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Abstract

The assessment of the long-term paleosecular variation (PSV) of the geomagnetic field is frequently
based on a class of statistical models known as giant Gaussian processes (GGP). The shape of the
distributions of the paleomagnetic directions predicted by the most recent GGP model (TKO03)
calculated for the last 5 Ma, is used as a reference even for older ages. However, its validity was not
confirmed for the Paleozoic Era. Particularly, during superchrons, there is evidence that the field has
a steadier behavior with depleted PSV. In this work, the Kiaman Superchron field is approached by
two different ways for testing the validity of the TK03 model and determining its directional PSV
based on GGP models. First, a new paleomagnetic dataset from the rhythmites of the Paleozoic Mafra
Formation (southern Brazil) was tested and compared to predictions of elongation E of directions
and dispersion Sg of virtual geomagnetic poles (VGPs) from synthetic directions drawn from the
TKO03 model (a Monte Carlo procedure). Second, an extensive directional paleomagnetic database
from the Kiaman magnetic interval (Kiaman database) was evaluated using a new approach based
on the scale and shape of the distributions of directions compared to predictions given by numerical
integration of directional probability density functions of GGP models. The Mafra’s results (E =
2.08313. S = 10.931®) revealed incompatible with the TK03 model. Simulations of different
versions of GGP models producing reduced Sg, also found in other studies, imply in distributions
with a different shape than the TK03 model, mainly at the Equator. The latitudinal dependence of
the proposed measures of PSV (oy and gy ) provided useful diagnostics for testing the validity of a
GGP model. For the Kiaman, the latitudinal dependence of oy and oy calculated for an extensive
directional paleomagnetic database (Kiaman database) composed of 1419 paleomagnetic directions
of igneous rocks, merged into paleolatitudinal bands showed two characteristics: (1) an elongated
and more dispersed distribution near the Equator; (2) an almost constant behavior of more
concentrated and circular distributions for latitudes greater than 10°. Two GGP models, with
parameters KRS,, = (a,B,g?) = (6.2 uT,3.4,18 uT) and KRS',, = (3.6 uT,6.6,18 uT), were
found, including and excluding the equatorial band data, respectively. However, for both Kiaman
models, the misfit is larger than the data uncertainties, indicating that simplified GGP models are not
able to describe the Kiaman PSV, or the common experimental noise is overshadowing its suppressed

PSV.

Keywords: Paleomagnetism, Mafra Formation, Kiaman superchron, giant Gaussian process,

paleosecular variation, directional distributions, shape and scale directional analyses.
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Resumo

A determinagio da variagdo paleossecular de longa escala de tempo ( ‘paleosecular variation’,
PSV) do campo geomagnético é frequentemente baseada em uma classe de modelos estatisticos
conhecidos como processos Gaussianos gigantes ( ‘grant Gaussian process’, GGP). O formato das
distribuicdes das dire¢des paleomagnéticas previstas pelo modelo GGP mais recente (TKO03)
calculado para os ultimos 5 Ma, ¢ usado como referéncia mesmo para idades mais antigas. No
entanto, sua validade ainda ndo foi confirmada para a Era Paleozobica. Particularmente, durante os
superchrons, ha evidéncias de que o campo tem um comportamento mais estavel com a PSV
reduzida. Neste trabalho, o campo geomagnético do Superchron Kiaman ¢ abordado de duas
maneiras diferentes para se testar a validade do modelo TKO03 e determinar sua PSV direcional, com
base em modelos GGP. Primeiramente, um novo conjunto de dados paleomagnéticos dos ritmitos
Paleozoicos da Formagdo Mafra (Bacia do Parana, sul do Brasil) foi testado e comparado com as
previsoes de alongamento E das diregdes e dispersdo S dos polos geomagnéticos virtuais a partir de
diregoes sintéticas extraidas do modelo TKO03 (procedimento de Monte Carlo). A seguir, um extenso
banco de dados paleomagnéticos direcionais do intervalo Kiaman (Kiaman database) foi avaliado,
usando uma nova abordagem baseada na escala e forma das distribuicdes de direcdes, em
comparagdo com previsdes fornecidas pela integragdo numérica das fun¢des de densidade de
probabilidade direcional dos modelos GGP. Os resultados de (E = 2.08313; Sy = 10.93%8
revelaram-se incompativeis com o modelo TKO03. Simulagdes de diferentes versdes de modelos GGP
que produzem Sg reduzidas, também encontradas em outros estudos, implicam em distribui¢des de
formato diferente do modelo TKO3, principalmente no Equador. A dependéncia latitudinal das
medidas propostas de PSV (oz ¢ gy) sdo diagnodsticos TUteis para testar a validade de um modelo
GGP. A dependéncia latitudinal de oy e oy calculada para o banco de dados do Kiaman, composto
por 1419 dire¢Ses paleomagnéticas de rochas igneas e organizadas em bandas de paleolatitudes,
mostrou duas caracteristicas: (1) uma distribuicdo alongada e mais dispersa perto do Equador; (2)
um comportamento quase constante de distribuicdes mais concentradas e circulares para latitudes
superiores a 10 °. Foram encontrados dois modelos GGP, com os parametros KRS,, = (a,f,9)) =
(6.2 uT,3.4,18 uT) and KRS',, = (3.6 uT,6.6,18 uT), incluindo ¢ excluindo os dados da banda
equatorial, respectivamente. No entanto, para os dois modelos do Kiaman, as discrepancias sdo
maiores do que as incertezas dos dados, indicando que os modelos GGP simplificados ndo sao
capazes de descrever a PSV do Kiaman, ou ento, o ruido experimental comumente encontrados em

dados paleomagnéticos esta ofuscando sua reduzida PSV.

Palavras-chave: Paleomagnetismo, Formagdo Mafra, Superchron Kiaman, processo Gaussiano

gigante, variagdo paleo-secular, distribui¢des direcionais, analises direcionais de forma e escala.
15






AADSITACE. ...ttt ettt a et b ettt bbbt e a e e bt e he et bt et et eh e et e bt ene et eaeenee 13
RESUITIO ...ttt ettt et b e bt e s bt e s et e eateeate e bt e sbeesaeesaeeeaee 15
Chapter 1: INtrOAUCLION .....cecuviiiiiieiiieeiee ettt e etee et e et eestbeeebeestaeessbeeessaeessseessseeessaessseeesssenns 19
Chapter 2: Paleosecular variation models: theoretical background ..........c.ccoccooiviiiininiencnennne. 23
2 B Y (04 Y I PSPPSR 23
2.2, Giant Gaussian Process MOUECLS ....ceeveveeeiiieiiieiiieieieieeeieeeeeeeee e e e e e e e e e e e eeeeeees 25
221, The E/TMEhOA . .ciiiiiiiieieiiiie ettt et e e et e s e eeeennaaeeens 35
Chapter 3: Paleomagnetic results from Mafra Formation ............ccccccoeeveevienienieeie e 37

New Late Pennsylvanian Paleomagnetic Results from Parana Basin (Southern Brazil): Is the Recent
Giant Gaussian Process Model Valid for the Kiaman Superchron? (Article) .........ccceevvveviennenee. 39

Chapter 4: Giant Gaussian process models of geomagnetic paleosecular variation: a directional

OULLOOK ...ttt 59
AT, ADSITACE . c..etieieieeitie ettt ettt ettt ettt e e et e bt e e bt e e e bt e e e bt e e ebteeeane 61
4.2, INOQUCHION ..ttt ettt ettt et st e bt e st e b e st e e esaees 62
4.3. Predictions of PSV measurements for a simplified GGP model ................ccceeeeeeeeennnn.n. 65

43.1. PSV measurements predictions of a simplified GGP model ............ccceevvveeennnnn.. 68
4.3.2.  Modifying Simplified GGP MOdelS..........ccoeieeuriiiiieeeeeeeiciieeee e e e 73
4.3.3.  Assessing directional distributions from the last 10 Ma: Real data........................ 74
4.4. Discussion and CONCIUSIONS .......cccuutiiiuiiiriiiiiriieeeitee ettt ettt e e esbeee s 79
4.5, ACKNOWIEAZIMENT .. ..eiiiiiiiieeiiiiieeeciiee e e ettt e e e et e e e e et e e e eeaaeeeesaaeeeeesaseeeeessaeeeeanseeeas 81

Chapter 5: Properties of the geomagnetic field during the Kiaman superchron: analysis of

directional distributions of a new 1gneous database ............cccccvveveieiiiiviienieniecre e 83
5.1 ADSIIACT. ettt ettt ettt et s e bt e saeeeneen 85
5.2, INIrOAUCTION ...eeuiiieiniiee ettt ettt e st e et e e bt e s bt e e e bt e e sabbeesabeeeeanees 86
5.3 MEHOMS ..ottt ettt ettt et enee 88

5.3.1.  Data Compilation and SEleCtion ..........ccuurerireeieeieiiiiiieee e e e eeeccirreee e e e e 88
532, Mer@ing dataselS.....ccuueeeeeeiurieeeeiiieeeeeiteeeeesitreeeeestreeeeesssreeeessseeeeansssaeesansraeeeaans 90
5.3.3.  VGP Scatter and Model G-type PSV ANalysis ......ccccvvvereeeeieiicciirireeeeeeeeeivveeennn. 91
5.3.4.  Directional distributions - shape and scale 0f PSV.........ccccceeiviiiiiiiiiiiieeieciieeene 92
5.4. The paleomagnetic database for the Kiaman times..............evvvvvvvvevereerereeeeeeeeeeeeeeeeeeeeeenn. 92
5.5. VGP scatter and Model G-type T€SUILS .......cccvvireeeeuriieeeeiieececiieeeeeiee e e eeireeeeeeraee e 100
5.6. Shape and scale of directional PSV during Kiaman times...........ccceceeeeeeeuvrreeeeeeeeeeeennnns 102
5.6.1.  Reliability of PSV directional r€SUILS..........ccuureeeeeuiiireeiiiiieeciiiee e et e eiree e 105



5.7. What was the geomagnetic field like during the Kiaman superchron? ...............ccuee.... 107

5.8, CONCIUSIONS ...uettieeeeiiiieeeeiieeeeeeitteeeeitteeeeeateeeeesaateeeesanseeeeeanseeeseansseeessnnsseeessnnsneeenns 112
5.9. ACKNOWIEAZMENT .......viiiiiiiiiiiieeiiee ettt eet e e et e e et e e e eeaaeeeesaaeeeessnaraeeeensnaeaaenns 113
Chapter 6: Main CONCIUSIONS ........c.cccuiievieriieriieniieste st et esieesieeseessresreesbeeseeseesseesssesssessessseens 115

RETETEIICES ..ottt e e e e e e ettt e e e e e s e et e e eesssesasaaaeeeessssssnnaaaeeeas 119



Chapter 1:

Introduction

The assessment of the geomagnetic field from the past gives us clues about the history
of the deep Earth, based on the record of the geomagnetic field in rocks and archaeological
artifacts. As we go back in time, the paleomagnetic record becomes scarcer geographically
and temporarily. Thus, for studying the magnetic field throughout the Earth’s history,
simplifications are adopted: a mean-field generated by a geocentric axial dipole (GAD), and
the use of the paleomagnetic record as spot readings of the temporal variations of the
geomagnetic field. Even with these simplifications, we are able to investigate changes of the
geomagnetic field throughout the geological time in terms of its mean strength (e.g. Tarduno
et al., 2006), frequency of polarity reversals (e.g., Driscoll and Evans, 2016; Hounslow,
2016), the latitudinal dependence of the virtual geomagnetic poles (VGPs) scatter (e.g.,
McFadden et al., 1991; Biggin et al., 2008a; Biggin et al., 2008b; Smirnov et al., 2011;
Oliveira et al., 2018; Doubrovine et al., 2019), and the shape of the distributions of the
paleomagnetic directions (Tauxe and Kodama, 2009) through the statistical paleosecular
variation (PSV) models.

The common paleomagnetic record considered for PSV studies are lavas, which can be
considered as spot readings of the geomagnetic field, because of their fast cooling. The most
used and latest PSV models are the G-model (McFadden et al., 1988) and the giant Gaussian
process (GGP) type (Constable and Parker, 1988). The PSV models based on GGP are used
to predict the distribution of directions at any point of the Earth (e.g. CP88, Constable and
Parker, 1988; QC96, Quidelleur & Courtillot, 1996; CJ99, Constable & Johnson, 1999;
TKO03, Tauxe & Kent, 2004). Available GGP models were determined using paleomagnetic
directions from lava flows from the last 5 Ma. The most recent GGP model is the TKO03,
which was fitted to the most accurate dataset available at the time of publication (MM97,
McElhinny and McFadden, 1997), and agrees with the latitudinal variation of VGPs
dispersion found in MM97.

There is no GGP model that predicts the geomagnetic PSV from geological times older
than the last 5 Ma, but analyses of some long records from igneous rocks confirmed that the
elongation of directional distributions from Cretaceous and Proterozoic times (Tauxe et al.,
2008; Tauxe and Kodama, 2009) are compatible to the predicted by the TK03 model. Also,

the method of inclination shallowing correction, which relies on the elongation prediction
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from the TK03 model, named elongation/inclination (E/I) method (Tauxe and Kent, 2004),
has been used for corrections of sedimentary data of any age. Shallowing correction has
become a mandatory procedure for the late Paleozoic rocks since the majority of data of this
age are derived from sedimentary rocks (Torsvik et al., 2012). Furthermore, the absence of
inclination shallowing correction in the Paleozoic data has been pointed out as the cause of
paleolatitudes overlapping error in Pangea reconstructions (Irving, 1977; Domeier et al.,
2012).

The end of the Paleozoic Era is marked by the occurrence of a long superchron of
reversed polarity which is called the Permo-Carboniferous Reversed Superchron (~267-318
Ma; Opdyke and Channell, 1996; Hounslow and Balabarov, 2018), and also known as the
Kiaman Reverse Superchron. Superchrons are long time intervals (tens of million years) of
a single polarity, and its cause has been linked to the deep mantle plume activity (Larson and
Olson, 1991). The collapse of these superplumes causes a decrease in the core-mantle
boundary heat flux and its lateral heterogeneity, resulting in the beginning of a superchron
(Amit and Olson, 2015). The regrowth of the plume would again allow the possibility of
field reversals.

Because of the long duration of the superchrons, they are expected to have a more stable
mean dipole field with reduced angular dispersion of VGPs (Sr), and higher intensities than
periods of high reversal frequency (e.g., Tarduno et al., 2006). Some authors (McFadden et
al., 1991; Biggin et al., 2008b; Oliveira et al., 2018;) have claimed stronger latitudinal
dependence of Sg, and lower equatorial S during superchrons. However, strong latitudinal
dependence of Sp is also observed for the last few million years and, therefore, this
parameter is suspect of not being a reliable proxy for reversal frequency (Doubrovine et al.,
2019).

Despite the pieces of evidence that behavior of the Kiaman field is considerably distinct
from the last few million years, it became almost compulsory the use of the E/I method, and
it has been applied to the Kiaman data by several authors (e.g., Brandt et al., 2009; Haldan
et al., 2009; Franco et al., 2012; Lanci et al., 2013).This is so, because of the necessity of
inclination shallowing correction of sedimentary Paleozoic rocks.

If the distribution of directions of a superchron is less scattered than the recent field but
maintains the shape of the distribution with the same elongation for a given inclination, then
the use of the TK03 model as a reference guide for superchrons is not incorrect, and the E/I
method can be used. However, it is still not known whether this field model is valid for the

Kiaman times. The longest paleomagnetic datasets from Kiaman igneous rocks presented



smaller elongations than the TK03 model. However, the high uncertainties in the results
made them inconclusive (Haldan et al., 2014; Bahzenov et al., 2016).

Apart from the knowledge about the shape of the distribution of the Kiaman directions,
and the pertinence of using or not the inclination shallowing method for that time, the GGP
model for past times (older than 5 Ma) is still not established. Therefore, this is a rich field
of investigation and is what this thesis intends to explore.

During the development of this thesis, a new Kiaman sedimentary dataset (Brandt et al.,
2019a) allowed the conclusion that the geomagnetic models based on recent data may not
represent the Kiaman field behavior. Besides new paleomagnetic data, this work also
contains a tentative of finding a GGP model for Kiaman times that could describe the VGPs
scatter of this new dataset and the other two long series (Bahzenov et al., 2016; Haldan et
al., 2014) using simulations of synthetic samples drawn from simplified GGP models. This
study is an integrant part of this thesis and details are described in Chapter 3.

The keystone of this work is the proposition of a new methodology for describing de
paleosecular variation from the distribution of directions using numerical determinations
from directional probability density functions of simplified GGP models. This is presented
in Chapter 4 in the format of a paper (Brandt et al., 2019b) already submitted to Geophysical
Journal International, which is presently under revision. The evaluation of the suitability of
using GGP models for describing the Kiaman field was tested by creating a comprehensive
paleomagnetic directional database based only on igneous records. These results are

described in a third paper (Chapter 5) which is ready but not yet submitted.
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Chapter 2

Paleosecular variation models: theoretical background

Two types of representations are commonly used to describe various aspects of the PSV:
The model G (McFadden et al., 1988) and the GGP type model (Constable and Parker, 1988),

hereafter described in more details.

2.1. Model G

Model G is based on the variation of the angular scatter (S, Fisher’s 1953 statistics) of
the VGPs with the (paleo)latitude. McFadden ef al. (1988) based on the idea that the
magnetic field solutions for a spherical dynamo can be separated into two completely
independent families (Roberts and Stix, 1972). Therefore, the contributions in VGP scatter

given by dipolar (S4) and quadrupolar (S;) families are independent (Equation 2.1).
Sp? =S4> +5,° = (bA)?* + a?, 2.1)

where A is the latitude, Sg 1s the VGPs scatter associated with the paleosecular variation of
the geomagnetic field, a and b are parameters associated with the quadrupolar and dipolar
families.

The dipolar and quadrupolar families are also called by odd and even families,
respectively. The parity of these families is found by the difference between [ and m degree
of the g;" and h;"* coefficients of Gauss, which are used for describing with spherical
harmonic functions a magnetic field produced by an internal source. Equation 2.2 shows the
magnetic potential of a magnetic internal source described by an infinite sum of spherical

harmonic functions:
l L+
V=122 Ym0 (7“) (g;" cosm® + h[" sinm®)P/™ (cos O) (2.2)

where 7, is the Earth radius, 7, ©, and ® are the spherical coordinates, which are the distance
from the center of the planet, co-latitude, and longitude, respectively. P/"* (cos ©) are the
partially normalized Schmidt functions, whose degree [ increases from 1 to infinity,
depending on the complexity of the source. The degree [ cannot be zero because the simplest

configuration of a magnetic source is a dipole (I = 1). The value of m ranges fromm = 0
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for a zonal magnetic source (invariant with longitude) to degree m = [. The magnetic field
B is the gradient of the potential W.

McFadden ef al (1988) analyzed the current geomagnetic field (given by IGRF65,
Figure 2.1) and confirmed that the sum of the square of a quadrupolar and dipolar source of
VGP scatter is compatible with the squared of total VGP scatter (Table 2 in McFadden et
al., 1988). Moreover, simplified relationships between the VGP scatter caused by these
independent sources were found; the dipolar family varies proportionally to the latitude
(Sq = bA) while the quadrupolar families have no variation with latitude (S, = a). Thus,
providing a model with parameters (a and b, Equation 2.1) that can be easily fitted to

paleomagnetic data.

Quadrupole family, S,

VGP scatter

Dipole family, S4

20 40 60 80
Latitude

Figure 2.1. VGP scatter of IGRF65 with separated contributions: the quadrupole family (solid squares) and the
dipole family (solid circles). Source: McFadden et al. (1988)

The application of the concept of the Model G throughout the geological past of the
geomagnetic field, based on paleomagnetic records of older rocks was started with
McFadden et al. (1991), modeling the geomagnetic field up to 200 Ma. An inverse
relationship between the contribution of the two families was observed, when the dipolar
family was more important, the quadrupolar family was less effective, and vice versa. The
relative contribution of quadrupolar families was smaller during low-frequency rates,
confirming a low contribution of quadrupolar components during the Cretaceous Normal

Superchron (CNS).



Biggin et al. (2008b) and Oliveira et al. (2018) also found that for superchrons the
paleosecular variation evaluated by the model G was relatively suppressed for quadrupolar
families and increased for dipolar families resulting in a higher ratio b/a for these periods
of stable polarity, when compared to the last 5 Ma or Jurassic paleosecular results. The last
paleosecular variation study for the CNS and pre-CNS times (Doubrovine et al., 2019),
which was done using a new high-quality paleomagnetic database from lavas, found that the
latitude dependence of Sg is not a reliable proxy for reversal frequency, because compatible
b/a results are also found for the last 10 Ma.

The concept of Model G was also applied to paleomagnetic records of more than 2
billion years for studying the evolving conditions of the Earth’s core (Biggin et al., 2008a;
Smirnov et al., 2011). However, the use of model G to evaluate the past of the geomagnetic
field is not out of criticism by the paleomagnetic community. Linder and Gilder (2012) have
demonstrated that circular distribution of magnetic directions with the same precision
parameter k (Fisher, 1953) along the globe result in an increasing VGP scatter with latitude,
like the predictions of model G. This indicates that model G is based on a mathematical
artifact caused by the conversion from directions to poles, and for paleosecular variation

studies the directional data should be analyzed instead of VGPs.

2.2. Giant Gaussian process models

The paleosecular variation model of the giant Gaussian process (GGP) type (first
proposed by Constable and Parker, 1988) is able to predict the distribution of the magnetic
field in any place on Earth's surface. It is based on the idea that the long-term variation of
the geomagnetic field works as a natural statistical Gaussian process, which is described
mathematically by normal distributions for each Gaussian coefficients (g;" and h;" ). Then,
a random instant t; of the past geomagnetic field is a random sample of the field B;; this
sample is described by a set of random samples of Gaussian coefficients g;* and h;" from
distributions with mean values g™ and h]* and standard deviations ;™. Because the degree
[ varies up to infinite, an [ degree truncation is required for doing simulations of synthetic
samples from GGP models, for example, a maximum degree [ = 8 was used for simulations
done by Tauxe and Kent (2004).

