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SUMMARY

Palacomagnetic poles form the building blocks of apparent polar wander paths and are used
as primary input for quantitative palaeogeographic reconstructions. The calculation of such
poles requires that the short-term, palacosecular variation (PSV) of the geomagnetic field is
adequately sampled and averaged by a palacomagnetic data set. Assessing to what extent PSV
is recorded is relatively straightforward for rocks that are known to provide spot readings of
the geomagnetic field, such as lavas. But it is unknown whether and when palacomagnetic
directions derived from sedimentary rocks represent spot readings of the geomagnetic field
and sediments are moreover suffering from inclination shallowing, making it challenging to
assess the reliability of poles derived from these rocks. Here, we explore whether a widely
used technique to correct for inclination shallowing, known as the elongation—inclination
(E/T) method, allows us to formulate a set of quality criteria for (inclination shallowing-
corrected) palacomagnetic poles from sedimentary rocks. The E/I method explicitly assumes
that a sediment-derived data set provides, besides flattening, an accurate representation of
PSV. We evaluate the effect of perceived pitfalls for this assumption using a recently published
data set of 1275 individual palacomagnetic directions of a >3-km-thick succession of ~69—
41.5 Ma red beds from the Gonjo Basin (eastern Tibet), as well as synthetic data generated
with the TK03.GAD field model. The inclinations derived from the uncorrected data set
are significantly lower than previous estimates for the basin, obtained using coeval lavas, by
correcting inclination shallowing using anisotropy-based techniques, and by predictions from
tectonic reconstructions. We find that the E/I correction successfully restores the inclination
to values predicted by these independent data sets if the following conditions are met: the
number of directions N is at least 100, the A95 cone of confidence falls within a previously
defined A95in-max reliability envelope, no negative reversal test is obtained and vertical-axis
rotation differences within the data set do not exceed 15°. We propose a classification of
three levels (A, B and C) that should be applied after commonly applied quality criteria
for palacomagnetic poles are met. For poles with classification ‘A’, we find no reasons to
assume insufficient quality for tectonic interpretation. Poles with classification ‘B’ could be
useful, but have to be carefully assessed, and poles with classification ‘C’ provide unreliable
palaeolatitudes. We show that application of these criteria for data sets of other sedimentary
rock types classifies data sets whose reliability is independently confirmed as ‘A’ or ‘B’, and
that demonstrably unreliable data sets are classified as ‘C’, confirming that our criteria are
useful, and conservative. The implication of our analysis is that sediment-based data sets of
quality ‘A’ may be considered statistically equivalent to data sets of site-mean directions from
rapidly cooled igneous rocks like lavas and provide high-quality palacomagnetic poles.

Key words: Palacomagnetic secular variation; Palaeomagnetism; Statistical methods; Incli-
nation shallowing; E/I correction.
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1 INTRODUCTION

Palacomagnetic poles are extensively used as input for palacogeo-
graphic reconstructions and models of regional tectonic deforma-
tion, and for the construction of apparent polar wander paths (AP-
WPs, e.g. Besse & Courtillot 2002; Torsvik et al. 2008, 2012; Kent
& Irving 2010; Kent & Muttoni 2020; Li et al. 2017; Wu et al. 2020).
These APWPs describe the motion of plates and continents relative
to the Earth’s spin axis and thereby provide the reference frame for
palaeogeography, -palacoclimate, palacobiology and palacoceanog-
raphy studies (e.g. van Hinsbergen et al. 2015). Each palacomag-
netic pole is assumed to provide an accurate representation of the
time-averaged geomagnetic field that existed during the formation
of the rock, and that this field is approximately a geocentric axial
dipole (GAD) field (e.g. Creer et al. 1954; Tauxe & Kent 2004).
To evaluate the reliability of a pole, the palacomagnetic commu-
nity widely uses a set of seven criteria, originally formulated by
van der Voo (1990) and recently updated by Meert ez al. (2020). A
fundamental requirement for a reliable pole is that the short-term,
palaeosecular variation (PSV) of the geomagnetic field is adequately
sampled, such that it can be averaged ‘out’ to obtain an accurate esti-
mate of the GAD field (e.g. Butler 1992; Deenen ef al. 2011; Meert
et al. 2020).

To assess to what extent PSV is recorded by a data set, the ob-
served dispersion of virtual geomagnetic poles (VGPs) is commonly
evaluated against statistics-based criteria that are derived from ref-
erence models of the geomagnetic field (e.g. Butler 1992; Deenen
et al. 2011, 2014; Meert et al. 2020). These models are calibrated
against palacomagnetic measurements obtained from fast-cooled,
young (<5 Ma) igneous rocks, whose within-site directional re-
producibility is checked against quantitative criteria (typically sites
with £ > 50 are considered reliable spot readings, e.g. Biggin et al.
2008; Johnson et al. 2008), and whereby the thermal remanent mag-
netization acquired during rapid cooling provides, in principle, an
‘instantaneous’ record of the ambient field (e.g. McElhinny & Mc-
Fadden 1997; Tauxe & Kent 2004; Johnson et al. 2008; Cromwell
et al. 2018; Doubrovine et al. 2019). Statistics-based quality crite-
ria derived from these models thus apply to data sets whereby each
VGP represents a spot reading of the geomagnetic field, such as
those obtained from lavas and thin dykes (e.g. Meert et al. 2020).
But, for sedimentary rocks, it is often unclear whether individual
directions (or VGPs) provide spot readings of the geomagnetic field.
On the one hand, sediment samples represent some geological time
and partial averaging of PSV may occur in a single palacomag-
netic sample, depending on the rate of sediment accumulation and
the duration of acquisition of the remanent magnetization (Kodama
2012). On the other hand, because sedimentary beds do not form
geologically instantaneously, like lavas do, there are currently no
objective criteria to assess whether a sediment-based palacomag-
netic direction is reproducible and whether it may be considered a
spot reading. For instance, Meert ef al. (2020) recommend taking
at least three samples per horizon but provide no definition of a
horizon or a statistical criterion to test the internal consistency of
a sedimentary site. As a result, the chance of including erroneous
directions is thus larger for sediments than for lavas. This makes it
challenging to test whether the scatter of directions (and associated
VGPs) in a sediment-based data set is representative for PSV, such
that an accurate palacomagnetic pole may be determined.

Despite these problems, a method that is widely used in the
palaeomagnetic community to correct for the notorious problem
of inclination shallowing explicitly assumes that each palacomag-
netic direction obtained from a sedimentary rock closely represents

a spot reading of the geomagnetic field: the so-called elongation—
inclination (E/I) method of Tauxe & Kent (2004). In sedimentary
rocks that suffer from inclination shallowing, the observed incli-
nation is shallower than the inclination of the geomagnetic field
in which the rocks were initially magnetized (King 1955). Incli-
nation shallowing is widely observed in clastic sedimentary rocks,
and particularly in hematite-bearing red beds, but has also been
documented for carbonate rocks (e.g. Dallanave ef al. 2009, 2012;
Meijers et al. 2010a,b; Muttoni ez al. 2013, 2018). When unnoticed,
inclination shallowing may lead to major underestimations of the
primary palaeomagnetic inclination (and associated palaeolatitude)
of up to 25-30° (e.g. Kodama 2012). Inclination shallowing may
thus cause a substantial bias in palacogeographic reconstructions
or (reference) APWPs, for which palacomagnetic poles from sedi-
mentary rocks are widely used as input (e.g. Kent & Irving 2010;
Domeier et al. 2011; Torsvik et al. 2012; Muttoni et al. 2013; Wu
et al. 2017, 2020; Kent & Muttoni 2020). Therefore, this artefact
must be corrected for before a sediment-based pole is included in
such models, and the E/I method is widely used to this end.

Importantly, the E/I method critically relies on the assumption
that the observed distribution of palacomagnetic directions pro-
vides, besides flattening, an accurate representation of PSV (Tauxe
& Kent 2004; Tauxe et al. 2008). The method has been shown to
successfully restore inclinations to values confirmed by indepen-
dent data sets that were obtained using anisotropy-based inclination
shallowing corrections or from lava-based data sets (e.g. Kent &
Tauxe 2005; Tauxe et al. 2008; Bilardello et al. 2011; Huang et al.
2013, 2015). Nevertheless, there are several perceived pitfalls that
could make it difficult to distinguish the scatter related to PSV from
other sources of noise, for example resulting from syn-sedimentary
rotations (Kodama 2012; Li & Kodama 2016; Meng ef al. 2017),
secondary magnetic overprints (Channell et al. 2010; Bilardello
et al. 2018), misorientations of particles (Jezek er al. 2012; Bi-
lardello 2013; Bilardello et al. 2013), partial averaging of PSV in a
sample (Kodama 2012; Li & Kodama 2016), tectonic strain (Dal-
lanave & Kirscher 2020), or measuring errors. Importantly, if the
observed scatter in the palacomagnetic data set does not accurately
represents PSV, the E/I correction yields erroneous inclination shal-
lowing corrections. However, if the E/I method indeed restores the
correct primary inclination, then the assumption that the data scatter
represents PSV is apparently a correct approximation. In that case,
a reliable, inclination shallowing-corrected palacomagnetic pole is
obtained. Despite the identification of potential pitfalls such as those
listed above, there are currently no (quantitative) guidelines for the
robust application of the E/I correction.

In this paper, we investigate under which circumstances the E/I
method accurately corrects for inclination shallowing. As a basis for
our analysis, we use an exceptionally large data set of 1275 individ-
ual palacomagnetic directions from a >3 km-thick succession of
red beds from the Gonjo Basin of eastern Tibet (Fig. 1), cover-
ing a magnetostratigraphically constrained ~27.5 Ma time interval
(~69—41.5Ma, Lietal. 2020a,b). Li et al. (2020a,b) showed that the
sampled sedimentary sequence contains commonly quoted potential
pitfalls for the E/I correction method (e.g. Kodama 2012; Li & Ko-
dama 2016): intervals with syn-sedimentary vertical-axis rotations,
large variations in sedimentation rate (of <10 to >25 cmka™), in-
tervals with low magnetic intensity, and intervals with stronger and
weaker anisotropy of magnetic susceptibility (AMS) fabrics, amidst
segments without such potential pitfalls. We assess how these pa-
rameters affect the results of the E/I correction. In addition, we
test the influence of partial averaging of PSV, the application of
commonly used cut-offs, and the number of directions used for the
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Figure 1. (a) Simplified tectonic map of the Tibetan region after Li ef al. (2020a). The location of the sampled section (30.85°N, 98.3°E) is indicated by
a red star. For more details on the basins and faults, please see Li ef al. (2020a). (b) All 1275 palacomagnetic directions of the Gonjo Basin from Li ef al.
(2020a,b) that are used in this study. (¢) Comparison of lithology, palacomagnetic declination and sedimentation rate against stratigraphic level in the Gonjo
Basin section, modified after Li ez al. (2020a,b). The interpreted magnetozones and their correlation with the geomagnetic polarity timescale is also shown.
The orange curve shows the vertical-axis rotations identified by Li et al. (2020a).

