 6.0 5.7% 8.0% -4.3% 3.0 2.0 69.7% 9.8 0.45 6

V92-1B  (First half) MW 0 123 48.0 20 7 0.074 0.495 0.568 3.8 4.4% 3.4% 4.4% 7.0 1.4 10.0 -0.34 3 First

V92-1B  (Second Half) MW 123 223 11.9 20 9 0.044 0.385 0.858 11.6 4.2% 6.2% 13.2% 3.4 2.2 0.8 -0.24 7 Second

V92-1C MW 112 162 11.0 15 6 0.061 0.261 0.782 5.3 2.1% 4.1% -3.9% 13.2 7.2 0.8 0.38 5 Second

V92-1D  (First Half) MW 0 117 34.9 15 7 0.050 0.572 0.549 6.2 2.8% 1.9% -1.4% 3.9 1.0 32.3 -0.09 3 First

V92-1D  (Second Half) MW 117 284 10.3 15 9 0.043 0.349 0.819 11.1 9.8% 13.9% -1.3% 4.5 2.4 1.8 -0.02 7 Second

V99 TT 250 500 1.5 15 6 0.061 0.258 0.570 6.1 4.4% 6.8% -14.3% 3.2 3.7 3.2% 9.1 0.38 4 Second

V99-2 MW 62 156 7.3 15 5 0.073 0.433 0.255 2.8 4.0% 4.4% 3.1% 3.6 6.4 4.3 0.79 4

V99-2B MW 67 154 4.1 15 6 0.073 0.509 0.536 5.2 4.0% 5.4% -5.3% 12.5 15.7 4.1 -0.06 4

V105a TT 0 300 32.7 20 4 0.136 0.709 0.656 4.5 8.4% 4.7% -4.7% 3.5 2.5 6.8 0.29 1

V105-2  MW 50 102 11.2 15 6 0.092 0.469 0.645 5.5 23.9% 24.3% 32.3% 6.0 6.6 1.4 0.56 4

V1052B  MW 85 225 2.7 15 8 0.128 0.280 0.781 3.3 12.0% 21.6% 32.8% 4.3 7.1 3.0 0.69 6

V106-5  MW 0 25 38.8 5 4 0.182 0.143 0.556 1.1 26.4% 9.3% 9.3% 40.9 8.4 46.4 0.36 1

V1102B MW 0 85 51.9 5 9 0.096 0.535 0.861 5.4 7.7% 1.2% -0.9% 7.5 2.2 37.6 0.24 4 First

V1102C  MW (P) 60 88 13.7 5 6 0.074 0.318 0.746 3.2 0.74

V1102D  MW (P) 110 169 4.2 5 6 0.091 0.684 0.648 4.8 0.65

V114-4 MW 0 72 47.0 5 6 0.028 0.636 0.766 17.7 4.7% 0.8% -0.2% 2.6 1.1 29.6 0.08 2

V1144B  MW (B) 47 124 27.7 5 6 0.071 0.745 0.742 7.7 11.6% 2.8% -5.5% 5.3 2.4 6.6 0.06 2

V1144C  MW (P) 86 150 5.7 5 8 0.050 0.537 0.550 5.9 0.75

V1171B  MW 149 329 3.5 15 8 0.064 0.461 0.839 4.5 27.0% 76.9% 110.8% 15.5 9.2 0.7 -0.16 5

V1171C  MW 116 360 2.4 5 9 0.034 0.454 0.784 14.4 10.7% 15.5% -3.4% 16.0 10.6 3.0 0.11 4

V1171D  MW (B) 155 382 3.4 5 8 0.061 0.648 0.835 8.2 11.1% 15.2% -22.2% 12.6 4.7 8.1 -0.11 3

V1225B  MW 0 102 30.2 5 9 0.074 0.637 0.838 7.7 9.1% 2.2% -2.7% 23.9 8.6 15.5 0.33 4

V1225C  MW (P) 108 134 0.7 5 4 0.576 0.228 0.576 0.2 2.01

V128-4  MW 0 58 24.3 5 6 0.085 0.328 0.740 3.8 14.7% 6.7% 7.2% 38.6 9.1 18.8 0.29 2

V136-5  MW 0 84 22.3 5 6 0.168 0.437 0.776 2.6 1.0% 0.4% -0.5% 19.6 5.1 7.3 0.73 2

V1475B  MW 152 207 5.7 10 5 0.080 0.287 0.698 2.3 3.8% 12.9% -13.7% 2.0 2.5 1.0 0.33 2

V1475C  MW (B) 122 147 6.7 5 5 0.396 0.423 0.564 0.7 11.5% 13.9% -6.2% 39.4 18.5 11.1 -1.41 2

V1475D  MW (B) 144 213 5.8 5 6 0.135 0.596 0.751 3.3 11.6% 12.8% -18.7% 5.6 2.7 5.8 0.36 2

V1475E  MW (P) 153 196 9.1 5 5 0.315 0.063 0.587 0.1 -0.59

V1503 MW 110 295 5.1 5 7 0.058 0.575 0.730 8.7 7.8% 8.0% 7.7% 2.5 1.3 0.6 -0.42 5 Second

V1503B  MW (B) 125 158 16.8 5 5 0.171 0.379 0.608 1.9 7.9% 4.3% -0.5% 23.1 6.8 0.2 0.56 2

V1503C  MW (P) 146 173 7.5 5 4 0.050 0.192 0.618 2.4 0.0% 0.0% 0.0% 27.4 1.2 0.0% 0.16

V1503D  MW (P) 149 268 4.9 5 7 0.029 0.414 0.810 11.5 -0.24 Second

V1503E  MW 110 186 8.7 5 8 0.051 0.636 0.725 9.3 4.9% 3.7% 0.3% 1.4 1.3 0.4 0.27 4 Second

V1503F  MW 118 156 6.9 5 6 0.080 0.319 0.752 3.0 5.1% 9.2% 14.5% 5.0 2.1 2.1 -0.14 3 Second

V1503G  MW 111 190 5.0 5 9 0.034 0.586 0.864 15.4 7.1% 8.2% 16.7% 0.3 0.9 0.3 -0.14 4

V1503H  MW 119 194 7.8 2 9 0.069 0.477 0.853 5.3 13.4% 7.8% -5.0% 2.2 1.0 3.3 -0.47 5 Second

V1543 MW 101 244 4.4 5 7 0.024 0.609 0.423 11.7 1.7% 1.9% 3.4% 5.4 3.0 1.1 -0.10 5 Second

V165-5  MW 101 262 5.4 5 8 0.078 0.374 0.775 7.1 11.0% 10.4% 0.0% 1.2 2.1 0.6 -0.48 6 Second

V1655B  (First Half) MW 0 118 43.6 5 8 0.072 0.523 0.780 5.9 8.5% 1.8% -2.6% 7.6 2.0 22.9 -0.01 4 First

V1655B  (Second Half) MW 118 207 6.7 5 6 0.098 0.364 0.748 4.7 8.8% 8.5% 5.2% 2.0 1.9 1.7 -0.25 6 Second

V1655C  MW 93 216 6.3 5 8 0.050 0.560 0.850 14.8 14.2% 10.2% 7.6% 1.2 1.5 3.1 0.14 6 Second

V1655D MW 86 179 6.0 5 6 0.074 0.454 0.763 6.8 7.3% 7.0% -8.5% 10.8 5.0 1.7 0.29 5 Second

V166 TT 200 575 5.1 15 10 0.097 0.348 0.764 8.5 5.1% 4.5% -7.4% 2.8 3.0 5.0% 9.6 0.84 5

V166a TT 300 525 1.4 20 10 0.140 0.321 0.815 5.5 17.7% 18.7% 20.4% 9.9 10.5 10.8% 12.4 1.22 6

V1666B  MW 107 189 3.3 20 6 0.052 0.259 0.708 5.1 5.9% 15.6% 16.9% 3.2 3.4 0.9 -0.33 3

V1666C (First Half) MW 54 152 18.0 5 7 0.095 0.398 0.740 3.7 18.5% 10.4% 8.7% 7.1 1.9 4.2 -0.25 3 First

V1666C (Second Half) MW 125 259 6.5 5 7 0.049 0.284 0.797 7.8 3.1% 3.9% 4.7% 7.1 3.0 5.0 0.33 5 Second

V1666D  MW 43 184 15.1 5 8 0.080 0.405 0.522 2.7 12.9% 9.7% 8.1% 5.7 1.0 50.4 0.30 4 First

M15-4B  MW 0 67 11.0 5 8 0.113 0.444 0.829 4.5 6.8% 4.6% 6.5% 38.5 13.7 0.1 0.48 3

M21-5B  MW 12 61 35.2 5 7 0.073 0.407 0.759 6.3 8.3% 1.9% -2.0% 8.0 3.0 13.1 -0.08 3 First

Viluy Vil 8 VL246   MW 26 116 30.3 5 9 0.108 0.563 0.851 5.6 30.2% 6.9% -11.3% 9.5 4.6 7.6 0.45 5 - - - - - - - -

VL271     MW 72 150 5.5 20 7 0.061 0.400 0.807 9.5 4.5% 6.1% -2.1% 6.7 5.7 0.9 0.29 5 Second

Vil271 TT 350 550 0.5 15 6 0.254 0.025 0.536 1.6 24.5% 33.1% -38.0% 14.2 29.4 5.3% 16.6 1.12 4

Vil273a TT 415 525 1.9 20 7 0.088 0.066 0.756 5.8 9.2% 13.6% -13.9% 22.6 16.3 20.4% 14.4 0.40 6

VL274B  MW 0 93 19.7 5 8 0.063 0.556 0.789 6.8 15.1% 6.8% -7.4% 9.9 3.4 4.2 0.14 3 First

VL274C  MW 68 133 3.8 5 7 0.047 0.556 0.709 10.6 3.7% 4.2% -5.1% 1.9 5.5 2.6 0.01 5 Second

VL274D MW 0 96 14.1 5 8 0.159 0.443 0.782 2.6 7.7% 4.8% -4.3% 10.8 2.5 5.9 0.84 3

Vil275a TT 430 550 65.3 20 7 0.166 0.056 0.659 2.1 143.6% 79.2% -94.8% 1.1 1.9 47.4% 5.9 0.15 6

VL276B MW 0 67 19.3 5 6 0.245 0.433 0.468 1.1 9.0% 4.1% -5.9% 7.1 3.1 5.3 -0.66 2

VL276D  MW 49 126 5.5 5 6 0.069 0.514 0.753 9.2 6.1% 4.8% -6.4% 13.9 10.0 2.9 0.21 4 Second

VL276E  MW 60 144 4.5 5 8 0.049 0.642 0.847 14.3 4.2% 3.8% -1.2% 9.3 7.3 6.6 -0.10 5 Second

VL277-2   MW 71 159 5.5 20 5 0.059 0.282 0.724 8.0 0.8% 1.1% -1.3% 11.2 4.8 0.6 0.25 3 Second

Vil278a TT 0 300 54.3 20 4 0.343 0.935 0.567 1.8 29.4% 9.3% -9.3% 6.0 11.7 5.2 1.14 1

VL279B  MW 0 63 22.7 5 5 0.157 0.435 0.564 2.1 6.2% 2.3% 2.3% 11.5 4.2 6.0 0.56 2

VL279C  MW 61 103 3.2 5 5 0.068 0.294 0.683 7.0 5.8% 6.9% -14.4% 7.0 6.4 4.1 0.26 4 Second

VL279E  MW 0 86 2.2 5 7 0.176 0.639 0.760 3.9 6.6% 6.7% 5.1% 10.0 9.3 2.8 0.94 3

VL279F  MW 46 73 2.2 5 4 0.100 0.330 0.536 3.3 3.7% 5.4% -1.5% 28.9 14.6 8.9 0.07 3

VL279G  MW 0 41 18.8 3 5 0.249 0.432 0.674 1.8 18.6% 4.4% -5.1% 15.1 5.4 76.4 0.81 2

Vil280 TT 400 550 0.8 15 5 0.202 0.074 0.314 1.1 44.3% 64.4% -87.7% 11.7 9.2 1.4% 4.5 1.30 5

VL282B  MW 116 158 2.6 15 5 0.061 0.373 0.613 4.5 6.9% 15.3% -4.0% 11.4 10.5 1.0 0.39 4

VL282C  MW 93 141 1.7 3 5 0.074 0.390 0.742 4.3 4.6% 9.3% -12.1% 31.5 8.8 3.2 0.23 2

VL284   MW 0 89 33.1 5 7 0.189 0.205 0.814 2.3 7.6% 2.1% -1.7% 11.0 3.2 2.5 0.97 3

VA284B  MW 84 217 14.4 5 8 0.052 0.544 0.814 10.7 10.5% 5.0% 3.5% 3.9 2.2 0.9 -0.14 5 Second

VA284C  MW 81 113 14.1 14 11 0.022 0.399 0.880 20.4 4.5% 6.3% 2.4% 6.8 2.4 22.0 -0.10 7 Second

VA284D  MW 94 343 13.4 15 13 0.022 0.410 0.910 22.5 3.1% 4.3% 8.9% 7.4 3.0 0.4 0.21 8 Second

VL286B  MW 39 96 4.0 10 7 0.156 0.310 0.728 1.5 5.0% 14.3% -39.9% 13.1 5.5 1.5 0.41 4

VL286C  MW 40 94 4.7 5 7 0.094 0.266 0.828 3.7 5.3% 9.3% -25.5% 5.0 3.0 2.3 0.62 4

VL286D  MW 0 46 44.1 15 5 0.253 0.232 0.628 1.0 12.0% 9.3% -10.3% 20.2 5.7 3.3 1.10 2

VL287A2   MW 68 220 7.8 20 7 0.068 0.562 0.790 8.1 18.3% 24.7% 33.9% 9.7 4.9 0.4 0.34 3

VL287B  MW 45 243 9.0 10 12 0.025 0.673 0.876 24.4 13.5% 14.3% 16.6% 7.2 4.1 0.9 0.01 6

VL289B  MW 55 118 2.5 5 4 0.080 0.282 0.573 2.6 0.3% 0.8% 0.8% 9.1 2.5 2.0 0.18 3 Second

VL289C  MW 54 125 1.6 3 7 0.050 0.487 0.770 10.0 3.2% 4.3% 10.5% 24.1 9.2 1.6 0.32 5

VL289D  MW 50 126 1.8 2 7 0.036 0.320 0.777 10.9 2.9% 4.2% 5.3% 9.6 3.3 1.7 0.14 5 Second

VL289E  MW 75 126 2.4 2 6 0.106 0.304 0.772 2.6 4.6% 8.3% -9.8% 14.2 2.9 3.6 0.18 4

VL289F  MW 68 126 2.0 2 5 0.086 0.479 0.641 5.3 5.2% 5.2% -11.5% 14.4 5.9 3.0 0.46 5 Second

VL289G  MW 41 128 2.0 2 9 0.071 0.433 0.832 6.8 5.8% 7.0% -9.6% 14.8 5.1 4.5 -0.04 5 Second

VL289H  MW 69 125 1.9 2 6 0.053 0.495 0.775 9.6 4.3% 4.7% -6.0% 10.7 4.2 2.4 0.21 5 Second

VA290B  MW 116 245 7.8 10 8 0.048 0.307 0.853 6.8 6.4% 13.1% 18.9% 2.4 1.7 0.9 -0.13 4

VL291B  MW 49 143 2.7 2 7 0.041 0.377 0.796 10.2 4.5% 5.1% 1.9% 5.7 2.3 2.0 -0.12 4 Second

VL291C  MW 68 151 2.4 2 9 0.058 0.388 0.843 10.0 14.0% 12.8% -2.9% 4.6 3.0 3.6 0.30 6 Second

VL291D  MW 63 135 4.1 2 7 0.047 0.384 0.799 9.3 7.1% 5.7% -5.9% 7.5 3.1 2.5 -0.13 4 Second

VL291E  MW 49 150 2.6 2 10 0.055 0.438 0.849 10.0 1.5% 1.4% -1.9% 18.3 6.2 2.5 0.36 6

VL291F  MW 64 129 3.2 2 6 0.064 0.453 0.734 7.3 6.6% 5.6% 7.3% 4.1 1.7 3.1 0.09 5 Second

