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Abstract Globally distributed paleomagnetic data from discrete volcanic sites have previously been
used for statistical studies of paleosecular variation and the structure of the time-averaged field. We present
a new data compilation, PSV10, selected from high-quality paleodirections recorded over the past 10 Ma
and comprising 2,401 sites from 81 studies. We require the use of modern laboratory and processing meth-
ods, a minimum of four samples per site, and within-site Fisher precision parameter, k,,, >50. Studies that
identify significant tectonic effects or explicitly target transitional field states are excluded, thereby reducing
oversampling of transitional time intervals. Additionally, we apply two approaches using geological evi-
dence to minimize effects of short-term serial correlation. PSV10 is suitable for use in new global geomag-
netic and paleomagnetic studies as it has greatly improved spatial coverage of sites, especially at equatorial
and high latitudes. VGP dispersion is latitudinally dependent, with substantially higher values in the South-
ern Hemisphere than at corresponding northern latitudes when no VGP cutoff is imposed. Average inclina-
tion anomalies for 10° latitude bins range from about +3 =+ 2° to —7.5 £ 2° for the entire data set, with the
largest negative values occurring at equatorial and mid-northern latitudes. New 0-5 Ma TAF models (LN3
and LN3-SC) based on selections of normal polarity data from PSV10 indicate a g5 term that is 3.0% of g9.
Non-zonal variations in field structure are observed near the magnetic equator and in regions of increased
radial flux at high latitudes over the Americas, the Indian Ocean, and Asia.

1. Introduction

Paleomagnetic directional and intensity data have been used since the 1960s to study both the paleosecu-
lar variation (PSV) and time-averaged field (TAF) structure of Earth’s magnetic field (see Johnson & McFad-
den, 2015, for a recent review). The focus is usually on discrete time intervals, and several global
compilations of paleodirectional data from lava flows emplaced over the last five million years have been
used for global and regional TAF and PSV studies (e.g., Johnson & Constable, 1996; Johnson et al., 2008; Lee,
1983; McElhinny & McFadden, 1997; McElhinny & Merrill, 1975; Quidelleur et al., 1994). The overall goals for
such studies have been to study the behavior of the geodynamo by documenting both the average depar-
ture of geomagnetic field structure from that of a geocentric axial-dipole (GAD) and the typical field variabil-
ity associated with PSV.

Results derived from lava flows that cooled rapidly in the ambient magnetic field have generally been con-
sidered most suitable for PSV studies because, in contrast to the varied levels of smoothing inherent in sedi-
mentary records, the thermal remanent magnetization provides an essentially instantaneous record.
However, the uneven global and temporal distribution of accessible volcanic units and limitations in chro-
nological constraints dictate the need to use a statistical approach for TAF and PSV models that span the
past few million years. Important questions related to this approach are as follows: (1) how long a time inter-
val is needed to represent any TAF state and its variability? (2) Can the spatial and temporal distributions
from multiple globally distributed sites be considered representative of the specific time interval under
study? (3) How does the quality of the paleomagnetic record influence the analysis? For example, Ziegler
et al. (2011) and Valet et al. (2005) found different average axial-dipole strength for the Brunhes and
Matuyama polarity chrons, suggesting different average field behavior over time scales of 1,000 kyr (10°
years), however, numerical dynamo simulations by Davies and Constable (2014) suggest that a shorter

CROMWELL ET AL.

1533



-~
AGU

100

Pt Geochemistry, Geophysics, Geosystems 10.1002/2017GC007318

averaging interval (perhaps 15-20 kyr) may be adequate to resolve the basic morphology (but not necessar-
ily the relative amplitude) of the non-axial-dipole part of the field.

An ideal data set would contain full vector paleomagnetic data with a homogenous global distribution and
with each location adequately sampling an interval on the order of 10° years (Valet et al., 2005; Ziegler
et al, 2011), from perhaps 100-200 sites (Lhuillier & Gilder, 2013), to average out dipole variation of the geo-
magnetic field. Obtaining such a collection is at present impossible. Nevertheless, the distribution and num-
ber of paleomagnetic (directional) sites spanning the past few million years does provide a useful basis for
statistical studies of the geomagnetic field. Results can be used to assess whether there is a typical average
field state, explore whether there are differences between normal and reverse polarity states, assess the
need for non-zonal (longitudinally varying) time-averaged field structure, delineate geographical variations
in PSV, and assess the likelihood of observing excursions and reversals.

TAF models are usually based on a low resolution spherical harmonic description of the geomagnetic field
(Johnson & Constable, 1995), in which Gauss coefficients (the gi” and h]” of degree, /, and order, m,) repre-
senting departures from GAD are estimated from globally distributed time-averaged field measurements
and their uncertainties. Use of directional rather than full vector data means that only values relative to the
axial-dipole g9 can be recovered. The largest estimated contributions are predominantly zonal (the axial
quadrupole g and octupole g3 terms) and are typically a few percent of g9 (Johnson & McFadden, 2015).
The need for non-zonal TAF contributions, inferred by Johnson and Constable (1995, 1997) and Gubbins
and Kelly (1993) from declination and inclination anomalies relative to GAD directions, has been considered
controversial (McElhinny et al.,, 1996; see also Johnson & McFadden, 2015, and references therein). A global
data set with improved data quality, temporal and spatial distribution is needed to help resolve this issue.

Once a TAF model is established it is possible to define statistical variability about the expected mean value of the
field. Useful diagnostic data for PSV studies are the geographical variation of dispersion in virtual geomagnetic
pole (VGP) positions, and numerous PSV models, (labeled Models A through G, see Johnson & McFadden, 2015;
Merrill et al,, 1996) have been parameterized in terms of expected latitudinal variations in such observations. Giant
Gaussian Process (GGP) models (Constable & Parker, 1988) have also been used to provide a statistical representa-
tion of the average field and its paleosecular variation through a description of statistical variability in the Gauss
coefficients (e.g., CP88 (Constable & Parker, 1988), QC96 (Quidelleur & Courtillot, 1996), CJ98 (Constable & John-
son, 1999), and TKO3 (Tauxe & Kent, 2004)). Other models build on the forward modeling approach of GGP studies
and provide statistical tests for compatibility of time average field and paleosecular variation field parameters
(e.g., Khokhlov & Hulot, 2013). For a review of these different models, see Johnson and McFadden (2015).

We have selected Model G (McElhinny & McFadden, 1997) and TKO3 as representatives for comparison with
the new data sets to be discussed later; both were based on the paleosecular variation from recent lavas

Table 1
Summary of Demagnetization Codes (DC) (McElhinny &
McFadden, 2000)

DC Description

0 Only Natural remanent magnetization (NRM) values
reported.

1 Only NRM values reported. Demagnetization
diagrams on pilot specimens indicate stability.

2 Bulk demagnetization at a single step for all
specimens. No supporting diagrams.

3 Bulk demagnetization at a single step.
Demagnetograms of pilot specimens justify
procedure.

4 Principle component analysis (PCA) carried out from

analysis of Zijderveld diagrams.
One demagnetization method used (Thermal or
Alternating Field).
5 PCA analysis derived from Zijderveld diagrams. Two
demagnetization methods used.

(PSVRL) database (McElhinny & McFadden, 1997). Model G is designed to fit VGP
dispersion at different latitudes using the functional form:

S=1/(al)*+b2, m

where S is VGP dispersion about GAD, 4 is latitude, and a and b are interpreted as
contributions from antisymmetric (/ — m odd) and symmetric (/ — m even) families
of Gauss coefficients, respectively. TK03 is a GGP statistical model that predicts full
vector distributions of the geomagnetic field at any latitude and longitude. In
TKO03, the only nonzero TAF contribution is the axial-dipole term, g%. Two other
parameters, o and f3, determine the temporal variability. As in Model G, they con-
trol the overall level of variation of VGP dispersion and its variation with latitude,
through constraints on the relative importance of contributions from Gauss coeffi-
cients in the antisymmetric and symmetric families. However, the latitudinal varia-
tion in S predicted by TK03 differs from that predicted by Model G because the
GPP model explicitly specifies the structure of the spatial power spectrum (Lowes,
1974) at the surface of Earth's core.

