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Abstract

Records of the palacomagnetic field are unique in their potential to provide insight into
the evolution of the Farth’s interior. The geomagnetic field is a product of a dynamo
process, and certain variations in the geomagnetic field at the Earth’s surface are reflective
of variations in the Earth’s internal dynamics. Across time scales of tens of millions of
years, such variations are proposed to reflect changes in core-mantle boundary
conditions. Typically, variations in long-term geomagnetic field behaviour are expressed
in terms of the frequency at which the geomagnetic field was experiencing polarity
reversals, its average strength, and its stability. Of these measurable characteristics, it is
changes in average polarity reversal frequency that are most well-defined. In particular, a
relatively well-developed, continuous understanding of variations in average polarity
reversal frequency has been established for the last 320 million years. Knowledge of
average palacointensity and palacosecular variation (PSV) of the geomagnetic field, are
less well established, with obvious shortcomings for the Triassic (ca. 251.9-201.3 Ma).
This study aims to address these gaps by investigating the distribution of virtual
geomagnetic pole dispersion, a common measure of PSV, during the Triassic, and
conducting palacointensity experiments on geological units that have previously been
assigned Triassic dates. The study on PSV revealed a near-invariant latitudinal
dependence of VGP dispersion for a time interval encompassing the Triassic, that was
near-identical to that of the preceding time interval, as defined by average polarity reversal
frequency. In contrast, the Permo-Carboniferous Reversed Superchron (PCRS), one of
two such events during the last 320 million years in which polarity reversals were
essentially absent, displayed an extreme example of VGP dispersion pattern that in part
suggested that the PCRS was a time interval of enhanced axial dipole dominance.
Successful palacointensity estimates were deemed to be reliable from specimens of pillow
lavas of the Fernazza Formation (Italy) and ignimbrites and sills of the Puesto Viejo
Group (Argentina). Estimates of virtual (axial) dipole moment ranged between 0.9 and
4.8 x 10* Am®. These results represent a significant improvement in attempts to define
the strength of the geomagnetic field during the middle-late Triassic. Finally, taking
advantage of these results, and the resulting improved continuity of palacomagnetic
records across the last 320 million years, statistical models were generated for time
intervals of distinct reversal frequency. The resulting models represent a viable
description of the palacomagnetic field across each studied time interval. Exploring a
range of different statistical models that aimed to describe the palacomagnetic field during
the PCRS, suggested that the more extreme PSV behaviour observed in the earlier study
is likely representative of field behaviour across this time. Comparing preferred models
that were representative of the different studied time intervals, suggested that the
somewhat unique palacomagnetic observations for the PCRS might be due to a difference
in the relationship between antisymmetric and symmetric terms. Overall, the process
deployed throughout this study has demonstrated the effectiveness of analysing
palacomagnetic records alongside statistical models, simultaneously utilising data that
describes different characteristics of the palacomagnetic field. Better constraining the
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assumptions associated with statistical models, for example through the use of
geodynamo simulations, would better facilitate their use as a method to test the reliability
of palacomagnetic datasets. More refined datasets would in turn provide a more accurate
description of the palacomagnetic field.
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Chapter 1. Introduction & Background

Introduction

Ubiquitous throughout the known universe, magnetic fields are observed wherever there
is movement of charge (Radi & Rasmussen, 2013; Purcell & Morin, 2013). This
fundamental phenomenon is occurring across the smallest and grandest of scales.
Electrons generate a magnetic field as they spin intrinsically and orbit across the vast void
between themselves and the atomic nucleus to which they are bound (Radi & Rasmussen,
2013). Modern methods and equipment have confirmed hypothesised intergalactic
magnetic fields stretching across the voids between galaxies (Arlen et al., 2014; Govoni
et al, 2019; Klein & Fletcher, 2015), though their origin presents a mystery to be
uncovered, for now. Somewhere in between these scales, are the magnetic fields
associated with celestial bodies (Breuer et al., 2021). A manifestation of their internal
workings and a guide to unlocking their secrets.

The very presence of a magnetic field, associated with a celestial body, reveals a turbulent
dynamo (Jones, 2011), amplifying some pre-existing seed field. Such is the case for the
gas giants, Mercury, Ganymede, and Earth (Breuer et al., 2021 and references therein).
Considering this within the context of their composition provides further insight into the
nature of the convecting fluids, this being a liquid, metallic core in the case of the
terrestrial planets (Anderson et al., 2012; Schubert et al., 1996). Crustal magnetisation
alongside the absence of an intrinsic magnetic field, tells the story of an exhausted dynamo
within Mars and a single-state liquid core (Spohn et al., 1998; Breuer, & Spohn, 20006).
The absence of both in the case of Venus (O’Rourke et al., 2018) also suggests a single
state core, though its state is still to be constrained (Dumoulin et al., 2017). In these
examples, direct measurements of magnetic fields provide insight into planetary interiors.
To better understand the temporal evolution of these internal systems, a record of the
ancient magnetic field is required.

Such records are preserved because of those smallest of magnetic fields, present at the
sub-atomic level. When magnetic moments associated with electrons within an atom do
not cancel one another out, an atom is said to have an atomic magnetic moment. Such
atoms become aligned parallel to any applied, external magnetic field. In ferromagnetic
materials, exchange interactions between adjacent atomic moments order one another,
forming magnetic domains (Purcell & Morin, 2013). Domains parallel to an applied field
are energetically favourable and exchange interactions between them facilitate some
memory of this after the removal of the external magnetic field (Purcell & Morin, 2013).
Until the material reaches a temperature at which thermal energy exceeds exchange
energy, this ordering of magnetic domains is maintained (Butler, 1992; Purcell & Morin,
2013).

Iron is one such ferromagnetic substance and it is of high abundance throughout the
Earth’s crust, being the 4™ most common element at 5% of its mass (Bernat, 1983).



Primarily distributed as iron oxides and iron sulphides (Bernat, 1983), these minerals
record a remanent magnetisation, during the formation of rocks, that reflects the nature
of the external magnetic field to which they were exposed during this time (Butler, 1992).
This ancient magnetic field is what is referred to as the palacomagnetic field. The direction
of the palacomagnetic field is relatively straightforward to determine, as the magnetic
domains align themselves parallel. Determining the strength of the palacomagnetic field,
its palaeointensity, is more complex, but achievable, as remanent magnetisations obtained
during rock formation are typically linearly related to the strength of the palacomagnetic
field (Tauxe et al., 2018). By studying rocks whose dates of formation are reasonably well
determined, it is possible to build a record of how the strength and direction of the Earth’s
magnetic field has varied throughout its geological past. Through this process, it is known
that the polarity of the Earth’s magnetic field has changed throughout geological time
(Brunhes, 1906; Matuyama, 1929), that this is a relatively common occurrence, and the
frequency at which it has occurred has varied across different geological time intervals
(Ogg, 2012). Likewise, records of palacointensity are suggestive of long-term variations
(Biggin et al., 2012; Biggin et al., 2015; Kulakov et al., 2019), with suggestions that this
demonstrates a relationship with geomagnetic polarity reversal frequency (Eid et al., 2022;
Gubbins, 1987; Kulakov et al., 2019; Tauxe & Staudigel, 2004).

Such observations provide constraints for geodynamo models that attempt to simulate
processes representative of those generating the geomagnetic field (Aubert et al., 2010;
Landeau et al.,, 2022; Olson et al.,, 2013). Agreement between simulated geomagnetic
behaviour and observed palacomagnetic behaviour across a geologic time interval,
provides support for the proposed internal structure of the Earth across that part of its
history (Meduri et al., 2021). This combined approach is used to investigate potential
timings of inner core nucleation (Biggin et al., 2015; Davies et al., 2022), the evolving
influence of compositional convection driving movement of the conductive outer core,
and the nature of chemical stratification at the top of the Earth’s core (Bouffard et al.,
2019; Buffett et al., 2010; Greenwood et al., 2021).

Evolution of the geomagnetic field not only provides information on the state of the core,
but also provides insight into the greater internal Earth structure. The longest timescale
interactions between the core and mantle involve the transfer of heat and mass across the
core-mantle boundary (CMB; Olson, 2016). Of the effects that make up these
interactions, it is the transfer of heat from the core to the mantle that is most prominent.
In places, the convective heat engine within the mantle draws heat directly from the CMB,
in others this heat transfer is mediated by the formation of mantle plumes (Olson, 2016).
This cooling process is thought to extend to the rest of the core through outer core
convection, a process that likely resulted in the solidification of the inner core and the
releasing of lightening elements that is thought to contribute significantly to this process
today (Meduri et al., 2021; Nimmo, 2015). As it is convection of the outer core that
generates the magnetic field, the power available to the geodynamo is proportional to
CMB heat flux (Labrosse & Macouin, 2003; Lay et al., 2008; Olson, 2016). It follows then,
that variations in the geomagnetic field can provide insight into the core and mantle
processes that govern the temperature gradient across the CMB. Mantle forcing has been
proposed as the cause of a 200 million-year cyclicity in geomagnetic field behaviour
(Driscoll & Olson, 2011; Biggin et al., 2012). Such a relationship would indicate a cyclic
evolution of the state of the CMB, associated with the upwelling and downwelling of



material. Superchrons, tens of millions of years during which polarity reversals are
effectively absent, form a major part of the proposed 200 million-year cyclicity in
geomagnetic field behaviour (Biggin et al., 2012; Driscoll & Olson, 2011). Within this
framework they are preceded by shorter intervals of rapid reversal rates (Biggin et al.,
2012). The strength of the geomagnetic field is also considered; it is proposed that
superchrons correspond with increased intensity and that this is preceded by a
significantly reduced geomagnetic field strength persistent for tens of millions of years
(Biggin et al., 2012; Hawkins et al., 2021).

Apparent reversal frequency is sufficiently well-documented from present day back to
approximately 320 Myr to allow distinct time intervals of different geomagnetic behaviour
to be identified. Amongst them are two superchron events. Such a well-documented
record across a timescale of this length is not replicated further back in geological time,
due to the more sparsely populated nature of the data (Ogg, 2012; Hawkins et al., 2021).
The record across the last ca. 320 Myr presents the best opportunity to investigate
proposed relationships between average reversal frequency and other aspects of the
palacomagnetic field such as its average strength, stability, and morphology. The latter
characteristics are less well-documented over the last 320 Myr than apparent average
reversal rate, with significant gaps in current records (Anwar et al., 2016; Doubrovine et
al., 2019; Hulot & Gallet, 2003; Kulakov et al., 2019). Improvements to these records
would facilitate a comparison between observable characteristics of the palacomagnetic
field across a time interval that covers a complete cycle in the proposed 200 Myr cyclicity.

The least-well documented time interval within the palaecointensity record, across the past
320 Myr, is between approximately 250 and 200 Myr (Anwar et al., 2016; Biggin &
Thomas, 2003; Doubrovine et al., 2019), approximately aligning itself with the Triassic
period (ca. 251.9-201.3 Ma; Ogg, 2012). Better characterising the strength of the
palaeomagnetic field throughout this time, could be crucial in better assessing the nature
of the proposed 200 Myr cyclicity and the relationship between palacointensity and
apparent reversal frequency. Previously, it has been proposed that the palacomagnetic
field was anomalously weak during a time interval following the Triassic (McElhinny &
Larson, 2003; Perrin & Shcherbakov, 1997; Prévot et al., 1990). Such an interval has been
incorporated into the 200 Myr cyclicity hypothesis (Hawkins et al., 2021), and is suggestive
of a decoupling between processes governing polarity reversal frequency and
geomagnetic field strength (Prévot et al., 1990). It has recently been suggested that this
weak interval was initiated prior to the Triassic and was sustained throughout (Anwar et
al., 2016). This would have further implications regarding the evolution and behaviour of
the geomagnetic field. Additionally, there has been no previous assessment of the stability
of the geomagnetic across this time interval (Doubrovine et al., 2019). Such an assessment
provides information on geomagnetic field morphology (Biggin et al., 2020), elements of
which have also been proposed to demonstrate a relationship with apparent reversal
frequency and palacointensity (Doubrovine et al., 2019; Hulot & Gallet, 2003).

This thesis is focused on improving our understanding of the behaviour of the
geomagnetic field throughout the Triassic, and in doing so, better defining how the
geomagnetic field was behaving in between the two most well understood superchron
events. This is achieved by utilising existing palacodirectional data, from published
literature, to assess the stability and morphology of the geomagnetic field, and by
obtaining much needed palacointensity estimates through a range of experimental
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methods. The stability and morphology of the geomagnetic field during the older of the
two superchrons is also reassessed, in an attempt to better constrain palacomagnetic field
behaviour and address some of the uncertainties that surround it. These new results are
viewed within the wider context of geomagnetic field behaviour across the last 320 Myr,
by comparing geomagnetic field behaviour during the distinct time intervals identified by
the apparent reversal frequency record. By utilising this approach, it is possible to
investigate proposed relationships between average polarity reversal frequency,
geomagnetic field strength, and stability. Finally, optimised statistical models are
generated for each distinct time interval that provide a plausible description of the
geomagnetic field that best reproduces the observed morphology and strength of the
palacomagnetic field. Such models are described by a suite of plausible Gauss coefficients.
From these, predictions of palacomagnetic distributions can be generated and compared
against those generated by geodynamo simulations. This process can provide further
evidence to suggest that the compared models may accurately represent the internal
structure and interactions of the Earth across the studied time interval.

Background
Long-term Variations in Geomagnetic Field Behaviour

In its entirety, the geomagnetic field is a superposition of magnetic fields from sources
internal and external to the Farth. Variations in the geomagnetic field on the shortest
timescales (< 1 year) typically occur in response to changes in the nature of external
sources. This facilitates isolation of the internally generated contribution to the
geomagnetic field, in other words that which is a result of the geodynamo. The
contribution from the geodynamo dominates large scale structures of the geomagnetic
field and accounts for around 90% of that detected at Earth’s surface (Korte & Mandea,
2019). The magnetic field at any point outside of the source can be described by the
gradient of a scalar potential (Merrill et al., 1998). As the geomagnetic field is generated
in the core, this description is applicable to any point lying outside of it. This position is
given by the spherical coordinates: radius (7), colatitude (f), and longitude (p). On the
Earth’s surface, this point lies a distance equivalent to the Earth’s radius away from the
source (2). Traditionally, the resulting spherical harmonic expansion is represented in
Gauss’ form which utilises Gauss coefficients (g;", ij""). The solution can be solved for
a given degree (/), with the full description, the magnetic potential (¥), a combination of
the contributions from an infinite number of degrees ().

a . l a\lt1 m m -
V= 21 Zm=o (;) pi*(cos8)(g"cosme + h"sinme) (1.1)

The solution of degree 1 is that of the dipole field (Figure 1.1) and its magnetic potential
falls of at a rate of »*, with increasing distance from the source (i.e. the core-mantle
boundary (CMB)). With increasing degree, the exponent describing the rate at which
magnetic potential falls off, decreases by 1. This results in reduced relative contribution
from the non-dipole at the Earth’s surface, estimated to be on the order of 10-20% (Korte
& Mandea, 2019). Changes in the relative contribution of the different degree harmonics
are observed at the Earth’s surface as secular variation of the geomagnetic field. These
changes occur on timescales greater than a year, with current trends seeing a decrease in



the dipole component and a westward drift in the non-dipole. The rapid rate at which
secular variation is observed, points to dynamo action in the outer core as the controlling
factor (Loper, 2003). Averaging the geomagnetic field across timescales on the order of
10* to 10° years sufficiently averages out the effects of secular variation (Tauxe et al.,
2018). This time-averaged field (TAF) can be described by a geocentric axial dipole
(GAD), corresponding the degree 1, order O Gauss coefficient (Figure 1.1).
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Figure 1.1: Spherical harmonic basis functions up to degree () = 3, order (m) = 3. Pink portions
represent regions where the function is positive, blue portions where the function is negative. Modified
from Xiang, & Landschoot, (2019).
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Secular variation experienced during ancient time is referred to as palacosecular variation
(PSV). By this definition, reversals and excursions are examples of PSV. During a reversal,
it appears that the strength of the dipole decays before becoming entirely diminished.
Throughout this decay, its polarity is maintained but as it grows in strength from its
minima, it does so with the opposite polarity. All the while, the non-dipole component
of the internally generated geomagnetic field appears to persist (McPheron et al., 2022).
During excursional events, the geomagnetic field also exhibits a great departure from
GAD, again suggestive of a diminishing dipole whilst the non-dipole is more greatly
maintained. The distinction from reversal events is that the geomagnetic field is not re-
established in the opposite orientation (McPheron et al., 2022). The definition of
established reversed orientation is somewhat arbitrary as an event that achieves a reversed
state for a short period of time is viewed as an excursion and not a pair of reversal events.
Although there is no formal definition, the reversed state must have existed for sufficient
time that it can be described by a TAF to be categorised as a reversal (Gubbins, 1999).

Ordinarily, PSV refers to the characterisation of variations in the geomagnetic field during
stable polarity chrons (Johnson & McFadden, 2015). Additional variations in the strength
of the geomagnetic field are observed outside of that associated with reversals and
excursions. To analyse this variation, palacomagnetic field intensity (B) is typically
expressed as a virtual (axial) dipole moment V(A)DM (Constable, 2007).
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This process utilises the dipole formula (Equation 1.3) to determine magnetic colatitude
(6,,) from the measured magnetic inclination (I). When geographic colatitude is used in its
place, the calculated dipole moment is a VADM (Constable, 2007).

tanl = 2cotf,, (1.3)

A VDM describes the theoretical geocentric dipole that would result in the observed field
strength at a given geographical locality. Through this process, it is possible to directly
compare estimates of palacomagnetic field strength, accounting for the latitudinal
variation that arises due to the dipole nature of the field (Constable, 2007). For a given
description of the palacomagnetic field across a sufficiently long time to characterise
secular variation, the average intensity can be estimated alongside its variance. When
descriptions representative of different time intervals throughout the geological record
are compared, differences arise between the average intensities and associated variances
that describe them. These variances are also technically a measure of PSV.

Traditionally, studies of PSV have not included variations in the intensity of the field, due
to the historical availability of palaeointensity data, which is at a premium when compared
with data regarding palacodirections (Johnson & McFadden, 2015). For this reason, the
typical definition of PSV is further narrowed to variations in the direction of the
palacomagnetic field alone, during stable chrons (Johnson & McFadden, 2015). A
common way in which PSV, by its traditional definition, is estimated is through the
dispersion of virtual geomagnetic poles (VGPs). By a similar rationale to that which sees
palaeointensity values converted to V(A)DMs, reported declination and inclination values
are generally transformed into VGPs to facilitate a comparison of palacodirections
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Figure 1.2: a) Stereoplot showing site-mean palaeomagnetic directions from specimens analysed in
Chapter 3. b) Black square represents the sampling area of the studied sites with co-ordinates
displayed (s, @s). Open red circles represent virtual geomagnetic poles (VGPs) corresponding to the
site mean directions in Figure 1.2a (e.g. 1-A, 2-B, etc.). The solid red circle represents the position of the
mean of the VGPs, referred to as the palaeomagnetic pole.

obtained at different geographical locations (Figure 1.2). The position of a magnetic pole
is defined as the projection of the negative end of the dipole at the surface at which the
field is observed (Butler, 1992). Using spherical trigonometry, this pole position can be
determined from the magnetic direction (I, D) observed at a given point (4, ¢,). Assuming
a geocentric dipole for the geomagnetic field, this allows the same principles to be applied
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at the Earth’s surface. This gives rise to the VGP, the pole position calculated from a
single observation of the geomagnetic field (Butler, 1992). The latitudinal position of this
pole (4, is determined by Equation 1.4, once again utilising the dipole formula to
determine 6, (Equation 1.3).

Ap = sin~1(sinAg cos6,, + cosA, sinb,, cosD) (1.4)

This estimated pole latitude can then be used to determine the longitudinal position of
the pole () by calculating the longitudinal difference between the pole and the site (f).

. sinBy, sinD
B =sint (W> (1.5)
A VGP describes the position of a geocentric dipole that can account for the observed
magnetic field direction at one location and at one point in time (Butler, 1992). A VGP
can be calculated from palacomagnetic data (Figure 1.2) which, assuming the remanent
magnetisation was acquired over sufficiently short time, provides a spot-reading of the
palacomagnetic field.

A spot-reading will contain contributions from the non-dipole field (Butler, 1992).
Palacomagnetic poles are determined, in an attempt to evaluate the extent of these non-
dipole contributions. Typically, a set of spot-readings are analysed whose individual
magnetisations were acquired over a time scale of 10* to 10° years (Butler, 1992). The
average of these spot-readings should average out the effects of secular variation (Tauxe
al., 2018). By the definition of the GAD assumption, the resulting average VGP should
lie at the position of the rotation axis (Butler, 1992). This average VGP is what is referred
to as a palacomagnetic pole (Figure 1.2). The variance of the set of VGPs is known as
VGP dispersion and can be viewed as a measure of PSV. By this process, times during
which spot-readings have captured the field undergoing a polarity reversal or excursion
can be identified, as they will display greater deviation from the palacomagnetic pole
(Watkins, 1973; Wilson et al, 1972; Vandamme, 1994). As this behaviour is not
traditionally considered as being representative of typical PSV, VGPs from such spot-
readings are removed from the analysis so as not to artificially inflate the measure of PSV
(Johnson & McFadden, 2015). It should be noted that this approach is not universally
supported, with arguments that reversals and excursions are natural outgrowths of the
same processes governing PSV (e.g. Johnson & McFadden, 2015).

Acquisition of Palaecomagnetic Data

Reference has been made to palacomagnetic data, in the form of palaeodirections and
palacointensity, and there will now be an explanation given of how this information is
obtained. The fact that there is any record of the palacomagnetic field can be attributed
to the phenomenom of ferromagnetism (Figure 1.3), that results in a material acquiring a
remanent magnetisation, and the many processes by which remanent magnetisation is
acquired naturally by rocks during their formation. Ferromagnetism occurs in materials
that contain strongly interacting atoms that each have a permanent magnetic moment.
This interaction is termed exchange energy. The magnetostatic energy of grains is
minimised parallel, or anti-parallel, to an externally applied magnetic field (Purcell &
Morin, 2013). Crucially, for ferromagnetic materials, some memory of this preferred
alignment remains after the external magnetic field is removed. As a consequence of
exchange energy, individual atomic magnetic moments attempt to align all other atomic
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magnetic moments with itself (Purcell & Morin, 2013). As the atomic magnetic moment
was determined by the externally applied magnetic field, the direction of this is the same
as that of the applied field. If the system were to increase in thermal energy, the
interactions between atoms would weaken, until thermal energy exceeds exchange energy
and the remanent magnetisation is reset (Bertotti, 1998; Purcell & Morin, 2013). The
temperature at which this occurs is known as the Curie temperature (Tc, Butler, 1992).
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Figure 1.3: Basic schematic outlining the principle of ferromagnetism. a) Unmagnetised bulk material
with randomly oriented mangetic moments cancelling eachother out. b) Magnetic moments align with
the direction of an applied external magnetic field, resulting in induced magnetism of the bulk material.
¢) The preferred alignment of the magnetic moments remains after the removal of the external
magnetic field; the resulting magnetism of the bulk specimen is referred to as being ‘remanent’.

Ferromagnetic materials are of relatively high natural abundance, with ferromagnetic
minerals widespread in the geological record. Therefore, during its formation, a bulk rock
acquires a remanent magnetisation, as the magnetic moments of ferromagnetic grains
align parallel to the geomagnetic field present during that time and at that formation
location (Figure 1.3). The process by which this remanent magnetisation is acquired is
dependent on the formation process of the bulk rock.

Magnetic grains acquire a thermal remanent magnetisation (TRM) when cooled from
above their Tc to some ambient temperature, in the presence of a weak magnetic field,
such as the geomagnetic field (Moskowitz et al., 2015). Originally defined by Louis Néel,
the time taken for a remanent magnetisation to decay to 1/e of its initial value was termed
the relaxation time (t; Néel, 1949; Smart, 1955). For a material at its T, this is very small
and so magnetic moments quickly become aligned with the ambient magnetic field. As
the temperature of the material decreases, this relaxation time increases until it becomes
so long to as effectively ‘block’ in the remanent magnetisation. The temperature at which
this occurs is referred to as the blocking temperature (Barbara, 2019). By means of a
similar process, chemical remanent magnetisations (CRMs) can also be acquired. CRMs
may occur due to new grain growth or mineral alteration of an existing grain (Stokking &
Tauxe, 1987). At some diameter, dependent on the mineralogy, new grains become
ferromagnetic. At some critical diameter that is also dependent on mineralogy, 1 increases
very rapidly, blocking in the remanent magnetisation. This diameter is known as the
blocking diameter (Stokking & Tauxe, 1987). If this process occurs during the initial
cooling from above T¢, then the grain is said to have acquired a thermochemical remanent
magnetisation (TCRM). This term can also be applied to remanence that has been
acquired from later thermal events, with reheating resulting in grain growth, remanence
unblocking and later blocking during cooling.



Magnetic grains can also acquire an isothermal remanent magnetisation (IRM) in the
presence of a strong direct current (DC) magnetic field (Moskowitz et al., 2015).
Remanence acquisition by this process is rare in nature, due to the relatively weak strength
of the geomagnetic field, with natural occurrences most commonly associated with
lightning strikes (Butler, 1992). The application of a strong enough magnetic field
opposing the magnetisation of a material will result in its demagnetisation. The field
strength at which this occurs is known as the coercivity of a material (Moskowitz et al.,
2015). This phenomenon is utilised in a commonly used laboratory technique referred to
as anhysteretic remanent magnetisation (ARM; Moskowitz et al., 2015). Applying an AF
that linearly decreases at each cycle, in the presence of a weak DC field, systematically
imparts a magnetisation parallel to the direction of the DC field in grains with
progressively decreasing coercivity. Weak magnetic fields, such as the geomagnetic field,
can impart a remanence but only after long exposure. This process, known as viscous
remanent magnetisation (VRM), affects ferromagnetic grains with short relaxation times
(Butler, 1992). If VRM acquisition occurs as the material is heated to some temperature
between Tc¢ and ambient temperature, the remanence is known as thermo-VRM.

Demagnetisation Processes & Palaeodirectional Data

Since their initial formation, most rocks will have acquired some additional magnetisation.
This is known as secondary magnetisation, with that acquired during initial rock
formation known as primary magnetisation. Blocking temperature is dependent on
factors such as mineralogy, grain size, and grain shape (Butler, 1992). As a result, bulk
rock samples typically display a range of blocking temperatures. A TRM acquired during
a specific blocking temperature interval is known as a partial TRM (pTRM), and
subsequent heating of a rock can impart secondary pTRMs. Likewise, new grain growth
or alteration can result in secondary CRMs and/or TCRMs (Fabian, 2009; Kellog et al.,
1970, Stokking & Tauxe, 1987), and almost all bulk rock specimens will have acquired a
secondary VRM (Dunlop & Ozdemir, 1997). When the magnetisation of rocks affected
in this way is measured, the resulting declination and inclination will be a result of the
sum of these pTRM components (Butler, 1992). To reveal information relating to the
geomagnetic field at the time of the rock’s formation, the primary remanence must be
isolated. Stepwise demagnetisation techniques facilitate the removal of overprinting
directions (Zijderveld, 1967), though further information is required on the rock’s history
to ascertain the likelihood of the remaining direction being primary and not simply an
older secondary magnetisation. Until there is evidence to suggest that it is primary, it is
instead referred to as the characteristic remanent magnetisation (ChRM; Butler, 1992).

The process of thermal demagnetisation relies on the theory of TRM acquisition
proposed by Louis Néel in 1949. A bulk rock specimen is heated to a temperature below
its Curie temperature, instantaneously randomising the magnetisation of all grains within
the unblocking range and demagnetising a pTRM. If the specimen then cools in the
absence of a magnetic field, the randomised magnetisations are maintained and the
contribution from the associated pTRM to the original remanence has been removed
(Butler, 1992). The specimen has been partially demagnetised. Repeating this procedure
but heating the specimen to a temperature greater than Tc would completely demagnetise
the specimen.



Similarly, the effects of strong applied magnetic fields on magnetised grains can be utilised
to demagnetise bulk rock specimens. Such as is the case when imparting an ARM, a strong
alternating field is applied that linearly decreases in strength with each cycle. To
demagnetise a specimen, this process is conducted in the absence of an applied DC field,
however. Magnetic grains whose coercivity is less than the applied field, align themselves
parallel to the applied field. The amplitude of the applied field decays with each half cycle,
and so for any grains whose coercivity was less than the previous amplitude of the applied
field but greater than the new amplitude, their magnetisation remains in the direction of
the previously applied field. This highlights the importance of the alternating field, as the
magnetisation of the grains with coercivity less than that of the new applied field is now
aligned anti-parallel to that of the newly fixed grains. By continuing to gradually reduce
the amplitude of the AF with each half-cycle, the magnetisations of grains with a
coercivity less than that of the maximum amplitude of the AF field become magnetised
in opposite directions in equal proportions (Butler, 1992). The net effect is partial
demagnetisation of the bulk specimen, or complete demagnetisation if the maximum
amplitude of the AF field exceeds the maximum coercivity fraction within the bulk
specimen. To ensure that all three axes of the bulk specimen are affected simultaneously,
this process can occur whilst tumbling the bulk specimen (Tauxe et al., 2018).

Palaeointensity Determination

The stepwise demagnetisation procedures outlined, alongside principal component
analysis (Kirschvink, 1980), allow the direction of a ChRM component to be relatively
easily determined. For a complete description of the geomagnetic field at a given point in
time and space, information is required regarding the strength of the magnetic field. The
basis for any determination of palacointensity is that the strength of the remanent
magnetisation is proportional to the strength of the magnetising field (Néel, 1949, 1955).
The first requirement for this to hold, and to be able to accurately estimate absolute
palaeointensity, is that the remanence must have been acquired in the form of a TRM
(Dunlop, 2011). By this reckoning, the magnitude of the remanent magnetisation (Mxrw)
can be expressed as some proportionality constant multiplied by the palacomagnetic field
strength (B..). In the same vein, the specimen can be given an artificial TRM by heating
above the Tc and cooling in an applied field, and the magnitude of the resulting
magnetisation (M) can be expressed as some proportionality constant multiplied by the
applied laboratory field (Bu;). Assuming that the proportionality constant remains
unchanged, then the two expressions can be set equal to one another (Dunlop, 2011). If
the magnetisation of the specimen is measured before and after the heating process, this
leaves just one unknown to solve for, the palaeomagnetic field strength.

Banc = % Biap (1.6)
This simple process would be sufficient in determining palaeointensity if the original
remanence of the bulk specimen, the natural remanent magnetisation (NRM), was a single
component, primary TRM. In reality, as has been discussed, secondary magnetisations
are common place and contribute to the NRM (Zijderveld, 1967; Dunlop & Ozdemir,
1997). One other caveat is the assumption that the proportionality constants relating
magnetisation to the ancient geomagnetic field and the applied laboratory magnetic field,
respectively, are equivalent (Perrin, 1998). Again, such a finding is unlikely as there are a
wealth of properties that determine the proportionality constant for a bulk rock specimen.
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These include, but are not limited to, ferromagnetic grain size distribution and
ferromagnetic mineralogy (Perrin, 1998). Ferromagnetic grains carrying the primary TRM
have often undergone alteration after prolonged exposure to oxidising and/or reducing
environments (Dunlop & Ozdemir, 1997), and further alteration and/or grain growth is
common place during laboratory heating (Perrin, 1998; Tarduno et al., 2007).

Further assumptions are made in an attempt to overcome the issues of applying Néel’s
model of TRM to obtain palaecointensity estimates in real-world scenarios. These
assumptions require that the TRM of a specimen is viewed as a spectrum of pTRMs, and
they are known as the Thellier laws (Thellier, 1938; Thellier & Thellier, 1959). The first
of these is the law of additivity. It, quite simply, states that the vector sum of all pTRMs
is equal to the total TRM. The second law, the law of independence, requires that the
direction and intensity of a pTRM associated with a given temperature range are fully
independent of any other pTRM associated with an entirely different, non-overlapping,
temperature range. Finally, for the first two laws to hold true, the temperatures at which
the pTRMs were blocked and subsequently unblock have to be identical. This is known
as the law of reciprocity.

Introduction to Magnetic Domains

All theoretical understanding described up until this point, relies on one fundamental
assumption. That bulk rock specimens are an assemblage of non-interacting, single
domain (SD) grains. In reality, this is not the case with rocks containing grains of a wide
range of domain states with the end-member scenarios of SD and multi-domain (MD).
A magnetic domain is a region in which all atomic magnetic moments are aligned in the
same direction, resulting in a net moment (Dunlop & Ozdemir, 1997). In the absence of
an applied field, or a previously applied field that resulted in remanence, there is no
preferred orientation of these domains relative to one another (Young, 1992). Separating
these domains are domain walls.

Domains form where it is energetically favourable to do so. All magnetic grains have
surface charges that are present at each pole. These surface charges have an associated
demagnetising magnetic field that acts to reduce the magnetic field of the grain. The
energy of the surface charges is referred to as magnetostatic energy and it is the potential
energy of the magnetic moments in the field they have created (Bertotti, 1998). The
formation of a domain wall, and so the separation into two magnetic domains, reduces
the magnetostatic energy. The second domain becomes magnetised anti-parallel (Figure
1.42) (Hummel, 2011). Producing and maintaining a domain wall requires energy, and so
domain walls are only generated where it is energetically favourable to do so. That is to
say the energy required to maintain a given number of domain walls is equal to the
resulting magnetostatic energy (Hummel, 2011). The effects of an applied field are
somewhat different for MD grains, as instead of orienting parallel to the applied field, as
is the case for magnetic moments of SD grains, in MD grains the domains that align with
the applied field grow at the expense of those pointing in other directions (Hummel,
2011). In this respect, ferromagnetic MD grains are also capable of acquiring a remanence
but the magnetic properties and behaviours differ to those of SD grains.

For a given composition, increased grain size makes it energetically favourable for domain
walls to form, as magnetostatic energy increases. There is no sharp transition observed
from an SD to MD state as grain size increases, however. Instead there is a gradual
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transition, the size range over which it occurs being dependent on spontaneous
magnetisation, shape, and the state of internal stress of a grain (Roberts et al., 2017).
Traditionally, these transitional states have been termed pseudo-single domain (PSD).
With advances in micromagnetic modelling, greater understanding has been developed
on these transitional states, allowing the identification of distinct evolutionary states
(Roberts et al., 2017). This makes PSD more of a catch-all term in our modern
understanding. At the limit of an SD diameter, a magnetisation state known as the flower
state develops (Figure 1.4b). In this state, magnetic moments spread outwards at the edge
of a grain (Schabes & Bertram, 1988). Within this flower state, magnetisation remains
essentially uniform at the centre of the grain, in a similar manner to the magnetisation
held within an SD grain (Roberts et al., 2017). With a diameter above that of a stable SD
grain, the reversal response of the magnetic moment to an applied field occurs as curling
around a central axis (Williams & Dunlop, 1989). This is commonly referred to as a vortex
state (Figure 1.4c) (e.g. Roberts et al., 2017). Nucleation of vortex states has been
demonstrated as the cause of stable magnetisations within PSD grains (Roberts et al.,
2017; and references therein). So unlike MD grains, it is assumed that PSD grains, both

flower and vortex state, are able to preserve remanent magnetisations as well as SD grains
(e.g., Nagy et al., 2017).
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Figure 1.4: Schematics of MD and PSD grain structures. a) Cross-section of alternative grain structures
for the same grain. (L-R) A single domain structure; two-domain structure; four-domain (MD) state;
two-domain state with closure domains. Reduction of magnetostatic energy achieved by reducing the
demagnetising field (B), associated with surface charges, through increasing the length-diameter
ratio. Figure is modified from Dunlop & Ozdemir (1997). b) In-plane configurations of electron-spin
within flower-state domain, c) vortex-state domain. Modified from Zhao et al. (2015).

As MD grains are still capable of recording a remanent magnetisation that retains some
memory of the external magnetic field to which they have been exposed, stepwise
demagnetisation techniques still isolate a ChRM that is representative of the
palacomagnetic field. The greater issue is the effects that MD grains can have on
palacointensity experiments. Although the effects are not fully understood, it appears
likely that MD grains can result in failure of the law of reciprocity (Tauxe et al., 2020).
This has been attributed to changes in domain wall structure during the multiple heating
events associated with traditional palaeointensity methods (Tauxe et al, 2020). In
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addition, elongated SD grains, and PSD and MD grains have all been demonstrated to
have the potential to violate the linear relationship between magnetisation and applied
field strength (Dunlop & Argyle, 1997; Selkin et al., 2007). To increase the likelihood of
obtaining reliable palacointensity estimates, a variety of experimental methods have been
developed that attempt to minimise and/or detect MD effects as well as reduce the
likelihood of laboratory induced alteration that invalidates the assumption of equivalent
proportionality constants. The following section provides a summary of the
palacointensity techniques utilised within this study, and the steps that are taken to
mitigate the impact of non-ideal effects.

Thellier-style Methods

Formalised by Emile & Odette Thellier (1959), the Thellier-Thellier method, referred to
hereinafter as simply the Thellier method, was the culmination of over two decades of
work that attempted to devise a method to successfully obtain palacointensity estimates
from baked material (e.g. Thellier, 1937a; 1937b; 1937¢; 1941a; 1941b; 1946; Roquet &
Thellier, 1946). The final method (Thellier & Thellier, 1959), involved double stepwise
heating events that replace natural pTRMs with laboratory induced pTRMs across
progressively increasing blocking temperature ranges. During the first heating of each
step, the specimen is heated to a given temperature in the presence of a known laboratory
field then cooled whilst maintaining the same external field. The same specimen is then
subject to an identical process, but the specimen is now orientated in the opposite
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Figure 1.5: Example Arai diagram (Nagata et al., 1963), typically used in analysis of Thellier-style
experiments. Data in this example comes from results of a specimen analysed in Chapter 4. Associated
palaeomagnetic direction displayed in a Zijderveld plot (top right). Best-fit line (red) determined from
selected points (yellow) of the ChRM, and used in determination of Bane. Second in-field step at lower
blocking range (pTRM check, grey triangle).

direction. Specimen magnetisation is measured after each of these steps, and from this,
the remaining magnetisation (NRMemaining) and gained magnetisation (pTRMgined) can be
determined. The double heating process is then repeated at progressively higher
temperature steps. Subsequent adoptions of the Thellier method analysed this data with
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an Arai plot (Figure 1.5), in which pTRMined 1s plotted against NRMemaining (Nagata et al.,
1963). Idealised experiments result in a linear relationship between the two (Nagata et al.,
1963). With this approach, the slope of the best-fit line represents the ratio of natural
magnetisation to laboratory magnetisation (Figure 1.5). Making use of the proportionality
between magnetisation and the applied field, discussed eatlier, palacointensity can then
be estimated (Equation 1.6).

To understand the limitations of the Thellier method, and factors for consideration, it is
important to develop an understanding of how the method was developed. The double
heating technique present in the original Thellier method had previously been developed
by Johann Koenigsberger, with little success in obtaining palacointensity estimates
(Dunlop, 2011; Koenigsberger, 1938). Koenigsberger had been conducting experiments
on a variety of volcanic rocks that had resulted in complex behaviour, now known to be
caused by combinations of MD and alteration effects (Dunlop, 2011). In an attempt to
avoid this undesirable behaviour, Thellier conducted experiments on baked clay. Through
the development of the Thellier method, a better understanding was developed regarding
how a specimen should behave in order to produce successful results. This process
resulted in the previously discussed Thellier’s laws, which were later provided with a
quantitative physical basis in the form of Néel theory (Néel, 1949). As Néel theory
describes behaviour exhibited by non-interacting SD assemblages, this would suggest that
the baked materials studied by Thellier could be represented by such. A high
concentration of SD grains is now a well-established property of baked clays, and so by
its development, the Thellier method only strictly holds for these ideal recorders.

Subsequent modifications to the Thellier method have attempted to identify MD effects
and reduce the effects of MD contamination. Identifying MD effects provides grounds
on which to reject any results, on the basis that they violate the assumptions on which
the method is based. It can also provide an opportunity to cease experiments prematurely,
as the multiple heating and cooling steps make the Thellier method a time-consuming
process. An easily identified, and early discovered (Levi, 1977), effect of MD grains is a
sagging of the resulting Arai plot. Such behaviour is observed in the re-analysed results
of Koenigsberger (Dunlop, 2011), and it has been proposed to arise due to violation of
the law of reciprocity (Tauxe et al., 2020). Another consequence of the violation of this
law are pTRM tails (Bol’shakov & Shcherbakova, 1979; Shashkanov & Metallova, 1972).
These occur when the demagnetisation of a specimen across a given blocking range, does
not remove the pTRM acquired across the same blocking range. In an effort to detect
this effect, modern Thellier methods have replaced one of the steps within the double
heating with a heating to the same temperature but in the absence of any magnetic field
(Aitken, 1988; Coe, 1967; Tauxe & Staudigel, 2004). In the IZZI protocol (Tauxe &
Staudigel, 2004), which is utilised in this thesis, the so called ‘in-field” and ‘zero-field’ steps
are conducted in an alternating order. Low-temperature pTRM tails can be detected
through this method by a zigzagging appearance of the Arai plot. In experiments using
other protocols, an additional zero-field step can be performed after in-field steps of the
same temperature, to identify pTRM tails (Riisager & Riisager, 2001). Methods utilising a
zero-field step can also check that the specimen’s ability to acquire a pTRM across a given
blocking range has not altered, after subsequent heating to a higher temperature, by
including a second in-field step at the lower blocking range (Tauxe et al., 2018). This is
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known as a pTRM check (Figure 1.5) and it will be used throughout Thellier experiments
presented in this study.

Additional treatment steps have also been developed that attempt to remove a large
proportion of the NRM of a specimen that is held by MD grains (Schmidt, 1993;
Yamamoto et al., 2003). The most commonly used of these is an AF cleaning step prior
to each step of the palacointensity experiment. This procedure looks to make use of the
low coercivity of MD grains by demagnetising them through exposure to a weak AF
treatment (Schmidt, 1993).

Despite best efforts to improve traditional thermal Thellier methods, specimens often
prove unsuitable and so experiments are associated with high failure rates (Carvallo et al.,
20006; Paterson et al., 2010). Additional Thellier-style methods have been developed in an
attempt to address this, primarily focusing on reducing laboratory alteration. Two such
methods are the microwave method (Hill & Shaw, 1999; 2000; Shaw et al., 1996) and
single crystal analysis (Cottrell & Tarduno, 1999; 2000). Microwave heating aims to reduce
bulk specimen temperatures, and thus thermochemical alteration, by directly targeting
ferromagnetic particles. Through this direct excitation, bulk temperatures remain
relatively low throughout the duration of an experiment (Hill & Shaw, 2000; Gratton et
al., 2005). In single crystal analysis, plagioclase crystals are isolated that contain
titanomagnetite inclusions (Cottrell & Tarduno 1999; 2000). This approach aims to take
advantage of the greater resistance of plagioclase to thermochemical alteration, than that
of clays that are often common throughout bulk specimens. Neither method is without
its limitations (Borlina et al., 2020; Grappone et al., 2020), providing no guarantee of
improved success. In addition, specialist equipment is required for both of the outlined
methods. The Geomagnetism Laboratory at the University of Liverpool houses the
“Tristan’ 14 GHz microwave system, but operational difficulties encountered across the
time in which this study was conducted resulted in no palaeointensity experiments being
conducted via this method.

Shaw Method

The Shaw method (Shaw, 1974; Kono, 1978; Rolph & Shaw, 1985) aims to overcome the
violation of the equivalent proportionality constants that occurs as a consequence of
laboratory-induced alteration, by correcting for the effect. In addition, single step TRMs
are imparted to reduce the amount of heating and cooling cycles that a specimen is
exposed to. In theory, this approach reduces the likelihood of laboratory induced
alteration occurring when compared with exposing a specimen to a stepwise heating
protocol.

The palacointensity estimate is determined by comparing the AF demagnetisation spectra
with that of subsequent laboratory-imparted TRM (Figure 1.6). This is essentially
equivalent to the Arai plot slope described for Thellier experiments. The degree of
alteration experienced during laboratory heating is estimated by comparing the
demagnetisation spectra of an ARM imparted prior to and after the acquiring and
demagnetisation of the TRM (Figure 1.6). The theory is, that if no alteration has occurred
during the heating process, the two ARM spectra should be identical as the remanence
carriers are unchanged. The difference in the two ARM spectra is determined for each
AF demagnetisation step and applied as the correction to the TRM. Final palaeointensity
estimates are determined using the slope of the NRM spectra versus the corrected TRM
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spectra (Figure 1.6). The application of this correction relies on the assumption that ARM
is equivalent to TRM, and that any change in the specimen’s ability to record an ARM
will be reciprocated in the TRM acquisition.

The double heating technique (DHT) was developed as a validity check for the ARM
correction (T'sunakawa & Shaw, 1994), and is now a part of the standardised method
when conducting a Shaw experiment (e.g. Lloyd et al., 2021a). The process involves a
repeat of the previous process with a second TRM and subsequent ARM imparted and
AF demagnetised. The check is said to pass, and the alteration correction to have worked,
if application of the second alteration correction results in linearity between the now
corrected second TRM with the first imparted TRM (Tsunakawa & Shaw, 1994).
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Figure 1.6: Example analysis plots used in a Shaw-DHT experiment. Data in this example comes from
results of a specimen analysed in Chapter 4. Left column (yellow) displays the corrected Mnry/Miab
plot, from which the palaeointensity estimate is determined (Equation 1.6), and the associated ARM
correction (purple row). Right column (blue) displays results of the second heating step after the
application of the ARM correction, and the correction itself (purple row).

Pre-treatment of specimens, through low-temperature demagnetisation (LTD), has been
proposed as an additional step to minimise MD contributions (Yamamoto et al., 2003).
This approach could also be applied to specimens subjected to a Thellier style experiment,
but as treatment must be applied prior to each step this further increases the experiment
time associated with the already time-consuming Thellier method (e.g. Fukuma & Kono,
2016). As the Shaw method imparts full TRMs, less steps are involved but the process is
still time-consuming. With conflicting findings on the improvements this has made to
palacointensity estimates (Lloyd et al., 2021b; Thallner et al., 2021; Mochizuki et al., 2004;
Oishi et al., 2005; Yamamoto et al., 2007) and an effectiveness only for magnetite bearing
rocks (Smirnov et al., 2017), it is beneficial to assess the nature of the specimens prior to
starting the experiment to determine the likelithood of a need to reduce MD effects.

16



Calibrated pseudo-Thellier Method

The most effective way to mitigate the effects of laboratory induced alteration is to utilise
a palacointensity method that does not rely on imparting the specimen with a suite of
pTRMs or a TRM. These methods are known as non-heating methods and the most
commonly used of these is the pseudo-Thellier method (de Groot et al., 2013; Tauxe et
al., 1995), a variation on the traditionally used Thellier method. In the absence of TRMs,
the method imparts ARMs, utilising the coercivity range present within bulk specimens
as an alternative to the blocking spectra. The process is relatively simple. It involves the
step-wise AF demagnetisation of the NRM, followed by progressive ARM acquisition at
the same AF steps, followed by a final step-wise AF demagnetisation (Paterson et al.,
2016; Tauxe et al., 1995). In an analogous manner to the analysis of Thellier data,
NRMiemaining 18 plotted against ARMained, this time referred to as a pseudo-Arai plot.

Estimates from the pseudo-Thellier method only provide a relative palaecointensity value
(Tauxe et al., 1995). This is due to the use of an ARM when imparting a laboratory field
and the fact that the natural remanence being studied was acquired as a TRM. In order to
obtain an absolute palacointensity estimate, a calibration factor is required that accounts
for this difference in remanence acquisition (e.g. de Groot et al., 2013; Paterson et al,,
2016). This is not an intuitive issue, as the relationship between ARM acquisition and
TRM cquisition is complex and has been shown to be grain size dependent (Yu et al.,
2003). As such, best estimates of a suitable calibration factor have been determined
empirically (e.g. de Groot et al., 2015; de Groot et al., 2016; Paterson et al., 2016). For
this process, palacointensity estimates are determined through the pseudo-Thellier
method, on natural specimens where the strength of the geomagnetic field to which they
were exposed during their formation is known. For this reason, historical or
archaeological material is studied with expected field strengths determined from the
international geomagnetic reference field (IGRF). Perhaps unsurprisingly, calibration
factors determined by different authors display differences (de Groot et al., 2013;
Paterson et al., 2016; Yu, 2010). As such, consideration should be given to the choice of
calibration factor when taking advantage of the calibrated pseudo-Thellier method.

The main drawback of pseudo-Thellier methods comes back to the use of an ARM in the
place of a TRM. ARM acquisition displays a strong dependence on grain size (Maher,
1988). As such, the relationship between the laboratory imparted ARM and the natural
TRM will vary between specimens, depending on the grain size distribution of the
specimen. The resulting uncertainty in final palacointensity estimates is demonstrated by
the large uncertainty associated with the most recently derived calibration factor (3.280 *
0.828, Paterson et al., 2016). When this error is propagated through, it results in an
uncertainty in the final palacointensity estimate of ~25%. For this reason, it is inadvisable
to obtain palaeointensity estimates via the pseudo-Thellier method in isolation (Thallner
et al., 2021).

Sample Selection & Ideal Recorders

Comparing the experiences of Koenigsberger and Thellier, when first attempting to
obtain estimates of ancient geomagnetic field strength, it is evident that obtaining
successful results from geological material is highly challenging. Koenigsberger conducted
experiments on a wide range of rock types including basalts, andesites, granites,
granodiorites, gabbros, and diabases (Dunlop, 2011), but ultimately produced no
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successful palacointensity estimates. Conversely, by being selective with the studied
material, Thellier achieved much greater success that ultimately resulted in an
understanding of the properties and behaviours that a material must exhibit to achieve
results. Despite efforts to overcome difficulties in obtaining palacointensity estimates
from non-ideal recorders, some of which have been discussed, the most effective way to
ensure the success for a palacointensity experiment is to conduct them on the type of
specimens around which they were developed. Such specimens contain a high
concentration of SD grains that are unlikely to have changed in such a manner to have
altered their associated constant of proportionality and are unlikely to experience such
changes during laboratory heating.

Such material is rare geologically speaking, but by considering the range of processes
involved in rock formation, and the effects of depositional environments, the likelihood
of observing more idealised behaviour can be increased. Igneous rocks that experienced
a faster rate of cooling are more likely to contain ferromagnetic grains whose size falls
within typical SD size ranges (Ozdemir, 2007). In this respect, lava flows are generally
more favourable than intrusive bodies, though the thickness of the igneous body is also
a factor for consideration. Composition of an igneous body can also be important. Mafic
rocks contain a greater proportion of iron bearing minerals, and iron-oxides and iron-
sulphides are known to be the most dominant ferromagnetic minerals found in the
geological record (Bernat, 1983). Increased iron content increases the likelithood of
specimens exhibiting strong magnetisations, and so changes during demagnetisation are
more distinguishable at the resolution of magnetometers.

Consideration of the environment to which an outcrop has been exposed to since its
formation can provide insight into the likelithood of rocks in their current state having at
least a similar constant of proportionality to that possessed at the time of their formation.
Alteration affects the chemical composition, size, and shape of grains, all of which will
affect their ability to acquire a remanence (Dunlop & Ozdemir, 1997). For this reason,
specimens acquired from submarine environments, areas of intense deformation, or
regions subjected to prolonged hydrothermal activity associated with volcanic processes
are more likely to result in non-ideal behaviour. This is without the added complication
of considering that alteration can affect primary TRMs so that remanence is then held by
a TCRM (Draeger et al., 2006; Dunlop & Ozdemir, 1997; Fabian, 2009; Shcherbakov et
al., 2019). Reducing the likelihood of variation in the proportionality constant during
laboratory heating is more difficult but selecting specimens more likely to contain end-
member states of a solid solution series could reduce laboratory induced changes. For
example, the common iron-oxide magnetite is the end member of the solid solution series
of the iron-titanium oxide, titanomagnetite (Dunlop & Ozdemir, 1997). During initial
cooling, titanomagnetites commonly experience high-temperature oxidation that pushes
their composition closer to pure magnetite. Once cooled sufficiently, this oxidation
process stops and the titanomagnetite composition at this point remains (Dunlop &
Ozdemir, 1997). When heated further under laboratory conditions, titanomagnetite can
experience further high-temperature oxidation that would ultimately result in magnetite
(Draeger et al., 2000). In igneous rocks that have cooled sufficiently slowly, this effect is
less likely. The caveat is that increased grain sizes, and thus MD grains, are also likely to
be more common.
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When these factors are considered in unison, sub-aerial, basaltic lava flows appear a
favourable lithology that may result in successful palaeointensity determinations. The
palacointensity record reflects this, with sub-aerial basalts the most common combination
of rock-unit and lithology from which palacointensity results have previously been
obtained (PINT v8.0.0, Bono et al., 2021).

Records of the Palaeomagnetic Field

Average polarity reversal frequency, palacointensity, and directional PSV are the most
commonly described characteristics of the palacomagnetic field (Butler, 1992; Tauxe et
al., 2018). Of these, the evolution of average reversal frequency throughout geological
time is the most well-defined (Bono et al., 2021; Doubrovine et al., 2019; Ogg, 2012). As
discussed, obtaining palacointensity estimates is complicated by MD effects and
alteration. Reliable palacomagnetic directions can still often be acquired from similarly
affected rocks (Dunlop & Ozdemir, 1997). The other central reasoning behind a
substantially more greatly populated directional record is that palacomagnetic directions
can be obtained from both sedimentary and igneous records. The fundamental
requirement in determining absolute palaeointensity estimates, that rock remanence was
acquired as a TRM, makes sedimentary rocks unsuitable for such experiments. This is of
great impact to potential palacointensity targets, as sedimentary rocks are the most
common rock type exposed at Farth’s surface. Similarly, sedimentary rocks present
difficulties in assessing directional PSV due to issues of age calibration and remanence
smoothing (Johnson & McFadden, 2015), and an inability to account for measurement
error (Biggin et al., 2008). Igneous units are often preferred, and are in fact required to
analyse directional PSV in the manner previously outlined (Johnson & McFadden, 2015).
Being an analysis of palacomagnetic directions, MD effects and alteration are less of an
issue than in palacointensity experiments but, crucially, igneous units must have cooled
sufficiently quickly so to have not averaged out secular variation (Johnson & McFadden,
2015). For these reasons, far fewer rocks are suitable for palacointensity and PSV analysis
than is the case for palacomagnetic experiments.

Geomagnetic Polarity Timescale

Magnetostratigraphy is the study of the geomagnetic polarity reversals registered within a
stratigraphic section (Ogg, 2012). Correlation of magnetostratigraphic sections with those
from other localities, marine magnetic anomalies, and biostratigraphy has resulted in the
Geomagnetic Polarity Timescale (GPTS, Ogg, 2012). Complemented with additional
dating techniques, it provides the most comprehensive record of the changes in
geomagnetic polarity throughout geological history. It is from this record, that the average
polarity reversal rate can be estimated, commonly expressed as the number of reversals
per million year (Myr™).

The GPTS is well documented, and constrained, back to the middle Jurassic (~160 Ma),
due to the present-day occurrence of oceanic crust that formed back to this time (Figure
1.7). The detailed records of magnetic stripes either side of ocean ridges provide a
template against which magnetostratigraphic sections can be compared. Much progress
has been made in recent years to better define the GPTS during the Triassic (Haque et
al., 2021; Kent et al., 2017, 2018, 2019; Li et al., 2016; Maron et al., 2019; Zhang et al.,
2020). This work built upon an already well-developed polarity timescale, that arose due
to the concerted efforts of palacomagnetists, biostratigraphers, and cyclostratigraphers
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(Ogg, 2012). Further back in geological time, the GPTS is dominated by the
predominantly reversed polarity of the Permo-Carboniferous Reversed superchron
(PCRS; ~318-265 Ma; Haldan et al., 2009; Opdyke & Channell., 1996). It is prior to the
PCRS that the GPTS becomes much more uncertain (Figure 1.7; Hawkins et al., 2021;
Hounslow, 2021; Ogg, 2012; van der Boon et al., 2022). Recent reviews of Carboniferous
(358.9-298.9 Ma; Ogg, 2012; Hounslow, 2021) and Devonian (419.2-358.9 Ma; van der
Boon et al., 2022) magnetostratigraphy concluded that, with the currently available data,
it is impossible to construct full, detailed polarity timescales. Reversal records then further
deteriorate with minimal magnetostratigraphy available for the Silurian (Hounslow et al.,
2021). Recent progress has been made to Ordovician and Cambrian records, but polarity

timescale construction is still very much in its infancy (Hounslow et al., 2021; Pavlov &
Gallet, 2020).
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Figure 1.7: Average polarity reversal rate for the last 500 Ma. Rates presented on a log scale with the
source of data highlighted, sea-floor (red) or terrestrial stratigraphic sections (black). Geological
periods from across this time highlighted (Ogg, 2012). Figure modified from Hounslow et al. (2018),
who utilised LOCFIT estimating procedures (Loader, 1999) to construct reversal frequency model.

As all characteristics of the geomagnetic field fundamentally result from the geodynamo
process, it has long been postulated that relationships may exist between them (e.g. Biggin
et al., 2008; Gubbins, 1987; McFadden et al., 1991; Pal, 1991; Sprain et al., 2015; Tarduno
et al., 2001). Average polarity reversal frequency has been hypothesised to be correlated
with equatorial VGP dispersion, and inversely correlated with average palacointensity
(Doubrovine et al., 2019; Gubbins, 1987; McFadden et al.,, 1991). Observing such
relationships in the palacomagnetic records, would provide crucial evidence to support
such hypotheses. With the GPTS lacking detail and clarity prior to the onset of the PCRS
(Figure 1.7, Ogg, 2012), constraining such relationships through the wuse of
palacomagnetic records further back in geological time becomes difficult. Therefore, this
study focuses solely on the evolution of the geomagnetic field across the last ~320 Ma.
By identifying and addressing gaps in our understanding of the evolution of
palacointensity and PSV across this time, direct comparisons between the global records
of the different palacomagnetic characteristics will become more feasible and insightful.
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Palaeointensity Record

Databases documenting palacointensity data have been constructed separately for the last
50 Kyr (GEOMAGIA50, Brown et al., 2015), and the rest of geological time (PINT,
Biggin et al., 2009; 2015; Bono et al., 2021; BOROKPINT WDB, e.g. Perrin et al., 1998),
due to the relative abundance of data describing the more recent geomagnetic field. The
data contained within the Palacointensity (PINT) database and the World Paleointensity
Database from Borok Geophysical Observatory, can be used to assess long-term
variations and trends in geomagnetic field strength. There is huge overlap in the data
contained within the two databases, but the PINT database has been updated most
recently (Bono etal., 2021). The major update also resulted in changes aimed at addressing
data quality. Superseded data were highlighted, demonstrably unreliable data were
removed, and the quality of each palacointensity estimate was assessed (Bono et al., 2021).
The latter was achieved, by assigning each estimate a quality of palacointensity (Qpr) score
(Biggin & Paterson, 2014). This is a qualitative assessment, with criteria that aim to ensure
that assumptions of palaecointensity experiments are fulfilled. For these reasons the PINT
database is preferred throughout this study.
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Figure 1.8: Palaeointensity record for the last 320 Ma. V(A)DM data from PINT v8.0.0 with a Qpr score
> 1. Geological periods from across this time highlighted (Ogg, 2012).

Within PINT v8.0.0, there is a general decrease in the density of available palacointensity
data, going back across geological time (Bono et al., 2021). In the recent review of the
database, a total of 1,572 estimates were available from 66-10 Ma. In comparison, the
significantly longer Mesozoic (252-66 Ma) contained just 688 entries. Of these, just 3
palacointensity estimates described the strength of the geomagnetic field between ca. 250
Ma and 202 Ma (Figure 1.8). This highlights the Triassic as a uniquely pootly understood
time period with regards to palacointensity behaviour since the PCRS, despite previous
suggestions to populate the palacointensity record across this time (e.g. Anwar et al., 2016;
Biggin & Thomas, 2003). The availability of palacointensity data improves going back to
320 Ma, with the PCRS described by 232 entries (Figure 1.8). Crucially behaviour is
unaccounted for ca. 318-305 Ma, however (PINT v8.0.0, Bono et al., 2021).

21



Directional PSV

In an attempt to describe, and explain, the latitudinal dependence observed in the angular
dispersion of the palacomagnetic field (Cox, 1962; Creer, 1962a, 1962b), McFadden et al.
(1988) developed a statistical model termed Model G. It was proposed that the parameters
defining this model (¢ and ) would correlate with the average reversal frequency across
the time interval that was being described. A higher Model G « parameter and a reduced
b/ a ratio were suggested to be charactetistic of superchrons, when compared with those
of frequently reversing time intervals. These relationships were broadly supported by a
subsequent study that estimated such model parameters for discrete time intervals, based
on the differences in their apparent average polarity reversal frequency, that were
continuous between 180 Ma and present-day (McFadden et al., 1991).

Subsequent studies have reassessed PSV during many of the time intervals studied by
McFadden et al. (1991), utilising more greatly populated, and higher quality databases
(Biggin et al., 2008; Cromwell et al., 2018; de Oliveira et al., 2021; Doubrovine et al., 2019;
Engbers et al., 2022; Franco et al., 2019; Opdyke et al., 2015). With the addition of a PSV
study for the PCRS (de Oliveira et al., 2018), and the slight extension of some studies
back in geological time (Doubrovine et al., 2019), the only time interval during the last ca.
320 Ma for which PSV has yet to be assessed is between 265 Ma and 198 Ma.

Triassic & Permian Palaeomagnetic Field Behaviour

Evaluation of the palacomagnetic records representing the last 320 Myr, highlights just
how little is understood about geomagnetic field behaviour during the Triassic. The lack
of previous focus in addressing the significant gap in the palacointensity record is
particularly surprising considering the potentially significant consequences of
palacointensity across this time. Recent estimates of a weak palacomagnetic field around
the Permo-Triassic Boundary (PTB; ca. 251.9 Ma; Ogg, 2012) (Anwar et al., 20106), led to
the suggestion that the Mesozoic Dipole Low (MDL) may have been a consistent feature
from the PTB to the early Jurassic (201.3-174.1 Ma; Ogg, 2012). The MDL was originally
proposed by Prévot et al. (1990), as an interval of anomalously weak palacointensity
between ~180 Ma-135 Ma, during which the VDM was 1/3 of its present-day value. Such
a feature would be suggestive of a decoupling of the processes governing average reversal
frequency, and the intensity of the field. This is because there are many distinct intervals,
as defined by their average reversal frequency, across this time. This includes the time
interval of Jurassic hyperactivity (~171-155 Ma; Ogg, 2012), during which apparent
average reversal frequency was over twice that of any other comparably sized time interval
over the last 320 Myr. The MDL is not a universally accepted feature of the
palacointensity record, however. Previous studies have suggested that palacointensity
across this time was in keeping with the long-term average (Selkin & Tauxe, 2000), or that
the interval of weak intensity is restricted to the Jurassic hyperactivity, supporting the
hypothesis of an inverse correlation between reversal frequency and palacointensity
(Kulakov et al., 2019).

A better definition of Triassic palacointensity also has the potential to influence our
understanding of long-term trends in geomagnetic field behaviour, and possible links with
plate tectonic and mantle processes (Biggin & Thomas, 2003; Biggin et al., 2012; Driscoll
& Olson, 2011). It was previously suggested that long-term variations in the V(A)DM
record could be attributed to a chain of geodynamic processes, beginning with plate
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reorganisation, that go on to influence convection in the outer core (Biggin & Thomas,
2003). Within this, palacointensity variations since the Devonian were interpreted within
the context of the supercontinent cycle of Pangaea. With the Triassic representing a
significant portion of the lifetime of Pangaea, there was a shortage of palacointensity data
against which the modelled could be tested during the climax of the supercontinent cycle.

In a similar fashion, new Triassic palacointensity estimates could help to better define the
proposed 200 Myr cycle of palacomagnetic behaviour. The original proposal (Driscoll &
Olson, 2011) was based on the knowledge that the middle of the two most well-
established superchrons, the CNS and the PCRS, are separated by approximately 200 Myr
(Figure 1.7), comparable to the timescale on which mantle convection occurs (Biggin et
al., 2012; Driscoll & Olson, 2011; Coutrtillot & Olson, 2007; McFadden & Merrill, 1984).
This hypothesis was tested by comparing palacomagnetic observations with the outputs
of a geodynamo model whose CMB conditions were varied, in an attempt to simulate
mantle forcing (Driscoll & Olson, 2011). The model simulated behaviour moving out of
one superchron and into another, comparable to the behaviour occurring from the middle
of the PCRS to the middle of the CNS. A more complete understanding of the evolution
of the strength of the geomagnetic field throughout this time, would provide a more
direct comparison against which the modelled behaviour could be compared.