VL292-2   MW 81 127 3.0 20 4 0.199 0.116 0.440 0.8 2.3% 6.3% -17.1% 19.2 8.8 2.1 -0.74 4

Vil309 TT 150 400 9.1 20 6 0.200 0.268 0.794 2.0 8.4% 14.9% -35.5% 17.7 5.8 5.0 1.24 3

309 W 380 600 1.7 15

309-2D W 381 600 1.8 15 Second

VL312B  MW 42 105 8.7 5 8 0.145 0.426 0.853 4.2 8.9% 6.3% -14.8% 8.8 4.8 5.8 1.03 5

VL312C  MW 0 68 12.2 3 4 0.056 0.324 0.551 3.6 2.2% 1.4% 1.4% 11.7 2.7 52.5 0.00 1

Vil313 TT 100 450 8.8 20 8 0.099 0.433 0.839 5.8 4.9% 6.5% -18.3% 6.0 3.2 8.1 0.67 3

Vil313-1r TT 300 510 7.3 20 7 0.166 0.288 0.697 1.9 3.5% 7.2% -11.0% 13.4 3.4 2.8 0.83 4

Vil313-r TT 300 495 6.6 20 9 0.119 0.340 0.824 4.0 7.9% 13.1% -37.9% 23.5 11.1 2.3 0.96 6

313 W 180 494 4.1 15 Second

313-2D W 270 600 1.8 15 Second

VL316B  MW 69 114 1.9 3 5 0.092 0.174 0.742 3.2 2.7% 5.7% -9.4% 10.9 3.2 7.3 0.30 4

VL316C  MW 68 121 3.2 2 7 0.063 0.318 0.802 6.0 6.8% 7.7% -9.1% 11.9 3.5 7.0 0.27 5 Second

VL316D  MW 68 130 2.6 2 6 0.125 0.361 0.768 4.3 6.4% 5.6% -13.0% 3.0 2.3 2.2 0.58 5

VL316E  MW 104 151 1.6 2 5 0.094 0.235 0.749 3.4 3.5% 6.5% -16.4% 13.7 4.4 4.8 0.24 6

VL316F  MW 89 146 1.4 2 7 0.082 0.360 0.784 6.2 7.9% 10.0% -10.1% 13.7 6.0 2.9 0.36 6 Second

VL324B  MW 0 125 41.8 5 11 0.169 0.646 0.789 3.5 25.3% 4.0% 3.6% 7.4 2.2 103.1 0.91 5

VL325B  MW 82 162 4.0 5 6 0.062 0.388 0.794 9.1 3.9% 4.4% 3.4% 19.8 10.0 1.3 0.33 5

Vil328 TT 250 575 0.5 15 9 0.075 0.154 0.768 6.5 12.2% 19.2% -20.9% 15.3 10.8 3.4% 5.8 -0.45 5

Vil329 TT 300 500 12.5 15 5 0.079 0.453 0.640 6.5 3.3% 3.2% 4.5% 0.9 2.0 8.1% 11.2 -0.15 3 Second

Vil329a TT 415 500 10.4 20 6 0.092 0.396 0.781 5.7 6.1% 8.0% 13.2% 4.3 4.0 9.3% 9.8 0.35 5 Second

VL330B  MW 46 112 11.1 7 7 0.088 0.527 0.773 7.1 8.6% 5.6% 9.5% 11.6 8.7 2.9 0.51 4

VL330C  MW 0 59 56.4 10 6 0.124 0.407 0.793 2.9 7.5% 2.9% -2.4% 16.9 4.0 26.8 -0.12 2

VL330D  MW 41 91 11.0 8 6 0.093 0.487 0.726 6.3 10.0% 7.3% 11.3% 11.3 9.3 7.7 0.10 4 Second

VL330E  MW 49 91 9.1 8 7 0.040 0.498 0.696 12.6 7.5% 6.9% 2.5% 3.7 3.4 1.6 0.16 5 Second

VL330F  MW 49 109 11.2 8 7 0.085 0.468 0.780 6.6 12.0% 9.7% -4.2% 9.5 6.8 7.6 0.64 5

Vil333 TT 300 575 1.0 20 12 0.134 0.156 0.848 5.6 7.1% 8.1% 5.5% 16.5 15.4 2.1% 18.2 1.00 4

Vil333a TT 0 200 52.1 20 3 0.044 0.702 0.438 6.1 11.4% 6.7% -6.7% 9.2 3.9 18.4 0.14 1

VL334-2   MW 85 162 7.1 20 7 0.062 0.285 0.804 7.2 6.7% 11.3% 2.4% 4.0 3.6 2.3 0.28 5 Second

Vil344-1r TT 350 525 9.5 20 8 0.088 0.339 0.525 2.6 4.7% 10.0% -3.6% 19.9 6.7 2.9 0.06 5

Vil344-r TT 300 530 4.0 20 10 0.161 0.396 0.588 2.0 15.6% 27.4% -85.9% 73.0 28.6 1.6 0.67 7

Vil347 TT 390 510 3.2 20 5 0.095 0.290 0.582 3.3 4.7% 8.7% -20.7% 15.0 5.3 1.2 0.50 7

Vil347-1-r TT 470 640 6.0 20 10 0.093 0.521 0.816 8.2 13.2% 13.5% -14.7% 6.9 9.8 1.6 0.53 7

Vil347-r TT 470 560 6.8 20 8 0.092 0.308 0.732 5.8 6.6% 8.6% -21.7% 11.4 6.3 1.6 0.24 7

347 W 150 548 8.4 20 Second

Vil352 (First) TT 150 450 25.9 20 7 0.087 0.357 0.783 3.8 3.8% 5.5% -8.7% 5.5 1.1 7.4 0.43 3 First

Vil352 (Second) TT 450 540 4.4 20 6 0.054 0.426 0.725 8.9 5.0% 7.3% 4.5% 13.4 6.9 6.0 -0.26 6 Second

Vil352r (First) TT 200 480 46.0 20 10 0.095 0.422 0.764 3.1 10.6% 10.9% -13.0% 2.7 2.2 16.8 0.48 5 First

Vil352r (Second) TT 470 560 7.0 20 8 0.062 0.399 0.692 7.6 2.5% 3.5% -9.2% 4.4 3.0 0.3 0.46 8 Second

Vil352-1-r TT 430 610 6.7 20 11 0.085 0.555 0.856 9.6 4.0% 3.9% -7.1% 0.4 2.6 3.2 0.49 6

352 W 270 535 4.7 15 Second

Vil354 TT 390 540 6.3 20 6 0.098 0.542 0.684 5.3 5.7% 7.2% -11.9% 8.8 3.9 6.4 -0.01 7 Second

Vil354r (First) TT 100 480 24.3 20 12 0.092 0.467 0.817 3.6 4.1% 6.5% 1.5% 7.8 1.8 6.1 0.30 5 First

Vil354r (Second) TT 470 560 8.1 20 8 0.063 0.424 0.633 5.8 6.4% 10.3% -12.7% 1.0 1.4 5.2 -0.32 8 Second

Vil354-1-r TT 470 580 9.2 20 8 0.021 0.551 0.745 25.4 3.3% 4.1% -1.5% 6.0 4.2 3.0 0.05 7 Second

354 W 200 550 6.8 15 Second

MAR8B   MW 0 80 20.3 10 3 0.119 0.864 0.218 1.8 8.9% 4.0% 4.0% 0.8 1.5 6.9 0.72 1

MAR8C   MW 0 27 36.8 5 3 0.498 0.455 0.499 0.5 0.8% 0.2% 0.2% 39.9 11.9 79.4 1.14 1

51

- - - -Markha M3-4 - - - -

25%

See Appendix 2 for selection criteria

See Appendix 2 for selection criteria

See Appendix 2 for selection criteria

- - - - -

Viluy Vil 22 3 32.1 12.1

- 5 10.0 2.0

38% 8 6.9 1.7

20%

Viluy Vil 21 - - -

- - - - -

Viluy Vil 20 - - -

45%

See Appendix 2 for selection criteria

See Appendix 2 for selection criteria

See Appendix 2 for selection criteria

See Appendix 2 for selection criteria

Viluy Vil 18-2 - - -

Viluy Vil 18-1 - - - - 5 2.4 1.1

4%

Viluy Vil 16-2 - - - - 9 2.5 0.7 29%

Viluy Vil 16-1 - - - - 3 14.0 0.5

-

Viluy Vil 13 1 19.7 - - 6 4.7 1.0 21%

Viluy M2 1 35.2 - - - - -

25%

Viluy V8 3 25.6 15.7 61% 6 5.9 0.9 15%

Viluy V7 - - - - 5 6.7 1.7

55%

Viluy V6 1 51.9 - - - - - -

Viluy V5 2 41.4 9.3 22% 4 8.7 4.8

PI (μT) Hlab μT

-

Viluy V2 1 23.6 - - - - - -

Viluy V1 - - - - - - -

Appedndix C. All the palaeoinensity results made from samples from the Viluy and Markha River sites from the Kravchinsky et al. (2002) and Orlov and Shatsillo (2011) palaeodirectional studies. Methods used include; MW, microwave; MW (P), microwave (perpendicular method); MW (B), microwave (Baseline); TT, thermal Thellier-Coe; W, Wilson. All of the selection criteria listed are taken from the Standard Palaeointensity Definitions from Paterson et al. (2014) and described in Table 

2.1. Experiment results that have been greyed out do not pass selection criteria, underlined selection criteria are those that failed.

n b FRAC gLocation Site Sample Method Low T°C/W.s High T°C/W.s Second componentDRATTail ϒ npTRM Component First componentq δCK DRAT CDRAT α MADANC 𝑘′ 
𝑘′ 



Site Sample Hlab μT Low T°C High  T°C Pi-  μT Pi-  μT RS(Ha2) Evaltn. R2(Ha2) Evaltn. KS(Ha2) Evaltn. D(KS) Dn(KS)

309 15 380 600 1.65 5.28 0.0227 NO 0.7859 NO -0.098 NO 0.1796 0.0816

309-2D 15 381 600 1.8 1.73 0.0147 YES 0.9588 YES 0.0797 YES 0.05 0.1297

313 15 180 494 4.05 3.59 0.011 YES 0.9339 YES 0.0336 YES 0.0748 0.1084

313-2D 15 270 600 1.8 2.08 0.0126 YES 0.9588 YES 0.0597 YES 0.0461 0.1057

347 20 150 548 8.4 8.57 0.0028 YES 0.9957 YES 0.0881 YES 0.0082 0.0963

352 15 270 535 4.65 4.63 0.0038 YES 0.9932 YES 0.0993 YES 0.0186 0.1179

354 15 200 550 6.75 6.5 0.0017 YES 0.9982 YES 0.0953 YES 0.0074 0.1027

Vil22

Vil18-1

Appendix D.  Full Wilson results including the selection criteria oultined by Muxworthy (2010).



a) Strathmore Sites: b) Cheviots Sites: c) Kinghorn sites:

Site Sample Min T (°C) Max T (°C) n Dg° Ig° Ds° Is° MADANC α Site Sample Min T (°C) Max T (°C) n Dg° Ig° Ds° Is° MADANC α Site Sample Min T (°C) Max T (°C) n Dg° Ig° Ds° Is° MADANC α
CB1-1BI 340 660 14 50.8 -67.9 58.5 -54.5 2.4 2.9 CH1-1AI 400 680 13 306.8 46.8 192.6 53.6 5.1 7.2 KH1-H1-1 370 540 7 174.1 0.3 173.7 1.7 1.6 1.8

CB1-2AII 450 680 12 34.2 -60.7 44.9 -48.8 1.2 0.3 CH1-2AI 400 680 13 307.7 54.4 182.7 49.0 4.7 5.5 KH1-H2-1 370 540 7 165.2 6.0 163.4 3.9 0.8 0.7

CB1-3AII 500 680 10 30.7 -65.8 44.5 -54.2 1.8 1.3 CH1-4AI 370 680 13 303.5 52.6 187.3 48.4 1.5 0.1 KH2-H1-1 340 580 11 206.6 7.2 202.5 19.3 4.6 5.0

CB1-4AII 500 680 10 36.7 -61.6 47 -49.4 1.0 0.8 CH1-5AI 450 680 12 299.1 47.8 195.7 48.7 2.5 3.3 KH2-H2-1 370 580 10 212.5 4.4 209.2 18.3 2.5 1.6

CB1-5AII 500 680 10 359.1 -60.8 19 -54.3 1.6 1.5 CH1-6BI 450 680 12 298.4 50.2 192.9 47.1 1.9 0.4 KH3-1A  450 560 6 35.5 -65.8 339.3 -73.0 18.0 7.0

CB1-6AII 500 680 10 41.3 -69.9 53.2 -57.1 1.6 1.4 CH1-7AI 450 680 12 292.7 51.8 193.3 43.2 1.4 1.0 KH3-2A  480 560 5 108.8 -65.6 166.6 -78.5 13 1

CB1-H1AI 370 660 13 33.5 -69.7 48.2 -57.6 0.5 0.4 CH1-8AI 400 680 13 294.6 50.4 194.4 44.9 2.1 1.2 KH3-3A  100 450 8 30.8 51.0 44.3 35.4 8.9 8.7

CB1-H2AI 370 660 13 23.8 -49.4 33.2 -39.2 1.2 0.3 CH1-9AI 400 680 13 298.4 55.1 187.0 44.5 2.0 1.3 KH3-4A  250 450 5 13.2 14.5 16.6 5.6 1.4 6.7

CB1-H3C1 370 660 13 25.5 -56.1 36.8 -45.4 1.0 0.1 CH2-1AI 400 680 13 305.8 62.0 176.3 42.8 3.5 3.5 KH3-5A  480 580 6 64.6 -51.2 49.7 -70.7 8.3 0.3

CB1-H4AI 340 660 14 46.5 -55.4 52.7 -42.4 0.7 0.1 CH2-2AI 400 680 13 301.1 45.2 198.2 51.2 3.3 2.7 KH3-6B  370 500 5 66.2 -52.6 51.4 -72.3 22.5 4.7

CB1-H5AI 340 660 14 52.4 -59.2 57.8 -45.8 1.1 0.2 CH2-3AI 400 680 13 309.0 62.0 174.7 43.7 2.7 2.5 KH4-1B  340 580 10 37.9 -28.3 26.7 -42.6 1.3 0.4

CB2-1AII 300 480 6 238.3 37.8 240.2 24.2 4.4 7.9 CH3-1AI 450 620 9 293.1 48.5 197.4 44.8 3.3 3.4 KH4-2AI 300 580 11 38.4 -26.5 28.1 -41.0 1.3 0.8

CB2-2AII 300 500 7 232.7 42.6 235.8 29.3 8.1 9.1 CH3-2AI 450 620 9 296.2 53.7 189.7 44.2 3.4 3.8 KH4-3B  340 580 10 38.5 -31.7 25.8 -46.0 1.3 0.4

CB2-3AII 300 480 6 230.7 13.2 231.3 0.1 9.3 17.2 CH3-3AI 450 600 8 288.4 55.0 190.9 39.5 3.6 4.3 KH4-4B  340 580 10 41.3 -31.9 28.9 -46.9 1.7 1.2

CB2-4AII 340 680 15 228.1 24.1 229.8 11.2 9.7 8.0 CH3-4AI 400 580 8 294.4 57.9 185.5 41.1 4.4 5.6 KH4-5B  480 580 6 36.4 -39.7 18.8 -52.7 2.6 2.4

CB2-5AI 340 560 9 202.9 23.5 206.4 14.0 9.5 16.5 CH3-5AI 400 660 12 305.2 53.7 185.1 48.4 4.0 4.5 KH4-6A  300 520 8 38.5 -31.7 25.8 -46.0 1.5 0.7

CB2-6AII 340 680 15 214.3 26.1 217.4 14.8 3.4 2.6 CH3-6AI 400 660 12 281.1 62.1 184.6 33.3 3.8 3.2 KH4-7A  370 580 9 39.2 -37.8 23.3 -51.8 2.3 3.7