Differences in TAF and PSV over time and between normal and reverse polarity
chrons are of interest because they could reflect distinct paleomagnetic field
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Figure 1. (a) Sampling regions for the PSVRL data base, N = 3,719 (McElhinny &
McFadden, 1997). (b) Locations of sites in PSVRL that are DC-4 (see text),

N = 440. (c) Locations of sites included in the time-averaged field analysis of
Johnson et al. (2008). Red circles are studies performed as part of the Time-
Averaged Field Initiative project, all sites are DC-4 or DC-5, N = 894. Blue stars
are general locations of regional collections containing sites with variable labo-
ratory methods, N = 1,213.

states. However, careful evaluation of data quality, often represented
by demagnetization code (DC, ranges from 0 to 5, see Table 1), and of
temporal and spatial sampling distribution plays an important role in
the ability to resolve genuine differences. In the PSVRL collection, for
which global sampling locations are shown in Figure 1a, McElhinny
and McFadden (1997) observed higher VGP dispersion and larger
non-axial-dipole contributions to TAF in reversely magnetized rocks
than in sites with normal polarities at similar latitudes. Most sites in
PSVRL were not thoroughly cleaned, therefore the difference in VGP
dispersion and TAF between normal and reverse polarities could be
due to bias from residual viscous remanent magnetization in reverse
polarity rocks, imparted by the ambient normal polarity field during
the Brunhes Chron.

Recent field studies combined with the near universal adoption of
modern laboratory methods within the paleomagnetic community
have resulted in numerous new, high-quality, paleodirectional sites
that span the globe from the Antarctic to the Arctic. It is now worth-
while to re-evaluate PSV and the TAF and address some questions
arising from low data quality and poor global distribution. This paper
presents a new paleomagnetic compilation, PSV10, that includes all
high-quality paleodirectional data from 0 to 10 Ma volcanic units
that were published through the end of 2017. In sections 2 and 3,
we motivate our selection criteria and describe our new data compi-
lation. Simulations and bootstrap resampling are used to illuminate
the effects of sample size, and laboratory methods on overall data
quality and on some PSV interpretations. In section 4, we introduce
two strategies for mitigating the impact of short-term serial correla-
tion associated with bias in temporal sampling. This analysis is fol-
lowed in section 5 by a discussion of VGP dispersion and inclination
anomalies for the entire PSV10 data set, and for subsets that attempt
corrections for serial correlation of sampled lava flows. Special atten-
tion is paid to the differences across the various subsets, between
normal and reverse polarity data, and how these new data compare
to model predictions of Model G and TK03. Finally, in section 6, we
select normal polarity subsets of PSV10 that comprise sufficient
observations to develop non-zonal, time-averaged field models. We
compare these new non-zonal TAF models with previous such mod-
els based on 0-5 Ma lava flows, and with results from Holocene field
modeling.

2. Establishing Criteria for the PSV10 Data Compilation

Basic criteria for TAF and PSV studies using lava flows have been laid out in numerous publications (see
review in Johnson & McFadden, 2015). To date, PSVRL is the most widely used database and contains 3,719
directional sites, drawn from studies of lava flows emplaced in the 0-5 Ma interval that exhibit no evidence
of significant tectonic effects since the acquisition of magnetic remanence (Figure 1a). Three further consid-
erations are usually invoked in selecting from these data for PSV and TAF studies:

1. The characteristic remanent direction must be established by laboratory cleaning; undetected magnetic
overprints can lead to increased scatter and/or bias in estimates of paleofield directions.

2. An assessment of within-site error is required in the form of a precision estimate, such as ogs, or the
Fisher precision statistic, k (Fisher, 1953); any estimate of within-site error depends on the number of
specimens used, and so each study must specify the number of accepted specimens per site.
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3. Sites recording transitional directions are identified and typically removed, so as to only include “typical
stable polarity” field estimates. Generally such sites are identified via their VGP latitudes, and sites with
low latitude VGPs are removed, e.g., within, say, 45° of the equator, or a cutoff minimum determined by
an iterative method (Vandamme, 1994).

Items (1) and (2) are related to data quality and can be studied using defined metrics which we evaluate in
section 2.1. The third item is a somewhat subjective decision, as the definition of transitional directions
remains ambiguous (e.g., Panovska & Constable, 2017). Also, the limitations of the Vandamme method for
evaluating PSV are illuminated in recent work by Suttie et al. (2015).

Only 440 (or ~12%) of the PSVRL sites are of the highest quality, demagnetization codes (as defined by
McElhinny & McFadden, 2000) of DC-4 or DC-5 (Table 1 and Figure 1b) and meet modern laboratory stand-
ards for complete demagnetization of all specimens. PSV models TKO3 and Model G made no distinction
among directional sites of different laboratory quality. The inclusion of lower quality data in these models
was deemed necessary at the time because of the limited number of sites. The issues of how many samples
per site are needed to establish a reliable site mean direction, and whether the inclusion of samples with no
or little demagnetization affects interpretations of paleofield behavior have been active areas of discussion
in the literature (e.g., Johnson et al., 2008; Lawrence et al., 2006; Tauxe et al., 2003). We evaluate these two
issues in more detail below to establish selection criteria for our data set.

2.1. Modern Data Sets and Bootstrap Simulations From Fisher Distributions

We use bootstrap simulations on real data from a typical modern paleomagnetic study, together with syn-
thetic simulations based on the Fisher distribution, to explore the effects of different numbers of samples
per site (n) and incomplete demagnetization on PSV estimates. The circular standard deviation (Fisher,
1953) quantifies the angular variability in direction for both the within-site and between-site dispersion in
directions. Within-site circular standard deviation (c,,) is a measure of the precision of a site-level paleodirec-
tion, and between-site circular standard deviation (c,) is a measure of PSV for a collection of sites spanning
several hundred kyr. The data set used in our simulations comprises directional results from 37 lavas in Pata-
gonia (published by Mejia et al. (2004) and available from the MagIC database at https://earthref.org/
MaglC/DOI/10.1029/2003GC000633) to evaluate site and study-level variabilities. Mejia et al. (2004) was cho-
sen for this analysis because it uses modern laboratory methods (DC-5) with both alternating field and ther-
mal demagnetization, required at least five samples per site, with a minimum within-site Fisher precision
statistic of k, > 50, has a total number of sites (~50) typical of many paleodirectional studies, and had
specimen-level data available in the MagIC database.

2.1.1. Number of Samples per Site

Our first simulation explores how varying the number of samples per site affects estimates of ¢, hence the
precision of the site-level mean direction. Figure 2a shows the estimated site-level c,, for parametric boot-
strapped simulations of 1,000 sites with n samples per site. Each set of 1,000 sites is drawn from a Fisher dis-
tribution of n samples with precision parameter x,, =50, which is equivalent to a c,, of 11.45°. The variance
in ¢,, depends less strongly on n at approximately n > 4 or 5, although having twice as many samples
(n = 8) reduces the total variance of the estimated c,, by an additional 40%. Tauxe et al. (2003) reached a
similar conclusion through a simulation on synthetic directions drawn from a distribution with x,,=100. The
variance ¢,, continues to decrease in Figure 2a and appears to level out around n = 17. It is clear that having
more paleomagnetic samples per site is beneficial, but it is not always practical to collect tens of samples
per site during short field seasons. Most published paleomagnetic studies require a minimum n of at least
three to five samples per site.

To explore the effect of n on between-site or study-level variance, c,, estimates from actual paleomagnetic
data, we use an empirical bootstrap on the data set from Patagonia by Mejia et al. (2004). We used measure-
ment level data to randomly select n samples from each of the 55 sites, calculated the resulting mean site-
level direction for each site, and from that the resulting ¢,. This calculation was performed 1,000 times for
each n. Dispersion estimates from our simulations rapidly approach the published value of ¢, as the number
of samples per site increases from three to four, with a more gradual increase in precision when five sam-
ples are used. Observations from this simulation on real data suggest that a minimum of four samples per
site is necessary to adequately describe the PSV behavior of the magnetic field, at least when using a
within-site precision requirement of k,, > 50.
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Figure 2. Effects of different numbers of samples per site (n) on within-site (c,,) or between-site (c,) estimates of circular
standard deviation. (a) Estimated site-level ¢, for 1,000 sites, each with n samples, drawn from a Fisher distribution with
Kw = 50 (the equivalent c,, = 11.45°, dashed purple line). Ninety-five percent confidence bounds are heavy red lines. (b)
Bootstrapped estimates of ¢ calculated 1,000 times with different n samples per site for Patagonia (Mejia et al., 2004).
Samples for each site are randomly drawn from the published characteristic remanent interpretations. As n increases, the
number of sites decreases, resulting in replicate ¢, estimates and overlapping dots in Figure 2b. Blue dashed line is the ¢,
from all published results, red solid lines are 95% confidence bounds.

