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a  b  s  t  r  a  c  t

A  long  tradition  has  emerged  in applying  the  inclination  frequency  analysis  to  estimate  the functionality
of  the  Geocentric  Axial Dipole  (GAD)  hypothesis  in  paleomagnetism.  In the  present  study,  the  theory  has
been  tested  to the database  with  3246  records  of  the  Precambrian  geomagnetic  field.  To  find  the  best-
fitting  inclination  distribution,  different  combinations  of  geocentric  axial  dipolar  (GAD),  quadrupolar
(G2)  and  octupolar  (G3)  spherical  harmonics  have  been  analyzed.  The  influence  of  various  factors  on  the
inclination  distribution  has  been  studied,  including  the  geologic  age, rock  type,  magnetic  polarity,  quality
of data  and  their  spatiotemporal  distribution.  By  two-dimensional  chi-square  analysis  on  crystalline  rocks
on-dipole
uadrupole
ctupole
onal
nclination

only, which  avoid  problems  associated  with  remanence  shallowing  among  sedimentary  rocks,  the  most
plausible  estimates  for the zonal  non-dipolar  contributions  of  the  field  have  been  determined  as  2% for
G2  and  5%  for G3,  values  much  lower  than  in  previous  estimates  using  the  same  method.  However,  the
inherent  non-uniqueness  of  the inclination  frequency  analysis  and  the  uneven  spatiotemporal  sampling
of  the  field  around  the globe  during  the  Precambrian  necessitate  other  independent  methods  of testing
the  GAD  hypothesis.
. Introduction

The introduction of the GAD hypothesis has been mainstream
n paleomagnetism since its very beginning. Its validity in various
eological timescales has been tested e.g. using sedimentary pale-
climatic indicators of latitude (Evans, 2006), virtual axial dipole
oment (Donadini et al., 2007), scatter of virtual geomagnetic poles

VGPs) as a function of paleolatitude (Biggin et al., 2008; Smirnov
t al., 2011) or reversal asymmetries (Nevanlinna and Pesonen,
983). One of the most commonly employed tests is the global incli-
ation frequency analysis (e.g. Evans, 1976), which is based on the

act that the average geomagnetic field can be described as a com-
ination of zonal harmonic terms and each set of them generates

 distinct inclination frequency distribution, where the absolute
alue of inclination (|I|) is shown as a function of its proportion. This
ethod is advantageous since it uses a simple measurable property

inclination) of the geomagnetic field and can be extended to the
recambrian eon. To create a discrete distribution of |I|, the real
r synthetic dataset must be classified into intervals. The choice

s arbitrary, but 10-degree intervals have been generally used (e.g.
ent and Smethurst, 1998). Distributions for pure axial dipole (g0

1),
uadrupole dipole (g0

2) and octupole (g0
3) are based on Eq. (1) and
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shown in Fig. 1. In the equation, Pn stands for the Legendre polyno-
mial of the n:th spherical harmonic degree and � for paleocolatitude
of the sampling site (Merrill et al., 1998).

tan I = Pn(1 + n)
∂Pn/∂�

(1)

In this analysis, the sign of inclination is not taken into account,
since the sign of paleolatitudes (90◦-�) cannot be properly deter-
mined for Precambrian data due to insufficient knowledge of
continental or cratonic motions. Theoretical curves of |I| have a
peak at mid- to high inclinations (60◦ ≤ |I| ≤ 70◦) because the field
equations for g0

1 , g0
2 and g0

3 are nonlinear, as are the areas between
various latitude circles. For example, in the case of a pure GAD
field, if a statistically significant amount of inclination data have
been gathered from random locations, ca. 8.8% of those should
fall into the interval 0◦ ≤ |I| < 10◦, but only 5.7% into the inter-
val 80◦ ≤ |I| ≤ 90◦. A more detailed view of the geomagnetic field
requires that superpositions, i.e. combinations of axial dipolar,
quadrupolar and octupolar fields of different strengths, are con-
sidered. Distributions caused by higher multipoles, such as g0

4 ,
however, cannot be applied to studies of the Precambrian in a
meaningful way, as the spatiotemporal limitations of the data avail-

able do not allow a detailed spherical harmonic analysis to be done.