CB2-7AI 300 680 16 213.5 27.1 216.8 15.9 8.0 3.9 CH3-7AI 450 680 12 298 55.2 187.2 44.2 4.3 6.3 KH4-8AI 340 600 11 40.8 -45.1 19.9 -59.0 2.4 1.3

CB2-8AII 300 480 6 209.4 26.3 212.9 15.7 6.0 10.7 CH3-9AI 450 680 12 290.7 59.9 184.6 38.4 2.7 2.2 KH5-1A  400 580 8 289.0 -83.6 265.1 -58.3 1.4 1.7

CB2-H1AI 340 660 14 246.2 28.9 246.8 15.0 4.3 3.1 CH3-10AI 450 660 11 306.8 57.7 179.8 46.3 1.8 0.2 KH5-5A  500 580 5 259.5 49.3 260.3 75.3 2.2 0.9

CB3-H1-1 340 600 11 206.0 47.0 214.4 36.5 4.3 7.7 CH3-11AI 400 660 12 295.0 51.8 192.4 44.5 2.4 1.0 KH5-6A  200 400 6 331.6 86.6 71.3 64.8 5.1 8.4

CB3-H2-1 520 600 5 340.6 -33.7 349.8 -32.9 7.0 28.6 CH4-1AI 400 580 8 43 -43.8 - - 2.2 3.2 KH5-8A  450 540 5 242.2 55.3 207.3 77.9 9.6 2.2

CB3-H3-1 370 600 10 205.8 50.1 215.0 39.5 6.5 6.6 CH4-2AI 400 580 8 38.2 -57.2 - - 0.8 0.5 KH6-1A  250 370 4 74.7 57.4 77.3 38.5 5.6 5.8

CB3-H4-1 340 600 11 226.4 52.1 232.0 39.2 6.6 4.7 CH4-3BI 400 580 8 43.6 -48.2 - - 3.7 3.8 KH6-2A  250 500 8 19.7 23.5 25.4 14.0 6.1 5.9

CB3-H5-1 370 600 10 161.0 59.2 183.3 56.7 8.6 5.3 CH4-4AI 340 580 10 44.5 -43.7 - - 3.1 3.5 KH6-3B  450 560 6 331.1 64.3 12.2 64.7 13.9 2.8

CB3-H6-1 300 600 12 126.2 65.4 159.1 70.2 19.6 13.0 CH4-5AI 400 580 8 37.6 -63.3 - - 1.5 1.0 KH6-4A  370 500 5 37.8 -10.3 33.5 -23.2 25.0 18.3

CB4-H1-1 300 500 7 347.6 -19.5 352.3 -17.6 3.5 4.0 CH4-7AI 340 580 10 48.9 -51.1 - - 2.0 1.4 KH6-5B  370 500 5 40.0 -15.0 34.5 -28.3 29.0 27.0

CB4-H2-1 300 500 7 155.1 70.0 190.9 67.2 2.0 1.0 CH4-8AI 400 640 11 53.4 -50 - - 1.4 0.6 KH6-6B  400 540 6 78.7 -49.1 75.6 -68 14.6 11.3

CB4-H3-1 300 580 11 212.5 17.4 214.3 6.5 22.3 47.8 CH4-9AI 370 620 11 53.5 -40.1 - - 2.8 1.2 KH6-7A  400 540 6 53.6 -30.7 45.1 -46.6 21.8 20.7

CB4-H4-1 340 660 15 348.0 60.8 323.5 59.2 23.3 92.5 CH4-10AI 450 600 8 44.3 -53.5 - - 2.0 2.6 KH7-1B  250 580 12 36.7 -4.3 34.0 -17.2 6.0 6.5

CB4-H5-1 370 660 10 186.9 41.8 196.5 34.8 7.5 10.6 CH4-11AI 400 600 9 45.5 -47.1 - - 1.1 1.1 KH7-2A  400 580 8 34.6 -10.5 30.2 -22.6 2.7 1.0

CB4-H6-1 370 660 11 195.4 37.3 202.7 28.8 7.1 7.6 CH4-12AI 400 580 8 42.1 -50.1 - - 2.3 3.1 KH7-3A  400 580 8 37.4 -13.2 32.3 -26.0 4.5 4.5

TH1-1A  400 640 11 23.6 -51.7 31.2 -37.6 1.6 3.2 CH5-1AI 450 640 10 135.8 73.6 - - 4.3 3.4 KH7-4A  400 580 8 44.6 -13.4 39.9 -27.8 3.5 1.8

TH1-2A  480 640 9 40.2 -58.3 44.7 -42.7 2.4 6.1 CH5-2AI 500 600 6 132 72.5 - - 3.7 2.6 KH7-5A  370 560 8 45.5 -16.8 40 -31.3 9.1 15.4

TH1-3A  400 680 12 24.7 -47.8 31.2 -33.7 1.6 2.4 CH5-3AI 500 600 6 121.5 66.8 - - 2.2 2.7 KH7-6A  370 580 9 22.8 -4.7 20.1 -13.8 1.2 1.5

TH1-4A  400 680 11 27.3 -45.7 32.9 -31.3 2.0 3.2 CH5-4AI 500 600 6 114.9 68.5 - - 2.5 0.8 KH7-7B  370 580 9 40.5 -8.2 36.9 -21.8 1.6 0.1

TH1-5A  450 680 10 24.6 -41.1 29.8 -27.0 2.0 3.3 CH6-1AI 500 600 6 147.4 53 - - 3.2 3.4 KH7-8A  340 580 10 36.7 -15.6 30.9 -28.1 2.4 0.8

TH1-6A  400 680 12 18.6 -51.4 27.3 -38.0 2.2 3.2 CH6-3AI 500 600 6 101.2 66.5 - - 2.0 2 KH8-1AI 450 600 8 44.6 -14.8 39.5 -29.2 1.6 1.1

TH1-7A  370 680 13 28.7 -55.7 36.0 -41.0 2.1 3.6 CH6-4AI 480 600 7 121.8 69.4 - - 3.3 3.2 KH8-2A  370 580 9 42.0 -12.7 37.3 -26.6 10.4 2.8

TH1-8A  370 680 12 19.1 -49.8 27.2 -36.3 1.1 1.4 CH6-5AI 480 600 7 127.8 61.2 - - 2.9 2.7 KH8-3A  300 580 11 41.2 -11.4 36.8 -25.1 4.1 0.8

TH1-9A  370 640 12 21.5 -51.1 29.5 -37.3 1.1 1.2 CH6-6AI 480 600 7 100.2 69.4 - - 3.4 4.2 KH8-4A  300 540 9 43.5 -42.1 27.4 -55.2 3.3 3.5

TH1-10A 400 640 11 357.5 -54.4 12.1 -44.3 1.3 1.9 CH6-7AI 450 600 11 110.3 67.9 - - 2.6 3.3 KH8-H1AI 300 640 14 41.5 -5.8 38.5 -19.8 0.7 0.2

TH2-1A  300 600 12 200.8 77.1 219.8 62.4 3.6 5.1 CH7-1AI 370 580 9 257.4 60.9 188.1 22.4 2.7 2.8 KH8-H2AI 200 620 15 35.4 -8.9 31.4 -21.2 1.0 0.7

TH2-2A  300 680 16 12.0 -53.4 22.8 -40.8 0.6 2.0 CH7-2AI 340 580 10 257 65.2 183.5 22.3 2.1 1.8 KH9-1AI 450 600 8 45.4 -11.2 41.3 -25.9 2.8 1.6

TH2-3A  480 680 11 358.0 7.7 355.1 15.9 1.0 3.2 CH7-3AI 400 580 8 247 69.4 178.8 18.7 3.9 5.7 KH9-2AI 450 600 8 43.1 -10.1 39.2 -24.4 2.2 2.1

TH2-4A  480 680 11 59.5 14.8 59.9 30.8 0.9 1.2 CH7-4AI 300 580 11 256.2 62.6 186.3 21.9 3.9 4.0 KH9-3AI 400 600 9 40 -14.7 34.7 -28 1.4 1.4

TH2-5A  580 680 6 185.0 -44.1 169.5 -52.5 3.4 7.8 CH7-5AI 300 580 11 242.7 66.9 181.1 16.7 4.2 4.0 KH9-4AI 450 600 8 61.6 -17 58 -34.5 0.8 0.6

TH2-6A  580 680 6 223.7 -60.0 211.2 -75.3 2.3 6.5 CH7-6AI 200 580 13 251.7 67.6 180.9 20.2 4.8 4.3 KH9-5AI 450 600 8 38.4 -15.5 32.7 -28.5 2.1 1.5

TH2-7A  450 680 12 26.4 -52.8 33.6 -38.4 3.3 3.4 CH7-7AI 370 580 9 251.7 58.2 190.8 19.4 3.4 3.7 KH10-1AI 450 540 5 7.5 8.6 9.3 1.9 2.7 4

TH2-8A  520 640 7 188.1 58.3 201.8 46.1 12.3 46.4 CH7-8AI 300 580 11 254.6 58.7 190.4 20.9 4.6 4.5 KH10-2AI 450 540 5 10.6 10.4 12.8 2.6 2.8 3.5

TH2-9A  370 580 10 205 24.6 207.5 10.7 5.3 24.4 CH7-9AI 400 580 8 251.7 62.6 186.1 19.8 1.6 2.7 KH10-3AI 500 580 5 44.4 -22.1 36.5 -38.4 4.2 3.2

TH2-10A  480 680 11 66.6 -16.7 66.1 -1.0 0.8 1.0 CH7-10AI 340 600 11 237.6 60.7 186.7 12.9 2.1 2.2 KH10-4AI 480 580 6 30.2 16.6 32.9 2.6 7.5 5.4

TH3-H1C1  370 450 3 279.7 -77.5 4.6 -79.0 8.4 8.6 CH7-11AI 370 600 10 255.9 59.8 189.3 21.7 1.5 2.1 KH10-5AI 370 580 9 27.2 11.1 28.5 -1.8 2 1.2

TH3-H2A  200 500 9 47.2 53.1 41.3 68.8 4.8 14.4 CH7-12AI 370 600 10 259.8 58.6 190.7 23.6 2.6 2.2 KH10-6AI 370 580 9 15.9 14.3 19 4.5 4.2 3.9

TH3-H3C1  300 560 10 346.4 2.5 345.0 8.0 5.3 11.0 CH7-13AI 400 600 9 229.3 53.1 192.0 5.9 3.0 4.3 KH10-7AI 370 600 10 34.4 10.5 35.2 -4.4 2.9 3

TH3-H3C2  340 560 9 352.6 6.2 350.1 13.1 3.2 11.2 CH7-14AI 400 580 8 253.9 59.8 189.3 20.6 2.1 1.7 KH10-8AI 340 450 4 25.3 14.5 27.7 1.9 5.8 8.1

TH3-H4C1  370 500 5 27.9 19.1 23.9 32.9 12.9 21.0 CH8-1AI 520 660 8 280 71 175.3 29.3 1.6 1.1 KH10-9AI 400 600 9 47 -3.9 44.3 -21.3 8.7 17.1