The originally proposed relationship between PSV and reversal frequency (McFadden et
al., 1991) becomes less clear when evaluating the findings of the most recent PSV studies
(Biggin et al., 2008; Cromwell et al., 2018; de Oliveira et al., 2018; Doubrovine et al., 2019;
Franco et al., 2019), and conclusions on the extent to which such a relationship exists are
conflicting (Doubrovine et al., 2019; Franco et al., 2019). The direct relationships between
average reversal frequency and Model G shape parameters appear unlikely (Doubrovine
et al., 2019), which also brings into question the physical interpretations that were
associated with them (McFadden et al., 1988). Defining PSV during and around the
Triassic would result in a near-complete PSV record from discrete time intervals across
the last 320 Myr. Fach time interval, as defined by changes in apparent average polarity
reversal frequency, will have been subject to PSV analysis, although PSV between 84 Ma
and 23 Ma has not been re-evaluated since the original work of McFadden et al. (1991).
Evaluating a near-complete PSV record across the last 320 Ma, with the reversal
frequency record, and a palaeointensity record in which the Triassic was more well-
defined, could provide greater insight into what has been revealed as more complex a
relationship than originally proposed.

Despite having previously been subjected to numerous palacointensity investigations
(Bol’shakov et al., 1989; Cottrell et al., 2008; Garcia et al., 2006; Krs, 1967; Solodovnikov,
1992a; 1992b; 1992¢; Thomas et al., 1995; 1997; 1998; Usui & Tian, 2017) and a study
into its PSV (de Oliveira et al.,, 2018), uncertainties remain regarding palacomagnetic
behaviour during the PCRS. As well as a lack of palacointensity data representing the last
13 Myr of the PCRS, the reliability of the data that is available for the PCRS has been
questioned (e.g. Cottrell et al., 2008; Hawkins et al., 2021). The PCRS appears to be
represented by two populations of palacointensity data that present a strong and weak
palacomagnetic field, respectively. When all of this data is averaged, the PCRS appears to
have been a time of relatively high intensity. It has been suggested that the actual strength
of the PCRS field was in fact higher than this average, based on estimates from single
crystal analysis (Cottrell et al., 2008). The reasoning being that whole rock specimens were
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likely to produce underestimates due to alteration effects. Conversely, filtering of
palaeointensity data for the PCRS, via the Qpr framework, results in a much-reduced field
intensity that is more in keeping with long-term behaviour (Hawkins et al., 2021). This
has been used previously, to suggest that high palacointensity estimates associated with
the PCRS may be biased due to MD effects (Hawkins et al., 2021). There are additional
complications surrounding our understanding of the palacomagnetic field during the
PCRS, due to the inclusion of sedimentary derived data in the previous PSV study on this
time interval. Sedimentary formation can lead to smoothing of secular variation during
remanence acquisition (Johnson & McFadden, 2015), that often makes them unsuitable
for statistical analysis as they are not spot-readings. Removal of sedimentary data from
this study reduces the number of VGP dispersion estimates to a number too low to
provide meaningful insight (Franco et al., 2019).

Overall Study Aims & Approach

This study aims to accomplish a more complete understanding of the relationships
between reversal frequency, palacointensity, and PSV, and their evolution through
geological time, through a multi-method approach, with an initial focus on better defining
palacomagnetic field behaviour throughout the Triassic. In doing so, this thesis aims to
answer the following questions; how was the geomagnetic field behaving during the
Triassic and how has long-term behaviour of the geomagnetic field evolved across
the last 320 Myr? The process for this is two-fold. Firstly, to conduct a PSV study on
the end Permian and Triassic that utilises pre-existing, published directional data. In
addition to this, new PSV analysis of the PCRS is conducted that utilises the same method
as previous PSV studies, allowing for a more direct comparison of PSV behaviour over
the last 320 Myr. Such an approach is intended to answer the sub question: what was the
global variability of the geomagnetic field between 265 and 200 Ma? Secondly, to
conduct palaeointensity experiments, utilising a range of palaecointensity methods, on
Triassic aged rocks that are not associated with its boundaries, with the primary aim of
answering the sub question: how strong was the geomagnetic field during the
Triassic at localities situated in the northern and southern hemispheres? Due to a
lack of known sub-aerial basalt lavas of such an age, these experiments are conducted on
less traditionally used lithologies. This simultaneously makes these studies investigations
into the viability of non-traditionally used lithologies in obtaining accurate palacointensity
estimates.

Finally, by utilising improved records of palacomagnetic observations across the last 320
Ma, statistical models are generated for discrete time intervals that represent distinct
reversal frequency regimes. Within this section of the study, the focus is on the sub
question: what insight can statistical models provide into long-term evolution of
the geomagnetic field? These statistical models describe the geomagnetic field as a suite
of spherical harmonic Gauss coefficients. Their construction is more fundamental than
the previously discussed Model G as they represent the spherical harmonic expansion of
the geomagnetic potential. They also have the additional advantage of being able to
predict other characteristics of the palacomagnetic field than those on which the models
are based. This study generates optimised statistical models for a given time interval by
minimising the misfit to palacointensity and PSV observations from across that time. In
doing so for times of different apparent reversal frequency, comparing trends in the three
main descriptive characteristics of the palacomagnetic field becomes easier, and it
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provides greater insight into the relationships that may exist between them. Establishing
better relationships between these characteristics would provide greater insight into the
processes that generate the geomagnetic field. It also has the potential to provide clarity
on uncertain or unknown palacomagnetic behaviour such as the MDL, palacointensity
during the PCRS, and relative polarity reversal rates further back in geological time where
the GPTS is currently lacking.
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Chapter 2. Analysing Triassic and Permian
geomagnetic palaeosecular variation and the
implications for ancient field morphology

This chapter has been published in Geochemistry, Geophysics, Geosystems in November 2021
(Handford et al., 2021).

Abstract

Studying palacosecular variation (PSV) can provide unique insights into the average
morphology of the geomagnetic field and the operation of the geodynamo. Although
recent studies have expanded our knowledge of palacomagnetic field behaviour through
the late Mesozoic, relatively little is known regarding the Triassic period (ca. 251.9-201.3
Ma). This study compiles the first Triassic virtual geomagnetic pole (VGP) database for
the analysis of PSV, as part of a longer Post-Permo-Carboniferous Reversed Superchron
(PCRS) time interval (265-198 Ma). VGP angular dispersion and its dependence on
apparent palaeolatitude, are compared against a new PCRS compilation and published
PSV compilations for intervals across the last ~320 Ma. We find that the Post-PCRS
displays near latitudinal invariance of VGP dispersion while the PCRS displays very
strong latitudinal dependence. PSV  behaviour during the Post-PCRS appears
indistinguishable to that previously reported for the interval preceding the Cretaceous
Normal Superchron (Pre-CNS; 198-126 Ma). The near-constant behaviour between time
intervals with significantly different apparent average polarity reversal frequencies does
not support a suggested relationship between VGP dispersion and reversal frequency.
The dispersion observed for the PCRS is consistent with the results of previous studies
and represents behaviour that is potentially unique over the last ~320 Ma. A recently
published approach to obtain a description of field morphology from equatorial VGP
dispersion shows the PCRS geomagnetic field to have been more strongly axial dipole
dominated than any interval since. This observation may be causally linked to the PCRS
being the longest known superchron in the Phanerozoic geomagnetic polarity timescale.
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Introduction

The geomagnetic field exists as a consequence of a dynamic system and shows variations
across a range of timescales (Johnson & McFadden, 2015). Long-term behaviour is often
described in terms of the intensity, reversal rate, morphology, and stability of the field.
As all of these features are a result of the geodynamo, it follows that their variations
should be intrinsically linked and that relationships may exist between them (Biggin et al.,
2008; Gubbins, 1987; McFadden et al., 1991; Pal, 1991; Sprain et al., 2015; Tarduno et al.,
2001). Identifying such relationships could allow for inferences regarding one aspect of
the Earth’s field behaviour, for which there is a sparse data population, based on
knowledge of another over the same time. This could be of particular use in characterising
reversal frequency and in providing a constraint on core-mantle interactions (Biggin et
al., 2012). Obtaining a direct understanding of reversal frequency requires complete, and
ideally well-dated, magnetostratigraphic sections which, are not available for most of
Earth’s history (Ogg, 2012). This is particularly the case for the Precambrian as
biostratigraphy cannot be used and radiometric dating comes with large uncertainties
(Bleeker. 2004). There is also the potential to obtain a greater understanding of
geodynamo evolution. Periodic variations in the reversal record have been observed on
similar time-scales to those of mantle processes; this constitutes support for the
hypothesis that core-mantle boundary (CMB) heat flux variations influence geomagnetic
field behaviour (Biggin et al., 2012; Tarduno et al., 2005).

Earth’s polarity reversal record is largely well-defined since the latest Carboniferous
(~320 Ma; Hounslow et al., 2018) and demonstrates extreme long-term variations. During
superchrons, reversals are essentially absent and the Earth’s magnetic field exhibits a
stable polarity for tens of millions of years. Two such events have been identified in the
last 350 Ma, the Permo-Carboniferous Reversed Superchron (PCRS; ~318-265 Ma;
Haldan et al., 2009; Opdyke & Channell., 1996), and the Cretaceous Normal Superchron
(CNS; 126-84 Ma; Ogg, 2012). In contrast, an apparent average reversal rate of ~11 per
Myr (Myr'; Ogg, 2012) is assigned to a time interval referred to as the Jurassic
hyperactivity period (~171-155 Ma; Ogg, 2012). The Triassic (ca. 251.9-201.3 Ma; Ogg,
2012) has a relatively incomplete reversal record (Hounslow et al., 2018). Although it is
sufficiently well understood to provide accurate estimates of reversal frequency across
the entire period, its incomplete nature has resulted in various proposed
magnetostratigraphic sequences (Hounslow et al., 2018; Hounslow & Muttoni., 2010;
Maron et al., 2019). The lack of an agreed upon geomagnetic polarity timescale (GPTS)
for the Triassic has hindered its use for timescale definition, spawning the suggestion to
describe Triassic magnetostratigraphy as a set of multichrons (Lucas, 2010; Lucas &
Tanner., 2014). Such a description would contain less information than would be available
from traditional chron to chron correlation, highlighting that although the number of
reversals occurring during the Triassic is reasonably well constrained, the exact ages of
the reversals are not.

The Earth’s magnetic field is often described as a geocentric axial dipole (GAD). This
description is believed to be accurate when a sufficient amount of time can be averaged
(Schneider & Kent.,, 1990) but non-dipole contributions are ever present in the
instantaneous field configuration. Studying the dispersion of virtual geomagnetic poles
(VGPs) can provide an estimate of the extent of this contribution (Biggin et al., 2020;
Veikkolainen & Pesonen, 2014). Analysing PSV in this way provides a measure of field
stability and many recent studies have investigated a possible association between PSV
and reversal frequency (Biggin et al., 2008; de Oliveira et al., 2018; Doubrovine et al.,
2019; Franco et al., 2019; Veikkolainen & Pesonen, 2014).
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Investigations into the relationship between PSV and reversal frequency have tended to
focus on the CNS, PCRS, and Jurassic due to their nature as extreme high and low reversal
frequency regimes (Biggin et al., 2008; de Oliveira et al., 2018; Doubrovine et al., 2019).
Similarly, Franco et al. (2019) investigated PSV in the Illawarra Hyperzone of Mixed
Polarity (IHMP; ~266.7-228.7 Ma), beginning after the PCRS, stating an average reversal
rate of ~5.9 Myr'. Many of these studies have focused on sequential time periods
resulting in a near continuous record of VGP dispersion from the CNS going back to the
PCRS, with the exception of almost the entirety of the Triassic. Despite this, it is still
unclear whether a relationship does exist between PSV and reversal frequency. McFadden
et al. (1991) concluded that low reversal regimes would exhibit lower VGP dispersion at
low latitudes, and a high latitudinal dependence. Both Biggin et al. (2008) and Doubrovine
et al. (2019) described the occurrence of this behaviour during the CNS, while de Oliveira
et al. (2018) obtained a similar, more extreme result for the PCRS. Other results suggest
near latitudinal invariance during the Jurassic (Doubrovine et al., 2019) and IHMP
(Franco et al., 2019) and therefore, it might be claimed that studies of extreme reversal
regimes support the original claim of McFadden et al. (1991). Discrepancies appear when
comparing these results with those from more recent time intervals, however.
Doubrovine et al. (2019) found that the relationship between PSV and latitude for the
last 5 or 10 Ma was similar to that observed for the superchrons, despite average reversal
frequencies of ~4.4-4.8 Myr". In contrast, Franco et al. (2019) concluded that the last 5
Ma exhibited comparable behaviour, and a similar reversal rate, to that which they
described for the IHMP.

In addition to our lack of knowledge regarding PSV behaviour during the Triassic, and
historically uncertain magnetostratigraphy, there is a significant shortage of
palaeointensity data for this period. The Triassic is a period bounded by mass extinction
events that coincided with eruptions of huge volumes of flood basalts (Ogg et al., 2016).
It also comprises an interval of time in which all continents were arranged as the
supercontinent Pangaea, with peak assembly during the middle Triassic (Lucas, 2005).
This tectonic setting resulted in little large-scale volcanism after the Siberian Traps (ca.
252-251 Ma; Burgess et al., 2017; Wignall et al., 2015) until the eruption of the Central
Atlantic Magmatic Province (CAMP; ca. 201.5 Ma; Ogg et al., 2010), associated with the
break-up of Pangaea (Benton, 2016). This provides an explanation as to why a relatively
minor proportion of known Triassic rocks are volcanic (Lucas, 2005). As a result, there
is a ~50 Ma gap in the palacointensity record (Anwar et al., 2016) due to the nature of
absolute palacointensity experiments which are heavily reliant on volcanic recorders and
their associated intrusions (Donadini et al., 2007; Lerner et al., 2017). An incomplete
reversal record, very few palacointensity estimates, and a lack of PSV analysis have all
resulted in a limited understanding of geomagnetic field behaviour during the Triassic
when compared to other periods since the latest Carboniferous. As we will demonstrate
here, however, there are a sufficient number of Triassic-aged rapidly cooled igneous units
distributed globally to provide a first order description of the geomagnetic field through
this period.

The last decade has provided many investigations into Triassic magnetostratigraphy with
sufficient progress to justify a revised Triassic geomagnetic polarity timescale (GPTS;
Haque et al.,, 2021; Kent et al., 2017, 2018, 2019; Li et al., 2016; Maron et al., 2019; Zhang
et al, 2020). These advancements present the opportunity to analyse Triassic PSV
behaviour within the context of the average reversal frequency for the period. Such an
investigation would result in a continuous record describing PSV behaviour from the
PCRS through to the CNS, whilst also facilitating an investigation into PSV behaviour
between two prominent features of the reversal record: the PCRS and the high reversal
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rate values associated with the Jurassic. At the same time, this offers the potential to
categorise geomagnetic field behaviour during a time period still characterised by much
uncertainty. In this study, an updated Triassic palacomagnetic directional and VGP
database is presented, using results taken from existing publications, and combined with
data previously compiled for the late Permian. An analysis of VGP dispersion at different
palaeolatitudes for this newly studied time interval, (265-198 Ma) referred to as the “Post-
PCRS”, is compared to data from a revised PCRS database using the same analytical
process. Furthermore, comparisons are then carried out against previously published
databases for the Pre-CNS (198-126 Ma), CNS (Doubrovine et al., 2019), and the last 10
Ma (Cromwell et al., 2018) before a discussion on the pattern of VGP dispersion with
latitude during times of differing reversal frequencies and how this may relate to field
morphology.

Method
Sourcing Data

Information from PSV analysis comes in two distinct forms: time series of magnetic field
variations, such as information from long sediment cores, and statistical descriptions
which rely on geologically instantaneous spot readings, such as those associated with lava
flows (Johnson & McFadden, 2015). Data derived from sedimentary rocks are susceptible
to smoothing of the recorded field during remanence acquisition, resulting in at least
partial averaging of PSV (Lund & Keigwin, 1994) and inclination shallowing, affecting
the final estimate of palaeolatitude (Tauxe & Kent, 2004). The general consensus is that
igneous rocks, and in particular volcanic rocks, are a more reliable source of PSV
information in older geologic periods (Biggin et al., 2008; Cromwell et al., 2018;
McFadden et al., 1988), provided that they cooled quickly and that the group of rocks
spans sufficient time to provide representative variability. As such this study exclusively
uses data from igneous rocks, avoiding large, slow cooling intrusions that would not
provide a spot-reading of the field. All datasets have been taken from lava flows, sills,
dykes, or pyroclastic flow deposits with supporting evidence for fast cooling rates where
appropriate and for the occurrence of welding when pyroclastic flow deposits have been
used.

Triassic datasets were compiled from papers published up to and including those from
March 2020. Most data arose from a literary search but a small number of datasets were
sourced using the Global Palacomagnetic Database (iggl.no/resoutrces.html, Ivar Gizver
Geomagnetic Laboratory). Datasets from the late Permian, after the PCRS, were sourced
from the database compiled by Franco et al. (2019). The revised PCRS database was built
around the work of de Oliveira et al. (2018) with the addition of a few new datasets.
Following the approach of Biggin et al. (2008) site-mean directions of a similar age and
geographic location were grouped into the same dataset.

After these initial constraints, both the PCRS and Post-PCRS databases were filtered
using selection criteria in order to remove low quality data and potentially unsuitable
studies. This study applied the selection criteria below. These are the same as those used
by Doubrovine et al. (2019) but with a few additional requirements.

1. The age of the rock formation must be reasonably well constrained, preferably by
the application of radiometric dating techniques. There must be no doubts that
the dataset might not represent the geomagnetic field during the time interval to
which it has been assigned i.e. the PCRS or Post-PCRS.
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2. There must be no evidence that the characteristic remanent magnetisation
(ChRM) directions are of secondary origin.

3. Data from igneous formations that were tectonically tilted or folded post-
emplacement must have an associated structural correction. Where there was
evidence of local block rotation between sampling sites, data were not used. A
commentary outlining the reasoning behind the inclusion of each dataset, with

respect to its tectonic setting, can be found in the supporting information (Table
A.2).

4. Each dataset is composed of at least nine palacomagnetic sites (IN = 9), and each
site-mean direction is calculated from the ChRM of a minimum of 3
independently oriented samples (z = 3).

5. ChRM components must have been isolated using stepwise demagnetisation
techniques. Principal component analysis should have been utilised for at least
one specimen per site and agree with any ChRM components inferred by other
methods. This corresponds to a “demagnetisation code” greater than or equal to
3 (McElhinny & McFadden. 2000).

6. The uncertainties of the site-mean directions must be presented in the original
study as either the Fisher concentration parameter (£) or the angle of 95%
confidence about the mean direction (cs).

7. The total Q score based on the first 6 Van der Voo criteria must be equal to or
greater than 3.

8. All site-mean ChRM directions within a dataset have a 4-value greater than or
equal to 10.

In the supporting information, the effects of accounting for serial correlation and the
removal of data derived from great circle analysis were considered, separately, for datasets
which satisfied selection criteria 1-8. Serial correlation identifies cooling units that are
likely representative of the same event in time, and as such may not be considered as
individual palacomagnetic data points (Cromwell et al., 2018; Watson & Berran, 1967).
Meanwhile, obtaining directions from great circle analysis often results in the inability to
obtain rigorous confidence limits for K (McFFadden & McElhinny, 1988). The inclusion
of great circle derived data has the potential to allow datasets to fulfil selection criteria 1-
8 which may not have a well-defined Fisher concentration parameter and thus could be
of lower quality than desired. In both cases the overall effects on the calculated VGP
dispersions were minor (Figures A.1 & A.2). As a result, neither the inclusion of serial
correlation or the exclusion of great circle derived data was utilised in the final data
selection process due to the benefits associated with a greater N, and total number of
datasets (Biggin et al. 2008).

Investigating Robustness with Additional Criteria

McElhinny & McFadden (1997) explored the possibility that PSV studies may be strongly
biased by the quality of the data used, concluding that the resulting dispersion was at least
partly due to the incorporation of lower-quality data. Additionally, the use of sampling
site palacolatitude during the conversion process of magnetic directions into VGPs causes
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any latitudinal independent within-site dispersion of directions to result in latitudinal
dependent VGPs (Biggin et al., 2008). This is mitigated by an inbuilt correction to the
conversion process but, in order for it to be effective, » must be sufficiently large so that
k is a good estimate of its true value (Biggin et al., 2008). In order to assess the robustness
of the resulting VGP distribution, and the influence of data quality, further selection
criteria have been applied to produce a second, higher quality database. These selection
critetia have been chosen as they mitigate bias associated with low 7 and/or £ values

(Biggin et al., 2008).

9. ChRM site-mean directions used must have an associated estimated Fisher
concentration parameter of at least 50 (&£ = 50).

10. Each site-mean direction is calculated from the ChRM of a minimum of 5
independent samples (7 = 5).

The resulting datasets from the application of selection criteria 1-8 are termed Group 1
and where selection criteria 1-10 have been applied the datasets are termed Group 2.
Group 2 datasets have been analysed in an identical process to those from Group 1 to
ensure that a direct comparison of results is possible.

Measuring PSV

PSV is a measure of the variability of all of the geomagnetic field’s observables; the most
common way in which it is measured and assessed is by analysing VGP dispersion (Hulot
& Gallet, 1996). This VGP dispersion, otherwise known as angular dispersion, is
calculated using the following equation (Cox, 1970)

1
N-1

§? = =¥, A @.1)
where S is the angular dispersion, IN is the total number of VGPs in a given dataset, and
A;is the angular deviation of the 7 pole from the mean palacomagnetic pole, in this case
the mean VGP of the dataset.

The calculated VGP dispersion is the result of dispersion from two sources: a minor
contribution from within-site dispersion, Sw, and a major contribution from between-site
dispersion, Ss. Swis the result of measurement errors and variations in the initial recording
of the field. S is the dispersion between VGPs calculated from measurements at different
sites due to the recording of a different field. S therefore, is a measure of PSV and can
be extracted by removing the contribution of Sy using the following equation

2
Sp® =52 -2, 2.2)

In order to calculate S, an estimate of the precision parameter in pole space, K, is
required. This is achieved by translating £, from directional space, under the reasonable
assumption that the VGP distribution is Fisherian in nature.

-1
K=k E (5 + 18sin?A + 9sin4,1)] 2.3)
Finally, Sy is approximated by the following equation

Sw

R

=2

(2.4)
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and the contribution of within-site dispersion can be removed using Equation 2.2,
isolating the VGP dispersion due to PSV. This process is carried out individually for each
dataset in order to obtain an estimate of the dispersion associated with the PSV. This
study used a non-parametric bootstrap in order to obtain 95% uncertainty estimates for

S

When conducting a study into VGP dispersion, it is desirable to remove VGPs that are
likely to have resulted from excursional or transitional behaviour. The identification and
removal of outlying VGPs is done in accordance with a cut-off angle. VGPs calculated
using data from a time where the field was undergoing normal secular variation tend to
cluster around a mean VGP, fit by a Fisherian distribution. Any VGPs lying farther from
this mean VGP than the cut-off angle are deemed to be outliers and excluded. This
separation between normal secular variation and that attributed to reversals is not
grounded in a fundamental understanding of the physical system; reversals and excursions
are probably natural outgrowths of normal secular variation. As measurements of S are
strongly influenced by these outlying VGPs, however, and because the time that the field
spends in such states is relatively short, they are removed. Moreover, it has been shown
to be an effective approach to assessing characteristics of PSV produced by numerical
dynamo simulations (Biggin et al., 2020). This study applies a wvariable cut-off
(Vandamme, 1994), calculating the optimum A, for the VGPs of a given dataset using
the following equation

Apax = 1.85 +5. (2.5)

Following the approach of Biggin et al. (2008) this study opts to use average magnetic
latitude calculated from the angular distance between the mean VGP and the sampling
site, rather than geographic palaeolatitude. The latter would require the use of plate
reconstructions which would require some circular reasoning as they are often largely
based on palacomagnetic studies (Biggin et al., 2008).

Modelling VGP Dispersion

For ease of comparison with the results of previous studies (de Oliveira et al., 2018;
Doubrovine et al., 2019), Model G (McFadden et al., 1988) has been used to parameterise
the latitudinal dependence of PSV. It is widely accepted as a useful but imperfect
descriptive tool (Doubrovine et al., 2019) and also has predictive power in determining
the average axial dipole dominance of the ancient field (Biggin et al., 2020). Model G is
described by the following equation

Sp = Ja? + (b2)? 2.6)

where @ and b are known as the Model G shape parameters. These shape parameters have
been determined by carrying out a least-squares fit between the estimated dispersion
values and the model, and uncertainties in these coefficients were estimated using a jack-
knife technique as carried out by McFadden et al. (1988).

Results
Datasets

The datasets that satisfied the Group 1 selection criteria for the Post-PCRS and PCRS
time intervals are listed in Table 2.1. The corresponding site-level information is available
in the supporting information (Datasets A.1 & A.2). Table 2.1 provides background
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information regarding the lithology and rock units sampled, the source study, and country
of origin. Most of the estimated ages presented for the Post-PCRS are the result of
radiometric investigations; this is often not the case for the final PCRS datasets. Where
there is no assigned numerical age, the age estimate was considered sufficient for the
purpose of this study so long as the formation could be confidently attributed to the time
interval in question. Within each dataset, the site co-ordinates associated with the site-
mean directional information have been used; however, when this was not possible, the
mean site location was attributed. In either case, average site co-ordinates are contained
within Table 2.1 and displayed in Figure 2.1 along with the corresponding site
identification code.

Also presented in Table 2.1 are the Van der Voo (1990) quality ratings assigned to each
dataset, breakdowns of which can be found in the supporting information (Dataset A.3),
the number of site-mean directions/VGPs, and the total number of samples per dataset.

Data that passed the two additional selection criteria (9 & 10) are presented in Table 2.2
for both the Post-PCRS and PCRS. This table provides the same information regarding
the datasets as in Table 2.1 and is presented in the same format. For both time intervals
there is a reduction in the number of datasets compared with the Group 1 results, as
removal of site-mean data resulted in some datasets failing criteria 4. (IN = 9). The
reduction of site-mean data is displayed visually in Figure 2.2 with sites grouped according
to their associated geological epoch. Overall the amount of site-level data decreased by
about one-third after Group 2 selection criteria are applied (Figure 2.2)

Figure 2.2 also displays the ages of the studied and discussed reversal regimes, defined by
their average polarity reversal rate which is represented by an accompanying reversal
frequency model. The reversal frequency model was constructed using a 5 Ma sliding
window and magnetostratigraphic data from Ogg (2012), with the exception of 250-200
Ma where the updated GPTS of Maron et al. (2019) has been used.

Both the Post-PCRS and PCRS databases display too great a hemispherical bias to make
a formal assessment of equatorial symmetry. Since the available data did not support any
significant asymmetry however, we decided to display VGP dispersions on one-
hemisphere projections (Figures 2.3 & 2.4).

Figure 2.1: Sampling regions for the datasets contained in the Group 1 databases of the Post-PCRS and
the PCRS. Black stars represent Post-PCRS datasets, white stars represent PCRS datasets.
Accompanying site identification codes are referred to in Table 2.1.
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Table 2.1: Post-PCRS and PCRS Group 1 datasets.

Sllg Rock formation Country Lithology Rock type (E‘gt) IE?E)g ?l\ig N nee Q glNa; (801; References
Qiangtang Block Lava flow & 12.6
PTO1 middle Ttiassic China Basalt volcanic 33.5 92.0 241 28 219 5 236 421/ Song et al. (2020)
lavas breccia -1.9
Norilsk Resion 25.2 Pavlov et al. (2019),
PTO02 Volcani(i Russia Basalt Lava flow 70.1 94.3 251 241 2039 5 610 +1.6/ Pavlov et al. (2007),
-1.8 Gurevitch et al. (2004)
Los Menucos . . 14.3
PT03 . Argentina Rhyolite Dyke -40.4 291.6 244 12 90 5 -388 451/ Luppo et al. (2019)
acidic dykes 62
Gezira & Bir 16.1
PT04 Umbhebal dyke Egypt Syenite Dyke 235 33.4 226 20 88 5 199  +3.6/ Lotfy & Elaal. (2018)
complex -4.2
Alto Paraguay . 24.9
PTO05 Provi Paraguay Syenite Dyke -23.5 302.1 241 10 35 5 341 471/ Ernesto et al. (2015)
rovince 80
Tasguint & 114 Ruiz-Martinez et al
PTO06 Alezmi Morocco Basalt Lava flow 30.7 351.8 200 13 93 4 203 +2.6/ (2012) ’
formations -3.2
Zguid & Ighrem 106 Palencia-Ortas et al
PT07 g 5 Motrocco Dolerite Dyke 30.1 352.4 200 22 181 4 239 +29/ ’
dykes 27 (2011)
Ukranian Shield . . 114
PTO08 . Ukraine Andesite Dyke 47.5 37.7 204 12 80 6 466 429/ Yuan et al. (2011)
andesites 34
Puesto Viejo . Basalt & Lava flow & 14.8 Domeier et al. (2011b)
PT09 G Argentina ol onimbri -34.8 291.5 245 40 332 3 425 425/ Valenci 1 (19 ’
roup rhyolite ignimbrite 27 alencio et al. (1975)
South Taimyr 8.1
PT10 Igncous Russia Dolerite Sill 748 1006 228 11 82 5 61.0 +21/ Walderhaug et al. (2005)
Complex 27

intrusives
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PT11

PT12

PT13

PT14

PT15

PT16

PT17

PT18

PT19

PT20

PT21

South Taimyr
Igneous
Complex

extrusives

CAMP volcanics

Semeitau igneous
series extrusives

Issaldain & Ait-
Aadel dolerites

Dolomites
Volcanics

Niuhetang
Formation

Tunguska Basin
intrusives

Angara-Tasevva
intrusives

East Siberian
Traps

Sierra Chica
Complex

Upper Choiyoi
Group

Russia

Motrocco

Kazakhstan

Morocco

Ttaly

China

Russia

Russia

Russia

Argentina

Argentina

Basalt

Basalt

Basalt, rhyolite
& trachyte

Basalt

Basalt

Basalt

Dolerite

Dolerite

Basalt

Trachyandes-
ite & rhyolite

Rhyolite

Lava flow

Lava flow

Lava flow &
ignimbrite

Lava flow

Pillow lava

Lava flow

Dyke & sill

Dyke & sill

Lava flow

Pyroclastic
flow & lava
flow
Ignimbrite,
breccia, &
tuff

74.9

31.1

50.1

31.5

46.4

23.8

64.0

56.1

66.1

-38.0

-34.8

100.5

7.4

79.6

352.8

11.7

99.3

103.4

99.8

111.6

294.5

291.5

248

200

248

middle

Triassic

238

late
Triassic

251

251

250

263

264

10

63

12

15

10

16

76

42

24

40

41

63

458

150

72

51

139

663

431

118

246

272

68.3

24.9

454

23.6

16.3

14.6

72.1

57.1

62.7

-40.7

-47.5

22.3
+7.0/
-10.0

20.3
+2.2/
2.4
12.0
+1.8/
-2.5
14.3
+3.0/
-3.5
15.2
+3.0/
-3.6
12.7
+3.8/
-3.5
141
+2.0/
2.0
15.6
+1.9/
2.0
17.0
+2.1/
2.4
11.9
+2.4/
-2.5
12.2
+2.1/
2.3

Walderhaug et al. (2005)

Knight et al. (2004)

Lyons et al. (2002)

Hailwood. (1975)

Manzoni. (1970)

Zhao et al. (2015)
Latyshev et al. (2018),
Konstantinov et al.

(2014)

Latyshev et al. (2018)

Kravchinsky et al. (2002)

Domeier et al. (2011a),
Tomezzoli et al. (2009)

Domeier et al. (2011b)




LE

K01

K02

K03

K04

K05

K06

K07

K08

K09

K10

K11

K12

Bakaly formation

Koldar
formation

Lunner dykes

Vestfold
Volcanic Plateau

Krokskogen
Volcanic Plateau

Ukranian Shield
trachytes

Woniusi
formation

Punta del Agua
formation

New England
orogen

Gerringong
Volcanics

Junggar Block
dykes

Biyoulitie super
formation

Kazakhstan

Kazakhstan

Norway

Norway

Norway

Ukraine

China

Argentina
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Yuan et al. (2011)
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Opdyke et al. (2000)

Belica et al. (2017)
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. 8.3
K13 B‘f&‘;ﬁ?ﬂ Germany porphyty & Dyke 498 120 280 10 144 3 7.7  +34/  Soffel & Harzer. (1991)

quartzporphyry -3.6
8.9

Ki4 | SardoCorso e Basic Dyke 411 9.3 catly 23 298 3 30 +22/  Vigliotti et al. (1990)
Massif intrusives Permian 25
10.8

K15 Esayoo Canada Basalt Lavaflow 810  278.0 carly 12 81 4 435 432/  Wynne etal (1983)
formation Permian 37
Rhyolite, Lava flow & late 9.2

K16 Tabla formation Chile andesite, & Ava Low -24.5 290.7 Carbonif 10 30 4 387  +2.6/ Jesinkey et al. (1987)

. ignimbrite

dacite erous -3.2

Note 2.1: Site ID refers to an identification system used within this study, sites with codes beginning PT (Permo-Triassic) belong to the Post-PCRS database, sites with codes
beginning K (Kiaman) belong to the PCRS database. Lat and Long are the mean site co-ordinates for the dataset, and Age is the nominal assigned age for the dataset. N is the
number of site-mean directions within a dataset, and ni: is the total number of directions. Spis an estimate of virtual geomagnetic pole dispersion calculated using the process
set out in the method, likewise Plat is the estimated magnetic palaeolatitude. “References” refer to the original studies from which the data was sourced. All of the provided

information relates to site-mean directions _from the referenced studies that pass Group 1 selection criteria.
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Table 2.2: Post-PCRS and PCRS Group 2 datasets.

Site . . Lat Long Age Plat Sp
Rock formation Count Litholo Rock type o o N Nyo o o References
ID i & R ) e ) (Ma) - N O
Qiangtang Block Lava flow & 12.6
PT01  middle Triassic China Basalt volcanic 33.5 92.0 241 28 219 23.6 420/ Song et al. (2020)
lavas breccia -2.0
Nosilsk Resion 262 Pavlov et al. (2019),
PTO02 OV Sl nieglo Russia Basalt Lava flow  70.1 94.3 251 172 1475 612 +2.0/ Pavlov et al. (2007),
olcanics 22 Gurevitch et al. (2004)
Tasguint & 11.4 . .
PTG Alezmi Morocco Basalt Lavaflow 307 3518 200 13 93 203 +2.6/ Ruiz-Martinez et al.
: (2012)
formations 3.2
. 9.4 .
pro7  /guid&lghrem oy o Dolerite Dyke 301 3524 200 17 150 2356 +25)  PalenciaOrtasetal
dykes g (2011)
Ukranian Shield 114
PT08 aman Shic Ukraine Andesite Dyke 475 37.7 204 12 80 46.6  +2.9/ Yuan et al. (2011)
andesites 34
Puesto Viejo Basalt & Lava flow & 153 Domeier et al. (2011b)
. ) ) . . ,
P09 Group Argentina rhyolite ignimbrite 34.8 2915 245 37 313 429 _2269/ Valencio et al. (1975)
South Taimyr 8.1
PT10 Igneous Russia Dolerite sill 748  100.6 228 11 82 61.0  +21/  Walderhaug et al. (2005)
Complex 27
intrusives ’
21.5
PT12  CAMP volcanics Morocco Basalt Lava flow 31.1 7.4 200 39 350 254  +2.8/ Khnight et al. (2004)
3.0
Semeitau Basalt, thyolite  Lava flow & 12.0
pr13 SCMCMAUIBNCOUS ey dkhstan  en o DOUte  hava Tow 501 79.6 248 10 77 455 +2.3/ Lyons et al. (2002)
series extrusives & trachyte ignimbrite 31
Niuhetan lat 130
PT16 anetang China Basalt Lavaflow 238 993 e 128 150  +3.8/ Zhao et al. (2015)
Formation Triassic

-3.4
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Tuneuska Basin 13.1 Latyshev et al. (2018),
PT17 Hnguske Russia Dolerite Dyke & sill 64.0 103.4 251 51 488 732 +2.0/ Konstantinov et al.
intrusives
21 2014)
Angara-T 147
PT18 gara- Jasevva Russia Dolerite Dyke &sill 561  99.8 251 34 343 594  +1.6/  Latyshev etal. (2018)
intrusives 13
East Siberian 150
PT19 Traps Russia Basalt Lava flow 66.1 111.6 250 10 57 68.0 +4.3/  Kravchinsky et al. (2002)
-5.1
. . . Pyroclastic 11.6 .
proo  Sierra Chica Argenting  Lrachyandesite gl lava 380 2945 263 28 187 391 424y  Domeiercral (2011a),
Complex & rhyolite Tomezzoli et al. (2009)
flow -2.5
Upper Choivoi Ignimbrite, 12.7
pr21 - PPEUONON Argentina Rhyolite breccia, & 348 2915 264 36 245 474 +22/  Domeier etal. (2011b)
Group
tuff -2.5
Basalt & 9.0
K01  Bakaly formation = Kazakhstan basaltic Lava flow 47.5 80.7 286.3 62 373 373 +1.3/ Bazhenov et al. (20106)
andesite -2.5
Larvikite & >3
K03 Lunner dykes Norway a;:;’enitee Dyke 60.3 10.5 271 26 203 236 +1.5/ Dominguez et al. (2011)
-1.2
9.5
Vestfold
K04 . Norway Basalt Lava flow 59.5 10.3 292 38 251 214 +19/ Haldan et al. (2014)
Volcanic Plateau 20
Krokskogen 10->
K05 SKO8 Norway Basalt Lava flow 60.0 10.3 284 46 334 227 +1.7/ Haldan et al. (2014)
Volcanic Plateau 18
Ukranian Shield 1.6
K06 antan Stie Ukraine Trachyte Dyke 473 37.8 282.6 10 60 156  +2.1/ Yuan et al. (2011)
trachytes 2.2
Woniusi late 18.2
K07 Y China Basalt Lava flow 252 99.3 Carbonife 12 61 424  +2.0/ Huang & Opdyke. (1991)
formation
rous -1.7
Andesite, 26.6
Koo NewEngland o ia thyolite, &~ 1AVAflow& g0 505 321306 28 159 634 +38/  Opdyke et al. (2000)
orogen dacite ignimbrite 40
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K14

K15

Gerringong

Volcanics

Junggar Block
dykes

Biyoulitie super
formation

Sardo-Corso
Massif intrusives

Esayoo
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Australia

China

China

Italy/France

Canada

Basalt -
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Basalt

Basic

Basalt

Lava flow

Dyke

Lava flow

Dyke

Lava flow

-34.5

45.7

40.7

41.1

81.0

150.9

82.7

79.7

9.3

278.0

265

late
Carbonife

rous
early

Permian

early
Permian

early
Permian

11

10

18

14

11

81

60

131

138

75

-71.8

22.4

30.1

43.3

17.5
+3.1/
-3.5
8.9
+3.5/
-5.4
9.4
+2.4/
2.4
10.5
+2.9/
3.4
10.3
+3.6/
-4.3

Belica et al. (2017)

Li et al. (1989)

Sharps et al. (1989)

Vigliotti et al. (1990)

Wynne et al. (1983)

Note 2.2: For full description see note of Table 2.1.
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Figure 2.2: Graphical representation of the amount of site-level data in both the Group 1 database and
the Group 2 database sub-divided by geological epoch. The full length of the bar chart represents the
amount of Group 1 data and the length of the dark grey bars represents the amount of Group 2 data.
Red line displays reversal frequency model constructed using a 5 Ma sliding window and
magnetostratigraphic data from Ogg (2012) & Maron et al. (2019) with the different reversal regimes
studied and discussed in this study highlighted.

Post-PCRS

There is a relatively even spread of formation dates from ~200 Ma back to ~264 Ma
within the Post-PCRS compilation. This is despite a moderately large number of datasets
associated with the Siberian Traps and with CAMP (Table 2.1). Reviewing the data at the
site-mean level, it is noticeable that over half of the sites representing the Post-PCRS are
early Triassic in age (Figure 2.2). This is testament to the volume of work conducted on
the Siberian Traps and the importance of this event in geological history. The mean time
interval between the ages of subsequent datasets is just over 5 Ma, and the greatest time
gap exists during the late Triassic where magnetic field behaviour is unaccounted for
about 22 Ma (Table 2.1). This is also the case for the late Permian for which there is no
contributing data (Figure 2.2).

Latitudinal coverage is good with the number of low (< 30°), mid- (30°-60°), and high
latitudinal sites (> 60°) almost evenly split, although each of these latitude bands is
dominated by data from one hemisphere. Unsurprisingly, all of the high latitude datasets
are related to the Siberian Traps. For low-latitude sites, the temporal range is greater,
being derived from unrelated volcanic events. The mid-latitude data are primarily from
South America and associated with the regional Permo-Triassic volcanism. There is also
agreement in estimated dispersion values from Eurasia, however, one being late Triassic
in age.

The PSV behaviour appears consistent at low-mid latitudes. Figure 2.3a shows closely
grouped VGP dispersion values for latitudes < 50° lying within error of one another.
Datasets from high palaeolatitudes display a far less consistent dispersion pattern despite
all originating from the same volcanic event. Overall, only a weak latitudinal dependence
of VGP dispersion is observed; estimated dispersion values commonly lie between 10°
and 15° regardless of palaeolatitude.
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The more robust Group 2 selection criteria removed 6 Group 1 datasets including those
2 with the greatest associated uncertainty of VGP dispersion (PT05 and PT11, Tables 2.1
& 2.2). From the 15 remaining datasets, just 4 were unaffected by the additional Group 2
selection criteria. The difference in the site-mean directional data comprising each dataset
does not only change the estimated values of VGP dispersion but also the estimates of
palaeolatitude (Tables 2.1 & 2.2).

While Group 2 data agreed better at high-latitudes, the overall observed PSV behaviour
of the Post-PCRS remained largely unchanged regardless of whether Group 1 or Group
2 data were used (Figure 2.3). The Model G @ parameter decreased slightly from 14.2°
(11.3°-18.1°%; Group 1) to 13.3° (9.8°-18.7°%; Group 2). Modelling VGP dispersion using

(2)

0r a =14.2° (11.3°- 18.1°)
b = 0.15 (0.05 - 0.27)

30} Ngs= 21 B
> e
O o
20 —z{r—”ﬁ’/
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0 1 1 1 1 1 1 1 1 1
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" a=13.3° (9.8°- 18.7°)
b = 0.13 (0.04 - 0.27)

30k Nis= 15

Sg ©)
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Magnetic Palaeolatitude (°)

Figure 2.3: One hemisphere projection showing latitude dependence of virtual geomagnetic pole
dispersion in the Post-PCRS (264-200 Ma). S values for northern and southern palaeolatitudes given
by filled and empty circles respectively; error bars show their 95% confidence intervals. The solid red
curve displays the best fit of Model G to the Sp values, dashed line represents the 95% confidence
intervals given by the jack-knife method for 5000 replications. Estimates of Model G a and b shape
parameters are displayed alongside their associated uncertainties and the number of datasets
analysed (Nas). a) displays datasets after application of Group 1 selection criteria, b) likewise for Group
2 criteria.
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Group 2 datasets produced an even weaker latitudinal dependence than Group 1 datasets
demonstrated by a slight decrease in estimated & value from 0.15 (0.05-0.27; Group 1) to
0.13 (0.04-0.27; Group 2).

PCRS

According to the numerical age estimates that are available, the database spans nearly all
of the PCRS, starting from 265 Ma going back to at least 306 Ma. Within that time
interval, coverage is consistently good through the middle and final stages of the PCRS
but lacking slightly for the first few million years following its onset at ~318 Ma.

a = 5.5° (0.8°- 8.6°) )
b =_0.33 (0.24 - 0.42) il -
30k DNis— 16 Y

20

Sg ©)

101

0—'/ 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90
Magnetic Palaeolatitude (°)

(b)),
a=17.20 (2.00- 10.60) s
b =_0.30 (0.17 - 0.42) i -
30l Nds— 12 e

0 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90
Magnetic Palaeolatitude (°)
Figure 2.4: Latitude dependence of virtual geomagnetic pole dispersion and Model G curves for the

PCRS (318-265 Ma). a) using Group 1 datasets, b) using Group 2 datasets See the caption of Figure 2.3
for description.

The “late Carboniferous” (323.2-298.9 Ma; Davydov et al., 2012) and “early Permian”
(298.9-272.3 Ma; Henderson et al., 2012) aged datasets (Table 2.1) are likely to have
formed in and around this time interval, however, and likely ensure that the temporal
representation is reasonable.
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The range of latitudinal coverage is very good at low and mid-latitudes. Unlike the Post-
PCRS, there is representation from very low-latitude sites (< 10°). The PCRS database is
lacking information at higher latitudes, however, with just 2 datasets above 60°. Both of
these originate from Australia (Table 2.2) but are otherwise unrelated and separated by at
least 40 Ma. Again, there is a hemispheric bias amongst the datasets with only 5 from 16
originating from the southern hemisphere.

Figure 2.4a displays a very strong relationship between VGP dispersion and latitude
showing a very clear upwards trend. PSV behaviour is very consistent, particularly at low-
mid latitudes, but even the high latitude estimates of VGP dispersion are within error of
one another. The behaviour at mid-latitudes is also particularly consistent considering the
seven datasets represent formations from five different countries: three from the
northern hemisphere and two from the southern hemisphere.

All of the PCRS datasets were affected by the use of the Group 2 selection criteria and
the subsequent removal of site-mean data; furthermore, four of the datasets were
removed entirely (K02, K08, K13, K16, Tables 2.1 & 2.2). The difference between the
observed dispersion patterns, when the two different sets of selection criteria were used,
appeared to be greater for the PCRS than for the Post-PCRS for which some datasets
were unaffected. In the PCRS, estimated dispersion values were, themselves, more
dispersed when Group 2 datasets were used (Figure 2.4a, b). Despite neither of the high-
latitude datasets being completely removed (K09 & K10, Tables 2.1 & 2.2), the removal
of site-mean data within them altered their estimated scatter values so they were less
consistent with one another (Figure 2.4b). Only datasets from low-latitudes displayed
consistent estimates, although these had shifted, leading to an increased estimate of the
Model G a parameter from 5.5° (0.8°-8.6% Group 1) to 7.2° (2.0°-10.6°; Group 2). A
clear trend still exists for the PCRS showing an increase in VGP dispersion with latitude,
though this is slightly less well-established than in the Group 1 data as demonstrated by
the increased uncertainty in estimated Model G parameters.

Discussion
Assessing the Robustness of VGP Dispersion

PSV analysis of the Post-PCRS palaecomagnetic directional and VGP database, containing
the first compilation of Triassic data, documents a S3-A relationship similar to those from
times of claimed high reversal frequency (Biggin et al., 2008; Doubrovine et al., 2019;
Franco et al.,, 2019). By contrast, the PCRS demonstrates a much stronger latitudinal
dependence of PSV demonstrated by the estimates of Model G &/ parameter which are
approximately twice those estimated for the Post-PCRS (Figures 2.3 & 2.4). The Model
G a parameter is also substantially lower. Both of these relationships can be thought of
as robust features of their respective time intervals due to the general agreement when
utilising databases of differing quality.

In the Post-PCRS, the use of higher quality Group 2 datasets reduced the estimates of
both @ and & relative to the Group 1 datasets.

The strong dependence of VGP dispersion with palaeolatitude observed for the Group
1 PCRS datasets is in general agreement with the results of a recent study of this
superchron (de Oliveira et al., 2018). The use of Group 2 datasets somewhat reduces this
agreement, though not significantly. The greatest difference observed when analysing
Group 2 datasets is a rise in the Model G @ parameter, suggesting higher dispersion at the

45



lowest latitudes. This could be a more accurate representation of the field than that
presented by Group 1 datasets but here the issue of analysing a smaller amount of data is
highlighted. The database has been reduced to 12 datasets and the removal of 1 dataset
at very low latitude produces an estimate of the Model G @ parameter which is much less
well constrained by the palacomagnetic data.

Although slight differences exist between the VGP dispersions observed using either
Group 1 or Group 2 datasets, which can both strengthen and weaken proposed
relationships, they are not significant and there is a general agreement for both the Post-
PCRS and the PCRS. The higher quality datasets were compiled in order to significantly
reduce the effects of bias, and their agreement with the lower quality, more numerous
databases suggest that both observed VGP dispersions are unlikely to be an artefact of
small N or 7 (Biggin et al., 2008). This establishes the respective features of both the Post-
PCRS and PCRS as robust and justifies the use of Group 1 datasets for further analysis.

Comparison with Other Time Intervals

The associated Model G shape parameters (a, b, and the 4/ a ratio) for the Post-PCRS and
PCRS intervals have been compared with those from previously compiled databases
representing different time intervals. Here, we applied the Group 1 selection criteria, and
the same initial constraints and method for the modelling of VGP dispersion, to the
datasets from later time periods. This produced recalculated parameters which allow for
a direct comparison of results. The recalculated shape parameters are given in Table 2.3
alongside the associated study, the time interval that they represent, and the estimated
uncertainties on each parameter.

The time interval studied for the Post-PCRS has some crossover with the IHMP studied
by Franco et al. (2019) and, as such, some of the datasets are shared. Franco et al. (2019)
reported a low palaeolatitudinal dependence of VGP dispersion when analysing datasets
from 265 Ma to 240 Ma, very similar to the results presented in this study for the Post-
PCRS. This is further demonstrated by the similar estimates calculated for the Model G
shape parameters (Table 2.3), suggesting consistent PSV behaviour throughout the Post-
PCRS.

The study of de Oliveira et al. (2018) includes sedimentary-derived data and uses less-
stringent selection criteria when analysing the PCRS. This is advantageous as more
datasets are presented with increased representation at higher latitudes. The observed
VGP dispersions may be compared in a similar manner to Group 1 and Group 2 datasets.
There is a strong relationship between VGP dispersion and latitude with similarly low
values at low latitudes presented by de Oliveira et al. (2018). This further suggests that
the observed PSV behaviour is a robust feature of the geomagnetic field during the PCRS.

Previous studies have used the /4 ratio as a way of quantifying the type of PSV behaviour
across a given time interval and have explored the possibility of a correlation with mean
reversal frequency (de Oliveira et al., 2018; Doubrovine et al., 2019; Franco et al., 2019;
McFadden et al., 1991). Figure 2.5a plots the 4/a ratio values for the recalculated CNS
and Pre-CNS intervals (Doubrovine et al., 2019), the PCRS and Post-PCRS intervals (this
study), and a combined database for the Post-PCRS and Pre-CNS. Model G shape
parameters have also been recalculated and plotted for the PSV10 database of Cromwell
et al. (2018). All databases are of equal quality and represent the highest quality studies
from 318 Ma to the present. Plotted alongside this is the same reversal frequency model
previously presented in Figure 2.2.
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Table 2.3: Comparison of Model G shape parameters and axial dipole dominance recalculated using our selection criteria applied to the datasets originally selected in the
studies given.

Time interval Age range (Ma) Average reversal frequency (Myr!) a () b b/a AD/NADedian Study
Last 10 Ma 10-0 4.9 12.0 +3.3/-1.9  0.27 + 0.04/-0.07  0.022 % 0.0066 10.0 +18.9/-7.2 1
CNS 126-84 0.095 10.0 +2.1/-2.8  0.22 +0.05/-0.10  0.022 = 0.012 15.1 +29.9/-10.2 2
Pre-CNS 198-126 4.2 12.7 +2.6/-2.4 0.13 +0.13/-0.09  0.010 £ 0.0075 8.8 +18.9/-6.0 2
Post-PCRS 264-200 2.0 142 +3.9/-09 0.15+0.12/-0.10 0.011 £ 0.0073 6.9 +9.2/-5.0 3
Pre-CNS & Post-PCRS 264-126 3.1 133 +23/-21  0.15+0.10/-0.10  0.012 £ 0.0083 7.9 +15.2/-5.3 3
PCRS 318-265 0.076 55+3.1/-47 033 +0.09/-0.09  0.059 £0.052  58.4 +6345.1/-47.3 3
IHMP 265-240 2.2 12.3420.7/-7.2  0.10 + 0.08/-0.05 0.0083 * 0.0066 9.5 +114.3/-9.1 4
PCRS 318-265 0.076 4.1+ 32/4.0 032+0.14/-0.12  0.078 £ 0.080 113.5 - 5

Note 2.3: AD/NADnmedian is the estimation of the ratio of non-axial dipole field to axial dipole field (Biggin et al. 2020) with the associated uncertainty limits where reasonable.
References: [1] Cromuwell et al. 2018, [2] Doubrovine et al. 2019, [3] This study, [4] Franco et al. 2019, [5] de Oliveira et al. 2018.



Immediately obvious is the consistent 4/a value throughout the Post-PCRS and the Pre-
CNS and the higher values associated with the superchrons on either side (Figure 2.5a).
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Figure 2.5: Variations in a) Model G b/a ratio b) Model G a parameter estimated for a range of time
intervals. Last 10 Ma (10-o0 Ma), (CNS (126-84 Ma), Pre-CNS (198-126 Ma), Post-PCRS (246-200 Ma),
Pre-CNS & Post-PCRS (264-126 Ma), PCRS (318-265 Ma)). CNS & Pre-CNS data taken from
Doubrovine et al. (2019), last 10 Ma data taken from Cromwell et al. (2018). Estimates of a) b/a ratio
and b) Model g a parameter given by solid circles, vertical error bars represent the 95% confidence
interval, horizontal error bars represent age range. The results displayed in blue are those from the
combined database for the Post-PCRS and Pre-CNS. Dashed red line displays reversal frequency model

constructed using a 5 Ma sliding window and magnetostratigraphic data from Ogg (2012) & Maron
et al. (2019).

During the newly combined interval, reversal frequency shows a wide range of values
(Figure 2.52), which would appear to contradict the idea that an inverse relationship exists
between the b/a ratio and reversal frequency (Franco et al., 2019). Rather, it supports the
hypothesis that any potential relationship must be less straightforward (Doubrovine et
al., 2019). The stronger latitudinal dependence of dispersion (i.e. the Model G &
parameter) during both the PCRS (Figure 2.52) and CNS (Doubrovine et al., 2019) are
responsible for the higher 4/ ratio compared to the times of geomagnetic reversals. This
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could suggest that the different behaviours are indicative of a low/absent reversal regime
and one in which reversals are present. However, the indistinguishable 4/a ratio for the
last 10 Ma, when compared to that of the CNS, is not consistent with this hypothesis
(Doubrovine et al., 2019).

If the b/a ratio does not have a straightforward relationship with the average reversal
frequency, then the consistently low value between the two superchrons must have an
alternative explanation. Interestingly, there is an ongoing discussion around a proposed
feature of the palacointensity record across a similar time interval, the Mesozoic Dipole
Low (MDL). This feature was first proposed by Prévot et al. (1990) and was defined as a
period in which the virtual dipole moment (VDM) was one third of its present-day value
between ~180-135 Ma (Perrin & Shcherbakov, 1997; Prévot et al., 1990). This hypothesis
was supported by the work of Tanaka et al. (1995) in their construction and analysis of a
global palaeointensity database, and low palacointensity estimates obtained from the
Siberian Traps (Heunemann et al., 2004; Shcherbakova et al., 2015).

Subsequent studies have suggested an MDL ~180-120 Ma (McElhinny & Larson., 2011),
and recent low VDM estimates obtained from Permo-Triassic boundary rocks (~250 Ma)
have led to proposals of an MDL extending back to this time (Anwar et al., 2016). The
time interval corresponding to this longer MDL is largely encompassed by the time
interval of low 4/a ratios compiled for this study. Exploring this relationship further is
very challenging due to the current global palacointensity record. As it stands there are
almost no VDM estimates for the entirety of the Triassic (Anwar et al., 2010).
Furthermore, there is the possibility that the MDL is not a time interval of low intensity
but rather represents the long-term average (Selkin & Tauxe, 2000). Another possibility
is that the real MDL is a time of low field strength associated solely with the Jurassic
hyperactivity period (Kulakov et al., 2019).

Obtaining new estimates of absolute palacointensity values during the Triassic will be
crucial in making possible the assessment of any relationships between geomagnetic
observables and the palacointensity record. The compilation of data from Triassic aged
volcanic rocks and small-scale intrusions in Table 2.1 demonstrates that this is possible,
as such rock formations have the potential to be viable palaeointensity recorders. The
number of Group 1 datasets available per million year for Triassic PSV analysis (0.23 Myt
") is not substantially lower than other time intervals (e.g. CNS; 0.45 Myr™, Pre-CNS; 0.26
Myr'; Doubrovine et al. 2019, PCRS 0.30 Myr™; this study) even after removing datasets
associated with the two major volcanic events that bookend the period. Due to the nature
of palaeointensity experiments (Shaar & Tauxe, 2015; Thellier & Thellier, 1959) some
formations that are suitable for palacomagnetic studies are not suitable for palacointensity
studies, however. Nevertheless, we highlight the potential for future work to characterise

the Triassic dipole moment using palacointensity studies performed on such targets as
identified in Table 2.1.

Implications for Field Morphology

A recent study by Biggin et al. (2020) investigated, across a wide range of models, the
possibility of using Model G shape parameters to provide information about field
morphology and, specifically, the dominance of the axial dipole contribution. Their
finding was a strong, positive relationship between axial dipole dominance and the Model
G a parameter. In order to assess what this would mean for the time intervals considered
in this study, the different estimated @ values must be analysed in a similar manner to that
done for the b/a ratios (Figure 2.5b). The relationship between estimated a values and
apparent average reversal frequency does not appear to be strongly inverse to that
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observed when analysing the 4/a ratio (Figure 2.5), as would be expected if the parameters
co-varied inversely. The superchrons do display the lowest 2 values alongside higher
estimated / values. Nevertheless, the estimated # value for the last 10 Ma is more
comparable to that observed during the Pre-CNS, despite the associated estimated 4 value
more closely resembling those of the two superchrons (Table 2.3). This would appear to
support the conclusion of Biggin et al. (2020) that only a weak relationship exists between
Model G shape parameters. The consequence of a relationship of this nature is that the
original interpretation of the Model G shape parameters, as representing independent
families of equatorially symmetric and equatorially anti-symmetric terms (McFadden et
al. 1988; McFadden et al. 1991), is not well- supported (Biggin et al. 2020). A similar
conclusion regarding the physical meaning of Model G shape parameters was reached by
Doubrovine et al. (2019) who suggested that in strong-field, Earth-like dynamos the
separation between the symmetric and anti-symmetric dynamo families becomes
improbable despite being theoretically plausible.

Estimates of the Model G « parameter were used to establish the relative contribution of
the axial dipole using the power law established by Biggin et al. (2020). The output is the
median ratio of axial dipole to non-axial dipole contribution across the time interval
(AD/NADuedian), with the median being used to avoid biasing due to brief, extreme
events. The estimated ratios are displayed in Table 2.3. For the PCRS and Post PCRS, it
is the first time that the field behaviour has been analysed in this way. The relative
contribution of the axial dipole component of the field is somewhat similar for the Post-
PCRS and Pre-CNS (Table 2.3), although a small increase is observed. Axial dipole
dominance has since decreased, with the field over the last 10 Ma demonstrating a relative
dipole contribution level similar to that during the Pre-CNS (Table 2.3). The most
remarkable finding is the very strong axial dipole dominance of the PCRS field (Table
2.3), which is far greater than for any of the other ancient time intervals studied here or
by Biggin et al. (2020). The closest values to this have come from much more recent,
shorter time intervals on the order of 10 kyr (Biggin et al., 2020). The enhanced axial
dipole dominance of the PCRS suggests that the Earth’s magnetic field, during time
instances within this interval, more closely resembled that of a GAD field than during
any other time interval comparably studied. Put another way, dipole tilt (produced by the
equatorial dipole terms) and all components of the nondipole field appear to have been
heavily diminished relative to the axial dipole term during much of the PCRS. This offers
a possible explanation for the enhanced duration of the PCRS, when compared to that of
the CNS. Since collapse of the axial dipole is required to trigger a reversal (e.g. Olson et
al., 2009), it being stronger and more dominant through most of the time interval would
reduce the number of opportunities for a transitional field to dominate. The estimate of
AD/NADueiian for the PCRS is a factor of 5 larger than the estimates for the other
intervals since 265 Ma, with the upper range essentially describing a pure GAD field
(Table 2.3). Associated uncertainty estimates for AD/NADumedian are inflated through
incorporation of uncertainties associated with both the Model G « parameter and the
power law fit of Biggin et al. (2020) that relates this to AD/NADmedin. Nevertheless, these
uncertainty bounds still only narrowly incorporate the AD/NADnedin for the CNS and
exclude the estimates for all intervals during which magnetic polarity reversals takes place.
Therefore, although the formal establishment of the axial dipole dominance of the PCRS
as statistically distinct from that of all other intervals must await the addition of further
PSV data, we nevertheless consider it likely that, during the PCRS, the field was on
average more axially dipolar than at any subsequent time.
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The possible relationships between axial dipole dominance and VDM can be illustrated
as two end-member scenarios with a spectrum between. In the first, the non-axial dipole
field remains approximately constant through time with changes in the VDM being
entirely accounted for by shifts in the median axial dipole component. In the second, all
components of the field vary in unison. Our new findings regarding the PCRS appear to
rule out the second scenario (since the axial dipole does appear to have been enhanced at
the expense of the rest of the field during this time). The observation that average VDM
also appears to have been elevated during the PCRS (Hawkins et al., 2021) rather supports
the first scenario, or somewhere on the spectrum near to it. Likewise, if the duration of
the MDL was shown to coincide with the time interval represented by the combined Pre-
CNS and Post-PCRS then this could suggest that an increased contribution from the non-
axial dipole field was a factor in the lower average VDM.

Conclusions

PSV behaviour during the Post-PCRS is very similar to that observed for the Pre-CNS
despite these two intervals being characterised by different mean reversal rates. In terms
of their PSV behaviour, we suggest that they can be adequately represented as a single
interval. The variable reversal frequency and consistent b/ ratio is not consistent with
the hypothesis that an inverse relationship exists between the two (Franco et al., 2019).
This obsetvation is further demonstrated by the indistinguishable estimates of 4/a ratio
for the CNS and the last 10 Ma (Doubrovine et al. 2019). Detailed analysis of PSV
behaviour during the Jurassic hyperactivity period could help reveal whether PSV
behaviour was, indeed, consistent throughout the Post-PCRS and Pre-CNS, and
contribute to the ongoing discussion surrounding the nature of the relationship between
VGP dispersion and reversal frequency. In order to conduct such a study, more high
quality VGP datasets representing Jurassic hyperactivity behaviour are required than are
currently available.

It would appear that the original interpretation of Model G shape parameters in terms of
competing and co-varying contributions from quadrupole and dipole family harmonic
terms (McFadden et al., 1988; 1991) is not appropriate. Over at least the last 318 Ma,
superchrons seem to be characterised by a lower & parameter, which can likely be
attributed to a more axial dipole dominated field (Biggin et al., 2020). This enhanced
dipole dominance suppresses dipole tilt and the nondipole field, in turn suppressing VGP
dispersion and the frequency of reversals. It appears that this behaviour was much more
enhanced during the PCRS, in contrast to previous comparisons that have argued for
similar PSV behaviour in the CNS and PCRS (de Oliveira et al. 2018, Haldan et al. 2014).
The enhanced dipole dominance could go towards explaining the apparent longer
duration of the superchron. It is also possible that the MDL is characterised by near
latitudinal invariance of VGP dispersion and partially reduced axial dipole dominance, as
attested to by the marginally higher Model G « parameter. Testing this hypothesis will
require a much greater insight into global dipole moment variability, in particular for the
Triassic, in order to better constraint the extent of the MDL. Considering the viability of
the formations in Table 2.1 as potential targets for future palacointensity studies would
be a good first step towards addressing some of the gaps in the VDM record.