The effect of a small quadrupole on the inclination frequency
distribution is considered minor (Fig. 2). However, the contribu-
tion of g0

2 to the inclination observed at a given paleolatitude is

dx.doi.org/10.1016/j.precamres.2013.09.004
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ig. 1. Inclination distributions for pure dipolar, quadrupolar and octupolar fields.
requencies within the 10-degree bins according to Evans (1976).

uch more significant and similar on both hemispheres due to the
ymmetry of g0

2 about the equator, leading to negative inclination
nomalies if g0

1 and g0
2 are parallel, or to positive anomalies if they

re antiparallel. Small octupolar fields, on the other hand, do not
trongly alter local paleolatitudes, but do have a noticeable effect
n the inclination frequency distribution. Practically the presence
f a slight axial geocentric octupole of the same sign as the dipole
and presumed to reverse polarity coincident with the dipole)

eans that inclinations obtained from mid-latitude observations

re systematically too shallow. On the contrary, the presence of

 small octupole with a sign opposite to that of GAD (reversing
long with the dipole always to maintain its opposite sign) steepens

ig. 2. Inclination distributions for pure GAD (±30,000 nT), and multipole models,
here G2 and |G3 are 10% of the strength of GAD. Solid black line: negative or positive
AD with a negative or positive quadrupole. Dot-dashed black line: negative GAD
ith a negative octupole, or positive GAD with a positive octupole (g0

3 parallel with
0
1 ). Dashed black line: Negative GAD with a positive octupole, or positive GAD with

 negative octupole (g0
3 antiparallel with g0

1 ).
Fig. 3. Inclination vs paleolatitude for a permanent 6% octupole field model. Dot-
dashed line describes the situation where g0

1 and g0
3 are of the same sign and dotted

line  describes the situation where they are of the opposite sign.

inclinations from those resulting from pure GAD, as demonstrated
by Fig. 3. A combination of permanent (standing) quadrupolar and
octupolar components (or alternatively modelled as an axial, eccen-
tric, non-reversing subsidiary dipole) was  used by Nevanlinna and
Pesonen (1983) to explain the steepened R and shallowed N direc-
tions observed in the Late Mesoproterozoic Keweenawan rocks. The
present study, however, follows earlier database-wide inclination
frequency analyses in considering only axial and geocentric field
harmonics, with “odd” terms such as the octupole reversing so as to
maintain a consistent polarity relationship to the dominant dipole
component.

In the inclination frequency method, geomagnetic declinations
are neglected, since by definition, the model uses zonal harmon-
ics only, and these are not influenced by the geographic longitude.
Even if there were non-zonal harmonics too, declination is very
poorly constrained in the vicinity of geomagnetic poles and val-
ues of D from different paleolatitudes should first be reduced to
a single latitude to be useful in statistical calculations. The rejec-
tion of declination means that the method cannot distinguish
between different types of dipolar fields. For example, inclination
distributions resulting from a GAD field and a tilted, or equatorial
geocentric dipole field are equal. This demonstrates the fact that as
long as the field is sampled spatiotemporally adequately enough,
the inclination distribution remains unchanged even if the field is
being rotated. Therefore other methods, such as paleosecular vari-
ation studies (Tauxe and Kodama, 2009; Smirnov et al., 2011) and
asymmetries in dual-polarity paleomagnetic results (Khramov and
Iosifidi, 2012; Veikkolainen et al., 2013a) must be used to deter-
mine possible equatorial dipoles and other non-zonal features of
the field.

For most purposes, it is useful not to express the absolute
strengths of spherical harmonic terms, but to normalize them with
the GAD component (g0

1). In the case of zonal fields only, these
are denoted using capital letters and numbers, such as G2 for
g0

2/g0
1 and G3 for g0

3/g0
1 . For example, Kent and Smethurst (1998)

modelled the mean geomagnetic field of Paleozoic (250–542 Ma)
and Precambrian (>542 Ma)  together using terms G2 = 0.10 and
G3 = 0.25. This cannot be considered to be just a minor adjustment

to the GAD hypothesis. It would require a significant change in
the magnetohydrodynamic conditions to have taken place, since
an analysis of rocks from the past 210 Ma  suggests G3 to be not
more than 3 ± 8% (Courtillot and Besse, 2004). A study on the
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of clearly different ages may  commonly match each other very
ig. 4. Inclination frequency distributions from previous studies on the Precambrian
eomagnetic field, compared with the observed distribution resulting from our data.