TH3-H4C2  200 480 8 22.2 36.8 12.8 49.4 7.8 21.5 CH8-2AI 520 660 8 280.6 58.6 188.7 34.3 3.4 2.3

TH3-H5  520 620 6 151.0 41.9 164.4 38.6 9.6 18.3 CH8-5AI 450 660 11 276.1 58.3 189.8 32.0 2.1 1.8

TH3-H6  340 560 9 192.0 42.5 199.6 30.3 6.9 9.6 CH8-6AI 500 660 9 283.4 63.3 182.8 33.8 1.4 0.3

TH3-H7C1  560 680 7 351.9 -2.0 351.5 4.9 0.6 1.0 CH8-7AI 500 660 9 288.8 64.9 179.7 35.1 2.7 2.8

TH3-H7C2  560 680 7 357.9 -5.3 358.1 3.3 0.4 0.2 CH8-8AI 450 660 11 260.4 52.4 197.4 23.8 2.7 1.9

SN1-1AII 480 680 11 39.9 20.9 39.9 -28.1 0.6 0.3 CH8-9AI 400 660 12 268.2 65.8 182.3 26.8 2.4 2.7

SN1-2AII 480 680 11 40.9 -14.6 43.1 -63.6 0.9 0.3 CH8-10AI 520 660 8 246.3 69.2 179.0 18.4 1.8 0.5

SN1-3AII 480 680 11 30.6 -10.8 23.0 -58.9 1.1 0.6 CH8-11AI 520 660 8 279.7 69.8 176.6 29.8 1.7 1.9

SN1-4AII 480 680 11 43.8 -14.9 49.5 -63.5 1.0 0.7

SN1-5AII 450 580 7 51.4 -16.6 66.3 -63.4 1.3 0.5

SN1-H1AI 450 660 11 41.8 -14.1 44.9 -63.0 1.3 0.2

SN1-H2AI 450 660 11 47.2 -34.5 86.3 -80.8 5.6 5.5

SN1-H3AI 520 660 8 48.1 -19.6 61.6 -67.2 6.7 2.9

SN1-H4AI 500 660 9 44.4 -22.3 54.2 -70.7 1.2 1.0

SN1-H5AI 450 660 11 55.2 -30.4 95.1 -73.2 3.4 2.5

SN2-H1-1 200 480 8 49.9 66.4 43.6 17.8 3.3 1.7

SN2-H2-1 370 580 9 27.0 -34.0 341.5 -78.2 9.0 16.4

SN2-H3-1 400 640 11 346.4 -26.7 310.4 -44.7 16.7 43.9

SN2-H4-1 520 640 7 321.7 -41.9 280.3 -34.1 10.5 7.0

SN2-H5-1 340 640 11 42.3 -25.7 50.0 -74.5 0.9 1.0

SN2-H6-1 340 640 12 16.5 -22.7 346.1 -63.7 4.2 3.6

SN3-1AII 450 600 8 213.8 -42.5 215.1 6.4 8.6 9.3

SN3-2AII 300 600 12 201.3 -41.8 205.8 5.7 3.5 3.3

SN3-4AII 450 580 7 192.4 -26.3 193.9 18.3 6.1 6.8

SN3-5AII 250 580 12 170.2 -19.4 171.8 14.5 6.9 6.4

SN3-6BI 480 640 9 212.8 -19.1 212.3 29.6 8.6 13.8

SN3-7AII 480 580 6 220.6 -11.5 221.0 37.5 6.6 1.3

SN3-8AII 300 580 11 202.1 -14.5 199.6 32.3 5.5 4.3

SN3-9AII 370 580 9 178.2 -30.9 184.5 8.8 6.3 4.3

WB1-H1-1 370 660 13 243.6 25.6 225.3 38.4 2.9 2.3

WB1-H2-1 370 600 10 251.3 18.7 237.5 36.2 5.0 7.7

WB1-H3-1 370 660 13 248.6 22.5 232.3 38.2 2.2 2.0

WB1-H4-1 370 600 10 241.6 21.0 226.5 33.5 5.6 7.3

WB1-H5-1 340 680 15 262.9 25.7 245.6 47.4 2.6 2.6

WB1-H6-1 480 680 11 258.8 26.1 240.7 46.0 1.8 1.1

WB1-H7-1 450 600 8 254.4 11.4 244.7 31.1 1.6 1.6

WB1-H8-1 450 600 8 246.1 17.1 233.2 32.4 2.9 4.2

WB2-1A  250 640 15 245.3 25.3 227.2 38.9 1.0 0.3

WB2-2BI 340 620 12 256.0 31.0 233.8 48.9 0.8 0.2

WB2-3B  200 640 15 245.7 24.8 228.0 38.7 0.7 0.6

WB2-4AI 450 640 8 222.1 6.8 217.0 11.5 2.2 1.6

WB2-5A  450 640 9 242.9 22.3 226.9 35.2 0.8 0.3

WB2-6CI 370 620 11 257.5 37.2 229.5 54.7 1.2 1.0

WB2-7BI 400 660 12 248.9 27.8 228.8 42.8 2.0 1.3

WB2-8A  370 660 13 244.2 20.4 229.4 34.3 0.6 0.3

WB3-1A  450 660 11 236.8 21.0 222.0 31.1 0.8 0.6

WB3-2A  450 660 11 211.4 6.2 208.2 5.6 0.6 0.6

WB3-3A  480 640 9 257.3 48.2 214.6 62.5 9.2 8.9

WB3-4AI 450 640 10 225.6 16.0 215.1 21.1 1.9 1.0

WB3-5AI 400 640 11 225.5 18.2 213.7 22.9 1.5 0.1

WB3-7BI 370 660 13 228.3 20.5 214.8 26.3 0.6 0.5

WB3-8A  300 620 12 235.5 20.6 221.1 30.1 1.3 1.1

WB3-9A  300 640 14 235.5 25.5 217.9 34.2 1.6 0.2

WB4-1A  370 640 12 259.5 25.2 242.1 45.6 2.3 2.2

WB4-2AI 450 640 8 270.5 36.5 246.1 60.1 2.8 4.5

WB4-3B  340 640 13 275.2 30.0 258.5 56.1 1.5 0.7

WB4-4A  400 640 11 204.8 34.4 186.9 26.0 1.1 1.1

WB4-5BII 370 620 11 260.3 22.4 244.8 43.4 3.2 3.1

WB4-6AI 450 600 8 258.3 38.8 228.6 56.3 1.8 2.1

WB4-7AI 370 600 10 277.1 40.2 251.7 65.9 3.5 5.5

WB4-H2AI 450 640 10 275.0 41.3 247.0 66.0 1.7 2.0

WB4-H3AI 400 620 10 265.0 41.3 233.2 61.5 1.4 0.4

WB5-1AI 340 620 12 260.7 28.2 241.2 48.7 3.5 3.4

WB5-2BI 450 620 9 261.8 27.8 242.9 48.9 2.6 3.2

WB5-3BI 400 580 8 276.8 38.8 252.9 64.6 8.7 16.5

WB5-4BI 370 600 10 261.3 25.8 243.7 46.9 4.3 6.1

WB5-5BI 370 620 11 259.0 34.7 233.7 53.4 1.7 1.2

WB5-6BI 370 600 10 260.5 31.5 238.4 51.4 2.1 1.2

WB5-H2AI 370 620 11 262.2 34.0 238.2 54.3 1.2 0.4

WB5-H3A 340 600 11 274.1 30.1 256.9 55.8 1.7 1.7

WB5-H4-C 300 560 10 249.3 36.1 222.2 49.7 3.5 2.6

AB3-1AI 400 600 9 70.6 58.9 - - 5.0 12.3

AB3-2AI 200 500 9 55.3 68.5 - - 4.4 3.2

AB3-3AI 250 560 10 34.4 71.8 - - 11.3 10.4

AB3-4AI 450 560 6 19.1 53.3 - - 3.2 3.6

AB3-5AI 480 620 8 82.0 5.3 - - 2.7 4.9

AB3-6AI 500 640 8 151.5 -62.2 - - 6.6 9.5

AB3-7AI 200 340 4 322.2 67.5 - - 5.2 6.9

TH2

WB3

WB4

WB5

AB3

CH1

CH2

CH3

CH4

CH5

CH6

TH3

SN1

SN2

SN3

WB1

WB2

CB4

TH1

KH9

KH10

Appendix E. Palaeodirections for all of the Northern UK sites: a) the Strathmore sites, b) the Cheviots sites and c) the Kinghorn sites. Listed (in order) are the minimum and maximum temperatures for the selected component ( °C), the number of points in the component (n), the declination and inclination of the component in geographic (Dg°and Ig°) and tectonic (Ds°and Is°) co-ordinates, the Maximum angle of Deviation of the anchored 
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Selection criteria:

n FRAC β q MADANC α DRAT CDRAT npTRM

4 . . <=0.48 % %

Crawton Bay CB1 CB1-1CII TT 300 540 52.3 20 8 0.128 0.678 0.838 3.6 8.6% 5.6% -7.2% 10.6 4.5 - 2.5 0.26 4

Crawton Bay CB1 CB1-2CII TT 300 520 45.5 20 7 0.142 0.584 0.801 3.1 6.2% 4.5% 5.5% 8.7 3.4 - 4 0.60 3

Crawton Bay CB1 CB1-3BII TT 300 540 64.7 20 8 0.082 0.688 0.816 5.0 13.3% 7.8% -12.6% 12.2 5.8 - 2.4 0.13 4

Crawton Bay CB1 CB1-4BII TT 450 620 15.7 20 8 0.153 0.436 0.794 4.1 5.6% 5.6% 5.6% 4.6 2.8 - 3.4 0.84 6

Crawton Bay CB1 CB1-5CII TT 500 620 18.8 20 6 0.201 0.310 0.683 2.2 6.1% 6.7% 7.0% 3.1 2.1 - 1.4 0.89 6

Crawton Bay CB1 CB1-6CII TT 300 640 27.9 20 12 0.059 0.889 0.866 11.3 6.7% 5.1% -8.7% 2.5 2.6 - 3.9 0.35 6

Crawton Bay CB1 CB1-H1B TT 300 640 61.5 20 12 0.079 0.825 0.880 7.8 16.4% 7.2% -4.5% 1.1 1.3 - 2 -0.35 6

Crawton Bay CB1 CB1-H2C TT 300 660 59.6 20 13 0.045 0.924 0.876 16.4 12.7% 4.8% -9.8% 0.7 1.1 - 2.6 0.09 7

Crawton Bay CB1 CB1-H4AI TT 300 560 40.8 20 9 0.072 0.783 0.862 8.5 12.5% 7.8% -8.7% 6.1 3.3 - 1.3 0.16 4

Scurdie Ness SN1 SN1-1BII TT 500 620 11.9 20 7 0.044 0.569 0.696 11.8 5.9% 6.9% 6.4% 4.0 2.2 - 4.2 0.33 6

Scurdie Ness SN1 SN1-1A  MW

Scurdie Ness SN1 SN1-2BII TT 540 640 12.5 20 6 0.058 0.384 0.673 5.6 3.0% 5.3% 2.9% 5.7 2.3 - 1.1 -0.08 6

Scurdie Ness SN1 SN1-3BII TT 300 580 18.5 20 10 0.090 0.332 0.841 2.9 1.8% 4.4% -4.7% 14.4 2.1 - 2.6 0.46 5

Scurdie Ness SN1 SN1-4CI TT 350 580 8.9 20 9 0.071 0.544 0.631 4.9 10.4% 17.4% 22.1% 8.1 2.5 - 3.0 0.33 5

Scurdie Ness SN1 SN1-5BII TT 300 480 9.2 20 5 0.139 0.469 0.581 1.8 3.2% 6.8% 6.0% 3.7 2.9 - 4.1 -0.24 2

Scurdie Ness SN1 SN1-H1C TT 300 620 11.4 20 12 0.053 0.784 0.825 12.7 7.9% 8.5% 3.0% 4.3 2.8 - 0.3 0.24 6

Scurdie Ness SN1 SN1-H2AI TT 300 450 18.5 20 4 0.040 0.383 0.526 9.1 10.3% 11.0% 4.6% 6.0 5.2 - 3.7 0.07 2

Scurdie Ness SN1 SN1-H3CI TT 300 450 12.5 20 4 0.167 0.274 0.531 1.6 10.0% 16.9% -12.7% 19.8 10.3 - 3.3 1.01 2

Scurdie Ness SN1 SN1-H4BI TT 350 620 8.6 20 11 0.058 0.772 0.859 11.9 11.3% 12.9% 10.3% 3.9 3.4 - 6.7 0.13 6

Scurdie Ness SN1 SN1-H5AI TT 300 450 13.1 20 4 0.184 0.566 0.511 1.9 16.0% 19.4% 13.6% 8.8 4.5 - 3.9 0.89 2

Wormit Bay WB1 WB1-H1-1 TT 350 640 19.9 20 11 0.036 0.298 0.852 11.1 8.2% 12.4% 0.7% 2.3 2.3 - 2.3 0.24 6

Wormit Bay WB1 WB1-H3-1 TT 300 640 20.4 20 12 0.028 0.427 0.875 16.6 8.0% 10.7% -3.9% 3.1 2.3 - 3.5 0.04 6

Wormit Bay WB1 WB1-H5-1 TT 300 660 26.8 20 13 0.022 0.705 0.880 22.1 4.1% 4.4% 0.9% 5.6 2.8 - 5.4 0.18 7

Wormit Bay WB1 WB1-H6-1 TT 400 640 17.7 20 10 0.046 0.350 0.809 7.5 11.0% 19.5% -32.2% 2.9 2.0 - 2.9 -0.06 6

Wormit Bay WB1 WB1-H7-1 TT 300 660 16.2 20 13 0.086 0.408 0.880 3.8 7.3% 15.4% -20.1% 5.2 6.5 - 1.1 -0.51 7

Wormit Bay WB1 WB1-H8-1 TT 400 640 21.5 20 10 0.081 0.300 0.839 2.4 7.4% 21.4% -32.5% 3.5 3.6 - 2.6 0.20 6

Wormit Bay WB2 WB2-1CI TT 300 450 17.4 20 4 0.008 0.596 0.293 21.6 3.9% 4.7% 8.2% 6.8 3.0 - 1.5 0.06 2

Wormit Bay WB2 WB2-3CII TT 300 470 21.0 20 5 0.046 0.666 0.605 8.8 2.8% 2.9% 1.9% 3.6 2.6 - 2.7 0.22 2

Wormit Bay WB2 WB2-4CI TT 300 450 20.3 20 4 0.032 0.602 0.197 3.8 0.8% 1.0% -0.7% 5.8 2.5 - 1.5 0.46 2

Wormit Bay WB2 WB2-5AI TT 300 540 19.8 20 6 0.031 0.792 0.650 14.3 4.7% 4.9% -5.7% 6.5 4.3 - 2.6 -0.11 3

Wormit Bay WB2 WB2-5B  MW 0 41 4.2 20 3 0.168 0.093 0.476 0.1 0.4% 9.1% -9.1% 71.1 3.3 - 8.6 -0.08 1

Wormit Bay WB2 WB2-5C  MW 41 105 15.6 20 6 0.126 0.551 0.729 2.8 6.2% 9.9% -10.7% 3.2 6.9 - 3 0.25 3

Wormit Bay WB2 WB2-5D  MW 46 114 10.5 15 7 0.093 0.639 0.761 5.2 2.2% 2.9% -4.5% 10.3 4.8 - 2.3 0.25 3

Wormit Bay WB2 WB2-5E MW 39 96 14.8 10 5 0.097 0.393 0.651 2.8 2.7% 3.7% 1.9% 8.8 2.9 - 5.2 0.67 3

Wormit Bay WB2 WB2-5F MW 82 112 6.4 20 6 0.048 0.481 0.656 5.9 4.4% 9.7% -2.7% 7.7 6.8 - 2.8 0.28 4

Wormit Bay WB2 WB2-6CII TT 300 470 14.3 20 5 0.097 0.592 0.704 4.2 3.7% 5.2% 5.1% 4.5 2.7 - 0.8 0.48 2

Wormit Bay WB2 WB2-7BII TT 300 540 15.7 20 8 0.022 0.803 0.787 25.3 8.9% 9.7% 11.3% 4.1 3.6 - 1.9 -0.12 4

Wormit Bay WB2 WB2-8CI TT 400 600 15.2 20 7 0.039 0.649 0.824 15.2 1.5% 1.6% 1.8% 3.7 2.5 - 3.8 0.11 6

Wormit Bay WB2 WB2-8B  MW 20 135 15.1 15 8 0.089 0.624 0.804 5.2 9.7% 11.9% -19.4% 15.3 5.8 - 5.5 0.47 4

Wormit Bay WB2 WB28CB  MW 63 146 11.2 15 9 0.038 0.572 0.833 15.0 9.5% 11.3% -6.6% 11.3 6.2 - 1.3 -0.20 5

Wormit Bay WB2 WB28CC  MW 63 111 7.0 15 6 0.051 0.610 0.759 9.5 15.3% 21.7% 38.0% 11.8 9.1 - 7.4 -0.15 3

Wormit Bay WB2 WB28CD MW 42 119 12.3 20 8 0.062 0.587 0.835 7.6 9.7% 14.7% 25.3% 3.7 3.2 - 6.1 0.02 4

Wormit Bay WB3 WB3-1BI TT 540 620 10.0 20 4 0.048 0.328 0.578 10.9 17.3% 16.9% -3.3% 0.4 0.9 - 2.5 0.08 7

Wormit Bay WB3 WB3-2BI TT 300 540 18.2 20 6 0.101 0.624 0.713 4.7 8.1% 9.0% 11.6% 9.3 4.0 - 2.9 0.59 3

Wormit Bay WB3 WB3-4CI TT 540 620 10.6 20 5 0.039 0.429 0.538 12.2 17.9% 17.7% 9.2% 0.4 2.0 - 2.0 -0.07 7

Wormit Bay WB3 WB3-5BI TT 350 540 28.1 20 5 0.051 0.652 0.685 8.6 2.0% 1.8% -1.2% 4.8 2.5 - 3.6 -0.10 3

Wormit Bay WB3 WB3-5A  MW 67 117 19.1 15 5 0.045 0.542 0.732 8.7 2.0% 2.3% -2.1% 0.2 0.7 - 1.0 0.07 2

Wormit Bay WB3 WB3-5B MW 56 99 21.9 20 6 0.067 0.464 0.778 6.0 5.2% 6.7% 6.5% 1.9 1.0 - 2.3 0.36 3

Wormit Bay WB3 WB3-6BI TT 300 540 22.8 20 6 0.067 0.730 0.671 7.5 2.4% 2.1% 2.2% 5.2 3.3 - 4.7 0.44 3

Wormit Bay WB3 WB3-6A  MW 2 7 12.4 20 6 0.088 0.489 0.797 5.7 4.2% 5.8% -8.1% 3.7 3.7 - 1.0 0.16 3

Wormit Bay WB3 WB3-6B MW 4 11 10.1 20 8 0.065 0.532 0.809 7.9 6.4% 9.1% -7.3% 3.0 4.6 - 1.1 0.28 5

Wormit Bay WB3 WB3-7BII TT 300 500 23.5 20 6 0.032 0.760 0.657 15.5 8.3% 7.2% 11.5% 3.6 3.0 - 4.0 0.16 3

Wormit Bay WB3 WB3-8CI TT 300 500 7.9 20 5 0.204 0.387 0.727 2.1 10.6% 16.4% 15.3% 6.6 5.1 - 2.3 1.02 2

Wormit Bay WB3 WB3-9BI TT 300 500 6.3 20 5 0.236 0.397 0.724 1.9 10.2% 15.4% 15.0% 11.2 6.0 - 0.8 1.14 2

Wormit Bay WB4 WB4-1BI TT 350 620 1.5 20 9 0.168 0.791 0.663 3.2 3.0% 3.7% -0.2% 31.4 19.6 - 1.2 -0.05 7

Wormit Bay WB4 WB4-2BI TT 450 620 2.1 20 7 0.130 0.585 0.760 4.6 3.3% 4.1% 3.1% 13.2 14.7 - 0.8 0.01 7

Wormit Bay WB4 WB4-2B  MW 43 119 6.3 2 7 0.132 0.437 0.601 2.3 5.3% 3.1% -4.7% 7.9 4.7 - 10.8 0.63 3

Wormit Bay WB4 WB4-2C MW

Wormit Bay WB4 WB4-3A MW 66 127 3.0 5 6 0.059 0.500 0.722 8.1 4.6% 6.0% 6.0% 1.7 2.2 - 3.2 0.29 4

Wormit Bay WB4 WB4-3B MW 70 127 2.6 5 6 0.021 0.513 0.711 19.2 4.1% 6.2% -6.6% 7.9 4.9 - 4.0 0.03 4

Wormit Bay WB4 WB4-3DI TT 470 600 2.1 20 7 0.102 0.526 0.765 5.5 6.8% 9.2% 11.6% 12.9 13.3 - 5.8 0.19 5

Wormit Bay WB4 WB4-4BI TT 500 620 3.2 20 6 0.072 0.405 0.750 7.8 2.6% 3.5% 8.3% 8.2 13.5 - 1.6 0.09 7