E/I correction, by using both the Gonjo Basin data set as well as corrected data sets to evaluate whether our new criteria correctly
synthetic data sets drawn from the TK03.GAD field model of Tauxe classify data sets that were independently demonstrated to be reli-
& Kent (2004). Based on our analysis, we propose a set of relia- able or unreliable. We discuss how the new criteria, which form an
bility criteria for the successful application of the E/I correction. extension of the widely applied criteria as formulated by Meert ez al.

We then use an extensive compilation of previously published E/I (2020), may be used to evaluate the reliability of sediment-based
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palaecomagnetic poles. Finally, we discuss the implications of our
analysis for the use and statistical treatment of palacomagnetic data
from sedimentary rocks and the poles derived from those.

2 BACKGROUND OF THE E/I METHOD

Inclination shallowing was first recognized some 65 yr ago by King
(1955) and results either from depositional processes (e.g. Grif-
fiths et al. 1960; Tauxe & Kent 1984; Tauxe et al. 2006) and/or
post-depositional compaction (e.g. Anson & Kodama 1987; Ko-
dama 1997). More recently, it was shown by both numerical and lab
experiments that particle misalignment due to processes that occur
in the water column may provide a significant contribution to shal-
low inclinations (e.g. Jezek et al. 2012; Bilardello 2013; Bilardello
et al. 2013). Palaecomagnetic directions that suffer from inclination
shallowing are well-documented, for instance from Cenozoic clas-
tic sedimentary rocks in Central Asia (e.g. Gilder ef al. 2001; Tan
et al. 2003; Dupont-Nivet et al. 2010; Huang et al. 2013, 2015; Li
et al. 2013). The problem of inclination shallowing is not restricted
to a specific type of sedimentary rocks, and has been reported for
hematite-bearing red beds (e.g. Tauxe & Kent 1984; Garcés et al.
1996; Gilder et al. 2001; Tan & Kodama 2002; Kent & Tauxe 2005;
Billardello & Kodama 2010a), magnetite-bearing (marine) clastic
sediments (e.g. Ali et al. 2003; Tamaki et al. 2008; van Hinsbergen
et al. 2010; Huang ef al. 2015) and carbonate rocks (e.g. Dallanave
et al. 2009, 2012; Meijers et al. 2010a,b; Channell et al. 2010;
Muttoni et al. 2013, 2018).

Presently, two different approaches are routinely used to correct
for inclination shallowing: the palacomagnetic direction-based E/I
method (Tauxe & Kent 2004) and the sedimentary fabric-based
methods that use magnetic anisotropy of susceptibility and rema-
nence (e.g. Jackson et al. 1991; Kodama 1997, 2009; Tan & Kodama
2003). The anisotropy-based corrections focus on the assemblage
of individual magnetic particles themselves, providing direct phys-
ical evidence for compaction-induced strain, and infer from this
the magnitude of inclination shallowing. The E/I method, on the
other hand, relies on the comparison of the observed distribution
of palacomagnetic directions with the expected ratio of elongation
versus mean inclination, as predicted by the TK03.GAD giant Gaus-
sian process (GGP) model of the geomagnetic field (Tauxe & Kent
2004). Although the two approaches have previously provided very
similar results where they were both applied to the same sample col-
lection (Tauxe et al. 2008; Bilardello ef al. 2011; Huang et al. 2013,
2015; Tong et al. 2017; Westerweel et al. 2019), the E/I method
has several important advantages: it requires no additional time-
consuming (rock) magnetic experiments other than straightforward
demagnetization, it is relatively easy to use, and it is routinely in-
corporated in palacomagnetic software packages (e.g. Koymans et
al. 2016, 2020; Tauxe et al. 2016).

The E/I method forms one of the main applications of the
TKO03.GAD statistical model of geomagnetic secular variation
(Tauxe & Kent 2004). The TK03.GAD model parameters were con-
figured to fit a compilation of palacomagnetic data by McElhinny &
McFadden (1997), whereby each of the >2500 palacomagnetic di-
rections (and associated VGPs) represented a multispecimen av-
erage of a spot reading of the geomagnetic field obtained from a
single lava flow or thin dyke that erupted during the last 5 Myr.
Although the compilation of McElhinny & McFadden (1997) is
now outdated, the TK03.GAD model still provides an adequate fit
with the more recent PSV10 database by Cromwell et al. (2018),
at least for latitudes up to 70° (Brandt et al. 2020). Importantly, by

using the TK03.GAD model, and therefore also the E/I method, one
implicitly assumes that the past time-averaged geomagnetic field
behaved similar to that of the last 5 Myr and closely resembles that
of a GAD field (Tauxe & Kent 2004; Tauxe 2005). The E/I method
has been shown to produce robust results when applied to data sets
derived from Mesozoic and Upper Palaeozoic rocks (e.g. Kent &
Tauxe 2005; Tauxe et al. 2008; Bilardello et al. 2011), suggesting
that the technique may be reliably applied to rocks much older than
5 Ma.

The TK03.GAD model generates circularly symmetric distribu-
tions of VGPs, which give directional distributions that are elon-
gated along the meridian, that is in the north—south direction.
This elongation of palacomagnetic directions was already described
more than 50 yr ago and varies as a function of latitude (Creer et al.
1959; Creer 1962; Cox 1970; Tanaka 1999). The degree of elon-
gation can be expressed by the elongation parameter £, which is
defined as the ratio of the intermediate and minimum eigenvalues
(t2/73) of a tensor fit to the distribution of directions (Tauxe 1998).
In the TK03.GAD model, the elongation decreases with increasing
latitude (and hence increasing inclination) from about 3 at the equa-
tor to close to 1 at the poles (Tauxe & Kent 2004). The E/I method
exploits this relationship between the elongation and inclination to
both detect and correct for inclination shallowing.

Inclination shallowing processes like post-depositional com-
paction may result in a ‘flattening’ of the distribution of palaeo-
magnetic directions from sedimentary rocks, reducing both the
(north—south) elongation (£) and mean inclination (/). In princi-
ple, the E/I method assumes that any deviations from the elongation
versus inclination curve, as predicted by the TK03.GAD model, are
purely the result of inclination shallowing and that this shallowing
follows the equation of King (1955): tan [, = f'tan I, where f'is the
so-called flattening factor and / and /; are the observed and applied
field inclination, respectively. This relationship indicates that the
effect of inclination shallowing is the greatest for rocks formed at
intermediate latitudes, whereby observed inclinations may be up to
25-30° too shallow (e.g. Kodama 2012). Notably, it has been shown
that there is no characteristic flattening factor for either hematite-
or magnetite-bearing sediments, and the magnitude of inclination
shallowing may vary significantly between different sedimentary
successions or lithologies (e.g. Kent & Tauxe 2005; Bilardello &
Kodama 2010b; Kodama 2012), indicating that the magnitude of
flattening depends on the specific lithological and rock magnetic
characteristics of the sampled rocks. We note, however, that the E/I
method assumes that the palacomagnetic directions used for the cor-
rection have the same average flattening factor (Tauxe et al. 2008),
regardless of the lithological variations throughout the sampled
stratigraphy. For hematite-bearing rocks such as (most) red beds,
obtained flattening factors are often within the range of /= 0.4-0.7
(Kent & Tauxe 2005; Bilardello & Kodama 2010b; Kodama 2012).

The E/I method relies on the assumption that the scatter in the
palaecomagnetic data set on which it is applied is representative of
PSV. Based on Monte Carlo simulations, an estimated minimum
number of 100 readings of the geomagnetic field are required to
accurately represent secular variation and to provide a reliable incli-
nation shallowing correction (Tauxe ef al. 2003, 2008). The method
is thus particularly well suited on large data sets, such as those de-
rived from magnetostratigraphic studies. To correct for inclination
shallowing, a stepwise unflattening of the distribution is applied by
using different values for f, starting with /= 1 (no flattening) and
decreasing toward = 0 (complete flattening). The ‘original” field
inclination is then estimated by calculating the ratio of elongation
versus mean inclination, until it matches the predicted E/I curve
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(Fig. 2; Tauxe & Kent 2004). Confidence bounds are subsequently
obtained by performing a bootstrap resampling technique on the
data set, whereby the 95 per cent confidence bounds are given by
the interval of inclinations in which 95 per cent of the (e.g. 1000)
bootstrapped pseudosamples lie (Fig. 2).

3 DATA SET

We use the extensive palaeomagnetic data set from a high-resolution
magnetostratigraphy study by Li et al. (2020a) from a section cover-
ing the 69—41.5 Ma time interval. Sampling was performed along a
3325-m-thick section in the Gonjo Basin (30.85°N, 98.3°E, Fig. 1a),
located in the eastern part of the Qiangtang terrane, eastern Tibet.
The >200-km-long NW-SE-oriented Gonjo Basin is one of many
thrust-bounded basins in central and eastern Tibet and is inter-
preted to have formed as a syn-contractional basin in the footwall
of the Yangla fold-thrust system (Studnicki-Gizbert et al. 2008;
Tang et al. 2017). The sedimentary strata of the basin are now
exposed in an asymmetric syncline, and mainly consist of red-
coloured mudstones, sandstones and rare conglomerates, reaching
a total thickness of >3500 m (Studnicki-Gizbert et al. 2008; Tang
et al. 2017).

Palaecomagnetic samples were collected in the field with an av-
erage interval of ~2 m. Rock magnetic analysis suggested that
hematite is the main carrier of magnetic remanence in the Gonjo
Basin rocks, with a small contribution of magnetite for the bottom
part of the section (Li er al. 2020a,b). After progressive stepwise
thermal demagnetization up to a maximum temperature of 690 °C
on 1766 palacomagnetic samples, a total of 1317 characteristic re-
manent magnetization (ChRM) directions were identified, of which
42 directions were determined using the great circle approach of
McFadden & McElhinny (1988). Because great circle-determined
directions are not direct measurements of the palaecomagnetic field,
but best-fitting approximations, we exclude these from the data set.
This gives a total of 1275 palacomagnetic directions that were used
for the analysis presented here (Fig. 1b; Table S1, Supplementary
Materials A). A positive fold test (Tauxe & Watson 1994) and posi-
tive reversal test of the non-rotated intervals support a primary origin
of the remanent magnetization for the sampled succession (see Li
et al. 2020a), consistent with previous palacomagnetic studies of
the same basin (Tong et al. 2017; Zhang et al. 2018).