ermian and Triassic paleomagnetic data also shows a fairly small
eviation from the GAD model, with an axial octupole G3 = 0.10,
hough this conclusion is based on European and Siberian data
nly (Veselovskiy and Pavlov, 2006). However, analyses of the
ime-averaged field of 0. . .5 Ma  have persistently revealed a stand-
ng, positive value of G2 (Carlut and Courtillot, 1998; Hatakeyama
nd Kono, 2002; McElhinny, 2004), typically ranging from 0.04
o 0.08. In the least squares analysis based on inclination values
rom continental igneous rocks and ocean cores, McElhinny (2004)
etermined the temporal mean of G3 for the past 5 Ma  to be just
.011 ± 0.012, thus questioning the statistical significance of the
xial octupolar term in the time-averaged field.

For the Cenozoic (0–65 Ma)  data, Kent and Smethurst (1998)
tted a zonal model statistically indistinguishable of GAD. The

ncreasingly dipolar character of the field in the 250 Ma  was
xplained by the growth of inner core, which stabilized the geo-
ynamo and made the non-dipolar fields decline. The success of
AD in explaining the database-wide inclination frequencies must
lso be partly due to a surprisingly even distribution of continental
rea as a function of paleolatitude in these relatively short geologic
imescales. As the axial quadrupole is a symmetric term, superpo-
itions with GAD + G2 and GAD-G2 are equal, irrespective of the
ign of G2. Actually it has been estimated that the magnitude of G2
as, in the past 200 Ma,  varied between the values −0.14 and 0.10,
epending on the model (Livermore et al., 1984). Conversely, the
xial octupolar term is antisymmetric about equator, and hence the
nclination distribution of GAD and an axial octupole is dependent
n the signs of g0

1 and g0
1 (Fig. 2).

As seen in Figs. 2 and 3, even a small axial octupolar term, if
xial and consistently of the same sign with g0

1 , clearly shifts the
nclination data towards lower values. This phenomenon, referred
o as low-inclination bias, has been problematic already after the
ublication of first inclination frequency analyses of GAD. Previ-
us database-wide inclination studies (Piper and Grant, 1989; Kent
nd Smethurst, 1998; Tauxe and Kodama, 2009) optimized val-
es of G2 and G3 to fit the Precambrian distributions, obtaining
alues between 10% and 25% for both parameters (Fig. 4). Alterna-

ively, low inclinations may  be caused by the anisotropy in sampled
ocks (Cogné et al., 1999), or sedimentary inclination flattening
Kodama, 2012). Uneven spatial distributions of preserved rocks
 Research 244 (2014) 23–32 25

may  also explain the low-inclination bias: Kent and Smethurst
(1998), for example, suggested that another possible explanation
was the preferential location of continents at low latitudes through
the supercontinent cycle, via the process of true polar wander (see
also Evans, 1998, 2003). Because true polar wander induces relative
sea-level shifts that are transgressive at low latitudes (Wegener,
1929, p.159–163), sedimentary basins may  also be preferentially
located near the equator. It has also been suggested that the conti-
nental drift has not occurred for such a long time that a position of
a single continent can be considered random in the long run (Meert
et al., 2003; McFadden, 2004). Whenever chi-square statistics are
applied for analyzing the validity of the GAD hypothesis, a warning
must be given since the testing method is inherently very sensitive
to the sample size. Since large datasets very regularly cause the
critical value of the test statistic �2 to be exceeded, even in cases
where the observed and theoretical distributions are nearly equal
in appearance, various additional methods have been suggested,
including the Hoelter index as applied by Meert et al. (2003).

2. Data and modelling

This study uses paleomagnetic data from the novel Precambrian
database collected by University of Helsinki and Yale University
(Pesonen et al., 2012a; Veikkolainen et al., 2013b), with 3246
observations from different continents, continental fragments and
cratons globally. By comparison, earlier studies using this method
analyzed the following number of Precambrian data: 1277 (Kent
and Smethurst, 1998; using the Global Paleomagnetic Database
(GPMDB) of McElhinny and Lock, 1996) and 1362 (Grower, 2005;
using the updated version of GPMDB (Pisarevsky, 2005). Our
(dataset is substantially larger, because we have incorporated
results from ten years beyond earlier compilations (2003–2013),
and we have also integrated some archival pre-2003 data that were
omitted from GPMDB.