Wormit Bay WB4 WB4-4A  MW 75 124 3.3 3 5 0.085 0.498 0.737 4.8 3.9% 4.7% -5.9% 10.3 4.4 - 3.1 -0.31 3

Wormit Bay WB4 WB4-5BI TT 450 640 2.4 20 8 0.098 0.554 0.789 7.2 5.4% 6.0% 8.8% 12.6 18.0 - 1.9 0.37 7

Wormit Bay WB4 WB4-5A  MW 66 93 6.2 3 3 0.008 0.327 0.499 23.5 0.4% 0.4% 0.4% 15.7 5.6 - 1.0 -0.03 1

Wormit Bay WB4 WB4-6AI TT 450 640 2.6 20 8 0.097 0.420 0.790 7.4 8.8% 9.6% 16.3% 11.3 16.2 - 1.6 0.30 7

Wormit Bay WB4 WB4-7BI TT 450 640 2.2 20 8 0.086 0.530 0.811 8.2 7.8% 8.9% 15.3% 13.7 16.4 - 3.1 0.27 7

Wormit Bay WB4 WB4-H2AI TT 470 600 3.4 20 7 0.097 0.378 0.752 5.9 2.3% 3.0% -5.7% 8.4 7.4 - 2.8 -0.05 5

Wormit Bay WB4 WB4-H3BI TT 520 600 4.9 20 5 0.110 0.261 0.602 3.3 2.4% 4.0% -6.5% 1.8 2.7 - 3.2 0.58 5

Wormit Bay WB5 WB5-1BII TT 300 470 23.1 20 5 0.109 0.238 0.691 2.5 6.4% 10.6% -12.4% 21.4 6.8 - 1.7 0.73 2

Wormit Bay WB5 WB5-2CII TT 350 470 6.3 20 4 0.173 0.134 0.573 0.7 4.2% 18.4% -17.1% 54.7 6.8 - 2.4 -0.10 2

Wormit Bay WB5 WB5-3BII TT 350 470 7.8 20 4 0.118 0.183 0.548 1.4 3.6% 11.4% -3.7% 39.5 8.3 - 1.4 -0.14 2

Wormit Bay WB5 WB5-4CII TT 470 580 2.4 20 6 0.157 0.482 0.647 2.5 10.5% 16.9% 15.7% 29.7 13.9 - 1.4 0.99 5

Wormit Bay WB5 WB5-5CII TT 440 620 2.4 20 9 0.050 0.675 0.743 12.9 16.3% 18.5% 17.2% 10.9 16.3 - 1.9 0.30 6

Wormit Bay WB5 WB5-5A  MW 86 156 3.3 10 8 0.066 0.685 0.768 8.3 5.8% 7.7% 11.5% 6.3 8.3 - 4.7 -0.15 5

Wormit Bay WB5 WB5-5B  MW

Wormit Bay WB5 WB5-6BII TT 500 620 3.9 20 7 0.032 0.533 0.717 16.7 17.4% 22.6% 22.9% 3.0 8.7 - 2.5 0.13 6

Wormit Bay WB5 WB5-6B  MW 86 130 3.8 10 6 0.102 0.734 0.762 4.2 3.6% 6.0% -13.5% 3.5 6.4 - 1.2 -0.41 3

Wormit Bay WB5 WB5-6C  MW 101 153 2.8 3 6 0.056 0.481 0.788 8.2 8.0% 10.0% 24.8% 7.5 8.1 - 4.2 0.11 4

Wormit Bay WB5 WB5-H2AI TT 350 560 8.9 20 8 0.161 0.276 0.777 1.6 10.1% 27.3% -56.4% 12.7 3.0 - 2.6 0.92 4

Wormit Bay WB5 WB5-H3BO TT 450 640 9.3 20 9 0.055 0.416 0.696 7.1 2.6% 4.3% -6.1% 1.9 1.9 - 2.4 0.31 6

Wormit Bay WB5 WB5-H4-C TT 300 470 21.2 20 5 0.216 0.259 0.628 0.8 10.1% 24.3% -31.5% 8.0 6.3 - 4.4 -0.94 2

Appendix F. Summary of all the palaeointensity results from the Strathmore locality. The two techniques listed for are for microwave (MW) and thermal (TT) Thellier-type measurements using IZZI protocol with pTRM checks. The maximum and minimum steps are shown as power values listed in Watts per second (W.s) for the 

microwave measurements and °C for the thermal experiments. All of the selection criteria shown are described in the Standard Palaeointensity Definitions from Paterson et al. (2014) and are also describd in Table 2.1. Experiment results that do not pass the selection criteria are in grey and the selection criteria that failed 

underlined.
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KH1 KH1H1A  MW 74 152 4.0 5 8 0.062 0.515 0.816 12.2 6.7% 5.6% -8.8% 3.4 4.9 - 5.5 0.31 6

