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Abstract This work presents an extensive directional paleomagnetic database of the Kiaman reversed
superchron. It is composed of 1,459 paleomagnetic directions from igneous rocks corresponding to 91
data sets (or paleomagnetic poles). An almost constant behavior of more concentrated and circular
distributions for latitudes higher than 10° was found, which contrasts strongly with predictions of the
representative models for the past few million years. We searched for simplified and spatially covariant
Giant Gaussian Process (GGP) models that best explain the directional distribution of the Kiaman
database. We used the mean strength based on the mean of virtual dipole moment (VDM) results for

the period drawn from the available databases. Among the tested models, the one that best explains

the directional paleosecular variation of the Kiaman database is the covariant type. According to this
model, the correlations between the Gaussian coefficients are valid for the last 10 Myr and the Kiaman
superchron. The resulting GGP models have £ parameters similar to the 0-10 Ma models, which indicates
that the relation between symmetric and antisymmetric families appears unchanged in the geological
past. The relative variability of the Kiaman field, as inferred from the ratio o/ g from GGP models, is
lower than for the past 10 Myr. Thus, as well as the paleointensity, a/g) seems to be a proxy that can be
used for evaluating the geomagnetic development along the geological time.

1. Introduction

The study of the geomagnetic field on a geological timescale brings imperative links to investigating the
ancient deep Earth, particularly in understanding of the behavior of the field with regard to the polarity
changes. Throughout the Earth's history, the field polarity has changed continuously, intercalating periods
of relatively high-frequency polarity changes and others with practically no changes. Long time intervals
comprising tens of million years of a single polarity define the superchrons. Three superchrons have been
recognized in the Phanerozoic: the Moyero Superchron of reversed polarity during the Ordovician (Pavlov
et al., 2012), the Permo-Carboniferous Reversed Superchron (~267-318 Ma; Hounslow & Balabarov, 2016;
Opdyke & Channell, 1996), also known as the Kiaman Superchron, and the Cretaceous Normal Superchron
(CNS: 84-126 Ma, Ogg, 2012a, 2012b). The origin of the superchrons is not yet well understood. Some au-
thors attribute it to deep mantle plume activity (Larson & Olson, 1991). The collapse of the superplumes
causes a decrease in the heat flux in the core-mantle boundary. It also affects the lateral heterogeneity of
that interface, triggering a superchron (Amit & Olson, 2015). The regrowth of a plume could again allow
the occurrence of field reversals.

Recently, several papers have focused on the field behavior during the superchrons (e.g., de Oliveira
et al., 2018; Doubrovine et al., 2019). The main scope is to verify if the long-term variations of the Earth's
magnetic field (the paleosecular variation, PSV) differ from the behavior during high activity times.

Models of PSV are statistical models based on the premise that the Earth’'s magnetic field varies around a
mean configuration and the paleomagnetic records are spot random readings of it. The fundamental hy-
pothesis of paleomagnetism, that the average field is well described by a geocentric axial dipole (GAD) field,
is normally considered reasonable for times older than the last few million years. Changing overall charac-
teristics of the field through geological time may be assessed by parameters such as reversal frequency (e.g.,
Driscoll & Evans, 2016; Hounslow, 2016), the strength of the mean-field (e.g., Kulakov et al., 2019; Shcher-
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bakov & Sycheva, 2013; Tarduno et al., 2006), latitudinal dependence of the virtual geomagnetic pole (VGP)
scatter (e.g., Biggin, Strik, & Langereis, 2008; Biggin, van Hinsbergen, Langereis, Straathof, & Deenen, 2008;
McFadden et al., 1991; Smirnov et al., 2011), and the shape and scale of the directional distributions (Tauxe
& Kodama, 2009).

The latitudinal dependence of the VGPs scatter S, associated with the geomagnetic field variations, is de-
fined by the ¢ and b shape parameters in Model G (McFadden et al., 1988) in the form:

Sy =Na* +b*A%, )

where ¢® and %12 are, respectively, the VGP scatter caused by the symmetric (even) and the antisymmetric
(odd) families of the geomagnetic field described by spherical harmonic functions.

PSV models based on giant Gaussian processes (GGPs) can be used to predict the distribution of directions
at any point of the Earth (e.g., BB18, Bono et al., 2020; BCE19, Brandt et al., 2020; CJ98, Constable & John-
son, 1999; CP88, Constable & Parker, 1988; QC96, Quidelleur & Courtillot, 1996; TK03, Tauxe & Kent, 2004).
The TK03 model is the most simplified version of the GGP models, as it has a mean GAD with an intensity

of g_,0 = —18uT and only two parameters, , and g, define the whole collection of standard deviations of
spherical harmonic Gauss coefficients for every degree / and order m as shown in Equations 2 and 3.

21 2
(O.[m )2 _ w for! — m=even, @

(1+1)(20+1)
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where R / Ry is the core-Earth radius ratio (0.547), and « and £ are fitted parameters.

Using these relations and assuming the same intensity as TK03 for g_lo, Brandt et al. (2020) proposed a new
simplified GGP model (BCE19). This model was fitted to an up-to-date directional paleomagnetic database
from lavas of the last 10 My (PSV10; Cromwell et al., 2018), using the shape and scale of directional distribu-
tions (Brandt et al., 2020). Bono et al. (2020) built a new family of GGP models (BB18 and BB18.Z3), that fol-
low the simplified idea of TK03 model (Equations 2 and 3) but defining o, independently and inserting cor-
relations between some pairs of Gaussian coefficients, which are ( g8y ) ( g]],g;)(h]],h; ) ( 2.8l ) ( 2,84 )
(h;,hi ) ( a8 ) and (hzz,hf ) This modification changed the simplified GGP models into a new type of PSV
models, the Covariant GGP Models, which improve the fit to the latitudinal variation of the dispersion of
the VGPs and the paleointensity results from the last 10 Ma (PSV10 database).

Since the first application of Model G to the geological past (McFadden et al., 1991) the superchrons have
shown a more prominent latitudinal variation of VGP dispersion (Sy), and a reduced equatorial VGP scatter
compared to periods of higher reversal frequency. Other analyses for the Phanerozoic superchrons using
Model G (Biggin, van Hinsbergen, et al., 2008; de Oliveira et al., 2018; Doubrovine et al., 2019) also showed
low equatorial and strong latitudinal dependence of Sy, with high ratio b/a (where b and 4 are the shape
parameters of Model G, Equation 1). However, recent compilations also demonstrate strong latitudinal
dependence of Sy and a high ratio b/a, for the past 10 Ma, when the field was reversing more frequently
(Cromwell et al., 2018). Because of that, the ratio 5/a is not a reliable proxy for reversal frequency (Dou-
brovine et al., 2019). Recent results indicate that the most reliable parameters for revealing significant
changes in the geomagnetic field behavior are the shape parameter 4 from Model G and the moment of the
mean dipole in the geological past (Kulakov et al., 2019; Sprain et al., 2020).

The GGP models were developed to describe the PSV behavior of the last few million years. Few tests have
been performed to check whether those models are suitable to describe the more ancient geomagnetic field
(Tauxe & Kodama, 2009; Tauxe et al., 2008). However, the TK03 model has been used as a reference when
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the elongation/inclination (E/I) method is applied to sedimentary rocks, even for ages where the validity of
TKO3 has not been tested. This includes rocks with ages assigned to the Kiaman superchron (e.g., Brandt
et al., 2009; Franco et al., 2012, Haldan et al., 2009). If the distribution of directions of a superchron is less
or more 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. Available paleomagnetic data sets of Kiaman igneous rocks spanning the
longest times exhibit smaller elongations than in the TK03 model. However, the high uncertainties make
the results inconclusive (Bazhenov et al., 2016; Haldan et al., 2014). Brandt et al. (2019) made another at-
tempt using sedimentary records and observed that the recent-field TK03 model is incompatible with the
VGP scatter of the three Kiaman data sets they analyzed. But due to the scarcity of paleomagnetic series
long enough to properly evaluate the elongation of the directional distributions for the Kiaman, this issue
remains still open. It is still unknown whether the TK03 or the new GGP models BCE19 and BB18 are valid
for the Kiaman times.