The selection of paleomagnetic data for statistical purposes
needs to be done carefully, since one must not treat all observa-
tions in an equal manner. Hence the first step in our prefiltering
was to remove subentries of so-called combined results, which are
very frequent especially in Soviet paleomagnetic catalogue data.
For example, the entry of Utchur River sediments (result 5662 in
GPMDB) has three subentries: 5659, 5660 and 5661. Another thing
to take into account was  the fact that our database had several
combinations of normal- and reversed-polarity data in cases with
obvious or suspected magnetic field reversals. In these situations
the combined entry generally superseded the individual N and R
subentries, although a few exceptions remained. These include e.g.
Jänisjärvi impactites, which have a normal-polarity direction with
D = 59.4◦, I = 69.6◦, and a reversed-polarity direction with D = 222.1◦,
I = −38.7◦. Since the resulting angle between N and R directions
is 148◦ rather than 180◦ predicted by GAD, and ages of N and R
units are not precisely known, it remains suspicious whether these
observations represent an actual polarity change of the field, or
whether they represent distinctly different moments of geologic
time. The substantial role of prefiltering in removing obvious dupli-
cates is well demonstrated by the fact that the original set of 3246
records was reduced to 2596.

Before the analysis, all entries were ranked according to their
reliability in the MV  (“Modified Van der Voo”) grading: among
seven quality factors described by Van der Voo (1990), the sev-
enth, that is, lack of similarity to younger poles, is not considered
here. This is due to the fact that Precambrian paleomagnetic poles
closely on the globe, as demonstrated for example by results from
the Lake Superior region (Ernst and Buchan, 1993) and southern
Scandinavia (Pisarevsky and Bylund, 2006). In addition, for longer
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Table 1
Comparison of inclination distributions for (a) igneous (i), sedimentary (s) and meta-
morphic (m)  rocks, (b) igneous rocks with positive (+) and negative (−) inclinations.
In  (b) cases, N and R have been regarded as separate entries, when polarity pairs are
concerned. Results with MV  ≥ 3 included, no poorer-quality data. The values of the
test statistic X2 calculated using a GAD as a null hypothesis. See also Figs. 5 and 6.

Interval i s m i (+) i (−)

0 ≤ |I| < 10◦ 101 (11.2%) 80 (19.3%) 13 (15.5%) 49 (9.0%) 52 (14.5%)
10  ≤ |I| < 20◦ 101 (11.2%) 59 (14.2%) 8 (9.5%) 46 (8.4%) 55 (15.4%)
20  ≤ |I| < 30◦ 94 (10.4%) 60 (14.4%) 6 (7.1%) 54 (9.9%) 40 (11.2%)
30 ≤ |I| < 40◦ 110 (12.2%) 72 (17.3%) 5 (6.0%) 74 (13.6%) 36 (10.1%)
40  ≤ |I| < 50◦ 140 (15.5%) 54 (12.9%) 7 (8.3%) 90 (16.5%) 50 (14.0%)
50 ≤ |I| < 60◦ 102 (11.3%) 53 (12.7%) 14 (16.7%) 70 (12.8%) 32 (8.9%)
60  ≤ |I| < 70◦ 112 (12.4%) 19 (4.6%) 20 (23.8%) 78 (14.3%) 34 (9.5%)
70  ≤ |I| < 80◦ 97 (10.7%) 19 (4.6%) 8 (9.5%) 50 (9.2%) 47 (13.1%)
80  ≤ |I| < 90◦ 46 (5.1%) 1 (0.0%) 3 (3.6%) 34 (6.2%) 12 (3.3%)

Combined 903 (100%) 417 (100%) 84 (100%) 545 (100%) 358 (100%)
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X2 35.921 165.296 12.221 19.714 50.065
p-Value <0.0001 <0.0001 0.1416 0.0115 <0.0001

ime intervals such as Precambrian, decision on whether a “younger
ole” is in itself reliable, can be highly subjective. Quality filter-

ng of the database represents a trade-off between the reliability
f results versus the limited number of entries in a highly selec-
ive subset: if filtering is too severe, then analysis suffers from the
tatistics of small data, contradicting even the premise of the test
i.e. adequate random sampling by continents across the surface
f the Earth). A more detailed discussion of the effects of quality
ltering will follow, but as an initial compromise, we  focused our
nalyses on a subset of MV  ≥ 3 (out of a six-point total). We  find that
ltogether just over 1400 observations from igneous, sedimentary
nd metamorphic rocks pass such quality criteria (Table 1).