The low VGP dispersion at low-latitudes and the strong latitudinal dependence of VGP
dispersion previously observed for the PCRS (de Oliveira et al., 2018) is a robust feature,
demonstrated by the similarity in the pattern observed in this study using a higher-quality
database. This behaviour is distinguishable from that observed during the Pre-CNS and
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Post-PCRS and is the most extreme example of latitudinal-dependent VGP dispersion.
This would suggest that the PCRS occurred during a time interval in which the Earth’s
magnetic field was greatly dipole dominated, and potentially of high intensity, making it a
time interval worthy of intensive future study.
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Chapter 3. Palaeointensity estimates from Triassic
pillow basalts of the western Dolomites: implications
for geomagnetic field evolution

Abstract

The palacomagnetic field is commonly characterised by its polarity reversal frequency,
field strength, and secular variation. Establishing if long-term variations of these
characteristics occur independently, or via some defining relationships, is crucial to better
understanding the geodynamo mechanism. Very poorly defined palaeointensity
behaviour during the Triassic (~252-201 Ma) currently hinders such a determination. This
study reports new palacointensity results from pillow lavas of the Dolomites, Italy, whose
age is well constrained to the middle Triassic. Despite their submarine nature, rock
magnetic and microscopy investigations suggest that the lavas are reliable palacomagnetic
recorders, likely preserving a primary thermoremanent magnetisation. This is further
supported by a positive conglomerate test. Palacointensity estimates were obtained using
the IZZI+ thermal Thellier protocol, and the Shaw double heating approach with
additional steps to incorporate pseudo-Thellier experiments. Estimates of virtual dipole
moments range between 3.0 x 10 and 4.8 x 10 Am’. Analysis of these results, alongside
the palaeointensity record for the last 320 Ma, suggests that they are in keeping with a
long-term average persisting across much of the time interval from the Triassic until
present-day. In contrast, the Permo-Carboniferous Reversed Superchron (~318-265 Ma)
appears to represent a time interval of high geomagnetic field strength. The observed
changes in geomagnetic field strength are reflected in variations in the degree of axial
dipole dominance of the palacomagnetic field. This is suggestive of a relationship between
geomagnetic field strength and secular variation, highlighting the value of palacosecular
variation analysis, and the need for studies that aim to better define this relationship.
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Introduction

A comprehensive palacointensity record has the potential to greatly improve our
understanding of the Earth’s internal dynamics and its thermal evolution. Previously, a
sudden increase in the strength of the geomagnetic field has been interpreted as
representing the onset of inner core nucleation (Bono et al., 2019; Biggin et al., 2015) and
a transition from solely thermal convection to a combination of this together with more
efficient compositional convection (Davies et al, 2022). It is also proposed that
relationships exist between observable characteristics of the geomagnetic field: reversal
frequency, field strength, and palaecosecular variation (PSV) (Biggin et al., 2008; 2012;
Gubbins, 1987; McFadden et al., 1991; Pal, 1991; Sprain et al., 2015; Tarduno et al., 2001)
as a result of core-mantle boundary (CMB) heat flux variations due to whole mantle
convection. Validating these relationships could allow independent determination of
CMB heat flux using palacomagnetism, making it a very powerful tool. Additionally, a
more complete palacointensity record would provide greater constraints on geodynamo
simulations. Currently, a shortage of reliable data continues to inhibit the identification
of long-term patterns in palacointensity behaviour and agreement over proposed features.
This problem is exacerbated by the high failure rates of palacointensity experiments
(Carvallo et al., 2006; Paterson et al., 2010), and a scarcity of suitable material across
certain time intervals (Handford et al., 2021).

The behaviour of the Earth’s magnetic field, across a given time interval, is most
commonly characterised by its average polarity reversal frequency, its average field
strength, and its secular variation. In order to gain a full understanding of the geodynamo
mechanism, it must first be established whether long-term variations in reversal
frequency, field strength, and secular variation occur independently of one another or if
they share some defining relationships (Hulot & Gallet, 2003; Kulakov et al., 2019). The
most recent, detailed analysis of the palacointensity database (Kulakov et al.,, 2019)
analysed its evolution between 200 Ma and 65 Ma, alongside Earth’s polarity reversal
record for the same interval. The resulting analysis produced first-order support for an
inverse correlation between geomagnetic field strength and polarity reversal frequency.
The palacointensity data compiled for the study of Kulakov et al. (2019) contributed
significantly to the improved coverage of the Mesozoic (ca. 252-66 Ma; Ogg et al., 2012)
in a recent update to the PINT database (PINT v8.0.0, Bono et al., 2021). Substantial
improvements were also made to data coverage during the Palacozoic (Bono et al., 2021;
Hawkins et al., 2021). In order to best utilise the improvements made to the
palaeointensity database, and analyse the evolution of the strength of the Earth’s magnetic
field further back in geological time, it is important to first populate the palacointensity
record across the Triassic (ca. 252-201 Ma; Ogg et al.,, 2012). As it stands, just three
palacointensity estimates define the strength of the geomagnetic field between 249 Ma
and 202 Ma (Eitel et al., 2014; 2016; Schwarz & Symons, 1969). A wealth of recent PSV
studies, characterising geomagnetic field behaviour during intervals across the last ~320
Ma (Cromwell et al., 2018; de Oliveira et al., 2018; Doubrovine et al., 2019; Engbers et
al., 2022; Handford et al., 2021), gives further importance to defining the strength of the
Earth’s magnetic field during the Triassic, as it would facilitate a comprehensive review
into possible relationships between geomagnetic field strength and PSV.
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A recent investigation into PSV, during the Triassic period, resulted in a compilation of
palacomagnetic data obtained from Triassic aged volcanic rocks and small-scale
intrusions (Handford et al., 2021), simultaneously highlighting potential targets for future
palacointensity studies. This compilation included the volcanics of the Dolomites in the
southern Alps. This study presents new palacointensity estimates from pillow basalts of
the Fernazza Formation (Fm), whose formation is well constrained to the middle Triassic
(Storck et al.,, 2019; Mietto et al., 2012). A multi-technique approach is used in order to
facilitate a comparison between estimated palacointensity values obtained by methods
based on different physical principles, allowing a more complete understanding of
specimen behaviour and the potential reliability of results. The results of a conglomerate
test on the Marmolada Conglomerate, following the Bayesian approach of Heslop &
Roberts. (2018a), are also presented. The reliability of the palacointensity estimates
obtained from the Fernazza Fm is discussed at length, with the results then discussed in
the context of the wider palacointensity record and the results of recent PSV studies
(Cromwell et al., 2018; Doubrovine et al., 2019; Engbers et al., 2022; Handford et al.,
2021), in order to assess any possible relationships between secular variation and the
evolving strength of the Earth’s magnetic field.

Geological Setting & Sampling

The southern Alps experienced a phase of volcanic activity during the middle Triassic
(247 Ma — 237 Ma; Ogg, 2012), inbetween subduction related to the Variscan orogeny
(430-340/300 Ma, Casetta et al., 2021; Kroner & Romer, 2014; Stampfli, 2013) and the
initial rifting of the Alpine Tethys (late Triassic/eatly Jurassic, Casetta et al.,, 2021;
Stampfli, 2013). The main magmatic episode is estimated to have occurred between
242.653 £ 0.036 Ma and 237.579 * 0.042 Ma, determined via U-Pb geochronology
(Storck et al., 2019). For the first 4 Ma, activity was silicic and explosive, before a
compositional change towards mafic products in the form of voluminous, primarily
basaltic, lava flows and associated intrusive bodies (Storck et al., 2020; 2019). This interval
of mafic production was relatively short-lived, likely lasting < 900 kyr (Storck et al., 2019).
Effusive products are characterised by submarine pillow lavas, pillow breccias, lava
breccias, hyaloclastites, and sub-aerial lava flows (Casetta et al., 2021), with all mafic
products being shoshonitic (Casetta et al., 2021; Casetta et al., 2018a; 2018b; Bonadiman
et al., 1994; Lustrino et al., 2019; Sloman, 1989). A potassium enriched composition of
this nature is typically associated with destructive margins and a metasomatised mantle
source (Joplin, 1968; Morrison, 1980; Sen & Stern, 2021; Sloman, 1989). This is at odds
with the regional geological and geophysical observations, which indicate that deposition
occurred in a strike-slip/extensional tectonic setting, due to the presence of horst and
graben structures, and the formation of carbonate platforms (Bonadiman et al., 1994;
Sloman, 1989). The misfit between geochemical data, and the geological/geophysical data
has resulted in many proposed geodynamic and tectonic models to explain the peculiar
magmatic suites of the southern Alps (Bernoulli & Lemoine, 1980; Bianchini et al., 2018;
Bonadiman et al., 1994; Casetta et al., 2021; De Min et al., 2020; Doglioni, 2007; Lustrino
et al., 2019; Storck et al., 2019; Zanetti et al., 2013). Examples from the most recent
studies attribute the chemical composition to crustal contamination (Storck et al., 2020),
or a Variscan associated, subduction-modified mantle source (Casetta et al., 2021;
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Lustrino et al.,, 2019). Both have their limitations and the associated tectonic setting
remains controversial.

The effusive phase of magma production is best preserved in the Dolomites (Casetta et
al., 2021; Sloman, 1989), which was a main magmatic centre during the middle Triassic
(Storck et al., 2019). Here, the middle Triassic stratigraphy is characterised by carbonate
platforms, pelagic sedimentary deposits, and emersion horizons, all indicating a shallow
marine environment, and the aforementioned volcanic successions and shallow intrusions
(Brandner et al., 2016; Stork et al., 2019). In the western Dolomites, the basin associated
deposits are separated by the shoshonitic lavas of the Fernazza Fm, represented by the
deposition of the pre-volcanic Buchenstein Fm and the post-volcanic Wengen Fm (Figure
3.1b; Brandner et al.,, 2016). The timing of the emplacement of the Fernazza Fm is
constrained by dates obtained from ashes within each of these basinal deposits. Storck et
al. (2019) dated the upper Pietra Verde of the Buchenstein Fm at 238.646 + 0.037 Ma
and two ash beds of the Wengen Fm at 237.579 £ 0.042 Ma and 237.680 * 0.047 Ma,
respectively. These results agree with previous findings, such as the minimum date
(Mundil et al., 2010) for the upper Pietra Verde obtained by Mundil et al. (1996), of 238.0
+0.4/-0.7 Ma, and that of an ash deposit 24 m above the Fernazza volcanics, within the
locally distributed Frommer Member of the Fernazza Fm (237.773 £ 0.052 Ma, Mietto
et al., 2012). This results in a maximum possible eruption duration of 0.87 £ 0.06 Ma,
across a time interval that agrees with dates obtained from the coeval mafic intrusions of
the Monzoni-Predazzo complex (238.190 & 0.055 to 238.075 + 0.087 Ma, Storck et al.,
2019). In some sections, the Marmoldada Conglomerate sits directly atop the pillow
basalts of the Fernazza Fm, indicating the start of the Wengen Fm (Brandner et al., 2010).
Otherwise they are separated by basinal deposits with a carbonate source. The sudden
change to the volcaniclastic and epiclastic sediments of the Marmolada Conglomerate
represents a change in source material, likely from the erosion of a volcanic island forced
by a lowering sea-level (Brandner et al., 2010).

The specimens used in this study were collected as cores, drilled from massive pillow
lavas of the Fernazza Fm, that had typical diameters between 3 m and 5 m (e.g. Figure
3.1c). Sampling areas are shown in Figure 3.1a on a geological map of the region. These
pillows were considered the most reliable palacomagnetic recorders in a previous study
(Manzoni, 1970), when compared with results obtained from mafic dykes in the area. The
resulting combined palacopole of Manzoni. (1970), for the Dolomites, was 240°E, 48°N,
with the tectonic implication that the Dolomites experienced 50° anticlockwise rotation
relative to northern Europe (Manzoni, 1970). Palacomagnetic procedure was limited to
alternating field (AF) demagnetisation, which suggested low-coercivity remanence
carriers as specimens demagnetised to < 10% of their NRM value after demagnetisation
in a maximum AF of 40 mT (Manzoni, 1970). This would appear to agree with a recent
petrological study of basalt lava flows of the Dolomites, in which it was determined that
they contained a compositional range of Ti-poor titanomagnetites (Casetta et al., 2021).
Drill cores were also collected for this study from clasts of the Marmolada Conglomerate
(Figure 3.1), in order to perform a conglomerate test to assess the possibility of the
Fernazza Fm having experienced remagnetisation (Graham, 1949; Watson, 1956; Heslop
& Roberts, 2018a). The close proximity of the source area of the Marmolada
Conglomerate to the Fernazza Fm (Bosellini, 19906), suggests that the conglomerate may
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well be comprised of clasts of the Fernazza Fm. Confidently identifying clasts as being
representative of the Fernazza Fm, over previous phases of Alpine volcanic activity, is
challenging, however. Therefore, the conglomerate test is not interpreted as being
intraformational (Shipunov et al., 1998).

Some of the magmatic products of the western Dolomites have experienced
hydrothermal alteration but this is varying in its extent (Casetta et al., 2021). Magnetic
products of low-temperature alteration will carry a thermochemical remanent
magnetisation (TCRM) that is expected to bias palacointensity estimates (Fabian, 2009;
Yamamoto et al., 2003). Prior to sampling, the physical condition of the outcrop was
assessed, avoiding areas with extensive cracking that may have facilitated or exacerbated
fluid penetration and rock alteration (Marescotti et al., 2000) and also avoiding outcrops
that contained a high density of amygdales or mineral veins, formed through precipitation
of hydrothermal fluids (Marescotti, 2000). Pilot holes were also drilled at each potential
site and those that produced brown drilling mud, indicative of the alteration product clay,
were abandoned. In addition to this, sampling was carried out in a manner that could
facilitate an assessment of the effect that any TCRM component may have on the final
palacointensity estimates. The radial cross-sectional profile of pillow lavas, have the
potential to present a systematic change in the degree of low-temperature oxidation
experienced, decreasing towards the centre (Humphris, 1972; Humphris & Thompson,
1978). Therefore, for certain sites, the collection of samples across radial profiles was
documented, in order to investigate the possibility of a relationship with obtained
palacointensity estimates and the degree of low-temperature oxidation experienced.

Method
Rock Magnetic Experiments & Microscopy

These methods were used to determine the magnetic mineralogy of the studied specimens
in order to assess their suitability for palacointensity experiments, and the likelihood of
the held remanence being thermal in nature and of primary origin.

A Magnetic Measurements Ltd Variable Field Translation Balance (VFTB) was used to
measure hysteresis parameters, thermomagnetic curves, and isothermal remanence
acquisition curves. Multiple 150 mg powdered samples were used from each site to
provide an understanding of the degree of homogenecity of a given site. Thermal
experiments typically ran up to 600°C or 700°C. Repeated heating steps were applied
when they had the potential to provide further information on the temperature during
laboratory heating at which alteration may have occurred. Results were analysed through
a combination of RockMag Analyzer 1.0 (Leonhardt, 2006) and HystLab v1.1.0
(Paterson et al., 2018). Thermomagnetic curves were used to obtain Curie temperature
(T¢) estimates by utilising the differential method of Tauxe. (1998).

The dependence of sample magnetic susceptibility on temperature was analysed using an
MFK1-FA Kappabridge susceptometer with CS-3 furnace (AGICO). Again, multiple
crushed samples were used per site but in slightly larger quantities than for the VFTB.
These experiments also typically ran up to 600°C or 700°C and selected samples were
subject to cyclic heating steps where appropriate. Carbon coated, polished thin sections
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were subject to Scanning Electron Microscope (SEM) analysis using a JEOL JSM 6610
SEM and a Zeiss Gemini 450 SEM at the Albert Crewe Centre for Electron Microscopy,
University of Liverpool. This included Backscattered electron (BSE) imaging and energy
dispersive X-ray (EDX) spectroscopy, analysed with Oxford Instruments; Aztec
software. The thin sections were also subject to a range of optical microscopy techniques
using a Meiji Techno Mt4000 series microscope.

Absolute Palaeointensity Techniques

Palacointensity estimates were obtained by three different experimental methods: thermal
Thellier (performed using the IZZI+ protocol, Tauxe & Staudigel, 2004), Shaw double
heating technique (Shaw-DHT; Shaw, 1974; Tsunakawa & Shaw., 1994; Kono, 1978), and
pseudo-Thellier (Paterson et al., 2016; Tauxe et al., 1995). Estimates obtained using the
pseudo-Thellier approach were not considered for final site-level virtual dipole moment
estimates (VDM) as they are associated with uncertainties of at least 25%, but have been
shown to be useful as a complementary technique, justifying their use (Paterson et al.,
2016; Thallner et al., 2021). Site-mean palacointensity estimates were calculated by
unweighted averaging of specimen-level thermal Thellier and Shaw-DHT results, where
possible, and the minimum required number of site-level estimates was three (n = 3).
Experiments were conducted on half-inch core specimens with Shaw-DHT and pseudo-
Thellier measurements performed using a RAPID 2G superconducting rock
magnetometer. Thermal Thellier measurements were similarly made or, on occasions, a
JR6-6A Spinner Magnetometer (AGICO) was used.

Palacointensity experiments were only conducted on specimens from site locations where
sister specimens had produced consistent site-level characteristic remanent magnetisation
(ChRM) directions from stepwise demagnetisation experiments, or where internally
inconsistent directions could be explained by field relationships and observations. A
combination of AF and thermal treatments were utilised in the ChRM isolation at each
site. AF demagnetisation was completed with an LDA5 AF Demagnetizer (Agico) and
thermal treatment was done using either a MMTD24 or MMTDSC Thermal
Demagnetizer (Magnetic Measurements).

Thermal Thellier

The IZZ1+ protocol alternates zero-field and infield steps, with partial thermal remanent
magnetisation (pPTRM) checks after every two step pairs (Tauxe & Staudigel, 2004; Lloyd
et al. 2021b) as a check for thermal alteration. In this study, specimens were treated in
batches where temperature steps were tailored according to the thermal demagnetisation
behaviour observed in prior experiments. As the remagnetisation process is trying to
replicate that which gave the samples their original thermal remanent magnetisation
(TRM), thermal experiments are most effective when the laboratory applied field is close
in magnitude to that of the original applied field (Biggin. 2006). As this is a relative
unknown for the Triassic, an initial applied field of 30 uT was used. Where appropriate,
additional specimens from the same site were subject to the same experiment with an
applied laboratory field more closely resembling that of the ancient field as suggested by
the initial results. Specimens were also subject to a 5 mT AF demagnetisation step before
each measurement in order to remove soft remanences acquired during the experimental
process, and improve Arai plot linearity (Dunlop et al., 2005).
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The standardised palacointensity definitions of Paterson et al. (2014) were used and the
selection criteria are taken from that study albeit with slightly stricter k’. They are: n = 5,
3 =0.100,f = 0.35,q =2 1, MADunc = 15, « = 15, DRAT = 10, CDRAT = 15, k’ = 0.35.
Slight relaxation in the selection criteria was permitted (3 < 0.110, k* < 0.48, DRAT = 10,
CDRAT = 15) when the number of parameters failing the original criteria were no more
than two, and other specimens from the same site provided similar palaecointensity
estimates whilst satisfying all criteria. Arai plots were analysed through paleointensity.org

(Béguin et al., 2020).
Shaw

A standard Shaw experiment utilises AF demagnetisation of both the NRM and an
imparted TRM, estimating the intensity of the original applied field from the ratio
between the two (Shaw, 1974; Tsunakawa & Shaw., 1994). The ratio of anhysteretic
remanent magnetisations (ARM) given before the laboratory heating and after are used
to determine if any alteration occurred during the heating process and correct for it if
required (Kono, 1978). A second heating step is then completed with another ARM
correction applied in an attempt to recover the initial applied TRM field. This is done as
a check on the reliability of the ARM correction. Specimens in this study were held at
temperatures of 600°C for 40 minutes during the first TRM acquisition and 50 minutes
during the second TRM acquisition. All initial experiments were conducted with a known
laboratory field of 30 uT which was adjusted for subsequent experiments following the
same approach utilised in the IZZI+ method.

Requirements regarding the classification of the ChRM direction and amount of data
required for a reliable palacointensity estimate are the same as those used when analysing
1771+ data. The additional selection criteria related to the Shaw method follow those
proposed by Yamamoto et al. (2003).

1. Linear portion of the NRM-TRM1* diagram used in the palacointensity estimate
represents at least 15% of the original NRM (fx = 0.15).

2. The R? correlation of the portion of the NRM-TRM1*(Rx% and TRM1-TRM2*
(Rr”) diagrams used should be at least 0.99.

3. The slope of the portion of the TRM1-TRM2* is near unity (slope-T = 1 £ 0.05).
Greater error was permitted for sites containing specimens which passed the
original criteria where the palacointensity estimate from the failing specimens
agreed (slope-T = 1 £ 0.1). This is a similar approach to previous studies (e.g.
Lloyd et al. 2021b).

The curvature parameter (k) is also included as an additional criterion following on from
the investigation conducted by Lloyd et al. (2021a), who observed notable improvement
in both the accuracy and precision of successful palacointensity estimates when £’ was
used over the traditional R’ as a measure of linearity.

4. Curvature parameter, £’, of the portion of the NRM-TRM1* (k’x) and TRM1-
TRM2* (k’r) diagrams used, should not exceed 0.20. Marginally reduced criteria
are permitted for one of either R%or £ (R* > 0.985, k* < 0.210). This appears
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reasonable as the use of £’ was proposed as an alternative criterion to R’ (Lloyd
et al., 2021a), yet is ordinarily applied conjunctively in this study.

Pseudo-Thellier

The pseudo-Thellier approach is a non-heating method in which the NRM of a specimen
is progressively demagnetised using an alternating field, after which an ARM is imparted
using the same steps (Paterson et al., 2016; Tauxe et al., 1995). NRM is plotted against
ARM and an estimate of ancient field strength is determined by multiplying the slope of
this pseudo-Arai plot by the strength of the applied laboratory field and a calibration
factor. The calibration factor of Paterson et al. (2016) was chosen for this study.

When analysing the pseudo-Arai plots, the selection criteria of Paterson et al. (2016) were
applied and paleointensity.org (Béguin et al., 2020) was used for the analysis.

Results
Rock Magnetism & Microscopy

Combined analysis of rock magnetic experiments, SEM and optical microscope images,
and EDX data, suggest that the magnetic mineralogy is moderately homogeneous across
the different sampling sites. The limited range of rock magnetic behaviour observed, likely
represents varying degrees of alteration experienced by studied specimens. This is
demonstrated in Figure 3.2 where the most extreme examples of thermomagnetic, and
susceptibility versus temperature behaviour are presented (Figure 3.2b & 3.2¢), alongside
behaviour most representative of the average specimen (Figure 3.2a). In thermomagnetic
experiments, magnetisation decays up to a temperature of ~500°C (Figure 3.2), resulting
in consistent Tc estimates between 490°C and 500°C. Another consistent feature is the
lower magnetisation values of the cooling curve when compared to those of the heating
curve (Figure 3.2). This is an indicator of thermal alteration, and cyclic heating steps reveal
that this occurs between 350°C and 500°C (Figure B.1). Given the inflection sometimes
observed in the heating curve at ~350°C (Figure 3.2b), and the geological context of the
specimens, it is most likely that thermal alteration is due to the inversion of maghaemite
to haematite (Dunlop & Ozdemir, 1997). The extent to which maghaemite influences
thermomagnetic curves is variable, with some curves displaying close to reversible
behaviour (Figure 3.2c). Susceptibility versus temperature curves display a mild
Hopkinson peak ~500°C (Figure 3.2). The preceding decrease in susceptibility is relatively
sharp but shallows close to 550°C. This behaviour is likely the result of specimens
containing populations of Ti-poor titanomagnetites with a range of compositions. The
estimates of T¢ therefore, are likely to roughly represent that of the mean titanomagnetite
composition (Lattard et al., 2006). The effects of maghaemite inversion are sometimes
visible in the susceptibility versus temperature curves as minor inflections of the heating
curve ~300°C (Figure 3.2). This also likely explains the decrease in room temperature
susceptibility values, as haematite is of significantly lower susceptibility than maghaemite
(Dunlop & Ozdemir, 1997). Heating up to 700°C (Figure 3.2a, b) potentially results in
greater thermal alteration than often exhibited in the thermomagnetic curves, although
evidence of greater thermal alteration is also evident in susceptibility versus temperature
curves when specimens were heated to a maximum temperature of 600°C (Figure 3.2¢).
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In both the thermomagnetic, and susceptibility versus temperature curves of the most
reversible specimens, (Figure 3.2c) there is a slight increase in T¢ of the cooling curve.
This most likely represents partial oxyexsolution of titanomagnetite phase(s) towards pure
magnetite.
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Figure 3.2: Rock magnetic results from specimens that are representative of the full range of rock
magnetic behaviours. Thermomagnetic curves and susceptibility versus temperature curves are
presented for each classification. a) behaviour most representative of average specimen, b) least
reversible behaviour, ¢) most reversible behaviour.

a)

Mag (x10™* Am?)

o

=

1
%]

FM17-2RM

-500 0

500

Field (mT)

b)

o
e
e

s

M /M

1072

ass®

e
et
S

® FM04
« FMO05
® FM06

FMo07

FMO08
® FMO09
® FM10

----
e
....
.®

e FM11
* FM12
FM13
* FMi14
* FM15
* FM16
FM17
e FM18
FM19
=TL
=IBDS =
0.10

10

B /B

Ccr

10

C

Figure 3.3: Hysteresis properties. a) Representative example of hysteresis loop processed with
HystLab (Paterson et al., 2018). b) Graph showing the ratio of saturation remanence and saturation
magnetisation versus ratio of coercivity of remanence and coercivity with bulk domain stability (BDS)
trendline (TL, red line) (Paterson et al., 2017) and BDS = 0.10 (blue dotted line).

Hysteresis behaviour was relatively consistent across all specimens analysed. Saturation
magnetisation was achieved by 250 mT, with specimens retaining little remanent
magnetisation after the applied field was removed (Figure 3.3a). Representative hysteresis
parameters have been plotted for each site alongside the bulk domain stability (BDS)
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trendline (Paterson et al., 2017) and the line representing BDS = 0.10 (Figure 3.3b). The
trendline was derived from the hysteresis parameters of (titano)magnetites (Paterson et
al., 2017) and agreement between the plotted parameters and this trendline (Figure 3.3b)
are further evidence to suggest the presence of titanomagnetite in the specimens of the
Fernazza pillow lavas. Specimens with a BDS value below 0.10 are less stable due to
enhanced multidomain (MD) contributions (Paterson et al., 2017; Yoshimura et al., 2020).
All plotted parameters lie below BDS = 0.10 but often lie close to this theoretical cut-off
(Figure 3.3b), and there does not appear to be a tendency for given sites to lie towards
the top or bottom of the plotted distribution.

Microscopy images of the Fernazza Fm lavas agree with the recent descriptions of
equivalent units by Casetta et al. (2021) and Nardini et al. (2022). Specimens demonstrate
porphyritic to glomeroporphyritic textures with phenocrysts of clinopyroxene,
plagioclase feldspar, and spinel (Figure 3.4). There is also evidence of secondary mineral
infill, in the form of amygdales (Figure 3.4a). Individual glomeroporphyrys are best
observed under transmitted cross-polarised light (Figure 3.4a & b), which shows them to
consist of clinopyroxene and spinel grains. EDX analysis of the spinel grains shows them

a) FM17-9 TSMTXP-1A b) FM18-5 TSMTXP-1A + ILOBF c) FM16-6 TSMTXP-1A + ILOBF
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Figure 3.4: Microscopy images obtained with transmitted cross-polarised light (TSMT-XP, a-c) and
brightfield images utilising incident light (ILOBF, b insert & c). Scanning electron microscope (SEM)
images obtained from backscattered electrons (BSE, d-f). CPX — clinopyroxene, SP — spinel, PLG —
plagioclase feldspar, Lam — lamellae, M.I — melt inclusion, QNCH — quench textures. Pervasive crack
demonstrating the cross-cutting relationship between clinopyroxene and melt inclusion highlighted in
e) (red box). SEM images are presented in an order of decreasing scale, with the features displayed in
f) being representative of the groundmass.

to be Fe-Ti oxides (Figures B.2 & B.3). In some cases, the clinopyroxene grains host the
(titano)magnetite grains (Figure 3.4b, d, ¢). Hosted and isolated (titano)magnetite grains
are considered a primary phase since lamellae, suggestive of high-temperature oxidation,
are observed (Figure 3.4b, ¢). SEM BSE images show that the (titano)magnetite inclusions
often occur within melt inclusions (Figure 3.4d, e¢). Where the clinopyroxene host has
experienced cracking, it has occurred after the crystallisation of these melt inclusions,
demonstrated by cross-cutting relationships (Figure 3.4e). This evidence suggests that the
(titano)magnetite inclusions are a primary phase, crystallising out of melt entrapped by
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the growing clinopyroxene grain. Elemental composition maps obtained by EDX
spectroscopy, display evidence of Fe-Ti oxides within the calcite amygdales (Figure B.4).
The groundmass is composed of the same mineral assemblage as the phenocrysts, and is
microcrystalline to hypohyaline (Figure 3.4a, b, e, f), sometimes displaying dendritic
quench textures (Figure 3.4f). (Titano)magnetite grains generally show well-defined edges
but sometimes show evidence of cracking (Figure 3.4d). Usually this is constrained to
grain edges (Figure B.5) and likely formed due to a small degree of maghaematisation
(Figure B.5). In the examples observed, the majority of the iron-oxide grains appear
unaffected by cracking.

Palaeomagnetic Directions & Conglomerate Test

From the 19 sampling sites subject to palacomagnetic directional analysis, 12 returned
internally consistent ChRM directions with an » = 5 and with a general agreement
between components analysed from both AF and thermal demagnetisation procedure.
Typically, the NRM of specimens was demagnetised by 30 mT (Figure 3.5) and 560-
590°C. The site-mean direction from site FM05 (Table 3.1) was significantly different to
the rest but failed a reversal test following the approach of Heslop & Roberts (2018b).
Site-level VGPs from the 11 remaining successful sites were used to calculate a palacopole
(54.8°N, 216.2°E, K: 57.4, Ags: 6.1°). This palacopole plots close to the palacopole
calculated by Manzoni. (1970) (48°N, 240°E, Aos: 10°), with some site-mean VGPs from
this study lying within their Ays confidence interval (Figure 3.6a). The two palacopoles
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Figure 3.5: An example of typical AF demagnetisation behaviour experienced by pillow lava specimens
of the Fernazza Fm. In this example, the data displayed was from specimen FMo4-4C. a) Zijderveld
plot, b) Intensity of specimen magnetisation with increasing AF demagnetisation steps. Remaining
proportion of the NRM (orange circle), fraction of NRM lost between AF steps (grey profile).

do however, display statistically significant differences as demonstrated by the non-
overlapping Aos confidence intervals (Figure 3.6a). Some sites that did not produce
internally consistent ChRM directions were still selected for palacointensity analysis
(FM15, FM17, FM19) as they contained samples from different pillows and the ChRM
directions grouped accordingly. These sites were located along roadside cuttings and it is
thought that the pillows were made ex-situ during the excavation. In the cases of FM15
and FM19, directions from one pillow at each site showed good agreement with results
from other sites. As such, these pillows have been interpreted as in-situ and the mean
ChRM values from them utilised (Table 3.1).
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Figure 3.6: a) Comparison of mean VGPs from this study and Manzoni. (1970). Large red point
represents mean VGP from this study, smaller circles represent VGPs from individual sites that make
up the mean value. Black point represents mean VGP value from Manzoni (1970). In both cases the
outer-ring represents Aos; confidence interval. b) Stereoplot of ChRM directions isolated from
specimens taken from clasts of the Marmolada conglomerate in order to carry out a conglomerate test.
The resultant vector length (R) was 6.39 which resulted in a Bayes Factor of 2.07 (Heslop & Roberts,
2018a). The probability that the directions are of a uniformly random distribution was 0.67 (Heslop &
Roberts, 2018a).

The conglomerate test on clasts from the Marmolada Conglomerate was performed
following the Bayesian framework developed by Heslop & Roberts (2018a). Interpretable
ChRM directions were isolated from specimens of 21 conglomerate clasts (Figure 3.6b;
Table B.1), across two sampling sites. Directions from multiple specimens were
interpreted and averaged for 5 of these clasts (Table B.1). The resultant vector length (R)
from the 21 clasts was 6.39 which resulted in a Bayes Factor of 2.07. This produced a
probability that the directions are of a uniformly random distribution of 0.67 which
corresponds to weak support for the null hypothesis of uniformly random directional
distribution (Heslop & Roberts, 2018a; Raftery, 1995).

Palaeointensity Estimates

Prior to conducting any palacointensity experiments, the potential of secondary Fe-Ti
oxides identified within amygdales (Figure B.4) to make a significant contribution to the
remanence of bulk specimens was investigated. Individual amygdales were extracted from
bulk specimens (Figure B.6), alongside micro-specimens composed of a mixture of calcite
and bulk matrix material. In total, 10 specimens were studied, half of which were extracted
amygdales and half were mixed specimens (Table B.2). The NRM of each specimen was
measured before being subject to AF demagnetisation. Saturation magnetisation was also
measured for each specimen and estimates of Curie temperature were obtained from
thermomagnetic curves.

The NRMs measured for amygdale specimens were typically two orders of magnitude
weaker than those of mixed specimens (Figure B.7a; Table B.2). The ability of amygdale
specimens to acquire a remanent magnetisation was also significantly reduced, as
evidenced by saturation magnetisation values that were lower by at least an order of

65



magnitude (Figure B.7b; Table B.2). Mixed specimens displayed coherent AF
demagnetisation trends, from which ChRM directions could be isolated, this was not the
case for amygdale specimens. Finally, estimated Curie temperatures were higher for
amygdale specimens. These are suggestive of phases close to pure magnetite and perhaps
haematite (Table B.2), mixed specimens displayed Curie temperatures closer to those that
were estimated for bulk specimens (Table B.2). Overall, even when calcite amygdales
constitute a relatively significant proportion of mixed specimens, the magnetic behaviour
of the specimens appeared dominated by Fe-Ti oxides hosted within the bulk matrix. For
this reason, it is believed that palacointensity experiments conducted on specimens in
which amygdales constitute a much less significant fraction, would be unaffected by the
secondary Fe-T1 oxides that were identified within them. A more complete breakdown of
these results is presented within the supporting information.

A summary of the palaeointensity results from the pillow basalts of the Fernazza Fm are
presented in Table 3.1. A complete breakdown of all palacointensity experiments can be
found in the supporting information (Tables B.3, B.4, & B.5), separated by palacointensity
method and including critical values relative to the respective selection criteria. The
success rates of palaecointensity experiments varied according to the experimental method
but were relatively high across all three methods (thermal Thellier (30%), Shaw-DHT
(57%), pseudo-Thellier (77%)) considering that palacointensity experiments are often
affected by high failure rates (Calvo et al., 2002; Calvo-Rathert et al., 2021; Carvallo et al.,
2006; Perrin, 1998). These figures do not include specimens that passed the
corresponding selection criteria but were excluded from the final site-mean calculations
due to visual evidence of MD effects in Arai plots or the suggestion that an estimate was
affected by experimental error.

Acceptable results from the IZZI+ thermal Thellier method were generally obtained
from Arai plots that demonstrated an initial increase in magnetisation before a near-linear
decrease, reaching magnetisation values < 10% of the NRM by 570°C (Figure 3.7a). For
all cases, the temperature steps associated with the initial increase correspond to those of
an overprint that demagnetised in a direction opposing the ChRM (Figure 3.7a). This
overprint was commonly removed between 300°C and 400°C. Arai plots displaying the
behaviour obsetved in Figure 3.7a, commonly failed § and/or £ (Table B.3) due to the
zigzagging nature of the Arai plots. On occasion, highly zigzagging Arai plots still passed
the selection criteria (Figure 3.7d) but were ultimately rejected due to the association with
MD effects (Tauxe & Staudigel, 2004). The other commonly observed Arai plot
behaviour is demonstrated in Figure 3.7b. Arai plot behaviour associated with an
overprint is again observed but is followed by a sharp decrease, usually at 450°C (Figure
3.7b). A second slope is then observed that is usually mostly linear. In some cases, sections
of this second slope pass the chosen IZZI+ selection criteria (Figure 3.7b) but
consistently produce lower estimates than estimates obtained from specimens displaying
linear behaviour (Table B.3). Palacointensity estimates from Arai plots displaying this type
of behaviour were not included in final site-mean estimates, even when the selection
criteria were fulfilled. It was considered likely that this change in slope, across temperature
steps of a single directional component, was due to MD effects (Dunlop & Ozdemir,
2001; Levi, 1977) as passing pTRM checks make alteration of magnetic mineralogy (Kissel
& Laj, 2004) an unlikely cause. The Arai plots from one batch of specimens were
adversely affected by an oven calibration issue (Figure 3.7c). Where the affected results
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passed the selection criteria and there was an agreement with multiple estimates from
non-affected specimens, the palaeointensity estimates were included in the site-mean.
Where this was not the case, estimates were rejected to ensure results were not biased by
artefacts arising from the experimental issue.
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Figure 3.7: Representative Arai plots and Zijderveld plots (Zijderveld, 1967) of the thermal Thellier
experiments. Filled circles (orange) represent the temperature steps selected for the palaeointensity
estimates, with a best-fit line to these points (red). The start and end temperature steps are provided.
Open triangles represent the pTRM checks. Black circles of the Zijderveld plot correspond to the same
temperature steps as those chosen for palaeointensity analysis. Palaeointensity estimates are
highlighted as accepted (green) or rejected (red). Zijderveld plots presented in specimen coordinates,
with temperature steps selected for Arai plot interpretations in black.

The majority of palacointensity estimates obtained via the Shaw-DHT method appear to
have been obtained from specimens where ARM is a reasonable analogue to TRM,
especially across the chosen coercivity range. This has been inferred by the similarity
between the behaviour of the TRM plots and the ARM plots (Figure 3.8a, b, c). The
applied alteration correction (ARMO/ARMT1) varies across specimens, indicating varying
degrees of specimen alteration during TRM acquisition. This is well demonstrated by
results from site FM04 (Figure 3.8a, b, c), where the largest number of specimens were
collected across a well-documented radial profile of an individual pillow. Despite the
range of thermal alteration experienced, 13 specimens from FM04 produced estimates
from the Shaw-DHT method between 9.8 and 14.9 pT. The corresponding os/B ratio
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represent the temperature steps selected for the palaeointensity estimates, with a best-fit line to these points (red).
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Table 3.1: Palaeomagnetic results and palaeointensity estimates.

Lat Long Dec Inc n/ Bys oBa n/ By oBa n/ B oB,: n/ B oB V(A DM

Site o) fB) O 0 e K% WD) @D one 6D @D e (D @D e 6D @D (102Am) W
FMO03 46.5 11.6 355.5 18.1 5/7 34 13.3 - - - - - - - - - - - - -
FMO04 46.5 11.6 337.3 13.0 7/7 37 10.0 15.1 3.7 3/8 13.1 1.5 13/17 1441 2.2 17/17 13.5 2.1 3.4 7
FMO05 46.5 11.6 123.8 285  6/7 18 16.5 - - 0/7 18.1 0.5 2/8 15.3 2.2 5/8 18.1 0.5 - -
FMO06 46.5 11.6 339.9 31.6 7/7 9 214 18.0 - 1/6 219 2.7 2/5 14.8 3.3 2/3 20.6 3.0 4.7 6
FMO08 46.5 11.6 356.0 29.3 6/6 57 9.0 16.8 - 1/7 13.8 2.4 5/10 18.3 5.3 9/10 14.3 2.4 3.3 6
FMO09 46.5 11.6 347.8 34.0 7/7 48 8.8 - - - 16.1 2.1 4/4 161 3.7 3/4 161 2.1 3.6 5
FM10 46.5 11.6 3479 24.3 7/7 41 9.6 8.0 0.3 3/8 15.6 3.9 4/7 19.7 2.3 6/7 12.4 4.9 3.0 6
FM11 46.5 11.6 349.5 16.8 5/7 23 164 219 - 1/3 185 6.3 6/9 24.8 6.7 8/10 19.0 5.9 4.8 5
FM13 46.5 11.6 0.6 6.4 6/6 14 372 153 0.1 2/8 18.0 - 1/4 18.1 6.2 2/3 16.0 1.8 4.1 6
FM14 46.5 11.6 336.6 25.5 6/7 127 6.0 - - 0/4 15.2 2.3 3/5 13.3 3.0 6/6 15.2 2.3 3.6 4
FM15 46.5 11.6 12.9 4.1 3/7 19 39.7 - - 0/3 227 1.8 2/7 18.5 2.6 2/7 22.7 1.8 - -
FM16 46.5 11.6 338.9 38.7 5/7 36 13.1  10.9 2.2 4/6  16.7 2.9 3/5 19.0 22 4/5 13.4 3.8 29 4
FM17 46.5 11.6 - - - - - 19.0 4.2 2/8 124 - 1/5 22.9 4.0 3/5 16.8 4.9 3.9 5
FM18 46.5 11.6 332.4 33.5 6/8 17 17.0 15.0 0.5 3/8 14.6 3.1 5/6 171 5.6 3/5 14.7 2.4 3.3 6
FM19 46.5 11.6 352.0 15.8 2/7 16 25.0 11.7 3.1 3/7 16.9 4.5 4/5 20.9 8.2 2/3 14.7 4.6 3.7 4

Note 3.1: Site identifiers and site location (Lat, Long). Declination (Dec) and inclination (Inc) of the characteristic remanence directions provided alongside corresponding
Fisher statistics (k, aqs). Directions and statistics presented for tilt-corrected site-mean ChRM directions. n/ndgir denotes the number of specimens utilised in final determination
of Chrm/total number of specimens subjected to palaecomagnetic experiments. Bold/italicised interpreted as ex-situ. Site-level palaeointensity estimates (Bmethod) and
corresponding standard deviations (0Bmethod) presented for each palaeointensity method (Thellier: th, Shaw: sh, pseudo-Thellier: pt). n/Nmethod denotes the number of specimens
utilised in final site-mean palaeointensity estimates/total number of specimens subjected to corresponding palaeointensity method. Combined site-level palaeointensity
estimates (B) and standard deviation (0B) for successful Thellier and Shaw experiments presented with corresponding virtual (axial) dipole moment (VADM) and assigned
Qrr1 score (Biggin & Paterson, 2014; Kulakov et al., 2019).



can be attributed, with some confidence, as being less than 0.15, following the #-
dependent cut-off approach proposed by Paterson et al. (2010) that compensates for the
number of palaeointensity estimates being below that required for a reliable estimate (n
= 24; Paterson et al., 2010).

Pseudo-Arai plots were generally linear which has resulted in a very high success rate for
the method (Table 3.1). Specimens tend to display one of two types of behaviour (Figure
3.8d, e). The first sees a slight change in pseudo-Arai slope across a low coercivity range
associated with an overprinted direction (Figure 3.8d). The second type of behaviour also
sees this initial slope change but also a gradual tailing off effect at high coercivities, by
which point the NRM of the specimen has demagnetised by ~90% (Figure 3.8¢). For
almost all sites there is a good agreement between estimates derived from the pseudo-
Thellier method and those from the Shaw-DHT method, especially when the 25% error
associated with the pseudo-Thellier method is considered. The exception to this is site
FM17 (Table 3.1) but here there was only one accepted estimate from the Shaw-DHT
results and the pseudo-Thellier estimate shows good agreement with the more numerous
thermal data (Table 3.1).

A wider comparison of estimates across all methods shows that there is generally good
agreement (Table 3.1). Where estimates from the thermal Thellier and Shaw-DHT
methods, show a greater deviation from one another (= 25%), it is the estimates from the
thermal Thellier method that are the lower of the two (FM10, FM16, FM19, Table 3.1).

Discussion

Reliability of Palaeointensity Estimates

The composition of the titanomagnetite grains within the pillow lavas of the Fernazza
Fm are lower in Ti-content than the TM60 grains typically observed in submarine basalts
(Dunlop & Ozdemir, 1997). Casetta et al. (2021) concluded that lava flows of the
Fernazza Group contained spinel grains ranging in composition between TiO, = 0.1-17.4
wt%. This corresponds to a compositional range from magnetite to a titanomagnetite
with approximate ulvospinel end-member mole fraction (Xuy) of ~0.52 (Evans et al.,
2000). Titanomagnetite grains with an Xy value of ~0.52 would be expected to have
250°C < Tc¢ < 300°C (Lattard et al., 2006). This agrees with the demagnetisation
behaviour of the ChRM observed in the thermal Thellier experiments. Well-behaved,
successful specimens typically displayed linear portions on the Arai plots from 300°C to
570°C (Figure 3.7a), the latter a Curie temperature representative of a phase close to pure
magnetite. It is known that magnetite grains can form at sea-floor conditions through the
disproportionation of cation-deficient titanomaghaemite (Kent & Gee, 1994), which
would result in a chemically altered, secondary magnetisation. The presence of fine-scale
ilmenite lamellae in the titanomagnetite grains (Figure 3.4b, c) suggests that they are the
result of high-temperature oxyexsolution above, or close to, the Curie temperature. The
Ti-poor titanomagnetites are therefore interpreted as a primary phase. Together with
evidence that low temperature oxidation was limited, as will be expounded below, these
are likely to be associated with a primary thermoremanence (Haggerty, 1991: Wilson &
Watkins, 1967). High-temperature oxidation may explain the discrepancy between the Tc
estimates obtained from analysis of the thermomagnetic curves (~500°C) and the
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maximum unblocking temperatures of ~570°C (Figure 3.2). Kent & Gee. (1994)
proposed that a maximum unblocking temperature 50°C to 100°C above that of the
dominant T¢ was the result of fine-grained TMG60, that had experienced a large amount
of maghaematisation, carrying most of the NRM and less-oxidised, MD TMG60 grains
dominating high-field magnetic properties. The explanation being that SD grains oxidised
faster and more thoroughly due to their larger specific surface area. Extending this
thinking to the relatively Ti-poor titanomagnetites of the Fernazza Fm lavas, fine grained
titanomagnetites are more likely to have experienced the latter stages of high-temperature
oxidation, resulting in titanomagnetites closer to pure magnetite predominantly carrying
the NRM. Larger grains are likely to be less oxidised resulting in titanomagnetites with a
higher Ti-content dominating the rock magnetic experiments.

The Ti-poor titanomagnetites observed in the lavas of the Fernazza Fm are more typically
associated with subaerial lavas (Dunlop & Ozdemir, 1997). This is primarily because a
combination of a slower cooling rate, within subaerial interiors, and higher oxygen
fugacity facilitate high-temperature oxidation more readily (Dunlop & Ozdemir, 1997).
The absence of skeletal titanomagnetite grains, commonly associated with submarine
lavas, is indicative of a relatively slow cooling rate. Some mineral species display feathery
quench textures that could indicate a slower rate of cooling but not as slow as typically
experienced by sub-aerial flows (Figure 3.4f). The pillow lavas sampled in this study
ranged from ~2 m to ~5 m in diameter, with a typical diameter of ~3 m. This would
facilitate a slower rate of cooling than experienced by most pillows, which typically range
up to 1 m in diameter (Arndt, 2011). The growth of pillows comparable to the sizes of
those from this study can take days compared to hours for smaller pillows (Walker, 1992),
after which significantly slower cooling of the interior occurs. As pillow size is primarily
controlled by the viscosity of the extruding melt (Walker, 1992) and the SiO, content is a
primary control of melt viscosity, it would appear that the SiO; saturated nature of the
Fernazza lavas (Casetta et al., 2018b; 2021) is the primary cause of the formation of large
pillow structures. The presence of trachyandesitic pillows within the Fernazza Fm
presents the possibility that the most massive pillows sampled were andesitic, a typical
composition of such large pillows (Walker, 1992).

The shoshonitic nature of the Fernazza lavas would appear to offer a mechanism for a
higher oxygen fugacity. Potential mantle sources for shoshonitic basalts have been
predicted to have higher oxygen fugacity than comparable sources for low-K tholeiite,
calc-alkaline, and enriched intraplate magmas (Rowe et al., 2009). However, the fugacity
values calculated by Casetta et al. (2018b), relative to the Quartz-Fayalite-Magnetite buffer
(Frost, 1991), are comparable to those expected of back-arc-basin/arc melts (Cottrell et
al., 2021). Melts from back-arc/arc settings are of higher oxygen fugacity than those
associated with mid-ocean ridge basalts (MORBs), the typical source when submarine
basalts have previously been studied for their palacointensity potential (Carlut & Kent,
2002; Kent & Gee, 1996; Xu et al., 1997; Zhou et al., 2001). Regardless of the specific
tectonic setting associated with the Fernazza Group lavas, the higher oxygen fugacity
when compared to MORB settings likely contributes to the facilitation of high-
temperature oxidation, and the different magnetic mineralogy when compared to
previously studied submarine pillow lavas (Carlut & Kent, 2002; Kent & Gee, 1996; Xu
et al.,, 1997; Zhou et al., 2001). Although, in this case, the shoshonitic nature of the melt
may not have actively encouraged high-temperature oxidation, the Ti-depleted nature of
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the melt (Casetta et al., 2021; Morrison, 1980) likely influenced the production of
titanomagnetite grains with a Ti-poor affinity.

As well as containing titanomagnetite grains with a range of Ti-content unusual for
submarine lavas, the Fernazza Fm pillows also appear to have experienced less low-
temperature oxidation than might be expected. Typically, fine titanomagnetite grains in
quenched submarine pillows experience low-temperature oxidation, resulting in
maghaemite formation, within the first 500 Kyr following their eruption (Irving, 1970;
Johnson & Atwater, 1977; Johnson & Pariso, 1993). This effect appears reduced in the
specimens of this study as demonstrated by thermomagnetic curves with a higher degree
of reversibility (Figure 3.2) than those typically associated with submarine lavas (Dunlop
& Ozdemir, 1997). This interpretation is further supported by a reduced maghaemite
associated signature in the susceptibility-temperature curves and a distinct Hopkinson
peak (Figure 3.2), a soft NRM typically removed by maximum AF values of 30 mT (Figure
3.5), and the observed restriction of cracks to grain edges (Figure B.5). Hydrothermal
fluids typically enter pillows through radial cracks that form due to the rapid cooling of
the extruding lava (Humphris, 1972; Humphris & Thompson, 1978). In larger pillows,
these radial cracks will permeate throughout less of the pillow resulting in a core that is
relatively fresh and unaffected by circulating hydrothermal fluids. The possibility of falling
sea-levels, associated with the formation of the Marmolada Conglomerate (Brandner et
al., 2016), may have further reduced the interaction between hydrothermal fluids and the
Fernazza Fm in localised areas.

Despite the seemingly limited occurrence and influence of maghaemite, the potential
effects on obtained palacointensity estimates are still considered. Maghaematisation of
(titano)magnetite, after it has acquired a TRM, results in a grain that is carrying
magnetisation via a TCRM, as defined by Fabian. (2009) as any chemically modified TRM.
The result is a change in unblocking behaviour, compared to that of the original
(titano)magnetite grain, that can result in underestimated or overestimated palacointensity
values. It has been demonstrated, both experimentally and theoretically, that such effects
can produce linear Arai plots in Thellier-style experiments (Draeger et al., 2006; Fabian,
2009). It has also been shown that accurate palacointensity estimates can be obtained
from submarine pillow lavas that have experienced a limited degree of low-temperature
oxidation (Grommé et al., 1979). The results from the radial profile across the pillow
sampled at site FM04 suggest that the degree of experienced low-temperature oxidation
had a negligible effect on the final palacointensity estimates. 13 accepted results were
obtained from the Shaw-DHT method, spanning across a ~1.7 m radial profile. As
predicted by the circulation model for hydrothermal alteration of individual pillows
(Humphris, 1972; Humphris & Thompson, 1978), specimens from the core of the pillow
appear to have experienced very little low-temperature oxidation. Rock magnetic results
demonstrate that any thermal alteration, as a consequence of laboratory heating, is likely
attributable to the inversion of maghaemite (Figure B.1). As the ARM correction of the
Shaw experiment compensates for thermal alteration during TRM acquisition, the
magnitude of the correction can be viewed as a proxy for the degree of maghaemite
inversion, and subsequently, low-temperature oxidation. The size of the ARM correction
systematically increases as the sampling position of the studied specimen goes from the
core to the outermost edge of the pillow (Figure 3.8). The ARM correction aims to correct
the palaeointensity estimate to that which would be estimated by the original carrier, prior
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to laboratory heating. For a specimen dominated by maghaemite as a magnetic carrier,
this would result in a correction to the TCRM that is being carried, that would represent
an underestimated/overestimated value. In the case of specimens from FM04, one would
expect to observe this effect as a systematic trend across the pillow profile in the estimated
palacointensity values, according to the systematic variation in maghaemite/degree of
low-temperature oxidation. The consistent palaeointensity estimates obtained (Table 3.2)
would suggest that the degree of oxidation, in even the most affected specimens close to
the pillow rim, is not sufficient to produce biased estimates. Strong agreement between
estimated values obtained across the different palacointensity methods suggests that those
from the thermal Thellier and the pseudo-Thellier method are also reliable. Unfortunately
results could not be obtained from specimens towards the centre of the pillow with the
thermal Thellier method as they demonstrated two-slope behaviour. This was likely due
to an increased influence of MD grains as slower cooling rate in the pillow interior
encouraged the growth of larger grains. The domain state independent nature of the Shaw
method (Lloyd et al., 2021b) made it more ideally suited and can explain the higher
success rate of, not only site FM04, but the overall success rate close to double that
observed for the thermal Thellier method across all sites (Table 3.1).

Table 3.2: Shaw palaeointensity estimates from site FMo04.

Specimen  Distance from centre (m)  Banc (0T)

FMO04-10A 0.05 11.8
FMO04-12A 0.35 13.3
FMO04-13A 0.40 14.5
FMO04-14A 0.45 13.9
FMO04-15A 0.50 10.9
FMO04-16A 0.60 13.4
FMO04-17A 0.75 14.9
FMO04-18A 0.90 11.7
FMO04-19A 1.05 9.8
FMO04-20A 1.05 13.2
FMO04-21A 1.15 14.1
FMO04-22A 1.40 13.9
FMO04-23A 1.55 14.4

Note 3.2: Palaeointensity estimates obtained via the Shaw method across the radial pillow profile
sampled at site FMo04. Specimen level results presented in order of increasing distance from the pillow
centre.

All of the 14 sites selected for palacointensity analysis produced accepted specimen-level
estimates (Table 3.1). Final VDM estimates were obtained from 12 sites with a combined
n = 3 using the thermal Thellier and Shaw-DHT methods. In the case of site FM17 no
VDM could be calculated as a result of the separate ex-situ blocks sampled. Site
palacolatitude was established from the plate reconstructions of Torsvik & Cocks. (2016)
in order to calculate a virtual axial dipole moment (VADM). The quality of palacointensity
(Qpr) scores (Biggin & Paterson, 2014; Kulakov et al., 2019) assigned to the final V(A)DM
estimates range from 4 to 7 with a median value of 5.5 and a mean value of 5.3. Variation
in the final scores is primarily attributable to poorly defined site-mean palacomagnetic
directions (k < 50, Kulakov et al., 2019), in agreement with the observations of Manzoni.
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(1970), and a lack of successful thermal Thellier estimates from some sites. The first leads
to failure of Qpir and the latter Qrecn. As only one lithology was investigated in this study
Qurn was always zeroed, and despite evidence suggesting the nominal effect of
maghaemite on the final palacointensity estimates, the conservative decision was taken to
make Qrry zero for all sites. A full breakdown of the Qpr assessment is presented in the
supporting information (Table B.0).

Comparison with Palaeointensity Record

Final site-mean VDM estimates from the pillow lavas of the Fernazza Fm range from 3.0
x 10% to 4.8 x 10? Am’ (Table 3.1). The V(A)DM estimates have been assigned an age of
238.2 £ 0.5 Ma (Storck et al., 2019), which lies in the middle of the maximum eruption
duration based on dates obtained from beds of the Buchenstein Fm (Storck et al., 2019)
and the Frommer member (Mietto et al., 2012). The magnitude of the V(A)DM estimates
from this study lie in-between the two estimates within the most recent update to the
PINT database (Bono et al., 2021) between 249 Ma and 202 Ma (Figure 3.9). The pre-
existing VDM estimate in the middle of the Ttiassic (7.1 x 10* Am?®, Figure 3.9) has an
associated Qpr value of 2 and fails many of the criteria primarily due to the age of the
original study (Schwarz & Symons, 1968), as modern experimental and analytical
techniques were not routinely applied. The associated age of 225 Ma also carries with it
an error of 30 Ma (Wanless, 19606), so that the formation could in fact lie outside of the
Triassic. The other Triassic VDM estimate (2.7 x 10” Am®) comes from the study of Eitel
et al. (2014) who conducted a palacomagnetic investigation on impact melt breccias
associated with the Rochechouart meteorite impact. Unlike the palacointensity estimates
of this study, that were obtained from lava flow sequences covering a duration of up to
0.9 Ma, an estimate obtained from an impact melt provides information on a single time
instance. It would appear then, that the V(A)DM estimates presented in this paper
provide the most reliable insight into the strength of the geomagnetic field during the
Triassic.

This improved definition of the geomagnetic field strength during a key interval, and the
results of recent studies focused on PSV behaviour across intervals over the last ~320
Ma (Cromwell et al., 2018; de Oliveira et al., 2018; Doubrovine et al., 2019; Engbers et
al., 2022; Handford et al., 2021), provide an opportunity to investigate a possible
relationship between virtual geomagnetic pole (VGP) dispersion patterns and the
intensity of the Earth’s magnetic field. For this, the PINT record has been analysed in the
same discrete time intervals as those in the PSV study of Handford et al. (2021), with the
exception of the last 10 Ma (PCRS; 318-265 Ma, Post-PCRS; 265-198 Ma, Pre-CNS; 198
- 126 Ma, CNS; 126-84 Ma). Directional data from the second half of the last 10 Ma was
recently incorporated into an updated Miocene era (23.0-5.3 Ma) PSV study (Engbers et
al., 2022), and as such the intervals of the last 5 Ma and the Miocene have been adopted
in this study.

For each interval, the median V(A)DM value and interquartile range were calculated
(Table 3.3), after the application of a data quality filter of Qpr = 3, following the approach
of Bono et al. (2021). The median value for most intervals, lay within the interquartile
range of the long-term median V(A)DM value calculated in this study (4.6 x 10* Am?,
Table 3.3; IQR 2.9 x 10* - 7.1 x 10” Am’, Figure 3.9). The exceptions are the Post-PCRS
and the PCRS. V(A)DM data from in and around the Permo-Triassic boundary (PTB:
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252-249 Ma; this study), accounts for almost 87% of the Post-PCRS data and has a
median value of 2.3 x 10* Am”. Spatial coverage for the PTB is very poor, as all data in
the PINT database is derived from Siberian Traps material. The apparent reduced
geomagnetic field strength could be a local, time-limited feature and as such
palacointensity data from the PTB is required that is not associated with the Siberian
Traps. Regardless, the new results of this study suggest that this behaviour is not
representative of the Post-PCRS as a whole, and removal of the PTB data produces a
median V(A)DM value of 3.6 x 10** Am’, although data distribution is now sparse. This
would leave the PCRS as the only outlying time interval, with regards to its average
geomagnetic field strength (Figure 3.9). It has previously been suggested that this may be
attributable to it being a time interval in which the geomagnetic field was strongly axially
dipole dominated (Handford et al.,, 2021). This was based on high estimates of the
AD/NAD ncdian value, a measure of axial dipole dominance calculated using the power law
relationship with the Model G « parameter (Biggin et al., 2020). The Model G « parameter
is, itself, an estimate of equatorial VGP dispersion (McFadden et al., 1988).

Table 3.3: Comparison of median palaeointensity values and estimated degree of axial dipole
dominance for the studied time intervals across the last ca. 320 Ma.

. Median V(A) DM Median V(A)DM
Ii‘e‘f:al Age(;;;nge (Q1, Q3) éP)I >1 Q1, Q3) éP)I >3 AD/ N(?)D median
(x 102 Am?) (x 102 Am?)
PCRS 318-265 9.2 (5.9, 10.8) 8.4 (4.5,10.7) 58.4 +6345.1/-47.3
Post-PCRS 265-198 2.5 (1.8,3.4) 2.5 (1.7,3.4) 6.9 +9.2/-5.0
Pre-CNS 198-126 3.8 (2.4,5.2) 46 (33,6.9) 8.8 +18.9/-6.0
CNS 126-84 49 (3.6,7.1) 5.4 (4.0,7.6) 15.1 +29.9/-10.2
Miocene 23.0-5.3 3.8 (2.3,6.1) 3.5 (2.1,5.3) 3.548.9/0.4
Last 5 Ma 5.3-0.0 6.2 (4.0, 8.6) 5.4 (3.5,7.7) 9.7 +19.2/-6.9
Long-term 320-0 5.2 (3.4, 8.4) 46 (29,7.1) -

Note 3.3: Median virtual (axial) dipole moment (V(A)DM) and associate lower quartile (Q1) and upper
quartile (Q3) values as taken from PINT v8.0.0 (Bono et al., 2021) after the application of QPI1 and
QPI3 filtering, respectively. (1) Estimates of the degree of axial dipole dominance (AD/NADmedian)
calculated from Model G shape parameters (Handford et al., 2021).

Estimates of AD/NADedin have also been calculated previously for the CNS, Pre-CNS,
and the Post-PCRS (Handford et al., 2021), providing an opportunity for their
comparison against the V(A)DM record. AD/NAD e values wete also calculated for
the last 5 Ma and the Miocene. These were derived from Model G fits to VGP scatter
patterns (McFadden et al., 1988) observed for each interval, completed following the
approach of Handford et al. (2021). For the last 5 Ma, directional data was sourced from
the larger PSV10 database (0-10 Ma) of Cromwell et al. (2018). For the Miocene, the CS1
subset of Engbers et al. (2022) was chosen as this most closely resembled the selection
criteria applied to data in the time intervals studied by Handford et al. (2021). From the
Post-PCRS through to the Pre-CNS and the CNS, estimated AD/NAD nedian values show
a gradually increasing trend, in keeping with the increasing median V(A)DM values of the
intervals (Figure 3.10; Table 3.3). Both the estimates of AD/NADmein and median
V(A)DM then decrease during the Miocene before increasing again during the last 5 Ma
(Figure 3.10; Table 3.3). Although this positive relationship between the degree of axial
dipole dominance and the intensity of the palacomagnetic field is somewhat intuitive, it
is not an essential condition and its occurrence might suggest that the intensity of the
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non-dipole field varies less than that of the dipole. This result demonstrates how PSV
studies can act as powerful tools in helping to better define the palacomagnetic field.
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Figure 3.9: The virtual (axial) dipole moment (V(A)DM) record between 320 Ma and present-day.
V(A)DM values, with Qpr > 3, from v8.0.0 of the PINT database (Bono et al., 2021, yellow circle) plotted
alongside site-level V(A)DM estimates from this study (green square). Boxplots for each time interval
studied (PCRS, Post-PCRS, Pre-CNS, CNS, Miocene, Last 5 Ma) represent the median value for the
interval (red), alongside the interquartile range (blue), and the maximum and minimum V(A)DM
values after the removal of outliers (black). Boxplots are plotted against the mean age of the associated
time interval. The long-term average V(A)DM value is given by the dashed line (red) alongside the
interquartile range, dotted lines (blue).

Any relationship between the degree of axial dipole dominance and the average intensity
of the palacomagnetic field does appear somewhat complex, however. Although the
general evolutionary trends of the two geomagnetic field characteristics display some
agreement (Figure 3.10), a lesser degree of axial dipole dominance resulted in stronger
dipole moments during the intervals that occurred after the CNS (Figure 3.10; Table 3.3).
This could indicate a regime change in the geodynamo during or after the CNS.
Alternatively, and perhaps more likely, the greater intensities relative to AD/NAD median
values associated with time intervals since the CNS, may be a consequence of analysing
the geomagnetic field across shorter time-scales. In doing so, greater emphasis can be
placed on relatively short-term features that would not be highlighted when incorporated
into a longer time interval for analysis. This is similar to how, in this study, the strength
of the geomagnetic field appears broadly consistent since the Triassic, but the interval
associated with the increased polarity reversal rate during the Jurassic (171-155 Ma) has
been demonstrated to have been a time in which the geomagnetic field was demonstrably
weaker than during surrounding intervals (Kulakov et al., 2019). In either case, better
characterising the relationship between AD/NADneiian is difficult due to the large errors
associated with estimates of AD/NADmiian, that often result in statistically indistinct
values (Table 3.3).

In order to further explore the relationship between axial dipole dominance and the
V(A)DM record, better constraints are required on the strength of the geomagnetic field
during the Post-PCRS. In particular, more palacointensity data for the sparsely populated
Triassic, and estimates derived from PTB material not associated with the Siberian Traps.
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By contrast, the V(A)DM record is relatively well populated between the CNS and the
Miocene (84-23 Ma) but a modern PSV investigation is lacking. McFadden et al. (1991)
generated VGP scatter patterns across this interval, but these are unsuitable for
comparison with the results from modern studies.
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Figure 3.10: Evolution in a) median virtual (axial) dipole moment V(A)DM and b) axial dipole
dominance (AD/NADmedian) across the last 320 Ma. Overall trends highlighted with arrows. Error bars
provided for estimates of AD/NADmedian.