KH1 KH1H1B  MW 60 138 7.0 5 9 0.075 0.354 0.811 10.5 16.4% 9.8% -11.4% 1.8 3.8 - 1.5 0.45 6

KH1 KH1H1C MW 84 127 4.8 5 5 0.062 0.327 0.688 8.4 22.4% 21.3% 21.5% 5.1 3.8 - 1.6 -0.21 5

KH1 KH1H1D MW 74 102 16.6 5 5 0.140 0.292 0.717 3.3 25.0% 11.1% -19.2% 5.1 2.3 - 5.2 0.72 4

KH1 KH1H2A  MW 96 154 6.2 5 8 0.054 0.389 0.805 8.4 3.2% 3.6% 2.8% 5.8 3.4 - 4.9 0.21 6

KH1 KH1H2B  MW 67 116 6.1 5 6 0.076 0.492 0.796 7.8 12.3% 10.5% 15.8% 2.9 5.2 - 7.2 0.24 4

KH1 KH1H2C  MW 66 128 7.1 5 7 0.092 0.473 0.779 4.8 4.7% 4.8% -2.3% 7.4 3.1 - 6.1 0.34 4

KH1 KH1H2D MW 68 141 9.4 5 9 0.073 0.536 0.763 6.3 3.9% 3.0% -2.3% 4.3 2.6 - 7.8 0.28 5

KH2 KH2H1A  MW 94 119 2.8 10 4 0.339 0.479 0.589 0.9 7.3% 13.9% 19.1% 11.7 20.1 - 9.6 1.60 3

KH2 KH2H2A  MW 62 109 5.0 10 4 0.038 0.492 0.430 7.1 7.1% 10.0% 8.4% 6.2 3.0 - 1.9 -0.29 3

KH2 KH2H2B MW

KH2 KH2H2C  MW 83 141 6.7 5 7 0.012 0.536 0.794 45.2 11.8% 10.6% 15.0% 3.8 2.6 - 1.6 -0.05 4

KH2 KH2H2D  MW 80 124 0.8 5 3 0.078 0.189 0.456 1.3 0.6% 2.6% 1.7% 60.0 12.5 - 7.9 0.18 2

KH4 KH4-3CI TT 450 600 5.0 20 8 0.099 0.568 0.755 6.8 3.8% 4.1% 1.1% 4.4 6.5 - 2.7 0.42 7

KH4 KH4-3A  MW 107 150 4.8 5 6 0.046 0.357 0.762 5.6 0.6% 1.2% 1.1% 10.8 2.8 - 3.5 -0.26 3

KH4 KH4-3B MW 99 152 6.4 5 8 0.025 0.697 0.814 21.6 6.8% 6.2% 12.5% 3.0 1.5 - 3.5 -0.12 4

KH4 KH4-4CI TT 450 600 4.8 20 8 0.094 0.653 0.749 7.2 6.2% 6.7% 6.1% 4.2 7.2 - 3.1 0.41 7

KH4 KH4-4A  MW NRM 43 41.0 5 4 0.074 0.292 0.585 2.1 9.8% 4.4% -4.4% 60.0 12.3 - 44.6 0.07 1

KH4 KH4-4B  MW 86 142 5.8 5 8 0.052 0.618 0.747 11.1 7.6% 6.4% -5.9% 4.9 3.9 - 1.2 -0.15 6

KH4 KH4-4C MW 89 126 4.8 5 6 0.021 0.452 0.752 16.2 2.7% 4.3% 4.1% 1.3 0.7 - 1.6 0.08 3

KH4 KH4-5CI TT 450 570 2.3 20 6 0.152 0.562 0.691 3.7 7.4% 9.0% 9.4% 10.9 13.5 - 1.1 0.15 6

KH4 KH4-6BI TT 450 600 4.0 20 8 0.108 0.558 0.767 6.4 4.6% 4.9% 5.4% 6.7 10.1 - 2.6 0.43 7

KH4 KH4-8BI TT 300 520 18.7 20 6 0.243 0.588 0.742 2.3 7.2% 6.8% -16.3% 8.9 5.1 - 3.6 0.69 3

KH7 KH7-1CI TT 300 500 11.3 20 5 0.260 0.288 0.644 1.2 2.0% 3.6% -5.4% 9.9 3.4 - 4.9 1.28 2

KH7 KH7-2CI TT 300 500 11.7 20 5 0.276 0.273 0.647 1.2 2.2% 3.9% -6.7% 11.0 3.7 - 2.3 1.34 2

KH7 KH7-3CI TT 300 500 21.7 20 5 0.241 0.421 0.661 1.2 4.0% 6.3% -7.3% 5.2 2.2 - 2.0 1.17 2

KH7 KH7-4CI TT 300 500 18.8 20 5 0.247 0.432 0.641 1.2 6.1% 9.6% -12.7% 5.2 2.0 - 1.1 1.30 2

KH7 KH7-5BI TT 450 600 10.5 20 8 0.066 0.486 0.850 9.9 5.5% 6.3% -23.3% 3.3 4.5 - 3.8 0.19 7

KH7 KH7-5A  MW 80 125 15.4 5 8 0.027 0.602 0.834 20.1 8.4% 4.1% -11.8% 3.0 1.3 - 3.0 0.14 5

KH7 KH7-5B MW 75 199 13.8 5 13 0.016 0.780 0.877 43.4 8.1% 3.5% -8.5% 3.2 2.4 - 3.6 -0.03 7

KH7 KH7-6BI TT 300 500 19.9 20 5 0.287 0.382 0.639 0.8 2.0% 3.8% -4.4% 4.7 2.3 - 2.8 1.54 2

KH7 KH7-7CI TT 300 500 22.4 20 5 0.275 0.385 0.652 0.9 3.9% 6.8% -10.8% 5.7 1.6 - 2.3 1.40 2

KH7 KH7-8CI TT 500 600 6.3 20 7 0.068 0.326 0.791 7.2 6.5% 9.9% 14.4% 5.2 4.7 - 1.5 0.36 7

KH7 KH7-8A  MW 96 141 7.7 5 7 0.047 0.404 0.809 9.5 6.2% 6.1% 8.6% 2.2 1.7 - 3.4 0.38 5

KH7 KH7-8B MW 79 114 10.0 20 6 0.044 0.328 0.749 6.7 6.2% 13.8% 14.1% 5.1 1.8 - 1.4 -0.20 5

KH8 KH8-1BI TT 400 580 3.3 20 8 0.111 0.578 0.824 6.8 8.2% 8.9% 18.9% 9.7 10.2 - 1.3 0.59 7

KH8 KH8-1A  MW 66 99 5.3 5 6 0.083 0.466 0.714 4.7 3.2% 3.9% 2.6% 8.3 2.4 - 6.3 0.40 3

KH8 KH8-1B MW 73 103 4.4 5 6 0.030 0.465 0.770 15.3 6.8% 8.5% 11.9% 9.7 4.4 - 5.2 0.09 4

KH8 KH8-2BI TT 400 580 2.5 20 8 0.140 0.472 0.830 4.5 7.5% 9.9% 21.8% 10.7 9.9 - 3.3 0.56 7

KH8 KH8-3BI TT 400 600 4.2 20 9 0.091 0.492 0.860 8.9 12.4% 12.8% 27.9% 1.5 2.5 - 2.1 0.26 7

KH8 KH8-4BI TT 450 600 3.6 20 8 0.103 0.533 0.843 6.8 13.4% 15.8% 29.6% 2.1 3.3 - 4.2 -0.15 7

KH8 KH8-H1CI TT 300 540 33.9 20 8 0.113 0.589 0.851 4.3 4.7% 4.2% -3.4% 2.4 0.9 - 1.1 0.28 4

KH8 KH8-H1CI TT 500 620 6.7 20 7 0.131 0.437 0.761 4.7 9.0% 10.5% 16.4% 0.7 1.1 - 1.8 0.69 6

KH8 KH8H1A  MW 77 188 12.7 5 11 0.028 0.705 0.875 26.3 10.7% 4.7% 8.3% 1.4 1.1 - 1.2 -0.10 7

KH8 KH8-H2AI TT 400 540 7.8 20 6 0.128 0.435 0.705 2.9 17.0% 30.1% 40.2% 10.2 2.8 - 2.2 0.00 4

KH9 KH9-1BII TT 500 580 1.8 20 5 0.065 0.397 0.710 5.6 16.6% 32.3% 40.1% 3.5 14.1 - 2.7 -0.28 5

KH9 KH9-1A  MW 63 132 4.9 5 8 0.057 0.803 0.848 12.9 20.2% 16.6% 36.7% 3.1 3.5 - 2.1 0.24 5

KH9 KH9-1B  MW 74 116 5.1 5 6 0.042 0.466 0.760 9.8 7.9% 10.3% 15.1% 5.9 2.1 - 8.4 -0.05 3

KH9 KH9-2BII TT 300 500 22.2 20 6 0.210 0.398 0.755 1.8 7.2% 9.8% 5.1% 13.5 3.9 - 4.6 0.62 3

KH9 KH9-3AII TT 300 500 27.6 20 6 0.173 0.432 0.749 2.1 4.7% 5.7% 0.0% 11.3 3.3 - 3.2 0.66 3

KH9 KH9-3A  MW 45 96 5.0 5 4 0.019 0.584 0.495 18.3 2.4% 2.4% 2.8% 2.4 3.8 - 2.7 -0.11 2

KH9 KH9-3B  MW 44 122 6.3 5 9 0.035 0.719 0.826 18.4 10.5% 8.3% 14.5% 2.9 2.0 - 3.6 -0.01 5

KH9 KH9-3C  MW 44 110 5.2 5 7 0.022 0.400 0.774 15.4 3.6% 5.8% 7.3% 10.0 2.3 - 4.2 0.08 3

KH9 KH9-4AII TT 300 500 46.7 20 6 0.161 0.536 0.753 2.3 14.6% 11.5% 16.1% 5.9 1.8 - 7.7 0.57 3

KH9 KH9-4A  MW 60 110 13.1 5 7 0.071 0.732 0.817 8.9 13.0% 6.0% 4.0% 1.1 0.8 - 0.3 0.24 4

KH9 KH9-4B  MW 67 120 13.5 5 10 0.033 0.823 0.830 20.3 5.2% 2.3% -2.6% 2.1 1.5 - 0.9 0.12 5

KH9 KH9-4C  MW 72 137 12.0 10 10 0.018 0.645 0.876 30.3 6.0% 6.1% 10.5% 1.7 0.8 - 1.3 0.14 5

KH9 KH9-5BII TT 300 500 19.4 20 6 0.194 0.317 0.730 1.7 7.3% 11.3% 14.9% 12.3 2.9 - 2 0.57 3

KH9 KH9-5A  MW 88 107 4.2 5 3 0.345 0.465 0.431 0.5 0.6% 1.0% 1.0% 8.3 5.9 - 2.1 1.58 1

KH10 KH10-1AI TT 300 520 5.5 20 7 0.201 0.338 0.701 2.7 6.8% 8.4% 12.3% 5.6 4.9 - 3.5 0.44 3

KH10 KH10-2BI TT 300 500 6.6 20 6 0.222 0.273 0.634 1.4 7.2% 13.5% 10.9% 8.9 4.4 - 7 -1.07 3

KH10 KH10-2A MW 64 150 6.0 5 10 0.063 0.338 0.830 9.8 13.2% 11.3% -5.0% 15.4 9.8 - 1.9 0.12 7

KH10 KH10-3BI TT 300 470 5.4 20 5 0.165 0.356 0.495 1.5 9.3% 18.1% 16.4% 23.3 10.4 - 6.1 -1.07 2

KH10 KH10-3A MW 63 107 7.0 5 7 0.092 0.282 0.788 5.9 14.7% 12.3% 4.9% 4.9 3.2 - 8.8 0.62 2

KH10 KH10-4BI TT 300 470 4.4 20 5 0.218 0.322 0.417 0.9 10.2% 21.5% 22.0% 22.0 10.7 - 4.1 2.10 2

KH10 KH10-5BI TT 300 400 4.0 20 3 0.209 0.204 0.462 0.7 0.2% 0.5% -0.5% 7.2 4.7 - 0.9 0.60 1

KH10 KH10-5A MW 22 76 4.0 5 4 0.069 0.285 0.658 2.9 1.1% 2.9% 2.3% 42.0 8.0 - 9.0 0.05 4

KH10 KH10-6BI TT 300 400 4.2 20 3 0.155 0.188 0.475 1.0 0.1% 0.2% -0.2% 8.2 5.1 - 5.3 0.44 1

KH10 KH10-7AI TT 300 400 4.0 20 3 0.197 0.167 0.423 0.8 0.2% 0.6% 0.6% 11.1 4.0 - 0.7 0.70 1

KH10 KH10-8BI TT 300 400 5.6 20 3 0.043 0.341 0.304 4.7 0.1% 0.1% -0.1% 173.5 6.7 - 5.2 -0.22 1

KH10 KH108A  MW 62 87 3.1 5 7 0.051 0.314 0.808 8.6 5.4% 8.3% 11.6% 9.4 8.0 - 3 0.32 4

KH10 KH108B  MW 62 90 3.3 3 7 0.096 0.400 0.804 6.6 12.2% 10.4% 15.0% 9.1 7.2 - 5 0.53 4

KH10 KH10-9CI TT 300 400 5.0 20 3 0.005 0.254 0.290 36.1 0.3% 0.5% 0.5% 6.2 4.9 - 1.8 -0.03 1

KH10 KH109A  MW 65 117 4.9 5 6 0.076 0.365 0.638 5.4 10.0% 11.2% 0.7% 4.3 3.2 - 2.6 -0.31 4

KH10 KH109B  MW 52 100 5.0 5 8 0.074 0.347 0.818 7.4 6.2% 6.6% -1.4% 5.4 3.6 - 9 0.47 5

KH10 KH109C  MW 64 114 5.2 5 7 0.058 0.328 0.803 9.0 12.0% 12.8% 17.9% 7.5 4.6 - 6.2 0.17 4

Appendix G. Summary of all the palaeointensity results from the Kinghorn locality. The two techniques listed for are for microwave (MW) and thermal (TT) Thellier-type measurements using IZZI protocol with pTRM checks. The maximum and minimum steps are shown as power values listed in Watts per second 

(W.s) for the microwave measurements and °C for the thermal experiments. All of the selection criteria shown are described in the Standard Palaeointensity Definitions from Paterson et al. (2014) and in Table 2.1. Experiment results that do not pass the selection criteria are in grey and the selection criteria that 

failed underlined.
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Appendix H. QPI Flow chart  

This work flows has been designed primarily as a guide for how QPI criteria (Biggin and 

Paterson, 2014) have been assigned to legacy palaeointensity data in the PINT database 

from between 65 – 500 Ma. However, this work flow can also serve as a guide for applying 

QPI criteria to new site measurements, in conjunction with the Biggin and Paterson (2014) 

paper, as well as how to update and make corrections to the PINT database. As this work 

flow was designed after analysing site data from  Ma (Hawkins et al., 2019; Kulakov et 

al., 2018), it may be biased towards the techniques, materials, etc. that were used in these 

studies. This means more information may be needed when applying this work flow to 

studies that measure younger samples samples  <65 Ma e.g. the multi-specimen technique 

(see section 2.6.1) is not taken in to consideration in this work flow as, based on the PINT 

database, this method has only been applied to samples <500 Ka. This work flow should be 

accessible for anyone with some experience in palaeomagnetism (final year undergraduate 

and above). For more information on any of the palaeointensity selection criteria 

mentioned in this work flow, see Table 2.1 and/or the Standard Palaeointensity Definitions 

(SPD; Paterson et al., 2014). 

1. Prior to QPI scoring: 

1.1. Check that the site listed in the PINT database represents a single cooling unit. A 

site should include should all measurements, of all techniques and lithologies that 

would have cooled at the same time, acquiring the same TRM. Some examples of 

incorrectly entered site means from published papers include: 

1.1.1. Site mean palaeointensities input for the localities rather than the individual 

sites. 

1.1.2. Site mean palaeointensities published for individual lithologies that have 

acquired a TRM from the same heating event (i.e. baked contacts). 

1.1.3. Site mean palaeointensities published from the same unit for different 

techniques. 

1.2. Check that the standard deviation for the site is truly the standard deviation. 

Sometimes the standard error or something else is reported (even if it states it is 

the standard deviation). Recalculate it if possible, either from the published site 

measurements or, if it is the standard error, then it can be multiplied by the square 

root of n (number of samples in the site) to get the standard deviation. If there is 
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not enough information to recalculate the standard deviation, then make a note of 

it in the contents. 

1.3.  Check that all of the other data that can be has been entered correctly from the 

publication e.g. ages, techniques used, palaeodirections, lithology, etc. Where they 

are mistaken, update and comment on the update. Stratigraphic ages can be 

updated to match the recent ICS chart, while isotopic age dates should be left 

unless an update age date is known about (see point 3.4 for further details).  

1.4. Update the PINT database to include any newly published data since the last 2015 

update (PINT15). In some cases, the new data may supersede the newly published 

sites. If there is already a site entry, all the new measurements should be 

incorporated with the previous measurements unless newly published work has 

shown them to be incorrect. 

1.5. Once the PINT database entry has been updated, the site can be scored. Continue 

to 2. to begin scoring the site. 

 

2. Should the site receive an automatic zero? 

2.1. An automatic zero means that the site is not considered to be at all reliable and 

the individual criteria do not need to be scored. There are only two really clear 

examples of where this may be the case (see below). 

2.2. Does the study use a palaeointensity method that has since been determined to 

be unreliable e.g. NRM/TRM? If yes, QPI =0; if not, continue to 2.3. 

2.3. Is there evidence to suggest that the palaeointensity estimate does not come from 

the ChRM (e.g. see 3.2 for further details)? If yes, QPI =0; if not, continue to 3. 

 

3. Does the site pass AGE (e.g. does the site have a reliable AGE estimate)? 

3.1. Do these sites have published absolute or stratigraphic age constraints? If no, AGE 

= 0; if yes, go to 3.2. 

3.1.1. For absolute age dating, this does not need to have been done for each, 

individual site. Its reasonable that isotopic age dating would only be available 

for one of the sites from the locality or from a stratigraphically correlated 

unit. No judgements are being made at this stage towards the method of age 

dating used or year in which the age dates were published. 
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3.1.2. Most sites should also have some stratigraphic age constraints based on the 

age of the rocks the sites are intruded into, cross-cut by or can be correlated 

with (both spatially and geochemically) but the stratigraphic age constraints 

alone can be sufficient to pass AGE. 

3.1.3. Regardless of the method used, the dates should be published (even if the 

material is now impossible to get hold of/in another language). Ages based on 

purely on personal communications do not pass.  

3.2. Are the uncertainties on the age dating (stratigraphic or absolute) 10% of the 

age? If no, AGE = 0; if yes, go to 3.3 

3.3. Is the palaeointensity estimate consistent with coming from the ChRM? If no, QPI = 

0; if yes, AGE = 1. 

3.3.1.  Ideally there will be palaeodirections published for the site, either as part of 

the study or prior to it, and this can be helpful in two ways; 

3.3.1.1. If there are palaeodirections, then it is likely that somewhere in the 

publication it should state whether the directions are consistent with 

past studies or the expected pole position based on the Apparent Polar 

Wander Path (APWP) for this site.  If the directions are inconsistent but 

the publication offers a good case for the directions representing a 

transitional/excursional field state and the other age constraints are 

adequate, then the site should pass AGE (N/B: Make sure to put a 

comment into the PINT database if the field state is considered 

transitional/excursional). If the directions are inconsistent but with no 

explanation or if there is an obvious problem with the directions (e.g. 

reversed directions during the CNS), then they should not pass AGE as 

this could suggest that the site has been remagnetised. If there are no 

comments on the directional data, then it may be worth checking an 

established APWP, but it is not necessary to check all of the 

palaeodirections against APWP to check they match (this also assumes 

that the plate models and the studies they were based are correct). 

3.3.1.2. Where there are multiple directional components in the samples, the 

palaeodirections can also be used to make sure that the 

palaeointensity estimate is coming from the ChRM e.g. they should 

both come from the same temperature/coercivity ranges and, if the 

palaeointensity sample was orientated, then the directions from both 

measurements should match. 
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3.3.2.  If there is no directional data or unoriented directional data, e.g. single 

crystal studies and drill cores, these results should pass so long as there are 

other adequate constraints on age and ChRM. 

3.3.2.1. For example, drill cores should have detailed stratigraphy 

accompanying them and single crystals, such as zircon, are often used 

for absolute age dating as well as palaeointensity. Both of these age 

constraints would be sufficient so long as there is no evidence to 

suggest that the samples have been remagnetised. 

3.3.2.2. For these studies, to determine if the estimate is coming from the 

ChRM, then the selected component should come from a reasonable 

temperature/coercivity range based on the age of the sample (the 

ChRM of samples that are a few 100 Myrs old or older are unlikely to 

be unblocked at low temperatures/coercivities). The component 

should also tend towards the origin e.g. have a lo  α (the angle 

between the anchored and free-floating palaeodirection, see Table 

2.1)  and, even if the directions are unoriented, it should still be clear in 

any accompanying Zijderveld plots if the selected component is from 

an overprint or not. 

3.4. Notes on AGE:  

3.4.1. The stratigraphic ages of the sites from 65 – 500 Ma have been recalculated 

so that reported age is the mean age of the published stratigraphic unit, 

based on the latest version of the Geological Timescale (GTS 2017), with the 

age uncertainties determined as half the difference of the boundary ages ± 

their standard deviations to get the maximum uncertainty.  

3.4.2. The absolute ages have been updated only where more recently published 

age dates are already known about; otherwise they have been left as stated in 

the original palaeointensity paper. It has been suggested (at the 8th Nordic 

Palaeomagnetism Workshop) that a lot of the age dates in the PINT database 

should be recalibrated; however, this is a large task and requires specialist 

knowledge outside of palaeomagnetism to undertake so the ages are to 

remain as stated in the publications for now. 

 

4. Does the site pass STAT (e.g. does the sites pass site level selection criteria)? 

4.1. Does the site include at least 5 PI estimates? If no, STAT = 0; if yes, go to 4.2. 
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4.2. Is the standard deviation/site mean 25%? If no, STAT = 0; if Yes, STAT = 1. 

4.2.1.  IMPORTANT: This needs to be taken at the 95% confidence limit for n (the 

number of samples in the site) as defined in Table 3 of (Paterson et al., 2010) 

(e.g. for n= 5, standard deviation/site mean must be  15.97%).  

4.3. Notes on STAT:  

4.3.1. As mentioned in 1.2, make sure that the standard deviation is really the 

standard deviation and not the standard error or the average standard 

deviation/error or something else, as these tend to be lower than the true 

standard deviation. 

4.3.2. While the STAT criteria is applied to all of the sites regardless of the site mean 

value, other authors have suggested that the finite deviation value should 

also be considered (e.g. Tauxe et al. (2013) applied a standard 

de iatio / ea  of % or total sta dard de iatio  of ±  μT he  selecting 

site means for calculating the Phanerozoic field average). The main advantage 

of this is that, for low mean values, the sites are more likely to fail the % 

standard deviation/mean but not the total standard deviation, even if the site 

values are fairly consistent. The STAT criterion will be applied across all of the 

sites as described in Biggin and Paterson (2014), however it is worth noting 

that there may be a small bias towards higher QPI scores for higher site mean 

values. 

 

5. Does the site pass TRM (e.g. is the component analysed a TRM)? 

5.1. What lithology are the remanence carriers hosted in? For igneous extrusives and 

small scale intrusives, go to 5.2; for plutonic rocks, TRM = 0; if they are held in 

silicate crystals (not in plutonic rocks), go to 5.6; if they are held in submarine 

basaltic glass (SBG), go to 5.7; If the site has a mix of lithologyies, see 5.8. 

5.1.1. As plutonic rocks cool and crystallise far more slowly than extrusives and 

small scale intrusive, magnetite grain growth is likely continued below its 

Curie temperature, giving it a TCRM (Smirnov and Tarduno, 2005). For this 

reason, plutonic rocks do not pass TRM. 

5.2. Do the samples appear to contain any other magnetic minerals other than 

titanomagnetite or magnetite If yes, TRM (probably) = 0 (see notes below); if no, 

go to 5.3. 
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5.2.1. Most palaeointensity studies should have rock magnetic experiments 

conducted as part of the study to check the magnetic mineralogy of the 

samples. While rock magnetic analysis alone is not enough to pass the TRM 

criteria, it gives a good indication if there are any other magnetic minerals 

present that may have formed at below the Curie temperature e.g. 

maghemite and hematite. 

5.2.1.1. If maghemite is present at the site, then it cannot pass TRM as 

maghemite is a product of low temperature oxidation and means the 

sample will carry a TCRM. Maghemite can be detected in both rock 

magnetic experiments (thermomagnetic curves) and SEM analysis (see 

5.4.1).  

5.2.1.2. Hematite is not often present in lavas/intrusive but can be present as 

both a primary magnetic mineral, due to high temperature oxidation 

above the Curie temperature, or as a secondary product from the 

inversion of titanomaghemite when the unit is reheated (Dunlop and 

Özdemir, 1997). If there is (titano)maghemite is present in any of the 

samples from the site, then the samples should fail TRM as the primary 

nature of the hematite cannot be guaranteed. Primary hematite 

should be present in similar textures as observed for 

(titano)magnetite, however as oxidation progressed the hematite 

replaced the magnetite. If the hematite is suspected to primary, go to 

5.3 and apply the same criteria as if the sample contained 

(titano)magnetite. 

5.3. Is there published microscopic evidence, independent of rock magnetic 

experiments, of primary igneous textures? If no, TRM= 0; if yes, go to 5.4. 

5.3.1.  Microscopic textures for (titano)magnetite to look out for, but not to the 

exclusion of other textures, include single phase subhedral to euhedral 

(titano)magnetite grains, exsolution lamellae of Ti-poor 

titanomagnetite/magnetite and ilmenite (from deuteric/high temperature 

oxidation) and dendritic or skeletal (titano)magnetite grains. 

5.3.2. The type of microscope work is not too important; SEM, electron microprobe 

and even high quality reflected light is useful so long as its quality and 

resolution is sufficient to show the textures of the remanences carriers. It’s 

also reasonable that magnetic minerals present in the textures are identified, 
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either by rock magnetic analysis, EDX or methods such as etching (using acids 

that dissolve some iron oxides but not others). 

5.4. Is there any microscopic evidence from textures that the samples may have 

undergone some low temperature alteration? If yes, TRM = 0; if no, go to 5.5. 

5.4.1.  The main microscopic texture that is indicative of low temperature alteration 

in samples with (titano)magnetite is cracking of the grains due to volume 

reduction associated with maghematisation. 

5.5. Is the microscope work presented representative of the site? If no, TRM = 0; if yes, 

TRM = 1. 

5.5.1. Microscopic work is not required for every single site; however it should be 

representative of all of the sites with palaeointensity estimates based on the 

rock magnetic work. Microscope work for sites that failed or microscope work 

from units considered to be chemically similar but not a part of the same suite 

of rocks as the estimates are examples where TRM would fail even if there is 

published microscope work with the study. 

5.6. For studies involving where the remanence is held in silicate crystals, is there 

sufficient evidence that the silicates have not been altered? If no, TRM = 0; if yes, 

TRM = 1. 