Several factors hamper statistical analyses of paleomagnetic
nclination data. First, the observations are distributed both spa-
ially and temporally very unevenly, especially when considering
he long timespan of the Precambrian. Second, many directional
tudies have been performed multiply on the same rocks; the
eweenawan succession in North America is one of the numer-
us examples. To overcome this, both Kent and Smethurst (1998)
nd Grower (2005) applied spatiotemporal binning to the most
ecent versions of the GPMDB. Kent and Smethurst (1998) divided
he globe into sections with 10-degree latitudinal and longitudinal
imensions, and split the Precambrian into 50 Ma  time windows.
ithin each bin, absolute values of inclinations were averaged.

s a result, their original Precambrian dataset of 1277 observa-
ions was reduced to 531 even though individual entries were not

ltered using any reliability scale. This purely mathematical proce-
ure, incorrectly based on present-day geography, not only fails to
ecognize the cratonic boundaries within a single continent, but it

able 2
nclination distributions for rocks from different geological eras (Archean, Paleo-
roterozoic, Mesoproterozoic and Neoproterozoic). Only i + m,  MV ≥ 3. The values
f  the test statistic X2 calculated with GAD as a null hypothesis. See also Fig. 7.

Interval Archean Paleoprot. Mesoprot. Neoprot.

0 ≤ |I| < 10◦ 6 (9.4%) 48 (12.5%) 38 (11.6%) 22 (10.5%)
10  ≤ |I| < 20◦ 5 (7.8%) 43 (11.2%) 41 (12.5%) 20 (9.5%)
20  ≤ |I| < 30◦ 4 (6.3%) 36 (9.4%) 39 (11.9%) 21 (10.0%)
30  ≤ |I| < 40◦ 5 (7.8%) 41 (10.7%) 43 (13.1%) 26 (12.4%)
40  ≤ |I| < 50◦ 8 (12.5%) 50 (13.0%) 61 (18.5%) 28 (13.3%)
50  ≤ |I| < 60◦ 9 (14.1%) 60 (15.6%) 24 (7.3%) 23 (11.0%)
60  ≤ |I| < 70◦ 13 (20.3%) 54 (14.1%) 37 (11.2%) 28 (13.3%)
70  ≤ |I| < 80◦ 11 (17.2%) 27 (7.0%) 36 (10.9%) 31 (14.8%)
80  ≤ |I| < 90◦ 3 (4.7%) 25 (6.5%) 10 (3.0%) 11 (5.2%)
Combined 64 (100%) 384 (100%) 329 (100%) 210 (100%)

X2 4.575 22.054 42.578 4.070
p-Value 0.802 0.005 <0.0001 0.851
 Research 244 (2014) 23–32

also causes high-quality results to be mixed with highly suspicious
observations.

The major shortcoming of spatial binning by present site lat-
itude and longitude is the fact that it can mingle results from
originally far-separated cratons. As an example, in the Slave cra-
ton, the Caribou lake gabbro (Irving et al., 1984) has the U–Pb
age of 2186 ± 10 Ma;  while in the Superior craton, the Biscotasing
West dykes (Halls and Davis, 2004) are 2167.8 ± 2.2 Ma.  The current
sampling sites of these similarly aged rocks are less than 500 km
apart, but the respective paleomagnetic poles differ by 7600 km
(68◦) on the globe. In other words, paleomagnetic data are strongly
in favour of the independent drift of Slave and Superior cratons at
ca. 2.17 Ga, before the unification of Laurentia (Buchan et al., 2009).
In carrying out spatiotemporal binnings, these results, must not be
combined. The binning must be done on the basis of all cratons
separately, unless they can be validated to have been parts of a
common tectonic plate. The key requirement of the binning is the
sufficient knowledge of the geologic unit of each entry, and we have
paid particular attention to this property when constructing our
database. In terms of geologic time, the binning should be ideally
used for data which has already been quality filtered, since most
paleomagnetic data, especially those of poor quality, have vague
age constraints and therefore using e.g. a 50 Ma bin as suggested by
Kent and Smethurst (1998) would not make sense. Hence we have
applied the binning procedure only for data with MV ≥ 4, since the
ages of moderate- and high-quality entries are in most cases more
precisely known, and even in cases where no isotopic age is avail-
able, the age can be estimated using the APWP of the respective
craton.