The magnetic field B can be determined by the gradient of the potential ¥, generated

. 109 1 0w v .
by an internal source, B = (Bg, Bg,B,) = (_;%’_%E ’_E)' Using a more

convenient mathematical representation of the field in terms of the fully normalized complex
25



spherical harmonics with complex coefficients b;", the magnetic potential is described by

(equations following the appendix of Constable and Parker, 1988):

W =1 320 Tt (2) BP0, 9) 23)

where 7, is the Earth radius,
(0m 2 lg = in),m > o]

b" = an —0 (2.4)
21+1gl ’

(=D)™®B")*,m<0

21+1 (I-m)!

e, = |- (l+m).Pl.m(C°S 0)e'me (2.5)
* 2141 (1 ! i
YW (6,0) = [ g Pum(cos 8)e 2.6)

and the associated Legendre polynomials P; ,,(cos 8) are:

l-m
sinme Int(50)  (c1)t(2i-20)! A
le(COS 9) = —lztzo 2 mcos( m Zt)g (27)

The resulting orthogonal components are:

1+2
By = =2 =32 The (0 + D () T B""(0,9) (2.8)
19¥ o T2 ay™(6,¢)
By = =35 = ~IZoZnea () BN ELSE (2.9)
- __1 ¥ ra\'t Ay (0.9)
By = T rsing0p rsmGZl Ozm—‘l( ) by T dp (2.10)

The resulting orthogonal components of B are linear combinations of g;"* and h;"*, for a
determined place. Because g;" and h]" are normally distributed in a GGP model, the
orthogonal components are also distributed as normal gaussian distributions. Thus, the
magnetic field B from a GGP model follows a 3D-gaussian probability distribution function
(pdf).

For a zonal GGP model the coefficients g;"* and h;"* for the same [, m degree vary with
the same ], then the covariances between ® and 0, and @ and r are null (Cov(Bg, Bp) =

Cov(By, Bg) = 0) and the other variances of B components are given by Equations 2.11 to



2.14. The only non-zonal GGP model determined was the CJ98.nz proposed by Constable
and Jhonson (1999), which has different ¢ for g3 and hl (see Table 2.1).

2 _ v 02 (dPip 2 l m2 (-m) (dPm 2
Obe = Lit1 [Gl ( e ) +22m=10i ((l+m)!)( e ) ] (2.11)
2 o0 2 ((1—m)!
O-écl) = sin2e Zl=0 Z£n=1m20-l7n ((l+2)!) Pl,m(cos @)2 (212)

w 2 (1—m)!
03, = X2o(l+ 1)? [0?*Pro(cos ©)% + 2 Bhyy "% (G ) Pum(cos ©)2]  (2.13)

(1+m)!

21+4 dPyo

ae

+ 23k o S py S (2,14)

- 2
Cov(By,Bg) = — X201+ 1) (%) [010 Py Grmy Flm e

A given instantaneous value B; of the field at a given location (0, ®) at the Earth’s
surface is a random sampling of a 3-D Gaussian pdf of random vectors B, which its expected
value m = E[B] = E[(Bg, Be, By)], is described by Wand W, and its covariance matrix

Cov(B, B) is described below:

Opy° Cov(Bg,By) Cov(Bg,B,)
Cov (B,B) = [Cov(Be, Bo) OB’ Cov(B,, By) (2.15)
Cov(Bg,B,) Cov(B,,Bgy) og.°

r

Following Constable and Parker (1988) and using the equations presented by Khokhlov
et al. (2006) the 3D-Gaussian pdf is given by:

detA
(2m)3

g(B) = exp |~ (A(B —m), B —m)] (2.16)

where A = Cov(B, B) ™! is the inverse of the covariance matrix of the field at the location.

For unit vectors (u) the pdf is given by integration across all values of the intensity p
of the paleomagnetic vectors (Constable and Parker, 1988; Khokhlov et al., 2001, equations
are from Khokhlov et al., 2006). A pdf for the directional distribution is given by s(u):

s = [y glowdp (2.13)
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_ _lmZ \/m E lzz 2 i
s(u) = e 2 e Z\/;+€2 1+z )[1+Erf (\/5)] (2.14)

where u is a unitary magnetic vector u = B/|B| and p is the modulus of vector B in

spherical coordinates; |ul, = /(u,u), = /(Au,u) is the A-norm of u , z = %,
A

(m, u), is the A-inner product (m,u), , and m = |m|,. If the distribution is rotated to the
origin (vertical), the covariance matrix is also rotated, and the expected field is given by:
m, = (0,0, |m]).

The 3D or directional (unit vectors) distribution from any GGP model is described by
the model’s covariance matrix Cov (B, B) and the mean filed m, which depend on the W
or W and standard deviation o;™. Table 2.1 shows the models CP88 (Constable and Parker,
1988), QC96 (Quidelleur & Courtillot, 1996), CJ99 (Constable & Johnson, 1999), and TKO03
(Tauxe & Kent, 2004) described by their W , W and o™,

The first GGP model proposed for the last 5 million years was the CP88 (Constable and
Parker, 1988), which has the same standard deviation g; for an [ degree, independent of m,
which were chosen individually up to [ = 2 (Table 2.1), and for the following (I > 2) they
were determined by:

2 _ (c/rg)*la?

o = Wi

(2.15)

where «a is a fitted parameter and c/r, = 0.547 is the ratio of the core radius to the Earth
radius. Substituting o; from Equation 2.15 to calculate the variances (Equations 2.11-14)

allows the calculus for infinite [, using a converging series (see Appendix 2 in Constable and

Parker, 1988). The only no-null mean Gaussians coefficients of CP88 are g—f and g—g, which
described a dipolar mean-field with a small contribution of quadrupolar zonal field.

After CP88, other more complex models (QC96, Quidelleur & Courtillot, 1996; CJ99,
Constable & Johnson, 1999) were fitted to the paleomagnetic data from lavas of the last 5
million years, which was updated and changing with time, and follow the same type of
building: choosing the ¢;/" individually up to [ = 2 (Table 2.1), but in these cases, with
different values depending also on the m degree, and for [ > 2 the Equation 2.15 is also
used, which allows the calculation of the variances in B without truncation of [. The intensity
of g_f is the same and small quadrupolar components (gJ) are also present in the mean-field

of these models.



Table 2.1. GGP model for the last 5Ma parameters: CP88 (Constable and Parker, 1988), QC96 (Quidelleur &
Courtillot, 1996), CJ99 (Constable & Johnson, 1999), and TK03 (Tauxe & Kent, 2004).
CP88 QC96 CJ98 CJ98.nz TK03.GAD

g0 300 300 -300 -30.0 -18.0
g0 -8 12 -15 1.5 0

o? 3.0 30 1172 11.72 Bo, = 6.4
ol 3.0 30 167 1.67 o, =17
o o =214 13 116 1.16 0, =06
o} 6,=214 43 406 1.16(g)8.12(h) Bo, = 2.2
o2 o =214 13 116 1.16 0, =06
a 277 277 15.0 15.0 7.5

B 3.8

Tauxe and Kent (2004) searched for a GGP model for the last 5 Ma using the
paleomagnetic database MM97 (McElhinny and McFadden, 1997). The time average field
(TAF) of the TK03 model is a geocentric axial dipole (GAD), where the g_f is the only non-
null mean Gaussian coefficient. TK03 is the most simplified GGP model, and, instead of
adjusting o/ individually, Tauxe and Kent (2004) based on the idea that the dipolar (odd)
and quadrupolar (even) families are independent, then, just a factor § (Equations 2.16 and
2.17), multiplied by the odd standard deviations would be necessary to differentiate the
whole set of variances (see Table 2.1). Thus, the parameters that define the TK03 model are
only three: g—f, a and f3.

m2 _ (C/Ta)ﬂaz

I = D@D forl —m = even, (2.16)
2 _ (¢/r9)*'a?p?
O'lm = m forl—m = odd (217)

Because of the insertion of 3, the variances in B are not calculated for all infinite [, and
truncation in [ is needed. Figure 2.2 shows the standard deviation ¢;" of the ordered
coefficient g]" and h]" (order: g9, gi, hi, g3, g3, hi...) of the zonal GGP models CP88,
QC96, CJ98 and TKO3. For degrees higher than 2 the models are too similar, even for TK03
that has the simplification of the inclusion of the [ parameter. All models have the highest
variance in the axial-dipolar coefficient (g?), CJ98 has the greatest. The second degree (I =

2) has the odd coefficients (g3 and hl) with the highest variances in TK03, QC96 and CJ98

models.
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Figure 2.2. Standard deviations for each Gaussian coefficient of GGP models: CP88 (Constable and Parker,

1988), QCI96 (Quidelleur & Courtillot, 1996), CJ99 (Constable & Johnson, 1999), and TKO03 (Tauxe & Kent,
2004).

Figure 2.3 shows the resulting variances of each model described above. Because of the
simplifications, the CP88 model has resulting variances of B components constant with
latitude and is called an isotropic model. However, this aspect does not mean that the
distributions given by this model are the same for the whole Earth, neither that the
distributions are circular around the expected field. This is because near the Equator the
directional distribution around the expected horizontal field is more influenced by the
vertical and east-west variances (aﬁr and o3 »)» and near the poles, as the mean-field is
almost vertical, the directional distribution is more influenced by the horizontal variances
(04, and o3, ) which are equal (dp, = 0p, = 5.39 uT,and op, = 9.68 uT ). At the poles,
the distributions are circular around the mean and less dispersed; for lower latitudes, they
are elongated and more dispersed (see the stereographic plots of Figure 2.4 of the pdf s(u)
isocurves and synthetic samples predicted by CP88).

The variances of TK03 and CJ98 models follow the same shape of latitudinal variation,

but the variances of CJ98 are always greater than TKO03. They also have elongated

distributions near the Equator and are circular at the poles (see TK03 model predictions plots
in Figure 2.5).
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of 8).
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Figure 2.4. Pdf s(u) for CP88 model iso-value curves in stereographic projections. The color scale used for pdf
iso-value curves is from purple (minimum) to yellow (maximum). Dots are simulations from the GGP model
CP88 (using 1 truncation of 8). From top to bottom plots are from 0 to 80°N in latitude.
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Figure 2.5. PDF s(u) for TK03 model iso-value curves in stereographic projections. The color scale is from
purple (minimum) to yellow (maximum). Dots are simulations from the GGP model TK03 (using truncation
of I=8). From top to bottom the plots are from 0 to 80°N in latitude.

The TKO03 model was determined as the GGP model in which the VGP scatter
predictions, given by 10,000 simulations of synthetic samples using a maximum degree
truncation at [ = 8, were compatible with the VGP scatter from MM97 database, the most
recent database for the time. The intensity of the field was fitted considering the average
virtual axial dipole moment (VADM) for the last five million years of approximately
46 X 10%Am? (Selkin and Tauxe, 2000). When compared to previous models, the TK03
is the best that describes the dispersion given by the MM97 database (Figure 2.6). Tauxe and
Kent (2004) also compared the distributions of directions from MM97 to the model
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predictions (10,000 of synthetic samples results) using the elongation E (Equation 2.18) of

the distribution and got also good agreement:
_T
E = 1/T3, (2.18)

where 7, and 73 are the maximum and minimum eigenvalues of the “orientation matrix” T

(Scheidegger, 1965), which is defined as:

inz LXiYi XXiZi
T=|Xxyi Xyi® Xviz (2.19)
X Xizi XYViZi Zziz

where x;, y;, and z; are the orthogonal components of the i*" unit vector of the distribution.

24}
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“ 16}
14}
12}
10}

0 20 40 60 80
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Figure 2.6. The estimated behavior of the VGP scatter from the data compilation of MM97 (circles). The
dashed line is the predicted behavior from CP88 (GAD version), the dotted line is from CJ98 (GAD version)
and the heavy solid line is from TKO03. Source: Tauxe and Kent (2004)

The elongation predictions of TK03 decreases from the Equator up to the poles (Figure
2.5 and 2.7). A polynomial fit with the elongation results of 10,000 of synthetic samples
simulations per inclination (given by the latitude, using GAD hypothesis) was determined.

So, for a given inclination, an elongation is expected following the polynomial given by

Tauxe et al. (2008):

E ()= 2.895— (1.466 x 1072)I — (3.525 X 10™)I? + (3.16 x 1076)I3  (2.20)
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Figure 2.7. Variation of elongation and average inclination versus latitude for the TK03 model. Also shown is
elongation from CJ98 (GAD version) and the selected directions from the MM97 database. Source: Tauxe and
Kent (2004).

2.2.1. The E/I method

The elongation/inclination (E/I) method (Tauxe and Kent, 2004) is based on the
distribution shape of unitary vectors predicted by the TK03 model. It is a method used for
the detection and correction of paleomagnetic directions from sedimentary records that could
suffer from inclination diminishing bias, an effect related to the compaction of sediments.
According to this method, if a long section of sedimentary data has been affected by
inclination shallowing, its distribution would be deformed, and the elongation that should be
in the north-south direction would diminish until it becomes an East-West squeezed
elongation. The E/I method finds a flattening factor correction f in which the pair E/I is
made compatible with that predicted by TK03.GAD model (polynomial of Equation 2.20).
The f factor can be described as f = tan I, / tan I (King, 1955), where I is the real field
and [, is the flattened observed inclination.

Figure 2.8 (Plate 2 from Tauxe and Kent, 2004) shows the application of the method E/I
to 222 paleomagnetic directions from Oligo-Miocene redbeds from Asia (Gilder et al.,
2001). The directions were originally E-W elongated and different flattening factors f was
applied successively to the directions. Plot b shows how the mean inclination increases with
the diminishing of flattening factors from 1 to 0.3. The elongation/inclination pair
compatible with the TK03 model is achieved for an inclination of 64° (Figure 2.8c), which

is then the corrected inclination.
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Figure 2.8. Plate 2 from Tauxe and Kent (2004). a) Paleomagnetic directions of Oligo-Miocene redbeds from
Asia in equal-area projection. b) The plot of elongation (heavy solid and dashed line) and inclination (dashed)
as a function of unflattening by the parameter f. Elongation is E-W (N-S) when the heavy line is solid (dashed)
c) Plot of elongation versus inclination for the data in b) (solid) and for the TK03.GAD model (dashed). Also
shown are results from 20 bootstrapped datasets. The crossing points represents the inclination/elongation pair
most consistent with the TK03 model. d) Histogram of crossing points from 1000 bootstrapped datasets.
Source: Tauxe and Kent (2004).



Chapter 3

Paleomagnetic results from Mafra Formation

This chapter presents new and detailed paleomagnetic results from a Carboniferous
(Kiaman) sedimentary section from the Mafra Formation belonging to the Itararé Group of
the Parani Basin, southern Brazil. These results are already published in the Journal of
Geophysical Research (Brandt et al., 2019a), supplementary materials can be found at
https://earthref.org/ERDA/2419/. This section is composed of rhythmites which proved to
be very good and stable recorders of the geomagnetic field. The shallowing correction using
the anisotropy of remanence was applied to the magnetic record and cyclostratigraphic
analysis was used to infer if the elapsed time was sufficient to properly record the
paleosecular variation of the geomagnetic field.

Apart from providing a reference paleomagnetic pole for South America, these results
were the starting point for the development of the modeling presented in this thesis. The
Mafra paleomagnetic data along with two other long igneous sections (Haldan et al., 2014;
Bazhenov et al., 2016) from other areas and of approximately the same age were used for
verifying the validity of TKO03 model and the applicability of E/I method.

Although the elongation results did not help to define the shape of distribution
delineated by the Kiaman PSV, the dispersion results, in spite of the different rock types,
consistently revealed that the assumption that the TK03 model is valid for the Kiaman is
mistaken. In addition, a GGP model with VGP scatter similar to those of the investigated
sections predicts an elongation curve different from the TK03, mainly at Equatorial latitudes.
This would imply that the inclination shallowing correction for sedimentary rocks of that
age, assuming the TKO3 as a valid model, is improper, especially for low paleolatitudes
where the elongation is higher.

The directional distribution for the Kiaman remained an open question. One of the
difficulties in solving this problem is that there are few Kiaman sections (mainly of igneous
nature) long enough to perform the necessary tests. According to Tauxe et al. (2008), the
minimum number of independent records to evaluate elongation is 100-150, and datasets of
this size are difficult to achieve. Therefore, other remaining questions are: How to improve
the number of directional data instead of just looking for long sections? If the Kiaman PSV
is not compatible with the recent GGP models, what is the GGP model that best describes
it? And what is the better way to find a GGP model for the past? These questions will be
addressed in Chapter 5, with the use of the new methodology presented in Chapter 4.
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Abstract The most recent Giant Gaussian Process (GGP) model, based on the last 5 Ma, has been used as
a reference for directional distribution of paleomagnetic record of older rocks as Cenozoic and
Proterozoic. However, for Paleozoic times, its validity has not yet been tested. Here we evaluate the validity
of this recent GGP model for the Kiaman superchron. We present new paleomagnetic results from a late
Pennsylvanian section of glacial rhythmites (Mafra Formation) from southern Brazil. The 5-m section
sampled spans more than 800 kyr, as evaluated by cyclostratigraphic analysis. Thermal demagnetization
revealed a reversed characteristic component carried by single domain magnetite. Anisotropy of
anhysteretic remanent magnetization indicated a small shallowing correction of f = 0.97. The final
paleomagnetic pole position is located at 51.9°S, 344.3°E (N = 111, R = 109.0, K = 55.9, Ags = 1.8°), with a
mean direction of Dec = 144.2°, Inc = 69.5° (N = 111, R = 110.2, k = 134.4, ct95 = 1.2°, Paleolat = 53.2°S).
The shape of the distribution of magnetization directions (elongation E = 2.083-13) and the dispersion of
virtual geomagnetic poles (Sy = 10.95%8) are incompatible with the recent model. The reduced dispersion,
also found in other studies, implies a different shape in directional distributions for any GGP model
describing the Kiaman interval. This result alerts us that we should abandon the use of the recent GGP
model as a reference for inclination shallowing correction of Carboniferous sedimentary data.

1. Introduction

Determination of the past configuration of supercontinents is possible because of the fundamental
geocentric axial dipole (GAD) hypothesis of paleomagnetism. According to this hypothesis, the
time-averaged geomagnetic field can be described as a magnetic dipole at the center of the Earth aligned
to the rotation axis. The mean GAD with small contributions (less than 5%) of persistent nondipolar
components is confirmed by paleosecular studies in sediments and lavas from the last 10 million years
(Cromwell et al., 2018; Johnson et al., 2008; Opdyke & Henry, 1969).

Statistical paleosecular variation (PSV) models can describe this mean geomagnetic field and its long-term
variations. The Giant Gaussian Process (GGP) type are PSV models that are capable of predicting a
distribution of directions anywhere on the Earth (Constable & Johnson, 1999; Constable & Parker, 1988;
Quidelleur & Courtillot, 1996; Tauxe & Kent, 2004). They are based on the concept that long-timescale
variation of the geomagnetic field can be described by statistical fluctuation of the gauss coefficients around
mean values (g]" and h;") and standard deviations (o;) that are a function of their degree, /, and proportional to
a fitted parameter a. Each gauss coefficient has a mean value corresponding to the description of the

BRANDT ET AL.
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time-averaged field in terms of spherical harmonic functions, so if the model describes a mean GAD, all the
coefficients have a null mean, except for g9.

The most recent GGP model fitted for the recent field (0 to 5 Ma) is the TK03.GAD model (Tauxe & Kent,
2004), which best describes the paleosecular variation recorded by recent lavas database of McElhinny
and McFadden (1997). According to TK03.GAD, the distribution of directions should be elongated along
the vertical and North-South plane, and this elongation should decay from almost three at the Equator to
one (circular) at the poles. The elongation E, as described by Tauxe and Kent (2004), is determined by the
ratio between intermediate and minimum eigenvalues (7,/73) from the “orientation matrix” T
(Scheidegger, 1965). If a group of magnetic remanence directions accurately records the geomagnetic field,
it should have a mean and distribution shape compatible with that predicted by the model. Tauxe et al.
(2008) and Tauxe and Kodama (2009) tested the TK03.GAD model, proposed by Tauxe and Kent (2004),
for rocks older than 5 Ma and found good agreement for paleomagnetic data from Cenozoic and
Proterozoic ages.

The TK03.GAD model has been used as a reference for correction of sedimentary data supposedly affected by
inclination shallowing. The elongation/inclination (E/I) method (Tauxe & Kent, 2004) was proposed to cor-
rect the difference in inclination produced by shallowing. According to this method, if a long section of sedi-
mentary data has been affected by inclination shallowing, its distribution would be deformed, and the
elongation that should be in the north-south direction would diminish until it becomes an East-West
squeezed elongation. The E/I method finds a flattening factor correction fin which the pair E/I is made com-
patible with that predicted by TK03.GAD model. The f factor can be described as f = tan I/ tan Iy (King,
1955), where Iy is the real field and I, is the flattened observed inclination.

Shallowing correction has become a mandatory procedure for the late Paleozoic rocks, since the majority of
data of this age are derived from sedimentary rocks (Torsvik et al., 2012), and because of the absence of incli-
nation shallowing correction, these data have been pointed as the cause of paleolatitudes overlapping error
in Pangea reconstruction (Domeier et al., 2012; Irving, 1977). There are two independent ways to do shallow-
ing correction: by the use of anisotropy of anhysteretic remanent magnetization (AARM)), first proposed by
Jackson et al. (1991), and the E/I method. The former procedure is related to the magnetic fabric of the rocks
and does not depend on any model of geomagnetic field. The E/I method depends on the geomagnetic
record, and its validity has not been tested for Paleozoic times. Even so, it has been applied by some authors
(e.g., Brandt et al., 2009; Franco, Ernesto, et al., 2012; Haldan et al., 2009; Lanci et al., 2013).

The end of the Paleozoic Era is marked by the occurrence of the longest Phanerozoic superchron, which is of
reversed polarity and is called the Permo-Carboniferous Reversed superchron or Kiaman. Superchrons are
long time intervals (tens of millions of years) when the geomagnetic field stayed in one stable polarity,
and its secular variation was more suppressed. Dispersion of virtual geomagnetic poles (VGPs) of super-
chrons is smaller for low and medium latitudes and has a more prominent increase with latitude than is
observed for the last 5-Ma field or other high-frequency reversal times (Biggin et al., 2008; de Oliveira
et al., 2018; McFadden et al., 1991). However, Doubrovine et al. (2019) analyzed the paleosecular variation
estimates for the CNS and the pre-CNS (198-126 Ma) using an updated volcanic database and, comparing to
recent compilations for the last few million years (e.g., Cromwell et al., 2018), concluded that the differences
in the latitude behavior of PSV during intervals of stable and high-variability field do not allow the use of this
proxy to evaluate the geomagnetic field stability. That conclusion does not mean that the TK03.GAD gives
similar VGP dispersion as a superchron because the TK03.GAD model was determined with a database
[McElhinny & McFadden, 1997] with larger VGP dispersion and with less variation in latitudes than a super-
chron. Therefore, it seems natural to us that if the Kiaman's dispersion of VGPs is so different from this
model, then the directional distribution should also be different.