Conclusions

The palacointensity results from the pillow basalts of the Fernazza Fm are likely
representative of the middle Triassic geomagnetic field. A slow rate of cooling and higher
oxygen fugacity, than that associated with a typical MORB setting, facilitated high-
temperature oxidation and the formation of primary, Ti-poor titanomagnetite grains. The
degree of low-temperature oxidation experienced by the studied pillow lavas appeared
reduced when compared with more typical submarine lavas. In part, this could be due to
the reduced surface area to volume ratio of pervasive cracks, and fluctuation in sea-levels
post eruption. The low-temperature oxidation that did occur appears unlikely to have
significantly biased the palacointensity estimates. A positive conglomerate test on
specimens from clasts of the Marmolada Conglomerate provides evidence that the
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magnetisation carried by the Fernazza lavas is primary, and supports the palacointensity
estimates as being representative of the geomagnetic field during their formation.

The new V(A)DM estimates from this study (3.0 x 10 to 4.8 x 10> Am?), represent the
most reliable description, to date, of the strength of the geomagnetic field during the
Triassic. When averaged across long time intervals, geomagnetic field strength appears to
have remained approximately constant from at least the middle Triassic, in keeping with
a long-term average. It would appear that any variations in geomagnetic field strength
between different time intervals are also reflected the different degrees of contribution
from the axial dipole component of the geomagnetic field, suggesting an interrelation.
The PCRS could represent a unique time over the last ~320 Ma, during which the
geomagnetic field was significantly stronger, potentially as a result of the enhanced dipole
dominance previously suggested for the interval (Handford et al., 2021). Two main areas
for future work have been highlighted, to further explore the relationship between secular
variation and geomagnetic field strength. The first, continual improvement to the
palacointensity record during the Post-PCRS. Within this interval, Triassic-aged data is
still sparse, and the strength of the PTB is defined exclusively by data derived from
material associated with the Siberian Traps. The second area is an updated, detailed
investigation into the PSV behaviour between 84 Ma and 23 Ma as this would result in a
continuous account of PSV behaviour for the last ~320 Ma.
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Chapter 4. Triassic palaeointensity estimates from
Argentina: investigating the viability of ignimbrites as
palaeointensity recorders of the ancient geomagnetic
field

Abstract

When analysing palacointensity records since the Permo-Carboniferous Reversed
Superchron (PCRS), a paucity of data is apparent during and around the Triassic (ca. 252-
201 Ma). In part, this can be attributed to a lack of basaltic lava units having been
attributed to the Triassic, the most utilised rock-type for palacointensity experiments.
This study investigates the plausibility of obtaining reliable palacointensity estimates from
ignimbrite units of this age, an approach with potentially far-reaching consequences in
better populating the palacointensity record. This study presents new palacointensity
results from rhyolitic ignimbrites and basalt sills of the Puesto Viejo Group, located in
the San Rafael depocenter of Mendoza, Argentina. Estimates of virtual dipole moment
ranged between 0.9 x 10”and 2.1 x 10” Am’ with an average Qpi value of 6. Estimates
were assigned a likely age of 235.8 * 2.0 Ma. The overlapping range of palacointensity
estimates obtained from the different lithologies, in conjunction with the bimodal
tectonic setting that they represent, was interpreted as support for the reliability of the
estimates obtained from ignimbrite specimens. In the absence of similar evidence,
estimates obtained from dacitic ignimbrite units of the Los Menucos Complex of
Patagonia, Argentina, could not be ascertained as being reliable. Furthermore, after
detailed evaluation of the nature of the magnetic remanence carriers, via rock magnetic
experiments and microscopy, estimates obtained from these units were interpreted as
likely being unreliable. Analysing the reliable estimates of V(A)DM from Puesto Viejo,
alongside recently obtained estimates of a similar assigned age, indicated a slight reduction
in the intensity of the geomagnetic field persisting from the Permo-Triassic boundary (ca.
252 Ma) until a few tens of millions of years preceding the onset of the Cretaceous
Normal Superchron (127-84 Ma).
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Introduction

Our understanding around the strength of the palacomagnetic field during, and
immediately preceding the Triassic, has previously been highlighted as a gap in our
knowledge of palacointensity evolution since the Permo-Carboniferous Reversed
Superchron (PCRS; ~318-265 Ma; Haldan et al., 2009; Opdyke & Channell., 1996)
(Anwar et al.,, 2016; Biggin & Thomas, 2003, Chapter 3). It appears that this shortage of
data has arisen due to a lack of geological material most traditionally utilised for
palacointensity analysis, being associated with dates from around this time (Handford et
al., 2021). Recent improvement has been made to the palacointensity record (Chapter 3)
but further reliable data is required to provide greater insight into the variability of
palacointensity across this time interval. The palacointensity results from the middle
Triassic lavas of the Dolomites (Chapter 3), suggested that the strength of the
geomagnetic field during the Post-PCRS (265-198 Ma; Handford et al., 2021) displayed
little variation when compared with the long-term average over the last 318 Myr. This
was proposed under the assumption that the low palacointensity estimates in the PINT
database (PINT V8.0.0, Bono et al., 2021) from around the Permo-Triassic boundary
(PTB; ca. 251.9 Ma; Ogg, 2012), are not representative of the average palaeointensity
across the Post-PCRS, and instead represent some local, time limited feature (Chapter
3). Treating the Post-PCRS palacointensity data in this way led to the suggestion of a
relationship between the strength of the palacomagnetic field and its degree of axial dipole
dominance, in turn suggesting some degree of covariance between palacosecular variation
(PSV) and palaeointensity (Chapter 3). Putting the PTB data aside in this manner, leaves
very little data defining the Post-PCRS, however. In order to better define the strength
of the Post-PCRS, more palacointensity estimates are required, and the assumption
surrounding the treatment of PTB data requires further validation.

Southern South America is known to contain numerous Mesozoic aged basins that
characterise a largely extensional regime (Lovecchio et al., 2020), the earliest of which
formed during the Post-PCRS. These basins are generally characterised by sedimentary
deposits interlayered with volcanic tuffs, ignimbrites, and more scarcely, igneous
lithologies (Barredo et al., 2012; Martinez Dopico et al., 2019; Monti & Franzese, 2019;
Ottone et al., 2014; Spikings et al., 2016). The Los Menucos Complex and the Puesto
Viejo Group feature in the compilation of Post-PCRS palacomagnetic data of Handford
et al. (2021), and, between them, their lithological units cover a range of dates across the
early to late Triassic. Of particular interest, are the dacitic ignimbrites of the Los Menucos
Group, whose associated date (248 £ 2 Ma; Luppo et al., 2018) places their formation
close to the PTB, and the rhyolitic ignimbrites and coeval basaltic sills (Domeier et al.,
2011b; Valencio et al., 1975), of the Puesto Viejo Group that have a formation date (235.8
+ 2.0 Ma, Ottone et al., 2014) close to that of Fernazza formation (Fm) lavas of the
Dolomites (ca. 238.2 £ 0.5 Ma, Chapter 3). If successful, palacointensity results from the
Los Menucos Complex would provide insight into the global variability of the
palacomagnetic field around the PTB. Likewise, results from the Puesto Viejo Group
would facilitate assessment of geomagnetic field strength around a time where, currently,
palacointensity estimates strongly influence the definition of the Post-PCRS
palaeointensity.
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Ignimbrites have previously been identified as potentially viable palacointensity recorders
(Sbarbori et al., 2009; Gee et al., 2010), due to the observed presence of single domain
(SD) sized iron-oxides (Schlinger et al.,, 1991), and the possibility that their silica rich
matrices may offer protection against the thermal alteration of the SD magnetic carriers
during laboratory heating. Despite this, palacointensity estimates direct from ignimbrites
or welded tuffs, i.e. not from baked margins associated with later volcanic activity,
account for just ~1% of data in the palacointensity database (PINT v8.0.0; Bono et al.,
2021). This is likely due to the difficulty in ascertaining the reliability of estimates obtained
from ignimbrites, as they often form in environments where interaction with
hydrothermal fluids is common, resulting in the formation of secondary magnetic phases.
Palacointensity investigations that utilise ignimbrites almost exclusively study recent
formations (< 1 Ma; Avery et al., 2018; Bowles et al., 2015; Gee et al., 2010; Mochizuki
et al., 2013; Sbarbori et al., 2009; Takai et al., 2002), reducing the likelihood of observing
effects due to hydrothermal alteration. The Bishop Tuff, of eastern California, represents
the most comprehensively studied ignimbrite sequence for palacointensity analysis (Gee
etal., 2010; Fu et al., 2017; Avery et al., 2018). The most recent of these studies (Avery et
al., 2018) obtained accurate palacointensity estimates from the most densely welded
sections, but highlighted the need for a thorough understanding of the thermal history
when attempting to use ignimbrite units to obtain palaeointensity estimates. Relatively
low emplacement temperatures and/or vapour phase alteration (VPA) (Vaniman, 2000),
post-emplacement, can result in the recording of a chemical remanent magnetisation
(CRM) or thermochemical remanent magnetisation (TCRM), that have the potential to
produce palaeointensity data that is of a high technical quality, but ultimately biased
(Draeger, 2006; Fabian, 2009). Conducting palacointensity studies on ignimbrites, in
conjunction with similarly-aged lithological units that are more well-suited to
palaeointensity experiments, such as lava flows and fast-cooled intrusions, would facilitate
a test on the accuracy of the palaeointensity estimates obtained from the ignimbrites. In
this respect, the previously identified units in Argentina are well suited, and would allow
an investigation into the feasibility of ignimbrites as accurate palaeointensity recorders of
the ancient palaeomagnetic field. If found to be reliable, palacointensity data from
ignimbrites has the potential to address gaps in the current palacointensity record, where
identified units composed of lithologies that are traditionally considered ideal for
palaeointensity analysis are limited. This is of greater significance when it is considered
that volcanic tuffs preserved in sedimentary basins have been shown to contain a more
complete time-series record of volcanism, when compared with magmatic products
(McKay et al., 2016; Perkins & Nash, 2002). More specifically, reliable estimates would
highlight the ignimbrites of the numerous early Mesozoic aged basins of southern South
America, as viable future palacointensity targets to better define Post-PCRS
palacointensity.

This study, assesses the suitability for palacointensity analysis of specimens of the eatly
Triassic, dacitic ignimbrite of the Los Menucos Complex and rhyolitic ignimbrites,
approximately coeval basaltic sills, and Landinian (241.5-237.0 Ma; Ogg, 2012) aged
basalts from the Puesto Viejo Group (Ottone et al., 2014). Palacointensity estimates were
obtained across three experimental methods: thermal Thellier with use of the IZZI+
protocol, Shaw double heating protocol (Shaw-DHT), and pseudo-Thellier. The
reliability of the estimated palacointensity values is discussed at length with particular
focus on the results from ignimbrite sampling sites. An assessment is made on the
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likelihood of obtaining reliable palacointensity estimates from ignimbrites further back in
the geological record than those typically used, and an evaluation is made on potential
implications for a previously published palacointensity estimate from Permian ignimbrites

(Krs, 1967). The results are then discussed within the context of the Post-PCRS and the
implications for the strength of the geomagnetic field across this time interval.

Geological Setting & Sampling

Southern South America experienced multiple stages of relatively large-scale volcanic
activity throughout the Triassic, whilst still a part of Gondwana (Kay et al., 1989), a
consequence of plate interactions being primarily restricted to the outer boundaries of
supercontinents.

Patagonia, encompassing the southernmost tip of South America, is home to a silicic large
igneous province that was revealed by recently established temporal equivalence between
La Esperanza Plutonic-Volcanic Complex and the Los Menucos Group (Martinez
Dopico et al., 2019). This volcanic activity is believed to be the result of subduction
initiated by a Carboniferous aged continental collision. (Martinez Dopico et al., 2019;
Vaughan & Pankhurst, 2008; Kay et al., 1989). Initial Permian magmatism is consistent
with extensional activity after the subduction of an area represented by the Deseado
Massif beneath that associated with the Patagonian Massif (Pankhurst et al., 2006, Kay et
al., 1989). A change in source material occurred ~260 Ma which has previously been
attributed to slab break-off of the subducting slab (Pankhurst et al., 20006), though a more
recent investigation advises caution when interpreting the associated tectonic setting
(Martinez Dopico et al., 2019, Veevers. 1989). Here the diachroneity of supercontinent
cycle stages is demonstrated (Pastor-Galan et al. 2019). Local major plate reorganisation
was occurring after major assembly of the supercontinent but before the initial breakup.
This was due, to some extent, to the suturing of arc and exotic terranes to Gondwana
(Kay et al., 1989).

The western margin of southern South America contains numerous NW-SE trending rifts
(Figure 4.1a; Ramos, 2004; Ramos, & Kay, 1991; Milana, & Alcober, 1994; Spikings et al.,
2016; Uliana et al., 1989), considered an early manifestation of the break-up of Gondwana
(Ottone et al. 2014). Another example of the diachronic nature of the supercontinent
cycle. Triassic activity is presented as a series of grabens and half-grabens, oblique to the
palaeco-Pacific margin of Gondwana (Monti & Franzese, 2019). These rifts are thought to
represent intracontinental volcanism following on from arc volcanism, the result of
accretionary activity along the western margin of Gondwana (Franzese & Spalletti. 2001).

The above are just two regions of volcanic activity formed as a consequence of the
collisional accretion of pre-existing continental crust that has been proposed for southern
South America (Ramos, 1988). The details of these terrains, and the timings of their
collisions, are disputed (Vaughan & Pankhurst. 2008), as is the classification of Patagonia
as an allochthonous region (Cingolani et al., 1991, Rapalini, 1998). Although the exact
causes of the Triassic aged volcanism and the interactions between different complexes
are not yet fully understood, it is clear is that there are significant volumes of volcanic,
and volcanic related, material erupted throughout the Triassic, and more broadly the Post-
PCRS, in southern South America. Better understanding the evolution of these volcanic
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regions has been the focus of many recent studies, through extensive mapping and
radiometric dating (Falco et al., 2022; Gonzalez et al., 2021; Lema et al., 2008; Luppo et
al., 2018; Martinez Dopico et al. 2019; Miskovi¢ et al., 2009; Reitsma, 2012; Spikings et
al., 2016; Monti & Franzese. 2019), presenting an opportunity to carry out palaeointensity
investigations on rock formations with the potential to provide information on a missing
period in the global record. The Los Menucos Complex and the Puesto Viejo Group,
have been selected as the subjects of this study as they are associated with recent
radiometric dates (Luppo et al., 2018; Ottone et al., 2014) and have both previously been
the subject of successful palacomagnetic investigations (Luppo et al., 2019; Domeier et
al,, 2011b).

Los Menucos Complex

The Los Menucos complex (Figure 4.1a, d, €) is an example of the voluminous silicic
volcanic activity that occurred in northern Patagonia. It was recently correlated with the
nearby La Esperanza plutonic-volcanic Complex (Luppo et al., 2018; 2019), which, when
combined, contain a volume of magmatism comparable to a moderately sized large
igneous province (Martinez Dopico et al., 2019).

The Los Menucos complex contains widely distributed ignimbrite sequences varying
from dacitic to rhyolitic in composition, with interlayered mesosilicic lava flows and
volcano-sedimentary beds (Figure 4.1e; Falco, 2019; Luppo et al., 2018). Recent dating
results, obtained using U-Pb SHRIMP geochronology, showed the volcanism to have
taken place in about 10 Ma around the PTB (Luppo et al. 2018), with a change in
magmatic composition from rhyolitic to dacitic ca. 252 = 2 Ma (Luppo et al., 2018). The
samples used in this study were collected as oriented drill cores from the dacitic
ignimbrites of the Sierra Colorada Fm, as described by Falco 2019, near the top of the
geological section (Figure 4.1d, e). Ignimbrites from the upper section of the formation
have been independently dated via U-Pb methods, and the results displayed good
agreement (248.8 = 1.0 Maj; Falco, 2019; 248 £ 2 Ma; Luppo et al. 2018). The basal section
has been dated at 251.5 £ 2.0 Ma (Falco, 2019), constraining the eruption duration.
Samples were collected likewise from acidic dykes intruding the ignimbrites, which have
been dated using U-Pb dating as 244 + 2 Ma (Luppo et al. 2019), and a sole sampling site
was established for the basic dykes that intrude the older granite units (255 = 2 Ma;
Martinez Dopico et al., 2017) and have a bracketed age of 253-245 Ma (Luppo et al.,
2019).

A previously published palacomagnetic pole was calculated using directional data
obtained from the acidic dykes and this was considered consistent with most reference
paths for Gondwana/South America (Luppo et al., 2019). Other palacomagnetic
measurements were carried out on the late Permian units of the Los Menucos Complex,
namely the Rhyolite Dome, basic dykes, and Collinao Dacite for which there is a U-Pb
age of 253 = 2 Ma, slightly older than the dacitic ignimbrites (Luppo et al., 2019). The
results of rock magnetic experiments on the acidic dykes suggested both magnetite and
(titano)haematite contribute to the bulk susceptibility with a titanohaematite phase
potentially carrying the characteristic remanence (Luppo et al., 2019).
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Puesto Viejo Group

The San Rafael depocenter is a small Triassic basin, related to the larger NW-SE trending
rifts of the western margin (Figure 4.1a), that is located in southern Mendoza Province
(Monti, & Franzese. 2019; Ottone et al. 2014). Deposition of Triassic material resulted in
the formation of the Puesto Viejo Group which lies unconformably atop the Permian
Choiyoi (Kleiman, & Salvarredi, 2001).

The Puesto Viejo Group captures a changing alluvial-fluvial environment with
sedimentary successions. These are interlayered with acidic pyroclastic deposits and
basalts (Figure 4.1c), representing the final stages of Gondwanan volcanism in the San
Rafael Massif (Monti, & Franzese. 2019, Ottone et al. 2014). The group is categorised as
containing two formations, the Quebrada de los Fésiles (QF) and the Rio Seco de la
Quebrada that overlies it. Samples used in this study were taken from pepperitic basalts
towards the base of the QF, rhyolitic ignimbrites representing the top of the formation,
and the basaltic sills that cut the rhyolitic ignimbrites (Figure 4.1b, ¢). U-Pb SHRIMP
dating of the rhyolitic ignimbrites obtained an age estimate of 235.8 = 2.0 Ma (Ottone et
al. 2014), consistent with the average recalculated K-Ar estimate of Valencio et al. (1975)
of 235 £ 4 Ma, by Domeier et al. (2011b). The basalt sills appear approximately coeval as
Domeier et al. (2011b) obtained a range of estimates between 235.8 = 2.0 Ma to 239.3 £
2.0 Ma, using Ar-Ar dating. Furthermore, the samples collected by Valencio et al. (1975)
were a combination of ignimbrites and basalts with overlapping ages. The age of the
pepperitic basalt flows are less well constrained, relying on geological relationships and
interpretation, and they are thought to have formed during the Landinian (Ottone et al.,
2014).

A previous palacomagnetic investigation, by Domeier et al. (2011b), suggested that the
magnetisation of the volcanic rocks of the Puesto Viejo group was primary, with a
positive reversal test supporting averaging of secular variation. Rock magnetic
experiments were interpreted as revealing magnetite and haematite carriers in both rock
types, with sample level agreement of the magnetite and haematite components for the
basalt sills. Sampling areas of the Puesto Viejo Group in this study were based on those
from the study of Domeier et al. (2011b), with localities from Cuesta de los Terneros, the
Atuel River area, the Old Puesto area, and the Valle Grande area (Figure 4.1b).

Method

In total, 40 palacomagnetic sampling sites were established for the purposes of this study,
with specimens collected as standard 1-inch diameter drill cores. Sampling of the Los
Menucos Complex included 13 dacitic ignimbrite sites, 7 acidic dyke sites, and a sole basic
dyke site. In the San Rafael depocenter, 9 rhyolitic ignimbrite sampling sites were
established, alongside 5 separate sites of basaltic sills and lava flows, respectively.

The methods utilised in the rock magnetic, microscopic, and palacomagnetic and
palacointensity experiments follow those outlined in Chapter 3. Specimens from each
sampling site were first subject to a combination of alternating field (AF) and thermal,
stepwise demagnetisation methods. Specimens from sites associated with a consistent,
isolated characteristic remanent magnetisation (ChRM) direction were then selected for
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palacointensity investigation, with steps for the palacointensity experiments determined
according to the previously observed demagnetisation behaviour. A combination of
thermal Thellier performed using the IZZI+ protocol (IZZI+, Tauxe & Staudigel, 2004),
the Shaw double heating technique (Shaw-DHT, Shaw, 1974; Tsunakawa & Shaw., 1994,
Kono, 1978), and the calibrated pseudo-Thellier method (Paterson et al., 2016; Tauxe et
al., 1995), was utilised in determining palacointensity estimates. Site-mean palacointensity
estimates were calculated by unweighted averaging of specimen-level thermal Thellier and
Shaw-DHT results where possible, and the minimum required number of site-level
estimates was three (n = 3).

In addition to these procedures, the volume-normalised susceptibility of half-inch
ignimbrite specimens was determined. Susceptibility values were measured with a
Bartington MS2 Susceptibility System (Bartington Instruments). Variation in these values
was compared with variations in specimen density which was determined through the
principle of density = mass/volume. Volume was calculated using measurements made
with a Vernier calliper with mm resolution, and mass was determined using a balance with
a resolution of 0.01g.

Results

In order to aid readability, the results of all experimental procedures from the two distinct
sampling localities, .os Menucos and Puesto Viejo, will be presented and discussed in
isolation, alongside initial interpretations, before a synthesised discussion is presented.

Los Menucos Results
Palaeomagnetic Directions

Stepwise demagnetisation techniques revealed two magnetic remanence components of
the dacitic ignimbrites of the Los Menucos complex. The first, an overprint removed by
AF steps of 10-15 mT and, typically, temperatures of 300°C (Figures 4.2a, b). Most
specimens studied, experienced complete demagnetisation somewhere between 60 mT
and 80 mT, and temperatures greater than 600°C (Figures 4.2a, b). Some specimens were
not completely demagnetised by 700°C, but there was no correlation between such
specimens and any particular sampling site. This ChRM component was typically origin
trending (Figure 4.2¢). Isolating a ChRM in dyke specimens was more difficult, with some
Zijderveld plots characterised by noise and no clear magnetic components (Figure 4.2d).
Where components could be distinguished in dyke specimens, overprints were typically
removed between 10-15 mT, and 200-250°C (Figure 4.2¢). Complete demagnetisation
commonly occurred between 25 mT and 50 mT, and 550°C and 600°C (Figure 4.2f).

Out of the 21 sites that were sampled from the Los Menucos Group, 10 produced
internally consistent ChRM directions (Table 4.1). At all 10 of the successful sites, the
dacitic ignimbrite was sampled. In the slightly older Collinao Dacite units studied by
Luppo et al. (2019), only normal polarity ChRM directions were observed. In this study,
6 of the site-mean ChRM directions of the dacitic ignimbrite are of reverse polarity.
When subject to a Bayesian test for common mean direction (Heslop & Roberts, 2018b),
the results are a Bayes factor (BF) of 5.72 and an estimated probability of common mean
direction of 0.85, indicating positive support for antipodal mean directions. The
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Figure 4.2: Example demagnetisation behaviour of specimens from the Los Menucos (LM) Complex.
Typical Zijderveld plots displaying palaeomagnetic directions and demagnetisation behaviour of
dacitic ignimbrites (a-c). Remaining NRM fraction after each demagnetisation step displayed where
additional insight was provided (orange), fraction of NRM removed indicated by grey bars. d)
Unsuccessful isolation of ChRM from a dyke specimen, e) AF and f) thermal demagnetisation behaviour

when ChRM successfully isolated.
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Table 4.1: Palaeomagnetic results from Los Menucos sampling sites.

Age Lat Long Dec Inc n/
M) S W) O ©)  nar
LMO1 Ignimbrite  Dacite 248+2 409 683 1543 705  7/7 65 7.6
LMO03 Ignimbrite  Dacite 248+2 409 683 1457 680 7/7 2170 1.3
LM04 Ignimbrite  Dacite 248+2 409 683 1428 649 7/8 189 44
LMO5 Ignimbrite  Dacite 248+2 407 683 2967 -60.0 6/6 68 82
LMO6 Ignimbrite  Dacite 248+2 407 683 2914 774 7/7 68 74
LMO07 Ignimbrite  Dacite 248+2 407 683 3299 -77.0 6/7 682 2.6
LMO8 Ignimbrite  Dacite 248+2 407 683 301.7 -704 6/7 5223 29
LM18 Ignimbrite  Dacite 248+2 409 682 1722 658 7/7 135 52
LM20 Ignimbrite  Dacite 248+2 408 683 3200 -66.0 9/9 157 4.1
LM21 Ignimbrite  Dacite 248+2 408 683 3388 -63.0 8/10 124 5.0

Note 4.1: Site identifiers and site location (Lat, Long). Declination (Dec) and inclination (Inc) of the
characteristic remanence directions alongside corresponding Fisher statistics (k, aos). Directions and
statistics presented for tilt-corrected site-mean ChRM directions. n/ndir denotes the number of
specimens utilised in final determination of Chrm/total number of specimens subjected to
palaeomagnetic experiments.

Site Unit Lithology k 95

palacopole computed from the 10 dacitic ignimbrite VGPs (61.8°S, 342.5°E, A95: 8.6°)
shows a general agreement with the slightly older palacopole calculated from the Collinao
Dacite (48.3°S, 349.9°E, A95: 15.1°, Figure 4.3). The discrepancy between the two can
be explained by the latest Permian to earliest Triassic counter clockwise rotation of the
North Patagonian Massif proposed by Luppo et al. (2019), as the younger VGP from this
study lies closer to the corresponding Gondwanan reference poles (Luppo et al., 2019

61.8°S, 342.5°E, A,: 8.6°
N (This study)

@ 48.3°S, 349.9°E, A95:15.1°
(Luppo et al., 2019)

and references therein).

Figure 4.3: Comparison of mean VGPs of the Los Menucos Complex from this study (blue) and Luppo
et al. (2019) (black). Large blue point represents mean VGP from this study, smaller circles represent
VGPs from individual sites that make up the mean value. Black point represents mean VGP value from
Luppo et al. (2019). In both cases the outer-ring represents Ao confidence interval. Insert) zoomed-in
view of the indicated area to better display the spread of site-level VGPs.

In the acidic dykes and the basic dyke sampled, it was not possible to isolate consistent
within-site ChRM directions (Figure C.1). This is in contrast with the previous
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palacomagnetic study into the acidic dykes (Luppo et al., 2019), where a high success rate
was observed.

Rock Magnetism & Microscopy

Within a given sampling site of the dacitic ignimbrite, results of the rock magnetic
experiments displayed homogeneous behaviour. The differences in behaviours were
observed between different sampling sites, and can be attributed to varying degrees of
influence by the magnetic phases within the lithology. The different behaviours could be
broadly divided into two distinct categories which were termed ‘LMIA’ and ‘LMIB’.

e LMIA (LMO03, LM04, LMO05, LMO06, LM08, LM18)

Rock magnetic behaviour appeared to be strongly influenced by maghaemite due to the
consistent inflection in susceptibility versus temperature heating curves at temperatures
between 200°C and 300°C (Figure 4.4a). This inflection was not present in the
corresponding cooling curves, which is consistent with the inversion of maghaemite to
haematite (Dunlop & Ozdemir, 1997). This interpretation is further supported by the
reduced room temperature magnetisation values observed after laboratory heating, as
haematite is of lower magnetic susceptibility than maghaemite (Dunlop & Ozdemir,
1997). LMIA type rock magnetic behaviour is suggestive of magnetite, or Ti-poor
titanomagnetite, as the ChRM carrier, due to a sudden decrease in both the susceptibility
and the bulk magnetisation at temperatures close to 580°C (Figute 4.4a, b, c). This is
supported by estimates of Curie temperature (Tc, Table C.1). Some heterogeneous
behaviour was observed within the sampling sites as some specimens displayed behaviour
suggestive of a second phase (Figure C.2a) with a higher Tc of approximately 650°C
(Table C.1), likely (titano)haematite. In part, this phase could have been the result of
maghaemite inversion during laboratory heating, however non-saturated IRM acquisition
curves, resulting from a maximum applied field of 0.6 T (Figure C.2b), suggest that
(titano)haematite was also present in specimens prior to heating.

=  LMIB (LMO01, LM07, LM20, LM21)
Within-site rock magnetic behaviour appeared more homogeneous than that of
specimens displaying LMIA type behaviour. Estimated Curie temperatures indicated two
prominent magnetic phases, one unblocking at 580°C and the other at 660°C (Table C.1).
This was reflected in thermomagnetic heating curves that were more indicative of a
magnetite-haematite mix than those categorised as representing LMIA type behaviour
(Figure 4.4¢). IRM acquisition curves did not reach saturation after the application of a
0.6 T external field (Figure C.2c). Thermomagnetic curves display more reversible
behaviour, after heating to 400°C, than those displaying type LMIA behaviour (Figure
4.4c, f), which likely represents a reduced contribution to specimen alteration during
laboratory heating from maghaemite inversion. This was particularly prominent with
specimens from site LMO1. The room temperature bulk magnetisation decreased much
more significantly after heating to 700°C (Figure 4.4f), which could suggest that the
majority of alteration could be attributed to the oxidation of magnetite to haematite at
temperatures above its Tc. The characteristic hump in the susceptibility versus
temperature heating curve, associated with the presence of maghaemite, was greatly
reduced in these specimens and curves were generally more reversible than previously
described (Figure 4.4d). The overall behaviour suggested that the maghaemite
contribution in LMIB specimens was minor.
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Figure 4.4: Rock magnetic results from specimens that are representative of the full range of rock
magnetic behaviours displayed by specimens from the Los Menucos Complex. Susceptibility versus
temperature curves (a & d) and thermomagnetic curves (b & e) are presented for LMIA and LMIB type
behaviours. Cyclic thermomagnetic curves constrain the temperature at which laboratory induced

thermal alteration was experienced (¢ & f).

Representative hysteresis parameters were plotted for each site alongside the bulk domain
stability (BDS) trendline (Paterson et al., 2017) and the line representing BDS = 0.10
(Figure 4.5a). Specimens with a BDS value below 0.10 are less stable due to multidomain
(MD) contributions, and so it has been suggested that they are less likely to yield
meaningful results (Paterson et al., 2017; Yoshimura et al., 2020). The Los Menucos data
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Figure 4.5: Hysteresis properties for Los Menucos specimens. a) Graph showing the ratio of saturation
remanence and saturation magnetisation versus ratio of coercivity of remanence and coercivity with
bulk domain stability (BDS) trendline (TL, red line) (Paterson et al., 2017) and BDS = o.10 (blue dotted
line). Representative examples of hysteresis loops associated with each categorised rock magnetic
behaviour b) LMIA c¢) LMIB processed with HystLab (Paterson et al., 2018).
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grouped into two clusters. Specimens that displayed LMIA type rock magnetic behaviour
(Figure 4.5b) plotted near or below the BDS = 0.10 line, and those displaying LMIB type
behaviour (Figure 4.5¢) displayed a BDS value greater than 0.10 (Figure 4.5a). Although
the plotted hysteresis parameters broadly follow the BDS trendline, there was a tendency
for them to sit above the trend (Figure 4.52). The trendline was derived from the
hysteresis parameters of (titano)magnetites (Paterson et al., 2017) and specimens with
BDS values above the trendline likely contain some haematite contribution, agreeing with
the interpretation of the rock magnetic data.

Backscattered SEM images of ignimbrite specimens collected from Los Menucos showed
an assemblage of lithic clasts, iron-oxide grains (Figure C.3), and other non-iron bearing
minerals. These are hosted within a glassy matrix that has potentially undergone varying
degrees of devitrification and contains iron-oxide microlites. There was evidence of
localisation of iron-oxide grains (Figure 4.6a), potentially caused by preferential formation
along cracks and pores as hydrothermal fluids circulated, although there was little
evidence of pervasive cracking running through lithic clasts or large mineral grains in the
specimens analysed. It is possible that localisation is cause by the heterogenic nature of

a) LM01-3 b) LM21-9 | c) LMO08-2

Figure 4.6: Scanning electron microscope (SEM) images of Los Menucos specimens, obtained from
backscattered electrons. PHYN — phenocryst, Lam — lamellae, P.A — platy assemblages. Banded
structure highlighted (dashed line). Pervasive cracking highlighted (red box).

ignimbrites, as pre-existing material is recycled and redistributed. Pore spaces were
apparent in all specimens studied, identified by the darkened areas where there is a void
of material (Figure 4.0), there was also evidence to suggest the presence of micro-scale
fiamme (Figure 4.6b). Iron-oxide microlites within the matrix appear cubic, and were
interpreted as magnetite. There was evidence of these grains measuring << 1 um,
potentially falling within the SD size range (Dunlop & Ozdemir, 1997; Figure 4.6c, d).
These grains are found in specimens that exhibit both LMIA and LMIB type rock
magnetic behaviour. Larger iron-oxide grains show signs of cracking (Figure 4.6¢). This
observation is most prominent in specimens that display LMIA behaviour and likely
represent shrinkage cracks associated with maghaemite formation (Dunlop & Ozdemir,
1997). In specimens displaying LMIB type behaviour, assemblages of platy iron-oxides
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are observed in isolation and surrounding larger iron-oxide grains, such as that imaged in
specimen LM21, that also displays lamellae structures (Figure 4.6f). Energy dispersive X-
ray spectroscopy (EDX) revealed consistent elemental composition of iron-oxides across
specimens displaying both LMIA and LMIB type behaviour. Iron-titanium oxides were
relatively Ti-poor regardless of the size or texture of quantified grains (Figure C.3).

Palaeointensity Estimates

Due to the strong influence of maghaemite in the rock magnetic behaviour, and the
visible signs of widespread maghaematisation observed through microscopy analysis,
specimens from sites displaying LMIA type behaviour were not selected for
palacointensity analysis. This decision was taken in the belief that it would be
unreasonable to expect specimens that have experienced such high levels of
maghaematisation to produce palacointensity estimates that escape the biasing effects of
TCRM acquisition outlined in Chapter 3. Where the possibility of acquiring reliable
palacointensity estimates from specimens that have experienced low-temperature
oxidation was previously demonstrated, the extent to which alteration had occurred was
limited (Chapter 3).

Palaeointensity experiments were conducted on specimens from sites displaying LMIB
type behaviour since they exhibited a reduced occurrence of maghaematisation. Out of
these four sites (LMO1, LMO7, LM20, LM21), two produced successful results from
thermal Thellier experiments (LM01 & LM21, Table 4.2). Seven specimens were analysed
from site LMO1 and all seven produced palaeointensity estimates that satisfied the stricter
selection criteria (Table C.2). Estimated values of palacointensity (Ba.) were reasonably
consistent giving 6Bane/Bane = 0.18, though this lies just outside the #-dependent cut-off
proposed by Paterson et al. (2010). This approach compensates for the number of
palacointensity estimates being below that required for a reliable estimate (n = 24;
Paterson et al., 2010), providing confidence that the ratio lies below the commonly used
cut-off of 0.25 (Paterson et al., 2010). The mean palaeointensity estimate from site LMO1
(31.1 uT; Table 4.2) shows good agreement with the mean value from the three successful
specimens from site LM21 (27.8 uT; Table 4.2). The range across which Arai plots were
used to estimate palaeointensity values was similar for specimens from both sites. Starting
temperatures for specimens from LMO1 were typically 400°C (Figure 4.7a) and those
from LM21 started at 500°C (Figure 4.7b, d). At both sites, final temperatures were 660°C
or 680°C (Figure 4.7a, b). Where the observed behaviours between the sites did differ
was in measurements made at temperature steps prior to those used in determining
palaeointensity estimates. For specimens from LMO1, the proportion of NRM remaining
at the first used temperature step is around 90% (Figure 4.7a), and the preceding low-
temperature range is associated with a very distinct magnetic overprint (Figure 4.7a). The
NRM of specimens from LM21 decreases to approximately 40% of the original value
before the first used temperature step and Arai plots display two-slope behaviour (Figure
4.7b, d). Zijderveld plots again show an overprint associated with this temperature range
but it is much less distinct from the ChRM (Figure 4.7b, d). The Arai plots during these
lower temperature steps display zigzagging behaviour indicative of MD contributions
(Figure 4.7b, d). The four failed specimens from LM21 did so due to a combination of
the continuation of this zigzagging at higher temperatures, causing failure of linearity
parameters § and/or £’, and the failure of pTRM checks (Figure 4.7d). Highly zigzagging
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Figure 4.7: Representative results of palaeointensity experiments conducted on specimens from the Los Menucos Group. (a, b, d, e) Arai plots and Zijderveld plots (Zijderveld,
1967) of the thermal Thellier experiments. Filled circles (orange) represent the temperature steps selected for the palaeointensity estimates, with a best-fit line to these points
(red). The start and end temperature steps are provided. Open triangles represent the pTRM checks. Black circles of the Zijderveld plot correspond to the same temperature
steps as those chosen for palaeointensity analysis. Palaeointensity estimates are highlighted as accepted (green) or rejected (red). Zijderveld plots presented in specimen
coordinates, with temperature steps selected for Arai plot interpretations in black. (c & f) Shaw results. Top left — NRM remaining versus remaining TRM of first heating after
ARM correction (TRM1*); top right — TRM remaining versus remaining TRM of second heating after ARM correction (TRM2%); bottom left — remaining magnetisations of
NRM, uncorrected TRMs and ARMs after first heating; bottom right — likewise after second heating, similar demagnetisation trends between TRMs and ARMs in bottom plots
suggestive of analogous behaviour. ARMo versus ARM1 provides visual representation of ARM correction.
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Table 4.2: Palaeointensity results from Los Menucos sampling sites.

Site RM Density VNS nvns By, oBsw n/ By 6By  n/ B, oB, n/ B B VDM
Type  (Mgm-) WD M0 ne @D G0 ne @D K@D np WD) WD) x107Am)
LMO1  LMIB 2.3 97 3 311 56 7/7 131 - 1/7 83 44 3/4 311 5.6 4.6
LM03  LMIA 2.4 1948 7 - - - - . - - - . , N B}
LM0O4  LMIA 2.3 1707 4 - - - - - - . - - - - .
LMO5  LMIA - - - - - - . - - - . , B, _ _
LMO6  LMIA - - - - - - - - - . - - - - .
LM07  LMIB 2.5 330 5 - - 0/7 421 13 2/5 191 23 5/6 421 1.3 -
LM0O8  LMIA 2.6 2040 3 - - - - - - - . - - - N
LM18  LMIA - - - - - - - - - , - - - - .
LM20 LMIB 2.4 146 4 - - 0/7 185 39 3/4 90 03 3/4 185 39 2.9
LM21  LMIB 2.4 81 4 278 09 3/7 - - 0/9 159 - 1/9 278 09 4.6

Note 4.2: Site-level palaeointensity estimates (Bmethod) and corresponding standard deviations (0Bmethod) presented for each palaeointensity method (Thellier: th, Shaw: sh,
pseudo-Thellier: pt). n/nmethod denotes the number of specimens utilised in final site-mean palaeointensity estimates/total number of specimens subjected to corresponding
palaeointensity method. Combined site-level palaeointensity estimates (B) and standard deviation (0B) for successful Thellier and Shaw experiments presented with
corresponding virtual dipole moment (VDM) and Qpr score (Biggin & Paterson, 2014; Kulakov et al,, 2019). Additional information provided on typical rock magnetic behaviour
revealed at each site (RM Type), mean specimen density and mean volume normalised susceptibility values (VNS) from n number of specimens (nvns).



Arai plots was also the primary cause of failure of specimens from LMO07 and LM20
(Figure 4.7¢), but at these sites pTRM checks frequently passed.

There was little crossover between sites producing palaeointensity results from both the
Shaw-DHT method and thermal Thellier, leaving little room for direct comparison. The
estimated pseudo-Thellier results were used in a comparative sense, with the results of
the heating methods, as a potential indicator of undetected alteration during laboratory
heating (Thallner et al., 2021). The speed of the method, when conducted using a RAPID
measuring system, and the potential to combine the process with the Shaw method
(Thallner et al., 2021), makes the pseudo-Thellier method an attractive, additional check
for specimen alteration. Best-fit line segments that passed selection criteria were generally
obtained from curved pseudo-Arai plots. Passing sections were always within the higher
coercivity range, usually starting at 30 mT (Figure C.4a). The sole result from site LM21,
and one of the estimates from LMO01 were the exception to this. In these cases, pseudo-
Arai plots were primarily linear, after the removal of a magnetic overprint that was cleaned
after 15 mT (Figure C.4b). Agreement between estimates obtained from the three
different palacointensity procedures is generally poor at site-level. Estimates from
pseudo-Thellier experiments are approximately half the strength of those obtained
utilising Shaw-DHT protocol for sites LM07 and LM20 (Figures C.4c, d). In this respect,
estimates from LMO1 show better agreement (Table 4.2). The results from pseudo-
Thellier and Shaw-DHT experiments do not agree with those obtained from the thermal
Thellier method, however (Table 4.2). This is also the case for site LM21, although no
Shaw-DHT data is available from this site for further comparison.

Reliability of Palaeointensity Estimates

Thermal Thellier results of high technical quality appear to agree with the rock magnetic
interpretation that specimens displaying LMIB type behaviour are less strongly influenced
by the effects of maghaemite (e.g. pTRM steps checking for alteration pass the selection
criteria). The moderate to poor agreement between estimates obtained via the pseudo-
Thellier methods with those obtained via the thermal Thellier and Shaw-DHT method at
most sites, could suggest undetected thermal alteration by the pTRM checks, or failure of
the ARM corrections. For site LMO1, the consistently low magnitude of ARM corrections
would suggest that minimal alteration has occurred, and that the passing pTRM checks
are likely accurate, however. This is further supported by the general agreement between
pseudo-Thellier estimates and Shaw-DHT estimates from this site (Table 4.2). Despite a
large number of studies that have demonstrated the reliability of palaeointensity estimates
obtained through Shaw methods (Ahn et al., 2016; Yamamoto et al., 2010; Yamamoto &
Yamaoka, 2018), those obtained via application of Thellier based methods are still widely
preferred, in part due to the deeper theoretical understanding of the method, and the
possibility that full TRM palacointensity methods could result in underestimated values
(Cromwell et al., 2017). The large number of consistent thermal Thellier results, of high
technical quality from site LMO1 would appear to represent the most reliable
palacointensity estimates from Los Menucos. In order to present these results with more
confidence, further consideration must be given to the ignimbrite nature of the
specimens, in an attempt to develop a deeper understanding of their thermal history.

Estimated Tcvalues (Table C.1), combined with the cubic iron-oxide grains identified in
SEM images (Figure 4.6c, d), suggest that magnetite and/or Ti-poor titanomagnetite

95



contribute to the ChRM. These phases are similar to those identified in the Collinao
Dacite (Luppo et al., 2019), which is close in age and of a similar composition. Nucleation
and growth of such grains occurs post-emplacement, and if formed above their Tc will
carry a TRM (Gee et al., 2010). Specimens from all sites of the dacitic ignimbrites display
consistent density values > 2.0 Mgm™ (Table 4.2). From the thermal modelling results of
Riehle et al. (1995), the density values of the dacitic ignimbrites are suggestive of
emplacement temperatures well above the Tc¢ of magnetite. Corroborated by the presence
of fiamme, there is evidence to suggest that these (titano)magnetite grains carry a TRM.
Unlike the Collinao Dacite investigated by Luppo et al. (2019), dacitic ignimbrites that
demonstrate LMIB type behaviour also contain haematite (Figure C.2c), often carrying
over half of the original NRM. Although the crystallisation of haematite is possible during
higher oxidation state eruption processes, any primary haematite component would be
more likely attributed to a detrital origin (Jeong et al., 2021). This would be carried by
individual haematite grains, or those within lithic fragments, that have been incorporated
into the pyroclastic flow from the underlying substrate (Jeong et al., 2005; 2021). Lithic
clasts are visible in SEM images but rarely contain an abundance of iron-oxides (Figure
4.6a). Larger, moderately to well-rounded iron-oxides are also present that could be
detrital in origin (Figure 4.6a) and with a critical diameter of ~15 um for SD behaviour
(Dunlop & Ozdemir., 1997), it is possible that such grains could contribute to the NRM.

Analysis of magnetic susceptibility offers perhaps the most conclusive and likely origin of
the bulk of the haematite signature. Bulk magnetic susceptibility values have been used in
conjunction with density estimates in previous magnetic studies of ignimbrites, as a
method of determining the likelihood of specimens having experienced significant VPA
(Avery et al., 2018; Palmer et al., 1996). VPA is a common occurrence in tuffs and
ignimbrites due to their high emplacement temperatures and ongoing exposure to
fumarolic activity. On entering pore spaces, vapour condenses and encourages oxidation
of pre-existing mineral phases (Vaniman, 2006; Wright et al., 2011). For different flow
units within the same formation, where source material and the compositional
constituents of the separate flows are comparable, the primary control of the bulk
susceptibility is the degree of compaction experienced. A greater degree of compaction
would result in an increased concentration of magnetic grains, and thus increased
susceptibility. This would also result in greater density values. Although compaction has
such a strong influence on bulk susceptibility, differences of an order of magnitude or
greater cannot be explained by differences in the degree of compaction alone (Avery et
al., 2018). Such differences must be attributed to differences in magnetic mineralogy.
When studying distinct units of the same lithology and formation, a possible cause of the
difference in bulk susceptibility values is some alteration of the original magnetic
mineralogical composition.

Volume normalised susceptibility values are typically an order of magnitude lower for
specimens that displayed LMIB type behaviour than those that displayed LMIA type
behaviour (Table 4.2). In contrast to this, estimated density values are consistent. These
density estimates do come with relatively large associated uncertainties, but regardless of
this, compaction differences alone have previously been dismissed as the cause of
similarly large differences in susceptibility values (Avery et al.,, 2018; Gee et al., 2010;
Palmer et al., 1996). It is most likely then, that the reduced susceptibility is a result of VPA
of the original (titano)magnetite grains, previously identified, resulting in secondary
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haematite formation. Further evidence to support this can be seen through closer
comparison of the SEM images acquired from specimens displaying type LMIA and
LMIB behaviour respectively. The matrix of specimens displaying LMIB type behaviour
appears to have experienced a greater degree of devitrification, as fewer areas appear free
of the vuggy texture associated with devitrification (Figure 4.6a, f) Often, the vugs present
in LMIB specimens are filled with platy textured iron oxide grains (Figure 4.6f). These
grains are interpreted as being haematite in most cases, due to its absence in LMIA
specimens. This texture can also be observed around the edges of larger (titano)magnetite
phenocrysts (Figure 4.6f) which could represent some degree of replacement, but either
way is suggestive of secondary alteration.

Despite producing thermal Thellier results, following the IZZI+ protocol, of high
technical quality, and an initially promising interpretation of the magnetic carriers,
palacointensity estimates from LMIB specimens could be biased by the contribution of a
TCRM, and possibly a CRM (Draeger et al., 2006; Fabian, 2009; Shcherbakov et al., 2021).
This result highlights the importance of evaluating and understanding the hydrothermal
processes that are likely to occur in the environmental conditions in which ignimbrites
form.

In areas, the matrix of LMIA specimens appears more vitric and displays an absence of
platy, secondary textures. This could suggest that the primary iron-oxides, hosted within
such areas, have experienced a reduced degree of thermal alteration as the more vitric
matrix offers protection against continued exposure to an active hydrothermal setting.
Isolating the magnetic signal carried by these grains is near impossible in these specimens
due to the simultaneous presence of maghaematised grains, but it does suggest that it is
possible for these primary grains to remain unaltered within ancient ignimbrite units.

Puesto Viejo Results
Palaeomagnetic Directions

Specimens of the rhyolitic ignimbrite displayed some variation in their demagnetisation
behaviour, according to the different sampling localities and their association with
remagnetising intrusive bodies. Those obtained from sites PV01 and PV10 typically
displayed a magnetic overprint that was removed after exposure to a 25 mT strength AF
field (Figure 4.8a). Decay in magnetisation strength post this step was gradual, with
complete demagnetisation by 80 mT (Figure 4.8a). AF demagnetisation of specimens
from site PV11 often failed to isolate a ChRM (Figure 4.8¢). Discrepancies were apparent
in thermal unblocking behaviour between sites. Overprints were typically removed by
temperatures of 350°C in specimens from site PV01, 250°C from site PV10, and 400°C
from site PV11. Specimens from sites PV10 and PV11 were fully demagnetised by 580-
600°C (Figure 4.8b), whereas demagnetisation of specimens from site PVO1 required
additional temperature steps above 600°C (Figure 4.8d). Basalt sill specimens saw an
overprint removed by 10 mT through AF demagnetisation (Figure 4.8¢), but less success
was had with thermal demagnetisation. Typical Zijderveld plots resulting from thermal
demagnetisation were noisy, with any magnetic components difficult to distinguish
(Figure 4.8f). On the occasions where a ChRM component could be distinguished, the
overprint was removed by 400°C. Basaltic lavas were characterised by an overprint that
was removed by 10 mT (Figure 4.8g) and, most commonly, 300-350°C (Figure 4.8h).
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Figure 4.8: Example demagnetisation behaviour of specimens from the Puesto Viejo (PV) Group.
Typical Zijderveld plots displaying palaeomagnetic directions and demagnetisation behaviour of
rhyolitic ignimbrites (a-d), basalt sills (e, f), and basalt lavas (g, h). Remaining NRM fraction after
each demagnetisation step displayed where additional insight was provided (orange), fraction of NRM
removed indicated by grey bars.
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Table 4.3: Palaeomagnetic results from Puesto Viejo sampling sites.

Age Lat Long Dec Inc n/

My S W) O O na %95

Site Unit Lithology

PVO01 Ignimbrite  Rhyolite 2358*2 347 0686 310.8  -36.7 9/9 96 53

PV04 Sill Basalt - 349  68.5 3545 672 11/11 56 6.2
PVO05 Sill Basalt - 349 685 346.2  -59.0 9/9 123 47
PVO06 Sill Basalt - 349  68.6 55.1 -73.0 11/12 45 6.9
PV09 Sill Basalt - 349 684 5.5 -50.1  10/10 118 4.5

PV10 Ignimbrite  Rhyolite 2358+2 349 684  336.1 -485 8/8 15 146
PV11 Ignimbrite  Rhyolite 2358+ 2 349 084 58.5 14.1 7/10 7 253

PV13 Lava Basalt - 349 684 3583 657 11/11 72 5.4
PV14 Lava Basalt - 349 684 17.2 -55.6  9/10 24 108
PV15 Lava Basalt - 349 684 35.7 -66.9 11/11 249 29
PV16 Lava Basalt - 349 684 9.5 -67.5  11/11 110 44
PV17 Lava Basalt - 349 684 196.7 4.5 8/8 12 16.8

Note 4.3: See note of Table 4.1 for description. Bold/italicised directions interpreted as ex-situ.

Specimens rarely exhibited complete demagnetisation after steps of 100 mT and 650°C,
respectively (Figure 4.8g, €). The secondary component was origin trending, however.

Sites composed of each of the three targeted lithologies in the Puesto Viejo sampling
area produced consistent site-mean directions (Table 4.3). From the 11 sites sampling the
rhyolitic ignimbrite and the coeval basaltic sills, 8 produced consistent within-site
directions. At site PV11, an ex-situ outcrop was sampled that displayed evidence of

80.2°S, 295.0°E, A,;: 15.0°
N (This study)

@ 76.7°S, 312.4°E, A95:7.3°
(Domeier et al., 2011)

Figure 4.9: Comparison of mean VGPs of the Puesto Viejo Group from this study (blue) and Domeier
et al. (2011) (black). See caption of Figure 4.3 for description.

faulting, and so the site-mean direction was not included in the calculation of the
palacomagnetic pole. Tectonic corrections were applied in accordance with the findings
of Domeler et al. (2011b), who investigated the primary or secondary nature of the
bedding orientation with regards to the unit formation. They concluded that the structural
attitude of Puesto Viejo units around Cuesta de los Temeros (Figure 4.1b) was secondary
and that tectonic corrections were required according to the local bedding information.
This was relevant to site PVO1 of this study (Figure 4.1b). Most sections in the Valle
Grande (Figure 4.1b) were determined to display primary attitude but secondary attitude
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was concluded for the site PV31 in the study of Domeier et al. (2011b). This correlates
with site PVO0G6 in this study (Figure 4.1b), and so a tectonic correction was also applied
according to local bedding orientation.

The combined palacomagnetic pole for the ignimbrite and sill ChRM directions is in
general agreement with that previously calculated for equivalent units (Domeier et al.,
2011b), but demonstrates greater variation (76.7°S, 312.4°E, Ags: 7.3°; Domeier et al.,
2011, 80.2°S, 295.0°E, Avs: 15.0°; this study; Figure 4.9). ChRMs of the older basalt lava
flows produce a palacomagnetic pole at 73.6°S, 252.3°E, Aos: 24.0°, but are unlikely to
have averaged secular variation as directions were only obtained from four sites and
sampling sites were in close proximity. A loose block was sampled at site PV17 and so
the site-mean direction was not included in this calculation.

Rock Magnetism & Microscopy

The rock magnetic results reveal a range of behaviours that broadly correlate with the
three types of lithology sampled from the Puesto Viejo Group, the rhyolitic ignimbrites,
basaltic sills, and basalt lava flows (Figure 4.10). The behaviour across the ignimbrite sites
is relatively consistent but results from the sills and lava flows are suggestive of a much
more complex and heterogeneous magnetic mineralogy between sampling sites and, in
some cases, within a given sampling site.

e Puesto Viejo ignimbrites (PVI; PVO1, PV10, & PV11)

Rhyolitic ignimbrite sites display two Tc values, one ~560-580°C and another ~620°C,
broadly agreeing with the opinion of Domeier et al. (2011) that magnetite and haematite
are the main carriers of the ChRM. In general, specimens displayed just one of these Tc
values, though in some cases both were present (Table C.5). These differences occured
at site-level, with PV01 often dominated by the higher Tc and PV10 and PV11, the lower
Tec (Table C.5). Some thermomagnetic plots showed evidence of a phase with a T¢
~400°C, and in a few specimens from site PV11 this phase represented the dominant Te.
Samples heated up to 700°C produced irreversible thermomagnetic curves and
susceptibility versus temperature curves (Figure 4.10a, b) but demonstrated much greater
reversibility when heated up to 600°C (Figure 4.10c), suggestive of magnetite oxidation
to haematite/maghaemite. Susceptibility versus temperatutre curves demonstrated shapes
characteristic of a magnetite-haematite mix, often including evidence of the Verwey
transition followed by a slope change and continuous susceptibility decay up to
temperatures ~700°C (Figure 4.10a).

e Puesto Viejo sills (PVS; PV04, PV05, PV06, & PV09)
A wide range of rock magnetic behaviours were displayed that can be categorised by two
sets of thermomagnetic/susceptibility versus temperatute cutves, that have been termed
“Type PVSA’” and “Type PVSB’ (Figures 4.10d-m). Other behaviours were present but
appear to represent a combination of the two behaviours (Figure C.5). Specimens
displaying “Type PVSA’ behaviour were characterised by a susceptibility versus
temperature curve that appeared to contain multiple phases in the heating leg (Figure
4.10d). There was a significant susceptibility decrease present at ~450°C, that was
preceded by a distinct Hopkinson peak. The shape of the cooling curve was close to that
of the heating curve, as were room temperature susceptibility values, but the two curves
differed by the absence of an inflection at ~450°C in the cooling curve (Figure 4.10d).
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Figure 4.10: Rock magnetic results from specimens that are representative of the full range of rock
magnetic behaviours displayed by specimens from the Puesto Viejo Group. Susceptibility versus
temperature curves (a, d, g, 1, j, ) and thermomagnetic curves (b, c, e, f, h, k, m) are presented for PVI,
PVSA, PVSB, PVLA, and PVLB type behaviours. Cyclic heating steps constrain temperatures at which
laboratory induced thermal alteration occurred (f, g, m), first heating and cooling cycle (dotted-line),
second (dashed-line), final (solid-line). i) Low-temperature susceptibility experiment conducted in two-

Temperature (°C)

Temperature (°C)

steps for the same crushed specimen (-200°C - 0°C, room temperature - 420°C).
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On occasion, susceptibility continued to decrease above 600°C (Figure 4.10d). This
behaviour was restricted to samples from site PV06 and is likely due to the presence of
haematite. Cyclic heating steps, in air, demonstrated continual alteration during laboratory
heating indicative of progressive oxyexsolution (Figure 4.10f). The samples likely contain
a range of titanomagnetite compositions with a significant proportion of the observed
behaviour attributable to a titanomagnetite with approximately y.s, = 0.3, as estimated by
a Tc of ~450°C (Table C.5, Lattard et al., 20006).

The distinctive feature of PSVB type behaviour was an initial increase in susceptibility
before a sharp drop to roughly 20% of the room temperature value at ~300°C (Figure
4.10g). The remaining susceptibility gradually decreased to zero at close to 600°C (Figure
4.10g). The corresponding cooling curve was irreversible and usually displayed a sharp
increase in susceptibility from ~580°C. Room temperature susceptibility values typically
reduced by around a half after the heating and cooling cycle. Cyclic temperature steps
revealed reversible behaviour up to ~300°C, followed by behaviour that more closely
resembled that of “Type PVSA’ when subsequently heated to greater temperatures (Figure
4.10g). The thermal stability of the low-temperature feature supports the suggestion that
the decrease in susceptibility is representative of a Tc¢ and not alteration. Estimated Tc
values, derived from the thermomagnetic curves, of ~230°C (Table C.5) would suggest
that this was a titanomagnetite ~yu., = 0.55 (Lattard et al,, 20006). Low-temperature
susceptibility behaviour also suggested that this phase was thermally stable in nature
(Figure 4.101). Curves displayed an approximately linear increase in susceptibility with
increasing temperature prior to the sharp drop off observed in high-temperature
experiments (Figure 4.10i). This strong temperature dependence of susceptibility agrees
with previously observed behaviour of Ti-rich titanomagnetites during low-temperature
experiments (Moskowitz et al., 1998).

Overall, the magnetic behaviour of the basaltic sills appears to be dominated by varying
proportions of a wide range of titanomagnetites with a higher abundance of certain
compositions. Laboratory heating encouraged progressive oxyexsolution of all specimens
that resulted in magnetic behaviour that was predominantly controlled by near-pure
magnetite.

e Puesto Viejo lavas (PVL; PV13, PV14, PV15, PV16, PV17)
All flows sampled, displayed broadly similar rock magnetic behaviour but again
demonstrated two “end-member” possibilities that have been termed “Type PVLA” and
‘Type PVLB’. For Type PVLA behaviour, both the thermomagnetic curve and the
susceptibility versus temperature curve displayed a sharp decrease occurring around 300-
400°C and curves were highly irreversible, with cooling curves displaying much lower
room temperature values (Figure 4.10j, k). This a strong indication of maghaemite to
haematite inversion. Tc estimates from the thermomagnetic curves were typically 620-
630°C (Table C.5), also consistent with haematite (Dunlop & Ozdemir, 1997). In part,
this will be representative of the haematite formed during heating but non-saturated IRM
curves suggest that haematite was also present prior to heating (Figure C.6). Specimens
with Type PVLB behaviour again display features indicative of maghaemite. The variation
from Type PVLA behaviour is that these features are present, though reduced in size, on
the susceptibility versus temperature cooling curves (Figure 4.101). This suggests that the
decrease in susceptibility around 300-400°C is not entirely attributable to the inversion of
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maghaemite. The reduced difference between room temperature magnetisation (Figure
4.10m) would also suggest that less haematite has been produced during the laboratory
heating process, though values from the cooling curves are still approximately half those
from the heating curves.

For the majority of sites, the BDS value was greater than 0.10 (Figure 4.11a). Estimated
BDS values below 0.10 were generally from measurements made using the basaltic sill
sites, and of these all of them displayed PVSB type behaviour (Figure 4.11d). This is part
of a more general trend with specimens that displayed PVSA type behaviour (Figure
4.11e) producing the highest BDS values from the basaltic sills. As the BDS value
decreased between specimens, the rock magnetic behaviour more closely resembled that
of type PVSB. Estimated BDS values follow the trendline but with a tendency to plot
above it (Figure 4.11a) but in this case rock magnetic evidence would suggest that this is
not due to a haematite contribution.
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Figure 4.11: Hysteresis properties for Puesto Viejo specimens. a) See caption of Figure 4.5 for
description. Representative examples of hysteresis loops associated with each categorised rock
magnetic behaviour b) PVI, ¢) PVL, d) PVSA, e) PVSB processed with HystLab (Paterson et al., 2018).
PVL presented as one behaviour type due to similarity in hysteresis parameters of specimens
displaying PVLA and PVLB behaviour, respectively.

Backscattered electron SEM images of ignimbrite specimens from the Puesto Viejo group
displayed iron-oxide grains located within a silicate rich matrix that shows lighter and
darker regions (Figure 4.12a, b). At site PV01 (Figure 4.12a) the iron-oxide grains
displayed a wider range of sizes, with a greater abundance of larger grains than observed
at other sites. Site PV10 represents the baked region of an ignimbrite associated with the
basalt sills sampled for this study. Images from this site show the two-shade matrix as a
banded structure (e.g. Gimeno, 2003), likely depicting a chloritized matrix that the iron-
oxides tend to form around (Jeong et al., 2021) (Figure 4.12b, c). Similar structures are
also observed from SEM analysis of site PV11 but to a lesser extent (Figure 4.12¢). Two
specimens were selected for SEM analysis from PV10 with varying degrees of oxidation
determined by the red or white appearance (Figure C.7). These banded structures were
significantly more visible in the more oxidised, specimen (Figure 4.12c). This specimen
also included examples of skeletal cruciform magnetite (Figure 4.12d). In the specimen
analysed from site PV11, a much smaller proportion of lithic clasts were observed, with
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the specimen mostly composed of silica-rich matrix (Figure 4.12¢). Iron-oxides identified
through EDX analysis of PV11 were rare (Figure C.8a, b).

EDX analysis of iron-oxides identified in specimens of the basaltic sills agree with the
interpretation from rock magnetic analysis that they contain a compositional range of
titanomagnetites (Figure C.8¢). Data was obtained for grains ranging in diameter from ~2
pum to 10s of microns. The larger grains appeared to be higher in titanium content
although this was variable, as was the ratio of iron to titanium in the smaller grains. Most
grains displayed well-defined edges with limited signs of weathering (Figure 4.12f). The
observed cracks and shading differences, indicative of two phases within a grain and thus
compositional alteration, appeared confined to grains of a size typically associated with
the MD range. This observation could be a limitation of the microscopy, however.
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Figure 4.12: Scanning electron microscope (SEM) images of Puesto Viejo specimens, obtained from
backscattered electrons. CFRM — cruciform structure, G.C — grain coating, Lam — lamella. Pervasive
cracking highlighted (red box).

Iron-oxide grains within the basalt lava flows displayed varying degrees of alteration
(Figure 4.12g), there was evidence of grain cracking which at worst almost cut grains into
two (Figure 4.12g). In areas, the specimen analysed from site PV15 displayed significant
levels of grain coating (Figure 4.12g). This was observed to a much lesser extent in the
other lava flow specimens analysed but the presence of significant secondary
mineralisation cannot be ruled out for any lava flow sample, especially when considering
that the rock magnetic results were often suggestive of the presence of maghaemite. PV15
is the only basalt specimen analysed in which titanomagnetite grains with well-defined
exsolution lamellae were observed (Figure 4.12h), alteration textures were also visible in
these grains as there was evidence of pitting (Figure 4.12h).

Palaeointensity Estimates

The consistent presence of maghaemite in the sampled lava flows is immediate cause for
concern. The suggestion of a somewhat reduced effect, presented by some of the more
reversible rock magnetic behaviour is encouraging, but crucially the widespread alteration
textures observed in the SEM images, and in particular the grain coatings of iron-oxides,
would make any palacointensity estimates from these specimens highly uncertain due to
potential bias associated with TCRM acquisition via this mechanism (Fabian, 2009). As
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such, specimens from the basalt lava flows were not subjected to palacointensity
experiments.

Of the three ignimbrite sites from which specimens were subject to thermal Thellier
experiments, two resulted in at least one palaeointensity estimate. Four out of eleven
specimens were successful from site PV10, and one out of ten from site PV11 (Table
4.4). Interpreted best fit line segments of the Arai plots consistently fell across an
unblocking temperature range associated with magnetite, with typical end temperatures
of 580°C. For specimens from site PV10, starting temperatures were usually 200°C
(Figure 4.13a, b). For two of the four accepted results at site PV10, heating up to 580°C
resulted in full demagnetisation with no suggestion of a second direction from the
associated Zijderveld plots (Figure 4.13b). In the case of the remaining two specimens,
demagnetisation over the magnetite temperature range removed around 80% of the NRM
(Figure 4.13a). The remainder of the Arai plot is highly zigzagging and the temperature
steps correlate with a directional change in the associated Zijderveld plot (Figure 4.13b).
The only specimen that satistied the selection criteria from site PV11, produced a curved
Arai plot (Figure 4.13d). The starting temperature of the interpreted section was 400°C
and the temperature steps prior to this were associated with a clear directional overprint
(Figure 4.13d). The Zijderveld plot of the remaining temperature steps demonstrated
origin trending decay (Figure 4.13d). This behaviour was consistent across other
specimens from the site and in these examples the failure of the high-temperature
component was primarily due to failure of pTRM checks.