Another problem arises when data from both polarities should
be included and they show an asymmetry, either in inclination, in
declination or in both. This may  arise from several reasons (see dis-
cussion by Veikkolainen et al., 2013a) but here we  are concerned
with the effect of age difference between “locking-in” of N and
R polarity magnetizations. The age difference, if substantial, can
produce remanence vectors with considerable differences from a
purely antipodal case. Rapidly deposited lavas or sediments most
likely do not reveal considerable departures from antipodality, but
have their magnetization directions or poles within conventional
secular variation scatter. However, if there are hiatuses, and thus
considerable age differences in the lock-in times of magnetization
between N and R units, allowing APWP to take place, the asymmet-
ries between N and R units can be due to APW (continental drift)
rather than any aspects of the geomagnetic field, such as non-dipole
field. This problem is envisaged at least at the Mamainse Point vol-
canic section in the Keweenawan succession (Swanson-Hysell et al.,
2009). In the North Shore lavas, overprinting by hematite is only
visible in N magnetizations, thus supporting the theory of different
ages of N and R directions (Tauxe and Kodama, 2009).

For the inclination analysis used in this paper, normal and
reversed directions within a same rock unit have been combined
to a mean direction if they differ less than 30 degrees on the sur-
face of the Earth, and no evidence for their distinct acquisition
ages have been obtained thus far. For example, using the combined
entry for Mashonaland sills (Bates and Jones, 1996) can be justi-
fied. As a counterexample, the Central Arizona diabases (Donadini
et al., 2011) have ages ranging from 1119 ± 10 (baddeleyite) to
1085 ± 5.2 Ma  (zircon) (Donadini et al., 2012), and mean inclina-
tions of 38.7◦ and −78.7◦ for two  distinct polarities. These results,
along with those of normal- and reversed-polarity Matachewan
dykes (e.g. Halls and Palmer, 1990), have been used as separate
entries in the analysis, since they clearly describe the geomagnetic

field at different points of time. To study whether the sign of the
inclination vector has an influence on the resulting distribution, we
have also split the observations into distinct positive- and negative-
inclination groups throughout the database. However, these cannot
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Fig. 5. Results from inclination analysis for igneous (i), sedimentary (s) and meta-
morphic (m)  rocks from data of Table 1. MV ≥ 3 for all entries. The best statistical
fit  into igneous rock data is shown. In addition, King’s law (King, 1955) has been
T. Veikkolainen et al. / Precam

e directly linked to N and R polarity groups, as absolute polarities
re unknown for the Precambrian.

As the aim of the study was to find a best-fit model for the
recambrian geomagnetic field, Pearson’s �2 (chi-square) testing
urned out to be very useful. The data have been split into 10-degree
ntervals of inclination, as originally done by Evans (1976) and all
ubsequent studies of this kind, so there are 8 degrees of freedom.
he test statistic X2 is the sum of values calculated for each interval
eparately, as shown by Eq. (2):

2 =
n∑

i=1

(Oi − Ti)
2

Ti
(2)

ere n is the number of classes, Oi is the observed frequency and Ti
s the theoretical frequency resulting from the GAD model. Absolute
requencies must be used instead of percentages, so Oi and Ti need
o be of same size. With 95% confidence level, the critical value for
2 is 15.507. This was used to estimate whether the null hypothesis
i.e. GAD is valid) should be accepted or rejected. The test statis-
ic was not determined if the total number of observations in the
ataset did not exceed 50, or alternatively, if there were less than
ve observations in at least three classes. For statistically significant
atasets, X2 was calculated using the observed distribution, and it
as compared with that of a same-sized synthetic dataset, which
as generated based on the GAD model (see tables). In each case,

 two-variable analysis was made to find the Gauss coefficients
G2 and G3) that fit the observed distribution best. The method
as based on calculating X2 values for zonal fields with different

trengths of G2 and G3, and the values, which most closely matched
he observations, were selected to represent the geomagnetic field

odel. Most continents alone, especially the least observed ones
e.g. Rio de la Plata and South China), had highly variable datasets,
hich could not be modelled using any combinations of G2 and
3. This was mainly due to the limited spatiotemporal coverage of

he data, a reason why the analysis must be applied to a global, not
 regional database. In this paper, the cratonic binning method is
ntroduced to ensure that the analysis is done in a paleogeograph-
cally correct way.