Attempts to test the validity of TK03.GAD for Kiaman times were done with two groups of paleomagnetic
data from long sections of igneous records (Bazhenov et al., 2016; Haldan et al., 2014). Both results presented
distributions with elongation smaller than that predicted by TK03.GAD model, but because of high values of
uncertainty on elongation results, the analyses of those results on their own were not conclusive.

The present paper presents new and detailed paleomagnetic results from a Carboniferous sedimentary sec-
tion from the Mafra Formation (Itararé Group, Parand Basin, southern Brazil). We applied AARM

BRANDT ET AL.



Journal of Geophysical Research: Solid Earth

10.1029/2018JB016968

W50°00' W49°48' -
St
g
(%]
5.3m
3.6m
S
8
(%]
o
O - g
¥x Sampling Section o
« Cities en Quarry ™
= Roads al |
O Quaternary Sediments: =
@ Guata Group
Itararé Group: K
I Rio do Sul Formation | L 10km
O Mafra Formation NP om.

Figure 1. Location of sampling section (Olsen Quarry) at the geological map of the region. Dots are the Cities of Mafra,
Campo do Tenente, and Lapa (Santa Catarina State). (a) Sampling section with the stratigraphic localization of DDL
layers (samples to paleomagnetic and cyclostratigrafic analyses) and localization of DD layers (samples only for paleo-
magnetic analyses). (b) Detail of the rhythmites layers and the naming scheme of DDL part.

shallowing correction to the magnetic record and cyclostratigraphic analysis to infer if the elapsed time was
sufficient to properly record the paleosecular variation of the geomagnetic field. This new data set is shown
to be an accurate record of paleosecular variation, which allowed us to verify the applicability of E/I method
for rocks of approximately the same age. We also run simulations of GGP models with lower values of dis-
persion of VGPs and higher latitudinal variation (as expected for a superchron) in order to find a GGP model
that could explain the Mafra dispersion and elongation results.

2. Geological Setting and Sampling

Parand Basin is an extensive intracratonic basin located in the center-eastern part of the South American
plate. It covers the southern region of Brazil and parts of Uruguay, Argentina, and Paraguay. The subsidence
and sedimentation of Parana Basin started during Ordovician times (Milani, 1997). The glacial deposits of
the Itararé Group are related to the third glacial cycle, which were the most extensive Gondwana glaciation
of Phanerozoic. The best outcrops of this unit are at the eastern and northeastern border of Parana Basin.
Following Schneider et al. (1974), the sedimentation of Itararé Group begins with Campo do Tenente
(Medium Carboniferous) and finishes with Rio do Sul formations (Early Permian). The Mafra Formation,
whose rhythmites are the target of this work, is positioned between those two formations, and its deposition
is attributed to the Late Pennsylvanian (Kasimovian to Gzhelian). This age was determined by palynostrati-
graphy, where the Late Carboniferous palynozone Crucisaccites monoletus were correlated to the middle
portion of the Itararé Group (Holz et al., 2008).

The Mafra formation is composed of diamictites, sandstones, rhythmites, and mudstones. The sampled
rhythmite section is located in an inactive quarry named Olsen (26.14°S, 310.24°E, star in the geological
map of Figure 1), near Mafra City. According to Weinschiitz and Castro (2004), it is related to the middle
portion of the Mafra Formation and is composed of pairs of light-colored siltites and fine layers of dark clay,
with variable thickness of some millimeters up to 5 cm at maximum. These layers repeat all along the whole
quarry, reaching a total thickness of a few tens of meters and hundreds of meters of lateral extension. The
layers are flat and preserve the paleohorizontal plane.

The paleomagnetic sampling was performed through a 5-m-high wall comprising 216 of distinct layers. A
total of 124 oriented blocks were collected and oriented by sun and magnetic compasses. The bottom part
was sampled in detail: 201, from existing 211 pairs (layers), were sampled. This bottom part is 3.6 m of
height, and its layers were named “DDL.” Figure 1a shows the sampling section and stratigraphic
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location of DDL layers. Owing to difficulty of access, the top portion was not as comprehensively sampled;
only 15 oriented hand samples were distributed along 1.7 m. This top part was named DD and the layers
range from DD1 to DD15. The whole section was considered for paleomagnetic analysis. However, only
the detailed bottom part (DDL portion) was considered for cyclostratigraphic analyses.

3. Materials and Methods

Laboratory procedures and analysis in this study involved paleomagnetism, rock magnetism, anisotropy of
anhysteretic remanence, and cyclostratigraphy.

3.1. Paleomagnetic Procedures

Cylinders of 2.5-cm diameter and up to 2.1 cm high were cut from oriented hand samples in a core drill sys-
tem in the Paleomagnetic Laboratory of the University of Sdo Paulo (USPmag). Cylinders composed of more
than one layer (light/dark pair) were sliced into separate layers. Layers thicker than 2.1 cm were sliced into
two specimens. Demagnetization experiments were conducted in a magnetically shielded room with ambi-
ent field less than 500 nT. Remanent magnetization measurements were obtained using a superconducting
rock magnetometer from 2G Enterprises. Thermal demagnetization was carried out in a thermal specimen
demagnetizer from ASC (model TD48) with 9 to 35 heating steps from room temperature to 700 °C. Bulk sus-
ceptibility was monitored during the thermal treatment using a Bartington MS2B. Detailed alternating field
(AF) demagnetizations with 20 to 30 steps reached peak fields up to 160 mT and were automatically per-
formed in a set of coils coupled to a 2G magnetometer using random sequences of demagnetization axes
to avoid systematic contribution of gyroremanent magnetization.

Principal component (Kirschvink, 1980) and great circle (Halls, 1976) analyses were conducted using the
Remasoft software (Chadima & Hrouda, 2006). Grouping of magnetic directions in each layer (stratigraphic
level) was evaluated by the Fisher's (1953) statistics, and the combination of directions and planes followed
the method of McFadden and McElhinny (1988) with specification of constraint arcs.

Inclination shallowing correction was performed using anisotropy of AARM measurements, following
Jackson et al. (1991). The procedure of AARM acquisition was done using six different axes in the set of coils
that are coupled to the 2G magnetometer, and tensorial analyses of AARM data were done using the Anisoft
data browser 5 (Chadima & Jelinek, 2008).

Calculation of VGPs, application of variable cutoff colatitude angles (Vandamme, 1994), calculation of dis-
persion of VGPs (S), and elongation of the distribution of directions (E) with bootstrap confidence limits fol-
lowed the procedures described in Tauxe, Banerjee, et al. (2016). Simulations of GGP models were done
using a modified mktk03 function from the PMAGPY package of Tauxe, Shaar, et al. (2016).

3.2. Rock Magnetism

Irregular first-order reversal curves (FORCs) were obtained at room temperature using a Princeton
Vibrating Sample Magnetometer MicromagTM 3900. The measurement script, processing, and analyses
were done using the xFORC software (Zhao et al., 2015). The diagnosis of magnetic domain structure using
FORC diagrams followed the procedures of Hu et al. (2018) and Zhao et al. (2017).

Low-temperature magnetization curves of magnetic extracts were obtained at the Institute of Rock
Magnetism with a Magnetic Property Measurement System by Quantum Design. Six samples distributed
along the studied section were subjected to low-temperature rock magnetism experiments. The magnetic
extraction of rock samples was made following Strauss et al. (2013) and Strehlau et al. (2014). Room tempera-
ture remanence measurements were made during thermal cycling, where the samples were first subjected to
a saturation isothermal remanent magnetization at room temperature and then measured at every 5 K dur-
ing cooling and heating. Field cooled (FC) and zero-field cooled (ZFC) experiments were also conducted. In
these experiments, measurements were taken during heating from 1 K to room temperature. These two
experiments differ in the way that the sample is magnetized. In the FC experiment, the sample is first cooled
from room temperature to 10 K in the presence of a saturation field; then, the magnetic remanence is mea-
sured in steps of 5 K during the warming process. The ZFC experiment consists of cooling a sample in the
absence of any magnetic field, inducing a saturation field in low temperatures, and then measuring the
remanent magnetization during the warming process.
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3.3. Cyclostratigraphic Analysis

As discussed by some authors (e.g., Ellwood et al., 2000, 2012; Fang et al., 2017; Franco, Hinnov, & Ernesto,
2012; Wu et al., 2012), variations in magnetic susceptibility (x) due to changes in the detrital content of sedi-
ments have been widely used in cyclostratigraphic works because they can indicate climatically or eustati-
cally controlled weathering inputs. However, the determination of the origin of y variations can be tricky
because several factors (e.g., grain size and shape, composition, and concentration) can alter y values
(Ellwood et al., 2000). Anhysteretic remanent magnetization (ARM) has been increasingly employed as an
alternative method in cyclostratigraphic investigations (e.g., Fang et al., 2017; Kodama et al., 2010; Lanci
et al., 2010), as it measures the low-coercivity, fine-grained (<20 pm) ferromagnetic minerals (sensu stricto),
for which is often easier to determine the provenance (Latta et al., 2006; Wu et al., 2012). For a better assess-
ment and comparisons of the embedded quasiperiodic harmonic content, both y and ARM data sets were
considered in this study. This approach can also provide better estimates for the depositional time range
related to these rocks.

x and ARM data were determined along the entire DDL section for every sedimentary layer (201 layers).
Susceptibility measurements were conducted using an MFK1-FA Kappabridge (AGICO), and ARM acquisi-
tion and measurements were done using the 2G magnetometer. The y and ARM data sets were linearly inter-
polated and resampled every 1.75 and 1.80 cm, the median spacings of the two series, respectively, and
pre-whitened prior to spectral analysis by estimating and removing smoothed curve using MATLAB's
smooth.m with the “loess” option and a running window that is 60% of the data length (Figures 7a and
7b). Spectral analysis was carried out with the prolate multitaper spectral estimator (Thomson, 1982), with
hypothesis testing using a classical order 1 autoregressive red-noise null model (e.g., Mudelsee, 2014) using
the MATLAB script classicredpad.m. The persistence and/or transience of frequencies along the series was
evaluated with evolutionary fast Fourier transform (FFT) analysis using the MATLAB script evofft.m.
These latter two scripts are available at http://mason.gmu.edu/~lhinnov/cyclostratigraphytools.html. The
identification of potential astronomical frequencies was done by comparison of spectral peaks at frequencies
that correspond to those of the Earth's orbital eccentricity, obliquity, and precession index predictions for the
Upper Carboniferous-Lower Permian interval (298 Ma) by Berger and Loutre (1994).

4. Remanent Magnetization of Mafra Rocks

The thermal demagnetization data revealed the presence of two components in almost all demagnetized spe-
cimen, while the AF procedure mostly indicated the presence of more than one component, but did not dis-
criminate the direction very well, and presented noisy behavior at the last few steps of demagnetization
(which we eliminated from our directional analyses). A total of 528 specimens were subjected to the demag-
netization process. AF demagnetization was applied to all 216 sampled layers (stratigraphic sites), which
resulted in 366 AF demagnetized specimens. Thermal demagnetization was applied to 103 layers sparsely
distributed along the section, which resulted in 162 thermally demagnetized specimens. Representative
examples of thermal and AF demagnetization data are shown in Figure 2.

The thermal demagnetization efficiently removed all the remanent magnetization by 600 °C and revealed
two components of magnetization: one (secondary) removed at temperatures below 350 °C and the other
(characteristic) with high unblocking temperatures between 350 and 600 °C. Specimens DD8A1B and
DDL078B2B shown in Figure 2 are examples of thermal demagnetization that represent the typical behavior
of Mafra specimens. DDL078B2B is an example of a pilot group of thermal demagnetization, containing
more than 30 steps of demagnetization, and DD8A1B is an example of specimens that were subjected to a
simpler protocol, with fewer demagnetization steps. Both specimens show good discrimination of the two
components of magnetization, which are separated by a cusp elbow in the orthogonal plot. The final steps
of demagnetization (between 350 and 600 °C) are well grouped in the stereographic projection and are dis-
tributed along a direction centered on the origin of the orthogonal plot. For temperatures higher than 600 °C,
the remanence presents low values in the intensity plots and random behavior in the stereographic projec-
tion, and plots near the origin in the orthogonal plots, attesting to the complete demagnetization.

The decay of intensity of remanence was smooth for AF steps from 0 to 100 mT, but for the last steps (with
about 10% of the intensity remaining), the behavior was unstable. The remanent magnetization data are dis-
tributed along a great circle between the first and last (by 10 mT) steps of demagnetization for almost all
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Figure 2. Intensity curves, orthogonal plots, and stereographic projections of four examples of Mafra demagnetized speci-
mens. Alternating field (AF; thermal) demagnetizations are on the right (left). Orthogonal plots are composed of hori-
zontal projection (filled circles) and vertical projection (empty circles). Filled circles in stereographic projections represent
positive inclinations. The chosen steps for calculating the characteristic thermal and AF-C directions are colored in purple
and blue, respectively, in the orthogonal, stereographic, and intensity plots. The great circles were fitted using the range
shown in the grey area in the intensity plot. The great circles are shown in the stereographic plots. The maximum angular
deviation (MAD) and the deviation angle between the center of mass and the fitted direction (DANG; Tauxe, Banerjee,

et al., 2016) are also shown.

samples. This behavior is shown by stereographic projections of AF examples of Figure 2. The specimen
DDLO001AL1 is an example that reveals the presence of two components, one of low coercivities up to 20 mT
and the other along the range from about 25 to 70 mT; above 70 mT the data present a random behavior
(intensity, orthogonal, and stereographic plots). The specimen DDL100-2A3 also shows the presence of
two components, but it presents a smoother curve instead of two well-defined lines, and the same
randomness toward the end of demagnetization. Excluding these noisy data at the end, the
demagnetization for the more coercive range tends to go to the origin of orthogonal plot (see straight lines on
Figure 2b).

Principal component analysis (Kirschvink, 1980) was used for fitting components of thermal and AF data.
Part of the AF demagnetization data was also subjected to great circle adjustments (Halls, 1976). The second-
ary components were identified in the range of low coercivities (0 to 15 mT) and low temperatures (up to 350
°C) for 314 (232 AF and 82 thermal) specimens. The maximum angular deviation (MAD) varied from 0.5° to
26.3°. The high unblocking temperature characteristic component (Th-Ch) was fitted in the range of 350 to
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Figure 3. Directions and planes determined for demagnetized specimens from Mafra Formation. (a) Stereogram projec-
tion with secondary directions in black, characteristic component (thermal demagnetization data) in purple and C com-
ponent (alternating field [AF] demagnetization data) in blue circles. Empty (full) circles are negative (positive) inclination.
(b) Only lower projection of planes identified from AF demagnetization data (great circle analyses; Halls, 1976) and
characteristic components determined by thermal demagnetization. (c) Global means using thermal data (purple), mean
of C component, and mean of great circles from AF data (blue), and combining AF planes and Th directions (green). (c)
The purple line represents the plane that contains the maximum and intermediate eigenvalues (r; and 7,) from the
“orientation matrix” T (Scheidegger, 1965) from characteristic thermal data (Th-Ch). It indicates the plane of elongation.
The orange plane is the plane that contains the mean thermal secondary (orange circle with negative inclination) and the
mean characteristic thermal direction (orange circle with positive inclination). The blue plane is the mean great circle of
AF data. The limits were defined by 1,000 bootstrap resamplings. The black dashed line is the direction of the paleo-
meridian given by the declination of thermal mean.

600 °C for the majority of the specimens. Only four specimens (2.5%) showed random behavior and gave no
reliable components. The MAD of the Th-Ch components varied from 1.4° to 25.4°. The high-coercivity
characteristic component (AF-C) was identified in the range of 35 to 100 mT, excluding the noisy last
steps. The values of MAD of AF-C components varied from 1.7° to 32.1°. The AF great circles were
determined in the range of 5 to 100 mT. A total of 322 planes were defined, and MAD values varied from
1.4° to 31.4°. Directions or planes with MAD higher than 15° were rejected for future analyses. This data
cut represents about 11% of the total data set. All 954 components and planes with MAD < 15° from
Mafra rocks are shown in Figure 3 and are listed in Table S1 (in the supporting information).

The secondary components form a relatively highly dispersed group pointing to the north with negative
inclinations, which is compatible with the present geomagnetic field in the area. The AF-C and Th-Ch com-
ponents point to the southeast and have high positive inclinations, excepting six results (two from thermal

BRANDT ET AL.



'AND SPACESCIENCE.

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016968

—— Block means
—— Thermal means
------ Global Mean (Thermal)

500 1

4001
B
L.
[}
5300-
<
()
2
B 200
o
1001
100 150 200 250 50 70 90
Declination (°) Inclination (°)

Figure 4. Declination and inclination of mean directions of groups of thermal directions and alternating field (AF) planes
(green) and thermal mean directions per layer (purple). Arrows indicate the systematic differences of lower declination for
block means (combining of AF-planes and Th-Ch).

and four from AF demagnetizations) with negative inclinations. These are spurious directions because they
have no consistency with nearby samples.

Although the AF-C and Th-Ch point to a similar direction, they are systematically different from each other
(Figure 3a); the AF-C directions present visibly lower declinations than Th-Ch. Figure 3c further shows that
the global averages with only Th-Ch (purple) and only AF-C (blue) are quite different from each other, the
angular cones of 95% confidence do not intercept and are small (both 1.4°) when compared to the angular
distance between the vectors (11°). The mean AF-C plots in between the Th-Ch and the secondary means
(Figure 3c), in the same remagnetization plane, therefore, indicating an incomplete removal of the
secondary magnetization.

The fitted planes of AF demagnetization data (AF-planes) seem to be more consistent with thermal data
because of the region in the stereographic projection where most of the intersections lie in the same region
that is occupied by Th-Ch directions (Figure 3b). When they are grouped using the method of grouping
planes and directions with constraints (McFadden & McElhinny, 1988) using groups of at least five speci-
mens along the stratigraphy, they present a global mean (green, in Figure 3c) that plots between the thermal
mean and the mean remagnetization plane, with only a partial superposition of ays (grouping global mean:
dec = 140.5°, inc = 68.8°, atgs = 1.5°, N = 71 groups; thermal global mean: dec = 143.9°, inc = 69.8°, atg5 =
1.4°, N = 118 layers). The differences appear more striking when we see the plot of both data sets along
the relative elevation (Figure 4). At some levels, the declination of grouped directions (green) are very differ-
ent from thermal directions (purple) and repeatedly tend to smaller declinations (indicated by arrows in
Figure 4). Because of these systematic differences, the only partial overlapping of ags, and the positioning
of the blocking mean between the remagnetization plane and the thermal mean, we consider it likely that
even using only the analyses of AF data by the great circle fitting and grouping method will contaminate
the results with incomplete removal of secondary directions. Thus, in the following, we considered only
the thermal data set (Table S2) to avoid any contribution of secondary components in the final results.
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Figure 5. Rock magnetic results: (a) Remanence curves of sample DDL198: Field cooling (FC) and zero field cooling
(ZFC) curves on left and room temperature (RT) curves on the right. Bottom: Irregular first-order reversal curves dia-
grams for sample DDL025. (b) A cycle of hysteresis with and without paramagnetic correction; (c) conventional first-order
reversal curve (FORC) diagram; (d) corrected hysteresis cycles; (e) induced FORC diagram. The rectangle with N, P, and N
is showing characteristic triple negative-positive-negative that is common for samples that contain single domain parti-
cles. Smoothing factor 5, 120 FORC curves were measured, with 300 ms of averaging time, maximum field of 300 mT and
saturation field of 300 mT.

Figure 3d shows the remagnetization planes defined by thermal data (orange) determined by the plane that
contains the secondary and characteristic mean directions and by AF data (blue) determined by the mean
great circle. The remagnetization planes determined by thermal and AF data are compatible with one
another, and the elongation plane is totally different from them. As the elongated shape of the characteristic
thermal directions (purple line at Figure 3d) is not compatible with the remagnetization planes, we can dis-
card the hypothesis that this shape of distribution is due to incomplete removal of the secondary direction.
Moreover, as the elongation plane is compatible with the plane that contains the paleomeridian and vertical,
the elongated shape of the Mafra distribution is not related to inclination shallowing effect.

5. Rock Magnetism and Flattening Factor f Determination

The samples presented a transition in room temperature remanence cooling curves at around 120 K and a
partial recovery of the remanent magnetization during heating. This transition is called the Verwey transi-
tion (Dunlop & Ozdemir, 1997) and indicates the presence of magnetite. FC remanence curves of all samples
presented higher values than the ZFC remanence, which is indicative of the presence of single domain mag-
netite [following Bilardello & Jackson, 2013]. Figure 5a shows one typical example of FC, ZFC, and room
temperature remanence curves (sample DDL198).

Irregular FORCs at room temperature were performed on three selected samples from Olsen quarry to con-
firm the domain structure of the magnetic carrier. The conventional FORC diagram for all analyzed samples
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Figure 6. Equal-area projection of principal of anisotropy of partial anhys-
teretic remanent magnetization (pAARM) tensors axis: K3 (minimum, cir-
cle), K1 (maximum, square), and K2 (intermediate, triangle). Small symbols

showed a positive distribution on the Bc axis (see DDL025 on Figure 5b).
Induced FORC diagrams exhibited a characteristic triple negative-posi-
tive-negative that is common for samples that contain single domain par-
ticles, following Hu et al. (2018) and Zhao et al. (2017).

Sixteen specimens distributed along the sampling section were selected
for AARM measurements to define a mean K, tensor that represents
the rock unit, following Kodama (2009). Partial AARM acquisition was
conducted in the range 35 to 100 mT of AF field with a bias field of 0.1

% mT. This range corresponds to the range of AF demagnetization that
had the least influence on secondary magnetization (see Figure 2).

Results of AARM for each specimen, mean ellipsoid (with bootstrapped
confidence ellipses), and 500 bootstrapped means are shown in Figure 6,
where Ka1, Kas, and Ku 3 are the axes of the eigenvectors of, respectively,
maximum, intermediate, and minimum eigenvalues of the K tensor. The
results have approximately the same behavior, where the majority of max-
imum and intermediate directions (K4; and K,,) are near to the horizon-
tal and minimum axes (Ka3) are close to the vertical. The anisotropy
degree of each specimen varied between 1.5% and 5.5%. The mean ellip-
soid (large symbols) presents an oblate shape and is positioned parallel
to the horizontal. The normalized mean tensor K, has eigenvalues of
Ka1 = 1.013, K5p = 1, Kp3 = 0.987, with the directions Decg; = 212.7,

are 500 bootstrapped mean tensors axis, big symbols are the tensor for each ~ Inck; = 7.4, Decg, = 122.4, Inck, = 1.8, Decks = 19.1, Incgz = 82.4.

sample, and stars are the mean tensor. The ellipses are 95% of bootstrapped

confidence region.