5.6.1. Generally, remanence carriers that are hosted in silicate minerals in single 

crystal studies can be accepted as having a TRM as the inclusions are almost 

certainly part of the primary texture within the silicate (formed first and then 

enclosed within the crystals). So long as there is work (e.g. microscopy) to 

suggest the silicates have not been altered, the site should pass TRM and if 

the silicates are from a pluton, they will fail TRM because of this factor. 

5.7. For studies involving SBG, start from 5.3 and treat it like the other forms of fine 

grained, igneous lithology for TRM. 

5.7.1. This lithology has been separated for discussion, because there has been 

some debate as to whether SBG carry a TRM or TCRM. Once the SBG has been 

extruded, it becomes extremely vulnerable to sea floor weathering, which can 

introduce a chemical remanent magnetisation (CRM; Prevot et al., 1983). 

While some suspect that all SBG may carry a (T)CRM, the work by Pick and 

Tauxe (1994) to characterise examples of modern and Cretaceous SBG appear 

to show that they can retain their primary magnetic mineralogy. For this 

reason, if there is adequate microscopy, SBG samples will pass TRM. 
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5.8. If the site includes a mix of lithologies, check each of them to see if they pass TRM. 

If all lithologies pass, TRM = 1. If not all of the lithologies pass but the estimates 

are fairly consistent, taking into account other potential effects, TRM = 1; 

otherwise TRM = 0. 

5.8.1. This is only likely to apply where there is a baked contact, where the baked 

lithology should have acquired a TRM at the same time as the lava/intrusive. 

If the lava/intrusive passes TRM and the baked lithology produces consistent 

palaeointensity estimates (it should also give consistent palaeodirections), 

then the site should pass TRM. If there is some discrepancy between the two 

lithologies that can be explained by the samples coming from different 

lithologies e.g. one lithology is affected by MD effects, then the site can still 

pass TRM as the discrepancy is due to factors other than TRM. 

 

6. Does the site pass ALT (e.g. are the palaeointensity estimates affected by thermal 

alteration)? 

6.1. What palaeointensity technique was used to determine the site estimates? For 

Thellier-type experiments (thermal/microwave/laser, 

Thellier/Coe/Aitken/IZZI/Perpendicular protocols), go to 6.2; for Shaw method, go 

to 6.4; for Wilson method, ALT = 0; for Pseudo-Thellier method, ALT = 1; for a site 

with estimates from multiple protocols, go to 6.5. 

6.1.1.  For the samples to pass ALT, there needs to be some independent check for 

alteration. 

6.1.2. Because the Wilson method compares two continuous thermal 

demagnetisation curves (one in zero-field and one in-field) that go above the 

Curie temperature of the samples, alteration can occur between the curves. 

The quality of the linear regression fit is used to indicate whether alteration is 

likely to have occurred (R2 is the selection criteria applied; Muxworthy, 2010) 

but the curves can still match if alteration occurs. 

6.1.3. Pseudo-Thellier measurements do not include any heating steps so there is 

no chance for alteration during the experiment. 

6.2. Do the Thellier –type experiments include pTRM checks? If no, ALT = 0; if yes, go to 

6.3. 
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6.2.1. No other alteration checks for these types of experiments have been shown 

to be fully reliable (e.g. hysteresis properties, susceptibility, linear 

appearance, etc.). 

6.3. Have appropriate selection criteria been applied to the pTRM checks? If yes, ALT = 

1; if no, ALT = 0. 

6.3.1.  As the selection criteria for judging palaeointensity estimates have evolved 

over time, these criteria should not be judged too harshly as to exclude a lot 

of legacy data. Having at least 2 pTRM checks for the selected component, 

some reasonable application criteria such as check(%), DRAT, CDRAT, etc. is 

generally considered enough to pass ALT. If the publication just says they pass 

pTRM checks without describing the selection criteria used or showing any 

examples of Arai plots with pTRM checks, then this is insufficient for passing 

ALT. Some judgement can also be used when looking at the Arai plots with 

pTRM checks to see if they are sufficient e.g. if the Arai plots show that the 

pTRM checks cover only a very small part of the selected component, 

especially just the low temperature part, it would be acceptable for the sites 

to fail ALT despite meeting criteria. 

6.4. Does the Shaw method include the ARM1/ARM2 correction? If yes, ALT = 1; if no, 

ALT = 0. 

6.4.1. Original Shaw method did not include this, it was an update (Rolph and Shaw, 

1985) so it is likely that all Shaw method sites before this will fail ALT (and 

some after if they do not have the correction). 

6.5. Do all of the different techniques used for the site pass the ALT criteria? If yes, ALT 

= 1; if no, go to 6.6. 

6.6. Are the results between techniques that pass ALT criteria and those that do not 

consistent? If yes, ALT = 1 (see notes below); if no, ALT = 0. 

6.6.1.  Unlike some of the other criteria, that does not need to be applied to every 

individual measurement or where some variation between results can be 

accepted if the cause appears due to some other factors, alteration can vary 

even between sister specimens so, at minimum the results need to be 

consistent between specimens coming from the same samples, if not the 

whole site.  
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7. Does the site pass MD (e.g. are the palaeointensity estimates affected by multi-

domain behaviour)? 

7.1. Do all of the measurements for the site come from either inclusions in single 

crystals, samples where hematite is the remanence carrier or use a single 

technique? If yes, you will only need to go through the work flow from 7.2 once; if 

not, then go through the work flow for each of the different measurements and 

then to 7.9. 

7.2. Are the remanence carries inclusions in silicate crystals or hematite? If they are in 

silicate crystals, then MD (probably) = 1 (see notes below); If they are hematite, 

then MD = 1; If it is neither of these, go to 7.3;  

7.2.1. The justification for silicate crystals is that if the there are no visible 

inclusions under the microscope then the remanent magnetisation must be 

held by inclusions that are SD in size. The publication should state that there 

were no visible inclusions otherwise, the crystal should probably not have 

been used and cannot automatically pass MD. Instead they should be treated 

like any other samples, so go to 7.3. 

7.2.2. Hematite occurs as such a fine grained mineral that, if it is the remanence 

carrier, it should be within the SD range and automatically pass MD. 

7.2.3. For everything else, whether the sample passes MD or not is dependent on 

the technique used. 

7.3. What palaeointensity technique was used to determine the site estimates? For 

Thellier-type experiments (thermal/microwave/laser, 

Thellier/Coe/Aitken/IZZI/Perpendicular protocols), go to 7.4; for Shaw method and 

Wilson methods, MD = 1; for sites with estimates from different techniques, go to 

7.9.  

7.3.1. Shaw and Wilson are domain state independent methods so they do not 

require any form of check to pass MD. 

7.4. Do the Thellier-type experiments use pTRM tail checks or IZZI protocol? If pTRM 

tail checks were used, go to 7.5; if IZZI protocol was used, go to 7.6; if the answer 

is no, go to 7.7. 

7.5. Have appropriate selection criteria been applied to the pTRM tail checks? If no, 

MD = 0; If yes, go to 7.9 

7.5.1. The tail checks should cover at least the selected component (tail checks are 

not always measured throughout the whole experiment) and  there should 

be a reasonable number of and coverage of the selected component from 
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the tail checks (published Arai plots for the studies should include examples 

with the pTRM tail checks which can be checked). DRATtail is a good selection 

criteria for determining if the pTRM tail checks show evidence for MD 

behaviour or not, however older studies are more likely to state whether the 

tail checks are successful or not based whether they are within a certain 

percentage of the previous demagnetisation step to the same temperature 

and this is still acceptable. Stating the pTRM checks were performed with no 

mention of the selection criteria applied is insufficient to pass MD. 

7.6. Is there zig-zagging associated with the selected component in either the Arai or 

Zijderveld plot? If no, MD = 1; if yes, go to MD = 0. 

7.6.1. The absence of zig-zagging in the Arai, or Zijderveld plots should indicate that 

palaeointensity experiment has not been affected by MD behaviour. 

7.7. Are the sele tio  riteria for the site a ely β a d f or FRAC  pu lished 

somewhere for the individual site measurements? If no, MD = 0; if yes, go to 7.9 

7.7.1. It is possible for Thellier-type measurements that do not use pTRM tail 

checks or the IZZI protocol to pass MD criteria. MD behaviour tends to cause 

saggi g  of the Arai plot from the expected linear SD behaviour (Dunlop and 

Özdemir, 2001). If the slope of the plot can be shown to be linear from the 

selection criteria e.g. β a d k’  a d the esti ate o es fro  a o po e t 

that represents most of the NRM, then it Is considered safe to say there is no 

evidence for MD curvature. 

7.8. Is f (or FRAC) . , ith e ide e that the sele ted slope is li ear e.g. β < . ? If 

no, MD = 0; if yes, go to 7.9. 

7.9. Do all of the different measurements in the site pass the MD criteria? If yes, MD = 

1; if no, go to 7.10. 

7.10. Are the results between measurements/techniques that pass MD criteria and 

those consistent? If yes, MD = 1 (see notes below); if no, MD = 0. 

7.10.1. There are several reasons why some of the individual measurements pass 

MD criteria and others do not e.g. some Thellier-type measurements have a 

high e ough β a d f/FRAC to pass a d others do not, measurements from 

one technique show MD behaviour and those from another do not or one 

of the techniques is domain state independent, etc. 

7.11. Notes on MD: 

7.11.1. While the Day plot (Day et al., 1977; Dunlop, 2002) provides useful 

information on the grain size distribution of the samples, it is generally 
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insufficient for passing the MD criteria alone. The majority of samples 

studied for palaeointensity plot within the PSD range and, while smaller 

PSD grains (e.g. vortex state) have shown to stable over long periods like SD 

grains (Almeida et al., 2014), larger PSD grains tend to behave like MD 

grains and often the samples contain a mix of SD-MD grains, which can 

cause MD effects at lower temperatures but not higher ones (Hodgson et 

al., 2018) so checks throughout the experiment are important. 

 

8. Does the site pass ACN (e.g. are the palaeointensity estimates affected by Magnetic 

anisotropy, cooling rate or non-linear TRM effects)? 

8.1. For a site to pass ACN, it needs to pass three separate sub-criteria. Only if the site 

passes all three, will the site pass for ACN. Firstly, does the study make any 

mention to whether the experiments are affected by anisotropy of the magnetic 

recorders in the samples? If yes and the samples are affected by anisotropy, go to 

8.2; if yes and the samples are not affected by anisotropy, go to 8.3; if no, ACN = 0. 

8.1.1. Whether anisotropy might affect the palaeointensity estimate can usually be 

determined from the ϒ criteria, which is the angle between the applied field 

direction and the acquired pTRM direction (see Table 2.1). If the angle is high 

(ϒ>5°), this suggests that the anisotropy is affecting the pTRM acquisition. 

The problem is that this criterion is generally not published so studies 

generally fail this sub-criteria and, therefore, ACN. 

8.1.2. Rock magnetic experiments to check for anisotropy; specifically experiments 

to determine the Anisotropy of Magnetic Susceptibility (AMS) and especially 

Anisotropy of Anhysteretic Remanent Magnetization (AARM) could indicate if 

the measurements are likely to be affected by anisotropy.  

8.2. Has the sample anisotropy been compensated for in determining the 

palaeointensity estimate? If yes, go to 8.3; if no, ACN = 0. 

8.2.1.  The anisotropy can be corrected for using the procedure from Selkin et al. 

(2000). 

8.3. The next sub-criteria looks at the effect of the cooling rate on the TRM. Do the 

samples come from a large intrusion the cooled over 1000s of years? If yes, go to 

8.5; if no, go to 8.4. 
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8.3.1.  For large intrusions, the difference in the cooling rate of the samples in the 

lab and when the TRM formed is across many more orders of magnitude then 

those formed from extrusive or small-scale intrusive rocks. 

8.4. The next consideration relates to the size of the distribution of the remanence 

carriers. Is there evidence to suggest that the remanence carriers in the samples 

are SD in size? If yes, go to 8.5; if no, go to 8.6. 

8.4.1.  There are a number of studies that show that cooling rate effects only create 

a strong bias in SD carriers (Biggin et al., 2013; Ferk et al., 2014; Yu, 2011) so 

samples that with PSD - MD carriers would pass this sub-criteria. Evidence for 

the grain size is likely to come from rocks magnetics e.g. a Day plot, FORC 

diagrams (Roberts et al., 2014), etc. and microscopy. For studies with no 

information on the remanence carrier size, the site is likely to fail ACN for 

other reasons anyway but generally lavas and intrusives can be assumed to be 

PSD+ in size, while glass and single crystal studies should be SD. 

8.5. If cooling rate is likely to have affected the estimate, has an appropriate cooling 

rate correction been applied? If yes, go to 8.6; if no, ACN = 0. 

8.5.1.  The basis of the cooling rate correction is described in publications such as 

Halgedahl et al. (1980) although other cooling rate corrections may be more 

appropriate based on the material being measured. 

8.6. The last of the sub-criteria relates to non-linear TRM effects. Do the magnetic 

carriers show signs of carrying a strong magnetic fabric? If yes, go to 8.9; if no, go 

to 8.7. 

8.6.1. The linear relationship between the applied field strength and acquired TRM 

generally holds for all of the Earth-like field stre gths  μT  a d for most 

geological materials, there is no issue with non-linear TRM acquisition. 

However, materials that carry a strong magnetic fabric (e.g. metamorphic 

rocks may carry a fabric due to deformation and remanence carriers that are 

acicular or needle-shaped) are likely to produce palaeointensity estimates 

that are affected by non-linear TRM acquisition (Selkin et al., 2007). 

8.7. Is the field strength within 1.5x the palaeointensity estimate? If yes ACN = 1; if no, 

go to 8.8. 

8.7.1.  It’s ee  sho  that here the applied field stre gth a d the palaeointensity 

estimate are close together, there are no significant non-linear TRM effects 

on the estimate (Paterson, 2013). 
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8.8. Is the palaeointensity estimate consistent across different applied field strengths? 

If yes, ACN = 1; if no but the differences are tied to other effects, ACN = 1; if no 

and it seems to be due to the applied field strength, go to 8.9. 

8.8.1.  If sister specimens produce consistent estimates from different applied field 

strengths, this also suggests that non-linear TRM effects have not significantly 

affected the estimate. 

8.8.2.  It is possible that measurements with different applied field strengths can 

produce different estimates for different reasons. For example, if different 

techniques were used, with different applied field strengths, it is likely that 

the differences in estimates may relate to factors other than the applied field 

strength. If clear reasoning is given why these, and not non-linear TRM 

effects, are the controlling factor then the sites can still pass this sub-criteria. 

8.9. For any samples that seem to need the cooling rate correction applied, have the 

estimates been corrected? If yes, ACN = 1; if no, ACN = 0. 

8.9.1.  The Standard Palaeointensity Definitions manual includes a section (Chapter 

9; Paterson et al., 2014) on applying the non-linear TRM correction for further 

details. 

 

9. Does the site pass TECH (e.g. does the site include palaeointensity estimates 

determined from different palaeointensity techniques)? 

9.1. Does the site include estimates from two, or more, significantly different 

techniques? If yes, TECH = 1; if no, TECH = 0. 

9.1.1. Use of more than one technique (e.g. Thellier-type methods, Shaw, Wilson, 

etc.) would pass TECH. 

9.1.2. As all of the Thellier protocols are based on the same fundamental principles, 

using different protocols would not result in the site passing TECH, using more 

than demagnetisation/remagnetisation method for the Thellier-type 

measurements (e.g. conventional thermal, microwave, laser, etc.) would pass 

TECH.  

 

10. Does the site pass LITH (e.g. does the site include palaeointensity estimates from 

more than one lithology)? 
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10.1. Does the site include all palaeointensity estimates from the same cooling unit? If 

no, fix this (as suggested in 1.1); if yes, go to 10.2. 

10.1.1. First check if the study has listed different lithologies as separate sites, even 

if they acquired a TRM from the same heating event (e.g. a lava flow or 

small intrusive and the baked contact would be part of the same cooling 

unit). If possible, recalculate the site and if there is not enough information 

to be able to recalculate the site, these sites can be left in the PINT 

database as they are with a note in the comments. 

10.2. Do the palaeointensity estimates for the site come from more than one, 

significantly different, lithology? If yes, go to 10.4; if no, got to 10.3. 