Unlike for the thermal Thellier method, results were obtained across sites of the dacitic
ignimbrite and the basalt sills when utilising the Shaw-DHT protocol. From the 29
ignimbrite specimens studied, 21 produced results that passed the selection criteria.
Specimens appear to have experienced a range of thermal alteration, as demonstrated by
their associated alteration corrections (Figure 4.13c, e, f). It would also appear that the
use of ARM as an analogue for TRM is more appropriate for some specimens than others,
as the similarity between the NRM-TRM1 plot and the ARMO-ARM1 plot varied across
specimens (Figure 4.13c, ¢, f). For sites PV01 and PV10, low ¢B (Table 4.4) would suggest
that this had little bearing on the palacointensity estimates, but specimens from site PV11
produced estimates that grouped either side of the calculated mean, that resulted in a large
oB (Table 4.4; Table C.7). Specimens of the basaltic sills experienced significant thermal
alteration after the first heating but became very thermally stable after this. This behaviour
was anticipated from the rock magnetic behaviour and is demonstrated by the curved
NRM-TRMI1 plots, and TRM1-TRM2 slopes consistently close to unity (Figure 4.13f).
Estimated palaeointensity values were consistent across all sites sampling both lithologies,
despite being subject to a variety of applied field strengths (10 wT, 15 pT, & 30 uT; Table
C.7). Site PV11 was the exception, as it produced estimates of ancient field strength
approximately twice those from other sites (Table 4.4). The overprint identified by
thermal demagnetisation of specimens from PV11 was not easily identified by AFD.
Zijderveld plots displayed curvature that was suggestive of overlapping unblocking
coercivities of the multiple magnetisation components (Figure 4.8C). The difficulty in
isolating the ChRM could explain the high variation in estimated palacointensity values
and the disagreement with the estimate obtained via the thermal Thellier technique.
Specimens from site PVO05 failed to produce any palaeointensity estimates due to non-
linear portions of the NRM-TRM1 plot, causing failure of R,” and/or £,” (Table C.7).
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Figure 4.13: Representative results of palaeointensity experiments conducted on specimens from the Los Menucos Group. (a, b, d) Arai plots and Zijderveld plots (Zijderveld,
1967) of the thermal Thellier experiments, (c, e, f) Shaw results. See caption of Figure 4.7 for description.
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Table 4.4: Palaeointensity results from Puesto Viejo sampling sites.

. Density Bu oBu n/ B oB.1, n/ B, 6B, n/ B oB VDM
S agmd VNS0 @) ne @D WD one @D @D o @D @D 02Am) T

PVO01 2.4 660 6 - - 0/3 7.4 1.1 10/12 4.4 1.1 3/12 7.4 1.1 1.6 7
PV04 - - - - - 0/2 6.5 3.5 3/12 - - 0/12 6.5 3.5 1.0 6
PV05 ] : : - - 0/3 ; ; 0/8 - - 0/8 - - -

PVO06 - - - - - 0/3 7.5 2.1 7/10 8.7 2.4 5/10 7.5 2.1 1.1 6
PV09 - - - - - 0/3 7.2 2.0 7/10 9.2 3.1 3/10 7.2 2.0 1.4 6
PV10 - - - 10.0 2.7 4/11 11.0 3.6 4/8 5.9 1.8 2/9 10.5 3.0 2.1 5
PV11 2.1 8 6 16.4 - 1/10 22.9 8.3 7/9 6.7 2.8 5/9 22.1 8.0 - 0
PV13 - - - - - - - - - - - - - - - -
PV14 - - - - - - - - - - - - - - - -
PV15 - - - - - - - - - - - - - - - -
PV16 - - - - - - - - - - - - - - - -
PV17 - - - - _ _ _ _

Note 4.4: See note of Table 4.2 for description. Bold/italicised palaeointensity estimates interpreted as likely being unreliable.



In general, the palacointensity estimates obtained using the pseudo-Thellier method,
applied to Puesto Viejo specimens, showed good agreement with the results from other
palacointensity methods (Table 4.4), especially when considering the high degree of
associated uncertainty. Again, the exception was for specimens from site PV11, where
pseudo-Thellier estimates were significantly lower than the mean estimates from both the
thermal Thellier and the Shaw method (Table 4.4). Thermal alteration during laboratory
heating, associated with the thermal Thellier and Shaw-DHT experiments, could have
potentially gone unnoticed or have been unaccounted for in full, explaining the
discrepancy between palacointensity estimates, but again difficulty in isolating the ChRM
through AF demagnetisation cannot be overlooked as a possible cause. Estimates from
the remaining ignimbrite sites displayed greater consistency with the results from other
methods, but success rates were relatively low (Table 4.4). Passing pseudo-Arai plots were
primarily straight and those that failed did so because of curved and/or two-slope
behaviour. Some specimens from site PV10 produced pseudo-Arai plots too noisy for
interpretation. Where estimates were obtained from basaltic sill sampling sites, there was
good agreement with results obtained via the Shaw method (Table 4.4). Once again
specimen failure was primarily down to pseudo-Arai plot curvature (Table C.8).

Reliability of Palaeointensity Estimates

e PVI(PVO1, PV10, PV11)

Iron-oxide grains imaged from site PVO1, are generally well defined and in many cases
exhibit a cubic shape (Figure 4.12a). Possible matrix alteration is visible through the
lighter and darker regions of some glass shards within the matrix (Figure 4.12a) but iron-
oxide grains do not appear to follow a pattern according to these different areas. The
difference between volume normalised susceptibility (VINS) values between specimens
from PV0O1 and PV11, cannot be explained by variations in the experienced degrees of
compaction alone (Avery et al., 2018). VPA likely contributed to the reduced susceptibility
of PV11 specimens, and so values of the same order of magnitude might be expected if
the haematite phase within PVO1 specimens had formed via the same processes. This
would imply that the haematite phase at site PV01 has a primary origin in relation to the
ignimbrite deposition. Detrital haematite grains could account for the more rounded,
larger grains observed in the SEM images (Figure 4.12a). Some smaller grains broadly
follow the edges of glass shards, an indication of nucleation and growth after
emplacement (Avery et al., 2018). A mean density > 2.0 Mgm™~ (2.4 Mgm™, Table 4.4)
indicates a likely emplacement temperature above the observed Tc values of the two
magnetic phases (Table C.5, Richle et al., 1995), making it likely that both the microlites
and phenocrysts carry a TRM.

Susceptibility values for PV11 are two orders of magnitude lower than those observed
for PVO01, agreeing with the lack of iron-oxide grains observed through SEM analysis.
Coupled with lower mean density values (2.1 Mgm™, Table 4.4), this is suggestive of a
reduced degree of initial compaction during deposition of the ignimbrite. As a result, the
ignimbrite sampled at PV11 is of higher porosity and experienced increased exposure to
hydrothermal processes such as chloritisation (Yuguchi et al., 2021a; 2021b; Morad et al.,
2011). This concurs with the chloritised matrix pattern observed in the SEM images
which is similar to that observed by Jeong et al. (2021), when studying the Southern
Kusandong Tuff of South Korea. Formation of secondary magnetic phases likely
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occurred at temperatures up to approximately 350°C to 400°C, as suggested by the
magnetic overprint identified in the Zijderveld plots (Figure 4.13d). Palacointensity
estimates obtained from the Shaw-DHT and pseudo-Thellier method are affected by
difficulties in ChRM isolation and so cannot be deemed to be reliable. The sole result
obtained by the thermal-Thellier method utilises a temperature range associated with the
ChRM, the mean density value lies just above 2.0 Mgm”. It is possible that this
palacointensity estimate could be an accurate description of the geomagnetic field during
the initial emplacement of the sill but it is of limited use in isolation.

The more widespread occurrence of potential chloritsation at site PV10, a baked region
of the same unit sampled at PV11, would suggest that as the sill was emplaced, larger
volumes of hydrothermal fluids entered the pore spaces causing more extensive
chloritisation. This also points to the convection of hydrothermal fluids as a primary form
of heat transfer in the baking of the country rock over more direct conductive transfer
from the igneous intrusion. Chloritisation results in the formation of voids, or vugs, in
the matrix (Jeong et al., 2021; Morad et al., 2011). Concentrations of metal ions, including
iron, in the hydrothermal fluid gradually decrease (Yuguchi et al., 2021a; 2021b),
precipitating into the vugs (Jeong et al., 2021). This is the likely origin of the more platy
iron-oxides observed in and around the chloritised matrix (Figure C.9). This would make
them of secondary origin, and in the case of PV10, likely related to the intrusion of the
sill. Susceptibility values from PV10 are two orders of magnitude higher than those from
specimens of PV11 (Table 4.4) and would suggest that at least the bulk of these secondary
iron-oxides are (titano)magnetite. The country rock sampled at site PV10 appears to have
been heated to much higher temperatures than occurred at site PV11. Specimens
containing a small titanohaematite component, as indicated by non-saturated IRM
acquisition curves, display an overprint that is removed between 580°C and 600°C (Figure
4.13a). Some specimens do not display evidence of a haematite component (Figure 4.13b)
and have likely experienced complete remagnetisation by the intrusion of the sill.
Palacointensity results from specimens that displayed a titanohaematite component only
utilised a temperature range associated with titanomagnetite unblocking, and the results
showed good agreement with those from specimens that did not contain a
titanohaematite component (Figure 4.13a, b). This suggests that the small contribution to
the specimen NRM from the titanohaematite component, likely carrying a TCRM after
oxidation of TRM carrying iron-oxides, had minimal effect on the palacointensity
estimates. Attempting to determine the temperature at which the secondary magnetite
grains, associated with the intrusion of the sill, formed, after the country rock experienced
heating up to ~600°C, is crucial to the reliability of the estimated palacointensity values.
The process of chloritisation typically occurs at temperatures below 350°C (Galan &
Ferrell, 2013; Lopes et al., 2019; Yuguchi et al., 2021b; 2021c), well below the Tc¢ of
magnetite. If this were the case, the platy magnetite grains observed would carry a CRM.
The presence of cruciform (titano)magnetite surrounding the chloritised matrix suggests
that the baked margin experienced rapid cooling, however. The ChRM utilised in
palacointensity experiments is likely carried by original grains formed from nucleation
and growth in the glassy matrix that have experienced complete remagnetisation (Figure
C.7) and secondary titanomagnetite grains formed after reheating associated with the
intrusion of the adjacent sill. Evidence of rapid cooling would suggest that the latter carry
a TRM but some fraction of a TCRM cannot be entirely dismissed.
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e DPVS (PV04, PV05, PV06, PV09)

Results are only present from Shaw and pseudo-Thellier methods, due to the progressive
oxyexsolution that occurs during laboratory heating. These effects result in an ever-
changing mineralogy for each successive temperature step above ~300°C in thermal
Thellier experiments, explaining the changing slopes of the Arai plots and sharp decrease
in magnetisation observed (Figure C.10). Agreement between the non-heating pseudo-
Thellier method and the Shaw method would suggest that, although the same
oxyexsolution has occurred during full TRM acquisition, resulting in much higher
imparted remanence intensities than the NRM due to magnetite formation, the ARM
correction has been able to successfully account for this. This is an example of when
imparting a full TRM has been more beneficial than imparting multiple pTRMs. SEM
images displayed well-defined titanomagnetite grains, often cubic in shape, and showing
limited signs of cracking or coating suggestive of secondary remanence. The presence of
compositionally intermediate titanomagnetite grains indicates a rapid cooling of the sills
(Dunlop & Ozdemir, 1997), and exsolution during laboratory heating would suggest that
subsequent heating to such temperatures has not previously occurred post cooling. As
such the titanomagnetite grains within the sills likely carry a TRM, with the ChRM isolated
via AF demagnetisation.

Good agreement between the final estimates of virtual dipole moment (VDM) from the
basaltic sill sites (PV04, PV06, & PV09; Table 4.4) and the rhyolitic ignimbrite most likely
carrying a primary TRM (PVO01; Table 4.4) is further evidence to suggest that the ChRM
is primary in nature, when it is considered that their formations have previously been
shown to be approximately coeval (Domeier et al., 2011; Valencio et al., 1975). Following
this, results from these sites passed the Qrrm criterion of the Qpr criteria (Table C.9).
These results suggest that the ARM correction of the Shaw protocol is capable of
successfully accounting for large amounts of laboratory induced alteration associated with
the oxyexsolution of titanomagnetite grains. Despite some uncertainty surrounding the
nature of their magnetic remanence, good level of agreement between the accepted results
and those obtained from the baked ignimbrite at site PV10 suggests that TCRM
contribution is minimal and that any contribution had reduced effects on the
palacointensity estimates. Therefore, results from PV10 likely represent the
palacomagnetic field during the time of the intrusion of the sill. Taking the more cautious
approach, the Qrry criterion of the Qpr criteria was failed for site PV10, however (Table
C.9). Site PV10 was also the sole site where Qpir failed due to the failure of the £ = 50
requirement (Table 4.4; Kulakov et al., 2019) but successful results from both the thermal
Thellier and Shaw-DHT method resulted in it also being the sole site where Qrrcu passed
(Table C.9). Final accepted VDM estimates ranged between 1.6 x 10* and 2.1 x 10* Am”.
Assigned Qpr scores ranged between 5 and 7 with both a median and mean value of 6
(Table 4.4; Table C.9).

Discussion
Suitability of Ancient Ignimbrites as Palaeointensity Recorders

There was deemed to be a consistent presence of titanomagnetite grains, in specimens of
ancient ignimbrites, representing a primary magnetic phase that formed as a result of
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nucleation and growth during the initial cooling of the volcanic deposit, and that are likely
to carry a TRM. These cubic grains are found in unaltered portions of the vitric matrix,
suggesting that the matrix is able to offer protection against alteration even when exposed
to a hydrothermally active environment across prolonged time scales. Palacointensity
estimates from such magnetic carriers would provide a reliable description of the
palacomagnetic field in which they formed, but in the specimens analysed for this study,
they are often accompanied by secondary magnetic phases that have the potential to
produce biased estimates. Thermally unstable maghaemite produces distinctive behaviour
during rock magnetic experiments, making it easily recognisable, and due to the nature of
its formation it must be interpreted as secondary. The presence of secondary haematite
and magnetite, formed through devitrification processes such as chloritisation, is much
more difficult to identify but could have significant biasing effects on palaecointensity
estimates. Such phases were identified through SEM microscopy, successfully identifying
secondary textures, and analyses of susceptibility and density profiles, within the context
of ignimbrite formation and alteration processes, was found to be particularly
advantageous. It has been demonstrated that the ignimbrite sampled at site PV10
produced reliable palacointensity results despite the likelihood that it contained a
proportion of TCRM carrying grains, likely due to its reduced contribution to the ChRM.
More generally, the agreement between palacointensity estimates obtained from
ignimbrites and the more traditionally used basalt sills from Puesto Viejo strengthens the
reliability of the estimates obtained and demonstrates that ancient ignimbrites can be
reliable palacointensity recorders. The extensional tectonic setting associated with the
Puesto Viejo Group, gave rise to bimodal volcanism (Kleiman & Salvarredi, 2001; Monti
& Franzese, 2019). As such, emplacement of rhyolitic ignimbrites and basaltic sills, within
the San Rafael depocenter, was occurring concurrently without a progressive evolution
of magma composition. This is supported by the overlapping dates previously obtained
from samples of the ignimbrites and sills (Domeier et al., 2011; Valencio et al., 1975).
Palacointensity estimates were successfully obtained from localities across the depocenter
(Figure 4.1b) and throughout the stratigraphic profile of the Puesto Viejo Group. As a
result, the range of palaeointensity estimates obtained from the more traditionally used
basaltic sills are expected to be representative of the variation in the strength of the
palacomagnetic field across the duration of the emplacement of the Puesto Viejo Group.
Furthermore, there would be no reason to suggest that the strength of the palacomagnetic
field should have displayed greater variation during the emplacement of any ignimbrite
units. With the estimates obtained from ignimbrite units displaying agreement with the
range of estimates obtained from the basaltic sills, they are interpreted as being
representative of the palacomagnetic field at the time of their formation and not
significantly biased through TCRM acquisition.

Ignimbrites sampled from Los Menucos contained secondary magnetic phases, and
without results from a more traditional, similatly aged lithology, any biasing effects on the
final palacointensity estimates are unknown. For this reason, results from Los Menucos
are not considered to be reliable. Ancient ignimbrites are capable of being reliable
palacointensity recorders, but, without the corroboration of results from another
lithology, it is difficult to confidently attribute any palacointensity estimates as being
representative of the palacomagnetic field during the time of the lithology formation.
From this study, the recommendation would be to avoid carrying out palacointensity
studies that rely solely on results obtained from ignimbrites, due to their complex thermal
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histories and the difficulty in ascertaining the formation of magnetic phases in relation to
this. The bimodal nature of volcanism in the San Rafael depocenter, was paramount in
assessing the reliability of estimates obtained from the rhyolitic ignimbrites and would be
required to conduct future investigations in a similar manner. The association of bimodal
volcanism with extensional tectonics (Frost & Frost, 2019), emphasises the potential that
other extensional basins along the western margin of southern South America have to
further our understanding of palacointensity in the Post-PCRS. For example, the Rincon
Blanco sub-basin of NW Argentina (Barredo et al.,, 2012) contains alkaline basalts and
Rhyolitic ignimbrite units (Barredo et al., 2012) associated with a range of dates, obtained
via U-Pb SHRIMP geochronology, between 246.4 £ 1.1 Ma and 230.3 * 1.5 Ma.
Alternatively, a more traditional investigation could be facilitated by the more numerous
lava flows with assigned Triassic dates of the Peruvian Mitu Rift (Spikings et al., 2010).

The sole example of a palacointensity estimate in the PINT database, from ignimbrite
units of comparable age to those of this study, come from the study of Krs. (1967), who
calculated 2 VDM of 12.9 x 10* Am”. This estimate has an assigned age of 275.5 Ma and
was obtained from ignimbrite specimens that were part of the Bohemian Massif, sampled
near Broumov, Czech Republic. The palacointensity estimate of Krs. (1967) is of interest
as it lies within the interval of the PCRS, for which palaeointensity behaviour is disputed
(Tarduno & Cotrrell, 2005; Hawkins et al., 2021). Applying the findings of this study, the
palaeointensity estimate presented by Krs. (1967) has been re-evaluated, in an attempt to
assess its reliability. Thermal demagnetisation of the studied ignimbrite suggests that the
majority of the remanence was held by haematite. Approximately 80% of the NRM
remained after heating up to 580°C, and the majority of demagnetisation occurred
between 600°C and 650°C. Evidence to suggest a lack of CRM within the specimens
came from agreement of the direction of remanent magnetisation between partially
demagnetised specimens and that across the full ChRM (Krs, 1967). In this study, it has
been discussed how haematite can replace magnetite as a secondary magnetic phase, and
that in such cases the TCRM acquired would not be expected to display a different
direction to the initial TRM acquired (Dunlop & Ozdemir, 1997). This study also
discussed how haematite within ignimbrites is unlikely to be a primary phase unless
present in the pyroclastic material as detrital grains. These observations raise doubts over
the reliability of the estimates and further highlight the requirement for detailed
assessment of the likely origin of magnetic carriers with regards to the thermal history of
ignimbrites.

Implications of Palaeointensity Estimates for the Strength of the Post-PCRS

As discussed, specimens of the Los Menucos Complex that displayed LMIB type
behaviour, were interpreted as having experienced (titano)magnetite replacement by
(titano)haematite due to VPA. Avery et al. (2018) arrived at a similar conclusion to explain
the behaviour of specimens from the Bishop Tuff, that they termed as having ‘Group A’
properties. Estimates obtained from these Group A specimens were significantly higher
than those obtained from specimens displaying ‘Group B’ properties, which were
interpreted as the most likely specimens to carry a TRM, and thus produce a more reliable
estimate of palacointensity. The overestimated palacointensity values of specimens that
displayed Group A properties (Avery et al., 2018) was explained by the models of TCRM
acquisition proposed by Fabian. (2009). The process of magnetite replacement by
haematite, within a hydrothermal environment, occurs through a combination of leaching
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and low-temperature oxidation (Ohmoto, 2003; Otake et al., 2010; Zhao et al., 2019).
TCRM acquisition via both leaching and low-temperature oxidation, after TRM
acquisition, were demonstrated separately to be capable of producing statistically
acceptable Arai plots that resulted in overestimated palacointensity values (Fabian, 2009).
If one were to assume that palacointensity estimates obtained in this study from
specimens displaying LMIB type behaviour are similarly biased, then the estimated values
(29 - 4.6 x 10 Am®) would represent overestimates and suggest that the true
palacointensity was much weaker. This interpretation is in keeping with the weak field
strength suggested by estimates from the Siberian Traps for the PTB. A more recent
model exploring the effects of TCRM acquisition on palaeointensity estimates, did so for
the more general case of TCRM acquisition through T¢ increase (Shcherbakov et al.,
2021). This model is also applicable to (titano)haematite replacement of (titano)magnetite
as the product has a higher Tc (Dunlop & Ozdemir, 1997). The model of Shcherbakov
et al. (2021), predicts that palacointensity estimates obtained from a TCRM acquired in
this way will display limited biasing effects. If this were to be the case then the
palaeointensity estimates from LMIB type specimens would suggest a geomagnetic field
strength broadly in keeping with the long-term geomagnetic field behaviour (Chapter 3).

The models of both Fabian. (2009) and Shcherbakov et al. (2021) explain the behaviour
of ensembles of single domain particles. In reality, whole rock specimens contain a range
of interacting magnetic grains of different domain states, making direct application
difficult. Despite this, and the contrasting interpretations of the two models discussed,
the implications highlight the importance of exploring the physical processes that have
affected remanence carriers. Through continued improvement to our understanding of
the effects of these processes on palaeointensity estimates, such results still have the
potential to provide important information.

Successful palacointensity results were obtained from the basaltic sills and rhyolitic
ignimbrites of the Puesto Viejo Group. Site mean VDM estimates ranged between 0.9 x
10”and 2.1 x 10® Am’ with an average Qpi value of 6. The sills and ignimbrites of the
Puesto Viejo Group were targeted as their assigned age (ca. 236 Ma, Domeier et al., 2011;
Ottone et al., 2014) is proximal to that of the pillow lavas of the Fernazza Fm (ca. 238.2
Ma), that were previously studied in Chapter 3. Palacointensity estimates from the
Fernazza volcanics seemed to suggest that geomagnetic field strength during the Post-
PCRS was comparable to that of the long-term median, and that the weak field strength
associated with the PTB was a time-limited feature (Chapter 3). The estimates from the
Puesto Viejo specimens are lower than those obtained from the Fernazza volcanics, that
ranged between 3.0 x 10* and 4.8 x 10 Am* (Chapter 3), and there is no crossover in
the range of the estimated V(A)DMs from the two sampling localities (Figure 4.14). When
the global V(A)DM record over the last 320 Ma is analysed, the combined distribution of
the V(A)DM values from the Puesto Viejo Group and the Fernazza Fm, appears similar
to the distribution of V(A)DM values around the PTB (Figure 4.14). This is further
highlighted by the position of the median V(A)DM value for the PTB (2.3 x 10 * Am?;
Chapter 3) lying almost exactly in between the median V(A)DM values for the Puesto
Viejo Group (1.4 x 10* Am®) and the Fernazza Fm (3.6 x 10* Am? Chapter 3). Similarity
between V(A)DM distributions around the PTB and ca. 236 Ma could suggest that the
presence of a weaker geomagnetic field was not time-limited. This could also suggest it
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to be more likely that the palacointensity results obtained from Los Menucos specimens
are overestimates, following the model of Fabian. (2009).
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Figure 4.14: The virtual (axial) dipole moment (V(A)DM) record between 320 Ma and 100 Ma. V(A)DM
values, with Qpr = 3, from v8.0.0 of the PINT database (Bono et al., 2021, yellow circle) plotted
alongside site-level V(A)DM estimates from Chapter 3 (green square) and Puesto Viejo (this study,
blue square). Estimates obtained from Los Menucos specimens, that were ultimately deemed to be
unreliable, are also presented for comparative purposes (grey square). The long-term average
V(A)DM value (Chapter 3) is given by the dashed line (red) alongside the interquartile range, dotted
lines (blue).

Conclusions

Ancient ignimbrite units are capable of recording reliable palacointensity information but,
due to their complex thermal history and therefore the difficulty in ascertaining the nature
of the ChRM, it is recommended that palacointensity estimates are obtained alongside
those from similarly aged lava flows and/or rapidly cooled intrusives. This approach is
likely applicable to other Triassic basins of southern South America, in which ignimbrite
units are often more numerous than those of more traditionally studied lithologies and
bimodal volcanism has occurred as a result of the extensional tectonic setting. The Rincén
Blanco sub-basin has been highlighted as one such potential study area, where
palaeointensity estimates from ignimbrite units could increase palaeointensity coverage.
Alongside estimates from basins more abundant in more traditionally studied units, such
as the Mitu Rift, the basins of southern South America have great potential to provide
much needed palaeointensity data throughout the Triassic.

The five new VDM estimates from the Puesto Viejo Group (0.9 x 10% - 2.1 x 10” Am’)
are slightly lower than those previously obtained from the similarly dated pillow lavas of
the Fernazza Fm, Italy. When viewed together, the distribution of the palacointensity
values from these two sampling localities displays similarity to those within the PINT
database that define the PTB. This would appear to suggest that the weaker geomagnetic
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field strength associated with the PTB was not a time limited feature and may instead be
characteristic of the geomagnetic field throughout the Post-PCRS.
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Chapter 5. Evolution of long-term geomagnetic field
behaviour since the Permo-Carboniferous Reversed
Superchron

Abstract

Giant Gaussian process (GGP) models provide a statistical description of the
geomagnetic field, under the assumption that the field can be described by a suite of
independently, normally distributed Gauss coefficients. The resulting Gaussian
framework facilitates predictions of any palacomagnetic observable. Optimised models
can be generated that represent a plausible description of the palacomagnetic field across
a given interval, by minimising to palacomagnetic observations. Previously, GGP models
have primarily been used as a tool to describe the recent palacomagnetic field, for the last
5 or 10 million years. This study utilised recent improvements to palacomagnetic
databases that are representative of behaviour for the last 320 million years, to generate
optimised statistical models for time intervals of distinct reversal frequency across this
time. Comparison of the different models, and the observations on which each was
constructed, appeared to suggest that the palaeointensity record is highly discriminatory,
when characterising changes in long-term geomagnetic field behaviour. As a result,
unique statistical models were required to describe palacointensity observations
associated with each studied time interval. The § parameter defining the preferred model
representing the PCRS was approximately twice that of the preferred models representing
other studied time intervals. This indicated that the relationship between symmetric and
antisymmetric families was somewhat unique during the PCRS. The PCRS was also the
only studied time interval for which the selection criteria chosen for filtering of the
palacointensity observations resulted in distributions with markedly different average
values. Statistical models constructed around these two distributions suggested that the
existence of increased average geomagnetic field intensity, and an average strength more
in keeping with the long-term average, were both plausible for the PCRS. Through
evaluation of the palacointensity data, and their associated studies, this study favours the
existence of high average intensity during the PCRS.
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Introduction

Statistical models of the palacomagnetic field are a powerful tool due to their predictive
nature. Their development represents vast improvement over phenomenological models,
such as Model G (McFadden et al., 1988; Handford et al., 2021), whose value lies in their
descriptive capabilities (Doubrovine et al., 2019). The most commonly utilised statistical
field models attempt to describe variations in the palacomagnetic field through a giant
Gaussian process (GGP; Constable & Parker, 1988), in which the field is modelled by
distributions of spherical harmonic Gauss coefficients (Bono et al., 2020). Predictions can
be made from a given GGP model about any measured characteristic of the
palacomagnetic field that it describes, this includes the distribution of virtual geomagnetic
pole (VGP) dispersion (Handford et al., 2021), VGP inclination anomalies, field strength,
and palacomagnetic directional distributions (Brandt et al., 2020; Brandt et al., 2021;
Tauxe & Kent, 2004). GGP models provide a plausible description of the palacomagnetic
field across a given time interval, by comparing and minimising the modelled distributions
against corresponding palacomagnetic observations. The parameters defining the GGP
model provide potential insight into the behaviour of the palacomagnetic field and the
geodynamo processes behind its production.

Since their original proposal (Constable & Parker, 1988), the process of constructing
GGP models has been refined by multiple contributors (e.g. Bono et al., 2020; Tauxe &
Kent, 2004). The first GGP model provided a statistical description of geomagnetic
secular variation for the last 5 Ma (Constable & Parker, 1988). The non-dipole
components, and the non-axial components of the dipole (g1 and hi), were modelled as
independently, normally distributed Gauss coefficients. Each was assigned a zero mean
and a distribution of standard deviations corresponding with that associated with a white-
noise source at the core-mantle boundary (CMB). The resulting spatial power spectra
provided an accurate description of the non-dipolar part of the modern geomagnetic field
(Constable & Parker, 1988). This simplistic description is what is referred to as the GGP
and can be described by just one free parameter, its variance (o”). As it is known that the

axial dipole component (g_f) has been dominant throughout geological time (Cox, 1970),
during times not associated with reversals a steady axial part of the dipole was

superimposed. This introduced a second free parameter, g3. Under these assumptions,
the palacomagnetic observations of behaviour across the past 5 Ma could not be
described. Predicted directional palacosecular variation (PSV) distributions, determined
from the model, failed to replicate observed distributions from palacomagnetic data or
differ in a manner that may be realistically expected when considering sources of bias
(Constable & Parker, 1988). The differences in the observed and modelled behaviour

were overcome by allowing the standard deviation of the dipole term (g_f, gi and h}) to
deviate from that predicted by the GGP, and through the inclusion of a non-zero mean

quadrupole term (g9). Subsequent construction of GGP models continued to modify the
variance and/or power of asymmetric terms to better fit palacomagnetic observations
(e.g. Quidelleur & Courtillot, 1996; Constable & Johnson, 1999), until the introduction
of a new parameter (Tauxe & Kent, 2004). This parameter, termed f, accounted for the
larger variance in asymmetric Gauss coefficients than in the symmetric ones, simplifying
the approach of previous studies (e.g. Quidelleur & Courtillot, 1996; Constable & Parker,
1988). Despite this improvement to the process, GGP models failed to simultaneously
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reproduce the observed distributions of both field strength and PSV. This issue was
addressed through, amongst other things, the incorporation of covariance between the
Gauss coefficients, substantially improving the simultaneous reproduction of field
strength and PSV distributions for the past 10 Ma (Bono et al., 2020).

Just one previous study has published parameters that describe an optimised GGP model
for any interval outside of the last 10 Ma (Brandt et al., 2021). GGP models were
generated for the Permo-Carboniferous Reversed Superchron (PCRS; ~318-265 Ma;
Haldan et al., 2009; Opdyke & Channell., 1996) and the inclusion of the correlation
coefficients of Bono et al. (2020) generated models that best described the
palacomagnetic observations. The improved misfit between the statistical models and the
palacomagnetic observations for the last 10 Ma and the PCRS, through the incorporation
of the correlation coefficients, was used to suggest that the correlations between Gauss
coefficients has remained unchanged throughout the geological past (Brandt et al., 2021;
Bono et al., 2020). Further comparison between statistical models for the last 10 Myr and
the PCRS, resulted in additional suggestions as to how aspects of the geomagnetic field
may have evolved throughout geological time. It was proposed that the relationship
between symmetric and antisymmetric families has remained unchanged, and that
changes in total relative variability provide greater insight into changes in geomagnetic
behaviour, with superchrons associated with reduced variability (Brandt et al.,, 2021).
Recent advancements in our definitions of observed PSV behaviour have resulted in a
near-complete record across the past ~320 Ma (Cromwell et al., 2018; Doubrovine et al.,
2019; Engbers et al., 2022; Handford et al., 2021), providing an opportunity to generate
GGP models associated with various time intervals. By generating covariant-style GGP
models for these different time intervals, the suggestion that correlation coefficients have
remained unchanged can be investigated further, and greater insight can be obtained into
the evolution of the geomagnetic field throughout this time.

This study presents covariant-style GGP models that best describe palacomagnetic field
behaviour during the last 5 Myr, Miocene (23 - 5.3 Ma; Engbers et al., 2022; Ogg, 2012),
CNS (126-84 Ma; Doubrovine et al., 2019), Pre-CNS & Post-PCRS (265-126 Ma;
Handford et al., 2021; Doubrovine et al., 2019), and PCRS, utilising the VGP dispersion
patterns of Handford et al. (2021) and Engbers et al. (2022), and a recent update to the
PINT database (PINT v8.0.0, Bono et al., 2021). This represents the most comprehensive
application of GGP models as a tool to investigate long-term geomagnetic field evolution.
The robustness of these models is tested through the application of different quality filters
to the palacointensity observations and different methods of determining the cut-off
angle for identifying outlying VGPs. Further discussion is then presented on the most
appropriate models to describe the Pre-CNS & Post-PCRS, and the PCRS where data
selection has greater effects. Finally, the implications of the preferred statistical models
for the evolution of the geomagnetic field throughout geological time are discussed, with
a particular focus on the consistent and contrasting aspects previously proposed by
Brandt et al. (2021).
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Background
The Introduction of GGP Models — CP88

Constable & Parker. (1988) overcame previous difficulties in modelling the non-dipole
components of the geomagnetic field, by assuming that the non-dipole terms can be
described by a zero-mean Gaussian distribution. This was an application of
uniformitarianism from observations of the modern field. The power spectra across each
degree was described using the form devised by Lowes. (1974) that is based on the
spherical harmonic expansion of the potential gradient of the geomagnetic field, with
applied weighting as a function of degree (I). The total power associated with the
coefficients at each degree was known to experience continual small changes. This means
that individual Gauss coefficients within each degree do not always sum to the same total,
and so they were treated as being independent of one another. With the additional
assumption that Gauss coefficients within the same degree were identically distributed,
the variance of each Gauss coefficient could be expressed as

Rc 21,2
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In which, R¢/Rg is the ratio of the core radius to that of the Earth (Constable & Parker,
1988) and ais an isotropic scaling term used to define the standard deviation for each
Gauss coefficient (Bono et al., 2020; Constable & Parker, 1988).

The cumulative distribution function resulting from the description of the non-dipole
terms of the geomagnetic field in Equation 5.1, was found to be consistent with that of
the modern geomagnetic field by means of the Kolmogorov-Smirnov test.

The non-axial components of the dipole term (g1 and h}) were found to be within one
standard deviation of the zero mean, and so the variation in these Gauss coefficients was
ascribed to the same statistical behaviour as the non-dipole (Equation 5.1). As gd is
considered to have been dominant throughout geological time, it could not be described
by the same behaviour as gi and h{, as was the case for coefficients of the same degree
for the non-dipole field. The g9 coefficient was ascribed to the giant Gaussian
distribution but with a non-zero mean.

Refinement of the model was achieved by allowing deviation of specific Gauss
coefficients from the GGP, in order to better describe directional PSV observations for
the last 5 Ma. The preferred model (CP88), allowed departure of the standard deviation
of coefficients of the first degree (07) from that determined by the GGP. This was done
under the reasoning that it was not a requirement to ascribe Gauss coefficients of the
dipole term to the GGP for the ancient field, despite this approach being appropriate for
the modern field (Constable & Parker, 1988).

A non-zero axial quadrupole term (g_g) was also introduced (Constable & Parker, 1988),
a deviation from the geocentric axial dipole (GAD) hypothesis (Tauxe, 2005).

CP88 then, was described by four free parameters
. g_f Mean magnitude of the axial dipole
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o g_g Mean magnitude of the axial quadrupole
e of Variance of each of the dipole terms

e «a? Variance of the GGP

A Major Refinement on GGP Models — TK03

A major limitation of CP88 was its inability to reproduce the observed increase in VGP
dispersion with latitude for the last 5 Ma. Early proposed solutions, separately
manipulated the variance of the dipole and quadrupole coefficients so that, for most
coefficients, their behaviour was no longer described by the GGP (Constable & Johnson,
1999; Quidelleur & Courtillot, 1996). The resulting preferred models provided greater
variance to the Gauss coefficients of the non-axial quadrupole relative to other terms.
This was a targeted approach as it was known that asymmetric Gauss coefficients
contributed more strongly to VGP dispersion at high latitudes than symmetric Gauss
coefficients (McFadden et al., 1988).

In order to simplify this process, and remove the need for separate manipulation of the
variance of individual Gauss coefficients, Tauxe & Kent. (2004) introduced a scaling term
to incorporate into Equation 5.1 for the determination of the variance of asymmetric
Gauss coefficients. This provided the greater variance required in the asymmetric terms
in order to better reproduce the observed dependence of VGP dispersion on latitude.

(RC/RE)ZlaZﬁZ

myN2 _
(0/")" = (1+1)(21+1)

[ —m:odd (5.2)

Here, f is defined as the ratio of the variance in the asymmetric terms to that of the
symmetric terms for a given degree.
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Again, the optimised model (TK03) aimed to describe secular variation for the last 5 Ma
(Tauxe & Kent, 2004). Unlike the approach outlined for CP88, apart from having a non-

Zero mean, gf was treated in the same manner as all other asymmetric Gauss coefficients,
with its variance determined by Equation 5.2.

Covariant-style GGP Models - BB18 & BB18.Z3

More recently, Bono et al. (2020) incorporated the expected spatial correlations between
Gauss coefficients that are of the same order and also belong to the same family of
spherical harmonics (i.e. symmetric or asymmetric), into the GGP (Hulot & Gallet, 1996;
Hulot & Bouligand, 2005). Previous geodynamo simulations (Bouligand et al., 2005;
Sanchez et al., 2019) had revealed the covariance structure, as predicted by Hulot &
Bouligand. (2005). Bono et al. (2020) determined the Pearson correlation coefficients of
all pairs of Gauss coefficients from 21 high quality (Sprain et al., 2019) geodynamo
simulations and used them to define a mean correlation matrix. They found that Gauss
coefficients displayed covariance according to the previously observed structure
(Bouligand et al., 2005; Sanchez et al., 2019), and that Gauss coefficients outside of this
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structure appeared independent. This resulted in the following mean correlation
coefficients (p).

Table 5.1 :Mean correlation coefficients for select terms determined form dynamo simulations.

91,99 (@195 (hihy) (92,99 (9299 (hphid) (93,93 (hihd)
P | 0.51 0.55 0.53 0.14 0.60 0.58 0.42 0.37
Note 5.1: Mean correlation matrix (p) used to define covariance matrix used in the covariant style
models of Bono et al. (2020).

The mean correlation matrix was then used to define a covariance matrix (3)) using the
following equation

ij = 0i0;pij (5.4)

in which the standard deviation of individual Gauss coefficients (i and j) were determined
through the GGP in a similar manner to TKO03 (Equations 5.1 & 5.2). The standard

deviation of g? was not determined by this process and was instead estimated from

palaeointensity observations, introducing oy as an additional parameter defining the
statistical model.

The preferred model to describe PSV observations for the last 10 Ma, termed BB18,
resulted in improved fits to the observed VGP dispersion pattern when compared with
previous GGP models, with particular improvement at the highest latitudes (Bono et al.,
2020). The model was also capable of simultaneously reproducing the observed VGP
pattern and the observed field strength distribution for the last 10 Ma, something that
previous GGP models had not successfully done. This was interpreted as a clear
demonstration that covariance is a fundamental statistical property of the geodynamo,
lending support to the inclusion of covariance in future GGP models (Bono et al., 2020).

A separate preferred model was presented in which zonal terms (m = 0) were assigned a
non-zero mean. This was an attempt to better explain the PSV observations for the last
10 Ma through a deviation from GAD, in line with the original proposal of Constable &
Parker. (1988). This model was termed BB18.Z3 and the introduction of non-zero mean

g5 and g3 Gauss coefficients yielded improved fits to the observations when compared
with BB18.

GGP Models of More Ancient Time Intervals - KRSM & KRSCovM

The previously described GGP models (CP88, TK03, BB18, BB18.23) all attempted to
replicate PSV observations for the last 5 or 10 Ma. As the majority of the VGPs analysed
for the last 10 Ma come from the last 5 Ma, for example 93% of the directional data
within PSV10 (Cromwell et al., 2018) comes from the last 5 Ma, the models are essentially
describing the same observations. At present, the only study to publish a GGP model

that described PSV observations for a mote ancient time interval, was that of Brandt et
al. (2021), which focused on the PCRS.

Two preferred models for the PCRS were generated. The first was a simplified GGP
model, termed KRSM, generated in accordance with the construction process of TKO3.
The second model utilised the correlation matrix of Bono et al. (2020) (Table 5.1) to
generate a covariant-style GGP model that was termed KRSCovM. Both preferred
models were selected based on the minimum residual sum of squares (RSS) misfit to the
PSV statistic proposed by Brandt et al. (2020). This follows the method applied to the
generation of the GGP model BCE19 (Brandt et al., 2020), that was constructed as an
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update on TKO03. The PSV statistic proposed by Brandt et al. (2020) is the standard
deviation of equal area co-ordinates of distributions of palacomagnetic directions rotated
to the vertical, expressed in both the east-west and north-south directions (0g and oy).
A flexible selection criterion was applied to the palacomagnetic directional data,
associated with the PCRS, in order to maximise the available data to construct the GGP
models against (Brandt et al., 2021). A similar approach was taken when selecting

palacointensity data to define mean g_f for the PCRS, with no quality filtering applied.

The model KRSCovM resulted in lower misfits to the observed PSV distributions for the
PCRS than model KRSM. This led to the suggestion that the correlations between Gauss
coefficients of the geodynamo have remained unchanged throughout geological time
(Brandt et al., 2021). The f parameter for the preferred models was found to be similar
for KRSM and BCE19, and for KRSCovM and BB18, suggesting that the relationship
between symmetric and antisymmetric families has remained broadly unchanged. This
was somewhat unexpected as it was though that § might be enhanced during superchrons
(Brandt et al., 2021). Instead, it was the total relative variability of the palacomagnetic
field, measured by a/gYor 6P/ g}, that appeared to change throughout geological time,
with lower values proposed for superchrons (Brandt et al., 2021).

This Study

The consistent and contrasting aspects of the geomagnetic field across geological time-
scales, proposed by Brandt et al. (2021), demonstrate the power of utilising GGP models
to assess long-term variations between different aspects of the geomagnetic field. The
apparent relationship between total relative variability and the average reversal frequency
across a given interval, could result in a better understanding of the long-disputed nature
of the relationship between palaeointensity and reversal frequency (Doubrovine et al.,
2019; Gubbins, 1987; Ingham et al., 2014; Prévot et al., 1990; Tarduno & Cottrell, 2005;
Tauxe & Staudigel, 2004). Combined with the differences in observed directional PSV
also being associated with relative variability, it suggests a potential framework to describe
the relationships between the observable characteristics of the palacomagnetic field most
commonly used to describe its behaviour. Such relationships would provide a more
complete definition of the palacomagnetic field during time intervals where current
understanding of one or more of these characteristics is lacking. In turn, hypothesis
testing of proposed long-term geomagnetic field variations could be achieved from fewer
observations. The link between the geodynamo mechanism and long-term variations,
then providing greater insight into the evolution of the Earth’s deep interior.

The proposed relationships of Brandt et al. (2021), require further validation as they were
based on a comparison between optimised GGP models for just two time intervals, the
last 10 Myr and the PCRS. The models themselves were also constructed through
different approaches. The BB18 family of models were built around the PSV10 database
that applied selection criteria to remove low quality palacomagnetic data. Mild selection
criteria were also applied to the palacointensity data (Bono et al., 2020), though need for
a more thorough examination of the palacointensity record was noted (Bono et al., 2020).
Finally, model optimisation was conducted by reducing the misfit between the modelled
and observed equatorial VGP dispersion. In contrast, the directional database constructed
for KRSM family of models used a more flexible selection criteria, with no filtering of the
palacointensity data, and model optimisation reduced the misfit between the observed
and modelled directional PSV statistic of Brandt et al. (2020).
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The differences in data selection could be particularly important. Low quality directional
data has the potential to bias GGP models and dominate both shape and scale in
directional analyses and VGP dispersion analyses (Bono et al., 2020; Brandt et al., 2021).
This is apparent in the more extreme PSV behaviour that was observed for the PCRS by
Handford et al. (2021), through the application of stricter selection criteria when
compared with that observed by Brandt et al. (2021). The lack of filtering of
palacointensity data is of added significance for the PCRS, as previous studies have
demonstrated that the average virtual (axial) dipole moment (V(A)DM) for the PCRS,
from which mean g9 is calculated, can vary significantly depending on the filtering applied
to the compiled palacointensity data (e.g. Hawkins et al., 2021).

This study constructs new preferred GGP models for the last 5 Myr and the PCRS
through a consistent approach, in order to facilitate a more direct comparison. The same
approach is also used to generate preferred GGP models for the Miocene, CNS, and
combined Pre-CNS and Post-PCRS, utilising recent advances in the understanding of the
evolution of PSV behaviour over the last 320 Myr. These models allow further
investigation of the consistent and contrasting aspects of the geomagnetic field proposed
by Brandt et al. (2021). The robustness of the optimised GGP models to the chosen
palacointensity data is investigated by utilising a range of selection criteria. The uniqueness
of the GGP models for each interval is also explored to assess the need for different
GGP models to explain the different range of palacomagnetic observations associated
with the studied intervals.

Method
Data Selection

The distributions of observed VGP dispersion, used to determine Model G shape
parameters in Handford et al. (2021), were used to construct preferred GGP models.
Again, analysis of the last 10 Myr was replaced by analysis of the last 5 Myr and the
Miocene, as was the approach in Chapter 3 when estimating axial dipole dominance
values. This means that palacomagnetic data were subject to selection criteria 1-8 of
Handford et al. (2021). The preferred approach of determining outlying VGPs was
through the use of the iterative Vandamme cut-off (Vandamme, 1994), but the effects of
using a fixed-angle cut-off of 45° were also investigated. In contrast with studies
generating GGP models for the last 5 or 10 Myr, estimates of VGP dispersion are
presented for given localities, not grouped into latitudinal bins (e.g. Cromwell et al., 2018).
Grouping estimates of VGP dispersion into latitudinal bins is not appropriate for more
ancient time intervals due to the difficulty constraining the full extent of localised block
rotations (Engbers et al., 2022) For continuity, this approach has been extended to the
more recent time intervals studied. The decision was made to investigate the Pre-CNS
and Post-PCRS as one continuous time interval due to the near-identical PSV behaviour
observed in Handford et al. (2021) and the continued lack of palacointensity data
representing the Post-PCRS. This decision, and its implications, will be discussed at
greater length.
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Palacointensity data were obtained from queries of a recent update to the PINT database
(v8.0.0, Bono et al., 2021), using the previously defined dates for each studied time
interval. Reliable palacointensity estimates obtained from Chapters 3 & 4 were also
included for the Pre-CNS & Post-PCRS compilation. Palacointensity data were subject
to a range of selection criteria, with preferred GGP models generated for each. The
criteria were as followed:

1. QPI1 — Minimal selection criteria applied, all V(A)DM estimates with a Qpr score
2 1 included.

2. QPI3 — V(A)DM estimates with an assigned Qpr score = 3.

3. NINT3 - V(A)DM estimates with a Qpr score = 1 based on at least 3 specimen
level palacointensity estimates.

4. AAM - fulfilment of the Qacr, Qarr, & Qup criteria (Biggin & Paterson, 2014;
Bono et al., 2021).

QPI1 acts as a baseline for all other models to be compared against and assesses the need
for quality filtering of palacointensity data. QPI3 was chosen because it is a commonly
used selection criteria, as a compromise between reducing the effects of undesirable
biases from low-quality data and retaining sufficient data to perform meaningful statistical
analysis (Biggin & Paterson, 2014; Kulakov et al., 2019). NINT3 uses the minimum
number of specimen-level palacointensity estimates required to provide insight into the
reliability of the site-level average. The number of required estimates is variable depending
on the chosen selection criteria but is always at least three specimens (e.g. Biggin et al.,
2009). Whilst recognising that this minimum number is often five specimens, it has
previously been shown that the majority of multi-specimen palacointensity estimates
from fewer than five specimens pass Qsrar (Biggin et al., 2015). Therefore, the decision
was made to filter the data by the lower cut-off. Finally, the requirement to pass Qacr,
Qarr, & Qup reflects one of two prioritised QPI criteria when assessing long-term
variations in geomagnetic field strength (Kulakov et al., 2019). The other requires that
Qace, Qarr, & Qsrarare fulfilled but through this, the total number of palacointensity data
available for analysis drops significantly (Hawkins et al., 2021; Kulakov et al., 2019).

Model Construction

Preferred statistical models were constructed as covariant-style GGP models, due to the
consistent improvement that they produce to the palacomagnetic observations (Bono et
al., 2020; Brandt et al., 2021). As the majority of the time intervals that are the subject of
this study cover tens of millions of years, models were constructed with zero-mean
quadrupole terms under the reasonable assumption that the GAD hypothesis is
maintained. This also aids model simplicity. The variance of the symmetric terms was
determined by Equation 5.1, and antisymmetric terms Equation 5.2. The mean
correlation matrix of Bono et al. (2020) (Table 5.1) defined the covariance matrix that
scaled the determined variance values (Equation 5.4).

Determination of optimised model parameters was done in accordance with the approach

of Bono et al., (2021). Estimates of g_f were determined directly from the palacointensity
observations using the following equation
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UoV(A)DM
g7 = = (3.5

4TTRE

where the g Gauss coefficient is that which would result in the observed median
V(A)DM, and pg is the permeability of free space. This assumes that the VDM is entirely
described by the dipole field and that time-averaged equatorial terms have means of zero
(Bono et al., 2021).

The latitudinal dependence of VGP dispersion is used to minimise the misfit between the
statistical model and the palacomagnetic observations, by utilising an observed

relationship between g and « for a given value of § (Bono et al., 2021). As g{ is
predefined by palacointensity observations, 5 can be varied and the corresponding o value
easily determined. Therefore, § is systematically varied between 1 and 5 and the Chi-
squared misfit () between the modelled and the observed VGP dispersion is minimised.

The preferred standard deviation of g? is estimated by varying o7 and minimising the
maximum absolute difference between the empirical cumulative distribution function
(ECDF) of the predicted VDM distribution and that of the observed VDM distribution.
This maximum absolute difference is referred to as the Kolmogorov-Smirnov statistic
(Dks). The noise present in the palacointensity dataset is accounted for in the form of the
median percentage error, assuming a Gaussian distribution. Determination of the
standard deviation during this process accounts for sample size, following the approach
of Paterson et al. (2010).

Comparing Models with Observations

In order to determine the goodness of fit between the latitudinal dependence of VGP
dispersion associated with the preferred model and that of the palacomagnetic
observations, values of the y’ statistic were calculated (Pearson, 1900). Treating the
estimates of observed VGP dispersion as absolute values, the j’statistic can be calculated
following the traditional approach

ZN (0i— .l) (56)

in which O, represents the i" of N number of observations, in this case VGP dispersion,
and E; is the corresponding model prediction.

The observed values of VGP dispersion are in fact estimated values, and so a statistic is
required that allows for weighting by observed variance (Equation 5.7; Bono et al., 2021;
Doubrovine et al., 2019). As outlined in Handford et al. (2021), 95% confidence intervals
of estimated VGP dispersion values were determined through use of a non-parametric
bootstrap. The variance of Sp is estimated from the 95% confidence limits, assuming
normally distributed uncertainties (Bono et al., 2021).

U95;— L95;

o = (22 (.7)

A weighted Chi-squared test statistic (x3,) can then be calculated following the approach
of Doubrovine et al. (2019)

ZN (0i— 'l) (58)

l
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In this study, both y° statistics were calculated in order to explore the significant
differences that occur through the choice of statistic used. Both statistics were normalised
(L), according to the number of S observations, to facilitate greater ease of comparison
between the statistics generated to describe the goodness of fit for the different time
intervals studied. This follows the approach of Parker. (1994)

- X
L= |~ (5.9)

where a value of L ~ 1 would be expected for a model that provides a good description
of the observations.

The comparison between the predicted VDM distribution from the models and the
observed VDM distribution makes use of the two-sample Kolmogorov-Smirnov test.
This is a non-parametric test that evaluates the difference between the cumulative
distribution functions of two samples, to assess the likelihood of them originating from
the same distribution. Results are reported in the form of two test statistics, Dxs and Pks.
Determination of Dks has been outlined, taking noise of the distribution into
consideration. The second statistic, Pxs, reports the probability of the occurrence of a Dig
value, with a magnitude greater than or equal to the observed Dks value, occurring
between two samples from the same distribution. A greater Pks value represents an
increased probability that the samples originated from the same distribution. A complete
overview of the construction process of preferred statistical models can be found in the
supporting information (Figure D.1).

The ability for a model constructed around palacomagnetic observations from a given
time interval to reproduce the palacomagnetic observations associated with each other
studied time interval was also assessed. In this way, attempts were made to quantify the
need for unique GGP models for each studied time interval. The methods outlined above
were also used in this assessment.

Results

Preferred Model Construction

The optimised values of the free parameters, defining each statistical model («, {3, gf ,
and 09), are presented in Tables 5.2 to 5.6, alongside the Chi-squared and Kolmogorov-
Smirnov test statistics used to assess the goodness of fit between the modelled and
observed palacomagnetic distributions. Chi-squared values were also calculated to
determine the goodness of fit of the corresponding Model G description (Tables 5.2-5.06).
Model G fits were generated as a visual comparison with the predictions from GGP
models as, despite their lack of statistical significance (Doubrovine et al., 2019), such
descriptions are still widely used to model the palacomagnetic observations (de Oliveira
et al.,, 2021; Engbers et al., 2022).

For each studied time interval, estimates of VGP dispersion, through the application of

the Vandamme cut-off (Vandamme, 1994), are plotted against palaeolatitude (Figure 5.1).

Alongside these are the best-fitting models following the Model G description

(McFadden et al., 1988), and predictions of the latitudinal dependence of VGP dispersion
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Figure 5.1: Estimates of VGP dispersion versus estimated magnetic palaeolatitude. Determined from
palaeomagnetic data after the application of selection criteria 1-8 of Handford et al. (2021) and the
Vandamme cut-off. Model G fit to the distribution is plotted alongside predicted VGP dispersion
distributions from statistical models constructed with each of the palaeointensity filtering criteria
outlined in the main text. This is done for each of the studied time intervals a) last 5 Ma, b) Miocene, c)
CNS, d) Pre-CNS & Post-PCRS, e) PCRS.
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from the optimised GGP models, generated using each of the outlined palacointensity
selection criteria (Figure 5.1). There were two main categorisations when describing the
differences between the Model G fit to the observations and the predicted latitudinal
dependence of VGP dispersion, as suggested by the statistical models. The first can be
characterised by an agreement in the equatorial Sz values of the model prediction and the
Model G fit, with increasing deviation between the two with increasing latitude (Figure
5.1a, d, €). The second observed behaviour is characterised by a lower prediction of
equatorial Sp from the statistical models, and improved agreement with Model G
predictions at high latitudes (Figure 5.1b, c).

The general shape of the VGP dispersion curves predicted by the GGP models remains
the same, regardless of the palacointensity selection criteria used. Variability primarily
comes from their predicted equatorial Sp values (Figure 5.1). Agreement between the
different predicted distributions of VGP dispersion varies between the studied time
intervals (Figure 5.1, Tables 5.2-5.6) but it is their ability to describe the palacomagnetic
observations that is of greater importance. Weighted Chi-squared (L) values are
consistent within each studied time interval (Figure 5.2a, Tables 5.2-5.0), suggesting that
the choice of palaeointensity selection criteria has little bearing on the optimised GGP
models’ ability to describe the VGP dispersion observations. A much greater difference
was observed in the models’ ability to simultaneously describe the observed
palacointensity distribution. This is reflected in the Py statistics (Figure 5.2b, Tables 5.2-
5.6).
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Figure 5.2: Goodness of fit statistics plotted for the statistical models generated for each time interval
following the application of each of the palaeointensity criteria outlined in the main text. a) Lw b) Pks.

A low Pxsstatistic could suggest that the GGP model is not an accurate representation of
the geomagnetic field during the time interval being studied, or that filtering of the
palacointensity data has resulted in an observed palacointensity distribution that is not a
true representation of the palacomagnetic field. There is a wide range of Pks values
associated with optimised models within each time interval, with the exception of the last
5 Ma and the Pre-CNS & Post-PCRS (Figure 5.2b, Tables 5.2-5.6). For the CNS,
predictions from models constructed using palacointensity data filtered through NINT3
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and AAM can both be rejected at 90% significance (Table 5.4), for the PCRS this is true
after the application of QPI1 and NINT3 (Table 5.6). For both time intervals, the
observed distributions that result in low Pxsvalues, appear very different to the observed
distributions within the same time interval that result in higher Pxsvalues (Figure 5.2b,
Figure 5.3c, e, Table 5.4, & Table 5.6). This would suggest that low Pks values are a result
of a non-representative observed palaeointensity distribution.

For the Miocene, the observed palaeointensity distributions show greater consistency
between one another than displayed by the predicted distributions (Figure 5.3b). This
suggests that, where Pks values are low, the modelled distribution does not accurately
represent Miocene behaviour. The primary difference in the construction of these models

appears to be an increased estimated g9 term (Table 5.3), as the observed VGP dispersion
distributions are identical and palacointensity distributions are similar (Figure 5.3b).
Incidentally, the filtering criteria that produced the worst fitting palaeointensity
distributions (NINT3 & AAM, Figure 5.2b) also produced the worst fitting VGP

dispersion distributions (Table 5.3). It may be that higher estimated g_f terms produce
GGP models less capable of reproducing palacomagnetic observations, indicating a
preference for a weak field to best describe palacomagnetic observations of the Miocene.

Regardless of the reasoning behind poor agreement between the observed and predicted
palacointensity distributions, constructing statistical models around palacointensity data
filtered by QPI3 appeared to most consistently result in improved fits. In general, the
choice of palacointensity selection criteria had little effect on the ability for statistical
models to replicate observed distributions of VGP dispersion (Figure 5.2a). The
exception to this was the use of NINT3 and AAM data in the construction of a statistical
model for the Miocene (Figure 5.2a). Greater differences were observed in the models’
ability to predict the palacointensity distributions (Figure 5.2b). QPI3 filtering resulted in
the best goodness of fit, between predictions and observations, for the last 5 Ma,
Miocene, and CNS (Figure 5.2b). For the Pre-CNS & Post-PCRS, the choice of selection
criteria had little effect on the goodness of fit statistic (Figure 5.2b), and for the PCRS the
application of QPI3 was one of just two criteria that resulted in statistically meaningful
predictions of palacointensity distribution (Figure 5.2b, Table 5.6). The ability of these
statistical models to simultaneously reproduce observed palacointensity and VGP
dispersion distributions, suggests that the incorporation of the covariance matrix was
appropriate for all studied time intervals. Due to its consistently high goodness of fit
(Figure 5.2b), GGP models constructed with palacointensity data filtered by QPI3 were
selected to assess relationships between the studied time intervals.

Following this, statistical models were generated after the application of QPI3 to
palacointensity observations, and the application of a fixed 45° cut-off angle to the VGP
observations. Through this process, the robustness of the statistical models to the choice
of cut-off angle was assessed. Model parameters for the last 5 Ma and the Miocene were
almost unchanged (Tables 5.2 & 5.3). This could be due to the greater tectonic control
associated with younger units, and suggest that some of the VGP dispersion not removed
by the Vandamme cut-off is artificial for older intervals. Of the remaining time intervals,
the superchrons experience the greatest change in model parameters between the use of
the two cut-off approaches (Tables 5.4-5.6). The differences between parameters are still
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Figure 5.3: Observed empirical CDF and predicted empirical CDF of palaeointensity distributions. Displayed for models generated after the application of the Vandamme cut-off,
in VGP dispersion calculations, and each of the palaeointensity criteria outlined in the main text. a) last 5 Ma, b) Miocene, ¢) CNS, d) Pre-CNS, e) PCRS.
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Table 5.2: Model parameters and goodness of fit statistics _for optimised statistical models representing the Last 5 Ma.

Model NINT « 8 g! o) » L A2 Ly Dxs Pxs a/gd RSD
Model G - - - - - 64.2 1.16 557.3 341 - - - -
QPII-VD 1711 13.34 235 -23.90 12.08 69.8 1.21 500.1 3.23 0.028 0.506 -0.56 -0.51
QPI3-VD 908 11.70 247 -20.89 11.12 68.1 1.19 524.7 331 0.030 0.811 -0.56 -0.53

NINT3-VD 941 13.18 2.37 -23.63 11.38 9.8 1.21 521.2 3.30 0.032 0.719 -0.56 -0.48
AAM-VD 342 10.58 2.51 -18.99 11.30 70.5 1.21 484.9 3.18 0.050 0.782 -0.56 -0.60
QPI3-45° 908 11.66 2.69 -20.89 11.02 41.6 0.94 347.4 2.72 0.030 0.698 -0.56 -0.53

Note 5.2: Model parameters a, B, g2, (6) defining the statistical models that were optimised to palaeomagnetic observations assigned to the Last 5 Ma, where o) represents
the standard deviation of g?. VD denotes that virtual geomagnetic pole (VGP) dispersion was calculated with the application of the Vandamme cut-off (Vandamme. 1994), 45°
indicates the use of a fixed angle cut-off of 45°. The first part of the model name denotes the filtering of palaeointensity data utilised in model construction, as defined within
the main text. Chi squared values (x2) measure the misfit between the VGP dispersion pattern predicted by the corresponding statistical model, and that observed from
palaeomagnetic data used in the model construction. L represents normalised x? values. x.? denotes the weighted chi-squared value, and L., the corresponding
normalised value. Pxs and Dgs display the Kolmogorov-Smirnouv test statistics measuring the goodness of fit between the empirical cumulative distribution
function (ECDF) of virtual (axial) dipole moment (V(A)DM) predicted by the corresponding statistical model, and that observed from palaeointensity data
used in the model construction. NINT denotes the number of V(A)DM values used in the model construction. RSD (a/g?).

Table 5.3: Model parameters and goodness of fit statistics for optimised statistical models representing the Miocene.

Model NINT o« B g? o) x L A2 L, Dxs Pks a/gl RSD
Model G - - - - - 100.3 1.51 668.4 3.90 - - - -
QPI1-VD 399 1291 2.07 -14.69 11.89 115.9 1.62 542.9 3.51 0.063 0.403 -0.88 -0.81
QPI3-VD 265 11.77 2.14 -13.53 9.96 111.4 1.59 572.4 3.61 0.064 0.633 -0.87 0.74

NINT3-VD 196 14.32 2.10 -15.86 9.71 104.4 1.54 630.4 3.79 0.143 0.032 -0.90 -0.61
AAM-VD 67 14.31 2.15 -15.93 9.67 104.7 1.54 637.9 3.81 0.194 0.142 -0.90 -0.61
QPI3-45° 265 11.71 2.40 -13.53 9.87 303 0.83 137.2 1.77 0.136 0.014 -0.87 0.73

Note 5.3: See note of Table 5.2 for description.
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Table 5.4: Model parameters and goodness of fit statistics for optimised statistical models representing the Cretaceous Normal Superchron (CNS).

Model  NINT % B g? o? x2 L o2 Ly Dks Ps a/g} RSD
Model G - - - - - 13.1 0.83 178.3 3.06 - - - ]
QPIL-VD 307 8.87 2.60 18.72 8.97 135 0.84 189.4 3.16 0.088 0.177 -0.47 -0.48
QP3-VD 210 9.64 2.33 -20.29 8.45 13.7 0.85 178.5 3.06 0.090 0.341 -0.48 -0.42

NINT3-VD 215 9.35 2.29 19.72 7.67 14.0 0.86 182.7 3.10 0.116 0.102 -0.47 -0.39
AAM-VD 98 11.19 2.30 -23.59 14.95 16.0 0.92 166.2 2,96 0.184 0.064 -0.47 -0.63
QPI3-45° 210 10.87 1.92 -20.29 8.44 17.3 0.95 180.6 3.08 0.100 0.232 054 -0.42

Note 5.4: See note of Table 5.2 for description.

Table 5.5: Model parameters and goodness of fit statistics for optimised statistical models representing the combined Pre-Cretaceous Normal Superchron (CNS) & Post Permo-
Carboniferous Reversed Superchron (PCRS).