The AARM and rock magnetic results allowed us to determine the incli-
nation shallowing correction factor (flattening factor, f). Magnetite can
have particle anisotropy a from 1 (isotropic particles) to infinite (elon-
gated uniaxial). According to Dunlop and Ozdemir (1997), elongated particles should not exhibit the
Verwey transition, which means that the Mafra's remanence curves are attesting to the presence of magne-
tite, but not the elongated particles. However, we can not discard the presence of elongated particles, because
of the bulk remanence anisotropy, despite the low degree of anisotropy, agrees with the expected fabric for
sedimentary rocks (horizontal oblate elipsoid on Figure 6). The flattening factor is determined by f = Kas(a
+2) — 1/Ka1(a+2) — 1 (Jackson et al., 1991), where K3 and K,; correspond to the minimum (vertical) and
maximum (horizontal) axes from K, tensor and a is the particle anisotropy that for natural magnetite has a
typical value of a = 2 (Kodama, 2012). Because the difference between the K53 and K, from the mean Mafra
tensor is small (1.013 and 0.987, respectively), the flattening factor would vary between 0.96 and 0.97 for any
value of a between 1 and infinite. Therefore, for Mafra results, the particle anisotropy does not affect signif-
icantly the final flattening factor estimative. Anyway, considering the typical value of a = 2, the resulting
flattening factor for Mafra rocks is f = 0.97, which means almost no correction.

6. Cyclostratigraphic Results

There are patterns strongly suggestive of astronomical signals in the y and ARM series. A ~60-cm cycle
occurs throughout both data series (Figures 7c and 7d, purple arcs); between 100 and 150 cm, the cycle is
shortened to 30 cm (down-pointing purple arrows). This cycle is prominent in the power spectra of both y
and ARM series (Figure 8); the spectral peak with a wavelength of 65 cm exceeds the 99% confidence level
for red noise in the ARM spectrum. In Figures 7c and 7d, other shorter cycles occur within the ~60-cm cycles,
preferentially at 23 and 10.6 cm in the y spectrum and at 13 cm primarily in the ARM spectrum (Figures 8c
and 8d). This overall pattern suggests that the 65-cm cycle may represent the 100-kyr short orbital eccentri-
city cycle. The wavelength ratio 65:23:13:10.6 = 6.13:2.17:1.23:1 is not far from the ratio of Late
Carboniferous astronomical periodicities of Berger and Loutre (1994): 100:34.2:20.7:17.4 =
5.75:1.97:1.19:1. Moreover, the 60% “loess” curves of the y and ARM series have a cycle with a ~270-cm wave-
length (Figures 7a and 7b), that is, at a scale suggestive of the 405-kyr long orbital eccentricity cycle (65 cm X
4.05 = 263.25 cm). The FFT spectrograms (Figure 8) show a sharp shift of frequencies to the right at ~70-100
to 150 cm, suggesting a decrease in sedimentation rate in this stratigraphic interval and explaining the wide
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Figure 7. The cyclostratigraphic series. (a) Raw magnetic susceptibility (y) and (b) raw anhysteretic remanent magnetiza-
tion (ARM) data series after linear interpolation and resampling (blue) and their corresponding 60% “loess” curves (red).
(c) x and (d) ARM data series after removal of the 60% loess curves. Purple arcs = 100-kyr short orbital eccentricity cycles,
black brackets = 34 kyr obliquity cycles, and upward pointing orange arrows = 20 kyr precession index cycles.

range of wavelengths presumably related to the precession index (12.9, 7.8, and 6.2 cm in the ARM spectrum
and 10.6, 7.3, and 6.5 cm in the y spectrum).

Assuming that the 65-cm cycle is the main expression for the ~100-kyr short orbital eccentricity implies a
sedimentation rate of 65 cm/100 kyr = 0.65 cm/kyr for the series. Thus, the 360-cm series length may repre-
sent a duration of 360 cm/(0.65 cm/kyr) = 553,846 years, and a 1-cm-thick specimen would be expected to
average over 1.5 kyr. As the total section of paleomagnetic sampling comprises 5.3 m, the complete sampled
DDL section may correspond to a duration of ~530 cm/(0.65 cm/kyr) = 815,385 years.

7. Mafra and Other South American Paleomagnetic Poles

The remanent magnetization of the Mafra rocks has high positive inclination and is carried mainly by single
domain magnetite as revealed by thermal demagnetization. No other magnetic carrier was identified, but
this does not exclude the possibility of a small contribution of a secondary mineral carrying the secondary
direction, although not detected. The weak anisotropy indicates only a very small correction for inclination
shallowing effect (flattening factor f = 0.97), which changes the final mean inclination by 0.5°. The 118
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Figure 8. Spectral analysis of the cyclostratigraphic series for (A) y and (B) anhysteretic remanent magnetization (ARM).
Top: 2n multitaper power spectra, with the AR(1) red noise spectral model and 85%, 90%, 95%, and 99% confidence levels
(c.L.) for null hypothesis testing. Wavelengths of spectral peaks are labeled in cm. Bottom: Evolutionary fast Fourier
transform (FFT) spectrograms with a 75-cm sliding window, with each calculated FFT spectrum normalized to 1; e, O, and
P indicate ~100-kyr short orbital eccentricity, obliquity, and precession, respectively.

results (Table S2) were converted into VGPs, and a variable cutoff angle procedure (Vandamme, 1994) was
used for selecting data. The final cutoff angle was of 24.8°, which removed seven sites.

The mean direction of characteristic remanent magnetization of Mafra rocks, using only the selected direc-
tions, is Dec = 144.2° and Inc = 69.0° (N = 111, R = 110.1, k = 129.1, ays = 1.2°), which results in a paleo-
latitude of 52.4°S. The mean direction with inclination shallowing correction (f = 0.97) changes to Dec =
144.2° and Inc = 69.5° (N = 111, R = 110.2, k = 134.4, ag5 = 1.2°) with paleolatitude of 53.2°S. The final
Mafra PP position is 51.9°S, 344.3°E (N = 111, R = 109.0, K = 55.9, Ags = 1.8°). Mafra PP (number 16 in
Table S4) is plotted as a star in Figure 9a. The Mafra PP without inclination shallowing correction (named
as 16.1 in Figure 9a) is practically the same as the corrected one (16.2). The confidence circle of 95% (Ags)
for the Mafra pole is almost the symbol size and not easily distinguished in the figure.

The set of PPs plotted in Figure 9 and listed in Table S4 from the supporting information was based on the
compilation done by Domeier et al. (2012) and some new results from Ernesto et al. (2015), Franco, Ernesto,
et al. (2012), and Yokoyama et al. (2014). Poles from 9 to 19 are reverse polarity and are assigned to the
Kiaman superchron interval [~318 to 262 Ma; Opdyke & Channell, 1996]. The PP 18 (Pular and Cas
Formations), which have mixed polarities, including a normal polarity record, which, according to
Jesinkey et al. (1987), represents a normal event at the base of Kiaman superchron. Mafra PP is inserted
in the Ags cone of confidence from poles Pular and Cas Formations PP (number 18) and La Tabla
Formation PP (number 19). Those poles are from igneous rocks from Chile (Jesinkey et al., 1987) and have
similar ages.

The stratigraphic correlation between the Mafra and Rio do Sul formations is well constrained in Santa
Catarina State. The Rio do Sul Formation positions in the upper portion of Itararé Group and Mafra
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Figure 9. South American paleomagnetic poles. (a) Paleomagnetic poles positions of ages from Carboniferous to Triassic
times, where 1-Ernesto et al. (2015); 2, 3, 8-Domeier, Van der Voo, Tomezzoli, et al. (2011); 4-Gilder et al. (2003); 5-
Yokoyama et al. (2014); 6-Rapalini et al. (2006); 7-Domeier, Van der Voo, Tohver, et al. (2011); 9, 12-Rapalini and Vilas
(1991); 10, 11-Geuna and Escosteguy (2004); 13-Rakotosolofo et al. (2006); 14-Franco, Ernesto, et al. (2012); 15-Brandt
et al. (2009); 16-this study; 17-Geuna et al. (2010); 18, 19-Jesinkey et al. (1987). The numbering follows the sequence from
Table S4 (supporting information). The corrected (16.2) and uncorrected (16.1) Mafra paleomagnetic pole are plotted as
stars. The Rio do Sul pole (Franco, Ernesto, et al., 2012) is plotted as a triangle. Empty, full, and half-full symbols are
referred to exclusively reversed, exclusively normal, and mixed polarity, respectively. The sedimentary and volcaniclastic
results that were originally corrected for the inclination shallowing effect by the authors are plotted in Figure 9a (poles 3,
14, and 15). The sedimentary poles that did not have any correction are also plotted (squares, PPs number 4, 10, and 13). (b)
Site positions of the paleomagnetic poles (following the same numbering, color scale, and type of symbols).

Formation in the middle portion, following the definition of Schneider et al. (1974). As already mentioned
in section 2, the age of the Mafra formation is late Pennsylvanian (Kasimovian to Gzhelian). The Rio do
Sul formation is younger and corresponds to the Permo-Carboniferous boundary (Gzhelian to
Sakmarian, ~ 284.4 to 303.9 Ma). Recent dating based on Rb-Sr of the base of this unit (Lontras shale)
indicates a minimum age of 287 + 10 Ma (Koester et al., 2016). Conversely, Cagliari et al. (2016) put
some more constraints on the ages of these formations as they place the topmost glacial deposits of the
Itararé Group at 307.7 + 3.1 Ma (Kasomovian-Moscovian), therefore placing the Rio do Sul and Mafra
formation being slightly older than this.

The paleomagnetic pole from the Rio do Sul Formation Franco, Ernesto, et al. (2012) is plotted as a triangle
and is almost equal to the PP 17 [La Colina pole from Geuna et al., 2010] observed from both sedimentary
and volcanic rocks. The Rio do Sul PP would produce a magnetic inclination at Mafra site of 63.9° corre-
sponding to a paleolatitude of 45.6°S. This implies a velocity of 3.4 cm/year toward the north (considering
a maximum age difference of ~20 Ma; the lowest limit of age from Mafra and the upper limit of age from
Rio do Sul) and a velocity of about 6.4 cm/year. This result is compatible with the velocities of about 6
cm/year northward between 310 and 290 Ma determined by Torsvik et al. (2012) for Gondwana
Supercontinent. After this time interval, the general trend of displacement of Gondwana supercontinent is
northward, and the younger paleomagnetic poles gradually plot at higher latitudes, heading toward the geo-
graphic pole. After the Pangea breakup, the paleomagnetic poles for the South American plate remained at
higher latitudes (Ernesto, 2005 and Font et al., 2009), which means that there is no possibility of the paleo-
magnetic direction determined by Mafra rocks be a younger overprint.

BRANDT ET AL.

13



'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2018JB016968

Field tests such as folding or conglomerate tests might reinforce the primary origin of the magnetization, but
none is available for this intracratonic basin. This absence does not mean that the magnetization is not pri-
mary. These sediments exhibit no signs of tectonic folding and were certainly not remagnetized by folding
effects. Therefore, we consider the characteristic component, identified by thermal demagnetization, as a
primary magnetization.

8. The Record of Paleosecular Variation by Mafra Rocks Compared to
GGP Models

The positive-inclination remanent magnetization of the Mafra section is expected for a primary magnetiza-
tion, as its age is entirely constrained in the Kiaman superchron interval [~318 to 262; Opdyke & Channell,
1996]. According to the cyclostratigraphic analysis (section 8), the Mafra studied section covers more than
800 kyr, which ensures a representative sampling of the paleosecular variation. Moreover, the variation of
the characteristic magnetization along the stratigraphic sequence does not show any tendency from bottom
to top that could be related to age differences (see Figure 4). Considering the long period represented in the
deposition of these sediments, the dense sampling of this section, the primary nature of its magnetic rema-
nence, and the small correction of inclination shallowing applied (AARM procedure), we can consider it a
reliable and detailed record of a section of the Kiaman geomagnetic field. However, the Mafra record should
be considered as a smoothed signal from the geomagnetic field variations, due to the low rate of deposition of
the studied section (~800 kyr for 5.3 m); each sedimentary layer represents a time-averaged field of some
thousands of years. Therefore, this paleomagnetic data set cannot be considered as a spot reading of the geo-
magnetic field, and a partial smoothing of geomagnetic variation is anticipated.

Figure 10a shows the resulting distribution of magnetic remanent directions (mean direction per strati-
graphic layer) with the expected direction (Dec = 144.3°, inc = 69.3°) rotated to the origin (center of stereo-
graphic projection). The elongation values with the 95% bootstrap confidence limits are Ey = 2.08393 for
noncorrected Mafra directional data and Ey; = 2.08313 for AARM-corrected data (inclination shallowing
correction). The declination of V, (eigenvector associated to intermediate eigenvalue 7, of T) with the
95% bootstrap confidence limits is Decy, = 128.51%89°, which is compatible with the mean declination
(direction of paleomeridian), as predicted by TK03.GAD model. However, the value of elongation is higher
and incompatible with that predicted, and the 95% confidence bound does not intercept the TK03.GAD
elongation curve (black dashed line in Figure 10f). As the value is greater than predicted by the model
for its inclination value and the elongation is along the paleomeridian direction, there is no flattening cor-
rection that recovers an elongation/inclination pair that makes Mafra data set compatible with TK03.GAD
model. Moreover, this would be an inappropriate procedure since the data were already corrected by
AARM method.

The dispersion of VGPs of the Mafra Formation with 95% bootstrap confidence limits was Sy = 11.0°%;’ for
uncorrected data and Sy; = 10.9°é_18'8 for AARM-corrected data. As we can see in Figure 10g (purple star), this
result is lower than that predicted by TK03.GAD (black dashed line, Figure 10g). This result is not surprising
as the TK03.GAD model is related to the last five million years when the geomagnetic field shows higher
reversal rates, quite different from the behavior during a superchron. We also need to consider that the
reduction of scatter can be enhanced by smoothing of the geomagnetic signal implied by the low deposition
rate of Mafra rocks. Even so, other paleomagnetic results (both igneous and sedimentary data) from Kiaman
times also presented a reduced secular variation for low and medium paleolatitudes. The VGP scatter of
intrusive rocks of Oslo Graben (Haldan et al., 2014) and lavas of Bakaly Formation (Bazhenov et al., 2016)
are examples of more two different types of rock that recorded the reduced behavior of the paleosecular var-
iation during the Kiaman superchron (dispersion plots are shown in Figure 10g). Moreover, a recent compi-
lation of paleomagnetic data from Kiaman times shows a strong paleolatitudinal dependence of the
dispersion (de Oliveira et al., 2018).

The paleomagnetic data sets are usually limited to some tens of sites, and as the elongation is a ratio of two
variables, it has a wide probability distribution with higher variance. Therefore, the elongation results com-
monly have large error bars, even for the longest sections of paleomagnetic data. The number of sites must be
high to define this parameter better. Tauxe et al. (2008) recommended more than 100 paleomagnetic sites.
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Figure 10. Paleosecular variation from Mafra Formation and Giant Gaussian Process (GGP) models simulations: (a)
Mean direction per stratigraphic layer distribution of Mafra Formation, with the expected direction rotated to the
origin of stereographic projection; (b) directions of 200 simulations of TK03.GAD model for the same expected
inclination (i = 69.3°); (c) directions of 200 simulations of a modified version of TK03 model with lower a parameter
(o = 4.5 uT) and higher 8 parameter (8 = 5.0) for the same expected inclination (i = 69.3°); (d) the same as (c), but
with nonnull octopolar contribution of 10% (G3 = 0.10); (e) the same as (c), but with a nonnull quadrupolar
contribution of —10% (G2 = —0.10); (f) elongation of the longest data sets from Kiaman period: purple star denotes
this study, blue circle denotes Oslo Graben lavas (Haldan et al., 2014), and orange circle denotes Bakaly
Formation (Bazhenov et al., 2016); these results are in Table S5. The curves are elongation results from 10,000 of
simulations of GGP models: black dashed line is the original TK03.GAD, fitted polynomial is E(I) = 3.160 X 10761
3 _ 3525 x 107417 — 1.466 x [1142.895, from Tauxe et al. (2008), the black continuous curve is TK03.GAD
model with a = 4.5 uT, g = 5.0, fitted polynomial is E() = 2.426 x 10 %11 — 1.385 x 104> — 3.236 x 10~
+3.318, green dot line has a = 4.5 uT, 8 = 5.0, and 10% of octopolar contribution, fitted polynomial is

E(D) = 4.638 x 1070111 — 8.011 x 10 *111*+1.213 x 10 2I14+2.947, light-purple dash-dot line has —10% of quadrupolar
contributions fitted polynomial is A() = — 1.038 X 107 °P+4.426 x 107*+8.322 x 107%1+4.335, for I < 0 and
E() = 4.505 x 10~ P — 3777 x 10 4% — 3.919 x 10_21+4,348, for I > 0. Simulation results and parameters from
these models are in Table S6. (g) Dispersion of virtual geomagnetic poles corresponding to 10,000 simulations of GGP
models using the variable cutoff. The colors and line styles follow the same pattern as (f).

2In

The longest igneous sections of paleomagnetic records for Kiaman times are the other two paleomagnetic
results shown on Figure 10. The Oslo Graben results (blue circle) are based on 104 paleomagnetic sites,
and Bakaly Formation results (orange circle) have 88 paleomagnetic sites. Although their reduced disper-
sions are in agreement with Mafra result, the elongation results are smaller than the TK03.GAD elongation
prediction. The Bakaly Formation mean result plots near the elongation curve predicted by TK03, and con-
sidering its error bars, it is compatible with the model. The Oslo Graben result plots far from the model curve
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(almost circular distribution), and its bootstrap confidence limits do not intercept the model curve. The elon-
gation values were obtained with the whole of the available directional data set, without any cutoff, in order
to preserve the number of sites.

The GGP model curve is built from the elongation/dispersion results of 10,000 simulations and are not the-
oretical values. This implies an intrinsic uncertainty contained in the model. As we do not have a direct
determination of a theoretical elongation or VGP scatter, in this work, as in other studies (e.g., Tauxe
et al., 2008; Tauxe & Kodama, 2009) and also for inclination shallowing correction, we compared the elon-
gation and also the dispersion value directly with the model curve. We consider the results of 10,000 simula-
tions as a “theoretical” estimate of elongation of directions and VGP scatter.

Ten thousand simulations of modified versions of the GGP model TK03.GAD using a modified function
from PMAGPY (mktk03) were done to find the GGP model that best describes Mafra and the igneous results
from Oslo Graben and Bakaly Formation. The modified function includes changes to the values of g2, a, §3,
G2, and G3, which are, respectively, the gauss coefficient associated to the mean axial dipolar field, the
adjusted parameter proportional to the standard deviations (o;), the parameter that differentiates symmetric
and antisymmetric components, quadrupolar, and octopolar zonal contributions [see the original values on
Table 1 from Tauxe & Kent, 2004]. The first set of simulations were done with the sign of the original g0 chan-
ged (original g0 = —18 uT, simulated g0 = +18 uT) for simulating the reversed field. There is no difference
between the elongations and dispersion of VGPs from the original TK03.GAD and the reversed version, so
we continue to call it TK03.GAD in Figure 10 (dashed black curves). To illustrate the differences between
the Mafra data set and the TK03.GAD model, Figure 10b shows 200 directions predicted by TK03.GAD
for the same expected inclination (inc = 69.3°). Figures 10c-10e show directions from modified versions
of TK03 model for the same expected inclination.

According to paleosecular variation studies for superchrons (Biggin et al., 2008; de Oliveira et al., 2018;
Doubrovine et al., 2019; McFadden et al., 1991), a larger dispersion variation with latitude is expected for
superchrons, and an increase in the 8 parameter is reasonable. Therefore, instead of 3.8 from TKO03, we used
an arbitrarily higher higher 8 = 5.0. Next, we searched for a model that produced a dispersion curve more
compatible with the three available results in a sequence of 40 values of a from 0.4 to 15.0. The model with
the least absolute differences (total misfit of 4°) in dispersion results had a = 4.5 uT for 8 = 5.0. This model
(continuous black line, Figures 10f and 10g) produces dispersion values close to the results. The elongation
of this model is increased for low paleolatitudes. To this model (8 = 5.0, « = 4.5 uT), we also added different
zonal nondipolar contributions (nonnull G2 and G3). The octopolar component (G3 = 10%) increases the
elongation for both hemispheres (dotted green line model, Figures 10f and 10g), and the quadrupolar pro-
duces an asymmetric result. The contribution of G2 = —10% produces high elongation for the southern
hemisphere and low elongation for the Northern Hemisphere (light-purple dash-dot line model,
Figures 10f and 10g).

The sum of absolute differences between the results of elongation and the tested models' curves (Figure 10f)
is not so different when we compared the data with TKO03 or the other versions of GGP that we ran (GAD, a =
4.5 uT and = 5.0; 10% of G3; —10% G2). The sum of absolute difference in elongation is reduced from 2.0 for
TKO03 model to 1.9 for our model (GAD, o = 4.5 uT and 8 = 5.0). The smallest difference found was for the
GGP version with quadrupolar contribution (1.6 of total absolute difference), because the elongation results
are not symmetric and plot nearer to this GGP version. The two data sets from the Northern Hemisphere
(Bakaly Formation and Oslo Graben), opposite to the Mafra results, have lower elongation than predicted
by the model. However, because of the high error bars associated with the elongation results, and similar
misfit for every tested model, we are not able to define the shape of the expected distribution of Kiaman
times using only the available elongation results.

Although the elongation results did not help to define the shape of distribution, the dispersion results, even
for different types of rocks, consistently do not permit the assumption that the TK03 model is valid for
Kiaman times. In addition, if we consider for this time our best fitting GGP model (GAD, a = 4.5 uT and
B = 5.0) for the dispersion, the predicted elongation curve (black continuous curve) will be also different
from TKO3. This would imply that the inclination shallowing corrections for sedimentary rocks of this
age, assuming the TKO3 as valid was improper, especially for low paleolatitudes where the elongation
is higher.
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It should be noted that perhaps the TK03 model is no longer compatible with the last few million years data
because it was fitted to the database available at the end of 1990s. Since then, no new GGP model has been
built, but the paleomagnetic database for the recent field has been improved and modified, as we can see in
the last compilation made by Cromwell et al. (2018).