In summary, GGP models for times older than 10 Ma are still not established. This new work will focus
on the directional distribution of the Kiaman paleomagnetic field, creating a new comprehensive igneous
database (the paleomagnetic database of Kiaman Reversed Superchron [ PDKRS]). Directional analyses are
made following the strategies used by Brandt et al. (2020), followed by discussions on which GGP model
best describes the Kiaman superchron and the similarities and disparities compared to GGP models for the
recent field.

2. Methods

We focused on the field directional behavior to describe the PSV of the Kiaman geomagnetic field. A pale-
omagnetic database with data grouped in paleolatitude bands was constructed. The VGP scatter along with
the shape and scale analyses of directional PSV was evaluated. New PSV models were fit to the resulting
parameters.

2.1. Data Compilation and Selection

The Global Paleomagnetic Database (McElhinny & Lock, 1996) was the main source of paleomagnetic data
collected for the Kiaman interval. It contains abundant information about the paleomagnetic poles organ-
ized in an easily searchable table. More than 70% of the references compiled in this work came from that
database; the remainder 30% came from the Magic Database, and PINT database, and from bibliographic
searching.

The initial criteria used for selecting the directional data sets were:

Paleomagnetic poles from igneous rocks only.

Primary magnetization with the same age as the studied rock.

Age of the paleomagnetic pole and rock unit compatible with the Kiaman interval (267-318 Ma).
All samples were demagnetized with demagnetization code DC > 2 (McElhinny & Lock, 1996).

E o e

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

5. Exclusion of sedimentary sites (there are some studies with a different type of rocks included), to avoid
inclination shallowing effects or temporal smoothing during remanence acquisition.

6. Exclusion of unreliable sites as indicated by the authors.

7. Only data sets with at least five independent sites were considered for adequate temporal sampling.

8. Further evaluation of whether the data set distribution sampled the geomagnetic PSV adequately was
based on the N-dependent Ay5 envelope (Deenen et al., 2011), as given by the upper and lower limits of
the 95% confidence angle of paleomagnetic poles.
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The Ays envelope procedure in item 8 supposes that a data set with an Ags higher than the maximum limit
contains a significant additional contribution to the VGP dispersion apart from PSV and is, therefore, “un-
reliable”; an Ags below the lower limit is probably under-representing the PSV. Deenen et al. (2011) origi-
nally 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, van Hinsbergen, et al., 2008; Brandt
et al., 2019; Doubrovine et al., 2019; Franco et al., 2012; Haldan et al., 2009; Haldan et al., 2014; Oliveira
et al., 2018) the lower limit of Ays given by Deenen et al. (2011) may be unrealistic for the PDKRS. Therefore,
limits of maximum and minimum Agys were re-evaluated for this study based on the newly compiled data set.

To find the proper Ags limits to use in this work, we first rotated each data set so that the mean VGP cor-
responds to the geographic pole. After that, we merged the data from the Northern and Southern Hemi-
spheres using paleolatitude bands of 10° width. The highest and lowest values of the estimate dispersion,
K, and K, . (Fisher, 1953) for bands with more than 50 VGPs were used to define a new Ay5 envelope,
according to the method described by Deenen et al. (2011). We considered the use of this approach for re-
moval of the data sets that have discrepant signatures when compared to the overall behavior of the entire
database. We recommend its use only with PDKRS. For other periods we recommend the limits presented

by Deenen et al. (2011) related to a more comprehensive period of geological ages.

2.2. VGP Scatter and Model G-Type PSV Analysis

The VGP scatter, S associated with the PSV of the field was calculated as follows:

2
Sp = 1/52 _ Sw (C))
n

2
S = ZAI (S)
N -1
g2 ., 2(1 + 3sin2,1)2
v 03350095 —— (6)
n (5 + 3sin2/1)

where S is the overall dispersion of VGPs and 5_32 is the correction associated with the intrasite disper-
sion S,,(McElhinny & McFadden, 1997); A, is tlrlle angular difference between each VGP and the paleo-
magnetic pole; N is the number of sites; n is the mean number of specimens and a; is the mean ay; of
the sites in the data set. For data sets without a5 information, a mean value from the whole database
was used (average of 8.2°). The cutoff angle for calculating the mean paleomagnetic pole was defined
using Vandamme's (1994) iterative process. The determination of paleolatitudes is explained below (Sec-
tion 2.3). The 95% confidence limits of S, were determined using 1,000 bootstrapped samples. The shape
parameters ¢ and b (Equation 1) of Model G (McFadden et al., 1988), for S, vs. paleolatitude A results,
were found using the function “optimize.leastsq” from the “Scipy” Python library for least squares optimi-
zation in nonlinear problems. Confidence limits for « and » were found using the lower and upper limits
of Si values (in the same way as Biggin, Strik, et al., 2008; Oliveira et al., 2018).

2.3. Merging Data Sets

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 their paleolat-
itudes, thus enlarging the data sets. This procedure helped to improve the directional PSV determinations,
as is commonly required for the PSV studies (e.g., Constable & Parker, 1988; Tauxe & Kent, 2004).
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a) Dataset 5 (Bazhenov et al., 2016)
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b) Paleolatitude band: 30-40° N
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Rotated directions
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Figure 1. Rotation and grouping of directions and VGPs. (a) An example of a data set (Bazhenov et al., 2016). (b) Grouping paleodirections and VGPs from the

paleolatitude band of 30°N -40°N.

As we considered the most simplified GAD versions of the GGP model (like BCE19 and TKO03) or the covar-
iant GAD model (like BB18), then zonal and equatorial symmetries are expected. Thus, opposite latitude
bands could be joined, as done by Tauxe & Kent (2004) and Brandt et al. (2020).

The expected direction for each data set (black stars in Figures 1a and 1b) was calculated from the paleo-
magnetic pole, by the following sequence of steps:

1. Calculating VGPs from the published directions of the data set.
2. A mean paleomagnetic pole is determined using the VGPs selected using the iterative cutoff angle of
Vandamme (1994).

3. An expected direction (D,

o Lexp) 18 calculated from the paleomagnetic pole.

This procedure helps to avoid the effect of asymmetric directional distributions that result in an angular
difference between the mean direction and the expected direction (Brandt et al., 2020). For each data set,
the directions were rotated to take the expected direction to the projection's origin (with dec =0°, inc = 90°).
Then they were grouped with other rotated data sets of the same paleolatitude band. For each band, the
representative paleolatitude corresponds to the average of the paleolatitudes of the data sets included in the
band.

The paleolatitude of each data set was determined using the GAD equation:

tan/,,, = 2tanA, (7

where /,,, is the expected inclination and 4 is the paleolatitude corresponding to the data set. This determi-

nation has the same result as the approach described by Doubrovine et al. (2019), which is also based on the
mean paleomagnetic pole.

In a difference from the usual procedures in paleomagnetic reconstructions (e.g., Gallo et al., 2017; Torsvik
et al., 2012) that use pre-defined paleo-reconstructions, mean paleomagnetic poles, and rotation angles, we
preferred to calculate paleolatitudes individually per data set (described above) to avoid problems related to
age uncertainties, the best choice of rotation poles to adjust tectonic blocks, and the choice between Pangea
model A or B (Irving, 1977).