The main point in our binning was to calculate a Fisher mean
rom declination–inclination pairs within each time interval, and
o use the resulting I as a binned value. Since inclination is a non-
inear angular quantity, using simple arithmetic means of I would
e incorrect and cause a severe low-inclination bias. Before calcu-

ating our binned dataset, we changed polarities of some entries
n bins where antipodal or nearly antipodal directions have been
resent, meaning that the D value was turned by 180◦ and I value

ust changes its sign. This approach is justified in these geologically
hort timescales where the antipodality cannot be caused by the
rift of the continent to the opposite side of the globe. We  are aware
hat the continental drift, paleosecular variation and other factors

ay  cause the directions to be more scattered in some time inter-
als than in others. Therefore depending on the amount of data, the
eliability of age information, and the clustering of D and I values of
early same-aged entries within a craton, we have applied a flexible

emporal length for each bin, ranging from 0 to 25 Ma.  For instance,
e have calculated the binned I value of 40.8◦ for the predominantly
ormal-polarity Keweenawan data of 1100. . .1085 Ma,  and binned

 of 67.3◦ for the reversed-polarity Keweenawan entries ranging
rom 1110 to 1000 Ma,  respectively. Since the N and R polarities
orm two distinct groups with clearly different |I| values, it would
e unwise to include them in same bin, even though their age range

s not more than 25 Ma.
applied to the GAD model to find the best fit to the observed sedimentary data.
Curves with the flattening factor f = 0.5 (corresponding to the Precambrian) and
f  = 0.6 (corresponding to the Phanerozoic) are shown here.

3. Results

3.1. Rock type

To analyze how the chosen rock type affects the inclination
distribution, all the data were divided into sedimentary (s), meta-
morphic (m)  and igneous (i) rocks. Some continents, such as Baltica,
India and Laurentia, are strongly dominated by igneous rocks,
whereas Siberia, South China and Timan contain mainly sedi-
mentary entries. As expected, the lowest bins of inclination were
predominantly occupied by sedimentary data. Using King’s law
(King, 1955), the flattening factor f for sedimentary inclinations was
calculated as:

tan Is = f tan I (3)

Here, the variable I is the original inclination, and Is is the incli-
nation affected by shallowing. For the Precambrian, the value of f
that closely matches the observed sedimentary data (Table 1) was
found to be 0.5 (Fig. 5) according to the chi-square analysis. This is
comparable to the blanket factor of 0.6 applied to Phanerozoic sed-
imentary results by Torsvik et al. (2012), who  chose that value to
optimize the concordance of apparent polar wander paths derived
from sedimentary versus crystalline rocks. The variability of the
compaction rate of sediments may  cause different-aged sediments
to be subject to different degrees of inclination flattening, though
the common lack of coeval igneous rocks in the same craton makes
such comparisons difficult to assess in the Precambrian. Although
not useful in inclination analysis, sedimentary strata can provide
detailed time sequences of the reversals of the geomagnetic field
(e.g. Bingham and Evans, 1976), and in fact, modelling Precam-
brian reversal data even provides a way to estimate the non-zonal
geomagnetic at a given point of time (Komissarova et al., 1997).

In our data, sedimentary inclinations form distinct groups, e.g.
the ca. 1.4 Ga Belt Supergroup in Wyoming (Elston et al., 2002) and
formations, which are often temporally close to one another, e.g.

Elatina, Nuccaleena, Brachina and Wonoka in late Neoproterozoic
Australia (Schmidt et al., 1991; Schmidt and Williams, 2010).
It has been observed that the spatial distribution of shallowed
sedimentary inclinations is dissimilar to that resulting from a
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Fig. 6. Results from unbinned and binned observations of inclination for data from
igneous (i) rocks, MV  ≥ 4. In the best fit, the quadrupole (G2) is 0% and the octupole
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Fig. 7. Distributions of inclination for igneous rocks in four time win-

thus supporting the hypothesis of long stable-polarity intervals in
the Precambrian (Elston et al., 2002).

Table 3
Inclination distributions for data with different Van der Voo gradings. Igneous and
metamorphic rocks only, cratonic binning not applied. Normal and reversed polari-
ties  combined in polarity pairs whenever reasonable. The values of the test statistic
X2 calculated using GAD as a null hypothesis. The distribution with MV = 6 is so small
that �2 testing cannot be properly applied. See also Figure 8.