These different versions of GGP models were built here only with the intention of speculating what kind of
geomagnetic field behavior might represent the available data, so we should also consider that the three data
sets have limited number of sites and are from three distinct types of rocks. This limited data set means that
any comparisons with the model may be affected by local effects rather than being completely representative
of the specific latitude band.

9. Conclusions

The paleomagnetic results of the Mafra Formation presented in this study are the largest known section of
primary sedimentary data from Kiaman times with AARM inclination shallowing correction. We presented
cyclostratigraphic analyses that permitted inference of the time span for the deposition of the Mafra sam-
pling section. The new paleomagnetic pole of reference for South America is compatible with what is
expected for the South American plate for this time; furthermore, all remanent magnetizations are reversed
and consistent with what we expect from a primary remanence acquired during a reversed superchron. Also,
these sediments are completely flat lying, and despite the lack of folding tests, we know that they were defi-
nitely not remagnetized by tectonic effects.

This long primary data set together with other two igneous sections is totally incompatible with the VGP
scatter predicted by the TK03 GGP model. Because of the way GGP models are built, the dispersion and elon-
gation predictions cannot be dissociated. If we change the parameters of a GGP model, both parameters will
alter. In this study, the reduced dispersion produces an increase in elongations mainly near
equatorial latitudes.

Recent paleomagnetic studies of the Upper Paleozoic Era adopted the use of the E/I method for correction of
sedimentary data (e.g., Brandt et al., 2009; Franco, Ernesto, et al., 2012; Haldan et al., 2009; Lanci et al.,
2013). However, no conclusive test had previously been done attesting the validity of TK03.GAD elongation
for the Paleozoic Era. This new result is an alert that the indiscriminate use of E/I method may be dangerous
for any period over which the method has not been tested.
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Chapter 4

Giant Gaussian process models of geomagnetic paleosecular
variation: a directional outlook

This chapter presents a manuscript submitted in December/2019 the Geophysical
Journal International (Brandt et al., 2019b), which is now under revision. This manuscript
contains a new way of characterizing the geomagnetic PSV from directional distributions
that can be theoretically predicted from a GGP PSV model. The size of the directional
distributions is evaluated along the east-west and north-south axes and is represented by the
standard deviations xg and x which are equal-area coordinates of directional distributions
rotated to the vertical (o and oy ), revealing not only the distribution shape but also the
dispersion. These statistics can be determined by numerical integration of the directional
probability density functions (Khokhlov et al., 2001) given by a GGP model.

The directional PSV results of oz and gy from the updated paleomagnetic database of
lavas PSV10 (Cromwell et al., 2018) from the last 10 Ma are also presented. The results are
compatible with predictions from the TK03 model. Even so, a new model for this time period
is presented, which is called BCE19, and fitted using minimum squared differences.

The latitudinal dependence of o5 and oy presented to be diagnostic, so it can be used for
testing the validity/modeling GGP. Moreover, the latitudinal dependence of oz and gy for a
simplified GGP model is symmetric to the Equator and independent of polarity, which
allows us to use this type of model for the remote geological past when the polarity and/or
paleo-hemisphere are very often unknown.

The application of these new concepts to the Kiaman times is described in Chapter 5.

Supplementary materials can be found at https://earthref.org/ERDA/2419/.
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4.1. Abstract

Assessment of long-term paleosecular variation (PSV) of the geomagnetic field is
frequently based on simplified versions of a class of statistical models known as giant
Gaussian processes (GGP) used to represent temporal variations in spherical harmonic
descriptions of the field. Here we propose a new type of analysis to assess the shape and
dispersion of the directional distributions caused by PSV. The quantities analyzed in this
study are equal-area coordinates of rotated distributions of paleomagnetic directions, xg
(east-westst) and x (north-southth) and their standard deviations (oz and gy ). These are
easy to determine, and can readily be numerically predicted for any GGP model, avoiding
the need for the numerous simulations generally used to determine the scatter and/or
elongation of directional distributions. Mean predictions of X for a simplified GGP model
are different from the expected geocentric axial dipole (GAD) directions, in agreement with
inclination differences noted in previous studies. The best estimates for paleomagnetic
inclination are the expected directions from the mean of virtual geomagnetic poles (VGPs)
calculated using an iterative angular cutoff process. Predictions of oz and gy vary with
latitude and are symmetric about the Equator. The N-S direction (oy) is always larger than
E-W (o), but the difference decreases from a maximum at the Equator to the poles, where
oy = og. A simplified GGP model is used to show that the parameter a (affecting variances
in all gauss coefficients) is positively correlated with o5 and oy while the f parameter, the
ratio of dipole to quadrupole family standard deviations, modifies the latitudinal dependence
of gz and gy . Predictions of simplified GGP models are compared with both numerical
simulations and real data spanning the last 10 Ma. The latitudinal dependence of the
proposed measures of PSV (o and gy ) provide useful diagnostics for testing the validity of

a GGP model. For the past 10 Ma the best fitting GGP model with a mean GAD field set to
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g) = —18 uT has a = 6.7 uT and 8 = 4.2. These new directional diagnostics will be used to
investigate changes in overall geomagnetic field behavior over other geological time
intervals.

Key Words: Paleomagnetic secular variation, paleomagnetism, statistical methods

4.2. Introduction

The assessment of the geomagnetic field from Earth’s past is possible because a record
of the geomagnetic field is preserved in rocks and archaeological artifacts. As we go back in
time the paleomagnetic record becomes sparser both geographically and temporally,
therefore, statistical models of paleosecular variation (PSV) are used to study the long-term
variability of the geomagnetic field. In such models, individual paleomagnetic records from
lavas are considered as random spot readings of the geomagnetic field. In this work, we
consider only directional paleomagnetic data. Recovery of reliable estimates of field strength
1s much more challenging (Tauxe and Yamazaki, 2007) so the directions constitute the
majority of the data that are available. With the average field structure relative to a geocentric
axial dipole (GAD), angular scatter of virtual geomagnetic poles (VGPs) positions, and
frequency of polarity reversals provide measurements of the overall directional variation of
long-term the geomagnetic field.

Currently, two types of representations are used to describe various aspects of PSV: the
G-model (McFadden et al., 1988) and the giant Gaussian process (GGP) type model
(Constable and Parker, 1988).

Model G is based on the following relation between the dispersion of VGPs (§) about
the geographic axis and the latitude (1) of the site of the paleomagnetic dataset:

S = VaZ + b2A* (4.1)

Where a® and b?A? are the VGP scatter generated by changes in symmetric and
antisymmetric families of geomagnetic spherical harmonic coefficients, respectively, under
the assumption that PSV is usually statistically uncorrelated between the two families.

The G-model was first used to explain the VGP scatter of the 0-5Ma of geomagnetic
paleosecular variation (McFadden et al., 1988), and, using the GAD hypothesis, it was then
applied to paleomagnetic data of older times from Phanerozoic and Proterozoic times
(Biggin et al., 2008a; Biggin et al., 2008b; Oliveira et al., 2018; McFadden et al., 1991;

Smirnov et al., 2011; Veikkolainen and Pesonen, 2014), which allowed investigation of the



geomagnetic field over geological time scales, and the possibility of revealing any changes
in PSV related to the evolution of Earth’s core.

The relationship between the G-model parameters (a and b) and reversal frequencies
has been used as a proxy for reversal rate, with high values of b/a related to low reversal
frequencies, and vice-versa (Biggin et al., 2008b; de Oliveira et al., 2018; McFadden et al.,
1991). However, a recent paleosecular variation study for the Cretaceous normal superchron
(CNS) and pre-CNS times (Doubrovine et al., 2019) presented an updated high-quality
compilation of paleomagnetic directional data from lavas. Their analyses found similar
values of b for periods with discrepant reversal frequency: the past 10 Ma (data set PSV10)
with reversal rate 4.4—4.8 Myr ', and two earlier superchrons (CNS and Kiaman) which
correspond to tens of million years with no occurrence of reversal, have similar b results
(bpsy1o = 0.27333; and beys = 0.21328; byigman = 0.27033). This is indicative that the
ratio b/a is not a reliable proxy for past reversal frequencies. Alternatively, perhaps there is
no difference in PSV structure that can be associated with changes in reversal rate and any
concomitant changes in the evolving core.

With these considerations in mind, we set out to develop and assess broader diagnostics
of PSV that might be sensitive to changes in the geomagnetic field over Earth’s history. A
potentially useful criterion not encapsulated in Equation (4.1) is the shape of the statistical
distributions of either local field directions or their associated VGPs.

It has long been known that geomagnetic PSV produces non-circular distributions of
paleomagnetic directions (Creer et al., 1959), whose elongation and dispersion vary with
latitude. The GGP are statistical PSV models (Constable and Parker, 1988) that predict
directional distribution at any place on Earth and are based on the spherical harmonic
description of the geomagnetic field. Therefore, the use of this type of model is an option to
follow with directional PSV analysis.

Currently available GGP models CP88 (Constable and Parker, 1988), QC96 (Quidelleur
and Courtillot, 1996), CJ98 (Constable and Johnson, 1999) and TKO03 (Tauxe and Kent,
2004), have been fitted to data covering the past few million years (0-5 Ma). The most recent
of these models, known as TKO03, was designed to fit the VGP scatter as a function of latitude
of the MM97 database (McElhinny and McFadden, 1997). TKO03 is a simplified version of
the general GGP formulation, based on a time-averaged GAD field model plus only two
additional parameters and predicts latitudinal variation in VGP dispersion compatible with

MMO97 results. TKO03 has already been tested in other earlier geological times (Tauxe and
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Kodama, 2009), and it is currently used as a reference model throughout Earth’s history
mainly with the use of elongation/inclination method for inclination shallowing correction
(Tauxe and Kent, 2004).

A fixed or iterative VGP cutoff angle (Vandamme, 1994) is often imposed in both data
analysis and modeling in order to exclude transitional directions. Such a procedure precludes
comparison with an exact theoretical prediction for VGP dispersion S (Kono and Tanaka,
1995). To determine S’ for a specifc GGP model, which is the prediction of VGP scatter
with cutoff for a given latitude, thousands of directions/VGPs are usually simulated (Tauxe
and Kent, 2004). The resulting prediction of S’ is an approximation and will be different
from a theoretical model value for this latitude, because each set of thousands of simulations
are groups of randomly generated samples. Therefore, to avoid imprecision, this type of
prediction needs lots of simulations that is time-consuming computationally. In addition to
VGP dispersion (Tauxe and Kent, 2004) were pioneers in identifying latitudinal variations
in the elongation, £, of the directional distributions as a characteristic of the various GGP
models. £is the ratio of the intermediate and minimum eigenvalues (E = T,/73) from the
“orientation matrix” T (Scheidegger, 1965).

The elongation parameters for TK03 have been used as a reference to test the model’s
validity in the distant past (Tauxe and Kodama, 2009) and for detecting and / or correcting
sedimentary data suffering from inclination shallowing (Tauxe and Kent, 2004). Expected
values of F are not exact because they are also predicted using thousands of simulations.
Additionally, the summary of the characteristics of the directional distribution provided by
E is limited to how elongated the distribution is, eliminating information about the scale of
the directional variability.

In this study, we present a new way of characterizing the geomagnetic PSV from
directional distributions that can be theoretically predicted from a GGP PSV model. We use
the size of directional distributions along two axes: east-west and north-south, represented
by the standard deviations in xg and xy which are equal-area coordinates of directional
distributions rotated to the vertical, revealing both the distribution shape and dispersion.
These statistics can be determined by numerical integration of the directional probability
density functions (Khokhlov et al., 2001). We test whether a recently updated paleomagnetic
database of lavas PSV10 (Cromwell et al., 2018) is compatible with predictions from TK03

and explore potential improvements within the model framework.



4.3. Predictions of PSV measurements for a simplified GGP model

The magnetic field B, at a r distance from the center of our planet, co-latitude © and
longitude @, is given by the gradient of the scalar magnetic potential W(r, ®, ®). The
geomagnetic potential produced by an internal source can be described using harmonic

functions by the following equations:

10¥ 1 ¥ 9w
B = (Bo,Bo, B) = V¥ = (—150,— o0 = 5) (4.2)
NG _
W =121 Ym=0 (7“) (g{" cosm® + h]" sinm®)P™ (cos ©) (4.3)

Where Bg, B, and B, are the orthogonal components of the geomagnetic field parallel
to the South, East and vertical (zenith) directions. The geomagnetic field at the Earth surface
is given when r =71,. The coefficients g;* and h;* are the Gauss coefficients and
P/™ (cos ) are the partially normalized Schmidt functions, whose degree [ increases (in
principle) from 1 to infinity, depending on the complexity of the source. The degree [ cannot
be zero because the simplest configuration of a magnetic source is a dipole (I = 1). The
value of m ranges from 0 for a zonal magnetic source (invariant with longitude) to degree [.

The GGP models are based on the idea that a giant Gaussian process can describe long
term variations of the geomagnetic field (Constable and Parker, 1988). Temporal variations
in each Gauss coefficient (g;", h"*) follow a normal distribution function, resulting in a
statistical fluctuation of the three orthogonal components of the geomagnetic field. These
normal distributions are given by a mean value for each coefficient that is the description of
the time-averaged field (TAF) and a standard deviation o]™ that for most of the available
GGPs are constant for g and h of same degree [ and order m (note the non-zonal version of
CJ98 Constable and Johnson, 1999 is an exception). The TK03 model is a simplified GGP
model, it has a mean GAD field and the variances of the Gaussian coefficients for each [ and

m are determined using only two parameters a and f:

2 (C/a)zlaz

m _ —
o = iDenD forl —m = even, (4.4)
m2 _ (c/a)?'a?p? o
o = rnDenD forl —m = odd (4.5)

Where c/a is the ratio of the core radius to that of Earth (0.547).
The TK03 model has the Gauss coefficient correspondent to the axial dipole of g9 =
—18 uT, a fitted @ = 7.5 uT and the dipole family (I — m odd) coefficients are 3.8 times
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more variable than the quadrupolar (I — m even) ones (f = 3.8). It is the GGP model that
best fits the VGP scatter of the MM97 dataset. Moreover, the simplification that includes a
[ parameter to differentiate the variances from odd and even families allowed the fitting
only two parameters, instead of fitting each one of the standard deviations. Despite being a
simplified model, the standard deviation for each gauss coefficient follows almost the same

trend as earlier models (Figure 4.1). The difference in scale for TKO03 largely reflects the

selection of a lower average value for g?.
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Figure 4.1. Standard deviations for each Gaussian coefficient. Where CP88, QC96, CJ98 and TKO03 are GGP

models fitted to the last 5 Ma (Constable and Johnson, 1999; Constable and Parker, 1988; Quidelleur and
Courtillot, 1996; Tauxe and Kent, 2004).

As the orthogonal components of the magnetic field B are linear combinations of the
Gauss coefficients, they are also normally distributed. Therefore, the probability distribution

function (pdf) of the magnetic vector at any specific location on Earth is a 3D-Gaussian
distribution as follows:

g(B) = \/éTTt;;exp |- B -m),B-m)| (4.6)

Here m is the expected value for the magnetic field from TAF and A = Cov(B,B) lis

the inverse of the covariance matrix of the field at the location.

Since we are interested in unit vectors () we need to find their pdf by integration
across all values of the intensity p of the paleomagnetic vectors (Constable and Parker, 1988;

Khokhlov et al., 2001, equations are from Khokhlov et al., 2006). A pdf for the directional
distribution is given by s(u):

s = [, glowdp (4.7)



_ -Lpz Vdeta 2 1.2 ) z
s) = e Z\/;+ez (1+2%) |1+ Erf (ﬁ)]] 4.8)
1-(1-x,%—x,%)? 1-(1—xg2—xn2)2
u= <xn \/Xe2+xn2 ’ xe \/xe2+xn2 4 i(l - xez - xn2)> (49)

Here u is a unitary magnetic vector u = B/|B| and it can be described using x, and

X, equal area coordinates as given by Equation 4.9; p is the modulus of vector B in spherical

(m'u)A
lulp ’

coordinates; |u[, = /(w, ), = /(Au, u) is the A-norm of u , z = (m,u), is the

A-inner product (m,u), , and m = |m|,. If the distribution is rotated to the origin
(vertical), the covariance matrix is also rotated, and the expected field is: m,. = (0,0, |m]).

The directional measurements proposed in this study are based on directional
distributions rotated to the origin, with the expected field direction in the vertical direction.
The N-S distribution is given along the x, axis and E-W along x axis. The rotated pdf of
sy(u) of the TK03 model in a positive hemisphere of equal-area projection (Equator and
25°N) are given in Figure 4.2. The expected direction (GAD) is vertical (black cross at the
center of the projection). At the top and left of each projection are shown the distributions
of xz and xy given by the partial integration of s,.(xg, xy), the colored bars (coral and blue)
are the observed x, and xg from 10,000 simulations from TKO03 for the same latitude. The
distribution at the Equator is symmetric along the N-S (xy) and E-W (xz) axis and the
distribution of x, is broader than for xgz. At 25°N the distribution is symmetric only along
the N-S axis, the xg distribution is a little wider than at the Equator, and xj is thinner, which
results in a less elongated distribution. Next, we present the measurements that will help us

to quantify such observations and their latitudinal dependence.
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Figure 4.2. Map of the probability density function for unitary vectors s,.(u) for the TK03 model at Equator
and 25°N plotted in a stereographic equal-area projection rotated with the expected GAD direction in the
vertical. At the left and top of each projection are shown the distributions of x, and x5 equal area coordinates
given by the partial integration of s,.(u), the colored bars (coral and blue) are the histogram of xy and x; from
10,000 simulations of TKO03 for the same latitude. Theoretical mean values Xz and X are given as purple lines
at the histograms and purple circles at the stereographic projections. Expected values of x, and xj (vertical,
x;=0, xy=0) are shown as dashed lines in the histograms and a black cross in the stereographic projection.
Mean values of {xy) and (xg) of the 10,000 synthetic samples generated by the TK03 model are shown as a
grey line in the histograms.

4.3.1. PSV measurements predictions of a simplified GGP model

The predicted mean values and standard deviation of x5 and xj equal area coordinates
for rotated distributions can be determined by integrating the pdf s(u) using equal-area
coordinates s, (u,.) = s, (xg, xy):

o5’ = [[(xg —Xg)?%s, dxgdxy; x5 = [[ xg.s, dxgdxy (4.10)

oy’ = [[(xy —xn)% s dxgdxy; Xy = [[ xn.sr dxgdxy (4.11)

Because of the complexity of s,- a numerical solution is used. A package containing the
functions for the calculations of the variances and covariances for a given zonal GGP model,
the pdf s,., the mean values and the standard deviations are written in Python and is available

as a repository at github.com/danielebrandt/BCE19-dirPSV.

For comparing groups of directions with predictions of a GGP model, experimental
determination for the mean values and standard deviations oz and gy are calculated using

the equations below. Figure 4.3 illustrates how the theoretical and sample-based estimates

/z’ii (g~ (xE))? 2 X
(o ) = %Q (xp) = #E (4.12)

are done.
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Figure 4.3. Theoretical and experimental determinations of standard deviations of x; and xp equal-area
coordinates. a) Equal area projection of the probability density function of the TK03 model (Tauxe and Kent,
2004) at the Equator (iso-probability curves), increasing from purple to yellow, rotated to expected direction.
Black lines show the size of the standard deviation of equal-area coordinates x; and x, determined
theoretically by Equations 4.10 and 4.11. b) Group of 200 simulations of directions from the TK03 model at
the Equator, rotated to expected direction. Black lines show the size of the standard deviation of equal-area
coordinates x; and x, determined for this set of artificial data, following Equations 4.12 and 4.13.

The predictions of mean values given by the TK03 model for every 2° of latitude are
shown in Figure 4.4a. The mean xg is always null for any latitude, which means that the
declination of the mean direction is equal to the expected for a GAD model (zero). However,
the mean x, is not null except at the poles and Equator, which means that the predicted mean
direction given by the TK03 model is not co-axial with the expected direction given by the
GAD field, there is a difference in inclinations which results from non-symmetric
distributions along the meridian. This is an expected result in agreement with (Creer, 1983)
- see also Figure 19 of (Johnson and McFadden, 2007). We note that there are always
systematic small differences between the simulated and the theoretical predictions of x, that
is probably because the limitations of numerical integration used (size of unit area) or due to
the truncation on 1 degree, but they are not large enough to be significant and do not occur

for other PSV analyzed quantities (xg, oz and oy).
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Figure 4.4. a) Theoretical (purple curves) and experimental determinations (results of 10,000 simulations, dark-
grey symbols) of mean x; and xy from directional distributions of the TK03 model in 2° steps of latitudes. b)
Difference of inclination (Alnc) between the expected direction from GAD and the different ways of
determining the magnetic inclination: theoretical mean (purple curve), directional mean in red circles (Fisher,
1953), squares are given by expected directions given by paleomagnetic poles (PP) calculated with all the
VGPs (green), using a fixed cutoff angle of 45°, and using an iterative method with variable cutoff angle in
blue (Vandamme, 1994). c) Latitude of PPs calculated from 10,000 simulations of the TK03 model for each 2°
of latitude. Green (blue) symbols are PPs calculated without (with) an (iterative) cutoff. Three insets show
10,000 VGPs from TKO3 simulations. The red circle is the final cutoff angle of the iterative process
(Vandamme, 1994).

The difference between the expected direction (GAD) and different ways of determining
the magnetic direction from 10,000 synthetic samples of TK03 model is shown in Figure

4.4b. The difference (AInc) between the mean direction (red circles) and the expected GAD



can be more than 2° at latitudes around 20° North and South, but these differences diminish
if, instead of using the mean of local field directions, the expected direction from the mean
paleomagnetic pole (PP) is calculated (green squares). These differences can be further
minimized if a colatitude cutoff angle is used for determining the mean PP (yellow and blue
squares). Comparing the iterative cutoff method (Vandamme, 1994), with a fixed 45° cutoff
shows that the iterative cutoff minimizes bias relative to the actual mean PP. The usual
application of the Vandamme cutoff is in the estimation of VGP dispersion for PSV studies,
but this demonstrates that it could also be important in using unit vectors to estimate mean
directions and pole positions.

Figure 4.4c shows the bias in PP latitude calculated using all VGPs and using the iterative
cutoff. The PP latitudes predicted by TKO03 are consistently low, by as much as 1.5 degrees
at about 25-30 degrees latitude. These differences diminish when the cutoff is applied, and
the PPs moves to latitudes nearer to the geographic pole. The initial distribution of VGPs is
not symmetric with respect to the rotation axis (see the 25°N and 25°S examples in
stereographic projections on Figure 4.4c), but the application of a cutoff criterion forces the
distribution of VGPs to be more circular, moving the final mean PP towards the geographic
pole. Therefore, although this process excludes important records that characterize the
paleosecular variation of the past geomagnetic field, it is efficient when a paleolatitude needs
to be determined from the paleo-inclination or a precise paleomagnetic pole is needed.
Inclination error cannot be eliminated just by using the mean PP (Behar et al., 2019), it is
also necessary to impose a suitable cutoff angle.