BRANDT ET AL.
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2.4. Analysis and Modeling of Directional Distributions

The directional analysis was based on the shape and scale of distributions following Brandt et al. (2020).
The statistic parameters used are the standard deviations 0 and O (Equations 8 and 9) of equal-area coor-
dinates X (east-west) and Xy (north-south) of the rotated directional distributions:

™ :Zﬁl rEi (®)
Y
— _ DR 9
N N
2 2 }"2
Orc =<GE> —? (10)
2 2 7'2 1
One =<GN> y (1)

r=\1-ag (12)

Here N is the number of sites, o and o, are the standard deviations corrected for within sites errors

2
(r?) and r is the radius of the equal-area projection of the mean angle ¢g; of the set of directions. The 95%

confidence limits of o and o, were determined from 1,000 bootstrapped samples.

The latitudinal dependence of o and o, can provide useful diagnostics for the validity of a given GGP
model, as both shape (elongation) and scale of the distributions vary with location. Therefore, we used these
measures (o and oy) for the Kiaman database, using different selection criteria (Cromwell et al., 2018;
Tauxe & Kent, 2004) to test whether the existing GGP models are valid for this superchron, as well as for
searching a new GGP model for this time interval. For a zonal GGP model with a GAD mean, the latitudi-
nal dependence o and o, is symmetric about the Equator and independent of polarity, allowing the use
of a simplified GGP model (like TK03) for the geological past when the polarity or the paleo-hemisphere
are often unknown. The same can be said for a covariant GGP model with a mean GAD (like BB18, Bono
et al., 2020), which can be considered almost invariant with longitude and symmetric to the Equator. Thus,

we searched for the best fitting simplified GGP model m = | «, ﬁ,g,o like TKO03 and a covariant version like

BB18 (with the correlations included as specified in Table 3 from Bono et al., 2020). The models were found
by the minimization of the squared differences between theoretical predictions and directional standard
deviations (o, o) estimated for the Kiaman database.

The mean dipole strength used for modeling was determined using the VDM data of ages between 267
and 318 Ma. The research included the PINT database (Biggin et al., 2010, version 2015.05) and The World
Paleointensity Database from Borok Geophysical Observatory. For this interval of age, the databases are
fundamentally the same, with only one reference of difference. Therefore, we used Borok's database, which
had more data included.

A mean of VDMs (VDM=7.47 x10*Am?) was calculated using 177 paleointensity data (Bolsha-
kov et al., 1989; Briden, 1966; Cottrell et al., 2008; Garcia et al., 2006; Harcombe-Smee et al., 1996;
Krs, 1967; Schwarz & Symons, 1969; Senanayake & McElhinny, 1983; Shcherbakova et al., 2005; Solo-
dovnikov, 1992a, 1992b; Thomas et al., 1995, 1997; Usui & Tian, 2017). It is important to note that many of
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Figure 2. Distribution of the paleomagnetic sampling sites selected for the PDKRS.

the data included in this average do not pass the common paleointinsity reliability criteria, so, depending
on the filtering process the mean result can change significantly.

The mean VDM was used to determine the mean dipole value of g—lo = 28.9 uT using Equation 13.

0 H VDM

8 = 13)
4Ry

where 4 is the magnetic vacuum permeability and Rj; is the radius of the Earth. We should however note

that since we are only interested in directional shape here, only the ratio of & to g? matters.

We used the ratio E' = o> /o> as a measure of the elongation of distributions along the N-S direction
and the area given by the product A;,. =oy 0 to characterize the overall dispersion (following Brandt
et al., 2020). All calculations were performed in Python with the help of functions available from the PMAG-
PY package (Tauxe et al., 2016) and the directional PSV predictions of simplified GGP models derived by
Brandt et al. (2020) and available at github.com/danielebrandt/BCE19-dirPSV.

3. The Paleomagnetic Database for the Kiaman Reversed Superchron

The flexible criteria outlined in Section 2.1 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 com-
pilations (Cromwell et al., 2018; Doubrovine et al., 2019; Oliveira et al., 2018). This procedure resulted in
a database with 1,459 reliable igneous directions (available at MagIC database as PDKRS, earthref.org/
MagIC/16854) corresponding to 91 paleomagnetic poles (data sets) of which 62 (1,017 directions) are based
solely on extrusive rocks. Figure 2 shows the sampling locations and Table 1 summarizes the paleomagnetic
poles. Below we also consider the effects of adding further quality criteria to filter the data.

As outlined in Section 2.1 (criterion 8), the highest and lowest Fisher's (1953) precision K parameter
was evaluated for latitude bands with more than 50 VGPs, and resulted in maximum and minimum of
K, =64and K, = 14. These values are higher than those given by Deenen et al. (2011) for all ages and
thus produce smaller upper and lower bounds for Ays (blue curves in Figure 3a). The new Ays envelope
for the Kiaman database (light blue area delimited by blue curves, Figure 3a), excludes seven data sets (74
directions), five with limited PSV sampling, and two with large scatter probably due to non-PSV sources.
These data sets are indicated by asterisks in Table 1. The resulting number of site level directions is reduced
from 1,459 to 1,385, ~95% of the original. Figure 3b shows the numbers of data remaining as a function of