2.1.2. Quality of Laboratory Demagnetization

Having established a minimum requirement of four samples per site, we examine the hypothesis that
unremoved overprints can cause high between-site scatter and anomalous TAF directions. Specifically,
we explore whether or not sites demagnetized as DC-2 (each specimen subjected to a blanket demagne-
tization step) have a greater variance than “high-quality” DC-4 sites (every specimen fully demagnetized
and the direction based on principle component analysis). For this analysis we again use the raw mea-
surement and specimen-level data from Mejia et al. (2004). Figure 3a shows cumulative distribution func-
tions of bootstrapped ¢, from simulated sites using DC-2 and DC-4 methodologies. In order to maintain

a) Patagonia: AF Sites
1.0

08

06

04t

Cumulative Distribution Function

12 13 14 15 16 17
Circular standard devation (°)

Figure 3. (a) Differences in estimated ¢, between simulated DC-2 (blue) and DC-4 (orange) directional sites using the data
set from Patagonia (Mejia et al., 2004). Blanket steps of 30 mT were chosen for sites with a minimum of four alternating
field samples. Blanket sample directions are randomly selected from the published measurement level data. DC-4 com-
parisons are drawn from the same samples in the DC-2 sites, except that we randomly select four full vector directions
from the published study. Colored dashed lines are 95% confidence bounds. Equal area plots of published samples
(circles) and calculated site mean directions (triangles, n = 4) are plotted for the (b) DC-2 and (c) DC-4 simulations. Red
(white) circles and triangles plot in the lower (upper) hemispheres.
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consistency between data selected for each method, we use only specimens cleaned by alternating field
(AF) demagnetization. For the DC-2 simulation we randomly select four samples per site and for each of
the 55 sites choose the directions corresponding to the 30 mT demagnetization step (to simulate a bulk
demagnetization). Site-level directions are determined using Fisher statistics (Fisher, 1953; under the
assumption that directions should follow a Fisher distribution), then the mean between-site ¢, is calcu-
lated for all sites with a k,, > 50 (any reverse polarity directions are converted to normal polarities). This
process is repeated 1,000 times. The DC-4 simulation is the same except the directions for each randomly
drawn sample are the characteristic remanent magnetizations from Mejia et al. (2004) and the site mean
directions are calculated using Fisher statistics and the combined lines and planes method of McFadden
et al. (1988).

Both DC-2 and DC-4 simulations are drawn from the same suite of available data, however DC-2 sites have a
much larger variance in ¢, than their DC-4 counterparts, with 95% bounds spanning about 4.5° for DC-2
compared to just over 1° for DC-4 sites (Figure 3a). Accepted DC-2 specimens (Figure 3b) show greater
directional scatter and a larger number of specimens than those from the more restrictive DC-4 simulation
(Figure 3c). The DC-4 method is inherently stricter in that it requires complete demagnetization, which
allows researchers to exclude poorly behaved specimens, or to calculate characteristic mean directions
using great circles (a common occurrence with AF demagnetization). The DC-2 method contains only a sin-
gle demagnetization step which does not permit additional measurement level scrutiny and may hide rock
magnetic and paleomagnetic peculiarities.

Although both DC-2 and DC-4 methods are statistically likely to represent the ¢, of a given location, studies
using the DC-2 method have a greater chance of incorrectly estimating directional dispersion by several
degrees (Figure 3a). The median ¢, value for DC-2 sites in Figure 3a is lower than the median ¢, for DC-4
sites, but within the DC-4 95% confidence limits. Importantly, directional dispersion at the study level is vari-
able and a lower c; is not necessarily indicative of the “correct” value or methodology; what matters is that
the resultant c; is reliable. Our simulations indicate that the DC-4 demagnetization protocol substantially
reduces the uncertainty in study-level ¢, estimates, which is important because an error of several degrees
can substantially affect the interpretation of subsequent geomagnetic field models. For this reason, we
choose to exclude directional data derived from blanket demagnetization methods (DC-3 and lower) and
focus the attention of PSV10 on high-quality sites obtained by complete specimen demagnetization (DC-4
or DC-5).

3. The PSV10 Compilation

3.1. General Selection Criteria
PSV10 is a collection of published directional studies on volcanic sites (i.e., lava flows, pyroclastic flows, and
monogenetic centers) that meet three general criteria:

1. Studies must have applied modern demagnetization methods (DC-4 or DC-5, see Table 1).
2. Studies must not have explicitly targeted transitional field states.
3. The study area must be free of significant deformation (such as post-emplacement folding or faulting).

We used both electronic and print resources in our literature search, including the online MagIC database
(https://earthref.org/MAGIC), online literature search engines, and previously published regional and global
compilations of paleomagnetic data (such as Donadini et al., 2009; Johnson et al., 2008; Lawrence et al.,
2006; McElhinny & McFadden, 1997). Every attempt was made to include only paleodirectional sites that
accurately reflect the geomagnetic field; as a result, some studies were excluded from the compilation
when demagnetization methods were not clearly stated (i.e., when we could not verify the use of principle
component analysis) or if the study authors determined that the in situ integrity of their samples was com-
promised by tectonic effects and/or deformation. In instances in which a study reexamined or incorporated
previously published material we included only the most recent publication to avoid duplicating directional
sites (e.g., Antarctica, where Lawrence et al. (2009) built on previous work of Tauxe et al. (2004a) and
Mankinen and Cox (1988), and the Boring Volcanic Field where Lhuillier et al. (2017) reanalyzed the work of
Hagstrum et al. (2017)).
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We found 81 studies (Table 2) that met all the above criteria and included them in our new PSV10 compila-
tion. Figure 4 shows the location of each publication and reference numbers corresponding to Table 2. The
global distribution of accepted studies is very similar to the original PSVRL compilation of McElhinny and
McFadden (1997) (Figure 1a), but PSV10 displays a markedly improved spatial sampling when compared to
only high-quality paleodirectional sites in PSVRL (Figure 1b) or to the more recent compilation of Johnson
et al. (2008) (Figure 1c). PSV10 contains sites from each major continent with nearly continuous latitudinal
coverage from Spitsbergen to Antarctica (references 1 and 81, respectively, Table 2 and Figure 4). Despite
the improved global distribution of high-quality sites in PSV10, the northern hemisphere is preferentially
sampled as is the longitudinal band through the Americas (reflecting targeted sampling in that region).
Based on the geographic distribution of PSV10 studies, areas for future research should include central Asia,
the western Pacific Rim, Africa, and both the Arctic and Antarctic, complemented by a global evaluation of
ocean sediment records.

General statistics for PSV10 are shown in Figure 5. The earliest publication of an acceptable PSV10 study is
Mitchell et al. (1989), after which the number of acceptable studies remains low until 1997. From the mid-
1990s to present day there has been an average of about four high-quality paleodirectional publications
per year except during 2008. The increase in accepted studies since about 1997 corresponds to a series of
investigations modeling PSV and TAF behavior (e.g., Constable & Johnson, 1999; Constable & Parker, 1988;
Johnson & Constable, 1996; Kono & Tanaka, 1995; McElhinny & McFadden, 1997; Quidelleur & Courtillot,
1996), and the community-wide recognition that accurate models of the geomagnetic field require a global
distribution of high-quality directional data.

3.2. Additional Selection Criteria

Starting from the 81 PSV10 studies, we apply additional site selection criteria designed to improve overall
data quality. Motivated by the results from Figures 2 and 3, we subselect those directional sites with at least
four samples (n > 4) and a minimum within-site Fisher precision statistic, k,, > 50. In addition, all sites must
have an average age of 10 Ma or younger.