The parameters that describe the dispersion and elongation of the directional
distributions are the standard deviations of xz and xp. Theoretical determinations of oz and
oy for the TK03 model are shown for every of 2° of latitude (Figure 4.5a). Experimental
results given by 10,000 synthetic samples are also shown (grey stars and circles).

Both measurements are symmetric with respect to the Equator. The N-S gy decreases
from the Equator to the poles, and it is always higher than o, except at the poles where the
two are equal. The E-W oy increases from the Equator up to about 30° (N and S) and
smoothly decreases up to the poles.

We can use the ratio E' = gy /og as a measure of how elongated the distribution is
along the N-S direction. Figure 4.5b shows E’ in Northern hemisphere for TK03 as derived
from both theoretical calculation and numerical simulation of 10,000 synthetic samples from

TKO03. Note that £’ differs slightly from the elongation E defined by Tauxe and Kent (2004),
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which is the ratio of the medium and minimum eigenvalues (E = 7,/73) from the
“orientation matrix” T (Scheidegger, 1965), which is also shown in Figure 4.5b (light grey
circles). There is no theoretical determination for E, so it was only calculated by numerical
simulation. The elongations E and E” follow almost the same tendency of decreasing from
the Equator up to the poles, but the original elongation E is generally lower than E’, and
decays faster away from the Equator.

The area given by the product A,;, = oyog is the overall variability (Rencher and
Christensen, 2012), which, in multivariate analysis is given by the measure of the
generalized sample variance A? defined as the determinant of the covariance matrix (, YN
For a zonal GGP model x5 and x are uncorrelated variables, so the generalized sample

variance is the product of the variances A2 = |Z,_ .| = 0z20y?. This measurement shows
the overall dispersion of the distributions. The distribution area A,;,- of the TK03 model
increases slowly from the Equator up to 20° and, for higher latitudes it continuously

decreases towards the poles (Figure 4.5c¢).
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Figure 4.5. Theoretical (purple curves) and experimental determinations (results of 10,000 simulations, dark-
grey symbols) from directional distributions of TK03 model in 2° steps of latitudes. a) Standard deviation for
equal area coordinates. a) Elongation E” and E (only experimental). ) Distribution area A 4;;.



In our simulations from TKO03 we consistently present experimental results for 10,000
synthetic samples. This high number of simulations show only minor statistical deviations
from the (essentially) exact theoretical predictions using numerical integration of the pdf
model. The exact calculations are useful for testing the validity of a GGP model for a real
directional paleomagnetic dataset, while the simulations provide a useful background check

on the theoretical predictions.

4.3.2. Modifying Simplified GGP Models

Simplified GGP models, like TK03, are based on GAD averaged fields with fixed g10,
and have only two free parameters that impact directional distributions, namely @ and £. In
Figure 4.6 we explore a range of different values for, @ and § and their effects on the
latitudinal structure in o oy Xg, Xy, £ and A. Theoretical predictions of TK03 (black,
with g) = —18 uT, a = 7.5 uT, B = 3.8) and a reversed TK03 (g9 = +18 uT, red dashed
line) are shown in Figure 4.6 together with those for multiple different values of a (blues)
and [ (greens). Because the average field has a GAD structure, the polarity of the field does
not change the results. The prediction of X are of the same sign for reversed and normal
versions of the field because it is a result of the distribution rotated to the vertical.

With f = 3.8, held constant, increasing « across the range from 4 to 10 has no effect
on the overall mean across all latitudes Xz , which is always zero. However, increasing o
produces a systematic increase in the X and standard deviations, and a general decrease in
E’ that is most significant near the Equator, while the overall dispersion A,;,- increases.

Increasing  (over a range from 1 to 8) with fixed @ = 7.5 uT, also increases the
standard deviations, the mean X}, variation and A;,, while the elongation E’ is diminished.
However, the latitudinal variation in both the standard deviations and A;,- is significantly

different from that obtained by varying a.
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a and 3 were simulated. Simulations results from TKO03 (black) and a reversed version TK03 (red dashed line)
are shown with different values of « (blue) and 8 (green).

4.3.3. Assessing directional distributions from the last 10 Ma: Real data

PSV and TAF studies are mainly based on global compilations of paleomagnetic data from
recent lava flows. The latest compilation PSV10 (Cromwell et al., 2018) was done using a
selection of the highest-quality paleo-directions recorded over the past 10 Ma and has a
greatly improved spatial coverage compared with older versions such as MM97. Because it
covers recent ages, the PSV10 database is relatively free of plate tectonics effects, and
sample locations can be corrected using the current plate motions for the older data. So, as
the primary geographic position is known, the study of recent lavas can involve inclination
anomaly determinations as well as non-zonal investigations.

We use the PSV 10 database to investigate if PSV directional measurements can be used
as a diagnostic for the validity of GGP models, as it is a well-controlled dataset. We know

that local variations exist, and more complex TAF models than GAD have been fitted to this



database (TAF models LN3 and LN3-SC, from Cromwell et al., 2018), showing spatial
variation and persistent small non-dipolar components. But the question to be answered in
the future is how the general PSV from a specific geological time differs from others, and
what these differences might mean in terms of the evolution of the core from ancient times.
To date, such questions have only been investigated with type G models for the ancient past.
Our test with the PSV10 database is intended only to answer whether the new directional
statistics presented here can be used to test the general validity of a GGP-type model.

The paleomagnetic directions from each geographic site of the PSV10 database were
rotated to the origin with the expected direction from GAD in the vertical (Table S4.1). Bins
of 10° of latitude were used to group the paleomagnetic directions forming groups with
numbers ranging from 34 up to 411 paleomagnetic directions along latitudes from 80°S to
80°N. Reversed polarity directions were flipped to normal polarity. Three examples of these
groups are shown in Figure 4.7b, and for comparison, the prediction of pdf TK03 and 1,000
synthetic data for similar latitudes are also shown (Figure 4.7a). The distribution of
directions for 0-10 and 20-30° N seems to be more distributed along N-S direction, while the
distribution of 55° seems to be more circular, following the appearance of what is expected

for TKO3 at the corresponding latitude (Figure 4.7a).
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Figure 4.7. Stereographic projections of predictions of the TK03 model and directional data from the last 10
Ma (PSV10, Cromwell et al., 2018). a) Isocurves of the probability density function s, (u) calculated for
latitudes 5, 25 and 55° with the expected direction of the field rotated to the center of projection. Grey circles
are synthetic directional data produced by simulations of the TK03 model with the expected direction
calculated for the corresponding latitude rotated to the origin. b) Directional data from the PSV10 database
rotated with the expected direction for the geographic site in the origin and grouped by bins of 10° of latitudes.
Blue lines are the standard deviation calculations for the group of directions.

Calculations of mean values and standard deviations of equal-area coordinates (o and
oy) from directional distributions are given for each group of 10° of latitude bands in Figure
4.8 (Table S4.2). According to TKO3 predictions for a normal polarity field, positive
(negative) mean values of xp are expected for northern (southern) hemisphere and null mean
Xxg. The PSV10 results of mean xg coordinates are compatible with or nearer to zero than x
results for almost all latitude bins, except for latitudes 20-30°S and 60-70° S. Averages of
xy coordinates are mainly positive for both hemispheres with the largest positive values in

the range 0-45 °N.
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Figure 4.8. Directional PSV measurements for the 0-10 Ma PSV10 database (Cromwell et al., 2018). Symbols
are PSV10 results, curves are TK03 predictions, and grey bars are 95% confidence intervals given by bootstrap
re-sampling. a) Mean xz and xy equal-area coordinates from rotated distributions of directions. b) standard
deviations of equal-area coordinates o (dashed/star) and oy (solid/circle).

Standard deviations of the xp coordinate (og) are expected to be lower and have less
latitudinal variation than x coordinate. For the majority of results from the PSV10 database
oy is greater than oz, and follows a smooth variation with latitude, with almost the same
trend as TKO3 model predictions in the northern hemisphere. The southern latitude bins
exhibit a variable and noisy latitudinal variation in gy .

The distribution of directional data in PSV10 is hemispherically unbalanced, as there
are 1538 northern versus 863 southern hemisphere directions. Thus, the incongruency of
southern results might be explained by lower numbers of data or simply local effects. As the
main intention of this study is to measure the overall PSV, data from both hemispheres were
joined using opposite latitude bins (Tauxe and Kent, 2004). Figure 4.9 shows the results of
standard deviations for 10° latitude bins with northern and southern hemisphere data

combined.
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Figure 4.9. Directional PSV measurements for 0-10 Ma PSV10 database (Cromwell et al., 2018) joining
opposites hemispheres. Symbols are PSV10 results, curves are TK03 predictions, and grey bars are 95%
confidence intervals given by bootstrap re-sampling. Standard deviations of equal-area coordinates op
(dashed/star) and oy (solid/circle). (Dark) red and blue are predictions by the (TK03 model) minimum GGP
model for the last 10 M. y (BCE19), theoretical calculations are presented in Table S4.3.

The results show a decreasing oy from the Equator to 70° latitude, while the persistently
smaller o starting at the Equator is in general agreement with the latitudinal dependence of
the TK03 model, exhibiting a slow increase up to mid-latitudes followed by a decreasing
trend to 70°. However, the result for the latitude bin of 70-80° is incompatible with TK03
prediction. It comprises mainly Antarctic data from the McMurdo region (Lawrence et al.,
2009). The incompatibility of this dataset with TK03 was originally observed by Lawrence
et al. (2009), they declared that the use of GGP models with a flattening trend in VGP
dispersion near the poles (e.g. TKO3 or CP88) did not appear able to predict the large
dispersion at high latitudes as seen in the McMurdo data. (An alternative might be the need
for a different TAF model from GAD.) Nevertheless, we consider that at least for latitudes
up to 70° the measurements of standard deviations, ozand oy, of equal area coordinates from
rotated distributions of the last 10 Ma seems to behave like a simplified zonal GGP model
such as the TK03 model.

TKO3 is based on a now-obsolete data compilation, so we conducted a search for an
improved simplified GGP model that might be more compatible with the PSV10 results. We
will call this the BCE19 model and select it on the basis of a minimum residual sum of
squares (RSS) misfit to oz and oy. For a pre-set mean value of g¥ = —18uT (same as
TKO03), variations in only two parameters were investigated: the a parameter that is related

to the variance of all Gaussian coefficients and the § parameter, which specifies the ratio



between the dipolar (odd) and quadrupolar (even) family standard deviations in the Gauss
coefficients. The GGP model with the lowest RSS misfit to gz and gy for PSV10 results, for
a, B parameters varying between 0.01 to 200, was ( g¥,a,f) with BCE19pg, 0 =
(=18 uT, 6.7 uT,4.2).

The BCE19 model found for the PSV10 data with g9, a, = (—18uT, 6.7 uT, 4.2) has
lower overall dispersion (a) than TKO03 (a,8) = (7.5 uT, 3.8) and the ratio between odd
and even families () persists at about four. PSV10 data from the Equator up to 70° have a
mean distance of 1.37 error bars from the minimum model, which is only a slight
improvement over TKO3 predictions (1.43 error bars). Therefore, among any simplified
zonal GGP model, with only a and f as free parameters to adjust, the TK03 model might
still be considered adequate to represent the current database. From the range of possible
simplified GGP models allowing variations in a and f§ the best least-squares fit would be

provided by BCE19.

4.4, Discussion and Conclusions

The main behavior of PSV of the geomagnetic field from the distant past has been studied
using model G applied to directional paleomagnetic databases of lava records (Biggin et al.,
2008a; Biggin et al., 2008b; de Oliveira et al., 2018; Doubrovine et al., 2019; McFadden et
al., 1991; Smirnov et al., 2011) Model G fits the latitudinal dependence of VGP scatter,
independently of longitude, and considers a mean GAD field. We have learned from those
studies that the PSV (as measured by VGP scatter) of the geomagnetic field has changed
significantly over the history of our planet.

The concept of GGP models allows the prediction of a broader range of paleomagnetic
observables and has been widely accepted and applied to predict directional distributions.
The available models were fitted to the last few million years, but they are probably not valid
for the whole history of the core (Brandt et al., 2019a).

Among the available GGP models, the latest one (TKO03) is the most simplified, and the
best for representing the VGP scatter and the elongation of the directional distribution of the
(now outdated) 0-5 Ma database (MM97). In this study, we have presented a new type of
PSV statistic based on the shape of the directional pdf (Constable and Parker, 1988;
Khokhlov et al., 2001) given by a simplified GGP model like TK03 (Tauxe and Kent, 2004).
The PSV parameters using directional distributions proposed in this study are the orthogonal

standard deviations oz and gy, which can reveal the expected N-S elongation and overall
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dispersion of distribution at any location. As the intention of this work is to define the use
of PSV measurements for records of the more ancient geomagnetic field, several
simplifications were adopted: a mean GAD field, zonal behavior on average, and only two
free parameters (a, ) in defining the standard deviations g™ of the individual Gauss
coefficients via Equations 4.4 and 4.5.

The simplifications proposed in this study are the same as in the TK03 model (Tauxe
and Kent, 2004), and are commonly accepted. To date all available GGP models except for
one (CJ98.nz) are zonal (foragiven!landm,o]" is the same for g/ and h]"). The
assumption of a mean GAD field is the main hypothesis of paleomagnetism, and it is used
in PSV studies of distant times (Biggin et al., 2008a; Biggin et al., 2008b; de Oliveira et al.,
2018; Doubrovine et al., 2019; McFadden et al., 1991; Smirnov et al., 2011), as it is essential
to determinate the original position (paleolatitude) of paleomagnetic datasets. Nevertheless,
it is worth noting that there are small but significant departures from the GAD approximation
to the TAF over 0-5 Ma that impact the fit to simplified GGP models at high latitudes.

Our results clearly indicate that for a zonal GGP model for the past, the best way of
determining a paleo-inclination or a PP is using an iterative cutoff (Vandamme, 1994). The
cutoff angle forces the distribution of VGPs to be circular and at each iteration, the resulting
PP goes towards the direction of the geographic pole.

For a zonal GGP model with a GAD mean, the latitudinal dependence oz and oy is
symmetric with respect to the Equator and independent of polarity, which allows us to use
this model for the geological past when the polarity and/or hemisphere are very often
unknown.

If we consider that PSV in the geomagnetic field of the distant past can be emulated by
a simplified GGP model, we can imagine that different versions of GGP models may be
appropriate for other geological periods of time and use different values of @ and £ to build
them. The tests presented in this study show that the isolated increase of either a or  will
increase both oy and gy, but the variation that significantly changes the latitudinal
dependence is the modification in . For example, suppose that, for a superchron, the PSV
from dipolar (odd families) is more important and increases 8, then the elongation E” will
decrease faster with latitude, than for TKO03. This means that, in this case, we would find
distributions that are generally more circular than those expected for TK03.

The results of thousands of synthetic samples give the latitudinal dependence of PSV

measurements very close to the prediction of the model. Moreover, the results of real data



(Cromwell et al., 2018) are reasonably compatible with the prediction of a simplified zonal
GGP except at high southern latitudes. Therefore, the use of the latitudinal dependence of
or and oyseems to be diagnostic and can be used for further modeling.

Future work, applying this concept of PSV measurements to databases covering older
times should be done. A work about the paleosecular variation during the Kiaman
superchron is in progress, for which there is an extensive compilation of paleomagnetic data

from lavas.
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Chapter 5

Properties of the geomagnetic field during the Kiaman superchron:
analysis of directional distributions of a new igneous database

This chapter is devoted to the analysis of the distribution of the paleomagnetic database
of the Kiaman superchron following the methodology described in the previous chapter. In
order to create a database as large as possible with the existing data, a specific database (the
Kiaman database) was created based on site-remanence directions. Details of the adopted
procedures for data selection and filtering are giving in the next section, which appears in
the form of a manuscript that is being prepared for submission to the Geophysical Journal
International, hereafter referred to as Brandt et al. (2020).

The Kiaman database is so far the most complete and largest list of site remanence
directions of the Kiaman period. An equivalent database for the same time interval recently
presented by Oliveira et al. (2018), which D. Brandt co-authored, is far more limited with
only nine datasets due to the very restrictive filtering adopted. The Kiaman database
presented here, using more flexible criteria, resulted in a total of 1419 reliable individual
igneous directions from 89 datasets of which 60 (977 directions) are of extrusive records.
This expanded database was possible by merging directional data from different areas that
indicated the same paleolatitude. The data was then merged into paleolatitude bands.

This work presents the latitudinal variation of directional distribution of Kiaman times
(following Brandt et al., 2019b), addresses whether this paleomagnetic field is compatible
with the accepted TK03 model (Tauxe & Kent, 2004) or the proposed BCE19 model (Brandt
et al., 2019b) and whether a GGP model would be able to describe the PSV behavior of this
period of time.

The supplementary materials can be found at https://earthref.org/ERDA/2419/.
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5.1. Abstract

This work presents an extensive directional paleomagnetic database of the Kiaman
reversed superchron (Kiaman database) composed of a total of 1419 paleomagnetic
directions of igneous rocks corresponding to 89 datasets (paleomagnetic poles). Paleosecular
variation (PSV) exhibited by the data is evaluated through analyses of latitudinal variations
in both the dispersion of virtual geomagnetic pole (VGP) and the shape dependence of local
directional distributions. An N-dependent Ags envelope is established for this database to
help in assessing the adequacy of the PSV sampling and has maximum and minimum Agg
limits of Agsmax = 76.6 N7%% and Aggmin = 10.3 N7%49 Using modern standards to
filter the Kiaman database based on the quality of demagnetization procedures and
directional statistics produces stronger latitudinal dependence of VGP dispersion than
including all data regardless of quality. Local directional PSV was characterized by the
standard deviations (oy and oz ) in north-south and east-west directions in equal-area
coordinates of the paleomagnetic directional distributions assigned to paleolatitude bands of
width 10°, and with expected direction rotated-to-the-vertical. The latitudinal dependence of
oy and oy for the Kiaman database presents two types of behavior: an elongated and more
dispersed distribution near the Equator, resembling giant Gaussian process (GGP) models of
the recent field; and an almost constant behavior of more concentrated and circular
distributions for latitudes above 10°. The latter contrasts strongly with predictions from
recent models, which exhibit a steady transition to circular distributions at high latitudes.
The use of strict quality controls would exclude all data from the Equator to 20° latitude, so
the equatorial behavior cannot be verified for the highest-quality data analyses. Two GGP
models, with parameters KRS,, = (a,f,g?) = (6.2 uT,3.4,18 uT) and KRS',, =
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(3.6 uT,6.6,18 uT), were found, including and excluding the equatorial band data,
respectively. Numerical predictions of oy and og, from KRS,, and KRS',, are a better fit
to the Kiaman data than those from other recent models. However, for both Kiaman models,
the misfit is larger than expected from the data uncertainties, and systematic in pattern,
indicating that a simplified GGP model like the one tested here is not able to describe PSV
of the geomagnetic field for Kiaman times. Experimental-noise simulations indicated that
the observed misfit may reflect the experimental noise combined with greatly reduced PSV

compared to the more energetic recent times.

5.2. Introduction

The study of the long-term variations of the Earth’s magnetic field is normally
performed by building statistical models of the paleosecular variation (PSV). Observations
of the paleomagnetic field for any time across the geological timescale, commonly preserve
the fundamental hypothesis of paleomagnetism that the average field direction is well
described by a geocentric axial dipole (GAD) field and consider the paleomagnetic record
to be spot readings providing random samplings of the past geomagnetic field. With these
simplifications, quantities such as reversal frequency (e.g. Driscoll and Evans, 2016;
Hounslow, 2016), strength of the mean-field (e.g., Tarduno et al., 2006), latitudinal
dependence of VGP scatter (e. g. Biggin et al., 2008a; Biggin et al., 2008b; McFadden et al.,
1991; Smirnov et al., 2011), and shape of directional distributions (Tauxe and Kodama,
2009) may reveal changing characteristics of the field through geological time.

Superchrons are long periods (tens of million years) of a persistent polarity of the
geomagnetic field. Recently, they have been attributed to the collapse of lower mantle
superplumes and associated changes in the heat flux at the core-mantle boundary (Amit and
Olson, 2015). The regrowth of the plume would again allow field reversals. Three
superchrons are recognized in the Phanerozoic: the Cretaceous Normal Superchron (CNS:
84-126 Ma, Ogg, 2012), a 42 My interval of normal polarity; the Moyero Superchron
occurred during Ordovician times (Pavlov et al., 2012), and the Permo-Carboniferous
Reversed Superchron (~267-318 Ma; Opdyke and Channell, 1996; Hounslow and
Balabarov, 2018) also known as the Kiaman Reverse Superchron.

Superchrons are expected to have a more stable mean dipole field with higher intensities
than during times of high reversal frequency (e.g., Tarduno et al., 2006), and this might be

expected to have a corresponding effect on measurements of PSV. The latitudinal



dependence of the VGP scatter Sr is defined by the a and b shape parameters in model G
(McFadden et al., 1988) in the form:

Sp = Va? + b22, (5.1)
where a? and b?1? are the VGP scatter caused by quadrupolar (even) and dipolar (odd)
families of spherical harmonics contributions, respectively.

Some authors (Biggin et al., 2008b; de Oliveira et al., 2018; McFadden et al., 1991)
have claimed stronger latitudinal dependence of Sp, and lower equatorial Sy during
superchrons. However, strong latitudinal dependence of Sy is also observed for the last few
million years and, therefore, this parameter is not a reliable proxy for reversal frequency
(Doubrovine et al., 2019).

PSV models based on giant Gaussian processes (GGP) can be used to predict the
distribution of directions at any point of the Earth (e.g. CP88, Constable and Parker, 1988;
QC96, Quidelleur & Courtillot, 1996; CJ99, Constable & Johnson, 1999; TK03, Tauxe &
Kent, 2004; BCE19, Brandt et al., 2019b). Currently, available GGP models for the last few
million years were determined using paleomagnetic directions from lava flows which are
considered as spot readings of the paleomagnetic field that are randomly distributed in time.
In recent times, plate tectonic motions are negligible or can be corrected easily with the
currently observed plate displacements (Cromwell et al., 2018). The TK03 model was fitted
to the most accurate dataset available at the time of publication (MM97, McElhinny and
McFadden, 1997), and agrees with the latitudinal variation of VGP dispersion found in
MMO97. TKO3 is the most simplified version of the GGP models, as it has a mean GAD with
an intensity of g¥ = —18 uT and only two parameters, @, and f3, define the whole collection
of standard deviations of spherical harmonic Gauss coefficients for every degree [ and order

m as shown in equations 5.2 and 5.3.

m2 _ (C/a)zlaz _ _
o = GinaiD forl —m = even, (5.2)
21,22
om? = WD 2B gl m = odd (5.3)

(1+1)(21+1)

Where c/a is the ratio of the core radius to that of the Earth (0.547), and TKO03 has a =
7.5uT and g = 3.8.