absolute latitude (blue columns). The excluded A5 are mostly near to the lower limit (Figure 3a), the use
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Table 1
Compiled Kiaman Paleomagnetic Results Indicating the Excluded Studies (*) Based on the Above Criteria (More Results in Table S1)
Nrore Geologic unit T. N, Long Lats Dec(®) Inc(°) Plat St (SkL, Sru) Age;, Agey Rev DC References
1 Alum Mountain E 18 152 —-322 27.5 88.8 —87.5 40.3(33.6,46.2) 270 277.5 100 5 Shaanan et al. (2015)
Volcanics
D Bulgonunna E/I 12 1474 =21 203.5 79.0 —68.8 28.6(19.1,36.1) 293 305 100 4 Lackie et al. (1992)
Volcanics
3 Gerringong Volcanics E 17 150.8 —34.6 1744 783 —67.5 17.5(13.5,20.8) 264.7 2654 71 5 Belica et al. (2017)
4 Boggabri Volcanics E 6 150.1 -30.6 176.5 782 —67.2 10.8(6.2,13.3) 260 299 100 4 Klootwijk (2003)
5 Currabubula F. (W. S. E 23 1506 -31.2 2338 77.8 —66.7 20.2(13.1,25.5) 304 315 100 4 Opdyke et al. (2000)
6 Mount Leyshon I 34 1463 —-20.3 196.4 77.7 —66.5 17.8(14.2,21) 279 287 100 4  Clark and Lackie (2003)
Intrusive C.
7 Lark Hill Formation E 8 1503 -29.9 2139 75.8 —63.1 6.1(1.8,9.8) 306 314 100 4 Klootwijk (2002)
8 Tuckers Igneous 46 146.6 —20.1 183.6 753 —623 17.6(13.9,20.6) 283 291 100 4  Clark and Lackie (2003)
Complex
9 Lago Ranco Granites 7 287.7 —40.2 139.0 747 —61.4 24.5(16.4,31.2) 297 307 86 Beck et al. (1991)
10 Werrie Basalt E 6 150.5 =31 158.3 745 —61.1 21.8(8.2,31.2) 271 299 100 4 Lackie and
Schmidt (1993)
11 Rocky Creek 9 150.3 -30.2 203.8 73.6 —59.5 18.4(6.8,26.8) 310 315 100 Opdyke et al. (2000)
12 Base Currabubula F. 11 150.7 -=-31.3 219.7 733 —=59.0 10.9(4.7,16.1) 302 318 100 4 Klootwijk (2003)
(W. B.
13 Werrie Basalt 9 151 =319 200.2 729 —58.4 23.7(15.2,31.4) 260 299 100 Klootwijk (2003)
14 Base Currabubula F. 9 150.8 -31.7 209.2 69.3 =529 12 (6.9,16.1) 302 318 100 4 Klootwijk (2003)
(K. B.
15 Woniusi F. (Baoshan E 6 99 25 1535  67.9 —50.9 24.5(20.8,28.9) 273.1 280 100 4 Xu et al. (2015)
Terrane
16 Upper Choiyoi Group 40 2914 -—348 169.1 66.3 —48.8 12.9(10.6,14.8) 260 269 53 5 Domeier et al. (2011c)
17 Top Currabubula F. 18 150.6 —31.3 243.7 65.9 —48.2 10.8(6.9,14.1) 302 318 100 4 Klootwijk (2003)
(W. Basin
18 ‘Woniusi Form. Loc E 6 99.2 239 2949 64.2 —459 13.5(9.1,16.9) 299 318 100 4 Huang and
Yongde Opdyke (1991)
19 ‘Woniusi Formation 14 99.3 252 241.7 63.7 —45.3 21(17.1,24.7) 270.6 280 100 5 Ali et al. (2013)
20 Rincon Blanco 9 2914 -28.6 187.7 63.3 —44.9 14.7(7.6,20.5) 271 318 100 4 Geuna and
Escosteguy (2004)
21 ‘Woniusi Form. E 13 99.3 25.2 208.8 61.5 —42.6 17.3(14.8,19.7) 299 318 100 4 Huang and
Baoshan Opdyke (1991)
22 Sierra Chica E 35 2945 =379 169.0 61.3 —424 8.7(6.3,10.8) 261  264.6 89 5 Domeier et al. (2011b)
23 Tambillos Formation E 16 290.5 -—-322 175.6 60.9 —42.0 13.4(9.2,17.1) 271 285 100 3  Rapalini and Vilas (1991)
24 La Tabla Formation E 10 290.7 —-245 1364 59.1 -39.9 8.8(4.4,10.9) 251 318 100 4 Jesinkey et al. (1987)
25 Cas Formation E 10 291.5 —-244 1438 57.0 —37.6 17.4(11.2,23.5) 299 318 50 4 Jesinkey et al. (1987)
26 Panjal Traps of NW E 14 74.9 34 135.0 56.2 —36.8 23.5(16.9,29.4) 286 292 100 5 Stojanovic et al. (2016)
India
27 Woniusi F. (Baoshan E 13 99 249 2327 55.6 —36.2 16.2(12.6,19.8) 273.1 280 100 4 Xu et al. (2015)
Terrane
28 Takitimu Mountains E 8 168 —46 262.6 457 =27.1 4.5(1.3,8.5) 276 284 100 4 Haston et al. (1989)
29 Woniusi Formation E 8 99.1 249 1244 45.6 —-27.1 7.6 (5.3,9.5) 270.6 280 100 5 Ali et al. (2013)
30 Portezuelo del Cenizo E 17 290.5 —-32.1 2484 41.0 -23.5 15(10.5,19.3) 265 285 100 3 Rapalini et al. (1989)
31 Jebel Nehoud Ring I 8 30.5 149 1471 40.0 -22.8 6.4 (2.5,9.4) 278 282 100 4 Bachtadse et al. (2002)
Complex
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Table 1
Continued
Nrore Geologic unit T. N Long Latg Dec(®°) Inc(°) Plat St (SkL, Sru) Age;, Agey Rev DC References
32 Qiangtang Kaixinling E 14 92.4 341 219.8 39.9 —-22.7 17.7(13.4,21.8) 295 298.8 64 4 Song et al. (2017)
group
33 South Carolina 1 20 2789 36.8 160.2 22.1 —11.5 11.9(9.3,14.3) 265 295 100 3 Dooley (1983)
Piedmont
34 Middletown 1 5 287.4 41.6 164.9 214 -11.1 7.4 (4.6,10.3) 252 262 100 2 De Boer and
Pegmatites Brookins (1972)
35 H. W-P. Sill and H. I 47  357.7 549 188.7 42 =21 8.6 (7,10.3) 292 297 100 4 Liss et al. (2004)
Dyke
36 Cinto Volcanic E 5 85 425 1654 40 —-2.0 9.6(4.1,13.5) 251 299 100 2 Westphal et al. (1976)
Complex
37 Rotliegendes S. E 9 10.9 50.7 194.1 1.4 -0.7 14.1 (8,19.8) 271 299 100 3 Mauritsch and
(Thuringer F. Rother (1983)
38 Volcanic rocks of E 7 56 473 189.8 1.4 —0.7 6.2 (3.9, 8) 276 284 100 4 Thompson et al. (1986)
Moissey
39 Sardinia Dykes 11 9.3 41.1  132.7 -1.7 0.8 9.2(5.8,11.9) 251 299 100 4 Vigliotti et al. (1990)
40 NW Sardinia E 6 9 41 142.3 —-1.8 0.9 10.3(4.4,14.6) 251 299 100 3 J. D. Zijderveld
Ignimbrites et al. (1970)
41 Holy Island Sill and I 20 358.2 55.6 185.1 =21 1.0 7.1 (4.5,9.2) 292 297 100 4 Liss et al. (2004)
Dyke
42 Pyrenees Andesites E 10 1.5 42 169.4 —-3.0 1.5 8.9 (5.1,12) 271 299 100 3 Van Dongen (1967)
43* Argyll Dykes 15 354.7 56.9 180.3 —4.0 2.0 6.1(3.6,8.1) 316 324 100 3 Esang and Piper (1984)
44 Dykes of Sardinia 1 6 9.6 39.9 92.0 —4.8 2.4 10.1(4.6,13.6) 289 298 100 4 Aubele et al. (2014)
(C-E
45 Lower Silesia E 12 15.5 51 197.3 —5.8 29 13.3(9.2,16.7) 271 299 100 2  Birkenmajer et al. (1968)
Volcanics
46 SE Sardinia 27 95 398 852 —7.7 3.9 12.7(10.1,151) 304 312 100 3 Edel et al. (1981)
47 Bolzano Volcanics 25 11 47 163.8 —11.8 6.0 15(11.9,18.2) 271 299 100 2 Dietzel (1960)
48 Corsica Dykes I 11 9 41.6 1347 -12.0 6.1 8.3 (4.4,11.8) 251 299 100 4 Vigliotti et al. (1990)
49 Bohemian Massif I 8 12.1 49.6 2000 -—12.2 6.2 9.1(6.3,11.6) 275 280 100 3  Soffel and Harzer (1991)
50 Lower Silesia I/E 8 16.5 50.5 1954 —-129 6.5 13.4(7.7,18.4) 299 307 100 2  Birkenmajer et al. (1968)
Volcanics
51* Southern Illinois I 6 271.6 37.5 1631 -—14.9 7.6 4.3(3,5.1) 260 270 100 5 Domeier et al. (2011a)
52 Black Forest I 18 8 48 189.9 -15.3 7.8  9.6(6.6,11.9) 271 299 100 3 Konrad and Nairn (1972)
53 Scania Dolerites 1 13 13.6 558 199.5 —15.3 7.8 10.4(7.5,13.5) 250 350 100 3 Bylund (1974)
54 Western Southern E 13 9.3 458 139.1 -16.3 8.3 8(5.8,10.1) 271 299 100 3 Heiniger (1979)
Alps
55 Krakow Volcanics E 11 20 50 2052 -16.9 8.6 - 271 299 100 2 Birkenmajer and
Nairn (1964)
56* Ny-Hellesund Dykes 10 7.8 58 201.3 -184 9.5 2.3(0.6,3.9) 272 284 100 2 Halvorsen (1970)
57 Exeter Lavas 7 356 51 193.7 -19.6 10.1 7 (4.6, 8.7) 279 291 100 3 Cornwell (1967)
58 Lower Collio and 5 10.2 458 1356 —21.8 11.3 21.3(9.1,31) 271 299 100 3 J. D. A. Zijderveld and
Auccia De Jong (1969)
59 Ukrainian Shield 19 37.9 47.4 2044 245 12.8 12.6(10.4,14.7) 280 285.2 100 4 Yuan et al. (2011)
60 Sakmarian stage E 41 41 43 2353 —=25.1 13.2 11.9(10.3,13.5) 284 295 100 3 Solodovnikov (1992a)
Aksaut River
61* Exeter Lavas 5 356 51 1974 =252 13.2 5.2(2.7,6.8) 281 291 100 3 J.D.A. Zijderveld (1967)
62 Southern Alps E 7 10.5 46.2 1514 259 13.6 8.5(6.5,10.3) 276 284 100 4 Muttoni et al. (2003)