3.3. Temporal Sampling

Average site ages and uncertainties vary by study, with the main differences being geochronology method
and the level of detail about individual site ages provided in the original publication. Approximately 40% of
the PSV10 sites have absolute ages derived from radiometric dating methods or historic records. We calcu-
lated average ages for sites without absolute dating estimates by taking the mean of stratigraphic and mag-
netic polarity constraints provided by the original authors. These estimated ages should be considered
approximate because stratigraphic controls varied by study. Published sites listed as the same cooling unit,
or interpreted to likely be the same unit during our literature review, were averaged together into a single
directional site in PSV10. We account for any possible plate motion by rotating all sites to their original pale-
olatitude and longitude using the NNR-MORVEL model of Argus et al. (2011). Rotations are based on
assigned average site ages described above. Paleosite changes are minimal with maximum paleolatitude
and paleolongitude adjustments of about 1.4° and 4.8°, respectively. Site VGPs are recalculated for all site
rotations and all statistical analyses of PSV10 sites in the following sections are performed using the plate-
corrected locations and recalculated VGPs.

A remaining issue is how to deal appropriately with nonuniform temporal sampling and associated prob-
lems in trying to identify “typical stable polarity” field directions. There are three parts to this: (1) oversam-
pling by paleomagnetists interested in geomagnetic excursions and transitional field states (which we
address by excluding these studies); (2) oversampling by volcanic processes which can manifest as serial
correlation in field directions (this question is addressed in section 4); (3) uneven temporal sampling of the
long-term average field. This last question is not something that we can properly address at this time.
Although a substantial number of records have absolute age estimates, ~60% do not, and many have sub-
stantial uncertainties (see supporting information Figures S1 and S2); it is therefore difficult to establish the
extent of any temporal sampling bias in this data set. Good age constraints for future paleosecular variation
studies are needed to properly evaluate this issue.

For studies accepted in PSV10, we do not exclude individual sites based on VGP colatitude, but we have
explicitly excluded those studies or parts thereof that targeted excursional field states. For example,
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Figure 4. PSV10 study locations. Numbers correspond to the study numbers
listed in Table 2. Lower insets are enlargements of Hawaii (H) and Mexico (M).

Panaiotu et al. (2013) preferentially sampled a series of lavas emplaced
during the Cobb Mountain normal polarity subchron as part of their
paleosecular variation study in the Persani Mountains, and subsequently
reported some transitional directions. We chose to keep the Panaiotu
et al. (2013) study in PSV10, but we excluded sites that were from the tar-
geted subchron sampling effort. Although exclusion of transitional stud-
ies is an imperfect solutions we can assess its impact by making a crude
estimate of the percentage of time the field might spend in transition,
and comparing this with the percentage of such sites in PSV10. Using
marine sediment records Clement (2004) finds average transition times
of 7,000 years for the past four reversals. Assuming this to be also repre-
sentative of reversals over the past 10 Ma (Cande & Kent, 1995), we
might expect the field to be in an excursional state about 3% of the
time. Using our selection criteria, ~4% of all sites in PSV10 would be con-
sidered transitional when a VGP colatitude cutoff of 45° is applied. The
two estimates are similar which could indicate that PSV10 effectively cap-
tures long-term trends in the geomagnetic field, bearing in mind the
nonuniform temporal sampling evident in Figure 5, and that the
sediment-based estimate of Clement (2004) excludes multiple excursions
that will appear in the PSV10 data set.

A total of 2,401 directional sites meet our requirements and Figure 5b shows the age distribution for the
entire collection. PSV10 is weighted to the last five million years (Nsy, = 2,235) with most sites emplaced
during the Brunhes (Ng = 982) and Matuyama Chrons (Ny, = 764).

4, Serial Correlation of Lavas

Analyses of long-term geomagnetic field behavior, such as paleosecular variation and the time-averaged
field, assume that individual paleomagnetic data points can be considered uniformly sampled over time. If
a certain time period is oversampled, those data are likely to be serially correlated and may bias any PSV or
TAF calculations. Oversampling of the geomagnetic field can be minimized by sampling volcanic units with
distinct radiometric or stratigraphic age differences, and by not sampling entire stacks of lava flows.

Several studies included in PSV10 addressed the issue of serial correlation and employed various methodol-
ogies in an attempt to remove any potential sampling bias. To ensure consistency across all PSV10 studies,
we considered sites from consecutive or stacked lava flows to be serially correlated, regardless of any analy-
sis (or lack thereof) performed by the original authors. We searched all 81 publications for sites that were
sampled from a single lava flow sequence and generated two modified data sets: PSV10-SC and PSV10-TB.
In PSV10-SC (SC = corrected for serial correlation) directions of all sites from the same stack of consecutive
lavas were averaged to represent a single site mean, reflecting the assumed short time period in which
those lavas were likely emplaced. Averaging successive lava flows may remove the oversampling bias if the
lava flows erupted in a short time span and if secular variation of the geomagnetic field was limited. It is
also possible that this averaging process could suppress secular variation if geomagnetic field variations
occurred rapidly, or if the sequences represent substantial periods of time. To address this possibility, we
adopted an alternative geologic field sampling approach to correct for serial correlation in PSV10-TB
(TB = top and bottom). Rather than averaging all sites in a lava stack, we selected only the top and bottom
flows in each lava sequence and removed all others. This assumes that the top and bottom flows of any
sequence are the most distant in time and are more likely to represent different geomagnetic field states.

Twenty-eight studies in PSV10 are partially, or completely composed of serially correlated lava flows and con-
tain a total of 94 lava flow sequences (sequential normal and reverse polarity lavas from the same stack were
averaged separately). Mean directions of 20 of these sequences did not pass our k,, criterion and were there-
fore excluded from further analysis. These low k,, sequences may contain uncorrelated directions emplaced
over an extended time duration, but we prefer to maintain a simple, conservative approach to this issue in
the PSV10-SC data set; less stringent criteria is applied in PSV10-TB. Summary statistics for PSV10-SC and
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Figure 5. General statistics of the PSV10 compilation. (a) Distribution of the number of PSV10 studies and their year of
publication. (b) Age distribution of all PSV10 (black), PSV10-SC (gray), and PSV10-TB (white) sites in 0.5 Myr intervals.

PSV10-TB are shown in Figure 5b. PSV10-SC and PSV10-TB contain a substantially reduced number of sites
compared to the original PSV10 data set, with a total of 1,776 sites in PSV10-SC, and 1,885 in PSV10-TB.

5. Inclination Anomaly and VGP Dispersion From PSV10 Data

In this section, we analyze various subsets of data drawn from PSV10 to identify signals arising from zonal
TAF field structure and PSV, and we assess whether zonal models provide an adequate fit to the observa-
tions. Both TAF and PSV statistics, in the form of average inclination anomaly, Al, and VGP dispersions, S,
grouped by 10° latitude bins, are compared with model TK03, and VGP dispersions with Model G.

Sk for Model G (McElhinney & McFadden, 1997) is calculated (equation (1)) at the same mean latitude as the
data for each bin. For TK03, we generated 10,000 paleomagnetic directions at each of the same mean lati-
tudes using model parameters set in tk03.py (part of the PmagPy software package (Tauxe et al., 2016),
available using instructions at https://earthref.org/PmagPy/cookbook/). We then generated VGP latitude
and longitude pairs for each direction and calculated S¢ (both with and without the iterative VGP cutoff;
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Figure 6. Average inclination anomaly in degrees for (a) PSV10, (b) PSV10-SC,
and (c) PSV10-TB. Inclination anomaly values for all figures calculated for 10°
latitude bins and plotted with bootstrapped 95% confidence bounds and the
number of sites in each bin. Predicted inclination anomalies for a GAD field
(short dashed line) and TKO3 (solid black line) are also plotted.

Vandamme, 1994) from those 10,000 VGP pairs. In computing Sr for
the actual data sets described below, we correct for within-site uncer-
tainty (McElhinny & McFadden, 1997):

-1 N 2 5w2
Se=| (N—1) ;((90—7)7 o

where N is the number of sites, ®; is the angle between the ith VGP and
the spin axis, Sy, is within-site scatter (defined as 81°/v/k,, where k,, is the
Fisherian precision statistic), and n; is the number of samples at the ith site.