Li et al. (2020a) showed that the sampled sedimentary sequence
of the Gonjo Basin records two syn-depositional vertical-axis rota-
tion phases: a ~10° counter-clockwise rotation from 69 to 67 Ma
and a ~30° clockwise rotation from 52 to ~48 Ma (Fig. 1c). In
addition, correlation of the observed magnetozones with the ge-
omagnetic polarity timescale revealed two phases with a higher
sediment accumulation rates of ~20 cmka™!, at 69—64 Ma and 52—
48 Ma, amidst rates of 7-8 cmka ™' for the other time intervals
(Fig. 1c). These phases with rapid sedimentation are largely coeval
with the observed rotations, leading Li et al. (2020a) to suggest that
they reflect two distinct pulses of crustal shortening. This interpre-
tation is supported by a subsequent study on the AMS of the same
sedimentary succession, which showed the presence of a ‘pencil
structure’ fabric (e.g. Parés et al. 1999) in the ~52-41.5 Ma inter-
val of the section, indicating an increase in tectonic strain at ~52
Ma (Li et al. 2020b). Here, we make extensive use of the detailed
information on the sampled sedimentary succession of the Gonjo
Basin provided by these previous studies, and we refer the reader to
Li et al. (2020a,b) for details on demagnetization, rock magnetism,
AMS and field tests.

Reliability of poles from sedimentary rocks 1285

4 METHODS

We perform a series of experiments to test under which circum-
stances the E/I method produces robust and reproducible results,
and how the technique may be used to assess whether PSV is ade-
quately sampled by the palacomagnetic data set. We assess how the
results may be affected by vertical-axis rotations, variations in sed-
imentation rate, the presence of non-PSV-induced scatter, the effect
of cut-offs and the number of directions used for the correction.
In each experiment described below, we apply the E/I correction
for inclination shallowing (Tauxe & Kent 2004) to collections of
palacomagnetic directions selected from the total data set of 1275
directions. The size of each collection depends on the question ad-
dressed, but sample sets were drawn in consecutive stratigraphic
order. In addition, we use synthetic data sets of directions generated
from the TK03.GAD model of Tauxe & Kent (2004). We devel-
oped a number of Python codes to perform our calculations and
to visualize our results, whereby we made extensive use of several
key functions and programs from the freely available palacomag-
netic software package PmagPy (Tauxe et al. 2016). In particular,
we used the ‘find_ei’ and ‘tk03” programs from this package to
perform the E/I correction and to generate synthetic data from the
TKO03.GAD model, respectively. The E/I correction uses the princi-
pal direction of the data, corresponding to the eigenvector associated
with the maximum eigenvalue of a tensor fit to the distribution of
palacomagnetic directions (Tauxe & Kent 2004; Tauxe 2005). For
consistency, we express the average palacomagnetic direction of
each collection of palacomagnetic directions by the principal di-
rection, rather than the Fisher (1953) mean direction. It has long
been shown that Fisher (1953) statistics should not be applied to
palaeomagnetic directions (e.g. Creer et al. 1959; Cox 1970; Tauxe
& Kent 2004), but may be applied to VGPs instead (Deenen et al.
2011). In the following, we only use Fisher (1953) statistics for the
calculation of two commonly used statistical parameters related to
the observed distribution of VGPs: the radius of the 95 per cent
confidence circle about the mean (A95) and the Fisher precision
parameter (K).

As areference to test the E/I corrected inclination values against,
we use three independent estimates of the inclination (and palae-
olatitude) for (the eastern part of) the Qiangtang terrane (Fig. 3).
First, we use the result of the anisotropy-based inclination shallow-
ing correction method of Hodych & Buchan (1994) performed by
Tong et al. (2017) on Gonjo Basin sediments, revealing a corrected
inclination of 41.6° (g5 = 3.2°), corresponding to a palacolatitude
of 23.9 £ 1.9°. They obtained similar values by applying the E/I
method to separate data sets from two limbs of a large fold, yielding
corrected inclinations 0f 40.3° (34.0—45.3°) and 40.4° (33.5-46.7°),
respectively. The age of the sampled succession was initially esti-
mated as 43.2-56.0 Ma by Tong et al. (2017), but is likely younger
than the end of the ~30° clockwise rotation (~48 Ma), based on
a comparison of the observed mean declination of ~35° with the
declination curve from Li et al. (2020a). Secondly, Roperch et al.
(2017) reported a mean inclination of 41.6° (a9s = 8.0°), corre-
sponding to an in situ palaeolatitude of 23.9 &£ 6.5°, from 21 sites
in 49-51 Ma lavas of the Xialaxiu area, located ~250 km to the
north-northwest of the Gonjo basin. Third, we use estimates of the
inclination of the (eastern) Qiangtang terrane as predicted by kine-
matic restorations of eastern Tibet based on structural geological
constraints on intra-Tibetan shortening and extrusion (van Hins-
bergen et al. 2019) placed in the global palacomagnetic reference
frame of Torsvik ef al. (2012) (Fig. 3). We note that the observed
inclination values of Tong et al. (2017) and Roperch ez al. (2017) are
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Figure 2. Examples of three groups of 100 successive palacomagnetic directions from the Gonjo Basin data set. The stereographic plots (a, d, g) show the
uncorrected palacomagnetic directions (converted to normal polarity, blue circles), the principal direction (black star) and the E/I corrected mean direction (red
star) for the three different groups. (b, e, g) Application of the E/I method to the directional data set. The red curves show the elongation versus inclination
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~5-8° lower than the expected values based on the global APWP

5 RESULTS

of Torsvik et al. (2012), in line with previous reports of persistently

low inclinations for East Asia for the 50-20 Ma time interval (e.g.
Cogné et al. 1999, 2013, Hankard et al. 2007; Dupont-Nivet et al.
2010). For the ~41.5-50 Ma time interval, we therefore use the
results obtained by Tong et al. (2017) and Roperch et al. (2017)
as the primary reference against which we compare our corrected

inclinations.

5.1 Reproducibility of the results of the E/I method

First, we test the reproducibility of the E/I method by applying
the correction to groups of 100 successive palacomagnetic direc-
tions selected from the total data set (see examples in Fig. 2). We
select these directions by using a sliding window with an inter-
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Figure 3. Estimated inclination for the eastern Qiangtang terrane at reference coordinate 30.85°N, 98.3°E based on previously published palacomagnetic
results: the 51-49 Ma lavas of the Xialaxiu area (Roperch et al. (2017) and the inclination shallowing-corrected result for the Gonjo Basin red beds (Tong ez al.
2017), which are shown in red and blue, respectively. The expected inclination for the Gonjo Basin based on the kinematic reconstruction of the Tibetan region
by van Hinsbergen et al. (2019), placed in the palacomagnetic reference frame of Torsvik ez al. (2012), is depicted by the light blue curve (with confidence
region). This figure was created using paleomagnetism.org (Koymans et al. 2016, 2020).

val of 25 directions. By doing so, we obtain 48 groups of 100
directions, and compute the inclination before and after E/I correc-
tion (Fig. 4). The uncorrected group-mean inclinations mostly fall
within the range of 20-30°, with some outliers of >30° (Fig. 4a).
These are significantly (~10-20°) lower than the primary inclina-
tions estimated by Tong et al. (2017) and Roperch et al. (2017),
and the predicted inclination for the eastern Qiangtang terrane
(Section 4; Fig. 3).

The E/I correction yields mean inclinations that are generally
~10-25° higher than the observed inclinations. The associated flat-
tening factors are generally between /= 0.40 to f'= 0.65 (Fig. 4b),
with a mean of /= 0.50 and a standard deviation of 0.10, con-
sistent with previously obtained values for hematite-bearing rocks
(Kent & Tauxe 2005; Bilardello & Kodama 2010b; Kodama 2012).
The median uncorrected and corrected inclination are 27.0° and
45.0°, respectively, and approximately 60 per cent of the corrected
inclinations fall within 5° from this median value. The results for
the youngest part of the succession, with an age of <50 Ma, are
in agreement with the estimated primary inclination of 41.6° from
Tong et al. (2017) and Roperch et al. (2017) and are thus somewhat
lower than predicted by the reference APWP of Torsvik et al. (2012).
However, for seven groups the E/I correction yields anomalously
high inclinations of >55°, some 25-35° higher than the original
group-mean inclinations, and entirely inconsistent with independent
estimates or tectonic reconstructions (Fig. 4a). In the following, we
evaluate to what extent selected potential pitfalls may explain these
mismatches.

5.2 Syn-sedimentary rotations

Vertical-axis rotation phases that occur during sediment deposition
leads to a wider spread of palacomagnetic declinations than caused
by PSV alone, and thus affects the elongation of the distribution of
directions (e.g. Kodama 2012; Tong et al. 2015; Meng et al. 2017,
Zhang et al. 2018). To quantify the effect of syn-sedimentary rota-
tions, we created data sets of palacomagnetic directions generated
with the TK03.GAD field model. We used 200 directions to obtain
more precise corrections compared to when using the required min-
imum of 100 directions, although we note that the latter produces
very similar results. We first simulated inclination shallowing by
applying a flattening factor of 0.6 to the synthetic data, after which
we rotated half of the directions with a predefined rotation angle,
followed by the application of the E/I method to retrieve the orig-
inal inclination. Fig. 5 shows that increased elongation caused by
the vertical-axis rotation leads to an overcorrection of the original
inclination. Unsurprisingly, this overcorrection increases with in-
creasing rotation angle. We note that the results are independent of
the applied flattening factor, however. The simulations predict an
overestimation of the original inclination of <3° for vertical-axis
rotations up to 10°. Also, the magnitude of the rotation-induced
overcorrection is dependent on the latitude (and thus, inclination)
for which the synthetic data were generated. The largest effect of
the simulated syn-sedimentary rotations is observed for the lati-
tude range of ~10-30° (Fig. 5). For low latitudes, overcorrections
of >10° may be expected for rotations >20°. For higher latitudes
(>50°), the effects of vertical-axis rotations are relatively limited.
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Within our data set, most groups in the interval that recorded
the ~30° clockwise rotation phase (~52-48 Ma; Figs 4a and c)
do not yield a significant overestimation of the initial inclination,
although it should be noted that the rotation phase covers an in-
terval of ~160 directions: collections of 100 samples in this case
thus only record part of the rotation. Only the groups that consist
mostly of directions numbered 450-500, the interval of successive
samples for which we observe a change in declination of ~20°,

give an overcorrection of ~5-10°. A larger effect is, however, ob-
served for data sets that cover the entire rotation phase. In Section
5.6, where we will test the effect of increasing N, we will return
to this topic. We note that the ~52-48 Ma deformation phase also
coincides with the development of a ‘pencil structure’ AMS fabric,
which appears in the sediments of ~52 Ma and younger (Li et al.
2020b). The presence of a (strong) tectonic fabric may affect the
elongation of the directional distribution, as recently shown by Dal-
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lanave & Kirscher (2020), and thus also contribute to the observed
overestimations of the primary inclination for this interval. How-
ever, the ‘pencil structure’ fabric is also observed for the ~48-41.5
Ma interval (Li ef al. 2020b), which yielded corrected inclinations
that are consistent with independent results (Fig. 4a), suggesting
that the influence of the tectonic fabric on our results is limited.
Finally, we find that the ~10° counter-clockwise rotation recorded
by the lowermost part of the sampled sequence (~69—67 Ma) does
not seem to significantly affect the results of the E/I method, in line
with the results of the simulations described above.