Volcanics
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Table 1
Continued
Nrore Geologic unit T. N Long Latg Dec(®°) Inc(°) Plat St (SkL, Sru) Age;, Agey Rev DC References
63 A.Sill, H. G., St. O. C. I 17 358.3 554 1989 —26.3 13.9 11 (5.1,15.4) 292 297 100 4 Liss et al. (2004)
Dyke
64 Northern Caucasus E 22 42 43 249.2 —26.5 14.0 7.9 (5.8,10) 270.6 299 100 3 Bolshakov et al. (1989)
65 Mauchline Lavas E 5 3554 55.5 1924 —26.7 141 10.3(2.8,14.7) 290 305 100 3 Harcombe-Smee
et al. (1996)
66 Barra Dykes I 9 3525 57 183.8 —=27.0 143 13.3(8.7,17.5) 251 299 100 4 Piper (1992)
67 Oslo Gr.- Vestfold E 49 10.3 59.5 201.0 —36.2 201  9.3(7.7,10.7) 284 300 100 5 Haldan et al. (2014)
68 Bohuslan Dykes I 16 11.3 58.6 1946 —37.8 21.2  14.2(9.5,18.5) 271 299 100 3 Thorning and
Abrahamsen (1980)
69 Scania melaphyres I 8 13.7 55.7 1921 —=39.2 222 14.1(10.1,17.8) 250 285 100 3 Bylund (1974)
70 Lunner dykes I 25 10.5 60.3 196.8 —40.1 22.8 7.5(4.7,10.1) 2683 2737 100 5 Dominguez et al. (2011)
71 Oslo Gr.- Krokskogen E 55 10.4 60 208.1 —40.4 23.0 9.8(8.3,11.3) 276 292 100 5 Haldan et al. (2014)
72* Bakalin Fm. (B) E 8 80.7 47.5 237.0 —48.1 29.2 3.8 (1.7,5.6) 251 260 100 4 Levashova et al. (2003)
73 Harlegiawu and E 14 86.1 46.7 166.9 —48.8 29.7 12.7(7.7,16.4) 271 318 100 4 Lietal. (1991)
Karlagang
74 Biyoulitie Super Fm. E 21 79.7 40.7 2225 —-499 30.7 9.6 (7.4,11.8) 271 299 100 4 Sharps et al. (1989)
75 Northern Tien Shan E 7 75.5 42.5 2102 —50.1 309 10.1(4.4,14) 251 299 100 3 Audibert and
Bazhenov (1992)
76 Bakalin Fm. (A) E 8 80 47.8 265.0 —50.6 31.3 8(4.8,10.7) 251 260 100 4 Levashova et al. (2003)
77 Tarim large igneous E 11 79.7 408 221.7 -51.0 31.7 13.2(7.9,18) 284.8 291 100 5 Usui and Tian (2017)
province
78 Maitas Formation E 19 75 48 2193 —51.3 31.9 9(5.5,11.6) 251 275 100 4 Abrajevitch et al. (2008)
79 Koldar Formation E 15 80 48 2854 —51.5 322 12.3(9.1,15) 275 305 100 4  Abrajevitch et al. (2008)
80 Molaoba Formation E 12 83.1 46.1 198.0 —52.3 329 9.7(7.3,12.1) 299.3 308.7 100 4 Yi et al. (2015)
81 Uzbekistan Igneous E 26 70 41 92.5 =524 33.0 10.8(8.1,13.3) 299 318 100 3 Solodovnikov (1992b)
rocks
82 Ayaguz Formation E 32 80.7 47.5 249.1 —53.8 344 13.5(10.4,16.2) 280.7 2853 100 4 Menzo (2013)
83 Bakaly 88 80.7 47.5 241.8 —56.5 37.0 9.9(8.6,11.2) 282.8 2899 100 4 Bazhenov et al. (2016)
84 Junggar Dykes I 23 83.5 456 186.6 —56.8 374 19.9(17.1,22.6) 271 318 100 4 Li et al. (1989)
85 Liushugou Dykes 1 7 87.8 43.8 2260 —56.8 37.4  18.5(8.4,26) 271 318 100 4 Liet al. (1991)
86 Hoboksar E 16 86.6 47.2 153.7 —=59.5 40.3 19.8(14.4,24.3) 271 318 100 4 Liet al. (1991)
87 Esayoo Formation E 12 2778 81.1 1256 —61.6 42.8 11.1(7.2,14.3) 271 299 92 3 Wynne et al. (1983)
88 Angara-Vitim I 8 1149 57.9 3316 —=79.7 70.0 = 296.1 3059 100 4 Shatsillo et al. (2014)
batholith
89 Mafic dykes - Sib. I 5 1041 51.8 2694 —84.5 79.1 11.7 (1.1,19) 271 279 100 5 Pisarevsky et al. (2006)
90 El Centinela I E 25 2927 -36.6 1427 62.8 —443 11.7(9.1,14.2) 290 310 100 4 Tomezzoli et al., 2018
91 El Centinela II E 15 2927 -36.7 159.2 440 -—25.8 6.7 (5.6, 7.8) 265 287 100 4 Tomezzoli et al., 2018

Note. Nporg: number of data set; T.: type of rock (I: intrusive, E: extrusive); N;, (number of igneous sites); Long and Latg: longitude and latitude of the sampling
site; Dec and Inc: declination and inclination of expected direction; Plat: paleolatitude, Sr (Sgr, Sru): VGP scatter with limits of confidence; Age;, and Agey:
interval of age; Rev: % of reversed directions of the data set; DC: demagnetization code (McElhinny and Lock, 1996).

of the original limits (gray dashed curve) defined by Deenen et al. (2011), instead of that presented here,
would mainly exclude data sets with lower Ays and higher number of sites (13 data sets or 245 directions).

If we consider only extrusive rocks as the best rock type for getting an instantaneous record of the geomag-
netic field, as commonly used for PSV studies (e.g., McElhinny & McFadden, 1997), the total number of spot

BRANDT ET AL.

10 of 24



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2021GC009866

a) b)

30

\ ---- Deneem et al. (2011): Kmin, Kmax = 12, 50
i —— Kiaman Kmin = 14, A95,2x = 76.6N 064
s \ Kiaman Kmax = 64, A95, = 10.3N 7040
\ e  Excluded oo

mmm AllDC=2, Ns=5(1459)
mmm N - Ags envelope filtering (1385)
Emm Only extrusives (986)

ne=4, k=50, and DC =4 (451)
[ ne=3, k=100, and DC =2 (519)

20

N
S
S

Number of sites

[ 20 40 60 80 30 40 50 60 70 80 920
Number of sites Absolute Paleolatitude (°)

Figure 3. (a) Filtering the data set by using the paleomagnetic pole confidence angle Ay limits criteria. Dashed lines
are the Ag; limits from Deenen et al. (2011) and the blue curves are the limits defined for the Kiaman database. (b)
Number of paleomagnetic sites per bands of 10° in paleolatitude; colors discriminate the filtering process: red: all data;
green: N-Ays envelope; purple: only extrusives; yellow: extrusives and filtering following Cromwell et al. (2018) (n, > 4,
k > 50,and DC > 4); empty bar with black contour: extrusives and the filtering following Tauxe and Kent (2004) (n, > 3
and k > 100).

readings is cut down to 986 (~67% of the whole database; purple columns in Figure 3b), and the range of
well-sampled latitudes becomes 0°-50° instead of 0°-70° considering all data.