For the TAF model, Fisher mean inclinations were calculated for each lati-
tude grouping of directions and the inclination predicted by GAD sub-
tracted to yield the mean inclination anomaly, Al. A/ values are compared
with GAD (Al = 0) and with the prediction of TK03. The underlying TAF in
TKO3 is GAD, however, the variability in the field imparted by the statistical
description of PSV, together with the calculation of Al from directions
only instead of the full paleomagnetic vector results in a nonzero Al as dis-

cussed previously in the literature (Creer, 1983; Johnson et al., 2008).

For each collection of S¢ and Al, we calculated the square root of the
weighted y? misfit value to both TK03 and Model G. The weights used
are one standard deviation about the average value, and we call these
statistics ysr and yj4. These values of y are compared with yos, the
95% confidence limit on the expected value of y? to determine
whether the overall fit to a specific model is adequate.

We examine several subsets of the data and corresponding terminol-
ogy so that we can assess the impact of sampling of transitional field
behavior and of serial correlation on our results. The various subsets
are listed below, and the main results for discussion are shown in Fig-
ures 6-8 and Table 3.

. PSV10: Combined polarity, all data in PSV10.
. PSV10,: All normal polarity.
. PSV10g: All reverse polarity.
. PSV10,,:: Combined polarity, VGP cutoff following criteria of Van-
damme (1994).
5. PSV10-SC: Combined polarity, corrected for serial correlation, i.e,
PSV10-SC.
6. PSV10-SCy: Normal polarity, corrected for serial correlation.
7. PSV10-SC,¢,s Combined polarity, corrected for serial correlation,
VGP cutoff following criteria of Vandamme (1994).
8. PSV10-TB: Combined polarity, top and bottom, i.e,, PSV10-TB.
9. PSV10-TBy: Normal polarity, corrected for serial correlation.
10. PSV10-TB,,:: Combined polarity, corrected for serial correlation,
VGP cutoff following criteria of Vandamme (1994).

A wWN =

5.1. Combined Polarity Results: Inclination Anomaly
The time-averaged inclination anomalies, Al, recorded by the PSV10
data set are shown in Figure 6a. PSV10 has latitudinal data coverage

from the Antarctic to the Arctic, although the mid-Southern Hemisphere and Arctic regions contain substan-
tially fewer sites than other regions (see also Figure 4). While many of these inclination anomalies are con-
sistent at the 95% confidence limit with a GAD field (Al = 0°), there are significant deviations from GAD in
latitude bands spanning 0°N-50°N. With the exception of the adjacent 30°N-40°N and 40°N-50°N latitude
bands, there is also substantial variability in Al between neighboring bins indicating that TAF estimates for
the northern hemisphere are not easily modeled by a zonal field. The 70°S-80°S bin (Antarctica) has a large
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Figure 7. Average VGP dispersion (S) for combined polarity data sets (a, b) PSV10, (c, d) PSV10-SC, and (e, f) PSV10-TB. VGP dispersion using the iterative Van-
damme VGP cutoff criterion is shown in the left column (Figures 7a, 7c, and 7e), while VGP dispersion with no cutoff criterion is shown in the right column (Figures
7b, 7d, and 7f). Dispersion values are calculated for 10° latitude bins and shown with bootstrapped 95% confidence bounds and the number of sites in each bin.
Predicted VGP dispersion values for Model G (long dashed line), TK03 (solid line), and TK03 with Vandamme cutoff (short dashed line in Figures 7a, 7c, and 7e) are
also shown. Red marks in Figures 7b, 7d, and 7f show the percentage of transitional sites in each latitude bin relative to Vandamme VGP cutoff.
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Figure 8. Average VGP dispersion (Sf) and inclination anomaly (Al), in degrees, for (a, b) normal and (c, d) reverse subsets
of PSV10, and (e, f) normal polarity subset of PSV10-SC. VGP dispersion and inclination anomaly values for all figures calcu-
lated for 10° latitude bins, and plotted with bootstrapped 95% confidence bounds and the number of sites in each bin.
Predicted VGP dispersion values for Model G (long dashed line) and TKO3 (solid black line) are shown, as well as predicted
inclination anomalies for a GAD field (short dashed line) and TKO3 (solid black line).

positive Al that is more consistent with, e.g., a nonzero axial-octupole (g9) term, such as that predicted by
the statistical variability in TKO3 (Johnson et al., 2008) but larger in amplitude, or alternatively a non-GAD
regional signature in the TAF. The misfits, y,,, of Al to TKO3 and GAD are 3.0 and 3.5, respectively.

The inconsistencies between consecutive latitude bands and the inability of TKO3 to fit the inclination anoma-
lies in the data set are suggestive of regional structure in the long-term geomagnetic field. For example,
Hawaii and Mexico have a large number of sites (158 and 305, respectively) and the same average latitude
(~20.5°N), but are almost 40° apart in longitude (Figure 4). Mexico has a Al of —3.6 = 1.5° consistent with
TKO3, but Hawaii has a Al of —9.0 + 2.0° that, if fit with a zonal field, would likely require a substantial g3 con-
tribution (e.g., 5-10%). The differences in TAF behavior in Hawaii, Mexico, and other highly sampled regions
have been well documented (Johnson et al., 2008; Lawrence et al., 2006) and highlight the difficulty of pre-
dicting global TAF (and PSV) behavior with a zonal statistical model.
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Table 3

Square Root of the Reduced y? Misfits of Model G and TKO3 to VGP Dispersion
Estimates (ys¢) and Inclination Anomalies (y,) for the PSV10, PSV10-SC, and
PSV10-TB Data Sets

Data set 7sr (Model G) 7sr (TKO3) 7ia (TKO3) Y05
PSV10 3.2 24 3.1 13
PSV10 y 24 2.1 2.8 13
PSV10g 3.1 2.8 22 13/14
PSV10,cue 3.0 36 13
PSV10-SC 3.0 23 1.9 13
PSV10-SCy 23 1.7 1.8 13
PSV10-5C,cur 2.1 36 13
PSV10-TB 3.1 23 2.1 13
PSV10-TBy 24 1.7 1.9 13
PSV10-TB,cue 2.1 36 13

Note. Subscripts N, R denote normal and reverse polarity subsets and vcut
denotes the subsets of each data set retained after removal of transitional sites
(Vandamme, 1994). x5 values are the 95% confidence limit on the expected
value of y (the expected 95% confidence limit is the same for Model G and
TKO03, except for the reverse PSV10 data set where the limit is 1.3 for Model G
and 1.4 for TK03). Only ysr misfit values were calculated for vcut datasets.

The influence of serial correlation is demonstrated in Figures 6b and
6c. The corrected PSV10-SC and PSV10-TB data sets generally show
minor differences in the values of Al compared with the full PSV10
data set, reflecting an average reduction of 3-50 sites per latitude
band in the two corrected data sets. Three latitude bins have a sub-
stantial number of sequential lava flows, indicated by the reduced
number of sites in the SC and TB data sets: 50°N-60°N, 20°N-30°N,
and 10°5-20°S. The greatest difference in Al between PSV10 and
PSV10-SC or PSV10-TB occurs in the 20°N-30°N latitude bin. This
observation indicates the importance of regional correction for serial
correlation for studies with a large number of sequentially sampled
lava flows. Although the overall global fits of PSV10-SC (x4, = 1.9) and
PSV10-TB (x4 = 2.1) to TKO3 improve compared to PSV10, y,, = 3.1)
they still do not meet the yg95 threshold for an adequate fit. The lack of
a clear zonal signal in the TAF for Al suggests that TKO3 needs modifi-
cation from the vector average TAF corresponding to GAD. This also
has some visible consequences for the signal in S¢ as we see below.

5.2. Combined Polarity Results: VGP Dispersion
VGP dispersion results are presented as a function of latitude in Figure
7 for data sets PSV10, PSV10-SC, and PSV10-TB, and their respective

subsets calculated using the Vandamme (1994) VGP cutoff criterion, PSV10,¢:, PSV10-SC,¢, and PSV10-
TB,cut- The corresponding yse values for the comparisons of the data sets with TKO3 and Model G are given
in Table 3. Departures between existing PSV model predictions and our observations might be expected
because the directional sites in PSVRL, from which TK0O3 and Model G were derived, differ greatly from
PSV10 in quality and distribution in space and time. Furthermore, the paucity of Southern Hemisphere data
in PSVRL encouraged the authors of TKO3 and Model G to enforce north/south hemispheric symmetry by fit-

ting S¢ versus absolute latitude.