Model  NINT « B g? o? * L o2 L Dks Pxs o/g? RSD
Model G - ] ] - - 42.9 1.02 396.2 311 ] - - -
QPII-VD 435 7.53 1.87 11.99 6.62 422 1.01 385.6 3.07 0.078 0.134 -0.63 -0.55
QPI3VD 245 7.49 1.79 11.84 6.97 4238 1.02 383.6 3.06 0.094 0.219 0.63 -0.59

NINT3-VD 321 8.22 1.48 12.89 6.48 56.7 1.18 349.4 2.92 0.078 0.274 -0.64 2050
AAM-VD 128 5.72 1.84 9.0 4.46 69.6 1.30 402.6 3.13 0.125 0.253 0.63 -0.49
QPI3-45° 245 8.20 1.78 11.84 7.24 314 0.88 260.2 2.52 0.078 0.438 0.69 -0.61

Note 5.5: See note of Table 5.2 for description.
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Table 5.6: Model parameters and goodness of fit statistics for optimised statistical models representing the Permo-Carboniferous Reversed Superchron (PCRS).

Model  NINT « B gt o? x L o2 L, Dks Pxs o/g? RSD
Model G - - - - - 114 0.84 133.0 2.88 - - - -
QPI1-VD 229 11.49 4.66 -35.80 8.75 14.1 0.94 149.7 3.06 0.175 0.002 -0.32 -0.24
QPI3-VD 100 10.34 4.51 -32.43 13.99 14.6 0.96 139.5 2.95 0.120 0.443 -0.32 -0.43

NINT3-VD 195 11.67 4.54 -36.40 4.90 15.0 0.97 143.0 2.99 0.169 0.006 -0.32 -0.13
AAM-VD 34 5.68 4.84 -17.68 9.83 14.8 0.96 143.8 3.00 0.147 0.825 -0.32 -0.56
QPI3-45° 100 12.39 4.01 -32.43 13.82 10.8 0.82 74.3 2.16 0.140 0.261 -0.38 -0.43

Note 5.6: See note of Table 5.2 for description.
Table 5.7: Model parameters and goodness of fit statistics for optimised statistical models representing the time interval between 265 and 143 Ma.
Model NINT o g g(l) 0'(1) x2 L Xw? Ly Dks Pxks o/ g‘l) RSD
265-143 Ma VD 184 6.66 2.16 -10.38 4.88 45.3 1.12 411 3.50 0.098 0.326 -0.64 -0.47
Note 5.7: See note of Table 5.2 for description.
Table 5.8: Comparison of model parameters defining the different statistical models proposed for the Permo-Carboniferous Reversed Superchron (PCRS).
Model NINT  « B g9 o? x L Ao L, Dxs Ps o/gl RSD
QPI3-VD 100 10.34 4.51 -32.43 13.99 14.6 0.96 139.5 2.95 0.120 0.443 -0.32 -0.43
KRSCovM* - 10.60 3.10 28.90 8.10 166.6 1.69 355.3 2.48 - - 0.37 0.28

KRSCovM-VGP - 14.70 1.68 28.90 8.10 95.1 1.28 365.2 2.51 - - 0.51 0.28

KRSCovM-VGP-QPI3 100 16.53 1.81 -32.43 14.37 94.7 1.28 369.4 2.52 0.190 0.047 -0.51 -0.44

Note 5.8: See note of Table 5.2 for description. *Parameters obtained from Brandt et al., (2021).



relatively small, however. For all time intervals, the goodness of fit to the predicted VGP
dispersion distribution is improved (Tables 5.2-5.6). This is to be expected as there is less
extreme outlying data for the modelled distribution to be compared against (Figure D.2).
The use of the Vandamme cut-off is preferred going forward as a more cautious approach
against the removal of VGP dispersion due to secular variation (Biggin et al., 2008).

Comparison Between Time intervals

A comparison of a/g? and the relative standard deviation of g2 (RSD = ¢9/g?),
between QPI3-VD models, suggests that total relative variability of the geomagnetic field
has wvaried across geological time, and that reduced wvariability occurred during
superchrons (Figure 5.4; Tables 5.2-5.6). Models optimised for a given VGP dispersion

distribution produced consistent estimates of o/ g_f, regardless of the utilised
palacointensity observations (Tables 5.2-5.6). This was because «/g? displays a very
strong relationship with equatorial VGP dispersion, which in this study was approximated
by the Model G & parameter (Figure 5.5). This is not the case for estimates of RSD and,
depending on the palaecointensity selection used, RSD values are not always lower during
superchrons than for times of reversals (e.g. for the AAM criteria, Tables 5.2-5.6). This
was not observed by Brandt et al. (2021), when g{ was varied, because preferred models

were not minimised to palacointensity distributions, instead gy was predicted from the
GGP.

100 .
ERSD
—_ M I:Ia/g?
}: 80F
Z
=
= —
E 60}
o _
>
o _
2
= 40
o
4
E
o !
= 20
0 &l n "
& 2 & i &
\;}é‘q’ & Czé Q"co R &
) o O L <
é” < 8
Q&
QO

Time-interval

Figure 5.4: Estimates of total relative variability presented for each studied time interval, RSD (a)/g°)
and a/gY. Estimates utilise model parameters of QPI3-VD statistical models.

Estimated values of the f parameter are broadly consistent throughout the last 5 Ma,
Miocene, CNS, and Pre-CNS & Post-PCRS (2.47, 2.14, 2.33, 1.87, Tables 5.2-5.5), with a
much higher value estimated for the PCRS (4.51, Table 5.6). This would suggest that the
relationship between symmetric and antisymmetric families was different during the
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PCRS, more so than for any other time interval over the last 320 Ma. The § parameter
displays little variation for models optimised against palaeointensity observations
subjected to the range of different selection criteria. Therefore, the choice of
palacointensity criteria does not change the observed trend in f throughout geological
time. Likewise, the preference of using the Vandamme cut-off over a fixed 45° cut-off
when estimating VGP dispersion, does not change any of the long-term trends identified.

In the absence of errors associated with the parameters defining statistical models (Tables
5.2-5.0), the goodness of fit was assessed between palacomagnetic observations from a
given time interval and predictions from optimised GGP models for each other time
interval. This process assessed the need for different statistical models to describe the
different palacomagnetic observations associated with each studied time interval. This
facilitated an assessment of the likelihood of the previously discussed differences between
the parameters defining each statistical model, being representative of differences in
aspects of palacomagnetic field behaviour. Often, the different GGP models could
predict VGP dispersion distributions as well as models optimised to the observations but
predictions of palacointensity distributions were significantly worse, as indicated by
similar Ly values and vanishingly small Pks values, respectively (Tables D.2-D.6). This
further highlights the lack of statistical significance in predicted models of variation in
VGP dispersion with latitude, and demonstrates that palacointensity dispersions display
much greater variability across geological times. This also suggests that unique statistical
models are required to most accurately describe palacomagnetic observations for each
studied time interval, strengthening the corresponding implications regarding
geomagnetic field evolution.
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Figure 5.5: Relationship between Model G a parameter and a/g? from the time intervals analysed in
this study. Model G a parameter, defining Model G fits to VGP dispersions, versus /g’ that defines the
corresponding optimised statistical model. Application of the Vandamme cut-off (open circle) and 45°
cut-off where values differed (filled circle). p is the Pearson correlation coefficient.

Statistical models not constructed around PCRS observations did struggle to predict the
observed VGP dispersion distribution of the PCRS. The closest to matching the
goodness of fit of the PCRS model was that of the CNS but Ly was still greater by ~0.5
(Table D.5), further emphasising the unique VGP dispersion distribution of the PCRS
(Handford et al., 2021). That being said, the model optimised to PCRS observations
predicted the observed VGP dispersion distribution of the CNS closer than the model
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optimised to CNS observations. This could suggest that directional PSV during the two
superchrons was not as different as suggested by Model G fits, again highlighting the
limits of Model G.

Discussion

Prior to greater discussion on the implications of these findings within the context of the
evolution of the geomagnetic field across the last 320 Ma, the robustness and
appropriateness of the preferred models is explored for the Pre-CNS & Post-PCRS, and
for the PCRS. The construction of models that describe the Pre-CNS & Post-PCRS
assumed that behaviour of the geomagnetic field was comparable during the two time
intervals. The suitability of this assumption is first explored and an alternative model is
proposed. Secondly, the preferred model for the PCRS is compared with KRSCovM
(Brandt et al., 2021), and the effects of the chosen palacointensity filtering is explored.
The discussed similarities and differences between models of different time intervals was
based on comparison on QPI3-VD GGP models. For most time intervals, the different
palacointensity filtering criteria resulted in small enough changes to the GGP model
parameters that the variations throughout geological time remain broadly unchanged. For
the PCRS, application of AAM has significant consequences, however (Table 5.0).

Combined Analysis of Pre-CNS & Post-PCRS

The decision to generate optimised GGP models for the Pre-CNS & Post-PCRS as one
discrete time interval, was based on previous results in Chapters 2, 3, and 4. Treated
separately, the two intervals displayed near-identical VGP dispersion distributions as
described by Model G shape parameters (Handford et al., 2021). Palacointensity estimates
for the Post-PCRS are still at a premium, despite previous success in taking steps towards
addressing this issue (Chapters 3, & 4). When the 17 new palaeointensity estimates from
prior studies were included (Chapters 3, & 4), still just 163 palacointensity estimates
defined the Post-PCRS after the application of QPI1. The greater issue was that 76% of
this data described the strength of the field as recorded by the Siberian Traps at the PTB.
The combined analysis of the Pre-CNS & Post-PCRS was designed to reduce the
weighting of this data.

The palacointensity estimates obtained from the Post-PCRS Fernazza Formation of the
Dolomites (median, 3.6 x 10? Am? Chapter 3) support this approach, as they lie close
to the median strength of the Pre-CNS (4.6 x 10* Am’, Chapter 3). Palacointensity
estimates obtained from the Puesto Viejo Group of Argentina were much lower, however
(median, 1.5 x 10” Am’, Chapter 4). This led to the suggestion that the weak field
strength associated with the PTB (median, 2.3 x 10” Am®) could extend further into the
Post-PCRS. Looking back at the palacointensity record, just two palaeointensity estimates
between ca. 252-143 Ma lie above the upper quartile of the long-term median (Figure
4.14, Chapter 4). This is in contrast with the rest of the palaeointensity record where
estimates above this range are common (Figure 4.14, Chapter 4), and it opens the
possibility that the lower range of palacointensity estimates of the PTB, corroborated by
estimates from Chapter 4, are in fact more representative of a longer time interval. The
majority of VGPs analysed for the Pre-CNS & Post-PCRS (85%) were from lithologies
associated with dates between 252 Ma and 143 Ma (Doubrovine et al., 2019; Handford et
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al., 2021), but most of the palacointensity data analysed (62%) represented geomagnetic
field behaviour between 143 Ma and 127 Ma. It is possible that this could explain the
consistently lower Pks values than for other time intervals, regardless of the chosen
palacointensity selection criteria (Figure 5.2b; Table 5.4), as the directions and intensities
may not represent the geomagnetic field across the same time interval.

To investigate this, an additional optimised GGP model was generated that exclusively
used palacomagnetic observations representing the geomagnetic field between 265 Ma
and 143 Ma, as opposed to that within the entirety of the Post-PCRS and Pre-CNS. The
parameters of this model are presented in Table 5.7, alongside goodness of fit statistics,
following the format of Tables 5.2 to 5.6. The model’s ability to describe the VGP
dispersion distribution is slightly reduced compared to the original GGP model for the
Pre-CNS & Post-PCRS, demonstrated by Ly values of 3.50 and 3.06, respectively. This
appears to be a trade-off with the model’s ability to describe the palacointensity
observations as the Pks value increased from 0.219 (Table 5.5) to 0.326 (Table 5.7).
Opverall, the statistical model’s ability to simultaneously describe VGP dispersion and
palacointensity observations is not much changed. There is an improved agreement
between the optimised model’s § parameter (2.16, Table 5.7) with those of other studied
time intervals prior to the PCRS, however (Tables 5.2-5.5). If the relationship between
the antisymmetric families and symmetric families has remained broadly unchanged, at
least since the end of the PCRS, then this would suggest that a palacointensity distribution
of consistently lower strength was present between ca. 265 Ma and 143 Ma, increasing
prior to the CNS. A similar change in the geodynamo regime was previously proposed by
Kulakov et al. (2019) when analysing the palacointensity record between 200 Ma and 65
Ma. The better agreement of the § parameter with those of subsequent time intervals,
also further highlights the PCRS as an outlying time interval (Table 5.6).

PCRS GGP Model & KRSCovM

The apparent outlying nature of the § parameter of the optimised model for the PCRS is
of interest, as it was the similarity between the § parameters for optimised statistical
models of the last 10 Ma and the PCRS that led to the proposal of an unchanged
relationship between symmetric and antisymmetric families throughout geological time
(Brandt et al., 2021). The parameters that describe the optimised PCRS model of this
study, differ to those of KRSCovM (Table 5.8), from which the proposal was made
(Brandt et al., 2021). The primary difference between the two models is a lower
parameter defining KRSCovM (§ = 3.1), though slightly higher than those defining
statistical models of other time intervals in this study (Tables 5.2-5.5). When searching
for an optimised model that best describes the palacomagnetic observations, a range of
models, described by a variety of model parameters, will produce similarly small misfits
to those of the optimised model. There is the potential for this to produce local minima
solutions, which was explored for the PCRS. It was clear that there were no local minima
solutions with a § parameter more in keeping with that of KRSCovM (Figure 5.6).
Interestingly, it is also apparent, from Figure 5.6, that there were no local minima
solutions with a g parameter similar to that of the optimised models for the other time
intervals. This suggests that a higher § parameter is required to best describe the
palacomagnetic observations during the PCRS, that were utilised in this study.
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Figure 5.6: Chi squared values (x2) measure the misfit between the VGP dispersion (Sp) pattern
predicted by the corresponding statistical model, and that observed from palaecomagnetic data used in
the PCRS-QPI3-VD model construction. y? determined as ff was systematically varied between 1 and 5
(blue circles), as outlined in the method of model construction. Optimised solution indicated by yellow
cross. Purple line represents the best-fit trend.

There are two primary differences in the processes by which the statistical models for the
PCRS were constructed in this study and that of KRSCovM (Brandt et al., 2021). Firstly,
optimised parameters for KRSCovM were determined by minimising to the observed
distribution of the directional PSV statistic proposed by Brandt et al. (2020). In this study
however, minimisation occurred against VGP dispersion and palacointensity
distributions. Secondly, the palacomagnetic observations used to construct KRSCovM
were subjected to more lenient selection criteria (Brandt et al., 2021). To investigate
possible effects associated with these differences, an additional optimised GGP model
was constructed for the PCRS using the palacomagnetic data involved in the construction
of KRSCovM, but expressed as locality level VGP dispersion. This model was termed
KRSCovM-VGP. Observations are from extrusive units within the palacomagnetic

database of Kiaman Reversed Superchron (PDKRS, Brandt et al., 2021). Values for g_f
and oy were taken directly from the parameters defining KRSCovM (Table 5.8).

The newly determined § parameter of KRSCovM-VGP (8 = 1.68) is almost half that of

KRSCovM, and o/ g_f displays a marked increase (Table 5.8). Comparing these values
with those of BB18 (Bono et al., 2020), or the optimised model for the last 5 Ma of this

study, the trends proposed by Brandt et al. (2021) are no longer observed, as o/ g? appears
approximately unchanged and g displays variation between the two studied time intervals.
These results demonstrate that the process by which the GGP model is constructed,
potentially including the type of observations to which they are minimised, can affect the
parameters defining the optimised model. Out of the four parameters defining

KRSCovM-VGP, g? and a7 are identical to those defining KRSCovM (Brandt et al.,

2021). The remaining two, o and f, were determined by minimising to the same

palacomagnetic data as was the case during the construction of KRSCovM (Brandt et al.,

2021) but, crucially, this data was expressed differently in the construction of the two

statistical models. Data was expressed in the form of VGP dispersions for the

construction of KRSCovM-VGP, and 0 and o (Brandt et al., 2020) for the construction
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of KRSCovM (Brand et al., 2021). There are clear differences in the « and § parameters
defining the two models (Table 5.8) despite them being constructed around the same
palacomagnetic observations. This has potential implications when attempting to evaluate
the evolution of the geomagnetic field by comparing the parameters of GGP model’s
representative of different time intervals, but constructed around palacomagnetic data
expressed in the two ways that have been outlined.

Interestingly, despite the differences in their defining parameters, KRSCovM and
KRSCovM-VGP describe the observed VGP dispersion distribution equally well,
statistically speaking, as indicated by estimates of Ly~ (Table 5.8). Visibly, differences are
apparent in their predicted distributions of VGP dispersion, however (Figure 5.7).
KRSCovM shows much greater deviation from the associated Model-G fit, particularly
at equatorial latitudes. This is reflected in the lower estimated L value of KRSCovM than
KRSCovM-VGP (Table 5.8), when VGP scatter values are treated as absolute values
(Doubrovine et al., 2019; Parker, 1994).
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Figure 5.7: Site-level VGP dispersion versus magnetic palaeolatitude for the palaeomagnetic data
utilised in the construction of KRSCovM (open circles, Brandt et al., 2021). Error bars represent
associated uncertainties in VGP dispersion. Predicted VGP dispersion distributions displayed for
Model G fit to presented data, KRSCovM, and KRSCouvM-VGP.

After highlighting the issues of comparing KRSCovM (Brandt et al., 2021) with models
constructed utilising different PSV statistics, an optimised GGP model was constructed
for the PCRS based around KRSCovM-VGP but with addition of minimising to the
palacointensity distribution after the application of QPI3 (KRSCoVM-VGP-QPI3, Table
5.8). This allowed for a more direct comparison between statistical models representing
the different possible palacomagnetic observations for the PCRS, these being the reduced
latitudinal VGP dispersion proposed by Handford et al. (2021) and the greater latitudinal
VGP dispersion suggested by analysis of extrusive units within PDKRS (Figure 5.7). As
expected, the parameters were similar to those of KRSCovM-VGP (Table 5.8). There was

a slight increase in the § parameter (6 = 1.68), and increased variance of g_f (00 = 14.37).

Acceptance of this new model would better align the § parameter associated with the

PCRS with that of the other time intervals over the last 320 Ma. It would also suggest

that the relative stability of the geomagnetic field (x/g,; = 0.51, Table 5.8) was similar to
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that during the CNS, suggestive of a potential characteristic of superchrons. The difficulty
in accepting this model is in the uncertainty around the quality of the data used in its
construction. Precursory filtering for high-quality data is used in the compilations around
which the GGP models of this study have been constructed (Cromwell et al., 2018; de
Oliveira et al., 2018; Doubrovine et al., 2019; Engbers et al., 2022; Handford et al., 2021).
The PDKRS database (Brandt et al., 2021), utilised in the construction of KRSCovM,
applied lenient selection criteria. A potentially significant issue with this is that effects
associated with local block rotations are not accounted for, this can cause further
problems when data are analysed in latitudinal bins. The Pky value associated with
KRSCovM-VGP-QPI3 was < 0.05 (Table 5.8), suggesting that the statistical model is not
able to simultaneously reproduce the VGP dispersion distribution observed after the
application of lenient selection criteria, and the palacointensity distribution after the
application of QPI3. It would appear that low quality directional data have biased the
resulting GGP model.

In being able to better simultaneously reproduce observations of VGP distribution and
palacointensity distribution, it is believed that the model of this study, constructed around
the Group 1 datasets compiled by Handford et al. (2021), better represents the
palacomagnetic field during the PCRS than KRSCovM (Brandt et al., 2021), or any
variations of this model (Table 5.8). It is also the belief that this demonstrates the need
for a more robust assessment of the quality of the palacomagnetic data being analysed by
ensuring that sufficient spot-readings have been captured to average out secular variation
(N = 9, Handford et al., 2021), assessing the reliability of palacomagnetic data through Q
scores (Meert et al., 2020; Van der Voo, 1990), and assessing the tectonic relationships
between sampling sites (e.g. Doubrovine et al., 2019; Handford et al., 2021). The
application of intra-site statistics to data from extrusive units in the PDKRS database by
Brandt et al. (2021), resulted in a very similar Model G fit to the fit to Group 2 data of
Handford et al. (2021) for which intra-site statistics were also applied (n = 4 k = 50 DC
>4a=79b=0.29, Brandtetal., 2021;n =5k = 50 DC =2 3a = 7.2 b = 0.30, Handford
et al.,, 2021). This resemblance further highlights low equatorial VGP dispersion and a
strong latitudinal dependence as being characteristic of the PCRS palacomagnetic field.
Following discussion of Handford et al. (2021), the use of Group 1 data in the
construction of statistical models for the PCRS is favoured due to the wider confidence
limits associated with Group 2 data.

Effects of Palaeointensity Filtering For the PCRS

Previous studies have highlighted the wide range of published palacointensity values
associated with the PCRS (Cottrell et al., 2008; Hawkins et al., 2021), and have questioned
the reliability of estimates at both the upper and the lower end of this range. Cottrell et
al. (2008), obtained VDM estimates of around 9 x 10 Am® for the PCRS, from single
feldspar crystals. They deemed these estimates to be more reliable than those obtained
from whole rock specimens, and suggested that alteration of the latter may have resulted
in estimates of minimum palaeointensity only. It was proposed, therefore, that the large
temporal changes in palacointensity during the PCRS could be an artefact. Conversely,
Hawkins et al. (2021) suggested that the higher palacointensity values associated with the
PCRS may be unreliable, with MD effects resulting in overestimates. This idea was the
result of a much lower average strength of the palacomagnetic field during the PCRS,
after the application of the AAM criteria.
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The incompatibility between high and low palacointensity estimates of the PCRS is clear
in the observed palaeointensity distributions that have been subject to the most flexible
selection criteria (QPI1 and NINT3, Figure 5.3e). Both of these criteria resulted in
bimodal distributions of ECDF, with peaks around 5 x 10* and 8 x 10 Am?* (Figure
5.3¢). Such an observed distribution cannot be simultaneously reproduced alongside that
of the VGP dispersion, under the model assumptions of a Gaussian palacointensity
distribution (Bono et al., 2021), with Pks values << 0.05 (Table 5.6). Filtering through
QPI3 resulted in a much improved Pxs value (0.443, Table 5.6) and visual improvement
of the observed distribution with suppression of the lower peak around 5 x 10* Am’
(Figure 5.3¢). The range of the palaeointensity distribution remained similar but,
interestingly, all of the remaining weak palacointensity estimates passed Qarr of the Qp
criteria (Biggin & Paterson, 2014). This would seem to suggest that alteration effects have
resulted in estimates of minimum palaeointensity, as suggested by Cottrell et al. (2008),
but not to the extent where all weak palacointensity estimates are artefacts. Finally, the
median V(A)DM for the PCRS after the application of AAM was 4.6 x 10 Am?, around
half the size of the median values obtained after the application of the other
palaeointensity criteria (9.4 x 10* - 8.4 x 10 Am?, Table 5.6), and in keeping with the
observations of Hawkins et al. (2021). The resulting statistical model predicted a similar
dispersion (Pks = 0.825, Table 5.6), with no reduction in the ability to predict the observed
VGP dispersion distribution (Table 5.6). With this finding, the suggestion that the high
palacointensity estimates of the PCRS are biased by MD effects (Hawkins et al., 2021)
cannot be entirely rejected.

Estimates of g_f vary considerably between the two viable statistical models for the PCRS

(QPI3 g9 = 32.43, AAM g? = 17.68, Table 5.6). To maintain the ratio of /gy, as
determined by the palacomagnetic observations, the model built around AAM
palaeointensity data displays much reduced variance of the GGP (QPI3 o = 10.34, AAM
o = 5.68, Table 5.6). This would represent the lowest variance across the last 320 Ma and
suggest a gradual increase in variance throughout this time (Table 5.6; Figure 5.8). The
statistical model constructed around data filtered by QPI3 is favoured, however.
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Figure 5.8: Plot of the variance of the GGP () for optimised models (QPI3) representing each of the
studied time intervals (blue), and the model constructed around AAM filtering of palaeointensity data,
for the PCRS (green).
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Palacointensity estimates obtained from middle Carboniferous sections in Uzbekistan and
early Permian sections in the northern Caucasus account for the majority of the high
palacointensity values associated with the PCRS. Released in a series of publications by
the same author (Solodovnikov, 1992a; 1992b; 1992c¢), results were obtained via the same
approach. Estimates were primarily obtained from baked contacts of tuffs and
ignimbrites, with little evidence of detailed microscopy and rock magnetic investigation
to assess the nature of the remanence carriers and the process by which their remanence
was likely acquired. As previously demonstrated, this is of particular importance when
studying re-heated and ignimbritic rocks (Chapter 4). The reliability of estimates obtained
from such rocks were strengthened by very good agreement with estimates obtained from
associated lava flows, however. This was even observed within a sampling site, on
occasion, fulfilling the requirements of Qurn of the Qp; criteria (Biggin & Paterson, 2014;
Bono et al., 2021; Solodovnikov, 1992b; 1992c). Consistent results from different
lithologies representing the same palacomagnetic field would suggest that specimens were
not affected by laboratory alteration. Experimental results do not oppose this suggestion,
as failure of Qarr was due to a lack of alteration checks and not due to failure of such
measures (Solodovnikov, 1992a; 1992b; 1992c¢). Successful palacointensity estimates were
also obtained via two experimental methods, thermal Thellier and the Wilson method
(Wilson, 1961). As specimens acquire a laboratory remanence via a single cooling stage
from above a Curie temperature, the Wilson method is considered to be domain-state
independent and so passes the Qup criteria (Biggin & Paterson, 2014). Results via this
method demonstrated good agreement with those obtained via the thermal Thellier
method (Solodovnikov, 1992a; 1992b; 1992c). For these reasons, it is believed that these
high palacointensity estimates are unlikely to be biased by alteration or MD effects,
despite their near-consistent failure of Qarr and Qup. Combined with other high
palaeointensity estimates for the PCRS (Schwarz & Symons, 1969; Senanyake &
McElhinny, 1983; Usui & Tan, 2017), it is believed that the statistical model that utilises
QPI3 data best represents the PCRS. This decision is further validated by the study of
Usui & Tan. (2017) that provides additional reasoning to believe that the lower estimates
within the QPI3 range are not solely due to alteration of whole rock specimens, as single
crystal and whole-rock analysis result in low palacointensity estimates.

Geomagnetic Field Evolution

A comparison of the preferred models of this study, representing the studied time
intervals across the last 320 Ma (Table 5.9), suggests that total relative variability of the
geomagnetic field displays some correlation with average reversal frequency. It would also
suggest that the relationship between antisymmetric and symmetric family harmonics has
remained relatively unchanged since the PCRS, but that a different relationship was
present during the PCRS that was responsible for the observed strong latitudinal
dependence of VGP dispersion.

Expressed as «/gy, relative variability is lowest during the two superchrons studied. A
higher estimate was obtained for the Miocene than that for the field between 265 Ma and
143 Ma, which is suggestive of a positive relationship with reversal frequency (Table 5.9;
Figure 5.9). This relationship does not extend to behaviour during the last 5 Ma, during
which average reversal frequency was comparable to that of the Miocene but relative
variability was lower than that estimated for the field between 265 Ma and 143 Ma (Table
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Table 5.9: Preferred statistical models representing each of the studied time intervals.

Model NINT  « B g! c!? x L A2 L, Dxs Pks a/g] RSD (ﬁﬁ)
5Ma-QPI3-VD 908 1170 247 2089  11.12 68.1 1.19 5247 331 0030 0811 056 -0.53 4.40
Miocene-QPI3-VD 265 1177 214 1353 9.96 111.4 1.59 5724 361 0.064  0.633 087 -0.74 4.80
CNS-QPI3-VD 210 9.64 233 2029 845 13.7 0.85 1785 3.06 0090 0341 048  -0.42 0.09
265-143Ma-QPI3-VD 184 666 216  -10.38  4.88 453 112 41.1 350 0098 0326 -0.64 047 3.20
PCRS-QPI3-VD 100 1034 451 3243 1399 14.6 0.96 139.5 295 0120 0443 032 043 0.08

Note 5.9: Model parameters defining the preferred statistical models, of this study, representing time intervals of distinct average reversal frequency (ARF) across the last ca.

320 Ma. See note of Table 5.2 for description.
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5.9; Figure 5.9). For the last 5 Ma, average geomagnetic field behaviour was quantified
over a much shorter time interval, however. Direct comparison of behaviour between
time intervals with such varying lengths should be done cautiously. The observed

relationship between o/ gy and average reversal frequency is not unexpected, as it has
long been proposed that reversals would occur less frequently during time intervals
associated with greater dominance of the axial dipole to the non-axial dipole (Coe &
Glatzmaier, 2006; Cox, 1969; 1975). Model G a parameter displays a power law

relationship with axial dipole dominance (Biggin et al., 2020), and «/g} displays a very
strong, positive correlation with Model G & (Figure 5.5). Therefore, reduced relative
variability correlates with increased axial dipole dominance. From this, increased axial
dipole dominance appears to reduce the likelihood of the geomagnetic field undergoing
a reversal, this could also explain the increased length of the PCRS when compared with
that of the CNS, as relative variability of the PCRS model is much lower (Table 5.9).

As part of their assessment of the history of dipole moment, Kulakov et al. (2019) tested
the hypothesis of an inverse correlation between field stability and reversal rate by
assessing changes in field variability. For this they used the ratio of the interquartile range
to the median value, a metric termed "% (Kulakov et al., 2019). The process of estimating
V(A)DM values cleatly separates contributions from the non-dipole and the dipole
(Constable, 2007). All Gauss coefficients associated with the dipole term contribute
equally to the V(A)DM, and so variation in these values (17%) is assumed to result from
variations in the axial dipole and non-axial dipole Gauss coefficients. In this scenario,

7%, RSD, and o/ g_f might be expected to covary. In contrast to this, Kulakov et al.
(2019) revealed a positive relationship between field stability and average polarity reversal

frequency. With 1% greatest during times of reduced reversal frequency (Kulakov et al.,
2019).

As discussed, lower a/g? values were observed during the superchrons. RSD trends
likewise but displays a reduced difference between time intervals (Figure 5.10). 7% was
calculated from the observed palacointensity distribution of each studied time interval,
and the same relationship did not hold. "% was lower during the interval of 265-143 Ma
than during either studied superchron (Figure 5.10). Furthermore, out of these three time
intervals 1"% was highest during the PCRS, despite much reduced relative variability, and

thus increased axial dipole dominance (Figure 5.10). As RSD and «/g? utilise model
parameters, and because the preferred models do not identically reproduce observed
palacomagnetic observations, 7% was also determined for the predicted palacointensity
distributions (Figure 5.10). Generally, there was little difference between the observed
and predicted values. The greatest difference between the two was observed for the CNS
(Figure 5.10). Predicted "% is lowest for the CNS, which suggests that the VGP
dispersion distribution observed for the CNS was more likely to have resulted from a
geomagnetic field displaying reduced variability than that suggested from palaeointensity
observations. This interpretation follows the discussion of Kulakov et al. (2019), who
highlighted the reduced "% for the CNS when analysing single crystal data, and suggested
that this could indicate an observed 1% that is amplified by differences in carriers’
abilities to record and preserve palacointensity signal. This is similar to the discussions
surrounding the PCRS (Cottrell et al., 2008; Hawkins et al., 2021). Predicted 1% is also
lower than observed "% for the PCRS but still greater than that of 265-143 Ma
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Figure 5.10: Estimates of total relative variability (RSD (¢0/g?) and a/g?) presented alongside
predicted and observed variability of VDMs (V%) for preferred statistical models from each studied
time interval.

again, much higher than might be expected considering the much lower o/ g_g value
(Figure 5.10). The variance of the predicted VDM distribution was also analysed via

parametric means (Gypm/VDM), facilitating a more direct compatison with o/ g_f and
RSD. The same general trend was observed to that described for "% (Figure D.3),
validating the discussed behaviour under the assumptions of the statistical models.

With reduced variance of the Gauss coefficients of the dipole term but a relatively high
predicted "%, variation in V(A)DM values must have an alternative source. The first
three harmonic terms were previously demonstrated to have been the greatest
contributors to V(A)DM estimates across the last century (Campuzano et al., 2014). The
inclusion of the quadrupole and octupole terms in the computation of synthetic V(A)DM
estimates from a statistical field model (IGRF-11, Campuzano et al., 2014), resulted in
increased values. It is assumed that such contributions are averaged out, but greater
variability of the non-dipole terms could result in greater observed variability of V(A)DM.
Greater variance of antisymmetric terms during the PCRS, as suggested by the increased
[ parameter, appears to result in sufficient variability of the quadrupole and octupole
terms to produce increased variability in V(A)DM values, despite the much-increased
axial dipole dominance.

The predicted geomagnetic field behaviour during the PCRS shows great similarity to that

of the most stable geodynamo simulations of Coe & Glatzmaier (2006). The most stable

simulations, those exhibiting less reversals and excursion events, had a greater

contribution from antisymmetric Gauss coefficients relative to symmetric Gauss

coefficients, and displayed an increased axial dipole dominance. This is observed for the

PCRS with a much greater axial dipole dominance and much greater variance of the
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antisymmetric families relative to the symmetric, as represented by f. A similar
relationship is observed for the CNS but here axial dipole dominance is not markedly
different from that of the Miocene and the geomagnetic field between 265 Ma and 143
Ma, and so the increased § parameter is subtler (Table 5.9). This increase does appear

sufficient to maintain a higher 1'% than expected from a/ gy, however.

The behaviour of the geomagnetic field modelled in this study, offers an alternative
explanation as to why the traditionally expected inverse relationship between field
stability, "%, and average polarity reversal frequency is not observed in the
palacomagnetic record. Previously, this has been attributed to intrinsic differences in
different palacomagnetic carriers’ abilities to record and preserve palaecomagnetic
information (Kulakov et al., 2019; Tarduno & Cottrell, 2005). With the expectation that
such a relationship might be observed if sufficient palacointensity data could be obtained
from single crystal specimens (Tarduno & Cottrell, 2005).

Here, a scenario has been presented in which there is no obvious relationship between
"% and average polarity reversal frequency, because of the contrasting ways in which the
variances of the symmetric and antisymmetric families appear to differ between times of
different reversal frequency. By considering the appropriateness of different filtering
criteria, such behaviour is favoured over that proposed by Kulakov et al.,, (2019). The
positive relationship between field stability and average polarity reversal frequency,
observed by Kulakov et al., (2019), was most evident when palacointensity data were
subject to the strictest filtering criteria; i.e. when data were analysed that fulfilled the
requirements of QAGE, QALT, & QSTAT and QAGE, QALT, & QMD (Blggm & Paterson, 2014),
respectively (Kulakov et al., 2019). In fact, these were the only analysed subsets for which
"% was greatest during the CNS (Kulakov et al., 2019), and a clear relationship was
observed. As previously discussed, requiring data to fulfil the Qacr, Qarr, & Qsrar criteria,
significantly reduces the amount of palacointensity data available for analysis (Hawkins et
al., 2021; Kulakov et al., 2019). This study has demonstrated that applying the AAM
criteria to palaeointensity data is not appropriate when studying the CNS, with the
associated GGP model unable to simultaneously reproduce both sets of palacomagnetic
observations (Table 5.4). For these reasons, it is believed that the less coherent
relationship between "% and average reversal frequency observed by Kulakov et al.
(2019), through the application of total QPI score based filtering, to be more
representative of true geomagnetic field behaviour.

Conclusions

1. Application of the QPI3 criteria to the palacointensity observations, most consistently
and reliably resulted in GGP models capable of simultaneously describing VGP
dispersion and palacointensity observations. The robustness of GGP models was
tested against a range of palacointensity filtering criteria that found that, for each
studied time interval, the observed VGP dispersion distribution could be equally well
explained regardless of the chosen palacointensity selection criteria. Differences
occurred in the models’ abilities to simultancously reproduce the observed
palacointensity distributions. If the VGP dispersion is well-defined and fit well by the
model, but the same model shows a poor fit to the palaecointensity distribution from
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the same interval, then this reduces confidence in the accuracy of the palacointensity
distribution. The consistent construction of GGP models capable of best describing
palacomagnetic observations, when utilising data subject to QPI3 filtering, would
appear to support the use of QPI3 filtering over the other selection criteria
investigated. On the evidence of this study, it is recommended to filter palacointensity
data by QPI3 in order to maximise the likelihood that the resulting data is
representative of the geomagnetic field during the time interval being studied, unless
there is reason to believe that the use of some other filtering criteria would prove
more appropriate.

The palacointensity record provides much greater discriminatory power than the PSV
record, when assessing differences in palacomagnetic field behaviour between distinct
time intervals. Unique statistical models were required in order to explain the different
V(A)DM distributions observed for each time interval. This was demonstrated when
assessing the goodness of fit of predicted distributions from a GGP model
representing the geomagnetic field across a given time interval, to palacomagnetic
observations from each other studied time interval. The model predictions were
generally as capable of describing VGP dispersion distributions as those of the model
constructed around the palacomagnetic observations. This was not so for the
palaeointensity distributions, with almost all predicted distributions rejected at the
95% significance level. Greater difficulties around obtaining reliable palacointensity
estimates over palacomagnetic information should be considered, but these findings
could suggest that changes in relative variability and dipole moment are the optimal
tool for documenting changes in geodynamo regime.

When attempting to evaluate long-term evolution of the geomagnetic field, it is
unsuitable to compare parameters of GGP models that were constructed via different
means. In particular, models that were minimised to different observed PSV statistics.
Under consistent model construction, the relationship between antisymmetric and
symmetric families appears to have remained approximately unchanged since the
cessation of the PCRS ca. 265 Ma, as indicated by the f parameters of preferred
statistical models. Consistency in this aspect of geomagnetic field behaviour, favours
the existence of a slightly weaker field ca. 265 Ma to 143 Ma before a change in the
geodynamo ca. 20 Myt prior to the onset of the CNS. In contrast to the time following
the PCRS, variance of antisymmetric Gauss coefficients relative to that of symmetric
Gauss coefficients, appears to have been approximately twice as great during the
PCRS. The observed strong latitudinal dependence of VGP dispersion, that is
revealed when the quality of the palacomagnetic data is assessed through intra-site
statistics, can be explained by this enhanced variance in the antisymmetric Gauss
coefficients.

Dipole moment variability does not appear to display a relationship with reversal
frequency. This is despite superchrons demonstrating increased axial dipole
dominance, and thus reduced relative variability of the geomagnetic field during
superchrons. This could be explained by greater variability of the non-dipole terms,
in particular the quadrupole and octupole terms, contributing to greater variability of
dipole moment than suggested by variability of the dipole terms. This is suggested by
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the predicted increase in the variance of antisymmetric Gauss coefficients during
superchrons. Such an increase, as indicated by a greater § parameter, also indicates an
increased likelihood of reduced equatorial symmetry of the geomagnetic field during
a superchron. This supports previous suggestions that, during time intervals defined
by a reduced tendency for geomagnetic reversals and excursion events, equatorial
symmetry is reduced and axial dipole dominance is increased. Such behaviour is most
evident during PCRS, with axial dipole dominance during the CNS more in keeping
with that estimated for times of reversals. This would account for the near constant
[ parameter since the cessation of the PCRS, when compared with the much higher
value associated with the PCRS.

5. Under the assumption that the distribution of palaeointensities during the PCRS was
Gaussian in nature, the PCRS palaeointensity record in its entirety cannot be an
accurate representation of geomagnetic field behaviour. Statistical models for the
PCRS that were built around palacointensity observations subject to overly lenient
selection criteria, were incapable of reproducing the observed palacointensity
distribution. This study favours a strong average field strength during the PCRS but
the alternative model of a PCRS with a geomagnetic field strength in keeping with
that of the long-term average, cannot be confidently rejected. Such a model would
have important implications for long-term geomagnetic field evolution with regards
to its variance and average strength. A more consistent strength of the geomagnetic
field throughout geological time would suggest that the occurrence of superchrons is
almost solely due to variations in relative variability, and that any relationship between
reversal frequency and field strength is more complicated than an entirely inverse
relationship. High quality palacointensity estimates indicative of a strong geomagnetic
field during the PCRS would provide greater clarity around this situation.
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Chapter 6. Summary & Implications

Summary of Results

Through comparison with the results of previous palacosecular variation (PSV) studies
on time intervals across the last 320 Ma, analysis of PSV during the PCRS and the time
immediately following, revealed extreme behaviour during the PCRS and near-constant,
almost latitudinal invariance of VGP dispersion until the onset of the CNS. Despite being
characterised by different apparent average polarity reversal frequencies, the latitudinal
dependencies of VGP dispersion during the Post-PCRS and the Pre-CNS were defined
by similar Model G shape parameters (Figure 6.1a, b). The 4/a ratios of the respective
models were near identical, with Model G 4 slightly lower for the Pre-CNS, the higher
reversal frequency regime of the two. Despite showing similarities in their shape and
overall trend, VGP dispersion patterns representing the PCRS and the CNS, respectively,
demonstrated greater differences than suggested by previous studies (Biggin et al., 2008;
de Oliveira et al., 2018; Doubrovine et al., 2019; Handford et al., 2021). Equatorial VGP
dispersion appeared much reduced for the PCRS (Figure 6.1c, d), an indication that the
palacomagnetic field displayed enhanced axial dipole dominance.
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Figure 6.1: One hemisphere projection showing latitude dependence of virtual geomagnetic pole
dispersion in the a) Post-PCRS (Handford et al., 2021), b) Pre-CNS (Doubrovine et al., 2019), c) PCRS
(Handford et al.,, 2021), d) CNS (Doubrovine et al., 2019). Sp values for northern and southern
palaeolatitudes given by filled and empty circles respectively, determined through application of the
Vandamme cut-off (Vandamme, 1994); error bars show their 95% confidence intervals. The solid red
curve displays the best fit of Model G to the Sp values, dashed line represents the 95% confidence
intervals given by the jack-knife method for 5,000 replications. Estimates of Model G a and b shape
parameters are displayed alongside their associated uncertainties and the number of datasets
analysed (Nas).
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Reliable palacointensity results were successfully obtained from a wide range of lithologies
and rock units, though none from subaerial basaltic lavas, the most commonly utilised
material for palacointensity analysis. Reliable estimates came from two sampling localities
for which similar dates have previously been obtained (Chapters 3 & 4), but likely
separated by over 60° latitude across Pangaea at the times of their formations (Torsvik et
al., 2012; van Hinsbergen et al., 2015).

Submarine pillow lavas from the Fernazza Fm of the Dolomites, NE Italy, produced 12
independent V(A)DM estimates between 3.0 x 10* and 4.8 x 10* Am’ (Figure 6.2b), with
associated Qpr scores between 4 and 7 (Chapter 3). Of the 12 sites from which
palaeointensity estimates were obtained, 10 of the final V(A)DM values were estimated
from a combination of results from thermal Thellier and Shaw-DHT experiments. There
was good agreement between the results obtained via these two methods and those
obtained via the calibrated pseudo-Thellier approach, especially when the large associated
uncertainty of the latter was considered. Although not included in final site mean
V(A)DM calculations, these calibrated pseudo-Thellier results suggested that
palacointensity estimates were not biased by laboratory induced alteration. The Ti-poor
titanomagnetites that were identified as remanence carriers are somewhat atypical of
submarine lavas; fast cooling rates and quenching generally favour the formation of more
Ti-rich titanomagnetites. Relatively slow cooling rates, evident by the large volume of
individual pillows, and higher oxygen fugacity associated with arc/back-arc settings when
compared with mid-ocean ridge basalts, at which previously studied submarine lavas have
formed, provide a possible explanation for this curiosity. Similatly, samples generally
lacked the widespread, extensive low-temperature oxidation products that are typical of
submarine lavas.

Additional palacointensity results were obtained from approximately coeval basalt sills
and rhyolitic ignimbrites of the Puesto Viejo Group, located in the Rafael depocenter of
the Mendoza province, Argentina (Chapter 4). After detailed rock magnetic and
microscopy analysis, palacointensity estimates from 3 basaltic sill sites and 2 rhyolitic
ignimbrite sites were interpreted to be representative of the palacomagnetic field during
the time of their formation. Estimated VDM values ranged between 0.9 x 10 and 2.1 x
10* Am® (Figure 6.2b), with associated Qpi scores between 5 and 7. Basalt sills were
characterised by ChRM carrying grains that covered a broad range of titanomagnetite
compositions. These grains were susceptible to laboratory induced oxyexsolution during
heating. As such, no results were obtained via the thermal Thellier method, due to the
continuous alteration of the remanence carriers throughout the stepwise heating
experiments. Success was achieved with the Shaw-DHT method where the alteration
correction appeared to account for the effects of laboratory induced alteration, supported
by the agreement with results from the non-heating calibrated pseudo-Thellier method.
Difficulty was also encountered in obtaining results from thermal Thellier experiments
on specimens of the Rhyolitic ignimbrites. Results were obtained from one site, at which
there was good agreement with the results obtained via the Shaw-DHT method. Qrrum
was cautiously failed at this site due to its complex thermal history. General agreement
with the range of estimates obtained from more traditionally used basaltic sills was
interpreted as an indicator of reliability, when considering the bimodal nature of the
extensional tectonic setting in which the studied units formed.
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Finally, GGP models that represented time intervals of distinct reversal frequency regimes
across the last 320 Ma were constructed (Chapter 5). This process utilised the
improvements made to our understanding of palacomagnetic field behaviour during the
PCRS and the Triassic, in combination with the pre-existing understanding of
palacomagnetic field behaviour across this time (PINT v8.0.0, Bono et al, 2021;
Cromwell et al., 2018; Doubrovine et al., 2019; Engbers et al., 2022). These statistical
models were constructed using the recently proposed covariance approach (Bono et al.,
2020), which is derived from relationships between Gauss coefficients that were
previously observed during geodynamo simulations (Bouligand et al., 2005; Sanchez et
al., 2019). Preferred models were generated for each studied time interval through an
optimisation process using PSV and palacointensity observations. Generating these
optimised models for different reversal regimes, resulted in a framework by which
interactions between the most commonly described characteristics of the palacomagnetic
field could be investigated.

A range of models were generated for each time interval using palacointensity data
subjected to a range of selection criteria. The use of QPI3 criteria was the most consistent
and reliable in generating GGP models that were capable of simultaneously explaining
both sets of palacomagnetic observations. Between time intervals, the observed
distributions of palacointensity behaviour demonstrated greater variability than VGP
dispersion distributions and this observation ultimately required unique GGP models to
be generated for each studied time interval.

The previous proposal of a largely unchanged relationship between symmetric and
antisymmetric families (Brandt et al., 2021) was supported but only since the cessation of
the PCRS. Support came from the similarity between f parameters defining the GGP
models representing the different time intervals since the PCRS. This behaviour would
favour a slight reduction in palaeointensity between ca. 265 Ma and 143 Ma. The inability
of a previously analysed VGP dispersion distribution to produce an optimised GGP
model that can simultaneously describe the palacointensity observations for the PCRS,
suggested that it is unlikely to be representative of the palacomagnetic field across this
time. To address this, filtering of the data was required via an assessment of intra-site
statistics. In full, the palacointensity data associated with the PCRS also appeared non-
representative of actual palacomagnetic field behaviour. Application of the most lenient
Qpri-based selection criteria utilised in this study, QPI1 and NINT3, resulted in a bimodal
empirical cumulative distribution function of V(A)DM, and corresponding GGP models
could not simultaneously describe observed palacomagnetic distributions. Qpi-based
filtering, QPI3 and AAM, did result in optimised GGP models that could simultaneously
describe the observed palacointensity and VGP dispersion distributions but with differing
consequences for the strength of the palacomagnetic field during the PCRS. Through
evaluation of the palacointensity data representing the PCRS, the statistical model
representative of increased field strength was favoured.
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Implications & Future Work

Geodynamics

In evaluating geomagnetic field evolution across the last 320 Ma, long-term variations
were also assessed across a full period of the hypothesised 200 Myr cyclicity. With the full
cycle encompassing the PCRS through to the CNS. The relatively consistent
palacointensities and PSV behaviour observed for the Post-PCRS and the Pre-CNS
(Chapters 3, 4, & 5), is somewhat reminiscent of the plateau in palaeointensity evolution
observed in the mantle forced model of Driscoll & Olson. (2011), across a complete 200
Myr cycle (Figure 6.2a, b). With the average field strength across this time interval likely
closer to the long-term average than was initially suggested by Prévot et al. (1990), any
reduction in CMB heat flux appears to be more likely attributable to mantle convection
processes than some anomalous event. The mantle forced simulation of Driscoll &
Olson. (2011) displayed greatest dipole moment during superchrons, but also near-
symmetrical behaviour when transitioning out of one superchron into the next. This study
suggests that the PCRS displayed much increased axial dipole dominance, and almost
unique palacomagnetic field behaviour, when compared with the CNS. The increase
associated with the PCRS is greater than that suggested by the effects of mantle forcing
(Driscoll & Olson, 2011), and could suggest some additional contribution to decreased
CMB heat flux.
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Figure 6.2: Comparison of predicted palaeointensity behaviour across a 200 Myr cycle with
palaeointensity observations across the corresponding time interval. a) Variations of dipole moment
(black) with 1 Myr smoothing (white) of predictions from numerical dynamo model of Driscoll & Olson,
2011). Figure modified from Driscoll & Olson (2011). b) V(A)DM record associated with preferred
statistical models (Chapter 5) for distinct time intervals across a complete cycle of the proposed 200
Myr variations. V(A)DM data from PINT V8.0.0 (Bono et al., 2021) with a Qprscore > 3 (yellow).
Palaeointensity estimates included from this thesis (green squares: Chapter 3, blue squares:
Chapter 4) Median V(A)DM values around which optimised statistical models were constructed

(purple).

The collapse of large low-shear velocity provinces (LLSVPs), that are characteristic
structures of parts of the lowermost mantle (Figure 6.3; McNamara, 2019), has been
proposed to result in reduced CMB heat flux (Olson & Amit, 2015). It is suggested that
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these regions are relatively hot and so CMB heat flux is dominated by the relatively cold
regions outside of these structures (Zhang & Zhong, 2011). Collapses cause the footprint
of the LLSVPs on the CMB to increase, and thus CMB heat flux to decrease. Following
the assumption that mantle plumes are generated at the edges of these LLSVPs (Figure
0.3; Burke et al., 2008; Burke & Torsvik; 2004; Torsvik et al., 2000), this collapse is
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Figure 6.3: Modified from Torsvik et al. (2014). Schematic cross-section of the Earth, as seen from the
South Pole, displaying the position of the large low shear-wave velocity zones (LLSVPs) and their
proposed relationship with the wider tectonic and mantle processes. The edges of the LLSVPs are
indicated as being the principle plume generation zones. Ultra-low velocity zones (ULVZs), indicated
at the margins of the LLSVPs, are localised patches with extreme physical properties (e.g. Brown et al.,
2015). Buoyant upwelling associated with the LLSVPs is indicated by surface facing arrows (red) and
is presented as dominating the elevated region of the residual geoid (dashed lines).

proposed to result in an increase in the production of large igneous provinces (LIPs) 30-
60 Myr after the collapse of an LLSVP (Biggin et al., 2012; Olson & Amit, 2015). Such a
scenario is plausible for the PCRS with the identification of the Siberian Traps (ca. 250
Ma, Courtillot & Renne, 2003), Emeishan large igneous province (ELIP, ca. 260 Ma,
Chung & Jahn, 1995; Courtillot & Renne, 2003), and the Tarim large igneous province
(ca. 290 - 288 Ma, Yang et al., 2013) (Figure 6.4). These LIPs of overlapping eruption
date, have been proposed to originate from two different lowermost mantle anomalies
(Figure 6.4). The palacogeographic position of the ELIP has been correlated with the
edge of the Pacific LLSVP (Torsvik & Domeier, 2017), and that of the Siberian Traps
and TLIP proposed to be associated with the edges of the smaller deep mantle structure
termed the Perm anomaly (Torsvik et al., 2014; Wei et al.,, 2020; Wu et al., 2017).
Overlapping eruption dates of the associated LIPs (Figure 6.4) could suggest that collapse
of these structures occurred near-simultaneously, within the geological timeframe, which
could explain the much reduced CMB heat flux observed for the PCRS. This would be
in contrast with the proposed collapse events of the Pacific LLSVP and the African
LLSVP associated with the CNS, for which evidence from LIP formations (Figure 6.4)
suggests collapse of the Pacific LLSVP occurred 40-45 Myr prior to that of the African
LLSVP (Olson & Amit, 2015).
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Gaining further insight into such events that could explain the decreased CMB heat flux
during the PCRS, and subsequent enhanced axial dipole dominance, will require further
investigation. Uncertainty still surrounds the likely CMB source regions of the LIPs that
are potentially linked to the onset of the PCRS (Flament et al., 2017; Torsvik & Domeier,
2017). In addition, there have been alternative proposals for mantle plume and LIP
formation that do not rely on origination at LLSVP edges (Foulger, 2007; Ivanov, 2007;
Klausen, 2020). Regardless of the direction in which our understanding around these
processes takes, this study has demonstrated the important contribution that
palacomagnetic observations can have to these ongoing discussions. Greater refinement
of the kinematics and effects of mantle forcing across the 200 Myr cycle, would help to
further establish the cause of the palacomagnetic field behaviour during the PCRS as
being something other than typical mantle convection.
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Figure 6.4: Modified from Olson & Amit (2015). Composite showing the relationship between average
polarity reversal frequency and the formation of large igneous provinces (LIPs) between 320 and 50
Ma. Proposed associated large low shear velocity provinces (LLSVPs), or other lowermost mantle
anomaly, are indicated by a colour code (orange: African LLSVP, blue: Pacific LLSVP, purple: Perm).
TLIP: Tarim LIP, ELIP: Emeishan LIP, Siberian: Siberian Traps, Wrang.: Wrangelia Terrane, CAMP:
Central Atlantic Magmatic Province, Karoo: Karoo Basin, Hik.: Hikurangi Plateau, Mag.: Magellan
Rise, Parana: Paranda-Etendeka Traps, Man.: Manihiki Plateau, OJP: Ontong-Java Plateau, Ker.:
Kerguelen Plateau, Hess: Hess Rise, SLR: Sierra Leone Rise, Maud: Maud Rise, Deccan: Deccan Traps,
NAIP: North Atlantic Igneous Province.

The last 5 Myr represents approximately the half way point of the current 200 Myr cycle.
Modelled behaviour would suggest that dipole moment should be reduced in comparison
to the most recent superchron, the CNS. In fact, observed median V(A)DM is
comparable to that of the CNS (Chapter 5). The last 5 Myr provides further
discrepancies, with the general relationship between relative variability and reversal
frequency not holding (Chapter 5), and providing the greatest deviation from an inverse
correlation between Model G shape parameters (Chapters 2 & 5). The repetitive
breakdown of relationships and trends during the last 5 Myr, that are otherwise observed
for the last 320 Myr, could be due to the significantly shorter timescale that is being
represented. Palacomagnetic observations are present at a much greater density than for
any of the other studied time intervals, providing a detailed description of a relatively
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short-lived feature. The high density of data makes incorporating the data from the last 5
Myr into a longer time-scale challenging, without introducing a temporal bias to the
dataset selected for analysis.

Palaeointensity Methods & Recorders

During this study, palacointensity experiments were conducted on geological material that
are less typically utilised than subaerial basalt lavas, due to a lack of the latter having been
previously identified and attributed to the Triassic. Of the rock units and lithologies that
were interpreted as providing reliable palacointensity estimates, ignimbrites and
submarine basalts are the most historically underrepresented in the palacointensity record,
likely due to the high rate at which alteration occurs in their formation environments.
Obtaining reliable estimates has demonstrated that by considering the geological setting
in which a unit formed, the geological history since its formation, and the implications
for magnetic remanence acquisition and changes in the remanence carriers, a more diverse
range of geological material can provide palacointensity information than is often used.
From this study, massive pillow lavas appear to have greater potential in providing reliable
palaeointensity estimates that can be associated with some high level of certainty, with
the complex thermal histories of ignimbrites proving a barrier to this when results are
obtained in isolation. Nonetheless, palacointensity estimates determined from ignimbrite
specimens could be utilised in conjunction with estimates obtained from different
lithology types, from which similar dates have been obtained, to support results and better
populate the palacointensity record. Diversifying the lithologies and rock units from
which palacointensity estimates are obtained has the potential to provide crucial
information where gaps in the palacointensity record are primarily a result of more
traditionally utilised palacointensity recorders being at a premium.

It could be foreseen that future uptake of such an approach would be limited because of
the time-consuming nature of thermal Thellier methods, widely regarded as the method
from which the most reliable palacointensity estimates are obtained, and the already high
failure rates of palaeointensity experiments on materials that are more similar to ideal
recorders. An approach to address this would be to impart greater value on the element
of palaeointensity experiments that aims to ascertain the reliability of any palaeointensity
estimates obtained, and investigate probable magnetic remanence carriers within studied
specimens. Such investigations could be conducted prior to any palacointensity
experiments, and published in isolation, a practice that could encourage greater variety in
the nature of lithologies targeted for palaeointensity analysis.

This study has demonstrated the proficiency of rock magnetism techniques and
microscopy analysis in assessing the extent of alteration experienced by specimens. It has
also demonstrated the proficiency of less utilised palacointensity techniques such as the
Shaw-DHT and calibrated pseudo-Thellier method. Imparting full TRMs and comparing
stepwise demagnetisation trends provided greater insight into the nature of non-
multidomain grains that most likely carry a large proportion of the remanence.
Furthermore, the agreement of Shaw-DHT results associated with minor alteration
corrections, with estimates from non-heating methods, was interpreted as an indicator of
thermal stability. Crucially, such methods are significantly quicker than conducting
thermal Thellier experiments when completed with an automated alternating field
demgnetisation system, such as the RAPID-2G. More detailed petrological analysis of
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specimens than has been typical of palacointensity studies, was also crucial in determining
the likelihood of magnetic grains carrying a TRM. It would be recommended from this
study, that similar methods be employed to any future investigations into the suitability
and reliability of potential palacointensity estimates.

Greater uptake of such methods will allow us to develop a greater understanding around
the types of lithologies that may be appropriate for palacointensity analysis and targets
that should perhaps be avoided on account of their geological history. Wider application
to all palaecointensity experiments will provide better evaluations around the likelihood of
specimens carrying a TRM, a fundamental assumption of palacointensity experiments.
Often, this is currently assessed on the frequency of alteration textures, but with little
thought to the likelihood of grains having formed below their Curie temperature.
Misinterpretation of TRM acquisition can result in biased palacointensity estimates being
incorrectly interpreted as representative of geomagnetic field behaviour across a given
time. This further impedes attempts to define palaeointensity across a given time interval,
as appears likely to have been the case for the PCRS, and leads to greater difficulty in
assessing long-term variations in the geomagnetic field.

Evaluating the Potential of Statistical Models

Assessing long-term variations in the geomagnetic field by generating and comparing
optimised GGP models for distinct reversal regimes across a near-continuous time frame,
was a novel approach used within this study. This has demonstrated how the use of
palacomagnetic observations alongside statistical models can provide greater insight into
palacomagnetic field behaviour than observations alone. Critical evaluation of the two in
unison, allows the validity of palacomagnetic observations and model assumptions to be
tested and verified. If a future study were to investigate PSV between ca. 84 Ma and 25
Ma, the only time interval studied by McFadden et al. (1991) not to have been reanalysed,
an optimised GGP model could be generated following the same approach as in this
study, and the relative wealth of palacointensity data that is available. The GGP models
generated to represent the palacomagnetic field during the time intervals analysed in this
study, generally resulted in palacomagnetic predictions that displayed a similar goodness
of fit to the observed data. They were also approximately equal in their ability to
simultaneously reproduce both PSV and palacointensity observations. Failure of
covariant-style GGP models to comparably predict palacomagnetic observations across
different time intervals, such as ca. 84 Ma to 25 Ma, would suggest either biases and
inaccuracies in the palacomagnetic observations, or inadequacy of the model assumptions
across that time interval. Improving confidence in one of these by, for example, obtaining
new palacomagnetic data with modern techniques and methods, conducting an in-depth
review of all palacomagnetic observations across the studied time interval, or developing
a more robust theoretical understanding of model assumptions and the opportunities for
deviation from these, would reveal insight into the nature of the unique palacomagnetic
field behaviour.

The potential of the approach detailed above has been demonstrated within this study
when assessing the potential reliability of data through observed trends in constructed
GGP models. Constructing a GGP model around the VGP dispersion pattern that
resulted from analysis of all extrusive data in the PDKRS database (Brandt et al., 2021),
did not result in a statistical model that was capable of simultaneously describing both
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PSV and palacointensity observations. Improvement in this respect, when filtering
through the use of intra-site statistics, was interpreted as evidence that the resulting, more
extreme, PSV was in fact more representative of palacomagnetic field behaviour during
the PCRS. In a similar way, a slight reduction in the overall strength of the geomagnetic
was inferred between ca. 265 Ma and 146 Ma. This was concluded under the assumption
that the relationship between symmetric and antisymmetric terms, expressed as f, had
remained broadly unchanged since the PCRS and that a reduction in palacointensity
across this time favoured such behaviour. In both instances, the conclusions reached were
based on assumptions about consistent and contrasting aspects of geomagnetic field
behaviour derived from observed trends in the parameters defining the different statistical
models generated. Assuming that covariance-style models are valid in describing
palacomagnetic field behaviour for all studied time intervals, and that the relationship
between families has remained approximately unchanged since the PCRS. Only with
further investigation can the validity of these assumptions be better assessed. This will
require more high-quality palacomagnetic data, in particular palacointensity estimates, and
the development of geodynamo models that aim to simulate the inferred behaviour for
given time intervals, and the more long-term evolution process. The latter would provide
a better understanding as to the fundamental viability of the assumptions, and the
consequences for deep Earth processes.
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Appendix A. Supporting information for Chapter 2

Supporting information for: Analyzing Triassic and Permian Geomagnetic Paleosecular
Variation and the Implications for Ancient Field Morphology in Geochemistry, Geophysics,
Geosystems.

B. T. Handford, A. J. Biggin, M. M. Haldan, C. G Langereis

Introduction

The following supporting information describes the investigation into the effects of
encompassing serial correlation and removing great circle derived directional data on the
observed VGP dispersion pattern. These results are displayed in Figures A.1 and A.2
respectively, alongside accompanying descriptions (A.1. and A.2.). A description of Table
A.2 is provided in which a commentary on source material is detailed, including on the
use of analysis identifying serial correlation. Descriptions of datasets are also provided.
These datasets are available through EarthRef Digital Archive (ERDA/2481, ERDA)
and contain the full Post-PCRS and PCRS directional compilations after selection criteria
1-8 have been applied, as well as a breakdown of Van der Voo scoring of the source
material.

Serial correlation & VGP dispersion

Combining site-mean directions into directional groups for the Post-PCRS, reduced just
two datasets to an insufficient amount of data (PT13 & PT14). After a thorough review
of all source material, only 3 datasets were found to contain data where there had been
no consideration regarding serial correlation where it would have been relevant (Table
A.2). The final database then, consists of 19 datasets, 16 of which, it can be confidently
said, contain data that represent a unique geomagnetic field. As with the use of the other
additional selection criteria, the general trend of VGP dispersion is very similar to that
observed when all data is used (Figure A.1). It would appear that, at least for this study,
the use of serially correlated data had little bearing on the result when taking the initial
aims into consideration. An equivalent investigation was not possible for the PCRS as
only 3 studies found reason to create directional groups (K01, K04, & K05, Table A.1),
with K01 finding effects to be minor.

Great Circle Analysis & VGP Dispersion

A separate database was analysed for Group 1 Post-PCRS datasets in which all directions
determined from great circle analysis were removed. This affected 7 datasets (K02, KO3,
K06, K07, K16, K20, & K21) but only K03 was left with an N < 9. With very similar
datasets to the original database, VGP dispersion and the Model G fit were almost
unchanged (Figure A.2). As expected, estimates of scatter remained relatively unchanged
when datasets contained a small amount of great circle derived data (Table A.2). Greater
differences in scatter estimates were observed when great circle data made up over 25%
of the original data (K07, K16, K20; Table A.2). The inclusion of great circle data can
lead to both overestimates and underestimates of scatter, and a greater percentage of great
circle derived data does not necessarily mean a greater over/underestimate. K16 shows a
greater discrepancy between the two estimates than K07, despite the proportion of great
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circle data being half that of the latter. The effects can also be very large as demonstrated
by K20 where the estimates differ by over 35%. It is worth noting that, as was the case
when addressing serial correlation, the PCRS did not contain enough relevant datasets to
allow the effects of great circle derived data to be assessed.

For this

study the overall effects are minimal and so the removal of great circle site-mean

data was not included as a selection criterion. This study has shown that the effects can
be significant, however. These effects should be explored, especially if using a database
where a majority of the datasets contain a large amount of great circle data.