Two additional filtering procedures can be applied to the PDKRS: 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 data sets with DC <4 (McElhinny &
Lock, 1996), and directions with n, < 4 and k < 50, used by Cromwell et al. (2018) for the last 10 Ma lava
database. After these two filtering processes, the number of results (empty and yellow bars, respectively,
in Figure 3b) is significantly reduced, leaving only the three consecutive bands of latitudes from 20° to 50°
with sufficient numbers of directions (approximately 100) for a credible analysis, 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. However, the results
from the extrusive and intrusive rocks are considered separately and compared. We also evaluate the effects
of imposing further stringent criteria described above.

4. VGP Scatter and Model G-Type Results

The VGP scatter S, was determined for each data set. Data from the 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 the investigation of any asymmetric behavior of the field. S
values follow a general trend of increasing dispersion with paleolatitude (Figure 4).

The shape parameters (a and b) from Model G (McFadden et al., 1988) were calculated for the whole data-
base and various filtered subsets (Figure 4 and Table 2). Inserting intrusive records into the analysis does
not significantly influence the results, but it is worth considering that the whole data set includes fewer
intrusive records than extrusive records; they are also unequally distributed across the latitude bands. It is
not evident that the intrusive data sets produce less scatter than the extrusive as might be anticipated from
slower cooling; maybe this is a characteristic of this superchron. However, to avoid any possible bias due to
the intrusive records, we will proceed with analyses using only extrusive data.

Applying cutoffs to the number of sites per study (Ng > 10 and Ng > 20) produces similar results to using
only extrusives with lower cutoff (Ng > 5). The confidence region based on bootstrap sampling becomes
smaller as the Ny increases. However, the decreasing size of the data set available for resampling does not
necessarily mean improved confidence in the result. The greatest changes in the shape parameters occur
after applying a filter based on intrasite statistics (modern filters following Cromwell et al., 2018 and Tauxe
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Figure 4. VGP scatter results per data set. 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 using n, > 4,k > 50, DC > 4; a and b are the fitted shape parameters from Model G.

& Kent, 2004), producing the lowest values for ¢ the equatorial VGP dispersion, and the highest values for »
which controls the latitudinal dependence in VGP dispersion.

5. Shape and Scale of Directional PSV During Kiaman Times

The directional PSV analyses are related to directions grouped using the latitude bands as described in
Section 2.3. This procedure was adopted considering that all igneous units within a given latitude band
should have sampled approximately the same overall behavior of the geomagnetic field during the Kiaman
superchron. This premise is reasonable since we considered only zonal and equatorially symmetric PSV
models in this study.
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;::)I:Ziszof Shape Parameters for Kiaman Databases Using Different Filtering Processes

Kiaman database filtering Ny Ns Nsy a b lél’ Lsy Reference
All igneous 82 1,366 1,348 10.4:3_39.3 0.218:%; 503 2.48 This study
Extrusives 58 975 967 104534 0.20938 417 2.68 This study
Extrusives (N > 10) 37 825 818 10853 0.200% 283 2.77 This study
Extrusives (Ng > 20) 14 509 503 9-717?66 0.198&3‘ 53.8 1.96 This study
Extrusives (Ng > 5,n, > 3,k >100,DC > 2). 9 451 449 8.8}:1'4 0268:?; 330 2.91 This study
Extrusives (Ng > 5,n, > 4,k > 50,DC > 4) 33 519 Sl 7.9 0.2953 2Ly 273 This study
Igneous rocks (Ng > 10,DC > 4) 9 336 331 9.4109 0.279% (Oliveira

et al., 2018)

Note. Ng: number of data sets, Ni: total number of sites; Ngy: number of sites after iterative cutoff; the misfit )(éF and normalized misfit L = ;(2 /' N was
performed following Doubrovine et al. (2019) and Bono et al. (2020).

Figure 5 shows the stereograms of directions rotated with the expected direction at the origin for eight lati-
tude bands from 0° to 70°, with data from the Southern (blue) and Northern (green) Hemispheres merged.
The paleomagnetic data sets originate from paleolatitudes ranging from 70°S to 50°N. The majority of the
data from absolute paleolatitudes 0°-40° comes from the Northern Hemisphere. Those in the bands 40°-70°
data are mostly from the Southern Hemisphere. The most elongated distribution is the equatorial (0°-10°
paleolatitude band) and the few southern directions belonging to this group (blue circles) seem to follow
the same tendency. For the other latitude bands in both hemispheres, distributions display a more circular
shape.

The directional shape statistics for the Kiaman database (only extrusive data) are shown in Figure 6a (intru-
sive and igneous are shown in Figure S1). For comparison, the figure also shows the predicted values of o,
oy, E', and A, determined for TK03 and the recent BCE19 models (Brandt et al., 2020).

The Kiaman results show consistently lower overall variability, A, than the TK03 and BCE19 models at all
latitudes. Values o are consistently lower and disagree with the TK03 and BCE19 predictions. o is also
lower and incompatible with the TK03 and BCE19 predictions in almost all latitude bands. The elongation
E’ is compatible with TK03 and BCE19 models only at Equatorial paleolatitudes, for latitudes higher than
10° it decreases to 1 (circular shape). If the data of intrusive rocks were inserted in the results and all types
of igneous records were considered (light blue symbols at Figure S1a) the overall variability and elongation
at equatorial paleolatitudes would be diminished. The huge step of elongation between the equatorial band
(E ~ 3) and 10°-70° (E ~ 1) seen at only-extrusive results (purple symbols) would shrink, finding a more
suitable variation of elongation with paleolatitude (E ~ 2.2 to E ~ 1, light-blue symbols). However, despite
a greater number of data and a smoother result (at least in terms of elongation), the inclusion of intrusive
records would imply doubt about how much the cooling time of the considered rocks affects the record of
the geomagnetic field. A sampling site from slowly cooled rocks has the record of rapid PSV removed, being
the site result in an average over time. Therefore, in order to have the most robust PSV results, we use only
extrusive rocks.

5.1. Reliability of PSV Directional Results

The directional PSV results for the Kiaman reveal distinct properties when compared to the recent field
results. 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., 2020), which are compatible with the models
TKO03 and BCE19. Thus, 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
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LATO0-10°,N =125 LAT 10 -20°, N =87 LAT 20 -30°, N =180
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Figure 5. The PDKRS considering only extrusive rocks; blue (green) is related to Southern (Northern) Hemisphere
data. Circles are directions rotated with the expected direction from each data set 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 o standard
deviations determined for each band.

the paleo-reconstructed data sets described in Section 3. Ill-determined declinations (paleo-meridians) may
contribute to a circular distribution of the merged directional data. Inaccurate determination of the expect-
ed inclinations may lead data to fall into an incorrect paleolatitude band. These sources of error are absent
in the PSV10 results. Moreover, the filtering applied to the PDKRS is less rigorous than the criteria used for
PSV10. Thus, it is worth testing whether the results obtained for the Kiaman superchron arose from the way
the data set was constructed. Therefore, we introduce a resampling procedure and some further filtering to
test the consistency of the results we obtained. The results are in Figures 6b and 7.

Each data set was randomly resampled by the bootstrap method 1,000 times to test the impact of uncer-
tainty in paleolatitude determinations, and consequently, the corresponding assignment to latitude bands.
The resampling may displace a data set from one initial band to a neighboring band. Each resampling run
produced the same number of data as the original data, that is, 986 extrusive directions distributed in seven
latitude bands (Figure 6b). The dots in the figure represent the produced data, and the bars mark 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 behav-
ior for the Kiaman results from that previously observed. For latitudes higher than 10°, PSV results from
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Figure 6. (a) Directional PSV results using 10° bands of paleolatitude from extrusive paleomagnetic data from
Kiaman reverse superchron (Table S2); o (stars) and oy (circles) are the standard deviation for the Xz and xy equal-
area coordinates from rotated distributions; E' = o y2log2 is the distribution elongation in the N-S direction, and

Ay, =ogoy is the overall variability of the distributions. Black (gray) curves are the predicted values of o, oy, E', and
Ay by the TK03 (BCE19) GGP models. (b) Black (o) and light gray (o, E', A ;) dots correspond to 1,000 results from
the bootstrap random resampling of the data distribution. Colored bars show resulting 95% confidence intervals.