PSV10,,: provides the best visual fit to TKO3 and Model G predictions (Figure 7a). This is to be expected
because the Vandamme VGP cutoff criterion was used in constructing both PSV models from the earlier
PSVRL data set. However, the observed PSV10,, dispersion is generally higher than that predicted by
TK03, and Model G performs better overall. S and its 95% confidence limits increase when transitional sites
are included (Figure 7b), and this is particularly noticeable when the percentage of transitional sites is more
than a few percent and/or when the number of sites is small. S shows an overall increase with latitude, con-
sistent with previous studies, although the amplitude of S¢ here may be more pronounced. TK03 fits the
observed PSV10 dispersion reasonably well at the equator and at most northern hemisphere latitude bands
(Figure 7b), but underestimates Sr in most Southern Hemisphere latitude bands, especially in Antarctica.
Model G shows a general latitudinal increase, consistent with our data set, but on average is too low at all
latitudes, reflecting the fact that it does not predict field variability associated with transitional sites. Neither
TKO3 nor Model G fits the observed dispersion (Table 3). After correction for serial correlation, larger uncer-
tainties estimates, but only minimal changes in mean S¢ values are seen (Figures 7c and 7d). The ys¢ values
(Table 3) indicate that PSV10-SC and PSV10-TB are also not fit by existing PSV models.

A perhaps surprising result from PSV10 is the substantially larger increase in Sg with latitude in the Southern
Hemisphere compared with in the north, predicted by Cromwell et al. (2013a). As this behavior is also
observed in PSV10-SC and PSV10-TB, we infer that VGP dispersion has not been artificially suppressed in
the northern hemisphere in PSV10 due to oversampling of short periods with low PSV through the inclusion
of sections with possible serial correlation. However, north/south differences in VGP dispersion in PSV10
(Figure 7Db) are, for the most part, removed when the Vandamme cutoff filter is applied (Figure 7a). The per-
centage of transitional sites is quite variable from one latitude band to another (Figure 7). If these percen-
tages reflect real variations in field behavior from one location to another (as the percent of transitional
directions in PSV10 might indicate, section 3.3), simple modifications to the parameters of TKO3 might
describe the observed asymmetry in Sg seen in PSV10, PSV10-SC, and PSV10-TB. Three parameters in TK03
describe the statistical distributions of the g" and h", and hence the statistical distributions of the resulting
paleomagnetic vectors. They are the average axial-dipole term g¢, plus o and  which describe the variance
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in the Gauss coefficients: o is proportional to the variance (¢7) in the symmetric family of Gauss coefficients
of degree / (Constable & Parker, 1988). f3 is defined as the ratio between the variance in the equatorially anti-
symmetric and symmetric families of Gauss coefficients (Tauxe & Kent, 2004) and determines the scale of
the latitudinal dependence of Sr. Modification to these parameters has no effect on the north/south asym-
metry in Sg that can be influenced by changes to the time-averaged values for the individual Gauss coeffi-
cients. The actual strength of the average axial-dipole term in TKO3 has no impact on VGP scatter; it is the
ratio of other TAF terms to g2 that matters. Introducing a nonzero g3 contribution ranging from 0 to 20% of
g% produces an asymmetry in S, but has the wrong latitudinal dependence in A/ to explain the TAF struc-
ture discussed in the previous section. Alternatively, a nonzero value of g3 might help explain some of the
Al signal but will not resolve the asymmetry in S¢. We explored a range of empirical modifications to TK03
parameters but were unable to find a suitable combination that reduced the misfit level for Sg or Al to lie
within the range expected by yos. We infer that a non-zonal TAF is needed at least to explain Al and possi-
bly for S too.

5.3. Differences Between Normal and Reverse Polarity Data

Normal and reverse polarity intervals have repeatedly been shown to record significantly different average
geomagnetic field behaviors (see e.g., Merrill & McElhinny, 1977 for TAF structure and Ziegler et al., 2011 for
paleointensity). Accordingly, they may be best treated separately (Johnson & Constable, 1996). Most regions
represented in the PSV10 collection contain both normal and reverse polarity data although there are nearly
three times as many normally magnetized sites (Figure 5b), with normal (reverse) polarity data dominated
by Brunhes (Matuyama) aged sites, respectively.

We evaluate Sg and Al for three polarity based subsets of the data: PSV10y (Figures 8a and 8b), PSV10g, (Fig-
ures 8c and 8d), and PSV10-SCy (Figures 8e and 8f). We do not discuss the normal polarity subset of PSV10-
TB as it has almost identical behavior to PSV10-SCy (Table 3). We also do not discuss the reverse polarity
subset of PSV10-SC because of the more limited number of data. We compare these data sets with TK03
and Model G and provide the ysr and ;4 misfits to these models in Table 3.

Sk is lower overall for PSV10,, than for PSV10 and has an improved fit to TKO3 (s = 2.1), however, the misfit
still exceeds the 95% confidence limit. VGP dispersion is more variable and larger overall for PSV10; and the
misfit to TKO3 (ysr = 2.8) is correspondingly larger. These observations are consistent with previous studies
(e.g., Johnson & Constable, 1996; Johnson et al.,, 2008) and may reflect the lower average field strength dur-
ing the Matuyama than in the Brunhes Chron (e.g., Ziegler et al.,, 2011). The high-quality nature of PSV10
sites ensures that reverse paleomagnetic directions are not contaminated by viscous overprints and the
increased variance in S¢ during reverse polarities, dominated in this data set by Matuyama versus Brunhes,
is likely a real feature of the long-term geomagnetic field.

Inclination anomalies for PSV10y and PSV10; (Figures 8b and 8d) do not show a well-defined latitudinal
structure and we observe no systematic difference between the two polarities for data in the same latitude
bins. In several latitude bins Al is consistent with no anomaly at the 95% confidence level, but elsewhere
(most notably some midnorthern latitude bins containing many data) lies closer to TK03. It is clear from Fig-
ures 8b and 8d that there is no simple statistical zonal model that can predict Al behavior for either polarity
subset.

Finally, we note that Sr and A/ for PSV10-SCy (Figures 8e and 8f) are similar to those for PSV10y (Figures 8a
and 8b) but have a substantially improved (albeit still unsatisfactory) fit to TK03, especially in the northern
hemisphere. The effect of serially correlated lava flows is more pronounced between the PSV10y and
PSV10-SCy subsets of PSV10, than between the PSV10 and PSV10-SC data sets (Figures 6 and 7 and Table
3). This is in part due to the fact that most of the sequential lava flows in PSV10 are normal polarity but is
also indicative of the substantially different, and more variable, geomagnetic field behavior observed in the
reverse polarity data (Figures 8b and 8c).

6. Non-zonal Time-Averaged Field Structure

Motivated by the significant improvement in the spatial coverage, quality, and temporal distribution of data
spanning the past few Myr and the fact that zonal TAF models do not fit the observations, we investigate
non-zonal TAF structure in the data. Differences between normal and reverse polarity data (Figure 8)
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Figure 9. (a) Inclination and (c) declination residuals with respect to GAD (gray symbols) and non-zonal model LN3 (blue
symbols) for the geographically binned 0-5 Ma normal polarity data set, PSV10ys. Residuals are the time-averaged inclina-
tion or declination anomaly weighted by the uncertainty in the mean time-averaged field (TAF) direction at each location.
(b) Inclination and (d) declination residuals with respect to GAD (gray) and non-zonal model LN3-SC (blue) for PSV10-
SCys. The difference in size of the gray and blue symbols at a given location illustrates the change in misfit to the data
from a GAD TAF model to the non-zonal TAF model. Locations at which only the blue symbol is visible have a change in
misfit during the inversion that is less than the uncertainty in the TAF direction.

indicate that the two geomagnetic field states should be modeled independently; we focus on normal
polarity data for the last 5 Myr as these comprise most of the sites (Figure 5b). Retaining only sites younger
than 5 Ma also reduces any errors introduced by uncertainties in the already small plate motion corrections
and allows comparison with previous non-zonal TAF studies based on the PSVRL data compilation (Gubbins
& Kelly, 1993; Johnson & Constable, 1995, 1997; Kelly & Gubbins, 1997).