Supporting Figures
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Figure A.1: Latitude dependence of virtual geomagnetic pole dispersion and Model G curves for the
Post-PCRS (265-200 Ma), using Group 1 datasets and applying serial correlation according to
information in Table A.1. For full description see the caption of Figure 2.1.
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Figure A.2: Latitude dependence of virtual geomagnetic pole dispersion and Model G curves for the Post-
PCRS (265-200 Ma), using Group 2 datasets and removing site-mean directions that use great circle
data. For full description see the caption of Figure 2.1.
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Supporting Datasets

Dataset A.1. Post-PCRS database.
Dataset A.2. PCRS database.

Dataset A.3. Van der Voo Q-scores for Post-PCRS and PCRS datasets.

The above datasets are openly available through the EarthRef Digital Archive
(https://earthref.org/ERDA /2481, ERDA).

Supporting Tables

Table A.1: Effects of great circles on estimates of virtual geomagnetic pole (VGP) dispersion.

Code S original (°) S NGC (°) GC data (%)
K02 25.2 25.4 2.5
K06 11.4 11.7 154
K07 10.6 11.8 50.0
K16 12.7 10.0 25.0
K20 11.9 7.7 50.0
K21 12.2 12.8 14.6

Note A.1: VGP dispersion (Sp) no great circles (NGC) shows the estimated scatter values with no great
circle data included. Great circle (GC) Data gives the percentage of data in the original dataset that
came from great circle analysis.
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Table A.2: Commentary for PCRS and Post-PCRS datasets.

Rock

Code .
formation

References

Tectonic Correction

Serial Correlation

Qiangtang
Block Middle
Triassic

PTO1

Lavas

Song et al. (2020)

Bedding-tilt correction applied to lavas taken from both
section A and section B, the two sections sampled in Song
et al. 2020. Lavas from section A dip 25° SE and those
from section B dip 36° NE. Tilt cotrected group-mean
directions show an improvement when compared to those
from in situ measurements. Potential for a very slight
tectonic effect between section A and section B however
as there is no appreciable difference when either fold or
rotation corrections were applied the dataset was still
selected for this study.

Of the 28 site-mean directions presented, 13 were found
to be indistinguishable to at least one other and as such
they were split into 5 directional groups. This resulted in
20 mean directions. The approach used to identify sites
followed that described by McFadden & Lowes. 1981,
the grouping of directions followed the approach of
Chenet et al. 2008.

Norilsk
Region
Volcanics

PT02

Pavlov & Fluteau.

(2019), Pavlov et
al. (2007),
Gurevitch et al.

(2004)

Bedding-tilt correction applied to all sites in both Pavlov &
Fluteau. 2019 and Gurevitch et al. 2004, the later using
average bedding dip for a given sampling region. No
regional tilt could be determined for the Moyero River
region (Pavlov et al. 2007), as such, no bedding-tilt
correction was applied for these samples. Those taken from
Kulumbe River were however subject to tectonic
correction. The potential for unaccounted primary tilts of
the Moyero River region could potentially cause higher
scatter values however they make up a relatively small
fraction of the overall dataset, reducing this effect if
present.

Site mean directions belonging to the same "volcanic
pulse" were attributed to the same directional group by
Pavlov et al. 2019 following the approach used by Chenet
et al. 2008. High Non-Random Otdering values among
consecutive lava flows further indicate brief time gaps
between their eruptions. There is no indication of this
approach being used by Pavlov et al. 2007.

Los Menucos

PTo3 acidic dykes

Luppo et al.
(2019)

No tectonic correction is applied. The dykes sampled are
described as “‘sub-vertical” overlying “sub-horizontal”
strata. As the underlying strata is the same for all of the
acidic dykes there appears to be little need for a bedding-
tilt correction, any variation in dip angle should be
minimum and have very little effect on the final outcome.

No mention is made of exploring the possibility of serial
correlation. The slower cooling rate of dykes should
mitigate the occurrence however it does bring other
potential issues with it.

Gezira & Bir
Umbhebal
dyke complex

PTO04

Lotfy & Elaal.
(2018)

No bedding-tilt correction has been applied to the samples
in this dataset and there is no mention of tectonic control.

No mention is made of exploring the possibility of serial
correlation. The slower cooling rate of dykes should
mitigate the occurrence however it does bring other
potential issues with it.




S9T

PTO05

Alto Paraguay
Province

Ernesto et al.
(2015)

No bedding tilt-correction has been applied due to difficulties
identifying reference planes to estimate tilting. Sub-hotizontal
foliation planes given by AMS measurements were used to indicate
the palaeohorizontal. Applying the bedding correction given by this
placed the pole much closer to the Jurassic segment of the apparent
polar wander path for the area, suggesting complete re-
magnetisation for which it is argued there is no evidence. The lack
of tectonic control could have resulted in higher scatter values.

The possibility of serial correlation is not
addressed. Sampling sites are referred to as
"independent”, suggesting that the author did not
appear to believe that serial correlation was
occurring. It is not clear whether this was a
conscious conclusion or something that was
overlooked

PTO06

Tasguint &
Alezmi
formations

Ruiz-Martinez
etal. (2012)

Bedding tilt-correction applied to all samples. A bedding-tilt test
was not found to be significant at the 95% confidence level
however the correction does decrease ChRM scatter.

Consecutive flows were studied for serial
correlation using the approach of McFadden &
Lowes. 1981 resulting in 3 couples of grouped
flows. The resulting difference was found to be
minimal and as such the directional group statistics
are not given.

PTO7

Zguid &
Ighrem dykes

Palencia-Ortas
etal. (2011)

No bedding-tilt correction applied, the area has remained
tectonically stable for the last 300 Myr (Palencia-Ortas et al. 2011),
as such no correction should be necessary.

The possibility of directional groups is
acknowledged however as only dykes were
sampled no directional groups are given and
instead issues regarding under sampling PSV are
discussed.

PTO08

Ukrainian
Shield

intrusions

Yuan et al.
011)

No bedding tilt correction has been applied with the justification
that the Ukrainian Shield has remained tectonically stable since the
Permian. The dykes sampled intrude this shield.

There is no mention of serial correlation and it has
not been explored, presumably as dykes have been
sampled.

PT09

Puesto Viejo
Group

Domeier et al.
(2011b),
Valencio et al.

(1975)

Anisotropy of magnetic susceptibility (AMS) used to discriminate
between primary and secondary bedding attitudes. Bedding-tilt
correction applied accordingly (Domeier et al. 2011b). No bedding-
tilt correction applied to sites taken from Valencio et al. (1975), few
sites used from this study so the impact is likely very small if tilt
correction would have been relevant.

Statistical checks were done for thick ignimbrite
sequences. In some cases, a group of site-mean
directions were indistinguishable at 95%
confidence level, these sites were averaged at
sample level (Domeier et al. 2011b).

PT10

South Taimyr
Igneous
Complex

Intrusives

Walderhaug et
al. (2005)

The sills sampled show vatiation in their dip, 8°-28° with the
exception of one sill with a dip of 62°. A positive fold test
demonstrated that the sills were flat lying during magnetisation, as
such the correction was applied.

No statistical approach has been done to address
the possibility of serial correlation. Intrusives were
sampled at these sites where serial correlation is
less likely to have occurred.
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South Taimyr
Igneous
Complex

Extrusives

PT11

Walderhaug
et al. (2005)

A bedding-tilt correction has been applied to all samples
depending on the dip of the strata. All flows show
consistent dips of approximately 30° SSE.

No statistical approach has been done to address the possibility
of serial correlation and as such no directional groups are given.
The author uses the much greater scatter of the lava flows over
the dykes to conclude that they give spot readings.

CAMP

PT12 .
volcanics

Knight et al.
(2004)

Bedding-tilt corrections were applied using the dips
measured on bedding structures for each lava flow
sampled.

Directional groups have been defined where the variation of the
directional group is less than Aos of the mean group direction,
and the jump in direction is greater than Aogs of the previous
group. Statistics of these directional groups is not presented.

PT13 Semeitau

igneous series

Lyons et al.

(2002)

No bedding-tilt corrections applied on the basis that the
SIS has not been tilted significantly at site level or that
of the entire complex. This was concluded from the
shallow dips recorded from boreholes and the
inconsistencies of these dips between different
lithologies.

Serial correlation addressed for samples from the same "cooling
unit". Any sites that were indistinguishable at the 95%
confidence level (Watson. 1956) were interpreted as the same
cooling unit to mitigate the effects from sampling the same unit
at different localities. The author believed this to be a particular
issue for ignimbrite and vitrophyre sites as the bodies would
have likely cooled over huge areas.

Issaldain &
PT14 Ait-Aadel

dolorites

Hailwood.
(1975)

No bedding-tilt corrections were applied to any of the
volcanics. A tectonic correction was applied to the
underlying sedimentary rocks which did reduce
between-site scatter but was not significant at the 95%
confidence level. The lack of correction could therefore
have resulted in higher scatter however it does not
appear that this would be significant.

The possibility of serial correlation was not explored, potentially
due to the fact that dykes were sampled.

Dolomites
Volcanics

PT15

Manzoni.

(1970)

No bedding-tilt corrections applied for pillow basalts.
Described as "flat-lying flows" in the literature so it was
concluded that no correction was required.

Serial correlation was not taken into consideration likely due to
the age of the paper. As lava flows have been sampled this
should have been explored.

Niuhetang
Formation

PT16

Zhao et al.
(2015)

Bedding-tilt correction applied to all samples. Two-step
unfolding procedure applied whereby general tilt
correction first applied to declination values followed by
a tilt correction with folding plunge axis (N148.9°,
E29.7°). 'This was found to provide optimal
concentration of ChRMs.

There is no direct mention of setial correlation. The author does
conclude that the time-averaged field has been adequately
sampled due to the comparable VGP dispersion with the last 5
Myr.




L9T

Latyshev et al.

No bedding-tilt corrections applied to samples from
either study. Basalt flows are described as “sub-

Tunggska (2018), horizontal” (Latyshev ct al. 2018) and “usually Latyshev et al. 2018 explores the p’0551b1.hty of §er1al c'orrelatlon
PT17 Basin . - s »s . but finds no evidence to support its existence in their samples
Intrusives Konstantinov et residing on nearly flat-lying beds” (Konstantinov et from the Tunouska Basin
al. (2014) al. 2014). Evidence that no tilt correction is required g '
so there should be no effect on final scatter values.
Angara- Latyshev et al. No bedding-tilt corrections applied as flows sampled Two directional groups were P resented for the Angara—Tasevya
ty g pPp P
PT18 Tasevva . " . I3 samples, Chuna and Uda. It is unclear whether or not the site
. (2018) described as "sub-horizontal". Do . T
Intrusives mean directions in these groups are statistically indistinguishable.
No bedding tilt corrections applied as "most rocks . o .
.Eas.t Kravchinsky etal.  have horizontal bedding". The only exceptions to There appears o be. no mention .Of the POSSlblht} of Se].:lal
PT19 Siberian A g o correlation between site mean directions despite lava flows being
Traps (2002) this being a small number of sills in the original study sampled
ap which were not included in this final dataset. ampred.
The uppermost sections of the Domeier et al. 2011b The possibility of serial correlation has not been directly
. study were deemed to be unaffected by tectonic addressed. by Domeier et al 201 1b but the poss1b1l}ty of
. . Domeier et al. activity and so no correction was applied to the oversampling volcanic events is discussed. T}ght clustering of
PT20 Sierra Chica (20112}), corresponding sites. The sites from the lower VGP§ from the upper unit could suggest it represents one
Complex Tomezzoli et al. sections have been subjected to a tilt correction of eruptive event, further suggested by a lack of features and cooling
(2009) aobroximately  25°  to  restore  them  to  COntacts. Conversely the middle and lower units are thinner with
P%) horiz Iylt 1 distinctive features and cooling contacts so are likely to represent
paiacohorizontal a prolonged series of eruptions.
Unpper Anisotropy of magnetic susceptibility (AMS) used to ~ Statistical checks were done for thick ignimbrite sequences. In
PI21 Chpri)? : Domeier et al. discriminate between primary and secondary some cases, a group of site-mean directions were indistinguishable
Gro Yo (2011b) bedding attitudes. Bedding-tilt correction applied at 95% confidence level, these sites were averaged at sample level
oup accordingly (Domeier et al. 2011b). (Domeier et al. 2011b).
Tilt correction has been applied which sees a slight The possibility of serial correlation has been explored with the
) . . 1 appred w S8 conclusion that any effects are likely minor. This has been
Bakaly Bazhenov etal.  increase in data grouping but does not constitute a . S
K01 . L T determined by use of the NRO factor (Biggin et al., 2008),
formation (20106) positive tilt test. Pre-folding age of ChRM has been . Iy . . N
. . identifying loops and swathes, and testing for statistical similarity
previously established. .
of studied flows.
Calculated VGP agrees well with those of the same
. age range when the tilt correction has been applied ] . . . .
K02 Koldjar Abrajevitch et al. o the directional data. This age range is the same as anngt find any mention of serial correlation or possible
formation (2008) directional groups.

that assigned to the formation based on fossil
content and stratigraphic relationships.
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Dominguez et

No tilt correction has been applied as the sampling area has remained
a stable part of the Baltic Shield since the Permian activity ceased. It is

Serial correlation is less likely to occur when

K03 Lunner dykes al. (2011) believed that no regional tilting has occurred since the intrusion of the L?::;Z:Z dare sampled and so has not been
studied dykes. '
Vestfold . .
K04 Volcanic Haldan et al. Tilt corrections applied according to bedding orientation at each site. S.enal' correlation has been explored and 2
Plateau (2014) directional groups created.
Krokskogen Haldan et al. . . . . . . . . Serial correlation has been explored and 6
K05 Volcanic Tilt corrections applied according to bedding orientation at each site. o
Plateau (2014) directional groups created.
K06 Ukrainian Yuan et al. Since the Ukrainian Shield has been deemed to have remained As only dykes have been sampled serial
Shield trachytes (2011) tectonically stable since the Permian no correction has been applied. correlation has not been considered.
Huane & Tilt corrections have been a.pph.ed accordlpg to orientation of the' two Although flows have been sampled it docs not
Baoshan © syncline limbs sampled. In-situ site mean directions from the two limbs o s . .
K07 . Opdyke. appear that the possibility of serial correlation
formation are well away from each other but form a well-defined group after the
(1991) . . has been explored.
respective corrections.
Serial correlation has been mentioned but not
Punta del Aua Geuna & Tectonic cotrection has been applied to accommodate for folding thoroughly explored. The author believes that
K08 formation Escosteguy. associated with Andean orogeny. Cortrections constitute a positive fold ~ the wide distribution and thickness of the
(2004) test. RincOn Blanco sites makes serial correlation
unlikely.
K09 New England Opdyke etal.  Tilt correction has been used resulting in maximum k-values when No mention of serial correlation.
orogen (2000) unfolding is at 95-104%.
No bedding tilt correction .apphe'c'l as the sites sgmpled are within th"e No mention regarding the possibility of serial
. . southern Sydney Basin which is "largely flat-lying and undeformed". . . . .
Gerringong Belica et al. T . i correlation between sites despite flows being
K10 . Agreement of calculated palacopole with others of a similar age and . . .
Volcanics (2017) ) . > . sampled and multiple sites representing the
location appear to suggest that the lack of tectonic correction is .
justificd. same units.
No tilt correction applied as the sampled dykes are vertically dipping
and the intruded pluton is believed to have remained stable. This . . . .
Junggar Block . . . . . Serial correlation has not been investigated as
K11 Lietal (1989)  conclusion was reached due to the vatied orientation of the dykes and
dykes dykes have been sampled.

the slight tilting of the surrounding Mesozoic lithology due to the uplift
of the pluton.
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Biyoulitie super

Sharps et al.

No mention of serial correlation

K12 formation (1989) Tilt correction has been applied and leads to the convergence of separate sections. despite lava flows being sampled.
Bohemian Soffel & Bedding correction applied but was only necessary for 4 sites. As such it was not No  investigation into  serial
K13 . Harzer. . .
Massif (1991) feasible to conduct a fold test. correlation as dykes were sampled.
e The vertical orientation of the dykes has led to the assumption that they have Dykes have been sampled so an
Sardo-Corso Vigliotti et . . L . . . . L . .
K14 . . remained undisturbed from their original position, and so no tectonic correction investigation into serial correlation
Massif intrusives al. (1990) . .
has been applied. was not required.
Separate tilt corrections applied to the two different localities sampled. Correction . L .
K15 Esayoo Wynne etal.  (¢630 1630 applied at sites 12-20, and 29° at 225° at sites 21-25. The site mean L\ Avestigation into the possibility
formation (1983) Lo . . of serial correlation.
directions from the two localities are in excellent agreement
. . . . . . Cannot find any mention of serial
K16 Tabla formation Jesinkey et Samples were taken from the western limb of an upright syncline. Tilt correction correlation or possible directional

al. (1987)

was applied accordingly, 010°, 53°.

groups.

Note A.2: Commentary discusses tectonic corrections applied to data in the original studies and the extent to which serial correlation was considered.
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Appendix B. Supporting information for Chapter 3

Introduction

The following supporting information provides additional rock magnetic and microscopy
data (Figures B.1 & B.5) that complement those presented and analysed within the main
text of Chapter 3, alongside energy dispersive X-ray spectroscopy (EDX) data that
provide additional support to the final interpretations (Figures B.2, B.3, & B.4). Results
are presented that represent the investigation into the magnetic properties and remanence
acquisition potential of secondary amygdales that is referred to in the main text (Figures
B.6, B.7, & B.8§; Table B.2).

The directional statistics determined from stepwise demagnetisations of specimens
acquired from clasts of the Marmolada Conglomerate are presented in Table B.1.
Palacointensity statistics are also presented, according to each palacointensity method
utilised (Tables B.3, B.4, & B.5). The corresponding critical values are highlighted
following the selection criteria outlined in the main text. A complete breakdown of the
Qpr score associated with each accepted site-level VDM estimate is also presented,
alongside accompanying comments where appropriate (Table B.0).

Magnetic properties of amyqgdales

Individual amygdales were removed from bulk specimens (Figure B.6a) using a diamond
drill bit that produced cores 5 mm in diameter. EDX analysis identified these as being
calcite in composition (Figure B.4). Amygdales rarely exhibited a diameter much greater
than that of the drill bit. Similarly, 5 mm cores were extracted from bulk specimens that
constituted both bulk matrix material and amygdale. Such specimens are referred to as
mixed micro-specimens, with each constituent part typically making up an equal
proportion of the specimen. This approach was taken to investigate the influence of the
secondary calcite material on the magnetic properties of a bulk specimen, in which it
represented a relatively high proportion, in comparison to traditional 1-inch diameter
cores.

The NRM of micro-specimens was measured with the SQUID magnetometers of a
RAPID-2G system. For this, specimens were enclosed within non-magnetic sample
holders reminiscent of the traditionally used 1-inch core (Figure B.6b). The
electromagnetic unit (EMU) measured by the 2G system was normalised by the mass of
each micro-specimen. Typically, the NRM of amygdale specimens was two orders of
magnitude weaker than that of mixed micro-specimens (Figure B.7a; Table B.2). The
weaker nature of amygdale specimens was also reflected in AF demagnetisation
behaviour. Although amygdale specimens displayed a strong enough magnetisation to
result in observable demagnetisation, resulting Zijderveld plots were noisy and no ChRM
could be isolated (Figure B.8a, b). Conversely, demagnetisation of mixed specimens
consistently resulted in Zijderveld plots in which two components of magnetisation could
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be identified (Figure B.8c, d). IRM saturation values were determined from IRM
acquisition curves acquired using a Variable Field Translation Balance (VFTB). Whole
micro-specimens were used with no external holder required. The resulting EMU differs
from that in which specimen NRM was expressed, but no direct comparison of the two
values was required. Again, magnetisation values were mass normalised. Saturated IRM
values were consistently much weaker for amygdale specimens (Figure B.7b), commonly
differing by at least an order of magnitude (Figure B.7b; Table B.2).

In addition to the investigations into the magnetisation strength and acquisition potential
of micro-specimens, estimates of Curie temperature were also determined from
thermomagnetic curves. Curie temperatures obtained from mixed specimens were
consistently lower than those obtained from mixed specimens, with the exception of one
result (Table B.2). These estimated Curie temperatures lie within the temperature range
in which significant demagnetisation of 1-inch bulk specimens occurred. In contrast, the
typical Curie temperatures determined from amygdale specimens corresponded with
temperatures by which the NRM of 1-inch bulk specimens had typically demagnetised by
over 90%.

Opverall, the seemingly insignificant contribution to the NRM from iron oxides hosted
within calcite amygdales (Figure B.7a), and their reduced ability to acquire a remanent
magnetisation when compared with iron-oxides hosted within the bulk matrix (Figure
B.7b), suggests that these secondary iron-oxides would have negligible effects on any
palaeointensity experiments. Estimates of Curie-temperatures associated with amygdale
hosted iron-oxides, further demonstrate the minimal contribution of these grains to the
magnetic properties of bulk specimens of the Fernazza Fm pillow lavas, when compared
with bulk specimen demagnetisation behaviour.

Supporting Figures
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Figure B.1: Thermomagnetic curve resulting from cyclic heating steps. Heating up to temperatures of
350°C (dotted line), 500°C (dashed line), and 600°C (solid line). Broadly reversible behaviour is
exhibited after the initial heating up to a temperature of 350°C. The cooling curve after heating up to
500°C displays reduced magnetisation when compared to the corresponding heating curve. Further
heating up to 600°C reveals reversible behaviour.
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Figure B.2: SEM BSE image obtained from a thin section of specimen FMo08-5 and corresponding EDX
spectra representative of the highlighted areas. The normalised mass percentage of the most abundant
elements are presented for each EDX spectra obtained.
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Figure B.3: SEM BSE image from a thin section of specimen FM18-5 and corresponding EDX spectra
representative of the highlighted areas. The normalised mass percentage of the most abundant elements
are presented for each EDX spectra obtained.

173
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100 pm

100 pm 100 pm
100 pm

Figure B.4: SEM BSE image obtained from a thin section of specimen FMo8-5. Image displays
groundmass features and a secondary amygdale (AMYG). Layered elemental composition map
overlays the SEM image. Separate elemental composition maps are presented for calcium (Ca, pink),
oxygen (O, green), iron (Fe, blue), and aluminium (Al purple).

a) FMO08-5 BSE b) FM18-5 BSE

40pm  200x WD =9.9mm 15.00 kV I probe =10 nA 50 um 330 x WD =110 mm 15.00 kV
— —

Figure B.5: SEM BSE image obtained from thin section of specimen a) FM08-5 and b) FM18-5. Iron
oxides (FeO) highlighted in each that display some evidence of cracking around grain edges.
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Figure B.6: Images that depict the process of sample preparation in order to conduct experiments on
amygdales situated within specimens of the Fernazza Fm pillow lavas. a) An example amygdale
situated on a mass balance, b) non-magnetic specimen holders in which amygdales were emplaced to
allow measurement on the RAPID-2G system. Secured with aluminium tape.
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Figure B.7: Mass normalised magnetisation values of amygdales (blue) and mixed (green) micro-
specimens. a) Natural remanent magnetisation (NRM), b) saturated isothermal remanent
magnetisation (IRM). Inserted Figures represent the same data but with outlying values removed. This
serves to facilitate easier visual comparison between typical magnetisation values of amygdale and
mixed micro-specimens.
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Figure B.8: Zijderveld plots representative of the AF demagnetisation behaviour of a, b) amygdale
specimens, ¢, d) mixed micro-specimens. Black points represent an isolated characteristic remanent
magnetisation (ChRM) component, and grey points represent overprints or undeterminable
components.
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Supporting Tables

Table B.1: Directional statistics of conglomerate test specimens.

Specimen(s) Dec Inc
FMO1-1A 353.8 30.8
FMO1-2A 216.4 10.5
FMO01-3A 9.6 38.9
FMO1-4B 57.2 32.4
FMO01-5B 39.4 21.8
FM21-1A 222.1 -34.9
FM21-2A 255.6 62.5
FM21-3A 153.3 -11.8
FM21-4A 290.2 55.3

FM21-5A-6A 290.7 48
FM21-7B 333.6 32.8
FM21-8A 345.5 31.2

FM21-9A-10 135.9 -11.9

FM21-11-12 326.8 56.5

FM21-13-14 275.2 -8.2

FM21-17-18 43.6 -3.4
FM21-20 62.9 -52.6
FM21-21 56 -33
FM21-22 87.1 15.5
FM21-23 202 60.8
FM21-24 74.6 -7.2

Note B.1: Declination and inclination of isolated ChRM components obtained from clasts of the
Marmolada Conglomerate. Mean statistics calculated when multiple specimens were obtained from
the same clast. Such statistics are accompanied by all specimen level identifiers.

Table B.2: Overview of results from amygdale investigation.

Specimen  Specimen Type NRM Saturated IRM :,rc
(emu/g) (emu/g) O

FMO04-21B Mixed 6.83E-05 3.00E-03 512
FM04-23B Mixed 4.71E-06 6.50E-03 591
FM17-9B Mixed 1.24E-05 5.50E-02 513
FM18-8B1 Mixed n/a 1.60E-02 531
FM19-3B Mixed 1.47E-05 1.60E-02 542
Fll\f{?\j[‘_ Amygdale 3.24E-07 5.00E-04 563
FM04-2B Amygdale n/a 1.50E-03 591
FMO08-7B Amygdale 8.46E-07 6.00E-04 608
FM11-6B Amygdale 1.54E-07 n/a n/a
FM18-8B2 Amygdale 2.58E-07 2.58E-08 583

Note B.2: Specimen type indicates nature of micro-specimen as being either entirely amygdale or a
mixture of amygdale and bulk matrix. Micro-specimen NRM and saturated IRM expressed as mass
normalised values. Tc gives Curie temperatures estimated by application of the differential method to
thermomagnetic curves.

176



LLT

Table B.3: Thermal Thellier results and critical values according to selection criteria outlined in the main text.

Specimen ZT) (ﬁ% ?'&) ?'E) n « MAD . f 8 q k' DRAT CDRAT
FM04-1B 172 15 300 540 8 5.7 44 0.77 0.098 5.8 0.413 6.6 7.1
FMO04-3A 109 15 450 570 9 1.8 3.9 0.96 0.038 18.4 0.057 11.7 152
FM04-4B 9.4 15 450 550 7 14.5 45 0.52 0.121 3.2 0.183 24.0 1.8
FM04-8B 7.5 15 450 570 9 14.7 11.9 0.89 0.097 7.5 0.448 253 39.9
FM04-10B 7.7 15 450 550 7 9.9 4.7 0.65 0.125 4.0 0.488 20.6 6.9
FM04-13C 8.1 30 450 620 11 15.1 12.9 0.82 0.084 7.9 0.670 26.9 11.2
FM04-16B 8.5 15 500 550 6 12.9 8.3 0.31 0.277 0.8 1.357 46.0 82.4
FM04-21C 173 30 400 620 13 6.9 4.9 0.81 0.075 9.0 0.165 143 3.0
FMO05-1A 108 15 450 550 7 12.1 8.8 0.64 0.285 1.0 1.890 17.3 14.3
FM05-2A 7.6 15 450 570 9 26.7 15.9 0.85 0.173 4.0 0.950 19.7 39.4
FMO05-3A 12,0 30 450 620 11 24.3 8.3 0.57 0.076 6.3 -0.337 153 18.8
FMO05-5A 8.5 15 400 550 8 23.6 13.8 0.66 0.168 2.1 -1.353 13.8 4.4
FMO05-6B 5.9 15 400 570 10 29.1 15.0 0.87 0.155 4.4 0.903 20.8 39.4
EMO05-7B 8.6 30 400 620 13 17.6 8.6 0.80 0.055 12.4 0.256 7.9 1.2
FMO05-8A 7.2 15 400 550 8 11.0 3.7 0.60 0.175 2.6 0.966 29.5 19.5
FM06-1A 185 15 400 550 8 6.5 7.0 0.78 0.241 1.9 1.911 19.1 15.8
FM06-2B  18.0 30 425 620 12 6.6 4.6 0.87 0.069 11.0 0.036 10.6 19.5
FM06-4A 5.5 15 400 570 10 4.9 15.9 0.84 0.253 1.2 2.201 31.7 43.8
FMO06-5B  23.8 30 550 620 7 2.8 3.1 0.14 0.529 0.0 0.745 69.8 150.0
FM06-7A  13.8 15 400 550 8 6.8 4.8 0.91 0.237 2.9 1.338 40.4 35.1
FM06-8A  19.9 15 400 570 10 55 5.7 1.11 0.187 5.0 1.101 13.0 9.7
FM07-1A 5.2 15 510 550 5 13.7 6.4 0.31 0.172 1.3 -0.112 50.7 67.2
FM07-6A  11.2 15 450 570 9 0.5 1.1 0.89 0.098 6.6 -0.263 16.6 6.0
EM07-6B  32.1 30 550 620 7 0.6 0.5 0.69 0.014 41.8 -0.033 22.7 51.2
EM07-7B 82 30 500 620 9 2.9 5.7 0.70 0.159 37 -0.938 8.9 5.1
FM08-1B 5.9 15 450 570 9 4.7 10.0 0.85 0.136 3.8 -0.593 17.0 34.5
FMO08-3A 8.6 15 400 570 10 2.0 3.8 0.89 0.060 10.6 -0.136 19.7 7.1
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FM08-5B  13.8 30 450 620 11 6.7 49 0.78 0.098 6.9 0.625 7.9 16.3
FMO0S-GA 8.1 15 300 550 9 62 2.6 0.67 0.190 2.7 1.290 37.1 22.0
FM0OS-7A 7.3 15 450 570 9 1.6 2.4 0.77 0.141 4.4 0.734 10.9 19.2
FMO08-8B 103 15 400 570 10 3.8 4.0 0.92 0.095 7.8 0.055 13.9 233
FM08-9B = 16.8 30 350 600 13 5.8 2.7 0.73 0.070 9.0 0.145 5.7 2.9
FM09-1A 3.6 15 400 550 8 20.1 7.9 0.67 0.253 1.9 1.319 44.9 16.6
FM09-2B  24.8 30 560 620 6 1.8 2.9 0.15 0.314 0.4 0.792 48.6 66.7
FM09-4A  29.8 15 510 550 5 10.7 5.9 0.12 0.302 0.3 0492 1280 113.7
FM09-5B -

FM09-6A 5.1 15 400 550 8 9.2 2.2 0.45 0.201 1.7 0.979 372 20.9
FM09-7A

FM09-8B | 10.2 30 350 600 13 6.0 3.0 0.74 0.100 6.4 -0.383 8.5 5.5
FM10-1B 104 30 425 620 12 5.7 6.0 0.84 0.101 7.3 0.703 6.6 14.8
FM102A 83 15 450 570 9 2.3 4.0 0.85 0.048 145 0176 13.2 8.0
FM104B 9.7 15 300 570 11 42 35 0.91 0.111 6.9 0.357 17.9 31.0
FM10-5A 5.9 15 450 550 7 32 2.4 0.35 0.120 2.1 0.032 24.8 2.0
FM10-6A 7.7 15 300 570 11 3.7 4.1 0.93 0.061 128 -0.037 14.9 5.6
FM10-6B 7.9 30 300 590 13 13.5 3.8 0.47 0.096 42 0.080 6.6 11.4
FM10-7A 7.4 15 450 550 7 11.4 2.7 0.36 0.117 2.4 0.212 39.1 374
FM10-8A 128 15 400 570 10 6.8 4.0 0.79 0.090 7.2 -0.069 15.8 335
FM11-1A _

FM11-1B 469 30 475 620 10 2.4 4.0 0.88 0.215 2.6 1.806 28.0 22.6
FM11-6B 219 30 400 620 13 48 5.8 0.90 0.079 9.6 -0.454 11.3 7.7
FMI3-1A 146 15 400 570 10 49 4.1 0.96 0.096 8.4 0.463 12.5 22.1
FM132A 153 15 300 570 11 1.5 4.1 0.94 0.063 12.4 0.203 42 12.4
FM13-2B  15.2 30 425 580 9 7.2 34 0.66 0.099 5.7 0.126 7.8 11.6
FMI133A 112 15 450 550 7 35 2.4 0.56 0.093 48 0.341 17.1 47
FM13-6A 112 15 400 570 10 35 43 0.96 0.087 9.4 0.380 9.9 22.5
FM13-7A 5.9 15 450 550 7 252 5.1 0.33 0.236 1.0 -0.856 19.2 16.1
FM13-8A 4.1 15 400 550 8 12.0 2.1 0.25 0.129 1.6 0.227 18.0 7.1
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FM139B  10.4 30 400 620 13 4.1 48 0.78 0.140 4.9 1.053 12.0 12.4
FM14-4A 2.8 15 450 550 7 13.9 14.0 0.55 0.352 1.0 -1.827 15.4 5.3

FM14-4B | 53 30 425 620 12 11.6 13.7 0.93 0.078 103 -0.156 4.0 0.1

FM14-6A 5.0 15 400 550 8 19.5 14.4 0.84 0.192 33 0.586 17.9 10.8
FM14-8B = 7.0 30 300 620 15 12.7 13.6 0.92 0.092 8.7 0.291 3.0 32

FM15-1A 43 15 400 550 8 13.2 5.4 0.69 0.170 33 0.835 32.0 38.9
FM154A 118 15 400 570 10 43 49 0.62 0.098 48 0.519 86.4 104.1
FM157B 133 15 520 550 4 40.6 2.9 0.11 0312 0.2 0953 437 324
FM162B 116 15 300 570 11 6.7 4.1 0.82 0.056 115  -0.186 7.6 21.8
FM163A  13.1 15 500 550 6 33 1.3 0.51 0.056 6.4 0.076 9.9 11.5
FM16-3B  11.7 30 500 620 9 0.2 0.8 0.78 0.052 125 -0.265 24 1.1

FM16-4B 8.0 30 450 580 8 4.1 2.5 0.48 0.081 5.0 -0.423 6.5 9.0

FM16-7A 107 15 450 570 9 8.5 9.3 0.88 0.079 8.6 0.278 153 17.0
FM169A  16.4 15 510 550 5 182 5.7 0.34 0.113 22 0.620 26.4 476
FM17-2A | 10.7 15 450 570 9 7.6 8.5 0.87 0.087 8.0 -0.103 10.5 15.0
FM17-3A  10.0 15 400 570 10 3.0 75 0.93 0.129 6.1 0.417 11.3 17.3
FM17-3B  11.0 15 400 550 8 16.0 74 0.62 0.109 45 -0.330 15.6 10.7
FM17-4A 131 15 510 550 5 315 8.3 0.34 0.052 48 0.144 19.3 10.7
FM17-5A 22,0 15 400 560 9 3.7 2.4 0.63 0.067 7.6 0216 7.6 12.4
FM17-6A  16.0 15 450 570 9 0.4 34 0.94 0.055 140  -0.101 4.6 48

FM17-7B 29.9 30 425 600 11 3.0 3.6 0.90 0.067 118 -0472 38 10.1
FM17-8B 267 30 400 580 10 42 34 0.79 0.096 7.0 -0.388 6.0 12.4
FM18-1A  15. 15 300 560 10 12.5 44 0.57 0.091 53 0.327 5.5 10.9
FM182A 145 15 450 570 9 0.3 2.7 0.90 0.045 17.0 0.076 62 10.3
FMI183A 179 15 300 550 9 28.9 153 0.75 0.087 7.3 0.432 3.9 8.3

FM18-3B 155 15 400 550 8 8.3 2.9 0.60 0.090 5.6 0.335 9.7 14.9
FM18-5A | 8.1 15 450 570 9 7.6 7.0 0.85 0.073 10.1 0.193 10.2 13.7
FMI18-6A = 6.5 15 450 550 7 11.0 5.1 0.65 0.102 52 0.379 9.6 5.7

FM18-7B 5.7 30 425 620 12 3.9 6.2 0.97 0.068 124 0140  23.0 232
FMI188A 5.1 15 450 550 7 2.5 12.3 0.87 0.144 27 0417 14.1 10.7
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FM18-9B 5.7 30 400 570 9 14.4 9.9 0.72 0.087 6.7 -0.381 3.6 0.6 okox

FM19-1A 6.2 15 450 550 7 3.0 5.3 0.91 0.110 6.0 0.100 7.0 11.0 okox
FM19-3A 15.2 15 400 570 10 3.9 3.3 1.00 0.096 9.1 0.417 5.6 10.0
FM19-5A 19.9 15 450 550 7 4.4 6.7 0.71 0.190 24 -0.968 15.8 6.6
FM19-6B 229 15 450 550 7 9.4 5.0 0.55 0.156 2.8 -0.929 20.4 27.7
FM19-7A 9.1 15 300 570 11 1.9 3.7 0.89 0.107 6.9 -0.679 9.9 10.6
FM19-9A 9.2 15 450 550 7 3.2 2.7 0.61 0.058 8.0 -0.207 5.9 14.5
FM19-9B 10.8 30 425 570 8 4.9 3.5 0.69 0.090 6.2 -0.415 5.1 5.9
FM23-2A 6.7 15 450 550 7 2.5 10.9 0.97 0.109 6.6 0.453 21.6 32.3
FM23-4B -

FM23-6A 11.2 15 400 550 8 3.1 4.8 1.00 0.183 43 0.639 27.7 50.1
FM23-7A -

FM23-8B -

Note B.3: Accepted palaeointensity estimates (Banc) highlighted in green, estimates otherwise rejected due to failure of one of the selection criteria outlined in the main text.
Where statistical parameters violate the critical limit, this is indicated (red) as is violation of the stricter critical limit but within the limits of the relaxed critical limit (amber).
On occasion, selection criteria are fulfilled but final palaeointensity estimate if interpreted as being unreliable due to: *outlying nature, **evidence of multi-domain effects
(highly zigzagging), ***2-slope behaviour.
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Table B.4: Shaw double heating technique (DHT) results and critical values according to selection criteria outlined in the main text.

B anc

Blab

AF min

AFmax

Specimen WD) WD (mT)  (mT) n o MADas. MADgc. g f k'a k'n k'r N 2y Slope-T
FMO04-5C 10.6 30 10 100 13 0.6 1.5 1.5 0.048 0.81 0.153 0.354 0.024 0974  0.998 1.09
FM04-10A = 11.8 15 7 35 7 2.3 1.6 1.4 0.016 0.74 0.503 0.057 0.188  0.999  0.997 0.95
FM04-11A 112 15 10 80 9 0.8 1.0 1.0 0.083 0.55 0.123 0.475 0.211 0.952 0991 1.21
FM04-11C  13.4 30 10 80 11 179.1 1.6 1.9 0.085 0.94 0.088 0.608 0.030 0937  0.998 1.02
FMO04-12A 133 15 5 30 2.4 2.1 3.3 0.024  0.76 0.545 0.163 0.189  0.997  0.997 0.97
FM04-13A = 145 15 9 45 7 1.3 1.1 1.3 0.049 0.64 0.069 0.087 0.191 0.988  0.994 0.94
FMO04-14A 139 15 7 60 10 0.8 1.5 2.0 0.038 0.81 0.235 0.019 0.194 0988  0.994 0.98
FM04-15A = 10.9 15 7 35 7 1.1 1.3 1.7 0.030 0.71 0.318 0.117 0.207 0996  0.995 0.97
FMO04-16A 134 15 5 80 12 0.6 1.2 1.6 0.028 0.93 0.185 0.030 0.076 0992  0.999 0.99
FMO04-17A = 149 15 9 30 5 0.8 0.7 0.8 0.024  0.53 0.340 0.105 0.185 0998  0.996 0.99
FMO04-18A ~ 11.7 15 9 50 8 0.6 1.2 1.5 0.051 0.62 0.019 0.092 0.155 0985  0.995 1.01
FMO04-19A 9.8 15 7 45 8 0.7 1.1 1.3 0.021 0.67 0.443 0.129 0.189  0.997  0.996 1.01
FMO04-20A = 13.2 15 9 40 7 0.9 1.0 0.9 0.029 0.56 0.406 0.120 0.157 0996  0.995 1.09
FM04-21A = 141 15 5 40 9 0.9 1.3 1.7 0.009 0.86 0.591 0.030 0.082  0.999  0.999 1.04
FMO04-22A = 13.9 15 5 45 9 0.8 1.2 1.4 0.008 0.85 0.792 0.056 0.061 1.000  0.999 1.05
FM04-23A 144 15 5 80 12 0.5 1.5 1.8 0.012  0.88 0.935 0.096 0.063  0.999 1.000 1.05
FM04-23C 185 30 5 80 12 0.4 1.5 1.6 0.056 0.95 0.231 0.455 0.234 0969  0.985 0.99
FMO05-1B 221 30 10 100 13 0.3 1.0 1.1 0.106 0.52 0.149 0.687 0.049  0.881 0.998 1.13
FMO05-2B 17.7 15 7 50 11 0.6 1.4 1.9 0.030 0.61 0.608 0.024 0.077 0992  0.996 1.00
FMO05-3C 12.1 30 10 80 11 0.7 1.4 1.6 0.079 0.59 0.099 0.521 0.092 0944  0.997 1.21
FMO05-4B 18.1 15 13 80 11 0.8 1.3 1.1 0.155 0.34 0.005 1.010 0.015  0.794  0.983 1.09
FMO05-5B 10.5 15 20 80 9 2.6 4.6 6.0 0.118 0.20 0.058 0.691 0.102 0906  0.998 1.07
FMO05-7A 17.0 15 9 80 13 0.2 1.4 1.9 0.067 0.50 0.071 0.005 0.069 0952 0.999 1.03
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FMO05-7C 16.0 30 10 100 13 0.4 1.5 1.8 0.123 0.53 0.447 0.799 0.097 0.840 0.990 1.00
FMO05-9C 18.4 15 9 40 9 0.1 0.8 1.4 0.036 0.48 0.116 0.157 0.069 0.991 0.988 1.09
FMO06-2A 17.9 15 80 13 0.3 0.6 0.8 0.035 0.73 0.078 0.208 0.091 0.986 0.983 0.96
FMO06-2B 23.8 30 7 45 7 1.1 1.3 1.4 0.041 0.58 0.209 0.106 0.098 0.991 0.998 0.97
FMO06-6A 25.8 15 80 13 5.4 10.8 7.7 0.081 0.47 0.266 0.669 0.071 0.929 0.997 0.94
FMO06-8B 13.5 30 15 80 10 0.6 1.2 1.3 0.060 0.61 0.167 0.404 0.301 0.971 0.630 5.30
FMO06-9A 19.9 30 10 40 7 1.7 1.9 2.2 0.033 0.34 0.165 0.044 0.086 0.995 0.998 1.04
FMO07-3B 13.5 30 13 80 10 6.0 13.4 9.4 0.170 0.30 0.457 0.998 0.053 0.783 0.998 1.19
FMO07-8B 11.8 30 10 100 13 2.9 4.1 24 0.099 0.48 0.009 0.633 0.135 0.896 0.994 1.07
FMO08-1C 14.7 30 10 100 13 0.5 2.0 2.3 0.097 0.87 0.209 0.713 0.116 0.899 0.996 0.96
FMO08-1C 14.0 15 13 80 11 0.8 2.0 2.5 0.083 0.50 0.125 0.558 0.448 0.939 0.839 0.94
FMO08-2B 12.0 15 7 80 14 0.8 1.7 2.1 0.018 0.81 0.304 0.080 0.073 0.996 0.999 0.99
FMO08-3C 12.4 15 7 80 14 0.8 1.6 1.9 0.024 0.81 0.283 0.191 0.059 0.993 0.999 0.99
FM08-4B 12.9 15 7 80 14 0.4 1.4 1.8 0.024 0.85 0.468 0.131 0.086 0.993 0.999 0.98
FMO08-5C 13.8 15 7 35 9 2.1 2.0 2.6 0.026 0.77 0.303 0.174 0.191 0.995 0.996 0.97
FMO08-6C 13.1 15 7 80 14 0.5 1.1 1.5 0.041 0.90 0.225 0.319 0.052 0.980 0.999 0.87
FMO08-7V 17.8 15 10 50 1.2 0.9 0.9 0.034 0.86 0.319 0.110 0.057 0.992 0.998 1.04
FMO08-8C -1.9 30 2 20 87.0 17.2 25.4 0.395 0.01 0.178 5.794 0.112 0.587 0.988 0.84
FM08-9C 23.2 30 100 14 0.2 0.9 1.1 0.062 0.97 0.397 0.553 0.209 0.954 0.994 0.97
FM09-3B 14.4 15 9 40 9 1.7 1.2 0.9 0.028 0.44 0.603 0.190 0.189 0.995 0.996 0.92
FM09-4C 15.7 30 100 14 0.6 2.6 2.9 0.028 0.94 0.587 0.031 0.140 0.991 0.996 0.96
FM09-6C 15.2 30 15 45 6 0.9 1.0 1.2 0.045 0.50 0.049 0.206 0.099 0.992 0.996 1.01
FM09-7D 19.2 30 10 35 6 1.2 1.1 1.2 0.049 0.73 0.285 0.018 0.014 0.990 1.000 0.94
FM10-1A 15.7 15 10 45 8 1.2 1.0 1.2 0.039 0.60 0.129 0.114 0.113 0.991 0.998 0.91
FM10-2B 20.0 15 13 45 7 1.3 1.2 1.6 0.035 0.45 0.146 0.079 0.027 0.994 0.999 0.91
FM10-3B -635.7 30 15 60 8 0.6 0.9 1.4 0.411 1.22 0.198 1.708 2.148 0.243 0.064 -0.09
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FM10-5B 10.5 15 5 80 15 0.6 1.2 1.7 0.009 0.94 0.229 0.012 0.110 0.999 0.999 1.08
FM10-7B 16.5 30 15 100 12 0.6 1.0 1.0 0.029 0.73 0.384 0.167 0.070 0.992 0.999 0.98
FM10-8B 16.9 15 5 80 15 0.5 0.9 1.1 0.038 0.99 0.007 0.365 0.093 0.981 0.998 0.88
FM10-9B 16.9 30 10 100 13 0.4 0.9 0.9 0.069 0.89 0.332 0.551 0.182 0.949 0.995 1.01
FM11-2B 16.0 30 15 100 12 0.1 0.5 0.6 0.009 0.56 0.187 0.003 0.165 0.999 0.993 1.03
FM11-3C 18.2 30 20 100 11 0.1 0.4 0.5 0.026 0.37 0.172 0.189 0.105 0.994 0.994 1.05
FM11-4C 8.2 30 20 100 11 2.1 5.3 5.8 0.078 0.34 0.239 0.560 0.091 0.945 0.995 1.11
FM11-5B 15.4 15 7 60 12 0.2 0.4 0.5 0.017 0.59 1.022 0.002 0.085 0.997 0.997 0.98
FM11-7A 13.9 15 13 80 11 0.7 0.9 1.3 0.156 0.92 0.748 0.905 0.178 0.794 0.984 0.88
FM11-8A 16.7 15 13 80 11 0.8 1.2 1.4 0.079 0.74 0.317 0.560 0.113 0.945 0.996 0.97
FM11-9A 11.2 15 25 80 8 0.6 0.5 0.5 0.031 0.52 0.334 0.178 0.066 0.994 0.999 1.03
FM11-11B 29.6 15 15 50 7 0.2 0.2 0.4 0.035 0.63 0.007 0.177 0.119 0.994 0.998 0.90
FM11-13B 20.8 15 20 60 7 0.3 0.3 0.4 0.022 0.58 0.143 0.092 0.037 0.998 0.999 0.91
FM13-1C 18.0 15 9 45 9 0.3 0.3 0.5 0.032 0.68 0.037 0.200 0.115 0.993 0.997 0.89
FM13-2C 21.1 30 5 100 14 0.1 0.8 0.9 0.097 1.04 0.171 0.792 0.042 0.889 0.998 1.00
FM13-6B 5.8 30 25 100 10 0.8 1.5 1.7 0.067 0.41 0.021 0.457 0.165 0.965 0.993 0.93
FM14-1A 17.2 15 9 80 13 0.9 1.7 1.9 0.070 0.52 0.378 0.502 0.467 0.947 0.878 1.02
FM14-2B 14.2 15 5 80 15 0.5 0.9 1.0 0.033 0.89 0.584 0.198 0.087 0.986 0.998 0.95
FM14-3B 12.6 30 7 100 13 1.8 2.7 1.8 0.065 0.46 0.037 0.263 0.129 0.954 0.996 0.87
FM14-5B 17.9 30 5 50 9 1.0 2.7 3.3 0.035 0.94 0.214 0.090 0.107 0.991 0.997 0.99
FM14-6B 13.5 15 9 45 1.4 1.2 0.8 0.037 0.47 0.234 0.087 0.006 0.990 0.998 0.99
FM15-1B 215 15 7 50 11 0.5 0.9 1.1 0.028 0.61 0.817 0.146 0.129 0.993 0.998 1.03
FM15-1C 14.4 30 7 80 11 0.3 1.2 1.4 0.104 0.79 0.090 0.701 0.054 0.905 0.997 1.15
FM15-2B 24.0 15 7 40 10 0.8 1.1 1.5 0.025 0.66 0.758 0.150 0.179 0.995 0.998 0.95
FM15-3C 15.3 30 7 80 11 0.8 1.2 1.2 0.141 1.03 0.197 0.984 0.101 0.828 0.998 1.05
FM15-5B 12.9 30 10 100 13 0.8 1.5 1.5 0.099 1.10 0.327 0.768 0.042 0.896 0.999 1.09
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FM15-6A 9.3 15 15 80 10 6.3 3.7 1.2 0.103 0.76 0.439 0.679 0.208 0.917 0.957 0.03
FM15-7C 13.9 30 10 100 13 0.7 1.5 1.6 0.136 1.02 0.027 1.003 0.126 0.806 0.997 1.03
FM16-1B 14.5 15 15 60 8 1.4 1.2 0.6 0.037 0.57 0.210 0.193 0.175 0.992 0.995 0.98
FM16-2C 15.7 30 7 80 11 0.5 0.7 0.6 0.017 0.96 0.295 0.104 0.052 0.997 1.000 0.95
FM16-3C 18.4 30 10 100 13 0.2 0.4 0.4 0.054 0.67 0.413 0.299 0.076 0.968 0.998 1.05
FM16-5B 19.9 15 9 50 10 0.3 0.5 0.7 0.032 0.70 0.057 0.126 0.134 0.992 0.996 0.93
FM16-8A 16.1 15 9 80 13 0.7 1.2 1.4 0.041 0.83 0.307 0.294 0.229 0.982 0.992 0.96
FM17-1B 12.4 15 9 40 9 1.3 1.4 1.5 0.026 0.46 1.217 0.179 0.190 0.995 0.997 1.02
FM17-2B 0.6 15 7 80 14 0.7 1.6 1.9 0.061 0.55 1.614 0.548 1.963 0.956 0.019 15.62
FM17-4B 29.3 30 5 80 12 0.1 0.3 0.4 0.117 1.12 0.150 0.874 0.184 0.867 0.991 1.01
FM17-6B 15.1 30 10 100 13 0.1 0.7 0.8 0.125 0.76 0.255 0.917 0.179 0.836 0.993 1.05
FM17-7A 17.2 15 9 80 13 0.7 1.2 1.1 0.062 0.01 0.593 0.475 0.161 0.958 0.991 1.02
FM18-2B 20.6 15 10 80 12 0.8 1.4 1.4 0.065 0.63 0.325 0.394 0.275 0.958 0.989 1.22
FM18-5B 18.1 30 15 60 8 0.5 0.8 1.4 0.036 0.57 0.652 0.158 0.063 0.992 0.999 0.94
FM18-6B 16.5 30 10 80 11 0.3 0.6 0.9 0.008 0.98 0.684 0.003 0.023 0.999 0.998 0.98
FM18-7C 14.3 30 10 80 11 0.9 1.4 1.9 0.036 0.71 0.780 0.045 0.005 0.989 1.000 0.96
FM18-8C 10.0 15 9 40 9 1.0 0.9 0.8 0.030 0.57 0.308 0.175 0.151 0.994 0.997 1.04
FM18-9A 13.9 15 45 9 0.8 0.9 1.0 0.022 0.50 0.410 0.072 0.198 0.997 0.996 0.96
FM19-2A 11.9 15 7 70 13 0.5 0.5 0.6 0.029 0.89 0.000 0.119 0.099 0.991 0.998 0.99
FM19-3B 21.0 30 15 50 7 1.2 0.9 1.1 0.038 0.79 0.397 0.163 0.079 0.993 0.999 0.92
FM19-5B 20.5 15 7 45 10 0.3 0.7 1.1 0.022 0.59 1.411 0.166 0.061 0.996 0.997 1.03
FM19-7B 14.2 30 10 40 7 1.5 1.8 1.8 0.041 0.51 0.260 0.045 0.183 0.991 0.995 0.98
FM19-8A 17.8 15 9 80 13 0.4 1.1 1.3 0.035 0.64 0.663 0.118 0.487 0.986 0.965 1.09
FM23-1C 16.2 15 9 80 13 0.2 1.1 1.5 0.069 0.28 1.126 0.173 0.277 0.948 0.988 1.15
FM23-2C 11.2 15 9 80 13 0.5 1.7 2.1 0.027 0.30 1.076 0.157 0.258 0.992 0.987 1.17
FM23-3C 12.4 15 7 80 14 0.6 1.6 2.0 0.041 0.51 1.155 0.336 0.464 0.980 0.969 1.00
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FM23-4C 30.7 30 7 80 11 0.9 1.3 0.9 0.103 0.22 0.927 0.036 0.358 0.907 0.987 1.06

FM23-5B 22.3 15 10 80 12 0.5 0.9 1.1 0.041 0.35 1.024 0.021 0.131 0.983 0.998 1.17
FM23-6B 22.8 30 10 100 13 0.8 1.6 1.4 0.111 0.33 0.760 0.390 0.090 0.870 0.996 1.13
FM23-7B 36.4 30 10 100 13 0.8 1.4 0.7 0.076 0.27 1.065 0.262 0.377 0.937 0.980 1.10

Note B.4: Accepted palaeointensity estimates (Banc) highlighted in green, estimates otherwise rejected due to failure of one of the selection criteria outlined in the main text.
Violation of the stricter critical limit but within the limits of the relaxed critical limit is highlighted (amber). k’ and r2 presented for NRM-TRM1* (N) and TRM1-TRM2* (T).
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Table B.5: Pseudo- Thellier results and critical values according to selection criteria outlined in the main text.

Banc

Biab

AF min AF max

Specimen WD) @D (M) (mT) b ob Bizarm n o MADag B R? R%4s Rpp k' k'aa  k'op baa f  fresia
FM4-5C 119 35 10 40 -1.111 0.026 14.3 7 12 1.4 0.024 0.997 0.999 0.998 -0.083 0.000 0.077 -0.981 0.61 0.04
FM4-10A 128 35 10 40 -1.204  0.032 17.6 8§ 1.1 0.9 0.026 0996 0.998 0998 0.190 0.032 0.142 -0.987 0.67 0.10
FM4-11A 163 35 13 40 -1.530  0.024 15.6 7 1.1 0.9 0.016 0.999 0.999 1.000 0.030 0.004 0.026 -1.045 0.46 0.06
FM4-11C 157 35 10 60 -1.474  0.035 16.4 9 1.0 1.5 0.024 0996 0.999 0.997 0.067 -0.031 0.096 -0.956 0.70 0.06
FM4-12A° 138 35 9 60 -1.297  0.030 14.7 11 0.5 1.0 0.023 0995 0.997 0999 0.125 0.076 0.044 -0.954 0.74 0.02
FM4-13A 143 35 13 50 -1.344  0.034 17.1 8§ 09 0.7 0.025 0996 0.999 0998 0.153 0.059 0.092 -0.998 0.56 0.05
FM4-14A  16.1 35 13 50 -1.513  0.042 16.6 8§ 0.6 0.5 0.028 0.995 0.998 0.999 0.186 0.088 0.092 -1.017 0.53 0.06
FM4-15A 113 35 10 40 -1.056  0.027 13.7 8§ 09 0.9 0.026 0996 0.996 0998 0.058 0.113 0.052 -0.983 0.62 0.03
FM4-16A  17.8 35 7 60 -1.664 0.035 16.5 12 0.3 0.7 0.021 0996 0.998 0.999 0.152 0.115 0.032 -1.045 0.81 0.02
FM4-17A 145 35 10 50 -1.359  0.030 12.9 9 0.5 0.6 0.022 0997 0.999 0998 0.068 0.004 0.064 -0.952 0.64 0.04
FM4-18A  11.1 35 10 40 -1.040  0.025 13.0 8§ 038 1.2 0.024 0997 0.998 0.999 0.076 0.039 0.039 -0.966 0.59 0.06
FM4-19A 100 35 7 50 -0.937  0.018 11.9 11 0.6 1.0 0.019 0997 0.997 0999 0.085 0.128 0.044 -0.956 0.77 0.02
FM4-20A 129 35 9 70 -1.213  0.026 12.2 12 0.2 0.7 0.021 0996 0.998 0999 0.090 0.053 0.037 -0.920 0.68 0.01
FM4-21A 150 35 7 50 -1.403  0.030 12.8 11 07 1.0 0.021 0996 0.998 0.999 0.173 0.092 0.077 -0.924 0.83 0.02
FM4-22A 158 35 7 60 -1.479  0.032 11.8 12 0.7 1.2 0.022  0.995 0.997 0.999 0.179 0.134 0.042 -0.938 0.81 0.02
FM4-23A 143 35 9 70 -1.340  0.029 10.9 12 05 1.0 0.022 0995 0.996 0999 0176 0.161 0.011 -0.900 0.62 0.01
FM4-23C 164 35 10 60 -1.539  0.040 12.2 9 11 1.5 0.026 0.995 0.998 0.999 0.058 0.055 0.003 -0.851 0.61 0.02
FM5-1B 189 35 10 40 -1.770  0.041 10.8 7 0.5 0.8 0.023 0997 0.999 0998 0.136 0.039 0.100 -0.875 0.47 0.12
FM5-2B 145 35 9 80 -1.362 0.025 9.6 13 0.6 1.4 0.018 0.996 0.999 0.997 0.122 0.030 0.090 -0.882 0.54 0.03
FM5-3C 139 35 100  -1.298 0.015 9.4 14 04 1.4 0.012 0998 0.998 0.998 -0.017 0.037 0.052 -0.897 0.83 0.00
FM5-4B 16.6 35 10 80 -1.560  0.079 8.8 12 0.2 0.9 0.051 0975 0.994 0950 0259 -0.148 0.451 -0.860 0.47 0.07
FM5-5B 137 35 13 80 -1.285  0.048 8.5 11 1.4 2.6 0.037 0988 0.996 0990 0.178 0.011 0.219 -0.839 0.31 0.04
FM5-7TA 13.6 35 10 80 -1.279  0.019 9.8 12 05 1.6 0.015 0.998 0970 0.976 0.078 0.139 0.093 -0.899 0.49 0.01
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FM5-7C 155 35 10 60  -1455 0035 118 9 03 1.3 0.024 0996 0999 0997 0.092 0014 0078 -0919 055 0.05
FM59C 135 35 10 80  -1.264 0044 124 12 06 1.0 0034 0988 0997 0996 0164 0069 0093 -0.895 0.62 0.03
FM62B 185 35 10 100 -1.734 0079 148 13 06 1.5 0.046 0977 0992 0995 0356 0.181 0166 -0912 074 0.02
FM6-8B 172 35 10 60 -1.609 0043 146 9 1.0 1.9 0.026 0995 0998 0999 0.122 0074 0049 -0924 071 003
FMG69A 125 35 10 100 -1.168 0015 97 13 06 20 0013 0998 0999 1.000 0.077 0045 0.031 -0.865 048 0.00
FM7-1B 132 35 15 100 -1.235 0086 90 12 54 115 0070 0952 0987 0954 0353 -0.022 0468 -0.789 029 0.10
FM7-3B 103 35 20 100 -0.967 0056 102 11 7.1 105  0.058 0970 0991 0985 0.129 0048 0.183 -0.874 022 0.01
FM7-8B 98 35 10 100 -0.914 0024 101 13 08 22 0026 0993 0997 0987 0163 -0.065 0226 -0.820 051 0.04
FM8-1C 176 35 10 50 1651 0049 146 8 17 22 0030 0995 0996 0996 0.164 0004 0142 -0.927 0.64 0.07
FMS-1C 149 35 80  -1.396 0031 140 13 19 3.8 0.022 0995 0999 0998 0.152 0040 0106 -0912 076 0.03
FM82B 146 35 60  -1370 0029 139 11 09 1.3 0.021 0996 0996 0999 0.134 0.105 0022 -0970 072 0.01
FM8-3C 149 35 70 <1398 0.029 136 12 09 14 0021 0996 0998 0999 0189 0115 0070 -0.953 0.73 0.01
FM8-4B 149 35 60 -1.397 0033 137 11 08 1.5 0.023 0995 0997 0999 0.164 0.084 0078 -0.947 0.75 0.02
FM8-5C 157 35 10 30 1467 0032 141 6 22 1.5 0.022 0998 0999 0998 0.124 -0.006 0.126 -0.981 0.58 0.09
FM8-6C 179 35 9 60  -1.678 0033 187 11 09 1.1 0.020 0.996 0999 0997 0.154 0007 0137 -1.026 0.78 0.05
FM8-7C 297 35 10 60 2784 0060 235 10 09 0.9 0.022 0996 0998 0999 0.139 0106 0030 -1.025 0.85 0.03
FMS-8C 35 -

FM8-9C 246 35 10 35 2306 0077 168 6 12 1.1 0.033 0996 0998 0999 0.194 0.115 0080 -0.980 0.69 0.09
FM9-3B 120 35 7 80  -1.129 0014 103 14 09 1.3 0.012 0998 0997 0999 0.021 0.112 0081 -0.861 0.70 0.00
FM9-4C 145 35 10 100 -1.362 0026 93 13 08 1.8 0.019 0996 0997 0997 0.117 0083 0030 -0.860 045 0.01
FM9-6C 171 35 10 40 1600 0.046 133 7 13 1.6 0.029 0996 0998 0999 0.155 0.094 0062 -0931 0.61 0.05
FM9-7D 192 35 5 40 1.800 0049 150 13 1.7 0.027 0996 1.000 0996 0.154 0012 0144 -0968 090 0.10
FM10-1A 168 35 10 35 1579 003 161 7 08 08 0.023 0997 0999 0998 0.120 -0.007 0119 -1.004 0.61 0.10
FM10-2B 219 35 7 60 2056 0045 157 12 13 1.7 0.022 0995 0998 0998 0.177 0.070 0.104 -1.005 0.85 0.04
FM10-3B 197 35 10 50 -1.845 0049 207 8 1.2 12 0027 0996 0999 0998 0135 0034 0098 -1.020 0.70 0.08
FM10-5B 173 35 9 50 -1.623 0035 199 10 1.2 1.1 0.022 0996 0998 0999 0.179 0.120 0055 -1.005 0.81 0.02
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FM10-7B 194 35 100  -1.822  0.065 18.4 14 04 0.9 0.036 0985 0.988 0996 0250 0.079 0.151 -0.970 0.98 0.03
FM10-8B 227 35 2 80 -2.123  0.064 19.4 16 0.4 0.8 0.030 0.987 0.999 0.993 0.290 0.078 0.212 -0.980 1.03 0.04
FM10-9B 195 35 10 50 -1.825  0.049 18.2 8 0.7 0.7 0.027 0996 0.998 0.999 0.133 0.069 0.062 -0.967 0.77 0.05
FM11-2B 205 35 10 50 -1.922° 0.047 14.1 0.5 0.9 0.024 0996 0.998 0999 0.105 0.112 0.007 -0.937 0.70 0.03
FM11-3C  26.1 35 10 60 -2.445  0.063 14.2 0.3 0.7 0.026 0995 0996 0.997 0.111 0.163 0.054 -0.890 0.72 0.01
FM11-4C 126 35 20 100 -1.178 0.048 10.8 11 22 5.5 0.041 0985 0.996 0990 0.147 0.016 0243 -0.783 0.20 0.03
FM11-5B 169 35 20 -1.583  0.051 8.5 6 06 0.4 0.032  0.996 0999 0.998 -0.175 -0.069 0.099 -0.850 0.56 0.00
FM11-7A 162 35 80 -1.516  0.079 31.7 14 09 1.1 0.052 0967 0.995 0985 0478 0.159 0331 -1.017 0.97 0.07
FM11-8A 252 35 7 40 -2.357  0.049 21.0 10 1.6 1.2 0.021 0997 0.999 0.997 0.152 0.004 0.153 -1.047 0.81 0.12
FM11-9A 157 35 13 40 -1.475  0.025 29.3 7 3.0 2.1 0.017 0999 0.999 0999 -0.006 0.014 0.019 -1.114 0.57 0.14
FM11-11B 349 35 70 -3.269  0.068 22.7 13 0.2 0.3 0.021 0995 0.999 0999 0.094 0.085 0.004 -1.026 0.92 0.03
FM11-12A 30.1 35 80 -2.824  0.054 25.0 13 0.1 0.2 0.019 0996 0.996 1.000 0.146 0.180 0.038 -1.009 0.92 0.00
FM11-13B 29.0 35 70 -2.719  0.060 24.1 12 0.3 0.5 0.022 0995 0.997 0999 0.089 0.101 0.014 -1.025 0.90 0.01
FM13-1C  20.0 35 7 80 -1.872  0.085 16.2 14 0.3 0.5 0.045 0975 0.997 0986 0442 0.100 0.330 -0.993 0.91 0.05
FM13-2C 226 35 10 35 -2.114  0.062 15.4 6 04 0.3 0.029 0997 0.999 0996 0.128 -0.056 0.172 -0.972 0.62 0.14
FM13-6B 137 35 5 30 -1.286  0.045 15.0 1.4 1.5 0.035 0.995 0.999 0997 0200 0.067 0.138 -0.996 0.82 0.14
FM14-1A 185 35 30 -1.737  0.047 9.8 8 22 1.7 0.027 0996 0.997 0998 0.089 -0.044 0.120 -0.869 0.58 0.13
FM14-2B 121 35 2 80 -1.135  0.012 11.4 16 0.2 0.7 0.010 0.999 0.996 0996 -0.033 0.135 0.164 -0.941 1.00 0.01
FM14-3B 102 35 10 100 -0.960 0.010 11.3 13 0.2 1.5 0.011 0999 0.997 0.999 0.070 0.128 0.056 -0.912 0.56 0.00
FM14-5B 152 35 100  -1.422  0.029 11.5 14 0.5 2.7 0.020 0.995 0.997 0.998 0.169 0.107 0.054 -0.921 0.92 0.01
FM14-6B  12.0 35 7 60 -1.129  0.023 10.8 12 1.3 1.6 0.020 0.996 0.997 0999 0.175 0.135 0.034 -0.907 0.72 0.03
FM14-8A  11.6 35 7 80 -1.089  0.009 10.5 14 09 1.6 0.009 0.999 0.997 0999 0.075 0.124 0.048 -0.882 0.73 0.01
FM15-1B  17.8 35 7 80 -1.666 0.035 10.1 14 0.3 0.9 0.021 0995 0.998 0996 0.101 -0.047 0.148 -0.869 0.70 0.04
FM15-1C 160 35 10 40 -1.504  0.027 12.7 7 1.0 1.2 0.018 0.998 0.999 0996 0.060 -0.060 0.111 -0.970 0.56 0.02
FM15-2B 206 35 7 40 -1.926 0.045 11.6 10 0.8 1.1 0.023 0996 1.000 0.997 0.190 0.036 0.147 -0.921 0.71 0.08
FM15-3C 204 35 10 40 -1.908  0.058 18.9 7 19 1.4 0.030 0.995 0.999 0998 0.178 0.069 0.107 -1.011 0.66 0.14
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FM15-5B  20.8 35 5 40 -1.945  0.046 20.8 1.9 1.4 0.024 0.997 1.000 0996 0.152 -0.022 0.184 -1.028 0.85 0.15
FM15-6A  14.1 35 9 40 -1.323  0.024 21.9 0.4 0.9 0.018 0.998 0.999 0997 0.118 -0.061 0.183 -1.024 0.66 0.13
FM15-7C  20.2 35 0 40 -1.892 0.044 18.7 10 14 1.6 0.023 0996 0.999 0995 0.135 0.051 0.086 -1.044 095 0.13
FM16-1B 184 35 9 80 -1.726  0.036 18.6 13 04 0.7 0.021 0995 0997 0.999 0.137 0.113 0.022 -0.977 0.83 0.02
FM16-2C  18.1 35 5 100 -1.699 0.032 19.1 14 0.3 0.7 0.019 0996 0.996 0.997 0.057 0.150 0.103 -0.980 0.96 0.00
FM16-3C 223 35 5 40 -2.087  0.049 17.9 8 09 1.1 0.023 0997 1.000 0.996 0.007 0.045 0.044 -1.000 0.87 0.15
FM16-5B 187 35 7 80 -1.751  0.086 15.5 14 0.6 0.9 0.049 0972 0.996 0985 0471 0.136 0315 -0.955 0.90 0.06
FM16-8A 174 35 5 70 -1.629  0.032 14.8 14 12 1.5 0.020 0.995 0.998 0.999 0.151 0.103 0.046 -0.968 0.95 0.03
FM17-1B 121 35 9 80 -1.133  0.017 9.2 13 03 1.1 0.015 0997 0.997 0995 -0.108 0.076 0.177 -0.764 0.51 0.01
FM17-2B 13.0 35 10 80 -1.218  0.056 8.8 12 0.2 1.0 0.046 0979 0.996 0987 -0.337 -0.070 0.270 -0.752 0.44 0.02
FM17-4B 274 35 5 50 -2.571  0.060 18.9 0.2 0.3 0.024 0996 0.998 0999 0.114 0.092 0.020 -1.028 0.93 0.07
FM17-6B 213 35 5 40 -1.999  0.046 13.6 1.1 1.5 0.023 0997 0.999 0998 0.115 0.010 0.108 -0.986 0.90 0.09
FM17-7A 198 35 5 50 -1.858  0.038 11.4 12 1.2 1.4 0.020 0.996 0.998 0.997 0.103 0.094 0.005 -0.889 0.91 0.06
FM18-2B 220 35 9 60 -2.059  0.033 12.3 11 13 1.5 0.016 0.998 0.998 0.998 0.092 0.008 0.078 -0.900 0.66 0.05
FM18-5B 148 35 15 100  -1.383 0.108 28.2 12 0.2 0.8 0.078 0940 0.994 0968 0.623 0.186 0433 -0.984 0.83 0.07
FM18-6B 183 35 10 100  -1.715 0.109 31.1 13 04 0.7 0.063 0956 0.995 0978 0527 0.161 0371 -1.018 0.98 0.06
FM18-7C  12.6 35 15 100  -1.177 0.079 27.2 12 0.7 1.2 0.067 0955 0.994 0979 0550 0.178 0356 -1.026 0.79 0.05
FM18-8C  11.0 35 10 80 -1.027  0.021 12.2 12 0.5 0.8 0.021 0996 0.996 0.999 0.138 0.157 0.025 -0.870 0.62 0.01
FM19-3B 26.6 35 10 50 -2.497  0.047 255 8 14 1.4 0.019 0998 0.999 0998 0.014 -0.059 0.074 -1.023 0.75 0.03
FM19-7B 9.8 35 15 100 -0.920 0.055 11.9 12 1.6 2.9 0.060 0.964 0.994 0978 0338 0.058 0.337 -0.893 0.37 0.04
FM19-8A  15.1 35 10 50 -1.415  0.039 11.5 9 1.1 1.4 0.027 0995 0.997 0999 0.170 0.137 0.035 -0.900 0.56 0.05
FM23-1C 124 35 7 80 -1.163  0.036 6.7 14 09 1.4 0.031 0988 0.991 0986 -0.206 0.130 0.295 -0.800 0.46 0.02
FM23-2C 94 35 9 80 -0.880  0.025 7.6 13 1.0 2.0 0.029 0991 0996 0.994 -0.186 -0.007 0.202 -0.787 0.34 0.02
FM23-3C 105 35 7 80 -0.981  0.029 7.7 14 1.0 1.9 0.029 0990 0.995 0987 -0.237 0.105 0293 -0.861 0.54 0.03
FM23-4C 150 35 5 100  -1.405 0.041 8.4 14 0.1 0.4 0.029 0.990 0.995 0.978 -0.272 0.138 0.366 -0.852 0.77 0.02
FM23-5B  17.2 35 7 80 -1.614  0.034 8.5 14 0.2 0.6 0.021 0995 0.997 0994 -0.189 0.017 0.182 -0.801 0.61 0.01
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FM23-6B  18.6 35 10 100  -1.741 0.029 8.2 13 09 1.7 0.017 0997 0.991 0996 -0.099 -0.155 0.068 -0.780 0.34 0.03
FM23-7B  21.1 35 5 100  -1.975 0.057 7.9 14 0.2 1.2 0.029 0.990 0994 0.976 -0.272 0.199 0413 -0.858 0.76 0.01

Note B.5: Accepted palaeointensity estimates (Banc) highlighted in green, estimates otherwise rejected due to failure of one of the selection criteria outlined in the main text.
Where statistical parameters violate the critical limit, this is indicated (red). k’ and r2 presented for pseudo-Arai plot (k’, r2), ARM-ARM (k’aa, r2aa), and demag-demag (k’pp,
2pD).
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Table B.6: Breakdown of Qpr scores.