10.2.1. If the magnetic mineralogy of the baked lithology is similar to that of the 

lithology responsible for the heating event, then LITH does not pass e.g. if a 

lava flow bakes another lava flow with similar remanence carriers. A lava 

flow and a baked sediment should pass LITH as they should carry 

significantly different remanence carriers (e.g. (titano)magnetite and 

hematite respectively).   

10.3. For a single lithological unit, do the palaeointensity estimates come from more 

than one, significantly different, remanence carrier? If yes, go to 10.4; If no, TRM 

= 0. 

10.3.1. Examples where a single lithology could produce palaeointensity estimates 

from more than one, significantly different remanence carrier include lavas 

that carry both primary magnetite and hematite, lithologies suitable for 

bulk rock and single crystal analysis and lava flows with glassy margins and 

a coarser interior. 

10.4. Are the estimates consistent or, if there are slight discrepancies, is the 

inconsistency likely to be due to other factors? If yes, TRM = 1; if no, TRM = 0. 

10.4.1. While the palaeointensity estimates between the different lithologies 

should be consistent, if there is evidence for other factors causing 

reasonable discrepancies between the estimates (judgement may need to 

be used to decide on what is reasonable) then the sample can still pass 

LITH. For example, in a baked sediment the primary remanence carrier is 

likely to be fine grained hematite within the SD range, while the lava or 

small scale intrusive that baked the sediment may contain relatively large 

grains of (titano)magnetite that are affected by MD behaviour and give 

lower palaeointensity estimates. If the lower estimates can clearly be tied 
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back to the MD behaviour (by curved or zig-zagging Arai plots, failed pTRM 

tail checks, etc.) then the site would pass LITH. 

10.5. Notes on LITH: 

10.5.1. For two or more remanence carriers to be considered significantly different, 

they should generally unblock over different temperature/coercivity ranges 

that are easily distinguishable from each other. 

 

11. Does the sample pass MAG (e.g. has the raw palaeointensity data been made publicly 

available)? 

11.1. Is all of the raw data for the measurements used to calculate the site mean 

publicly available? If yes, MAG = 1; if no, MAG = 0. 

11.1.1. By raw data, this means all of the measurements made during the 

palaeointensity experiment are available so that the data could be 

replotted and reanalysed if desired. The data needs to be publicly available, 

rather than available on request, and is likely to be found in one of two 

places; either on the MAGIC database (MAG is short for MAGIC) or in the 

supplementary material of the published study. 

 



AGE METHOD AGE STAT TRM ALT MD ACN TECH LITH MagIC Qpi AGE STAT TRM ALT MD ACN TECH LITH

Bolshakov_89 8 31 280/286 T- 1 1/0 0 0 0 0 0 1/0 0 1-3
Stratigraphic/isotopic (type unknown) 

age dating; palaeodirections agree
13 pass No microscopy No pTRM checks

No tail checks or f 

reported

No mention anisotropy, grain 

size or applied field strength

Only Thellier estimates 

used (not Wilson)

13 sites from 

multiple lithologies
-

Briden_66 18 4 263-371 ONR - - - - - - - - - 0 - - - - - - - -
Fails as ONR shown to 

be unreliable

Briden_66 19 1 408 ONR - - - - - - - - - 0 - - - - - - - -
Fails as ONR shown to 

be unreliable

Didenko_89 30 6 384-497 SW

Konigsberger_38 36 7 215-251 ONR - - - - - - - - - 0 - - - - - - - -
Fails as ONR shown to 

be unreliable

Kono_79 41 8 410 T- 1 0 1 0 0 0 0 0 0 2
Age constraints same as Strathmore 

sites
All n <3 Petrographic images No pTRM checks

No tail checks or f 

reported

No mention anisotropy, grain 

size or applied field strength
Thellier only Single -

Krs_67 45 2 273-300 T-

Rolph_85 63 13 339 S 1 0 0 1 1 0 0 0 0 3
Stratigraphic age dating; 

palaeodirections agree
All n <5 No microscopy

ARM correction before 

and after TRM

Shaw method is domain 

state independent

No mention anisotropy, 

applied field 1.5x Pi 

estimates

Shaw only Single -

Schwarz_69 65 5 225-434 T-

Sennyake_83 68 26 271/279 S 1 0 0 1 1 0 0 0 0 3

K-Ar age (Exeter volcanics) and Ar/Ar 

(Esterel) age dating ; palaeodirections 

agree

All n <5 No microscopy
ARM correction before 

and after TRM

Shaw method is domain 

state independent

No mention anisotropy, 

applied field 1.5x most Pi 

estimates

Shaw only Single -

Smith_67 73 3 407 Z 0 0 0 0 0 0 0 0 0 0 Age based on directions All n <3 No microscopy
Van Zijl method has no 

alteration checks
No checks

No mention anisotropy, grain 

size or applied field strength
Van Zijl only Single -

Tunyi_86 77 1 428 T-

Perrin_91 82 6 201-2 T+ 1 1/0 0 1 0 0 0 0 0 2-3
K-Ar and Ar-Ar agre dating; 

paleodirections agree
2 pass 

Microscope images 

not published

pTRM checks, 

acceptable selection 

criteria

No tail checks, f is small
No mention anisotropy or 

grain size
Thellier only Single -

Solodovnikov_95 84 18 (29) 251 T- 1 1/0 0 0 1/0 0 0 1/0 0 2-3
Stratigraphic age dating; 

palaeodirections agree
8 pass

Microscope images 

not published
No pTRM checks

Sites with consistent 

Wilson results pass MD

No mention anisotropy, grain 

size or applied field strength

Only Thellier estimates 

used (not Wilson)

10 sites from 

multiple lithologies

Sites recalculated to 

include different 

lithologies from the 

same cooling unit 

Solodovnikov_92 85 55 286 T-/WB 1 1/0 0 0 1/0 0 0 0 0 1-3
Stratigraphic age dating; 

palaeodirections agree
30 pass No microscopy

No pTRM checks/Wilson 

has no checks

Sites with consistent 

Wilson results pass MD

No mention anisotropy, grain 

size or applied field strength

Only Thellier or Wilson 

estimates published, not 

both

Single -

Solodovnikov_92 86 59 329 T- 1 1/0 0 0 0 0 0 1/0 0 1-3
Stratigraphic age dating; 

palaeodirections agree
37 pass No microscopy

No pTRM checks/Wilson 

has no checks

Wilson estimates 

unavailable to check 

against Thellier

No mention anisotropy, grain 

size or applied field strength

Only Thellier estimates 

used (not Wilson)

10 sites from 

multiple lithologies
-

Solodovnikov_92 87 32 311 T-/WB 0 1/0 0 0 1/0 0 1/0 1/0 0 0-3
Mean pole position differs from 

previous studies
26 pass No microscopy

No pTRM checks/Wilson 

has no checks

Sites with consistent 

Wilson results pass MD

No mention anisotropy, grain 

size or applied field strength

2 sites pass (Wilson and 

Thellier), the rest are 

just Thellier or unclear

1 site from multiple 

lithologies
-

Solodovnikov_96 114 32 385-407 T-/WB 1 1/0 0 0 1/0 0 0 0 0 1-3

Stratigraphic age dating; 

palaeodirections agree where 

available

13 pass No microscopy
No pTRM checks/Wilson 

has no checks

Sites with consistent 

Wilson results pass MD

No mention anisotropy, grain 

size or applied field strength

Only Thellier estimates 

used (not Wilson)

2 sites from multiple 

lithologies
-

Thomas_95 115 14 301 T+ 1 0 0 1 1/0 0 0 0 0 2-3
K-Ar age dating for GWS, Stratigraphic 

for MVS; palaeodirections agree
All n <5 No microscopy

pTRM checks, 

acceptable selection 

criteria

Pass where ≥50% 
samples have f >0.7 and 

results are consistent

No mention anisotropy Thellier only Single -

Harcombe-Smee_95 116 4 301 T- 1 0 0 0 0 0 0 0 0 2
Stratigraphic age dating; 

palaeodirections agree
All n <5 No microscopy

pTRM checks are 

actually tail checks

no pTRM tail checks 

and f values too low

No mention anisotropy, 

some applied field 1.5x Pi 

estimates

Thellier only Single -

Thomas_97 128 3 278 T+ 1 0 1 1 1/0 0 0 0 0 3-4
K-Ar and Rb-Sr dating from correlated 

granite; palaeodirections agree
All n <5

Refelective 

microscopy on site 1

pTRM checks, 

acceptable selection 

criteria

Pass where ≥50% 
samples have f >0.7 and 

results are consistent

No mention anisotropy, 

some applied field 1.5x Pi 

estimates

Thellier only Single -

Thomas_98 137 5 274 T+ 1 1/0 1/0 1 0 0 0 0 0 2-3
Stratigraphic age dating; 

palaeodirections agree
1 passes

Reflected light 

photomicrographs 

of unit 2 (good for 3 

and 4),cracking in 6

pTRM checks, 

acceptable selection 

criteria

no pTRM tail checks 

and f values too low
No mention anisotropy Thellier only Single -

Garicia_06 502 20 (4) 269/294 M+/T+ 1 0 0 1 1 0 1/0 0 0 3-4
Stratigraphic age dating (isotopic from 

per comms); palaeodirections agree
All n <5

Refelective light 

microscopy not 

shown

pTRM checks, 

acceptable selection 

criteria

pTRM tail checks, 

acceptable selection 

criteria

No mention anisotropy, 

some applied field 1.5x Pi 

estimates

Pass where both Thellier 

and Microwave used 
Single

Sites recalculated to 

include different 

lithologies from the 

same cooling unit 

Oppenheim_94 626 7 353 S 1 0 0 1 1 0 0 0 0 3

Stratigraphic age dating; 

palaeodirections suggested to be 

transitional

All n <5 No microscopy
ARM correction before 

and after TRM

Shaw method is domain 

state independent

No mention anisotropy, 

applied field 1.5x most Pi 

estimates

Shaw only Single -

Heunemann_04 633 62 251.2 T+ 1 0 1 1 1 0 0 0 0 4

U-Pb and Ar-Ar dating; 

palaeodirections some to be 

transitional

All n <5

Photomicrographs 

of exsolution 

lamellae

pTRM checks, 

acceptable selection 

criteria

pTRM tail checks, 

acceptable selection 

criteria

No mention anisotropy, grain 

size or applied field strength
Thellier only Single -

Shchebakova_05 634 9 251.2-267.5 T+ 1 1/0 0 1 1/0 0 0 0 0 2-4
U-Pb/stratigraphic age dating for all 

but Kazahstan; palaeodirections agree
1 passes No microscopy

pTRM checks, 

acceptable selection 

criteria

Norilisk sites pass as 

Thellier Pi consistent 

with Wilson

No mention anisotropy, grain 

size or applied field strength

Only Thellier estimates 

used (not Wilson)
Single

Wilson not included in 

estimates

Cottrell_08 645 2 265 T+ 1 1 1 1 0 1 0 0 0 5
Stratigraphic age dating; 

palaeodirections agree
All pass Single crystal

pTRM checks, 

acceptable selection 

criteria

no pTRM tail checks 

and f values too low

Anisotropy check, applied 

field close, PSD grains
Thellier only Single -

Blanco_12 679 6 (3) 250 T+ 1 1/0 0 1/0 1/0 0 0 0 0 2-3
Correlated to LIP; palaeodirections 

agree
1 passes No microscopy

pTRM checks, 

acceptable selection 

criteria

pTRM tail checks,Coe 

only (mixed sites that 

are consistent also 

pass)

No mention anisotropy, grain 

size or applied field strength
Thellier only Single

Sites recalculated into 

cooling units, 3 new 

sites replaced by b

Eitel_14 686 1 201 T+ 1 0 0 1 1 0 0 1 0 4
Ar-Ar age dating; paleodirections 

agree
std.dev >25%

Chassenon causes 

the site to fail

pTRM checks, 

acceptable selection 

criteria

pTRM tail checks, 

acceptable selection 

criteria

Unclear about grain size and 

applied field mostly greater 

then 1.5x Pi

Thellier only
Multiple Impact 

Breccia
-

Shchebakova_13 691 20 (22) 250 WT+/T+ 1 1/0 0 1 1/0 0 1/0 0 0 3-5
U-Pb age dating; paleodirections 

agree
2 pass 

SEM doesn't 

represent sites

pTRM checks, 

acceptable selection 

criteria

passes where Thellier is 

consistent with Wilson

No mention anisotropy, grain 

size or applied field strength

Pass where both Thellier 

and Microwave used 
Single Two sites replaced by b

Shchebakova_15 a 25 (26) 250 WT+/T+ 1 1/0 1/0 1 1/0 0 1 0 0 2-5
U-Pb age dating; paleodirections 

agree
1 passes

SEM for  Tyvankitskii 

and Delkanskii 

Formations only

pTRM checks, 

acceptable selection 

criteria

Pass where f>0.7 or 

Wilson used (mixed 

sites where results are 

consistent)

No mention anisotropy, grain 

size or applied field strength

Pass where both Thellier 

and Wilson used 
Single One site replaced by b

Anwar_16 b 7 250 WT+/T+ 1 1/0 1/0 1 1 1 1/0 0 0 4-7 Same as 679/691/a 2 pass 
SEM but flow 29 is 

fails due to cracking

pTRM checks, 

acceptable selection 

criteria

IZZI protocal, no zig-

zagging

Gamma checked, PSD grains 

and applied field close to Pi

Pass where both Thellier 

and Microwave used 
Single -

Shcherbakova_17 c 15 375-398 M+/W/T+ 1 1/0 1/0 1 1 1/0 1/0 0 1 5-8 - - - - -
Fails where applied field 1.5x 

Pi
- -

QPI done in paper, 

notes here are for 

changes from the paper

Usui_17 d 4 287.3 T+ 1 0 1/0 1 1 0 0 0 0 3-4
Ar-Ar and U-Pb age dating; 

paleodirections agree
All n <5 Single crystal passes

pTRM checks, 

acceptable selection 

criteria

IZZI protocal, no zig-

zagging
No mention anisotropy Thellier only Single -

Hawkins_19 e 9 364 M+/W/T+ 1 1/0 1/0 1 1 1 1/0 0 0 4-7
K-Ar and Ar-Ar age dating; 

paleodirections agree
1  passes

Type 1 mineralogy 

passes

pTRM checks, 

acceptable selection 

criteria

IZZI and Wilson, Thellier 

needs to be consistent

Gamma checked, PSD grains 

and applied field close to Pi

Passes where one or 

more of Thellier, 

Microwave or Wilson 

used

Single -

Strathmore f 6 410-415 M+/T+ 1 1/0 1/0 1 1/0 1 1/1 1/0 1 5-8 - - - - - - - - See section 7.1

Kinghorn g 6 335 M+/T+ 1 1/0 1/0 1 1 1 1/2 0 1 6-7 - - - - - - - - See section 7.1

-

Notes
Other notes

Appendix I. Summary of the QPI analysis of all of the publications with sites dated between 200 - 500Ma from both the PINT15 database (Biggin et al., 2009), any studies that have been published since the last update and the studies included in this thesis. The study reference indicates First Author_Year published and the PINT ref is included where available (where the PINT ref is a letter, this publication was not included in the 

last PINT update). N represents the number of sites in the study of the age of interest (previous N is listed where the number of sites has changed after review and represents the N input into the PINT15 database). Under values is first the Age of the site input into the PINT database and then the methods used (these use the same coding the PINT database). What follows is the scoring for the 9 Q PI criteria based on Biggin and 

Paterson (2014); each criteria scores a 1 it passes and a 0 if it fails (where it says 1/0, this means that some sites from the study passed and some failed this criterion). The Q PI column is for the total score for each site, based on the sum of the criteria scores. In some cases the individual criteria are not scored as the Q PI score gets an auto zero where the site is known to not be reliable (e.g. the ONR technique does not give accurate 

palaeointensity estimates so sites which used this method get an auto zero). The notes section gives the reasoning for the application of the QPI criteria for the study. For further information on the application of QPI criteria, go to Appendix H.

-

-

Study reference PINTref N (previous N)
Values

-
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