As a third experiment, we tested the effect of a vertical-axis
rotation by using the data set obtained by Gilder er al. (2001) of
N = 222 palaeomagnetic directions from Oligo-Miocene red beds
of the Subei area (western China), which was used for the original
E/I correction by Tauxe & Kent (2004). Gilder et al. (2001) found
that the upper part of the section may have rotated ~15° relative
to the lower part. Not correcting for this rotation yielded a minor
overcorrection in the inclination of 1.2° (Fig. S1, Supplementary
Materials B). Because the rotation of 15° is an estimate with an
uncertainty, the magnitude of which depends on the number of
samples averaged, and the interpretation of which data are pre- and
post-rotation, the rotation correction may add more uncertainty than
that it solves.

Overall, these results demonstrate that the effect of vertical-axis
rotations of up to 15° on the results of the E/I correction are often
limited (<3° for most latitudes, and up to 5° at latitudes of 10—
30°). Also, we note that the observed outliers in the results of the
E/I method applied to 100 directions of the Gonjo Basin data set
(Figs 4a and c) cannot be explained by the effects of vertical-axis
rotations. Instead, significant overcorrections of >5° of the primary
inclination are only expected for vertical-axis rotations of >15°.

5.3 Sedimentation rate and averaging of PSV

The sedimentation rate controls, for a large part, the amount of
time and thus PSV that is recorded in a single palacomagnetic sam-
ple. Decreasing sedimentation rates could lead to an increase in
the amount of averaging of PSV that occurs within each sample,
reducing the scatter of palacomagnetic directions/VGPs. Although
it is not directly evident that this also affects the elongation of the
distribution, it has been suggested that low sedimentation rates may
cause an underestimation of the primary inclination obtained from
the E/I correction (e.g. Kodama 2012; Li & Kodama 2016). The
Gonjo Basin section contains an order of magnitude variations in
sedimentation rate (Figs 1c and 6) from >20 cmka ' to as low as
2-10cmka " (Lietal 2020a). We note, however, that the calculated
sedimentation rates correspond to an average rate for a stratigraphic
interval of tens to hundreds of metres, and the true accumulation
rate for an individual bed may be highly variable (e.g. Opdyke &
Channell 1996). Nevertheless, our results reveal no correlation be-
tween sedimentation rate and the E/I corrected inclination (Fig. 6).
The intervals with relatively low sedimentation rates, at ~900—
1800 m and ~2800-3325 m, do not correlate with anomalously
low corrected inclinations. Instead, some of the lowest (corrected)
inclination values correspond to an interval (~400—600 m) with a
high sedimentation rate of >20 cmka ~'. In addition, we observe
no correlation between sedimentation rate and the observed scat-
ter of palacomagnetic directions/VGPs, as indicated by A95 and K
(Fig. 6). The intervals with low(er) sedimentation rate do not cor-
relate with reduced scatter, suggesting that the averaging of PSV
is not significantly increased compared to intervals with high(er)
sedimentation rate.

To assess how the averaging of PSV may influence the observed
distribution of directions (or VGPs), we applied the E/I correction
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for N = 100, following the reliability criterion of Deenen ef al. (2011). (e) E/I corrected inclinations per group of 100 successive directions, using a sliding

window with a step of 25, as also plotted in Fig. 4(a).

to sets of 100 artificially created ‘sites’, whereby each site is the av-
erage of three successive palacomagnetic directions from the Gonjo
Basin data set (Figs 7a and b). The corrected inclinations for collec-
tions of 100 of such ‘sites’ are, on average, only 1.1° (median of 1.8°
and standard deviation of 3.5°) lower than the corrected inclinations
obtained from the 300 individual directions that were used to create
the sites (Fig. 7b). In addition, we applied the E/I correction to sets
of 100 ‘sites’ of N = 3, 5 and 10 directions generated with the
TKO03.GAD model, after we applied a flattening factor of f= 0.6 to
the site-mean directions (see example in Fig. 7¢). Again, the effect of

averaging multiple directions is limited: the corrected inclinations
calculated using the sites are, on average, ~2° lower than those
whereby the E/I correction is applied to the sets of N = 300, 500
and 1000 individual directions (see Figs 7c¢ and d). The increased
elongation as a result of inclination shallowing processes is thus
not significantly reduced by partial averaging of PSV. This demon-
strates that although partial averaging of PSV may indeed resultin a
slight underestimation of the primary inclination, its effect is small,
and the E/I method still provides accurate estimates of the primary
inclination.
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5.4 Scatter of directions unrelated to PSV

The E/I method assumes that the scatter of directions is exclu-
sively due to geomagnetic field behaviour (PSV and geomagnetic
excursions), whereby each direction is considered a spot reading
(‘site”) of the past geomagnetic field (e.g. Tauxe et al. 2008). Also,
it assumes that the distribution of directions was solely distorted
by inclination shallowing, following the relation of King (1955)
(Section 2). To test whether non-PSV-induced scatter affects our
results of the E/I method, we first apply the bootstrap reversal test
of Tauxe (2010) to the 28 (out of 48) groups of 100 directions
which include at least 20 normal or reverse polarity directions. Even
though a reversal test for the two non-rotated intervals was positive
(Li et al. 2020a), we obtain a negative result for eight of the 28
groups (highlighted in Fig. 4a). Four of these groups (partly) cover
the interval that recorded the ~30° clockwise rotation, and three
groups yielded very high corrected inclinations of >60°. The latter

groups correspond to the stratigraphic intervals from which most
great circle directions were determined, suggesting that some mag-
netic overprints may not be entirely removed. The failed reversal
tests of these groups show that the normal and reverse polarity
directions are not antipodal, and thus indicate that for some in-
tervals of the Gonjo Basin data set the directional distribution is
likely affected by a significant contribution of non-PSV-induced
scatter, for instance related to unremoved magnetic overprints or
rotations.

To further evaluate this, we use the reliability criterion developed
by Deenen et al. (2011) which informs whether the observed dis-
tribution of palacomagnetic data may be explained by PSV. They
defined an N-dependent A95 envelope, whereby an observed dis-
tribution of VGPs having an A95 that falls inside this envelope,
between the 495, and A95,,.c, may in principle be straightfor-
wardly explained by PSV alone. Values higher than A95,,, likely
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include sources of scatter other than PSV, whereas values below
A95 i, indicate an underrepresentation of PSV.

We use this reliability envelope to evaluate whether the principal
assumption that the scatter represents solely geomagnetic field be-
haviour, is met. For N = 100 directions, the A95,,;, and A95,,.« are
1.90° and 4.51°, respectively. We calculated the A95 from the VGPs
that correspond to the uncorrected directions. We note that this is a
rather lenient approach, as the A95 calculated before the E/I correc-
tion is, on average, 0.20° (standard deviation of 0.19°) lower than
calculated after the correction (Fig. S2, Supplementary Materials
B). A total of 13 out of the 48 groups has an A95 value—calculated
prior to the E/I correction—that falls within the A95 envelope de-
fined by Deenen ef al. (2011), including the lowermost part of the
sampled sequence (Fig. 6; Fig. S2, Supplementary Materials B). For
these groups, there is no statistical ground to suspect a significant
contribution of scatter from sources other than PSV. The majority
of groups have an A95 that falls just above (<1°) the A95,,.x value,
suggesting a small contribution of non-PSV-induced scatter. How-
ever, the groups that include directions from the interval ~750-1250
m have an A95 that is >2° higher than the A95,,,,, with values up to
~10°. Importantly, this is the interval for which the E/I correction
yielded anomalously high inclinations of >55° (section 5.1).

The high A95 values for this interval suggest that there is a large
contribution of non-PSV-induced scatter affecting the distribution
of directions (and associated VGPs). The large scatter is equivalent
to very low K values of ~3-5 for these groups (Fig. 6). Despite this
clear evidence for a large contribution of non-PSV-induced scatter
in these subsets of directions, only 3 of these 8 groups do not pass
the reversal test. In other words, a reversal test alone is insufficient
to determine whether the scatter in a data set is predominantly the
result of PSV, and the Deenen et al. (2011) criterion appears to
provide a better assessment (see also Meert ez al. 2020).

The interval of large scatter correlates with an interval of rel-
atively coarse-grained sediments (Fig. 6b), which may be more
affected by random misorientation of the (large) grains (e.g. Tauxe
2006) and are more prone to weathering and subsequent remagne-
tization/overprinting. Notably, both a relatively low intensity of the
natural remanent magnetization (NRM) and low magnetic suscep-
tibility is observed for this interval (Fig. 6b). These factors may
contribute to a less efficient acquisition of the NRM, and result in
an additional source of scatter, unrelated to PSV, to the distribution
of directions. In cases where the non-PSV-induced scatter is signif-
icant, as indicated by a high A95 value, the E/I correction may thus
give a large overestimation of the primary inclination.