Geographic variations in departures from GAD in the 0-5 Ma normal polarity subset of PSV10 (hereafter
PSV10ys) are shown in Figures 9a and 9c. The TAF direction (unit vector mean) is computed for sites in 5°-
10° geographical bins, based on the spatial distribution of data. The resulting time-averaged inclination and
declination anomalies are normalized by the uncertainty in the mean direction (as in Johnson & Constable,
1995) to investigate the residual signal, i.e,, the size of the TAF anomaly relative to the predicted field at a
given location. Inclination residuals relative to GAD (Figure 9a) show dominantly large negative residuals at
low latitudes but also regional variations.

Declination residuals (Figure 9c) show distinct regional variations, such as small residuals around the south-
western Pacific Ocean but large residuals in the south central Pacific Ocean and at low equatorial latitudes
in the Americas. We also investigate the 0-5 Ma normal polarity subset of PSV10-SC, hereafter PSV10-SCys
(Figures 9b and 9d). As expected, the overall patterns of the PSV10-SCys residuals are similar to those for
PSV10ys, but the signal can be different in locations where sequences of flows have been averaged in the
PSV10-SC data set. For example, reduced inclination residual magnitudes are seen in western North America
and Hawaii in PSV10-SCys, whereas the declination residual magnitude for Hawaii is significantly larger in
PSV10-SCys compared to PSV10ys. This suggests distinct structure in the field at Hawaii, even in the PSV10-
SC data set.

The regional structure in inclination and declination residuals suggests non-zonal TAF structure and we con-
struct such models compatible with the data. We adopt the modeling approach of Johnson and Constable
(1995, 1997) in which a low spherical harmonic degree and order TAF model is sought that includes both
latitudinal and longitudinal structure, but that has minimal departure (see below) from a GAD description of
the field. We generate models compatible with both PSV10ys and PSV10-SCys to investigate any field struc-
ture that is required by PSV10ys but not by PSV10-SCys and might thus be attributable to temporal over-
sampling at some locations. Below, we summarize the modeling approach (section 6.1) and show detailed

CROMWELL ET AL.

1549



-~
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007318

results from three inversions—two based on PSV10y5 and one based on PSV10-SCys (section 6.2). From
these results, we propose two new 0-5 Ma TAF models: LN3 that fits PSV10ys and LN3-SC that fits PSV10-
SCps. These are included in the supporting information. For LN3 and LN3-SC, we discuss geographical struc-
ture in the field at the core-mantle boundary, and in the inclination and declination anomalies predicted at
Earth’s surface. We compare LN3 and LN3-SC with previous 0-5 Myr normal polarity TAF models based on
directional data from lava flows (e.g., LNT and LN2 of Johnson and Constable (1995)) and with models for
the Holocene field.

6.1. Inversion Approach

For a given inversion, regional TAF directions are computed in geographic bins (see above), and sites with
transitional directions are excluded using the iterative Vandamme cutoff. As discussed earlier, even if it
were possible to define precisely the percentage of time the field spends in a transitional state at all geo-
graphic locations, representative sampling of transitional directions in a lava flow data set is difficult to
achieve in practice. Although the PSV10 data set contains a reasonable percentage of transitional directions
overall (see section 3.3), at a regional level sampling of transitional directions is uneven and likely not repre-
sentative of actual field behavior; thus, we do not include these sites in our non-zonal inversions. After bin-
ning, only regions with more than 10 sites are retained and we also investigate the effect of stricter criteria
on the resulting models (see section 6.2). PSV10ys and PSV10-SCys comprise data from 40 and 34 regions
with, on average, 36 and 33 sites per region, respectively.

The TAF directions are inverted using the iterative nonlinear algorithm, Occam, (Constable et al., 1987; John-
son & Constable, 1995, 1997) to construct regularized field models. The regularization or smoothness con-
straint requires that models have minimum non-GAD structure, as well as fitting the observations to within
a specified tolerance level, T. The chosen smoothness constraint minimizes the power in the non-GAD radial
magnetic field at the core-mantle boundary (Johnson & Constable, 1995, 1997). The desired tolerance level
is the 95% confidence limit on the expected value of the reduced chi-squared (4?), and the weighting
matrix is computed from the standard error in the mean inclination and mean declination at each site as in
Johnson and Constable (1997). We solved for models with a maximum spherical harmonic degree and
order, I nax of 10, and confirmed that the resulting models were not influenced by the cutoff in the spherical
harmonic expansion (i.e., that models obtained using /e = 11 were the same as those for /4 = 10).

6.2. Inversion Results

The results of a typical inversion are shown using the PSV10ys data set in Figure 10a. The starting model is
GAD, which has a roughness of zero (no non-GAD power) and a weighted RMS misfit to the data of 2.05.
The required tolerance, based on time-averaged D, | measurements for 40 regions, is T= 1.31. As the inver-
sion proceeds, models with lower misfits and more structure (increasing model roughness) are found. Ini-
tially, relatively larger reductions in RMS misfit are found, but further decreases in RMS misfit can only be
obtained at the expense of substantial increases in model roughness. Ideally, the preferred model is that
obtained from the iteration at which the RMS misfit first meets the tolerance criterion. For PSV10ys this
occurs at iteration 17 (Figure 10a, intersection of RMS misfit curve with dashed black line). However, later in
the inversion, the increase in model roughness is not necessarily monotonic with iteration number. Pairs of
iterations are seen where a relatively rough model at one iteration (e.g., iteration 17, Figure 10a) is followed
by a smoother model at the next iteration (e.g., iteration 18, Figure 10a) that has a lower RMS misfit. This
has been seen previously in Occam (see details in Johnson & Constable, 1997), and likely reflects inconsis-
tent signals in the contributing data set. In Figure 10a, we show maps of the radial field B, at the core-
mantle boundary, CMB, for iteration 18 (the smoothest iteration that fits the data to within the specified tol-
erance limit) and for an earlier, smoother model (iteration 10) that has an RMS misfit of 1.58. The roughness
for the model from iteration 18 is 3.7 versus a 0.9 for the model for iteration 10. Both models show non-
zonal structure in B, with the model for iteration 18 showing considerably higher amplitude, shorter-
spatial-scale structure as expected.

We investigated whether changing the required number of sites per region, or samples per site, affected
the model results and produced more stable inversions. Tests showed that increasing the minimum number
of sites per region from 10 to 20, i.e., requiring more sites for an “acceptable” time-average resulted in simi-
lar results to those shown in Figure 10a, i.e., the desired tolerance level was reached after the inversion
started to become unstable. Increasing the minimum number of sites per region severely reduces the
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Figure 10. Results from inversions: (a, left column) the PSV10ys data set, retaining sites with at least n > 4 samples per site; (b, middle column) the PSV10ys data
set, retaining sites with at least n > 5 samples per site; (¢, right column) the PSV10-SCys data set, retaining sites with n > 4. For each inversion the rows are as
follows: (Row 1, top) Root-mean-square (RMS) misfit versus iteration number, with required tolerance shown as dashed black line; (Row 2) model roughness versus
iteration number; (Row 3) Br at the core-mantel boundary (CMB) in uT for the smoothest model that fits the data to within the required tolerance (denoted by
blue short dashed lines in Rows 1 and 2); and (Row 4) B, at the CMB for another iteration in the inversion (denoted by brown or gray long dashed line in Rows 1
and 2, see text for details). Models LN3 and LN3-SC are indicated in the blue boxes.

number of regions for which a TAF direction is available, which in turn affects the inversion results: we
therefore chose to keep our minimum 10 site requirement for each geographic region. We found that using
only sites with at least five samples per site (instead of four) resulted in an inversion that remained stable
until the iteration at which the tolerance level was reached (Figure 10b). B, at the CMB is shown for the
smoothest model with an RMS misfit less than T (i iteration 14) and for the last model before a notable
jump in model roughness (iteration 12). The model for iteration 12 has an RMS misfit of 1.37, slightly greater
than the required tolerance of T= 1.31. Structure in B, at the CMB is very similar for these two models.
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Examination of the 120 sites with n = 4 showed that some of these were occasional occurrences in stud-
ies in which most sites had n > 5, but some were sites from successive flows in large sections. Thus
restricting our data to n > 5 effectively reduced the effects of serial correlation in a few studies. From
here on, our discussion of non-zonal models for the PSV10ys data set refers to models produced using
the n > 5 selection criteria, because of the better stability of this inversion (Figure 10b) compared to that
for n > 4 (Figure 10a).