Kiaman maintain the low standard deviations in the N-S direction (o), overall variability (A;,) smaller
than predicted by the models, and the elongation of the distributions (E’) close to 1 (see Figure 6b).

We applied two more stringent cutoff limits based on the number of sites (Ng > 10 and N > 20), and fil-
tering procedures for within-site statistics, following the presented in Cromwell et al. (2018) and Tauxe and
Kent (2004). Filtering of the data sets to Ny > 10 reduced the total number of directions by 15%, while the
condition of Ny > 20 removed 48% (Figure 7a). The use of the filters based on intrasite statistics, DC > 4
withn, > 4and k > 50 and n, > 3and k > 100 (yellow and orange symbols, respectively, in Figure 7b) dras-
tically reduced data size.

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 (o) is smaller than, and incompatible with, the
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Figure 7. Directional paleosecular variation results using 10° of absolute paleolatitude (extrusive rocks only). Black and gray curves are the predictions from
TKO03 and BCE19 GGP models, of the standard deviation in Xz and Xy directions from equal-area projections of rotated distributions of directions (0 oy ),
elongation £’ = 0,2/0 2, and overall variability A;, = ozoy). Stars are O, and circles are Oy - Left: other cutoff limits of the number of sites: Ng 2 10 (dark
blue) and Ny > 20 (olive green). Right: Other types of high-quality filtering data using the intrasite statistics n, > 3 and k > 100 (orange); DC > 4, n, > 4 and
k > 50 (yellow). Results are listed in Table S2.

prediction of models TK03 and BCE19. The elongation is still nearly 1, and the overall variability diverg-
es 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 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 applying the filter from Cromwell et al. (2018) all data from the 0°-20°
bands are rejected. This prevents evaluating whether the more dispersed and elongated PSV distributions at
equatorial latitudes can be confirmed for high-quality data.
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Table 3
Summary of Parameters of Recent GGP Models and the Kiaman Minimum Models
TKO03 Tauxe BCE19 Brandt BB18 (cov) Bono KRSM KRSCovM
Parameters of and Kent (2004) et al. (2020) et al. (2020) this study this study
GGP models (0-5 Ma) (0-10 Ma) (0-10 Ma) (320-260 Ma) ~ (320-260Ma)
0 —18 —18 —22.04 28.9 28.9
8 (uT)
a(uT) 7.5 6.7 12.25 8.8 10.6
p 3.8 4.2 2.82 3.8 3.1
o0 (uT) 6.4 6.3 10.8 8.5 8.1
RSD (g?) 35% 35% 49% 26% 25%
algl 42% 37% 55% 30% 37%
2 2 2 2 2
X 63.5 (Zair) 105 (xsp) 95.3 (Zair) 62.7 (Zair)
L=JZ/N 1.99 (L) 2.6 (Lg,) 2.61 (L) 2.11 (Ly,)

Note. RSD = 0'1 / ‘ g ‘ is the relative standard deviation; Z dir> Ld,r misfit related to directional analyses JV is the total
number of estimates of o and o, (two per band of latitude); ZSF, LS misfits from Bono et al. (2020) N is the total

number of estimates of S (one per band of latitude).

6. 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. This list is available as PDKRS at the MagIC database
(earthref.org/MagIC/16854). The database for the same time interval presented by Oliveira et al. (2018) is
far more limited, comprising only nine igneous data sets due to the very restrictive filtering adopted. Our
new Kiaman database, using more flexible criteria, resulted in a total of 1,459 reliable individual igneous di-
rections from 91 data sets, of which 62 (1,017 directions) derived from extrusive rocks. After the application
of a modified N-dependent Ays envelope, 1,385 directions (986 extrusives) remained.

The directional shape and scale analyses applied to the merged data sets using 10° paleolatitude bands
present two distinctive behaviors: elongated and more disperse distributions near the Equator similar to
the predictions of the TK03 and BCE19 models; and an essentially constant behavior of more concentrated
and circular distributions for latitudes in the range 10°-70°. There are no systematic differences in the age
that could explain the distinction between the Equatorial data and those from other latitudes. The only dif-
ference detected is that the quality of most of the Equatorial data cannot survive a more restrictive filtering
process (empty and yellow bars at Figure 3b). It is not obvious how the lack of reliability of Equatorial data
would contribute to greater elongation unless there is a systematic bias in the way sites are assigned to pale-
olatitude for that group. If GAD is an incorrect model for the TAF, and a quadrupolar mean is persistent in
time, that could also contribute to lower inclination (most strongly near the equator), and could put sites
in the wrong latitude. But probably it would not produce such a steep decrease of elongation. If this steep
decrease in elongation is real then there could be a need to rethink GGP models (also true for high latitudes
for the last million years, as discussed by Lawrence et al., 2009).

We searched for simplified (e.g., TK03 and BCE19) and covariant (using the same set of correlations as
BB18) versions of GGP models for the extrusive members of the Kiaman database. The models (« and g, for
a given g ) that minimize the square differences between the Kiaman data (o, o) are summarized in Ta-
ble 3 (KRSM and KRSCovM). The model predictions are presented in Figure 8, where the purple and green
curves indicate the simplified and covariant minimum models, respectively. The strength of E =289uT
was set using the mean VDM of The World Paleointensity Database of Borok Geophysical Observatory
(VDM =17.47 x 10** Am?; from 177 paleointensity data of the interval 267-318 Ma).
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Figure 8. Directional PSV results using 10° bands of paleolatitude from only extrusive records of Kiaman (purple symbols), where o, oy are the standard
deviation in X and Xy equal-area coordinates from rotated distributions, E' = a-,\,2 / 0'52 is the elongation of distribution along the N-S direction, and

Ay, =00y is the overall variability of the distributions. Gray curves are the predicted values of o, oy, E', and A, predicted by the BCE19 GGP model. Gray
bars are the 95% confidence intervals given by bootstrap resampling. Green and purple curves are the best fit models fitted to the Kiaman results with and
without the covariances between Gaussian coefficients proposed by Bono et al. (2020), respectively.

The differences between the Kiaman results and KRSCovM, KRSM, and BCE19 GGP models are, respec-
tively, 0.7, 1.1, and 7.7 (average of normalized absolute deviation). This means that the Kiaman results are
incompatible with the last 10 Myr field model BCE19.

The quality of the modeling can be accessed by the #” misfit (Table 3) determined using the formulation
presented by Bono et al. (2020), which considers the sum of quadratic differences between model and data,
normalized by the variance of data. The normalized I* misfit is the ratio of #* and the number of observa-
tions, the better the fit, the near to one is the normalized misfit. Table 3 includes the misfit using directional
data ( Zdi,-z), using the data of o and oy, and their variances per latitude bin (models BCE19, KRSCovM,
and KRSM), and the misfit from Bono's study (BB18 model misfit), which is based on the dispersion of VGPs
data ¥sp ’. So, despite L;;, and Lg, have similar sizes and are normalized, it is important to note that they are
derived from different processes of modeling.