5.5 Cut-offs

It is common practice in palacomagnetism to apply a cut-off to re-
move outliers that may distort the distribution of directions. Such
cut-offs remove directions from the data set that do not represent
PSV but result from e.g. orientation errors or lightning strikes in-
stead. The cut-offs thus aim to make the data set more representa-
tive of PSV. However, applying cut-offs also removes transitional
or excursional directions from the data set that are representative
of geomagnetic field behaviour and such directions are included
in most field models like TK03.GAD (Tauxe & Kent 2004; Tauxe
et al. 2008). For this reason, Tauxe et al. (2008) argue that cut-
offs should preferably not be used when comparing data sets with
field models such as TK03.GAD. Despite this, however, cut-offs
have regularly been applied prior to the E/I correction (e.g. Gong
et al. 2008; Meijers et al. 2010a,b; Dupont-Nivet ef al. 2010; Huang

et al. 2015; Muttoni et al. 2018; Milanese et al. 2019). Here, we
investigate the influence of two commonly used cut-offs on the E/I
correction: a fixed 45° cut-off (e.g. Johnson et al. 2008) and the
variable Vandamme (1994) cut-off. For the Vandamme (1994) cut-
off, the cut-off angle is a function of the obtained initial scatter of
the data set and increases with larger scatter.

First, we applied both cut-offs to data sets of synthetic palaeo-
magnetic directions generated with the TK03.GAD field model. In
these synthetic data sets, all outliers removed by the cut-off are an
integral part of geomagnetic field behaviour and should thus not be
corrected for when applying the E/I method (Tauxe & Kent 2004).
We use the cut-offs on data sets of 200 synthetic directions that were
previously flattened with a flattening factor of 0.6. Subsequently,
we apply the E/I correction to estimate the original inclination. Our
tests show that when no cut-off is applied the original mean incli-
nation of the synthetic data set is accurately approximated by the
E/I method, particularly for the latitude range of 0—45°, whereas
the original inclination for higher latitudes is somewhat underesti-
mated, by ~1.5-2° (Fig. 8a). However, the application of a cut-off,
either the fixed 45° or the Vandamme (1994) cut-off, leads to a
systematic underestimation of the inclination, particularly for mid-
latitudes of 30-40°. The fixed 45° cut-off yields inclinations that
are ~1.5-3° lower than when no cut-off is applied, for latitudes of
15-60° (Fig. 8a). For this latitude range, the application of the Van-
damme (1994) cut-off yields inclinations that are some 3—5° lower
compared to when no cut-off is applied. This clearly argues for the
application of the E/I correction without a cut-off.

Second, we applied both cut-offs to the 48 groups of 100 di-
rections of the Gonjo Basin data set (Fig. 8b). In most cases, the
E/I method gives lower inclinations when a cut-off is applied. The
difference between the corrected inclination calculated with and
without a cut-off vary strongly, depending on the number of direc-
tions that fall outside of the cut-off angle and are excluded. Notably,
the overcorrected inclination values from the ~750-1250 m interval
that have A95 values well above A95,,. are corrected to much lower
values of 31-43° when the fixed 45° cut-off is applied (Fig. 8b). The
variable Vandamme (1994) cut-off does not lead to an improved fit
because the large scatter of directions greatly increases the (vari-
able) cut-off angle for these cases. Apart from this interval with the
overcorrection, the median corrected inclination is 38.5° when the
45° cut-off is applied before the E/I correction and 36.9° for the Van-
damme (1994) cut-off. This is much lower than the median value of
43.3° based on the results for which no cut-off was applied, as well
as the reference inclinations, indicating that the application of either
cut-off may lead to systematically and significantly lower estimates
of the original inclination. Only for some, but not all groups that
sample the interval showing a large dispersion of directions, likely
as a result of non-PSV-induced scatter, the application of the 45°
cut-off leads to an improved estimate of the primary inclination.

5.6 Number of directions

As final test, we evaluate the effect of the number of directions
used on the results of the E/I correction. To this end, we applied
the E/I method to collections of 150, 200 and 300 directions, drawn
in consecutive stratigraphic order, again using a sliding window
with an interval of 25 directions. As expected, the variation in the
corrected inclinations decreases with a larger number of directions
(Fig. 9). Also, using larger N results in a lower variation in the
obtained flattening factors, particularly when 200 or 300 directions
are used, whereby f'= 0.40-0.55 for the large majority of groups.
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Figure 8. (a) Effect of cut-offs on the E/I correction. Each diamond represents the average deviation from the expected inclination (calculated with the dipole
formula for the given latitude) of 100 E/I corrected data sets of 200 directions generated with TK03.GAD. Each data set is flattened with a flattening factor
of f'= 0.6 followed by the application of the cut-off and the correction. Results for no cut-off, the fixed 45° cut-off and Vandamme (1994) cut-off are shown
by in black, blue and red, respectively. Error bars represent two standard error of the mean. (b) E/I corrected inclinations for groups of 100 directions of the
Gonjo Basin data set, calculated without cut-off (black circles, same as in Fig. 4a) and with a fixed 45° cut-off (blue diamonds) or Vandamme (1994) cut-off
(red diamonds) applied prior to the correction. Reference data are plotted as in Fig. 4a.

However, increasing the number of directions (N) leads to an in-
crease in the overcorrection of the inclination for the groups that
record (part of) the ~30° clockwise rotation phase. Collections with
200 or 300 directions yield inclinations that are up to 8—10° higher
than when 100 directions are used (Figs 9b and c). This is readily
explained: with N = 150 or more, these groups contain (almost) all
directions of the ~160 sample interval that recorded the rotation,
thus encompassing the full distortion of the distribution due to the
~30° rotation. In addition, the effect of the interval with excess,
non-PSV-induced scatter and the associated overcorrection relative
to the expected inclination is more widely distributed and observed
for a larger number of groups. The application of cut-offs to these
groups with larger N yields similar results as described in Section
5.5 for groups with N = 100: the E/I corrected inclinations are sys-
tematically lower than the inclinations calculated without using a
cut-off, and mostly fall below the range of expected values, except
for those groups for which limited (<5 per cent) directions were
rejected (Fig. S3, Supplementary Materials B). These results indi-
cate that although the variation in corrected inclinations decreases
with increasing &, the distribution of directions is more likely to be
affected by processes unrelated to PSV and inclination flattening,
and the fit with expected directions is not significantly improved
with higher V.

6 DISCUSSION

6.1 Reliability criteria for the application of the E/1
correction

Based on our analyses, we present a set of criteria and recom-
mendations for the application of the E/I correction for inclination
shallowing (Table 1). The reliable use of the E/I correction requires,
first and foremost, that the distribution of palacomagnetic directions
provides an accurate representation of PSV, and that the observed
flattening of the distribution is the result of inclination shallowing
alone. Our results demonstrate that if these requirements are not
fulfilled, the E/I method may provide substantial (>5-10°) under-
or overestimation of the primary inclination. As a first criterion,
we cite the minimum of 100 independent readings of the past ge-
omagnetic field that were estimated by Tauxe & Kent (2004) and
Tauxe et al. (2008) to be required to sample the full variation of the
geomagnetic field and obtain a robust estimate of the elongation of
the distribution.

Secondly, our analyses reveal that of all studied pitfalls, a
large contribution of non-PSV-induced scatter to the distribution
of palacomagnetic directions is most important. We find that the
reliability envelope of Deenen et al. (2011) is a successful means to
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Figure 9. Effect of the number of palacomagnetic directions used for the E/I correction. Results are shown for a sliding window with (a) 150, (b) 200 and (c)
300 successive directions from the Gonjo Basin data set. Corrected inclinations for groups of 100 directions (see also Fig. 4a) are plotted as a reference (black).
Also, the corrected inclination obtained from an anisotropy-based inclination shallowing correction by Tong et al. (2017) of 41.6° is shown by the dashed grey

line. Reference data are plotted as in Fig. 4(a).

identify data sets whereby the observed scatter cannot be straight-
forwardly explained by PSV alone (Section 5.4). We include this
criterion to evaluate whether the principal assumption that the ob-
served scatter of directions/VGPs is an adequate representation of
PSV, is met. An A95 higher than A95,,,, [see eq. 3 in Deenen et al.
(2014)] indicates that the palacomagnetic data set is affected by
a significant contribution of non-PSV-induced sources of scatter.
Nevertheless, our results indicate that for cases where the A95 is
only slightly (<1° for N > 100) above the A95,,., corresponding
to K values of ~8-11, the E/I method may still provide a reli-
able correction of the inclination (Section 5.4). But, if the A95 is
well above this upper limit (>2° for N > 100), indicating a large
contribution of other sources of scatter, the E/I correction tends to
yield a substantial (>10°) overestimation of the primary inclina-
tion. In cases where the A95 is below the A95,,,, PSV is likely
underrepresented by the palacomagnetic data set. This may result
from (re)magnetization in a short time interval, from the acquisition
of a chemical remanent magnetization (CRM) after deposition, or
from significant averaging of PSV in each palacomagnetic sample,
for instance for sediments with very low sedimentation rates (Dee-
nen et al. 2011). Our experiments indicate that the E/I correction

may still provide an accurate estimate of the primary inclination
if PSV is already partially averaged, whereby A95 may be below
A95in, as long as the dispersion is predominantly the result of PSV
and the excess elongation of the distribution results from flattening
(Section 5.3). However, if the cause(s) of such low scatter cannot
be straightforwardly determined from a set of directions/VGPs or,
alternatively, from sediment properties and the NRM acquisition
mechanism, we advise not to use data sets with A95 < A95.
Evidently, the fact that a data set satisfies the Deenen ez al. (2011)
criterion—or any other statistics-based criterion—does not preclude
the presence of non-PSV-induced scatter, which may directly affect
the elongation of the directional distribution. A data set with an
A95 value that falls within the A95i,.max Tange may represent a
‘false positive’ and be obtained, for instance, from remagnetized
rocks with noisy demagnetization behaviour, and thus provide a
meaningless E/I correction. Contributions of various sources of
noise, for example related to measurement errors or low magnetic
intensity, are inherently present in each palacomagnetic data set
and are often difficult to quantify and distinguish from PSV. This
is particularly the case for data from sediments, for which no well-
established quantitative criteria exist to test the reproducibility of

1202 UoseN 91 uo 3senb Aq 9%£9Z19/1821/2/GZZ/3101He/B/wod dno-olwapede//:sdyy woiy papeojumoq



Reliability of poles from sedimentary rocks 1295

Table 1. Overview of our proposed criteria for the reliable application of the E/I correction, and for the calculation of E/I corrected palacomagnetic poles
derived from sedimentary rocks. N = number of individual palacomagnetic directions; K = Fisher (1953) precision parameter of the distribution of VGPs;
A95 = radius of the 95 per cent confidence circle about the mean of the VGP distribution.