A new simplified GGP model, designated BCE19 (Brandt et al., 2019b), was fitted to
an up-to-date directional paleomagnetic database from lavas of the last 10 My (PSV10;
Cromwell et al., 2018). The BCE19 model follows the same simplifications (mean GAD, «a
and B parameters) proposed by Tauxe and Kent (2004), but instead of attempting to fit the
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latitudinal variations in VGP scatter, it uses PSV measurements related to directional
distributions that can be determined numerically for any given GGP model, thereby avoiding
the use of thousands of simulations. The measurements proposed by Brandt et al. (2019b)
are oy and oy, the standard deviations in equal-area coordinates of rotated-to-the-vertical
GAD directional distributions.

An attempt was made by Brandt et al. (2019a) using sediment records to test whether
directional predictions of the TK03 model (Tauxe and Kent, 2004) are compatible with the
Kiaman times. However, there is a paucity of paleomagnetic data series long enough to
properly evaluate the elongation of the directional distributions, resulting in no definitive
conclusion about the shapes of directional distributions for the Kiaman. However, it was
observed that the TK03 model does not explain the VGP scatter for the analyzed Kiaman
data.

Therefore, the main goal of the present work is to investigate the expected directional
distributions produced by the Kiaman paleomagnetic field. Accordingly, we present
directional analyses following the strategy of Brandt et al. (2019b), together with
calculations of Sg, using a new comprehensive igneous database to determine whether the
paleomagnetic field was compatible with either the long-standing TKO03 model or the

proposed BCE19 model.

5.3. Methods

We study the paleosecular variation of the Kiaman geomagnetic field focusing on the
directional behavior of the field. A paleomagnetic directional database with data grouped in
paleolatitude bands was constructed. VGP scatter associated with the PSV was evaluated,
together with shape and scale analyses of directional PSV. New PSV models were fit to the

resulting parameters.

5.3.1. Data Compilation and Selection

The main tool used in compiling the Kiaman paleomagnetic records was the Global
Paleomagnetic Database (McElhinny and Lock, 1996), which contains abundant information
about paleomagnetic poles organized in an easily-searchable table. This tool allowed us to
find more than 70% of the references for the paleomagnetic poles used in this work; the
remainder came from other global paleomagnetic databases (Magic Database and Pint
database) or by bibliographic searching.

The initial criteria used for selecting the datasets were:



1. Paleomagnetic poles from igneous rocks only;

2. Primary magnetization dating from the same age as the rock studied;

3. Age of the paleomagnetic pole and rock unit compatible with the Kiaman
interval;

4. All samples were demagnetized with demagnetization code DC > 2

(McElhinny and Lock, 1996).

As a second step, tables containing declination and inclination in stratigraphic
coordinates of each site were prepared using data taken from the original publication. More
information about the reliability of the data, rock type of each site and statistical parameters
were also computed. Additional filtering criteria were then applied:

5. Exclusion of sedimentary sites, to avoid inclination shallowing effects or
temporal smoothing during remanence acquisition;
6. Exclusion of unreliable sites (e.g. mentioned in the original publication as
suspected of having been remagnetized).
7. Only datasets with at least five igneous sites were considered in an attempt to
acquire adequate temporal sampling.
8. Further evaluation of whether the dataset distribution sampled the geomagnetic
PSV adequately was done using the N-dependent Ag5 envelope (Deenen et al.,
2011), as given by the upper and lower limits of the 95% confidence angle of
paleomagnetic poles.
The Ags envelope procedure in 8 supposes that a dataset with an Agg higher than the
maximum limit contains a significant additional contribution to VGP dispersion apart from
PSV and should be considered ‘unreliable’; while an Ag5 below the lower limit is probably
under-representative of the PSV in the geomagnetic field. Deenen et al. (2011) originally
proposed limits determined from VGP scatter observed throughout Earth’s history. As the
PSV during a superchron has been related to a reduction in VGP scatter (Biggin et al., 2008b;
Brandt et al., 2019a; Oliveira et al., 2018; Doubrovine et al., 2019; Franco et al., 2012;
Haldan et al., 2009; Haldan et al., 2014) the lower limit of Ag5 given by Deenen et al. (2011)
may be unrealistic for the time period covered by this database. Therefore, limits of
maximum and minimum Agswere evaluated for this study based on the newly compiled
Kiaman dataset.
To find the proper Ags limits to use in this work, we first rotated each data set so that

the mean VGP corresponds to the geographic pole. After that, we merged the data from
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northern and southern paleolatitude bands of width 10°. The highest and lowest K (Fisher,
1953) for bands with more than 50 VGPs were used to define a new Aq5 envelope, according

to the method described by Deenen et al. (2011).

5.3.2. Merging datasets

As the size of the Permo-Carboniferous paleomagnetic records from individual studies
is not usually large enough to guarantee adequate sampling of PSV, we grouped the
directional data according to paleolatitudes thus enlarging the data sets. This helps to
improve the directional PSV determinations, as is commonly required for the PSV studies
(e.g., Constable & Parker, 1988; Tauxe & Kent, 2004; Brandt et al., 2019b). As we
considered the most simplified model of the field, zonal and equatorial symmetries are
expected, thus, opposite latitudes bands could be joined as done by Tauxe & Kent (2004)
and Brandt et al. (2019b). An expected direction for each dataset (black stars at Figures 5.1a
and 5.1b) was calculated from the paleomagnetic pole determined using the iterative cut-off
angle of Vandamme (1994). Following the sequence:

1) VGPs are calculated from directions of the dataset;

2) A mean paleomagnetic pole is determined using the VGPs selected using the

iterative cut-off angle of Vandamme (1994);

3) An expected direction (Deyxp, lexp) 18 calculated from the paleomagnetic pole.

This procedure avoids the effect of asymmetric directional distributions that result in an
angular difference between the mean direction and the expected direction (Brandt et al.,
2019b). For each dataset, the directions were rotated to take the expected direction to the
origin of the projection (with dec = 0°, inc = 90°).

We preferred to use expected directions from GAD to determine the rotation and
paleolatitude of the individual datasets instead of using pre-defined paleo-reconstructions
(as for example, Gallo et al., 2017; Torsvik et al., 2012) because, among other issues, we
would otherwise have to deal with problems such as uncertainties in age (see Table 5.1), best
rotation parameters for each tectonic block and each dataset, and using Pangea model A or
B (Irving, 1977).

The paleolatitude of each dataset was determined using the GAD equation:

tan o, = 2 tan 4, (5.4)

where I, is the expected inclination and A is the paleolatitude corresponding to the dataset.
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Figure 5.1. Rotation and grouping of directions and VGPs. a) An example of a dataset (Bazhenov et al., 2016).
b) Grouping paleodirections and VGPs from the paleolatitude band of 30 to 40 °N.

5.3.3.  VGP Scatter and Model G-type PSV Analysis

The VGP scatter, S associated with the paleosecular variation of the field was

calculated as follows:

Sp= |25 (5.5)
n
Y5
5= 2 (5.6)
_2 2(1+3s¢ 22)?

2
Where S is the overall dispersion of VGPs and % is the correction associated with the

intra-site dispersion S, (McElhinny and McFadden, 1997); A; is the angular difference
between each VGP and the paleomagnetic pole; N is the number of sites; 71 is the mean
number of specimens and Qg5 1s the mean aqs of the sites in the dataset. For datasets without
Qg5 information, a mean value from the whole database was used. The cut-off angle for
calcualting the mean was defined using the iterative process of Vandamme (1994). The 95%
confidence limits of Sp were determined using 1,000 bootstrapped samples. The shape
parameters a and b (Equation 5.1) for type G model (McFadden et al., 1988), for Sr versus
the paleolatitude A, were found using the function “optimize.leastsq” from the “Scipy”
Python library for the least squares optimization in non-linear problems. Confidence limits
for a and b were found using the lower and upper limits of S values (in the same way as
Biggin et al., 2008a; Oliveira, 2018).
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5.3.4. Directional distributions - shape and scale of PSV

To analyze the scatter and elongation of the directional distributions, Brandt et al.
(2019b) found statistics that can be numerically predicted for a zonal GGP model. These are
the standard deviations oz and oy (Equations 5.8 and 5.9) of equal-area coordinates xg

(east-west) and xp (north-south) of the rotated directional distributions:

/zﬁi (xg;—(xE))? Yty XE;
(o ) = %Q (xg) = #E (5.8)

TN Gon—(xn))? _ 3w
b,y = Hea (59)

(on) =

The 95% confidence limits of oy and oy were determined from 1,000 bootstrapped
samples. The representative paleolatitude for each band was determined by the average of
the paleolatitudes of the datasets included in the band.

Brandt et al. (2019b) determined that the latitudinal dependence of oz and oy can
provide useful diagnostics for the validity of a GGP model, as both shape (elongation) and
scale of the distributions vary with location. Therefore, we used them to test existing GGP
models for the Kiaman and to search for a new GGP model for this time interval. For a zonal
GGP model with a GAD mean, the latitudinal dependence oy and gy is symmetric with
respect to the Equator and independent of polarity, which allows us to use this simplified
GGP model for the remote geological past when the polarity and/or paleo-hemisphere are
very often unknown. We search for the best fitting simplified GGP model m = (a, 8, g?)
for Kiaman times, considering a previous mean dipole value of g? = 18 uT (as in TKO03,
but reversed), using least-squares minimization of the misfit between theoretical predictions
and directional standard deviations (o5, gy ) estimated from the data.

We used the ratio E' = oy /oy as a measure of the elongation of distributions along the
N-S direction, and the area given by the product A,;, = oyog to characterize the overall
dispersion (following Brandt et al., 2019b). All calculations were done in Python with the
help of functions available from the PMAGPY package (Tauxe et al., 2016) and the
directional PSV predictions of simplified GGP models derived by Brandt et al. (2019b) and
available at github.com/danielebrandt/BCE19-dirPSV.

5.4. The paleomagnetic database for the Kiaman times

Flexible criteria were used to build the largest possible directional database for the

Kiaman in contrast to the precursory filtering for high-quality data considered in other recent



compilations (Cromwell et al., 2018; Oliveira et al., 2018; Doubrovine et al., 2019). This
procedure resulted in a database with 1419 reliable igneous directions (Table S5.1)
corresponding to 89 paleomagnetic poles (datasets) of which sixty (977 directions) are based
solely on extrusive rocks. Figure 5.2 shows the sampling site locations and Table 5.1
summarizes the paleomagnetic poles. Below we also consider the effects of adding further

quality criteria to filter the data.
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Table 5.1. Compiled Kiaman paleomagnetic results indicating the excluded studies (*) based on the above criteria. More results per datasets in Table S5.2.

NroLE Geologic Unit T. Nig Lons Lats Dec(®) Inc(®) Plat SF (SrL, Sru) AgeL Ageu Rev DC References
1* Alum Mountain E 18 152 322 275 888  -87.5 403(33.6,462) 270 2775 100 5 Shaanan et al. (2015)
Volcanics
2% Bulgonunna Volcanics  E/I 12 147.4 -21 203.5 79.0 -68.8  28.6(19.1,36.1) 293 305 100 4 Lackie et al. (1992)
3 Gerringong Volcanics E 17 1508 -34.6 1744 783  -675 17.5(13.5,20.8) 2647 2654 171 5 Belica et al. (2017)
4 Boggabri Volcanics E 6  150.1 -30.6 1765 782  -67.2  108(62,13.3) 260 299 100 4 Klootwijk (2003)
5 Currabubula F.(W.S. E 23 1506 -312 2338 778  -667 202(13.1255) 304 315 100 4 Opdyke et al. (2000)
6 Mount Leyshon I 34 1463 203 1964 777  -665  178(14221) 279 287 100 4 Clark and Lackie (2003)
Intrusive C.
7 Lark Hill Formation ~ E 8 1503 -299 2139 758  -63.1  6.1(1.8.,9.8) 306 314 100 4 Klootwijk (2002)
8 T“"Eﬁﬁ:}fous I 46 1466 201 1836 753 623 17.6(13.9,20.6) 283 291 100 4 Clark and Lackie (2003)
9 Lago Ranco Granites I 2877 402 1390 747  -614 245(164312) 297 307 8 4 Beck et al. (1991)
10 Werrie Basalt E 1505  -31 1583 745  -61.1 218(82,312) 271 299 100 4 Lackie and Schmidt (1993)
11 Rocky Creek E 1503 -302 2038 736  -595 18.4(6.8,268) 310 315 100 4 Opdyke et al. (2000)
12 Base C(“\;?%‘fbula g 0 1507 3130 2197 733 -390 109(47.161) 302 318 100 4 Klootwijk (2003)
13 Werrie Basalt E 9 151 319 2002 729  -584 237(152314) 260 299 100 4 Klootwijk (2003)
14 Base Ct‘ga};“b“la FOBE 9 1508 317 2092 693 529 12(69,16.1) 302 318 100 4 Klootwijk (2003)
15 Woni“;iei'aﬁa“ha“ E 6 99 25 1535 679  -509 24.5(20.8,289) 273.1 280 100 4 Xu et al. (2015)
16  Upper Choiyoi Group E 40 2914 -348  169.1 663  -488 129(10.6,148) 260 269 53 5 Domeier et al. (2011c)
17 Top ?V‘\‘,‘traBZ‘;li’l?la FE 18 1506 313 2437 659 482 108(6.9,141) 302 318 100 4 Klootwijk (2003)
18 Woni‘ﬁiigi“' Loc g 6 990 239 2049 642  -459 135(9.1,169) 299 318 100 4 Huang and Opdyke (1991)
19 Woniusi Formaton ~ E 14 993 252 2417 637  -453  21(17.1,247) 2706 280 100 5 Ali etal. (2013)
20 Rincon Blanco E 9 291.4 -28.6 187.7 63.3 -44.9 14.7 (7.6 ,20.5) 271 318 100 4 Geuna and Escosteguy (2004)
21 Woggfsihim E 13 993 252 2088 615 426 173(148,197) 299 318 100 4 Huang and Opdyke (1991)
22 Sierra Chica E 35 2945 379 1690 613  -424  8.7(63.,108) 261 2646 89 5 Domeier et al. (2011b)
23 Tambillos Formation ~ E 16  290.5 -322 1756 609  -42.0 134(92,17.1) 271 285 100 3 Rapalini and Vilas (1991)
24 LaTabla Formation ~ E 10 2907 -245 1364  59.1  -399  88(44,109) 251 318 100 4 Jesinkey et al. (1987)
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Thorning and Abrahamsen
(1980)

Bylund (1974)
Dominguez et al. (2011)
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Biyoulitie Super

74 A E 21 797 407 2225 499 307  9.6(74,118) 271 299 100 4 Sharps et al. (1989)

75 Northern Tien Shan B 755 425 2102 -50.1 309  10.1(4.4,14) 251 299 100 3 Audibert and Bazhenov (1992)

76 Bakalin Formation (A  E 80 478 2650 -506 313 8 (4.8,10.7) 251 260 100 4 Levashova et al. (2003)

77 Tar‘mplrfvg; ;geneous E 11 797 408 2217 510 317 132(79,18) 2848 291 100 5 Usui and Tian (2017)

78 Maitas Formation E 19 75 48 2193 513 319 9(5.5,11.6) 251 275 100 4 Abrajevitch et al. (2008)

79 Koldar Formation E 15 80 48 2854 515 322 12.3 (9.1,15) 275 305 100 4 Abrajevitch et al. (2008)

80 Molaoba Formation ~ E 12 83.1 461 1980  -523 329  9.7(73,12.1) 2993 3087 100 4 Yi et al. (2015)

81 UZbeklf;Tll(SIgne"“S E 26 70 41 925 524 330 108(8.1,133) 299 318 100 3 Solodovnikov (1992b)

82 Ayaguz Formation E 32 807 475 2491  -53.8 344 135(104,162) 2807 2853 100 4 Menzo (2013)

83 Bakaly E 8 807 475 2418  -565 370  99(86,112) 2828 2899 100 4 Bazhenov et al. (2016)

84 Junggar Dykes I 23 835 456 1866  -568 374 199(17.1,226) 271 318 100 4 Li et al. (1989)

85 Liushugou Dykes I 7 878 438 2260  -568 374  18.5(8.4,26) 271 318 100 4 Lietal. (1991)

86 Hoboksar E 16 866 472 1537  -595 403 19.8(144243) 271 318 100 4 Lietal. (1991)

87 Esayoo Formation E 12 2778 811 1256  -61.6 428  11.1(72,143) 271 299 92 3 Wynne et al. (1983)

88 Angara-Vitim I 8 1149 579 3316  -797 700 - 296.1 3059 100 4 Shatsillo et al. (2014)
batholith

gg ~ Mafic d%kr‘zjo'n&be“an I 5 1041 518 2694 845  79.1 11.7 (1.1,19) 271 279 100 5 Pisarevsky et al. (2006)

NPOLE: number of dataset; T.: type of rock (I: intrusive, E: extrusive); Nig (number of igneous sites); LonS and LatS: longitude and latitude of the site; Dec and Inc: declination and inclination of expected
direction; Plat: paleolatitude, SF (SFL, SFU): VGP scatter with limits of confidence; AgeL and AgeU: interval of age; Rev: % of reversed directions of the dataset; DC: demagnetization code (McElhinny and Lock,
1996)
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Figure 5.2. Distribution of the paleomagnetic sampling sites selected for the Kiaman database.

As outlined in Section 5.3.1 (criterion 8), the highest and lowest Fisher precision K
parameters (Fisher, 1953) were evaluated for latitude bands with more than 50 VGPs, and
values for the Kiaman are K,,,,, = 64 and K,,,;, = 14. These are both higher than the
results given by Deenen et al. (2011) for all ages, and thus produce smaller upper and
lower bounds for Ags (blue curves on Figure 5.3a). The new Ags envelope found (light
blue area delimited by blue curves, Figure 5.3a), excludes only 7 datasets (74 directions),
5 with limited PSV sampling, and 2 with potentially large scatter from non-PSV sources.
These datasets are indicated with asterisks in Table 5.1. The resulting number of
directions is reduced from 1419 to 1345 corresponding to ~95% of the total. Figure 5.3b
shows the numbers of data remaining as a function of latitude (blue columns) and the
filtered data set is given in Table S5.3. As the distribution of Ags is more concentrated
towards the lower limit, the use of the limits defined by Deenen et al. (2011) instead of
ours would mainly exclude datasets with lower Ags and larger number of sites (13

datasets or 245 directions).
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Figure 5.3 a) Filtering the dataset by using the paleomagnetic pole confidence angle Aqs limits criteria
(Deenen et al., 2011). Dashed lines are the Ags limits from Deenen et al. (2011) and the blue curves are
the limits defined for the Kiaman database. b) Histogram of the paleomagnetic sites per bands of 10° in
latitude and color discrimination of the filtering process. The yellow and empty columns overlap each other
in different sizes, see the black like for the limits for empty bars (n, > 3 and k > 100).

If we consider that extrusive rocks are the best rock type for getting an instantaneous
record of the geomagnetic field, as commonly used for PSV studies (e.g., McElhinny and
McFadden, 1997), the total number of spot readings is cut to 946 (~67% of the whole
database, purple columns in Figure 5.3b), and the range of well-sampled latitudes is
reduced from 0-70° to 0-50°.

Two other filtering procedures can be applied to the Kiaman database: 1) the removal
of directions based on less than three specimens and with statistical precision k (Fisher,
1953) less than 100, as implemented by Tauxe and Kent (2004) for the 0-5 Ma lava data;
2) the removal of datasets with DC < 4 (McElhinny and Lock, 1996), and directions with
n, < 4and k <50, used by Cromwell et al. (2018) for the last 10 Ma lava data. The
results after these two filtering processes are shown as empty and yellow bars,
respectively, in Figure 5.3b. They resulted in a significant data cut-off leaving only the
three consecutive bands of latitudes from 20-50° with sufficient numbers of directions
(approximately 100) for a credible analysis, and representing only a 30° slice of the
hemisphere. Because of the limited size of the Kiaman database, which is much smaller
than for 0-10 Ma (Cromwell et al., 2018), we decided to maintain our initial flexible
filtering but consider results from the extrusive and intrusive rock data separately for the
purpose of comparison. We also evaluate the effects of further imposing the more

stringent criteria described here.
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5.5. VGP scatter and Model G-type results

The VGP scatter Sp associated with the paleosecular variation of the geomagnetic
field was determined for each dataset. Data from northern and southern hemispheres are
combined. Inter-hemispherical comparisons are not possible as the sampled paleolatitude
intervals are not the same for both hemispheres, precluding investigation of any
asymmetric behavior of the field. Sp values follow a general trend of increasing
dispersion with paleolatitude (Figure 5.4), and there appears to be less scatter in the signal
across datasets at low paleolatitudes than for medium latitudes. When plotted alone, the
extrusive datasets (purple symbols) retain the same dispersion pattern as for the whole
database (igneous) that includes the intrusive rocks.

The shape parameters (a and b) from model G (McFadden et al., 1988) were
calculated for the whole database and for various filtered subsets (Figure 5.4 and Table
5.2). Inserting intrusive records into the analysis does not influence the results
significantly, but it is worth considering that the whole dataset includes fewer intrusive
than extrusive records; they are also unequally distributed across the latitude bands. It is
not evident that the intrusive datasets produce less scatter than the extrusives as might be
anticipated from slower cooling; maybe this is a characteristic of the KRS. However, to
avoid any possible bias due to the intrusive records we will proceed with analyses using
only extrusive records.

Applying cutoffs to the number of sites per study (Ng = 10 and Ng = 20) produces
similar results as using only extrusive with lower cutoff (Ng = 5). The confidence region
based on bootstrap sampling becomes smaller as the Ng increases. However, the smaller
confidence region could only be a consequence of the reduced available dataset and does
not mean an actual improvement of the data selection. The greatest changes in the shape
parameters occur when applying a filter based on intra-site statistics (modern filters
following Tauxe & Kent, 2004; and Cromwell et al., 2018), where the equatorial VGP
dispersion a values are the lowest, and the latitudinally dependent b values are the

highest.