The insertion of the correlations between the Gaussian coefficients (Table 2 of Bono et al., 2020) improves
the representation of the latitudinal dependence of Kiaman directional results by a GGP model. The covar-
iant model has a lower difference between oy and o, at the Equator than the simplified model. The decay
of this difference is condensed up to midlatitudes, as about 50° the dashed (o;) and continuous (o) curves
touch each other. This can be also observed at the elongation E’ plot, where the elongation of the covari-
ant model (green curve) reaches values comparable to 1 faster than for a simplified model (purple curve).
Despite this, the covariant model still does not have the abrupt change in elongation seen in equatorial to
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10° latitude bands for the data. The overall variability A, of Kiaman results is also better explained by the
fitted covariant model (KRSCovM), the latitudinal dependence is smoother for the covariant model (green
curve) and follows the latitudinal dependency of A, Kiaman results. In summary, the covariant version of
GGP model (KRSCovM) is the best fitting model for Kiaman times, which has the lowest ,1/2 misfit (Table 3).
This result should be robust as the correlations used (Table 3 from Bono et al., 2020) were defined from dy-
namo simulations using reversing and non-reversing modes of the geomagnetic field. Therefore, this kind
of behavior can be considered constant in Earth's geological past, or at least for these two studied periods.

The results found for the Kiaman S parameter, which multiplies the variances of antisymmetric families
(Equation 3), giving a more significant predominance of dipole family variances, are similar to those found
for the most recent few million years (see Table 3). The results for simplified GGP models KRSM (Kiaman)
and BCE19 (0-10 Ma) are about four. For covariant versions, KRScovM (Kiaman) and BB18 (0-10 Ma) the
[ parameter are about three. This almost invariant in time B parameter was unexpected, as we had im-
agined that for a superchron, the ratio between antisymmetric and symmetric family contributions should
be greater than that for times exhibiting field reversals as in the last few million years. However, this result
is in agreement with recent findings of PSV modeling, Doubrovine et al. (2019) showed that the ratio of the
shape parameters from Model G b/a found for the last 10 M.y. (Cromwell et al., 2018) is similar to the ratio
for the superchron models (Doubrovine et al., 2019) and should not be considered as a proxy for reversal
frequency. Therefore, our findings support a scenario where, like the ratio of »/a from Model G, the S pa-
rameter from GGP models seems to be the same for superchrons and the last few million years, indicating
that, in terms of long-term variability of the geomagnetic field, the proportion between antisymmetric and
symmetric families may be considered invariant.

Considering that the f parameter and the correlations from covariant models do not change throughout
the geological time, the visible differences between the recent and Kiaman GGP models can be associated
with the relative strength of the mean g,o and the « parameter (Table 3). For a simplified or covariant model,
the variances of the three orthogonal components of the geomagnetic field are linearly dependent on the
« parameter, so this parameter affects the directional distribution, depending on the intensity of the mean
field (glO ). A confined directional distribution of unit vectors can be a result of the increase of the mean field
(without changing the absolute variances of the field - «), or a diminishing of the variability of the field («)
without changing g_lo, or a composition of both. The models fitted for Kiaman Superchron have higher mean
intensity (Table 3), as expected for a Superchron (see Kulakov et al., 2019), and although the absolute field
variability is also higher than the last million years (see ¢ in Table 3), it is not enough to maintain the same
dispersion of the directional distribution (see the differences between models predictions of A, , Figure 8).
So, the mean geomagnetic field for the Kiaman is stronger in intensity but less dispersed in its directional
aspect.

For evaluating the relative variability of a GGP model we can use the ratio a/?, or the relative standard
deviation of g,o Gaussian coefficient (RSD, Table 3). The results are lower for the Kiaman Superchron than
for the last million years (see Table 3) when comparing directly either simplified versions or the covariant
versions of GGP models. One quantity that varies between the Kiaman superchron and the last 10 million

years models is the ratio ./ E, which can be found by modeling GGP using only directional data. For exam-
ple, if we model a simplified GGP model for Kiaman results using the same intensity of BCE19 ( g’ =18uT)
we get # = 3.8 anda = 5.4, which correspond to RSD of crlo /gl0 =26%and a/ gl0 =30% , the same relative
variability as shown in Table 3. In other words, the previous knowledge of paleointensity is not necessary for
finding the relative variability in simplified and covariant GGP modeling. Moreover, the mean strength used
in this work should be considered with caution, as the mean VDM was calculated with the paleointesity
data of Kiaman age, without any quality criteria commonly used for this type of data.

The persistent relation between symmetric and antisymmetric variances found for different periods (similar
f results for 0—10 Ma, and Kiaman) indicates that during a reversing field mode the symmetric and anti-
symmetric families become more variable and in the same proportion. Therefore, what is really changing

throughout the geological time is the mean intensity of the geomagnetic field (as observed for other periods,

Kulakov et al., 2019) and the total relative variability of the field, that can be measured by « / g_lo orac)/g
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from directional GGP modeling. Using the comparison of the results from Kiaman (this work) with mod-
els from 0 to 10 Ma (Bono et al., 2020; Brandt et al., 2020), this relative variability is lower for epochs of
Superchrons.

The comparison between Kiaman results and BCE19 model, which was fitted using the PSV10 database
(Cromwell et al., 2018) is somewhat unrealistic, as the PSV10 database is more than twice the size of the
Kiaman database in terms of the number of directions. Suppose we consider the same filtering of data for
both databases, the size of the Kiaman database diminishes by half (Figure 3b). The inclusion of low-qual-
ity data is expected to increase overall variability. The effect of ill-determined mean directions increases
the standard deviations o and oy and produces more circular distributions (Brandt et al., 2020). Let us
consider that the suppressed variation of the Kiaman results includes additional scattering sources related
to possible underestimated experimental errors. It means that the actual Kiaman PSV was even lower than
the results presented here, and the paleomagnetic field activity was even more subdued. Therefore, if the
general behavior of the Kiaman geomagnetic field was like a GGP model, the small and circular determina-
tions we have presented in this study can be explained by the result of underestimated experimental noise
combined with a greatly reduced PSV of the geomagnetic field.

7. Final Remarks

The Kiaman igneous database (PDKRS, available in the MagIC Database) is the most complete list of pale-
omagnetic directions by site for the Kiaman period (267-318 Ma).

The Kiaman superchron is marked by low PSV, revealed by distributions of directions that are approximate-
ly circular, concentrated, and essentially invariant for latitudes higher than 10°. This behavior is entirely
different from what is predicted by recent field GGP models.

We present the first GGP models fitted to ages older than the last 10 million years. Simplified and covariant
GGP models that could be representative of this singular behavior arose from least squares fitting to o and
oy, following the procedure of Brandt et al. (2020). The best model found was the covariant-type KRScovM,

which includes correlations between some pairs of Gaussian coefficients: ( g,O ,gg ), ( g,' ,gé) (h,' ,h; ), ( gg ,gg),

( 2584 ) (h;,h}1 ) ( g%,g}), and (hzzhf) (Table 3 of Bono et al., 2020). This result indicates that these correla-

tions seem to be unchanged in the geological past for Earth's field, or at least for the two analyzed periods:
the last 10 million (Bono et al., 2020) years and the Kiaman superchron (this study).

The resulting models have similar # parameter and o/ gl0 lower than the last 10 million years. This indi-
cates that during a non-reversing field, the variance of the field relative to gf) is suppressed. For a reversing
mode, it is not only the symmetric families that become more variable, but also the antisymmetric in the
same proportion. Therefore, if we want to access information about changes in the geomagnetic behavior
across geological time, we should look to the paleointensity and/or the total relative variability, which in
GGP modeling can be accessed by a/g}. Recent findings using numerical dynamo modeling, Model G and
paleointensity results from Cretaceous Superchron, Mid-Jurassic, and the last 10 Myr, point to the same line
of thinking, where the shape parameter ; from Model G and the median paleointensity are the most reliable
parameters for determining changes in the field behavior (Sprain et al., 2020).

In the extreme case of very low PSV during the Kiaman, data uncertainty could dominate both the shape
and scale in directional analyses and VGP scatter analyses. Therefore, it is recommended that in future work
to study the long-term variations, more rigorous work must be adopted, producing higher k and a larger
number of data per site to better estimate the uncertainty of the directional data.

Data Availability Statement

The complete list of paleomagnetic directions of PDKRS can be found at earthref.org/MagIC/16854 (http://
dx.doi.org/10.7288/V4/MAGIC/16854).
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