Reliability criteria

Criterion Description
0 General reliability criteria (based on criteria defined by Meert et al. 2020), which include:
- Well-determined rock age
- Evidence for a primary remanent magnetization (provided by field tests)
- Application of modern demagnetization techniques
- Analysis of directional data using Zijderveld (1967) diagrams and principal component analysis (Kirschvink 1980)
- Characterization of the magnetic carriers
- Application of a magnetic reversal test (if sufficient directions of both polarities are available)
1 >100 individual palaeomagnetic directions
2 Deenen et al. (2011) criterion passed: A95min < A95 < A95max
3 No vertical-axis rotations of >15° within the data set

Recommendations for the E/I correction
1. No application of a cut-off

2. Exclusion of poorly defined ChRM directions (e.g. directions determined using the great circle method (McFadden & McElhinny 1988))

3. Testing the reproducibility of the results using a sliding window approach

Quality grade Criteria
A All the criteria listed above are passed
B 1. Criterion 0, 2 and 3 passed and 75 < N < 100

2. Criterion 0, 1 and 3 passed and 8 < K < 100

C Data sets that do not satisfy the criteria defined for a quality

grade ‘A’ or ‘B’

Interpretation and application

Reliable, inclination shallowing-corrected pole: suitable as
input for high-resolution APWPs and palacogeographic
reconstructions

Less reliable, but provide a useful estimate of the primary
inclination and palaeolatitude

Insufficient quality for inclusion in APWPs or as primary
input for palaecogeographic reconstructions

palaecomagnetic directions. We emphasize that if the Deenen et al.
(2011) criterion is met, there is no statistical basis to reject a data set,
but it is not conclusive of PSV being adequately recorded by the data
set, or of a primary magnetization. A number of careful checks for
a primary magnetization, however, are included in the commonly
applied quality criteria of van der Voo (1990) and Meert et al.
(2020), and we strongly recommend the application of those prior
to the use of the E/I correction (see Table 1). These criteria include
the application of a reversal test, if a sufficient number of normal
and reversed polarity directions are available. We note that although
our analysis shows that a positive reversal test may be obtained for
data sets whereby the E/I correction did not yield an accurate result
(section 5.4), it provides a useful instrument to evaluate whether a
data set may be contaminated by non-PSV-induced sources of noise,
for example due to not entirely removed magnetic overprints.

Our criteria for the application of the E/I correction, however, re-
place some of the statistical requirements previously formulated for
a quantitative assessment of PSV. Van der Voo (1990) argued that at
least 25 spot readings are needed to test whether PSV is sufficiently
recorded by the data set, whereas Meert et al. (2020) recommends at
least eight spot readings (with a minimum of three samples per site).
While those may well contain valuable information when based on
rocks that are unaffected by inclination shallowing such as lavas or
dykes, N > 100 is recommended to adequately correct for inclina-
tion shallowing (using the E/I method) and to assess whether the
distribution of directions/VGPs represents PSV or not. In addition,
we note that for such large N the Deenen ef al. (2011) criterion is
more conservative than the statistics-based criterion of 10 < K <70
proposed by Meert et al. (2020). For instance, for N = 100, the
reliability envelope of Deenen et al. (2011) yields an A95,,, and
A95max of 1.90 and 4.51, corresponding to K values of 56.2 and
10.8.

To reduce the effects of non-PSV-induced scatter, it is common
to remove outliers from a palacomagnetic data set by manual fil-
tering or by using cut-offs, such as the fixed 45° and Vandamme
(1994) cut-ofts. However, this directly influences (the elongation
of) the distribution of palacomagnetic directions and our results
indicate that the application of a cut-off leads to a systematic un-
derestimation of the primary inclination (Section 5.5, Fig. 8), which
offsets the benefit of removing non-PSV-induced outliers. We thus
advise against the application of cut-offs prior to the E/I correction.
Palacomagnetic directions that are obviously not representing PSV,
for example due to lightning strikes (see e.g. Strik et al. 2003, their
fig. 7), or directions estimated through the great circle method (Mc-
Fadden & McElhinny 1988), should manually be excluded from
the data set. A potential source for non-PSV induced scatter is the
distortion of the directional distribution resulting from vertical-axis
rotations that occurred during deposition. Our experiments show
that syn-sedimentary rotations of >15-20° may lead to significant
overcorrections of the primary inclination of >10° (section 5.2).
It may however require much larger rotations to drive A95 beyond
A95,.x and it is well possible that a rotation-induced increase of
the elongation cannot be detected by using the Deenen ez al. (2011)
criterion alone. We thus recommend that prior to the application
of the E/I correction, the palacomagnetic data set is checked, for
example using a moving average as in Li ez al. (2020a), for system-
atic changes in declination with age/stratigraphic position that may
indicate syn-sedimentary vertical-axis rotations. Previously, the ef-
fects of a rotation on the results have sometimes been corrected
(see Section 5.2; Meng ef al. 2017), but as we pointed out before,
determining the exact magnitude of the rotation and propagating its
associated uncertainty is not straightforward. Correcting rotations
estimated from palacomagnetic data alone (instead of e.g. bedding
strike variations) may thus add more uncertainty than that it solves.
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Data from intervals that record rotations smaller than 15° typically
result in overcorrections of <5° (Fig. 5). We recommend to not
use data for the E/I correction, or for the calculation of palaco-
magnetic poles, from stratigraphic intervals in which vertical-axis
rotations beyond 15° are recorded or suspected. In such cases, the
E/I correction is best applied to data from each of the non-rotated
intervals.

Finally, we advocate testing the reproducibility of the inclination
shallowing-corrected inclination for data sets with N >~150, by
applying the E/I method to multiple subsets of ~100 directions, for
example using the sliding window approach we performed in this
study. Although a larger data set would ideally be used to capture the
entire variability of the field to better constrain the elongation and
to perform a more robust E/I correction, there is a greater chance
that the distribution is contaminated by intervals that contain sig-
nificant non-PSV-induced scatter or are affected by rotations. Also,
for large data sets that provide a record of more than ~5 Myr, the
distribution of directions may be distorted by plate motion (Tauxe
& Kodama 2009). Lastly, we note that because the E/I method
applies a single average flattening factor to all palacomagnetic di-
rections, applying the method to subsets of directions may help to
discern variations in the magnitude of flattening, for instance due
to lithological variations. Evidently, if the results are shown to be
internally consistent, then the E/I correction may be reliably ap-
plied to all directions, providing a robust estimate of the primary
inclination.

Based on the criteria discussed above, we propose three quality
grades that indicate whether a palacomagnetic data set obtained
from sedimentary rocks is appropriate to use for the E/I correc-
tion and for the calculation of an inclination shallowing-corrected
palacomagnetic pole (Table 1). We assign data sets that pass all
criteria a quality grade ‘A’, indicating that the E/I method may be
reliably used to correct the data set for inclination shallowing and
to obtain a shallowing-corrected pole. For data sets that meet all
other criteria but have 75 < N < 100 or that have an A95 that falls
outside the A95,,in-max €nvelope but have 8§ < K < 100, we assign a
quality grade ‘B’ (Table 1). We define this quality grade ‘B’ based
on the observation that data sets with an A95 that falls just above
the envelope of Deenen et al. (2011) still provide accurate estimates
of the primary inclination (see Figs 4 and 6), suggesting that the
A95.x (corresponding to K values of ~11-14 for N = 100-300)
may be a bit overly strict for data sets from (clastic) sedimentary
rocks. We specify a range of values for K rather than A95, for the
simple reason that K is independent of N. The upper limit of K < 100
is chosen based on the reliable results that were obtained from data
sets whereby PSV was already partially averaged and for which A95
was slightly below A95,;, (Section 5.3, Fig. 7). Also, we assign this
grade to data sets that satisfy all criteria but have 75 < N < 100, con-
sidering that the suggested minimum of 100 independent directions
is to some extent arbitrary and that previous studies have shown
that the E/I correction may provide accurate results with slightly
lower N (Section 6.2). We emphasize that although data sets that are
assigned a quality grade ‘B’ are in principle less reliable, they may
well provide a meaningful estimate of the primary inclination and
thus palaeolatitude after application of the E/I method. Finally, we
assign a quality grade ‘C’ for data sets that do not satisfy the crite-
ria for a grade ‘A’ or ‘B’, indicating that data sets do not provide
a reliable E/I corrected result. In addition, we assign this quality
grade to data sets whereby no fit with the TK03.GAD model is
obtained upon stepwise unflattening, suggesting that the directional
distribution is significantly distorted.

6.2 The applicability of the reliability criteria and its
limitations

To illustrate how our criteria perform, we first applied them to
groups of palacomagnetic directions from the Gonjo Basin data
set (Table 2). To this end, we selected nine sample collections
of >100 directions to which we applied the E/I correction (see
Figs S4, S5 and S6, Supplementary Materials B). Most of these
groups include directions corresponding to several successive po-
larity chrons, so that the age range can be accurately determined.
For groups #1-3 that cover the ~40-50 Ma time interval, groups
#1-2 are assigned quality ‘B’ and group #3 is assigned quality ‘A’.
They provide corrected inclinations that are identical to those pre-
viously obtained from lavas by Roperch et al. (2017) and from an
anisotropy-based correction by Tong et al. (2017) and reinforce their
conclusions for the palaeolatitude of the (eastern) Qiangtang terrane
in the Eocene (Fig. 10). These results suggest that our criteria for
quality grade ‘A’ may be somewhat conservative and that palaeo-
magnetic results that are assigned grade ‘B’ may indeed provide a
useful estimate of the primary inclination (and thus palaeolatitude).
A quality grade ‘C’ is assigned to group #4. This interval recorded
the ~30° clockwise rotation documented by Li et al. (2020a) and
also does not pass the bootstrap reversal test (Table 2). This group
yields a corrected inclination that is ~6—8° higher than the results of
groups #1-3. It is, however, consistent with the predictions for the
Qiangtang terrane placed in the palacomagnetic reference frame of
Torsvik et al. (2012) (Fig. 10), but as noted earlier, this may provide
predicted values that are too high for East Asia for the ~40-50
Ma time interval. Groups #6 and #7 are assigned grade ‘C’ and
correspond to the interval with very large VGP scatter, whereby the
A95 is >5° above A95,.x. The two ‘A’ grade poles for the ~65-69
Ma time interval yield very similar primary inclinations, which are
consistent with predicted values for the Qiangtang terrane. Finally,
we note that the grade ‘A’ poles come from the base of the studies
section where the AMS fabric reveals a compaction-dominated fab-
ric, and from the top of the section, which has a tectonic fabric (Li
et al. 2020b). We find that the results of groups #1-3, corresponding
to the stratigraphic interval with a ‘pencil structure’ AMS fabric,
are nearly identical to those obtained from independent data sets of
Roperch et al. (2017) and Tong et al. (2017) (Fig. 10). Although it
has recently been shown that a strong tectonic fabric (corresponding
to weak or strong cleavage state) may lead to erroneous results of the
E/I correction (Dallanave & Kirscher 2020), our results illustrate
that the presence of a less strong tectonic fabric, such as a ‘pencil
structure’ fabric, does not necessarily lead to unreliable results of
the E/I correction.