Table 5.2. Results of shape parameters for Kiaman databases using different filtering processes.

Kiaman database filtering N N Nsv a b Reference
All igneous 82 1345 1327 10.5}%° 0.21037 = Thisstudy
Only extrusives 57 946 938  10733¢  0.2082§ This study
Only extrusives (Ns = 10) 35 785 778 11.23%° 0.19g33 Thisstudy
Only extrusives (Ns > 20) 13 484 478 10.08%% 0.19924 This sudy
Only extrusives (Ng = 5,n, =3,k >100,DC = 2) 37 426 424 9_1%_13-7 0_268:?3 This study
Only extrusives (Ng = 5,n, = 4,k = 50,DC = 4) 31 482 479 8.51%3 | 0.29937 = This study
Igneous rocks (Ng = 10,DC = 4) 9 336 @ 331 9.41%9 1 0.27923 | (Oliveiraetal., 2018)

Note: Na: number of datasets, N,: total number of sites; Nsv: number of sites after the iterative cut-off.
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Figure 5.4. VGP scatter results per dataset. Closed (open) symbols are northern (southern) hemisphere data.
Green: intrusive; purple: extrusive; coral: extrusive database filtered using n, = 3,k = 100,DC = 2 (as
Tauxe and Kent, 2004); and yellow: extrusive filtered usingn, = 4,k > 50,DC = 4; a and b are the fitted
shape parameters from model G.
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5.6. Shape and scale of directional PSV during Kiaman times

In contrast to the VGP scatter results, which were determined for each dataset, the
directional PSV results are related to directions grouped using the latitude bands as
described in section 2.2. This procedure was adopted considering that all igneous units
within a given latitude band should have sampled the same overall behavior of the
geomagnetic field during the Kiaman superchron.

Figure 5.5 shows the stereograms of directions rotated with the expected direction at
the origin for eight latitude bands from 0 to 70°, with data from the southern (blue) and
northern (green) hemispheres merged. The majority of the data from latitudes 0 to 40°
comes from the northern hemisphere, while those for the bands 40 to 70° data are
essentially from the southern hemisphere. The most elongated distribution is the
equatorial (paleolatitude from 0 to 10°), and the few southern directions belonging to this
group seem to follow the same tendency. For the other latitude bins in both hemispheres,

distributions seem to display a more circular shape.
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Figure 5.5. The paleomagnetic Kiaman database considering only extrusive rocks; blue (green) is related
to southern (northern) hemisphere data. Circles are directions rotated with the expected direction from each
dataset at the origin (dec=0°, inc=90°). From the left top to bottom are bands of paleolatitudes from 0 to
70°. The black lines show the oz and gy standard deviations determined for each band.

The directional shape statistics for the Kiaman database are shown in Figure 5.6a. For
comparison, the figure also shows the predicted values of o, gy, E’, and A;, determined
for TKO03 and the recent BCE19 model (Brandt et al., 2019b).

The Kiaman results show consistently lower overall variability 44;,- than the TKO03
and BCE19 models at all latitudes. Values for oy totally disagree with the TKO03

prediction and the values are consistently lower, and oz is also lower and incompatible
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with the TKO3 prediction in almost all latitude bands. The more recent GGP model
BCE19 has lower values of oz, oy, and A,;,- than TKO03, but the only latitude band from
the Kiaman results that agree with the more recent field is the equatorial band. If the TK03
model is taken as a reference for the last few million years, the same cannot be said in
relation to the Kiaman time interval. Likewise, BCE19 does a poor job overall of

describing the Kiaman data.
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Figure 5.6. a) Directional PSV results using 10° bands of paleolatitude from Kiaman reverse superchron
(KRS) database; o and oy are the standard deviation for the x; and x, equal-area coordinates from
rotated distributions; E' = gy /0oy is the distribution elongation in the N-S direction, and Ag;- = gxoy is
the overall variability of the distributions. Black (grey) curves are the predicted values of oy, oy, E’, and
Agir by the TKO3 (BCE19) GGP models. b) black (oy) and light grey (0%, E’, Agir ) dots correspond to
1,000 results from the bootstrap random re-sampling of the data distribution. Colored bars show resulting
95% confidence intervals.



5.6.1. Reliability of PSV directional results

The results presented in the last section reveal distinct properties of the geomagnetic
field during the Kiaman. The shape and dispersion of the direction distributions all over
the globe are quite different from those observed for the past 10 million years (Brandt et
al., 2019b), which are basically compatible with the models TK03 and BCE19. It is
important to assess the reliability of the results in the older Kiaman context. In contrast
to the PSV10 (Cromwell et al., 2018), the Kiaman results are based on the direction
distributions of the paleo-reconstructed datasets as described in Section 3. Ill-determined
declinations (paleo-meridians) may contribute to a circular distribution of the merged
directional data, and inaccurate determination of the expected inclinations may cause the
dataset to fall into an incorrect paleolatitude band. These particular sources of error are
absent from the PSV10 results. Moreover, the filtering applied to the Kiaman database is
less rigorous than the criteria used for PSV10. Thus, it is worth testing whether the results
obtained for the Kiaman superchron arise from the way the dataset was constructed.

In this section, we introduce some further filtering and a re-sampling procedure to
test the consistency of the results we obtained. We applied two more stringent cutoff
limits based on the number of sites (Ng = 10 and Ng > 20), and filtering procedures for
within-site statistics (Cromwell et al., 2018; Tauxe and Kent, 2004). The results are in
Figures 5.6b, and 7. Each dataset was randomly re-sampled by the bootstrap method
1,000 times to test the impact of uncertainty in paleolatitude determinations, and
consequently the corresponding assignment to latitude bands. The re-sampling may
displace a dataset from one initial band to a neighboring band. Each re-sampling run
produced the same number of data as the original data, that is, 946 extrusive directions
distributed in seven latitude bands (Figure 5.6b), represented by the small symbols in the
figure, along with the bars delimiting the 95% confidence limits of the resampled
distribution.

The resampling process broadened the paleolatitude intervals for each latitude band.
However, even with this variation in paleolatitude intervals determinations, the procedure
did not reveal any different behavior for the Kiaman results, from that previously
observed. PSV results from the Kiaman data maintain the low standard deviations in the

N-S direction (oy), with the elongation of the distributions close to 1 and the overall
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variability smaller than predicted by the models for recent data for latitudes higher than
10°.

Filtering of the datasets to Ng = 10 reduced the total number of directions by 15%,
while the condition of Ng > 20 removed 48% (Figure 5.7a). The use of the filters based
on intra-site statistics, DC >4 with n, >4 and k > 50 and n, = 3 and k > 100
(yellow and orange symbols, respectively, in Figure 5.7b) drastically reduced the number
of data (Tables S5.5 and S5.6).

Results for bands that are now poorly populated have lost precision, as indicated by
the wider confidence bars. Here again, the standard deviation in N-S direction (ay) is
smaller than, and incompatible with, the prediction of models TK03 and BCE19. The
elongation is still nearly 1, and the overall variability diverges from the recent models for
latitudes higher than 10°. Considering that a larger number of sites in any given study
may imply a better determination of paleolatitudes and paleo-meridians, we might expect
that filtering out sites with a low number of observations would result in better estimates
for the N-S and E-W distributions. However, Figure 5.7 shows that the main
characteristics of the PSV previously reported for the Kiaman database are preserved,
with no overall improvement in fit to TK03 or BCE19. The use of the most restrictive
filters produces wider confidence limits, due to the depleted number of data, but the
results are essentially the same. Note that when we applied the filter from Cromwell et al.
(2018) all data from the 0 to 20° bands were rejected preventing evaluation of whether
the more dispersed and elongated PSV distributions at equatorial latitudes can be

confirmed for high-quality data.
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Figure 5.7. Directional paleosecular variation results using 10° of absolute paleolatitude of the KRS
database (extrusive rocks only). Black and grey curves are the prediction from TK03 and BCE19 GGP
models, of the standard deviation in x; and x directions from equal-area projections of rotated
distributions of directions (og, gy), elongation E’ = gy /oy, and overall variability A,;- = ozoy). Stars
are oy, and circles are gz. Left: other cutoff limits of the number of sites: Ng = 10 (dark blue) and Ny >
20 (olive green). Right: Other types of high-quality filtering data using the intra-site statistics n, = 3 and
k =100 (orange); DC = 4, n, = 4 and k = 50 (yellow).

5.7. What was the geomagnetic field like during the Kiaman superchron?

The paleomagnetic directional database presented in this study is so far the most
complete and largest list of site remanence directions for the Kiaman period. The
database for the same time interval recently presented by Oliveira et al. (2018) is far more
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limited comprising only nine datasets due to the very restrictive filtering adopted. Our
new Kiaman database, using more flexible criteria, resulted in a total of 1419 reliable
individual igneous directions from 89 datasets of which 60 (977 directions) are derived
from extrusive rocks. After application of a modified N-dependent A5 envelope 1345
directions (946 extrusive data) remained.

The directional shape and scale analyses applied to the merged datasets using 10°
paleolatitude bands present two distinctive behaviors: elongated and more disperse
distributions near the Equator similar to the predictions for the TK03 and BCE19; and an
essentially constant behavior of more concentrated and circular distributions for latitudes
in the range 10° to 70°. There are no systematic differences in age that could explain the
distinction between the Equatorial data and those from other latitudes. The only difference
detected is that the quality of most of the Equatorial data cannot survive the more
restrictive filtering processes (Figure 5.3).

We searched for simplified GGP models for the extrusive members of the Kiaman
database in two situations, including and discarding the equatorial band, but without
another restrictive filtering. We used the least-squares minimization of differences
between theoretical predictions and data results of directional standard deviations (o,
oy), to determine the a and 8 for a given g = 18 uT (Figure 5.8) of the best fit GGP

model.
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Figure 5.8. Directional PSV results using 10° bands of paleolatitude from the KRS database, where oz, gy
are the standard deviation in xz and x, equal-area coordinates from rotated distributions, E' = oy /oy is
the elongation of distribution along the N-S direction, and A,;, = o0y is the overall variability of the
distributions. Black (grey) curves are the predicted values of og, gy, E', and A, predicted by the TKO03
(BCE19) GGP models. Only extrusive results are shown as purple symbols. Orange symbols are KRS
results without the equatorial band. Grey bars are the 95% confidence intervals given by bootstrap re-
sampling. Purple and orange curves are the best fit models fitted to the KRS database with and without the
equatorial band, respectively.

The minimum misfit model found for the Kiaman reversed superchron (KRS)
database including the equatorial band, KRS,, = (a,f,9Y) = (6.2 uT ,3.4,18 uT),

has on average normalized absolute deviation misfit of 2.5 to the data. If the equatorial
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band is excluded, the minimum model, KRS',,, = (3.6 uT,6.6,18 uT), has on average
normalized absolute deviation misfit of 1.9. These values are lower than the mean
distances between the Kiaman results and BCE19 (5.0 error bars) and TKO03 (6.6 error
bars) models. However, the results for oz from the Kiaman database lie more than 1 error
bar of distance on average above the GGP model KRS,, (purple curves), while the oy
results are always less than predicted by the model. The same systematic differences
occur with the model KRS, constructed from the Kiaman data excluding the equatorial
band. However, in this case, the distances are less than one error bar and can be considered
more compatible with a simplified GGP model. In both cases the compatibility with the
overall variability, A4, is better than with the distribution shapes.

The high result for 8 = 6.6 found by the KRS',,, model means that the PSV variation
of dipole family components is more important than in other GGP models found for the
last few million years (f = 3.8 TKO03 and f = 4.2 BEC19). A strong average dipolar
contribution might be expected during superchrons: Tarduno et al. (2006) found high
intensities of the dipolar field. McFadden et al. (1991), Biggin et al. (2008) and Oliveira
et al. (2018) found strong latitudinal dependence of VGP scatter, which would seem to
imply higher variability in the dipole family than in the quadrupole family. In a recent
paper, Brandt et al. (2019a) tested higher £ values and smaller a (8 = 5, « = 4.5 uT) for
simplified GGP models to produce high latitudinal dependence of VGP scatter aiming to
explain the VGP scatter found for long paleomagnetic data sequences from the Kiaman
period. High dipole strength and variability combined seem somewhat counterintuitive,
but we should keep in mind that § reflects the ratio of the dipole to quadrupole family
variations, not the absolute value which is determined by «.

Although model KRS',, has some characteristics expected for a superchron, the
misfit to the Kiaman results are pretty large and systematic. We can observe this in Figure
5.8, where the data do not follow the predicted trends. The small, circular and constant
distribution of directions for latitudes higher than 10° is not observed in the directional
paleosecular variation results of the last few million years. The directional analysis results
of or and gy for PSV10, the current paleosecular database for the last 10 My (Brandt et
al., 2019b, Figure 5.9), follow a gradual trend from the Equator to the poles, agreeing
with the numerical prediction of the simplified GGP models TK03 and BCE19. The only

latitude band in which these models do not adequately represent real paleomagnetic data



for the last 10 My is the high latitude band of 70-80°, which is mostly composed of
paleomagnetic directions from the McMurdo region, Antarctica (Lawrence et al., 2009).

The comparison between Kiaman and PSV 10 results is somewhat unrealistic, as the
PSV10 database is more than twice the size of the Kiaman database in terms of the
number of directions. But if we consider the same filtering for both databases the size of
the Kiaman database diminishes by half. The inclusion of low-quality data could be
expected to increase overall variability. So, if we imagine that the suppressed variation
behavior of the Kiaman results includes additional sources of scatter besides unremoved
experimental errors, this would suggest that the true Kiaman paleosecular variation was
even lower than the results presented here, and the paleomagnetic field activity of that
time was even more subdued.

Our numerical predictions from GGP models so far only include geomagnetic
variations. To minimize experimental noise, the mean of specimen directions is
commonly used, but the effect of ill-determined mean directions will increase the standard
deviations gz and gy. The impact is simulated in Figure 5.9. Mean directions for three
synthetic samples generated using various values for precision, k, (Fisher, 1953) and
directions predicted by the GGP model (‘spot readings’ of geomagnetic field) were
produced 10,000 times at every 5° of latitude. These simulations (Figure 5.9) show
increases in determinations of gz and gy, which are greater for more disperse sites (lower
k, light grey curves). This effect is less important for PSV of the geomagnetic field over
the past few million years (BCE19; Figure 5.9) than for a quiet field like the plausible
KRS',, model for Kiaman times. The increase in intra-site dispersion reduces the
elongated shape of the geomagnetic PSV, and the results for oz and gy become larger
and more similar. This effect is perhaps best visualized in the plots of elongation E’
(Figure 5.9) which diminishes with the loss of precision and is more significant for the
KRS',, model than for the BCE19. Therefore, if the Kiaman geomagnetic field was
working like a GGP model, the small and circular determinations we have presented in
this study could be explained by the result of experimental noise combined with a greatly

reduced paleosecular variation of the geomagnetic field.
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Figure 5.9. Numerical directional PSV predictions o, gy, and E’ from KRSm’ and BCE19 GGP models
(black curves) and the result of 10,000 of simulations (greyscale). For each directional simulation from the
GGP model (a spot reading of the geomagnetic field), three synthetic samples were generated using various
precisions, k (Fisher, 1953), and a Fisher mean direction was calculated from them.

5.8. Conclusions

The Kiaman igneous database is the most complete list of site directions for the
Kiaman period (267-318 Ma).

The Kiaman superchron geomagnetic variation is marked by low PSV variation,
revealed by distributions of directions that are approximately circular, concentrated, and
essentially invariant for latitudes higher than 10°. This is completely different from what
is predicted by recent GGP models. Simplified GGP models that could be representative
of this singular behavior were found using least-squares fit to oz and oy, but these
attempts were not completely successful. This indicates that either the Kiaman
geomagnetic behavior cannot be explained by a simplified GGP model (Tauxe & Kent,
2004), or, since the Kiaman geomagnetic field is much less variable than recent times,
common experimental noise becomes important enough to significantly affect the results.

In the extreme case of very low paleosecular variation during the Kiaman it is

possible that data uncertainty could dominate both shape and scale directional analyses



and VGP scatter analyses. Therefore, for future work, we recommend that if the intention
is to study the minutiae long term variations of this time period, the experimental
procedures need to produce more accurate results (higher number of specimens per site
and k) than are currently available and better determinations of uncertainty to estimate

the effect of it in the overall PSV distributions.
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Chapter 6

Main Conclusions

Superchrons are long periods of tens of million years of a unique polarity of the
geomagnetic field, which are expected to have a more stable mean dipole field with higher
intensities than those for higher reversal frequency times (e. g., Tarduno et al., 2006). The
PSV of superchrons measured by the VGP scatter S is also expected to be different from
recent times (Biggin et al., 2008b; de Oliveira et al., 2018; McFadden et al., 1991). Even
though, the TK03 model is currently used to perform the shallowing correction to the
magnetization of sedimentary formations, based on the application of the E/I method
(e.g., Brandt et al., 2009; Franco et al., 2012; Haldan et al., 2009; Lanci et al., 2013).
Considering that the PSV of a superchron is less scattered than the recent field but with
the same shape, then the use of the elongation E is not incorrect. However, the expected
distributions of directions of a superchron were still not known. This thesis is a
contribution to address this issue in various ways.

The first step was to get new paleomagnetic data from a long section of sedimentary
rocks with age inserted in the Kiaman superchron (Chapter 3). The paleomagnetic data
from the Mafra Formation is so far the longest known section of Kiaman magnetization
with AARM inclination shallowing correction. Its paleomagnetic pole is a reference pole
for South America and is compatible with other igneous poles with absolute radiometric
dating. When applied to the paleomagnetic results of the Mafra Formation (Chapter 3),
the E/I method proved to be inadequate, despite the Mafra dataset satisfying all conditions
required for the method: more than 100 results with good stratigraphic control. Other two
long igneous sequences of Kiaman age (Haldan et al., 2014; Bahzenov et al., 2016) also
gave disparate results. The elongation E results presented high uncertainties, while the
VGP dispersion Sp of the Mafra results and those two sections were similar and totally
incompatible with the predictions of the TKO03 model. Therefore, an investment in
simulations of different versions of GGP was performed. Due to the way the GGP models
are built, S and E predictions cannot be dissociated. If the parameters a, f of a GGP
model change, both E and Sy change too. The simulations of different versions of GGP
models showed that if the Kiaman geomagnetic field is described by a simplified GGP

model with Sp compatible with the Kiaman results, it produces more elongated
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distributions of directions at Equatorial latitudes. This new result has strong implications
for the use of the E/I method and must be seen as a cautionary alert to the indiscriminate
use of the method to correct supposed inclination shallowing for time intervals over which
the method has not been tested.

Because the comparisons of elongation made in this study were not conclusive, the
directional distribution for the Kiaman remained an open question. One of the difficulties
in solving this problem is that there are few Kiaman sections (mainly of igneous nature)
long enough to perform the necessary tests. According to Tauxe et al. (2008), the
minimum number of independent records to evaluate elongation is 100-150, and datasets
of this size are difficult to achieve. Therefore, a new paleomagnetic database based on
paleomagnetic results from igneous rocks to assure more fidelity in the record of the
geomagnetic field (Chapter 5), accompanied by a new methodology of analyses based on
directional distributions (Chapter 4), was furtherly done.

The new type of PSV statistic developed in this work (Chapter 4) is based on the
shape and scale of directional distributions. The PSV parameters are the orthogonal
standard deviations oy and oy of equal-area coordinates (xy and xy ) from rotated
distributions with the expected direction in the vertical, which can be predicted by
numerical integration of the directional pdf (Constable and Parker, 1988; Khokhlov et al.,
2001) given by a simplified GGP model as the TK03 (Tauxe and Kent, 2004). Simulations
with thousands of synthetic samples were done to test whether the numerical
determinations could be good estimates. The simulations revealed a Ilatitudinal
dependence of the PSV measurements o and oy very close to and randomly distributed
around the numerical predictions, so the differences could be explained only by the
random effect of the Monte Carlo approach. Moreover, the results using real data (PSV10
database of Cromwell et al., 2018) are reasonably compatible with the prediction of a
simplified zonal GGP when both hemispheres of data are joined, except at high latitudes.
Therefore, the use of the latitudinal dependence of oz and gy for latitudes lower than 70°,
seems to be diagnostic and can be used for modeling. According to the numerical
prediction presented in this study, for a zonal GGP model with a GAD mean, the
latitudinal dependence or and oy is symmetric with respect to the Equator and
independent of polarity, which allows the use of this model for the geological past when

the polarity and/or hemisphere are unknown.



The results of GGP simulations also presented in Chapter 4 clearly indicate that for
a zonal GGP model for the geological past, the best way of determining a paleo-
inclination or a paleomagnetic pole is using an iterative cutoff (Vandamme, 1994). This
method came to replace the subjective procedure of eliminating the transient data due to
reversals or excursions of the geomagnetic field which tend to enhance the scatter in a
paleomagnetic dataset, but do not represent the characteristic PSV scatter.

A new simplified GGP model, the BCE19 with g2, a, B = (—18uT, 6.7 uT,4.2),
was fitted to the most up-to-date directional paleomagnetic database from lavas of the last
10 Ma (PSV10; Cromwell et al., 2018). The BCE19 model follows the same
simplifications (mean GAD, a and f parameters) proposed by Tauxe and Kent (2004),
but instead of fitting the model according to the latitudinal VGP scatter, PSV
measurements from directional distributions oz and gy were used.

The Kiaman database of this work (Chapter 5) is the most complete list of directions
per site for this superchron and it revealed a small PSV variation characterized by
approximately circular directional distributions (oz~0ay), and tight for latitudes higher
than 10°. This behavior completely differs from what is predicted by the recent GGP
models. Simplified GGP models that could be representative of this singular behavior
were found using the minimization of squared differences of oz and gy, but the misfit
between the models and the data is higher than the uncertainties. This may be an
indication that the Kiaman geomagnetic behavior cannot be explained by a simplified
GGP model (Tauxe & Kent, 2004). Alternatively, the Kiaman geomagnetic field is much
less variable than the recent field and, consequently, the usual experimental noise that
affects the paleomagnetic data represents a much stronger influence for the Kiaman PSV
results. In the extreme case of very low paleosecular variation during the Kiaman, the
data uncertainty could dominate both the VGP scatter and the shape and scale directional
analyses. Therefore, if the intention is to study the minutiae long scale variations of that
period, besides longer series of directional paleomagnetic results, future works will need
more accurate experimental procedures increasing the number of analyzed specimens per
site and getting higher precision (k). It becomes obvious that much more effort in
obtaining good quality data from the Kiaman superchron, as well as from other

superchrons, is still necessary to get a good representation of these particular field states.
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