Site  Qace Qstar Qmem Qarr Qup Qacny Qrect Qurn Qvac Qomr Qer Additional Comments
FM04-21C was affected by the specimen not reaching temperature at higher
temperatures. This has resulted in change in slope at 'high temperatures'

FMO03 1 1 0 1 1 0 1 0 1 1 7 | which is unlikely to be a real feature as it is not observed in any other sets of
experiments. Strong agreement with all other results suggests palacointensity
estimate has not been affected and so estimate has been included.

FMO4 0
Similar scenario to FM04-21C regarding maximum temperatures. In this case

FMO05 1 1 0 1 1 0 1 0 1 0 6 | IZZI result shows general agreement with other results and so is combined
with Shaw to present final estimate.

FMO06 0

FMO08 1 0 0 1 1 0 1 0 1 1 6
FMO09-8B passes IZZI criteria but experienced experimental error. Only

FM09 ! ! 0 ! ! 0 0 0 ! > Shaw results were included in final VDM estimate.

Agreement between IZZI results even though FM10-6B affected by the
ongoing temperature issue. Sister specimen in 15 pT field produces almost

FM10 1 0 0 1 1 0 1 0 1 1 6 | identical result suggesting that the intensity estimate was not affected.
Agreement between different methods is worse than for previous sites, this
will be reflected in larger 0.

FM11 1 0 0 1 1 0 1 0 1 0 5 General agreement suggestive of stronger field. IZZI re.sult is WCH. within
range of results from other methods but slope behaviour is far from ideal.
1ZZ1 results from sister specimens but with different applied fields. There is
good agreement with results that marginally fail however (FM13-1A, FM13-

FM13 1 1 0 1 1 0 1 0 1 0 6 3A, FM13-6A), suggesting the value to be representative. Also, good

agreement with other methods from different specimens. Results are very
limited from this site but strengthened by overall general agreement with
other sites




[49)

FM14

FM15

FM16

FM17

FM18

FM19

1

Two IZZ1 specimens pass but are affected by temperature issue. As there are
no other results for comparison and they do not agree with results from other
methods they are deemed unreliable. This is further strengthened by the
similarity of Shaw & P-T results with other sites

Insufficient results for VDM estimate but results show general agreement with
those from other sites.

Passing Arai plots show two-slope behaviour not associated with directional
change -- MD effects likely. One specimen (FM16-2B) does much more ideal
Arai plot (like previous) and estimated PINT is very similar but marginally fails
CDRAT. Estimates from P-T & Shaw higher which could suggest
underestimate from IZ7Z1 due to MD effects. Combined but failed Qum.

Another IZZ1 result marginally passes but is highly zigzagging and produces
lower estimate (than IZZ and other methods) therefore was not included in final
estimate. P-T agrees relatively well but Shaw less so -- only n of 1 so maybe not
so reliable but also would expect better agreement (domain independent).
Perhaps Shaw often has a range and works better with multiple? Look int Shaw
for this

Rest of passing Arai plots (18-5a, 18-6a, 18-9b) show two-slope behaviour and
appear to underestimate - likely due to MD. Sister specimens from Shaw do not
underestimate in this way demonstrating domain state independence of the
method.

Maybe a couple of Arai plots slightly 2-slope (19-9A, 19-9B) which could have
led to underestimates from IZZI, associated with change in direction so maybe
not MD effects? Cautiously failed Qwmp. Agreement with other methods
improves if these estimates are not included.

Note B.6: Indication of pass or fail of each Qpr category according to the corresponding criteria. Value of 1 indicates a pass and o a fail, final Qpr score reflects the sum of these
values. Additional comments provide rationale behind more complicated decisions and additional information on accepted palaeointensity estimates.



Appendix C. Supporting information for Chapter 4

Introduction

The following supporting information provides additional rock magnetic and microscopy
(Figure C.9) data that complement those presented and analysed within the main text of
Chapter 4, including isothermal remanent magnetisation (IRM) acquisition curves
(Figures C.2 & C.6). Thermomagnetic and susceptibility versus temperature curves
demonstrate the combinations and variations of rock magnetic behaviour from the broad
classifications outlined in the main text (Figures C.2 & C.5). Energy dispersive X-ray
spectroscopy (EDX) data provide additional support to the final interpretations (Figures
C.3, C.7, C.8). Pseudo-Arai plots are presented (Figure C.4) and additional insight is
provided into specimen behaviour of basalt sills of Puesto Viejo during thermal Thellier
experiments (Figure C.10).

Estimates of Curie temperature (Tc¢) are presented from specimens of Los Menucos and
Puesto Viejo (Tables C.1 & C.5), determined from thermomagnetic curves using the
differential method (Tauxe, 1998). Specimen level palacointensity statistics are presented,
according to each utilised palacointensity method (Tables C.2, C.3, C.4, C.6, C.7, & C.8).
The corresponding critical values are highlighted following the selection criteria outlined
in the main text. A complete breakdown of the Qpr score associated with each accepted
site-level V(A)DM estimate is also presented Table (C.7).
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Supporting Figures

LM10-2B

LMlO-lBO

LM10-7B

LM10-11B

LM10-6B

Figure C.1: Example of a dyke sampling site (LM10) at which the ChRM directions that were isolated
demonstrated poor internal consistency. Closed/open circles define positive/negative inclinations.
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Figure C.2: Additional rock magnetic results from Los Menucos specimens. a) Example of a
susceptibility versus temperature curve from a specimen displaying LMIA type behaviour, with the
addition of a second phase at higher unblocking temperatures as indicated by the continual decrease
above ~600°C. (b & c¢) Typical isothermal remanent magnetisation (IRM) acquisition curve for
specimens displaying a) LMIA type behaviour b) LMIB type behaviour.

194



10 pm

L50k x WD =99 mm 15.00 kV Iprobe = 1.0 nA

(.rq'
)

)

2 um

:
.

.

A :}_[

V':ﬁ
L adhg

370k x WD =10.0 mm 15.00 kV I probe = 1.0 nA

Normalised Mass %

Ew Ml iw uuu‘
=
Z 6 Z
ER0 R
£ £
Z 2w Z 20
0
0O Si Fe Ti
P
=
-
2
!
z
100 100
3 15208
P =
2 £
= 60 = 60
R 344
: |
B
Z 20 Z 0
0 0
Fe O T Fei O & MY
Sl
Z 6
'gao
<
Z 20
Fe O C Ti A Si
100 100
80 I-MIM' .\éw IMZI-O:
60 Z 60
40 ERU
E
S
20 Z 20
0
Fe O C S A T

Fe O C Si A K Ti

Figure C.3: Additional scanning electron microscope (SEM) images of specimens from Los Menucos,
obtained from backscattered electrons, and associated energy-dispersive X-ray spectroscopy (EDX)
results. Areas at which EDX spectra were acquired are indicated, and associated elemental
compositions are expressed as normalised mass percentage.
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Figure C.4: Representative pseudo-Arai plots and Zijderveld plots for Los Menucos specimens. Filled
circles (orange) represent the maximum intensity of the applied alternating field (AF) steps selected
for the palaeointensity estimates, with a best-fit line to these points (red). The start and end AF steps
are provided. Black circles of the Zijderveld plot correspond to the same AF steps as those chosen for
palaeointensity analysis. Zijderveld plots presented in specimen coordinates.
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Figure C.5: Additional rock magnetic results from basaltic sill specimens of the Puesto Viejo Group.
Selected specimens display behaviour intermediate to that of PVSA and PVSB, interpreted as
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Figure C.6: Typical isothermal remanent magnetisation acquisition plot for basalt lava specimens of
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Figure C.7: Additional scanning electron microscope (SEM) images of specimen PV10-5, obtained from
backscattered electrons, and elemental composition map obtained by energy-dispersive X-ray
spectroscopy (EDX). Individual elemental composition maps also displayed for the most abundant
elements. Oxidised banding structure evident through the coloured map, with iron-oxide grains
present within both the altered and unaltered portions of the matrix.
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Figure C.8: Additional scanning electron microscope (SEM) images of specimens from Puesto Viejo,
obtained from backscattered electrons, and associated energy-dispersive X-ray spectroscopy (EDX)
results. Areas at which EDX spectra were acquired are indicated, and associated elemental
compositions are expressed as normalised mass percentage.
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Figure C.9: Additional scanning electron microscope (SEM) image of specimen PV10-5 that displayed
assemblages of platy iron-oxides.
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Figure C.10: Resulting Arai plot from thermal Thellier experiment on specimen PV09-2B. No
palaeointensity estimate could be obtained due to the continuous slope change associated with
increased temperature steps. Representative behaviour of all basalt sills specimens subjected to the
thermal Thellier approach.
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Supporting Tables

Table C.1: Estimated Curie temperatures from Los Menucos specimens.

Sample RMType Tc(d) Tc@ Tc()
LMO1-4RM LMIB 654 577 -
LMO1-7RM LMIB 364 571 -

LM03-1C LMIA 581 361 -
LMO03-6RM LMIA 579 397 -
LM04-2B1 LMIA 571 381 -

LMO04-4C LMIA 577 386 -
LMO04-6RM LMIA 574 402 -
LMO05-2RM LMIA 563 371 -
LMO05-4RM LMIA 563 361 -
LMO06-6A2 LMIA 567 - -
LMO7-1RM LMIB 560 660 371
LMO7-2RM LMIB 651 561 399
LMO08-7RM LMIA 561 341 431
LMO08-8RM LMIA 562 380 -
LM18-4RM LMIA 545 - -
LM18-6RM LMIA 571 - -
LM20-4RM LMIB 396 649 567
LM20-7RM LMIB 571 367 420

LM21-4C LMIB 572 669 420
LM21-8RM LMIB 574 676 357

Note C.1: Estimated Curie temperatures (Tc) obtained from thermomagnetic curves, using the
differential method (Tauxe, 1998). Tc (1) indicates the Curie temperature of the primary phase, i.e. the
temperature associated with the greatest decrease in magnetisation. Additional unblocking
temperatures associated with notable reductions in magnetisation highlighted where appropriate in

decreasing order (Te (2), Te (3)).
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Table C.2: Los Menucos thermal Thellier results and critical values according to selection criteria outlined in the main text.

Banc

Biab

Tmin

Tmax

Specimen WD W 0) €0) n o MAD aqc f g q k' DRAT  CDRAT
LMO01-2A2 40.0 30 400 680 6 0.2 1.5 0.888 0.052 11.2 -0.116 5.4 6.3
LMO01-3A2 31.9 30 400 660 7 0.2 1.1 0.913 0.061 9.6 0.088 7.4 5.9
LMO01-4A2 34.9 30 400 680 8 0.3 1.5 0.886 0.026 23.6 0.007 8.6 12.0
LMO01-5A2 284 30 500 660 6 1.0 1.5 0.874 0.057 11.4 0.207 32 3.2
LMO01-7A2 22.8 30 500 660 6 1.9 1.7 0.87 0.093 7.0 0.393 2.2 1.0
LMO01-8A2 27.0 30 350 680 9 0.6 1.3 0.831 0.023 28.1 0.022 4.7 4.1
LMO01-9A2 32.7 30 400 680 8 0.5 1.5 0.903 0.035 19.2 0.064 5.7 0.9
LMO07-1A2 67.1 30 300 680 9 0.1 0.9 0.986 0.308 1.9 1.916 12.6 14.6
LMO07-2A2 43.2 30 500 680 7 1.2 1.8 0.886 0.334 1.7 1.814 21.5 18.4
LMO07-3A2 48.5 30 500 680 7 0.7 1.9 0.924 0.356 1.7 1.841 17.5 20.2
LMO07-4A2 33.8 30 600 680 5 0.6 1.3 0.614 0.431 0.8 2.244 31.4 26.2
LMO07-5A2 326 30 600 680 5 0.3 1 0.695 0.484 0.7 2.049 60.9 61.5
LMO07-6A2 67.8 30 500 680 7 4.3 6.2 0.944 0.459 1.4 1.974 12.0 8.8
LMO07-7A2 67.8 30 550 680 6 1.9 3.6 0.67 0.504 0.9 2175 20.0 24.4
LM20-2A2 156.7 30 500 7 1.2 1.7 0.407 0.623 0.2 2.231 7.9 9.6
LM20-3A2 255.7 30 500 7 9.5 4.6 0.609 0.545 0.6 -2.284 5.8 9.5
LM20-4A2 165.9 30 500 7 5.9 2.6 0.491 0.587 0.4 1.393 7.7 8.9
LM20-6A2 93.4 30 300 500 3 10.9 4 0.584 0.222 -0.2 0.748 22.6 46.0
LM20-7A2 169.2 30 250 500 5 9.8 3.7 1.375 0.685 -0.2 2.061 8.8 9.1
LM20-8A2 379.7 30 100 500 6 13.6 11.2 17.459 0.483 22.5 1.847 8.6 18.6
LM20-9A2 119.2 30 250 500 5 19.8 15 0.294 0.816 0.1 2.288 11.2 5.3
LM21-1A2 27.3 30 500 660 6 1.0 2.5 0.778 0.095 5.4 0.110 7.3 9.2
LM21-2A2 28.8 30 500 660 6 1.3 2.6 0.797 0.107 4.8 0.290 9.7 10.0
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LM21-3A2 31.0 30 500 680 7 3.5 8.3 0.815 0.105 5.3 0.532 10.5 21.8
LM21-4A2 27.3 30 500 680 7 2.0 3.6 0.808 0.097 5.0 0.452 14.9 17.9
LM21-7A2 26.2 30 500 680 7 2.2 42 0.783 0.13 3.4 0.707 17.8 23.6
LM21-8A2 34.1 30 500 680 7 1.0 2 0.772 0.142 2.8 0.638 21.9 23.0
LM21-9A2 30.5 30 550 680 6 3.4 44 0.685 0.259 0.3 1.229 40.2 52.8

Note C.2: Accepted palaeointensity estimates (Banc) highlighted in green, estimates otherwise rejected due to failure of one of the selection criteria outlined in the main text.
Where statistical parameters violate the critical limit, this is indicated (red) as is violation of the stricter critical limit but within the limits of the relaxed critical limit (amber).
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Table C.3: Los Menucos Shaw double heating technique (DHT) results and critical values according to selection criteria outlined in the main text.

Specimen ELT) 5‘{3 ‘g % "?fl '“n n «  MADa.. MADkg 8 f k'a k'N k't 2N >t Slope-T
LMO1-1A2 ~ 50.3 30 15 100 12 0.4 0.7 1.4 0016  0.83 0044 0010 0252 0998  0.990 0.59
LMO1-2B1 ~ 328 30 15 100 12 0.6 1.0 1.8 0014 081 0122 0066 0108 0998  0.998 0.62
LMO1-3B  13.1 30 15 100 12 0.8 0.9 1.3 0022 085 0522 0146 0027 0995  1.000 1.03
LMO1-4B 6.7 30 10 100 13 0.0 0.3 0.6 0018 094 0452  0.131 0002 0997  1.000 1.50
LMO1-6A2 ~ 37.4 30 15 100 12 2.3 1.4 1.2 0031 075 0291 0222 0145 0991  0.997 0.69
LM01-9B1 ~ 29.4 20 0 100 16 1.4 3.1 5.6 0043 094 0597 0437 0241 0975  0.992 0.03
LMO07-1B 415 30 15 100 12 0.7 0.6 0.4 0023 079 0310 0159 0663 0995 0936 0.61
LM07-3B1 ~ 46.9 20 15 100 12 0.6 0.6 0.7 0011 075 0236 0010 0074 0999  0.999 1.19
LM07-4 430 30 10 100 13 1.3 1.0 0.6 0018 090 0431 0133 0034 0996  0.999 0.98
LM07-5B ~ 41.2 30 15 100 12 1.5 1.2 0.8 0025 080 038 0167 0030 0994  1.000 1.09
LM07-7B  35.6 30 10 100 13 1.0 1.0 0.7 0028 093 0345 0232 0024 0992  1.000 1.16
LM20-2B  17.6 30 15 100 12 1.0 0.8 0.7 0.024 080 0408 0.163  0.021 0994  1.000 1.10
LM20-4C2 228 30 25 80 8 0.7 0.4 0.6 0031 039 0199 0159 0072 0994  0.999 1.10
LM20-5B 152 30 10 100 12 3.1 2.2 1.3 0013 072 0437 0017 0029 0998  1.000 1.09
LM20-6B ~ 15.1 30 10 100 12 2.1 1.3 0.5 0013 076 0462 0007 0172 0998  0.994 1.20
LM21-1C2 346 30 5 100 14 2.3 1.4 1.7 0.104  0.87 0016 0905 0157 0.874  0.996 1.07
LM21-2B 340 30 10 100 12 2.1 1.4 1.7 0068  0.82 0037 0576  0.140 0954  0.993 0.07
LM21-3B 278 30 10 100 12 2.2 1.3 1.4 0084 078 0064 0691 0003 0931  1.000 0.79
LM21-4B 233 30 5 100 13 1.7 0.9 0.5 0.094 089 0041 0802 0214 0905  0.992 1.16
LM21-5A2 315 30 5 100 14 1.4 0.8 1.1 0.107  0.88  0.097 0930 0072  0.867  0.999 1.22
LM21-6A2 937 30 50 100 6 62 2.7 0.7 0049 018 0041 0031 0006 0990  1.000 0.95
LM21-7B 237 30 25 100 10 2.0 1.2 1.7 0065  0.62 0059 0495 0013 0967  1.000 112
LM21-8C2  61.7 30 35 100 8 2.2 1.2 0.8 0035 039 0069 0136 0057 0992  0.998 1.04
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LM21-9B2 419 30 30 60 5 1.2 0.4 0.7 0.037 0.33 0.165 0.199 0.011 0.996 0.998 1.00

Note C.3: Accepted palaeointensity estimates (Banc) highlighted in green, estimates otherwise rejected due to failure of one of the selection criteria outlined in the main text.
Violation of the stricter critical limit but within the limits of the relaxed critical limit is highlighted (amber). k’ and r2 presented for NRM-TRM1* (N) and TRM1-TRM2* (T).
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Table C.4: Los Menucos pseudo- Thellier results and critical values according to selection criteria outlined in the main text.

Specimen (ﬁ; (1317; 1?; % "?fl "‘n b ob Bizarm n o  MADa. B R2 R%s R¥%p k' k'aa k'oop baa f
LMO1-1A2 115 35 30 100 -1.080 0.026 354 9 0.7 1.2 0.024 0996 0996 0997 0.127 0.159 0.020 -0.872 0.62
LMO01-2B1 35 10 100 -0.791 0.036 350 13 1.7 1.8 0.046 0977 0992 0993 0389 0203 0.199 -0.988 1.04
LMO1-3B 45 35 30 70 0426 0013 317 6 12 0.9 0.030 0996 0.998 0999 0.169 0.134 0.032 -0.898 0.49
LMO1-4B 45 35 30 100 -0424 0011 326 9 03 0.8 0.025 0996 0996 0998 -0.008 0.030 0.034 -0.874 0.57
LMO01-9B1 127 58 30 70 -0.717 0025 317 6 04 0.4 0.035 0.995 0.996 0999 0.189 0.165 0.017 -0.910 0.48
LM7-1B 211 58 30 100 -1.196 0.031 347 9 02 0.3 0.026 0995 0996 0998 0.087 0.126 0.030 -0.879 0.60
LM7-2B 162 35 35 100 -1.519 0019 331 8 0.1 0.2 0012 0.999 0.997 0999 0.075 0.128 0.055 -0.856 0.47
LM7-3B1 187 35 35 100 -1.757 0.047 327 8 0.1 0.4 0.027 0996 0995 0999 0.134 0.130 0.006 -0.862 0.47
LM7-4 58 2 35 2387 0075 338 7 03 0.7 0.031 0995 0999 0997 0.154 0.080 0.096 -1.156 0.69
LM7-5B 216 58 30 90  -1.221 0028 329 8 04 0.3 0.023 0997 0998 0999 0.119 0097 0.021 -0.862 0.56
LM7-7B 176 58 35 90 0993 0031 358 7 06 0.5 0.031 0995 0996 0999 0.118 0.033 0.080 -0.920 0.48
LM20-2B 93 58 30 100  -0526 0013 326 9 13 1.6 0.024 0996 0995 0996 0.119 0.178 0.048 -0.871 0.56
LM20-4C2 35 15 100 -0.984 0051 309 12 0.1 0.4 0.052 0.973 0994 0989 0426 0209 0228 -0.938 093
LM20-5B 9.1 58 30 100 -0.513 0010 297 9 0.7 0.9 0.020 0997 0997 0997 0.042 0.124 0.076 -0.873 0.50
LM20-6B 87 58 30 80  -0494 0011 311 7 08 0.6 0.022 0998 0998 0999 -0.036 0.035 0.066 -0.890 0.49
LM21-2B 58 20 100 -1.580 0.052 396 11 09 12 0.033 0990 0995 0977 -0262 0.184 0435 -0.963 0.83
LM21-1C2 35 20 100 -2109 0059 377 11 1.0 1.3 0.028 0993 0997 0985 -0232 0.125 0350 -0.974 0.82
LM21-3B 58 30 100 -1.436 0049 388 9 05 0.8 0.034 0992 0994 0985 -0.190 0.161 0347 -0.951 0.66
L.M21-4B 58 20 100 -1.203 0050 397 11 03 0.4 0.041 0985 0994 0966 -0.355 0209 0523 -0.972 0.82
LM21-5A2 35 25 100 -1.928 0.084 397 10 05 0.9 0.044 0985 0996 0975 -0.348 0.136 0445 -0.975 0.75
L.M21-6A2 35 20 100 -2.467 008 383 11 0.5 0.7 0.035 0989 0995 0984 -0243 0.113 0361 -1.009 0.84
LM21-7B 58 30 100 -0979 0.040 407 9 11 1.3 0.041 0988 0992 0982 -0227 0.157 0382 -0.935 0.68
LM21-8C2 35 25 100 -2063 0.024 389 10 0.5 0.7 0012 0.999 0991 0989 -0.038 0270 0291 -0.947 0.77
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LM21-9B2 159 35 15 60 -1.487 0.028 36.1 8 1.6 0.8 0.019 0.998 0.997 0.997 0.000 0.123 0.138 -1.022 0.73

Note C. 4: Accepted palaeointensity estimates (Banc) highlighted in green, estimates otherwise rejected due to failure of one of the selection criteria outlined in the main text.
Where statistical parameters violate the critical limit, this is indicated (red). k’ and r2 presented for pseudo-Arai plot (k’, r2), ARM-ARM (k’aa, r2aa), and demag-demag (k’pp,
2pD).



Table C.5: Estimated Curie temperatures from Puesto Viejo specimens.

Sample  Tc(l) Tc@  Tc@)

PVO01-5RM 633 401 -
PV01-7B 620 - -
PV04-1RM 403 573 -
PV04-3B 233 558 478
PV04-5RM 329 572
PV04-8RM 235 578 467
PV04-10RM 426 580 -
PV05-200 164 392 -
PV05-8B 203 401 590
PV006-1B 413 572 -
PV06-4U0O 408 578 -
PV09-4U0O 396 571 -
PV09-9B 387 507 627
PV10-3A 589 110 265
PV10-7RM 582 410 -
PV10-8B 582 410 -
PV11-1B 402 587 -
PV11-8UO 513 421 -
PV13-3RM 638 397 -
PV13-6C 643 383 -
PV14-5C 633 421 -
PV14-6U0O 393 633 -
PV15-3 634 432 -
PV15-3B 633 571 432
PV15-5C2 583 410 -
PV16-5RM 642 409 -
PV16-6C 643 391 -
PV17-7 646 423 572
PV17-3RM 640 421 103
PV17-7TRM 641 403 571
PV17-9U0 530 391 610

Note C. 5: See note of Table C.1 for description.
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Table C.6: Puesto Viejo thermal Thellier results and critical values according to selection criteria outlined in the main text.

Specimen E&‘,} (ﬁ% ?‘8 ?IE) n o« MAD anc f 8 q K' DRAT CDRAT
PVO1-3B 2837 30 100 450 6 153 4.9 0.46 0.362 0.6 -2.895 49 7.0
PV01-5B 24.7 30 0 450 7 62.1 9.8 0.21 0.345 0.5 0.566 10.4 24.9
PVO1-7B  116.1 30 250 450 4 11.9 2.1 0.30 0.250 0.8 -0.237 11.7 14.8
PV04-4B1 2.4 30 0 450 7 33 29.1 1.46 0.566 -0.6 1.703 5.1 1.5
PV04-5B1 228 30 0 450 7 4.2 6.5 1.03 0.325 2.1 1.635 25.9 3.6
PV05-5B1 45 30 0 600 13 3.6 14.8 1.39 0.243 43 1.330 58.2 66.8
PV05-7B1 4.4 30 0 600 13 6.8 185 1.43 0.206 5.8 1.221 19.4 38.6
PV05-9B1 4.7 30 0 600 13 7.2 17.6 1.41 0.216 5.4 1.258 39.4 54.7
PV06-1B1 2.0 30 0 450 7 24.5 19.5 0.46 0.191 0.5 0.511 10.1 9.4
PV06-4B1 8.3 30 0 450 7 52.1 25.4 0.45 0.563 0.5 2.043 40.5 38.3
PV06-8B1  40.1 30 0 450 7 13.6 15.4 0.64 0.333 0.7 -1.085 7.4 7.5
PV09-2B1 414 30 0 400 6 9.0 9.1 0.82 0.172 3.8 0.139 3.7 3.7
PV09-6B1 245 30 0 450 7 26.6 353 1.59 0.632 0.6 2.189 17.7 26.9
PV09-9B1 9.0 30 100 400 5 14.3 14.7 0.86 0.481 12 1.624 3.0 2.1
PV10-1A1 12.2 15 0 600 13 12.6 4.0 0.61 0.099 5. 0.454 22.9 24.5
PV10-1B1 4.9 30 600 13 14.7 11.6 1.08 0.134 5.9 0.946 0.7 1.3
PV10-2A2 9.7 15 600 13 103 3.2 0.65 0.093 5.9 0.386 225 213
PV10-3A2 100 15 600 13 9.0 35 0.77 0.118 5.4 0.654 23.0 24.1
PV10-4A2 2.0 15 250 640 13 12.6 229 0.78 0.211 3.1 1.422 26.6 42.7
PV10-5A2 104 15 250 580 10 4.1 2.5 0.95 0.098 7.5 0.397 4.2 4.7
PV10-5B1 13.6 30 200 525 8 19.0 10.4 0.79 0.084 7.4 0.447 3.7 4.4
PV10-6A2 8.6 15 200 580 11 3.0 2.0 0.98 0.101 7.5 0.284 2.6 0.1
PV10-7A2 8.7 15 200 600 12 10.6 6.9 0.84 0.180 33 0.479 233 21.2
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PVI0-8A2 73 15 200 580

PV10-8B1 6.4 30 0 600
PV11-1A2 16.4 15 450 580
PV11-1B1 16.4 30 400 600
PV11-2A2 9.7 15 450 600
PV11-3A1 2.5 15 475 600
PV11-4A2 4.8 15 400 600
PV11-4B1 45.6 30 100 450
PV11-5A2 3.2 15 450 600
PV11-6B1 7.2 30 400 600
PV11-7A2 3.1 15 475 600
PV11-8A2 8.5 15 475 600

Note C.6: See note of Table C.2 for description.
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Table C.7: Puesto Viejo Shaw double heating technique (DHT) results and critical values according to selection criteria outlined in the main text.

Specimen z;,) (ﬁ% ‘g ‘;f)“ ‘?:1 "T‘,> n «  MADje MADge. B f Kk'a k'N k't 2 t2r  Slope-T
PVO1-1A2 6.6 15 20 100 11 1.3 1.8 2.1 0027  0.60 0447 0184 0021 0993  0.999 1.05
PVO1-2A2 6.8 15 20 100 11 0.2 1.2 1.8 0.108  0.60 0436 0551 0307 0.898 0.887  0.89
PV01-3C1 6.7 30 25 100 10 1.0 2.7 38 0024 044 0089 0153 0018 0996 1.000  0.98
PVO01-3C2 57 15 25 100 10 0.4 33 5.0 0083 050 0364 0484 0482 0946 0940 094
PVO1-4A2 5.1 15 25 70 7 2.7 45 7.7 0028 050 0265 0155 0.031 0996 1.000  0.95
PVO1-4B1 64 30 25 100 10 0.9 2.8 3.9 0.027 045 0184 0200 0006 0994 1000 097
PV01-5 8.5 30 20 100 11 12 1.7 1.8 0010  0.63 0006 0073 0006 0999 1000 097
PV01-5A2 8.1 15 15 100 12 0.9 2.6 35 0027 081 0369 0186 0077 0993  0.999 1.00
PVO01-6 8.6 30 20 100 11 0.9 1.5 1.8 0015 066 0041 0103 0006 0998 1.000 098
PVO1-6A2 7.9 15 20 100 11 0.6 1.5 1.9 0020 071 0290 0050 009 0997  0.999 1.04
PV01-7C1 8.0 30 20 100 11 0.3 1.5 2.1 0021 058 0276 0164 0041 0996  1.000  0.97
PV01-7C2 8.2 15 20 100 11 0.2 1.8 2.5 0020 059 0402 0141  0.084 0996 0998 098
PV04-1 4.5 30 80 12 0.7 1.4 1.5 0023 080 1293 0109 0092 0995 0997 098
PV04-1A2 4.6 10 100 14 1.4 2.6 1.9 0022 083 1280 0105 0.050 0994  0.999 1.07
PV04-2B1 150 30 15 100 12 42 5.4 7.5 0.186 008 1013  0.635 0299 0683 0976  0.89
PV04-3 7.9 30 10 100 13 8.1 9.6 12.9 0122 012 1118 0763 0453 0.842 0923 093
PV04-5A 105 30 5 80 12 1.9 3.9 3.7 0.020 049 1404 0046 0013 0996 1000 091
PV04-6 5.7 30 20 100 11 45 52 53 0.096 016 0990 0585 0105 0919 0988 092
PV04-6A2 37 10 10 100 13 34 47 5.1 0074 038 1176 0554 0027 0941 0999 090
PV04-6C2 5.7 30 15 100 12 3.1 4.6 53 0073 024 1112 0440 0136 0947 0993  0.87
PV04-7B1 6.6 30 10 100 13 5.4 7.3 9.8 0292 008 0939 1926 1953  0.283  0.069 1.20
PV04-8B 126 30 10 100 13 6.4 7.2 7.7 0.119  0.09 1204 0507 0089 0849 0566 1.64
PV04-9B 204 30 15 100 12 32 44 5.6 0252 0.07 1241 2047 0524 0466 0906  0.88
PV04-10B1 5.2 30 25 100 10 4.8 6.0 6.9 0152  0.09 1050 0967 0097 0.824 0997 096
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PV052B1 182 30 10 100 13 2.2 34 4.0 0.103 013  0.891 0086 0.640 0887 0940  1.15
PV053B 192 30 20 100 11 3.9 41 46 0.155 008 0670 0398 0402 0796 0978  1.08

PV05-5 13.9 30 15 100 12 2.7 4.0 5.1 0289 012 0816 2087 0.638 0338 0884  1.29
PV05-6B1 146 30 5 100 14 1.1 2.0 2.2 0062 039 1308 0410 0339 0954 0981  0.96
PV05-8A2 86 10 10 100 13 3.0 43 49 0279 016 1321 0625 1506 0326 0552 1.9
PV05-8B1 9.2 30 5 100 14 35 9.4 113 0.120 034 1297 0638 0506 0834 0959 101

PV05-9 18.0 30 10 100 13 1.5 2.6 2.9 0.044 017 1141 0315 0006 0978  1.000 092
PV05-9A2 938 10 10 100 13 3.6 3.6 2.5 0272 019 1061 0532 1019 0352 0817  1.63

PV06-1 7.2 30 10 50 8 1.5 2.1 2.1 0030 038 1420 0.117 0186 0995 0999  0.97
PV06-2C  10.1 30 10 50 8 0.7 1.3 1.4 0.024 045 1221 0148 0086 0997 1.000  1.02
PV06-3B 7.7 30 10 50 8 1.4 1.7 1.0 0010 046 1359 0002 0.123 0999 0999  1.09
PVO6-3B1 9.2 10 10 40 7 1.6 1.5 1.1 0014 049  1.072 0007 0111 0999  1.000  1.04

PV06-4 6.4 30 15 60 8 52 55 44 0.047 048  1.032 0300 0018 0987 1.000 0.5
PVOG6-5B1 5.6 30 15 100 12 1.1 8.4 9.3 0.044 016 1356 0263 0057 0981 0999  0.87
PV06-6B 5.4 30 10 100 13 7.0 115 6.1 0020 083 0938 0105 0004 0996 1.000 092
PVOG-6B1 = 4.3 10 15 60 8 5.8 6.9 5.1 0023 069 0698 0096 0178 0997 0997 097
PV06-8C 119 30 10 100 13 1.2 1.8 1.5 0032 059 0950 0.126 2247 0989 0359  3.88
PV06-9B1 9.1 30 10 100 13 0.3 1.1 1.3 0010 060 1252 0028 0.101 0999 0998  1.02
PV09-1A2 9.5 10 20 60 7 1.2 0.9 1.0 0036 048 0760  0.148 0108 0994 0999 098
PV09-1B1  10.7 30 20 70 0.8 0.8 1.1 0016 055  0.685 0095 0064 0998 0999  1.00
PV09-3B1 58 30 10 100 13 2.6 33 33 0030 042 1144 0145 0018 0990 0999  1.05
PV09-4B1 ~ 58 30 10 60 4.0 3.1 33 0.007 038 1226 0020 0034 1000 1.000  1.01
PV09-4B2 64 10 10 60 2.5 2.1 1.5 0013 036 1340 0068 0100 0999 0998  1.01
PV09-5B1 6.0 30 10 100 13 5.6 5.8 35 0068 029 1297 0494 0.112 0950 0996  1.02
PV09-6C 62 30 10 70 10 3.9 2.6 2.0 0030 034 1235 0191 0001 0993 1.000  1.03
PV09-7B1 6.0 30 15 70 9 1.4 1.2 1.2 0.023 040 0959 0.135 0010 0996 1.000  0.99
PV09-8C 8.6 30 20 100 11 5.7 48 3.7 0078 010 1032 0326 0001 0947 0999  1.13
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PV09-9B1 9.0 30 15 100 12 1.1 1.9 2.3 0.078 0.15 1.210 0.249 0.024  0.940 0.999 1.03
PV10-2A 10.7 10 15 35 5 0.4 0.6 1.2 0.028 0.59 0.279 0.165 0.057 0.998 1.000 0.95
PV10-2B2 7.5 30 15 100 12 1.0 1.3 1.6 0.002 0.83 0.375 0.012 0.043 1.000 1.000 1.03
PV10-3A 16.0 10 35 100 8 2.0 2.0 1.1 0.033 0.40 0.064 0.070 0.130 0.993 0.997 0.93
PV10-4A 13.5 10 20 100 11 1.1 2.5 2.9 0.090 0.51 0.320 0.560 0.338 0.928 0.865 0.81
PV10-6A 27.0 10 15 100 12 0.2 0.7 0.9 0.061 0.86 0.702 0.141 0.232 0964  0.988 0.68
PV10-7A 10.1 10 15 100 12 0.3 0.7 0.8 0.094 1.03 0.603 0.637 0.372 0914  0.970 1.84
PV10-8 9.8 30 15 100 12 0.8 1.1 1.2 0.006 0.77 0.407 0.036 0.101 1.000 0.998 1.05
PV10-8A 47.4 10 15 100 12 0.2 0.7 0.8 0.097 0.89 1.860 0.379 0.103 0.908 0.956 1.00
PV11-2B1 16.8 30 40 80 8.3 3.0 4.1 0.046 0.35 0.191 0.160 0.098 0.994  0.998 1.05
PV11-3B1 32.6 15 40 100 6.5 3.1 2.3 0.040 0.41 0.135 0.121 0.085 0.992 0.997 1.01
PV11-3B2 21.0 30 40 100 6.1 32 1.9 0.035 0.41 0.198 0.126 0.008 0.994 1.000 0.97
PV11-4C 13.4 30 25 100 10 8.2 55 3.1 0.028 0.72 0.125 0.198 0.036 0.994 1.000 1.05
PV11-5B2 15.2 30 20 100 11 8.0 5.6 2.2 0.017 0.80 0.221 0.061 0.037 0.997 0.999 0.99
PV11-6C 23.0 30 0 100 16 18.0 9.3 9.0 0.029 0.93 0.368 0.279 0.018 0.988 1.000 1.07
PV11-7A 20.0 15 40 100 7 2.2 1.3 1.5 0.055 0.42 0.221 0.255 0.077 0.985 0.997 1.04
PV11-7B 33.1 30 20 100 11 1.2 0.8 0.9 0.020 0.79 0.399 0.152 0.031 0.996 1.000 1.03
PV11-8B 28.1 30 35 100 8 4.0 24 3.8 0.032 0.42 0.210 0.179 0.066 0.994  0.999 1.00

Note C.7: See note of Table C.3 for description.
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Table C.8: Puesto Viejo pseudo- Thellier results and critical values according to selection criteria outlined in the main text.

Specimen Em (ﬁ% ‘g % 121:1 ';) b ob  Biam 0 « MADp.. B R? R2%s R%pp K k'as  k'pp  baa f
PVO01-1A2 35 30 80 -0341 0011 302 709 26 0031 0995 0995 0998 0.104 0177 0071 -0.834 0.49
PVO1-2A2 47 35 10 50 -0439 0007 311 3.9 52 0015 0999 0998 0999 0075 0127 0055 -1.115 0.87
PV01-3C1 35 25 100 -0302 0016 323 10 11 30 0052 0978 0987 0998 0.403 0318 0081 -0.864 0.71
PV01-3C2 35 30 100 -0286 0032 331 2.0 4.1 0.110 0916 0981 0974 0.652 0368 0300 -0.830 0.60
PVO01-4A2 35 30 100 -0310 0032 317 0.5 27 0102 0928 0932 0995 0.070 0.000 0.092 -1.005 0.58
PV01-4B1 33 35 25 100 -0.307 0.015 327 10 14 33 0048 0982 0984 1.000 0355 0333 0017 -0902 0.72
PVO01-5A2 35 20 100 -0573  0.034 336 1 02 13 0059 0969 0972 0995 0480 0420 0.065 -0.932 0.88
PV01-5 35 20 100 -0536 0033 334 11 04 14 0061 0966 0990 0992 0499 0269 0236 -0.944 0.87
PVO1-6A2 = 54 35 25 100 -0504 0.046 346 10 03 1.5 0090 0936 0986 0974 0701 0322 0389 -0.906 0.79
PVO01-6 35 20 100 -0.531 0.032 339 11 16 220059 0969 0990 0993 0491 0282 0209 -0.943 0.88
PV01-7C1 35 20 100 -0.429  0.020 303 1 07 1.8 0046 0981 0991 0998 0379 0262 0116 -0911 0.81
PVO01-7C2 35 20 100 -0473 0026 305 1 19 28 0055 0973 098 0997 0427 0283 0.136 -0.892 0.82
PV04-1 35 10 100 -0280 0.009 113 13 14 22 0032 0989 0993 0978 -0.112 0.174 0253 -0.700 0.5
PV04-1A2 12 10 100 -1.063  0.041 115 13 16 29 0039 0984 098 0992 -0.005 0083 0.075 -0.667 0.58
PV04-2B1 35 30 100 -1.105  0.163 49 9 64 85  0.147 0.854 0.695 0942 -0.034 -0.088 0.069 -0.619 0.04
PV04-3 35 10 100 -0376  0.048 49 13 18 84 0127 0832 0987 0.861 -0.492 -0.063 0.786 -0.543 0.20
PV04-5A 35 5 100 -0.592  0.025 6.8 14 17 43 0042 0979 0985 0996 0335 0334 0014 -0.798 0.62
PV04-6 35 15 100 -0281 0016 100 12 22 4.1 0.057 0968 0991 0932 -0329 0.148 0.602 -0.701 0.31
PV04-6A2 12 15 100 -1.133 0129 9.8 12 10 43 0114 0874 0943 0956 -0.482 -0.185 0502 -0.762 0.30
PV04-6C2 35 20 100 -0359 0012 98 1 23 45 0033 0990 0987 0967 -0.119 0.112 0417 -0.645 0.21
PV04-7B1 35 15 100 -0.931 0.135 4.1 12 76 94 0145 0801 0923 0921 -0202 -0.094 0599 -0.591 0.07
PV04-8B 35 20 100 <1295 0169 46 1 11 45 0130 0853 0845 0894 -0.122 -0.107 0356 -0.515 0.05
PV04-9B 35 40 100 -1.771  0.636 49 7 32 6.6 0359 0459 0437 0980 -0.076 -0.075 0012 -0.621 0.02
PV04-10B1 35 25 100 -0290 0.031 117 10 18 55 0108 0909 0972 0861 -0274 0.049 0914 -0.053 0.14




ST¢

PV05-2B1 35 15 100 -1.003 0045 46 12 13 3.6 0045 0980 0991 0988 -0.077 -0.016 0224 -0.648 0.12
PV05-3B 35 25 100 -1.177 0071 48 10 4.0 49 0060 0971 0979 0978 -0.064 -0.025 0200 -0.689 0.07
PV05-5 35 60  -0.823 0011 49 10 39 43 0014 0999 0999 0996 -0.087 0080 0.162 -0.722 047
PV05-6B1 35 100 0784 0019 50 14 19 30 0024 0993 0988 0973 -0260 0244 0371 -0.737 0.49
PV05-8A2 12 15 100 2615 0219 5.1 12 27 41 0084 0931 0738 0690 -0.053 -0.113 0521 -0426 0.15
PV05-8B1 35 25 100 0993 0046 48 10 1.9 67 0046 0983 0834 0885 0015 0103 0.662 -0.521 0.05
PV05-9A2 12 10 100 2443 0153 5.1 13 20 27 0063 0957 0966 0934 -0218 0095 0477 -0.612 0.25
PV05-9 35 10 100 -0.866 0.030 56 13 17 31 0034 0987 0996 098 -0.156 0015 0270 -0.623 0.26
PV06-1 75 35 5 40 0706 0016 9.5 1.5 26 0023 0997 0996 0999 0151 0176 0.021 -0.887 0.82
PV06-2C 35 10 35 -1.005 0.026 109 3.0 2.6 0026 0997 0999 0998 0125 0014 0.109 -0.799 0.50
PV06-3B 100 35 10 40 0938 0026 103 1.4 14 0028 0996 0996 0999 0.145 0.174 0029 -0.894 0.48
PV06-3B1 12 10 100 2946 0094 132 13 16 27 0032 0989 0976 0976 0159 -0.188 0289 -0.841 0.66
PV0G6-4 35 15 40 0576 0009 174 6 144 72 0016 0999 0996 0996 -0.050 0.154 0.195 -0.844 0.46
PV06-5B1 35 25 100 -0447 0034 8.1 10 57 131 0075 0955 0972 0963 -0.090 0.013 0423 -0.637 0.08
PV0O6-6B 51 35 10 80  -0475 0.007 205 11 56 67 0014 0998 0995 0996 0.036 0.193 0.143 -0915 0.82
PV06-6B1 12 10 100 -1.572 0082 244 13 47 75 0052 0970 0975 0995 0349 0211 0.114 -1.000 0.95
PV06-7B1 35 20 100 -1.130 0024 152 11 1.8 26 0021 0996 0996 0995 -0.073 0065 0.162 -0.846 0.37
PV06-8C 103 35 10 35 20966 0.028 135 6 23 11 0029 0997 0998 1.000 0011 0058 0047 -0.852 0.49
PVO6-9B1 = 10.6 35 10 100 -0998 0017 135 13 09 1.5 0017 0997 0995 1.000 0.107 0.147 0038 -0.888 0.65
PV09-1A2 114 12 10 60 3264 0.068  24.0 9 20 1.6 0021 0997 0995 0995 -0.049 0.115 0167 -1.050 0.76
PV09-1B1 = 105 35 10 80  -0985 0012 262 11 08 1.0 0012 0999 0996 0998 0032 0163 0132 -0971 0.84
PV09-3B1 35 10 60 0476 0013  11.0 9 36 30 0026 0995 0999 0998 -0.153 -0.074 0.067 -0.753 0.50
PV09-4B1 35 10 80 0521 0010 105 11 22 28 0018 0997 0999 0990 -0.091 -0.034 0052 -0.782 0.51
PV09-4B2 12 25 100 2302 0260 9.9 10 1.7 24 0113 0901 0938 0970 -0.101 0.078 0296 -0.695 0.14
PV09-5B1 35 30 100 0961 0092 93 9 38 48 0096 0936 0973 0951 -0.090 -0.014 0576 -0.661 0.06
PV09-6C 35 10 100  -0.542 0.026 938 13 09 1.7 0048 0975 0998 0981 -0.343 -0.073 0281 -0.751 0.46
PV09-7B1 = 57 35 10 60 0532 0009 147 9 23 21 0018 0998 0999 0996 -0.185 0.066 0.156 -0.893 0.60



9T¢

PV09-8C 35 20 100 -0.694  0.048 9.6 11 3.2 3.8 0.069 0958 0.994 0972 -0.159 0.002 0369 -0.643 0.13
PV09-9B1 35 15 100 -0.695  0.027 9.3 12 0.9 1.9 0.040 0984 0.993 0.986 -0.126 0.035 0.254 -0.603 0.23
PV10-2A 12 15 100 -32.506 2.588 28.8 12 0.4 1.0 0.080 0.938 0.878 0.787 0.503 -0.701 0.936 -0.880 1.02
PV10-2B2 4.6 35 5 100 -0.430  0.009 30.5 14 0.8 1.3 0.021 0995 0.998 0.999 0.192 0.130 0.062 -0.990 1.01
PV10-3A 12 20 100 -21.059 3.528 67.5 11 0.6 0.9 0.168 0.763 0.819 0.990 1.046 0930 0.062 -1.158 1.29
PV10-3B1 7.1 35 5 60 -0.670  0.015 34.5 10 0.6 0.6 0.023 0.996 0.999 0996 0.018 0.092 0.087 -1.060 0.90
PV10-4A 12 25 100 7.460  3.523 35.6 10 2.5 4.0 0.472 0.012 0.064 0203 2117 1941 1548 0227 1.93
PV10-6A 12 10 100 -93.585 5.708 26.7 13 0.3 0.6 0.061 0960 0.828 0.798 0.134 -0.276 0.416 -0.815 1.01
PV10-7A 12 15 100  -16.591 5.719 19.9 12 0.0 0.6 0345 0.165 0.022 0343 1.639 1.883 1483 0.094 1.66
PV10-8A 12 0 100 -34.773 8.408 27.3 16 0.1 0.5 0.242 0.349 0.284 0.673 1.343 1538 1.685 -0.338 1.97
PV10-8B 12 10 40 -0.619  0.012 27.1 7 1.5 0.9 0.019 0.998 1.000 0.999 0.075 0.043 0.033 -1.053 0.80
PV11-2B1 35 60 100 -0.538  0.026 39.1 5 2.7 3.7 0.048 0.993 0.990 1.000 0.105 0.128 0.039 -0.794 0.26
PV11-3B1 35 15 100 -0.894  0.013 39.5 12 0.8 1.0 0.015 0.998 0.997 0990 -0.133 0.156 0274 -0.973 0.87
PV11-3B2 53 35 20 70 -0.493  0.012 38.9 1.2 0.8 0.025 0.996 0.999 0995 -0.173 0.033 0.199 -1.014 0.66
PV11-4C 4.0 35 35 100 -0.377  0.009 39.2 1.6 2.1 0.025 0.996 0.997 0999 0.118 0.118 0.003 -0.918 0.57
PV11-5B2 5.4 35 2 100 -0.503  0.010 37.7 15 1.4 1.5 0.019 0.995 0.997 0999 0.150 0.113 0.037 -0.996 1.02
PV11-6C 7.6 35 40 100 -0.710  0.009 40.3 7 4.3 4.8 0.012 0.999 0.998 0.995 -0.048 0.114 0.159 -0.876 0.50
PV11-7A 35 25 100 -0.532  0.015 39.4 10 1.5 1.6 0.028 0.994 0.997 0983 -0.224 0.160 0.350 -0.942 0.72
PV11-7B 11.0 35 15 70 -1.034  0.009 37.0 1.0 0.6 0.009 0.999 0.998 0.995 -0.056 0.137 0.193 -0.992 0.71
PV11-8B 35 35 100 -0.711  0.036 32.1 8 2.2 2.9 0.050 0.985 0.995 0991 -0.265 -0.013 0.240 -0.856 0.46

Note C.8: See note of Table C.4 for description.



Table C.9: Puesto Viejo breakdown of Qprscores.

Site Qace Qstar Qarr Qup Qacn QrecH Qurs Qmac Qpr Qe Qr:

PVO01 1 1 1 1 1 0 0 0 1 1 7
PV04 1 0 1 1 1 0 0 0 1 1 6
PV06 1 0 1 1 1 0 0 0 1 0 5
PV09 1 0 1 1 1 0 0 0 1 1 6
PV10 1 0 0 1 1 0 1 0 1 0 5

Note C.9: Indication of pass or fail of each Qpr category according to the corresponding criteria. Value
of 1 indicates a pass and o a fail, final Qrr score reflects the sum of these values. Qrrm not included as
this was cautiously failed for all sites.
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Appendix D. Supporting information for Chapter 5

Introduction

The following supporting information provides a graphical overview of the steps involved
in the construction of optimised statistical models, and of the construction process itself
which was outlined in the main text (Figure D.1). Visual representation is also presented
of the predicted distributions of virtual geomagnetic pole (VGP) dispersion, from
statistical models constructed around observations subjected to a fixed 45° cut-off angle
during the S determination process (Figure D.2).

Results of the investigation into the ability of statistical models constructed around
palaeomagnetic observations from one time interval to predict observations from each
other studied time interval are provided (Tables D.1-D.5). These take the form of
goodness of fit statistics consistent with those used throughout Chapter 5. Finally, an
overview of the data, data source, and processes used in the construction of the different
statistical models that were evaluated for the Permo-Carboniferous Reversed Superchron

are provided (Table D.06).
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Figure D.1: Flowchart highlighting the steps involved in the construction of the statistical models and the way in which goodness of fit statistics were determined. Steps
highlighted by the yellow box outline the specific method in which this study determined optimised model parameters, following the approach of Bono et al., (2020).
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Figure D.2: Estimates of VGP dispersion versus estimated magnetic palaeolatitude. Determined from
palaeomagnetic data after the application of selection criteria 1-8 in Handford et al. (2021) and a 45°
fixed-angle cut-off. Model G fit to the distribution is plotted alongside predicted VGP dispersion
distributions from statistical models constructed with each of the palaeointensity filtering criteria
outlined in the main text. This is done for each of the studied time intervals a) last 5 Ma, b) Miocene, c)
CNS, d) Pre-CNS & Post-PCRS, e) PCRS.
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Supporting Tables

Table D.1: Goodness of fit between optimised statistical models and palaeomagnetic observations from
the last 5 Ma.

Data Model x2 L Xw? L, Dxks Pks
Last 5 Ma-QPI3-VD  Last 5 Ma-QPI3-VD  68.1 1.19 524.7 3.31 0.030  0.811
Last 5 Ma-QPI3-VD  Miocene-QPI3-VD 93.1 1.39 2094.8 6.61 0.291  x1016
Last 5 Ma-QPI3-VD CNS-QPI3-VD 98.6 143 507.3 3.25 0.077  0.257

Pre-CNS & 28
Last 5 Ma-QPI3-VD Post-PCRS-QPI3-VD 16.3 0.93 593.6 3.52 0.401 x10

Last 5 Ma-QPI3-VD PCRS-QPI3-VD 21.3 1.06 617.4 3.59 0.263 x10¢

Note D.1: Chi-squared (x2), weighted chi-squared (xw?) and associated normalised values (L & Lw)
assessing the goodness of fit between the observed palaeomagnetic data and the predicted distribution
by the indicated statistical model. Kolmogorov-Smirnov test statistics (Dxs & Pxks) assessing the
goodness of fit between the observed empirical cumulative distribution of palaeointensity observations
and that predicted by the indicated statistical model.
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Table D.2: Goodness of fit between optimised statistical models and palaeomagnetic observations

from the Miocene.

Data Model x2 L Ko Ly Dxks Pxks
Miocene-QPI3-VD Miocene-QPI3-VD 1114 1.59 572.4 3.61 0.064 0.633
Miocene-QPI3-VD  Last 5 Ma-QPI3-VD  240.6  2.34 617.4 3.75 0.299 x10-16
Miocene-QPI3-VD CNS-QPI3-VD 3577 285 839.7 4.37 0.331 x10-12
Miocene-QPT3-VD Post-gzzeﬁgl.\](gsp?z-vr) 163 093 6090 372 0120  0.046
Miocene-QPI3-VD PCRS-QPI3-VD 21.3 1.06 10233  4.82 0.510 x10-17

Note D.2: See note of Table D.1 for description.

Table D.3: Goodness of fit between optimised statistical models and palaeomagnetic observations from

the Cretaceous Normal Superchron (CNS).

Data Model x2 L X2 Ly Dxs Pxks
CNS-QPI3-VD CNS-QPI3-VD 13.7 0.85 178.5 3.06 0.090 0.341
CNS-QPI3-VD Last 5 Ma-QPI3-VD 154 0.90 300.9 3.98 0.115 0.021
CNS-QPI3-VD Miocene-QPI3-VD 48.9 1.60 1186.9 7.91 0.335 x10-12

Pre-CNS & o
CNS-QPI3-VD Post-PCRS-QPI3-VD 16.3 0.93 323.6 4.13 0.454 x10
CNS-QPI3-VD PCRS-QPI3-VD 21.3 1.06 160.7 291 0.288 x10-

Note D.3: See not of Table D.1 for description.

Table D.4: Goodness of fit between optimised statistical models and palaeomagnetic observations from
the combined Pre-Cretaceous Normal Superchron (Pre-CNS) and Post-Permo-Carboniferous Reversed
Superchron (Post-PCRS).

Data Model X2 L K Ly Dxks Pxks
Pre-CNS & Pre-CNS &
PostPORSOPIAVD  PoschCRE.OPLLYD 428 102 3836 306 0.094 0219
Pre-CNS & 28
PostPORS.OPIYD LSS MeQPIBVD 436 103 3030 310 0400 10
Pre-CNS & .
PostPCRS.OPIaYD  MioceneQPISVD 893 148 16359 632 0.167 0001
Pre-CNS & 20
Post-DCRS.OPLVD CNS-QPI3-VD 569 118 3495 292 0440 x10
Pre-CNS & PCRS-QPI3-VD 754 136 447.6 330 0593 x10%

Post-PCRS-QPI3-VD

Note D.4: See note of Table D.1 for description.

Table D.5: Goodness of fit between optimised statistical models and palaeomagnetic observations from
the Post-Permo-Carboniferous Reversed Superchron (Post-PCRS).

Data Model x2 L Aw? L. Dxs Pxs
PCRS-QPI3-VD PCRS-QPI3-VD 146 096 1395 295 0.120 0443
PCRS-QPI3-VD Last 5 Ma-QPI3-VD 188  1.08 3017 434 0344  x1010
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PCRS-QPI3-VD Miocene-QPI3-VD 473 172 9905 7.87 0.501 x10-16
PCRS-QPI3-VD CNS-QPI3-VD 177 1.05 1915 3.46 0.377 x10

Pre-CNS & 0
PCRS-QPI3-VD Post-PCRS-QPI3-VD 221 118 330.0 454 0563  x10

Note D.5: See note of Table D.1 for description.

Table D.6: Construction methods for statistical models utilising palaeomagnetic observations
attributed to the Permo-Carboniferous Reversed Superchron (PCRS).

Model Study Palaeomagnetic Measure PINT a'(l)from
Observations of PSV Filtering ECDF
PCRS-QPI3 This study PCRS Group 1 database Sp QPI3 Yes
KRSCovM Brandtetal.,  Extrusive rocks PDKRS @ op & on @ None No
(2021)
KRSCovM- This study Extrusive rocks PDKRS @ Sp None No
VGP
KRSCovM- This study Extrusive rocks PDKRS @ S QPI3 Yes
VGP-QPI3

Note D.6: PDKRS: paleomagnetic database of Kiaman Reversed Superchron, Sg: Virtual geomagnetic
pole (VGP) dispersion, or & on: directional palaeosecular variation (PSV) statistic. PINT filtering
denotes the filtering applied to palaeointensity observations. Standard deviation of g? ( o) from ECDF
indicates if o was determined by minimising model parameters to the observed empirical cumulative
distribution function (ECDF) of palaeointensity observations. (1) Handford et al., 2021, (2) Brandt et
al., 2021, (3) Brandt et al., 2020.
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