Our case study of the Gonjo Basin applies to clastic sediments
with relatively high sedimentation rates, to which the E/I method
has previously been mostly applied. To evaluate to what extent
our criteria are successful in isolating reliable data sets from other
sedimentary lithologies and rock magnetic characteristics, we com-
piled 78 data sets on which the E/I correction has been applied,
which were published in 33 different studies (Table S2, Supple-
mentary Materials C). This compilation includes data sets that are
derived from a variety of lithologies, depositional environments,
and magnetic mineralogies and were obtained from rocks with an
age ranging from the Carboniferous to the Neogene. Although sam-
pling strategies varied between studies, we note that in most studies
a single sample was collected per stratigraphic level, similar to the
sampling strategy used by Li et al. (2020a,b). For several of these
data sets, the E/I corrected inclination is supported by independent
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Table 2. Results for selected groups of palacomagnetic directions from the Gonjo Basin data set. N = number of individual palacomagnetic directions;
Dec = declination; Inco/Incg; = inclination before/after E/I correction; Incjow/Incp; = 95 per cent bootstrap confidence bounds for the E/I corrected
inclination; /= flattening factor; K = Fisher (1953) precision parameter of the distribution of VGPs; A95 = radius of the 95 per cent confidence circle about the
mean of the VGP distribution; A95,,x = upper limit of N-dependent A95 envelope of Deenen ez al. (2011); RT = results of bootstrap reversal test (Tauxe 2010):
p is positive, n is negative, n/a indicates that no robust test could be performed due to the limited number of directions of one polarity; Rot. >15° = rotation of
>15° recorded by data set; Grade = quality grade assigned to the directional group, based on the criteria listed in Table 1.

# Interval (m) Age (Ma) N Dec (°) Inco (°) Incgr (°) Inciow (°)  Incpi (°) ya K A95(°) A95max (°) RT Rot. >15° Grade
1 3325.4-3020.5 43.6(41.5-457) 128 262 215 408 30.1 505 046 83 4.6 3.9 p B
2 3018527012  47.35(45.7-49.0) 145 36.1 257 408 31.0 485 056 8.8 4.2 3.6 /a B
3 2699.2-23372  49.8(49.0-50.6) 129 35.1 286 406 329 488 061 126 36 3.8 p A
4 2331.2-1919.6 51.6(50.6-52.6) 137 56.1 274 418 39.0 563 045 89 4.3 3.7 n X C
5 1917.6-1519.6  54.85(52.6-57.1) 156 533 275 471 36.9 574 049 87 4.1 3.4 p B
6 1514.8-1123.5  59.65(57.1-622) 133 520  27.1 49.4 394 587 045 52 59 3.8 p (¢
7 1119.5-762.0 63.75 (622-653) 113 40.1 370 748 54.9 784 029 29 9.7 4.2 n C
8 757.0-384.2 66.25(653-67.2) 167 507 260  43.0 349 501 051 119 3.3 3.3 p A
9 38220 6820 (67.2-69.2) 167 485 295 410 34.0 481 062 160 28 3.3 p A
80
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Figure 10. E/I corrected inclinations for the nine groups of palacomagnetic directions from the Gonjo Basin data set as listed in Table 2. Horizontal error bars
indicate the age range of the selected directions. Vertical error bars correspond to the 95 per cent bootstrap confidence bounds. The colour of the data points
indicates the quality grade of the result based on the reliability criteria presented in Table 1. Reference data provided by previous results for the 51-49 Ma
lavas of the Xialaxiu area (Roperch ef al. (2017) and the inclination shallowing-corrected result for the Gonjo Basin red beds (Tong et al. 2017) are shown
in red and blue, respectively. The expected inclination based on the kinematic reconstruction of the Tibetan region by van Hinsbergen et al. (2019), placed
in the palacomagnetic reference frame of Torsvik ef al. (2012), is depicted by the light blue curve (with confidence region). This figure was created using
paleomagnetism.org (Koymans et al. 2016, 2020).

estimates obtained from nearby sedimentary sections, volcanic We evaluate all data sets against our new reliability criteria, as-
rocks or anisotropy-based correction methods. We note that nearly signing each data set one of the quality grades defined in the pre-
all E/I corrected data sets (unless explicitly indicated) were consid- vious section (see Table S2, Supplementary Materials C). To visu-
ered in the original publication to provide a reliable estimate of the alize whether the data sets meet the statistical requirements defined
palaeolatitude or palacomagnetic pole, which were often used as in Table 1, we plotted the A95 against the number of individual

input for a palaecogeographic reconstruction or APWP. measurements for each data set (Fig. 11). The majority of data sets
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Figure 11. A95 versus N for a compilation of palacomagnetic data sets on
which the E/I correction has been performed. Data sets derived from clastic
and carbonate rocks are shown by the red and blue circles, respectively. The
A95 values for the 9 groups of this study (listed in Table 2) are plotted
as black diamonds. The N-dependent A95 envelope is plotted by the black
lines. The coloured areas indicate the criteria with respect to A95 and N
required for a quality grade ‘A’ or ‘B’, as defined by the reliability criteria
presented in Table 1. The data compilation and references are provided in
Table S2 (Supplementary Materials C).

(52 from 78) have an A95 that falls within the reliability envelope
of Deenen ef al. (2011). Most of these data sets that are based on
N > 100 are assigned quality grade ‘A’, provided that they meet all
the ‘general’ criteria of Meert et al. (2020) and did not record any
vertical-axis rotations of >15°. Notably, most data sets of clastic
rocks that fall outside of the Deenen ef al. (2011) envelope have
an A95 >A95,,.«, Whereas data sets based on carbonate rocks more
often yield an A95 that is below A95,,,. This suggests that palaco-
magnetic records from clastic sedimentary rocks are more prone to
sources of scatter unrelated to PSV, whereas data sets derived from
carbonate rocks are more prone to partial averaging of PSV, possibly
due to their typically lower sedimentation rates, or because of the
acquisition of a chemical or post-depositional remanent magnetiza-
tion after early compaction and dewatering.

The data compilation shows that the E/I correction, if the criteria
are satisfied, provides reliable and reproducible results for a range
of lithologies, magnetic mineralogies and rock ages, as indicated by
independent data from nearby sedimentary sequences of the same
age, anisotropy-based corrections and from coeval igneous rocks.
We find that nearly all E/I corrected data sets that would be assigned
a quality grade ‘A’ yield an estimate of the palaeolatitude or pole
that is confirmed by independent data sets, as shown in the original
publication. Importantly, the few (published) data sets for which the
original authors indicated that the E/I correction did not provide a re-
liable result would indeed be assigned a grade ‘C’, either because the
data set does not satisfy our statistical criteria or because it recorded
vertical-axis rotations of >15° (Table S2, Supplementary Materials
C). We find, however, that independently confirmed results at times
are classified as grade ‘B’ (or even ‘C’), indicating that our criteria
for a grade ‘A’ may be overly conservative in some cases. This also
indicates that data sets that are assigned a quality grade ‘B’ may
well provide a useful estimate of the primary inclination, as previ-
ously shown by the results for the Gonjo Basin. Several data sets
from carbonate rocks that are assigned a grade ‘C’ provided results
that were shown to be reproducible, based on data sets from nearby
sedimentary sequences that span the same time interval. But con-
sidering that these results are obtained from particularly small data
sets (N < 75) or data sets whereby K > 100, we do not recommend
such data sets to be used as primary input for palaeogeographic

reconstructions or APWPs. On the other hand, data sets that do not
pass the criteria for a reliable E/I corrected palacomagnetic pole
may still be used to construct a well-determined magnetostratigra-
phy, as this merely requires adequate identification of the magnetic
polarity. Also, for studies aiming to determine the magnitude and/or
timing of vertical-axis rotations, inclination shallowing is not im-
portant, and data that do not pass the criteria presented here may
still be meaningful to determine such rotations.

We emphasize that our proposed criteria—like any other set of
criteria—cannot unequivocally determine whether a palacomag-
netic result is reliable or not. The E/I technique itself has some
inherent limitations, which may place some restrictions on the appli-
cability of our criteria. For instance, the validity of the E/I correction
relies for a large part on whether the TK03.GAD model accurately
predicts the behaviour of the geomagnetic field for the time interval
in which the sampled rocks acquired their remanent magnetiza-
tion (see Section 2). Although the E/I correction appears successful
for rocks of Early Mesozoic or Late Palacozoic age (e.g. Kent &
Tauxe 2005; Haldan et al. 2009; Meijers et al. 2010a; Bilardello
et al. 2011), it is unclear whether the E/I curve predicted by the
TKO03.GAD model is accurate for time intervals for which it has not
been thoroughly tested, such as the Early Palaeozoic and Precam-
brian. Tauxe & Kodama (2009) showed that the elongation versus
inclination of a data set from ~1.1 Ga old lava flows matches those
predicted by the TK03.GAD model, but future efforts are likely
needed to confirm the validity of the model for ancient times. We
envisage, however, that new models of the geomagnetic field, such
as the GGP models recently presented by Brandt ef al. (2020) and
Bono et al. (2020), may potentially replace the TK03.GAD model to
refine the E/I method, either to enhance the accuracy of the method
in general, or for specific time intervals.