Inversion results from the PSV10-SCys data set are shown in Figure 10c. Because the effects of serial correla-
tion have already been addressed in this data set, we did not impose any additional data quality restriction
and retained sites with n > 4. The inversion is stable until iteration 15, well after the required tolerance of
T=1.34is reached at iteration 5. B, at the CMB for the smoothest model that fits the data (iteration 5) has
more muted structure than that required to fit the PSV10ys data set (iteration 14, Figure 10b). This is
expected because of the temporal averaging inherent in the PSV10-SCys data set and associated reduction
in number of bins with more than 10 sites. We also show B, at the CMB for iteration 15. The RMS misfit is
1.12 and the model has similar spatial structure to the models for PSV10-SCys at iterations 12 and 14 (Figure
10b), supporting the notion that this level of structure is implied by the PSV10ys data.

6.3. Discussion

Fitting the observations to the required tolerance in LN3 and LN3-SC gives an overall reduction in the size of
the residuals in Figure 9 although there are a few locations where the residuals increase due to mutually
incompatible regional data. The detailed structure and amplitude in the models is sensitive to the linked
effects of serial correlation and data distribution. Removing sites with possible serial correlation affects the
data distribution, eliminating coverage in some geographical bins because of a reduction in the number of
sites in the region to less than 10. As a result, the overall non-zonal signal in B, at the CMB is smaller for LN3-
SC than LN3 (Figure 10c versus Figure 10b). Predictions from LN3 and LN3-SC provide inclination anomalies
(Al, Figures 11a and 11b) and declination anomalies (AD, Figures 12a and 12b) relative to GAD at Earth's
surface.

The dominant non-GAD term for LN3 is the axial quadrupole g3 which produces an overall north-south
hemispheric asymmetry in the field, and overall negative inclination anomalies at low latitudes (Figure 11a).
The g3 term is 3.0% of g2, which is not sufficiently large to produce detectable north-south asymmetries in
VGP dispersion. LN3, and all models for PSV10ys using at least five samples per site, show longitudinal varia-
tions in the magnetic equator and regions of increased radial flux at high latitudes over the Americas, the
Indian Ocean and Asia. Al and AD at the surface also exhibit substantial variations in longitude, highlighting
the need for this structure to explain the observations.

Model LN3 can be seen as a direct successor to LN1, and other 0-5 Myr models based on directions from
lava flows (Gubbins & Kelly, 1993; Johnson & Constable, 1995; Kelly & Gubbins, 1997). There are similarities

Figure 11. Inclination anomalies, Al at the Earth’s surface in degrees predicted by models (a) LN3, (b) LN3-SC, (c)
CALS10k.2 (Constable et al., 2016), and (d) LN1 (Johnson & Constable, 1995). Contour intervals are 1°.
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Figure 12. Declination anomalies, AD at the Earth’s surface in degrees predicted by models (a) LN3, (b) LN3-SC, (c)
CALS10k.2 (Constable et al., 2016), and (d) LN1 (Johnson & Constable, 1995). Contour intervals are 1°.

in the morphology of Al for LN3 and LN1 (Figures 11a and 11d, respectively), but the overall amplitude is
considerably reduced in LN3, as a result of the substantial improvement in data coverage and quality
afforded by the PSV10ys data set. The one region where Al predicted by LN3 and LNT1 is quite different is
South America. LN3 predicts negative inclinations, consistent with other low latitude sites, in contrast to a
large positive inclination predicted by LN1. AD for LN3 and LN1 (Figures 12a and 12d) also differ most over
the Americas and the Atlantic. These differences in AD and Al reflect the greatly enhanced data distribution
over the Americas in PSV10 compared with earlier paleodirectional data compilations. The axial quadrupole
g5 is also the dominant term during the Holocene period as can be seen in Al for Model CALS10k.2 (Consta-
ble et al.,, 2016) in Figure 11c. LN3 shows some differences in non-zonal structure c.f. CALS10k.2. In particular
the strong Indian Ocean negative Al and weak positive Al over western North America and the northwest
Pacific in CALS10k.2 are not seen in LN3. This suggests that more than 10 kyr is needed to fully recover sta-
ble structure in the basic field morphology.

Finally, model LN3-SC is more muted in structure, in particular in non-zonal structure, than model LN3. As
described above this reflects the removal of possibly serially correlated sites, but equally importantly the
reduction in geographical coverage that results from this. For example, PSV10-SC lacks key Southern Hemi-
sphere coverage in the Indian Ocean relative to its PSV10 counterpart. Figures 11 and 12 show correspond-
ingly weaker Al and AD at the surface with substantial differences in structure from LN3, despite
qualitatively similar, albeit damped, structure in Br at the CMB. As discussed in section 6.2, inversions using
PSV10-SC are in fact stable to lower RMS misfits than that corresponding to LN3-SC and models for those
lower misfits (e.g., iteration 15 of the PSV10-SC data set in Figure 10c) are very similar to LN3. Thus, we con-
sider LN3-SC a conservative end-member for structure in the normal polarity 0-5 Ma TAF.

7. Conclusions

We have compiled a new data set, PSV10, of high-quality paleodirectional results from lava flows that
includes 2,401 sites from 81 studies published between 1989 and 2017. Paleomagnetic data from all studies
can be found in the MagIC database (https://earthref.org/MAGIC). PSV10 comprises a five-fold increase in
high-quality data over the PSVRL data base (McElhinny & McFadden, 1997), with greatly improved spatial
coverage, particularly in the Southern Hemisphere. Temporal sampling is substantially improved at many
locations, as is temporal control in the data set, with ~40% of sites in PSV10 having associated radiometric
or historic ages. We addressed the issue of temporal oversampling by sequences of lava flows extruded
over short time scales using two approaches: either averaging the directional information from all flows in a
given section, or retaining only the top and bottom flows. The resulting derived data sets are denoted by
PSV10-SC and PSV10-TB, respectively.
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Paleodirectional data from Hawaii have often been interpreted to show a large departure from GAD in the
time-averaged field (e.g., Johnson & Constable, 1997) and low PSV (e.g., Doell & Cox, 1963). In PSV10, the
extensive data set from Hawaii comprises data from several distinct lava flow sections that may result in over-
sampling of limited time intervals, with associated biased estimates of PSV. The effects of such oversampling
are reduced in PSV10-SC (to the effect possible given the sections sampled): this data set shows a reduced
magnitude inclination anomaly, but somewhat surprisingly, a larger declination anomaly than in PSV10.

We analyzed latitudinal variations in PSV and the TAF. A new feature in this compilation is the substantially
larger increase in S¢ with latitude in the Southern Hemisphere than in the north, an asymmetry noted by
Cromwell et al. (2013a), and well documented for the Holocene time interval (Constable et al., 2016). This
asymmetry is not present when the Vandamme VGP cutoff criterion is applied, suggesting that it reflects
geographical differences in the percentage of transitional sites. PSV10 and PSV10-SC show some general
agreement with values predicted by Model G and TK03. However, neither data set is statistically fit by either
model for PSV or by GAD or simple zonal variations in the non-GAD field for the TAF.

We used normal polarity sites for 0-5 Ma from PSV10 and PSV10-SC to generate new regularized TAF mod-
els that allow non-zonal structure. The resulting models, LN3 and LN3-SC show non-zonal structure, with
LN3-SC showing more muted structure than LN3 as a result of the correction for serial correlation and the
reduced data coverage. LN3 shows similarities to previous 0-5 Ma non-zonal TAF models (Gubbins & Kelly,
1993; Johnson & Constable, 1995; Kelly & Gubbins, 1997), in particular longitudinal variations in the mag-
netic equator and regions of increased radial flux at high latitudes over the Americas, the Indian Ocean and
Asia. These models constitute the first global TAF models made from a global data set that meets modern
laboratory protocols and that has greatly improved geographical coverage over previous data compilations.
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