Atpresent, some alternative strategies may be used in cases where
the age of the rocks or the limited number of directions precludes
a robust inclination shallowing correction by the E/I method. For
instance, the magnitude of flattening may be assessed through al-
ternative analyses of the shape of the distribution of directions (e.g.
Levashova et al. 2013; 2015) or VGPs (Domeier et al. 2011). In
addition, anisotropy-based methods may provide a valid alternative
for the correction of inclination shallowing, as previously demon-
strated (e.g. Tauxe et al. 2008; Bilardello ef al. 2011; Huang et al.
2013, 2015). Because these methods are independent of a statistical
model of the geomagnetic field, they may be particularly useful to
correct data sets obtained from Precambrian sedimentary rocks (e.g.
Rapalini 2006; Schmidt et al. 2009). But if possible, we recommend
applying the E/I method in addition to an anisotropy-based correc-
tion, as was done in previous studies (e.g. Bilardello ef al. 2011;
Huang et al. 2013, 2015; Tong et al. 2017; Westerweel et al. 2019),
to assess the robustness of the inclination shallowing correction
and to evaluate—using the criteria presented here—whether PSV is
adequately sampled.

6.3 Implications for palaeomagnetic poles derived from
sedimentary rocks

The calculation of an accurate palacomagnetic pole from sedimen-
tary rocks requires that PSV is adequately sampled and averaged,
and that the data set is corrected for inclination shallowing (if
present). The E/I correction provides a means to not only correct
for inclination shallowing, but also to assess whether the observed
scatter of palaeomagnetic directions predominantly results from
PSV. Our analysis implies that if a sediment-based, E/I corrected
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data set passes all quality criteria the observed distribution of di-
rections (and associated VGPs) can be considered comparable—
in terms of both the shape and magnitude of scatter—to a dis-
tribution of site-mean directions/VGPs from fast-cooled igneous
rocks like lavas. In other words, even though the consistency of
the individual palacomagnetic directions from such a sediment-
based data set cannot be independently confirmed, as is possible
for lavas, the data set as a whole behaves as a collection of spot
readings of the palacomagnetic field. Such a data collection thus
provides an inclination shallowing-corrected palacomagnetic pole
that averages PSV based on >100 independent measurements of the
field, and can be used with equal weight as poles based on igneous
rocks when used as input for palacogeographic reconstructions and
APWPs.

A large fraction of the sediment-based palacomagnetic poles that
are currently used as input for palaecogeographic reconstructions
or APWPs have not been corrected for inclination shallowing in
the original publication. For most of these poles, the E/I correction
cannot be reliably applied because of the small (<100) number of
palacomagnetic directions or because the individual directions were
not published or included in online appendices or in databases such
as MagIC (Jarboe ef al. 2012) or paleomagnetism.org (Koymans
et al. 2020). In such cases, many authors apply a single ‘blanket’
flattening factor, typically /= 0.6 for clastic sediments, to correct
such poles for inclination shallowing (e.g. Torsvik et al. 2008, 2012;
Wu et al. 2017, 2020; Jeong & Yu 2019). However, the range of
flattening factors of ~0.4-0.65 obtained in this study illustrates
that the magnitude of shallowing may vary significantly even for
a single sedimentary sequence. In addition, our compilation of E/I
corrected data sets show that the magnitude of flattening may vary
substantially for data sets derived from similar lithologies (Table
S2, Supplementary Materials C). These observations support previ-
ous notions that inclination shallowing is largely dependent on the
specific lithological and rock magnetic properties of the sampled
rocks (e.g. Bilardello & Kodama 2010b; Kodama 2012). Notably,
the application of the E/I method to carbonate rocks show that
significant inclination shallowing (with estimated flattening factors
ranging from 0.4 to 0.7) is not restricted to clastic sedimentary
rocks, but may also affect, for example (clay-rich) limestones and
marls (Table S2, Supplementary Materials C, e.g. Agnini et al.
2011; Dallanave et al. 2012; Muttoni et al. 2013, Muttoni & Kent
2019). This further suggests that the use of a ‘blanket’ flattening
factor (applied to clastic sediments only) may not provide an opti-
mal correction for all sediment-based data sets and should be treated
with caution.

Importantly, poles from sedimentary rocks on which the E/I cor-
rection cannot be applied and that have previously been corrected
for inclination shallowing by a ‘blanket’ flattening factor do not pass
our proposed criteria, and our criteria thus place large restrictions
on the sedimentary poles that are used as input in palaeogeographic
reconstructions and APWPs. We note that the above concerns have
led some authors to only use poles that were based on data sets
specifically corrected using the E/I technique or anisotropy-based
methods as input for their APWPs (e.g. Kent & Irving 2010; Kent
& Muttoni 2020). But to what extent a ‘blanket’ correction affects
the scatter of poles used for, or causes bias in APWPs remains
to be investigated. We envisage, however, that our (conservative)
quality criteria will stimulate researchers to critically evaluate (E/I
corrected) palacomagnetic poles derived from sedimentary rocks
and will help unlocking sedimentary archives as a prime contribu-
tor to future, high-resolution APWPs and palaeomagnetic reference
frames based on those.

Reliability of poles from sedimentary rocks 1299

7 CONCLUSIONS

Palaeomagnetic poles from sedimentary rocks are extensively used
as input for APWPs and palacogeographic reconstructions. Obtain-
ing an accurate pole from sedimentary rocks requires that PSV
is well-sampled by the palacomagnetic data set, other sources of
scatter are minimal, and that potential inclination shallowing is cor-
rected for. However, there are currently no well-established criteria
for sediment-based data sets to evaluate whether the observed scatter
of palaeomagnetic directions may be representative for PSV alone,
making it challenging to assess the reliability of a sediment-based
pole. The E/I method by Tauxe & Kent (2004) is widely used to cor-
rect for inclination shallowing and explicitly assumes that a large,
sediment-based data set provides an accurate representation of PSV.
Thus, if the E/I method accurately restores the primary inclination,
the assumption that PSV is adequately recorded may be a correct
approximation.

In this study, we examined under which conditions the E/I method
of Tauxe & Kent (2004) provides a robust correction for inclina-
tion shallowing. To this end, we analysed a large (N = 1275) data
set from red beds of the Gonjo Basin (eastern Tibet) that contains
most known artefacts that are thought to hamper the application
of the E/I method and the calculation of a reliable palacomagnetic
pole, together with synthetic data sets created with the TK03.GAD
field model. We proposed criteria for the reliable use of the E/I
correction as an extension of already commonly used quality crite-
ria for palacomagnetic data. Using these criteria, we defined three
quality grades that indicate whether a sediment-based data set may
provide a reliable E/I corrected palacomagnetic pole. Using an ex-
tensive compilation of previously published E/I corrected data sets,
obtained from a variety of lithologies (including limestones and
marls), we showed that our new criteria successfully classify data
sets that were previously demonstrated to provide erroneous results
as unreliable, and classify data sets whose reliability is confirmed
by independent results as reliable.

An important implication of our study is that E/I corrected data
sets that satisfy all reliability criteria have a distribution of directions
(and associated VGPs) that can be considered comparable in scatter
and shape to a data set based on site-means from rapidly cooled
igneous rocks like lavas. Such data sets provide reliable inclination
shallowing-corrected poles that average PSV based on a large data
set of independent measurements of the field, and can be used as
input for palaeogeographic reconstructions and APWPs in addition
to high-quality poles based on igneous rocks. Our analysis also
illustrates that the application of a ‘blanket’ correction factor to
uncorrected data sets from (clastic) sediments may not provide an
optimal correction for inclination shallowing. Palacomagnetic poles
that are corrected using a ‘blanket’ flattening factor do not pass our
requirements for a reliable sediment-based pole and our criteria
thus place restrictions on the use of palacomagnetic records from
sediments as prime input for palacogeographic reconstructions and
APWPs. We foresee, however, that our proposed criteria will provide
a useful instrument for the selection and determination of sediment-
based palacomagnetic poles that can be reliably used for future,
high-resolution APWPs and palacogeographic reconstructions.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. Application of the E/I correction to the data set of 222
directions from the Subei region by Gilder et al. (2001). In (a), the
data set is corrected for a bedding-parallel rotation of 15° along a
fault that cuts through the sampled section. The results of the E/I
correction are shown in (b, ¢). In (d), the same data set is shown
but now without correction for the internal rotation. (e, f) Results
of the E/I correction applied to the uncorrected data set. See Fig. 2
for more details.

Figure S2. The A95 of groups of 100 VGPs of the Gonjo Basin data
set calculated before (black) and after (red) application of the E/I
correction. The Deenen ez al. (2011) reliability envelope calculated
for N = 100 is indicated by the black lines.

Figure S3. E/I corrected inclinations as calculated without a cut-
off (black circles), with a fixed 45° cut-off (blue diamonds) and
with a Vandamme (1994) cut-off (red diamonds). (a), (b) and (c)
show the results for 150, 200 and 300 directions, respectively. The
vertical, dotted lines indicate the interval that records the ~30°
clockwise rotation phase identified by Li et al. (2020a). As a
reference, the inclination of 41.6° obtained from an anisotropy-
based inclination shallowing correction by Tong et al. (2017) is
shown by the dashed black line. The light blue band shows the
range of expected inclinations as predicted by the model of van
Hinsbergen et al. (2019) placed in the reference frame of Torsvik
etal. (2012).
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Figure S4. Results of the E/I correction applied to groups #1-3 of
the Gonjo Basin data set. The stereographic plots (a, d, g) show
the uncorrected palacomagnetic directions (converted to normal
polarity, blue circles), the principal direction (black star) and the
E/I corrected mean direction (red star). (b, e, g) Elongation versus
inclination curves upon stepwise unflattening of the palacomagnetic
data set by gradually decreasing the flattening factor (f). (c, f, 1) Plots
of the cumulative distribution of the corrected inclination and 95
per cent confidence bounds as calculated in 2000 bootstrap runs.
See Fig. 2 for more details.

Figure S5. Same as Fig. S4, but now for groups #4—6.

Figure S6. Same as Fig. S4, but now for groups #7-9.

Table S1. ChRM directions from the Gonjo Basin section (loca-
tion: 30.85°N,98.3°E) from Li ef al. (2020a). # = sample number;
depth = stratigraphic level (m); Dg/lg = declination/inclination
in geographic coordinates; Ds/Is = declination/inclination in
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stratigraphic coordinates; Lat/Lon = Latitude and longitude of VGP
calculated from ChRM direction.

Table S2. Compilation of palacomagnetic data sets from sedimen-
tary rocks on which the E/I correction has been applied, and for
which all key parameters were available. We have listed informa-
tion on the lithology, sediment accumulation rate and sampling
strategy if described by the authors in the original publication. All
data sets are evaluated and graded using our proposed reliability cri-
teria (see Table 1 and text box). NB: data sets with a red-coloured
quality grade are considered unreliable by the authors of the original
publication.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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