Interval MV  ≥ 1 MV  ≥ 2 MV ≥ 3 GAD (N = 999)

0 ≤ |I| < 10◦ 204 (11.2%) 172 (11.1%) 114 (11.6%) 87 (8.8%)
10  ≤ |I| < 20◦ 196 (10.8%) 158 (10.6%) 109 (11.0%) 90 (9.1%)
20  ≤ |I| < 30◦ 202 (11.1%) 165 (10.8%) 100 (10.1%) 96 (9.7%)
30  ≤ |I| < 40◦ 241 (13.3%) 193 (12.5%) 115 (11.7%) 108 (10.9%)
40 ≤ |I| < 50◦ 278 (15.3%) 228 (15.3%) 147 (14.9%) 124 (12.6%)
50 ≤ |I| < 60◦ 232 (12.8%) 191 (12.8%) 116 (11.8%) 140 (14.2%)
60 ≤ |I| < 70◦ 216 (11.9%) 194 (12.4%) 132 (13.4%) 152 (15.4%)
70 ≤ |I| < 80◦ 169 (9.3%) 154 (10.5%) 105 (10.6%) 132 (13.4%)
80 ≤ |I| < 90◦ 76 (4.2%) 67 (4.3%) 49 (5.0%) 58 (5.9%)

Combined 1814 (100%) 1522 (100%) 987 (100%) 987
X2 89.790 54.614 30.942 –
p-Value <0.0001 <0.0001 0.0001 –

Interval MV ≥ 4 MV ≥ 5 MV = 6

0 ≤ |I| < 10◦ 56 (11.6%) 22 (12.3%) 3 (7.7%)
10 ≤ |I| < 20◦ 53 (11.0%) 23 (12.8%) 6 (15.4%)
20 ≤ |I| < 30◦ 40 (8.3%) 15 (8.4%) 2 (5.1%)
30 ≤ |I| < 40◦ 51 (10.6%) 23 (12.8%) 2 (5.1%)
40 ≤ |I| < 50◦ 72 (14.9%) 22 (12.3%) 8 (20.5%)
50 ≤ |I| < 60◦ 59 (12.2%) 20 (11.2%) 5 (12.8%)
60 ≤ |I| < 70◦ 74 (15.3%) 30 (16.8%) 6 (15.4%)
70 ≤ |I| < 80◦ 55 (11.4%) 13 (7.3%) 4 (10.3%)

◦

G3) is 6% of GAD. The unbinned and unfiltered distribution with 3246 entries from
ll  rock types is shown for comparison. When the quality filtering is done in a stricter
ay, the unbinned distributions are closer to GAD, as seen in Fig. 9.

ombination of GAD + G3, as evaluated from the elonga-
ion/inclination (E/I) theory (Tauxe and Kent, 2004). This method
s based on the distinction of ellipticity in north-south direction,

hich is mainly caused by zonal multipoles, and the west-east
longation, which is more prominently a product of sedimentary
nclination shallowing. In the vicinity of poles, the distributions of
irections are circular. Schmidt et al. (2009) have shown that this
heory can be effectively used for correcting flattened inclinations
y comparing the observed values of inclination with the ellipticity
hat results from a geomagnetic model of the last 5 Ma,  such as
he predominantly dipolar TK03 model (Tauxe and Kent, 2004). In
he inclination frequency analysis, however, inclinations altered
y sedimentary shallowing are a source to a distribution with an
qual appearance to that caused by a persistent non-dipolar field
e.g. Kent and Smethurst, 1998). Even in the case where sedi-

entary inclinations are excluded, the preference of very shallow
nclinations 0◦ ≤ |I| < 20◦ to moderately shallow ones 20◦ ≤ |I| < 40◦

s clearly visible especially in the unbinned dataset (Fig. 6). Partly
his is caused by the spatiotemporally insufficient sampling of
rchean results, as seen in Fig. 7, but it also reflects the small
umber of individual observations in the lowest intervals of the
istribution, and therefore a high sensitivity towards anomalous
ntries. This is strikingly different from the distribution of the
nbinned and unfiltered dataset, which is very similar to that
uggested by Kent and Smethurst (1998), and unlike all other ones
n our study, based on raw data with no prefiltering. This casts

ore doubt on the Kent & Smethurst type binning.

.2. Polarity

In the inclination frequency method, observations are gener-
lly handled regardless of the actual sign of the inclination vector.
o estimate whether the choice of the sign of I makes a differ-
nce in the outcome of the analysis, igneous rock data with MV  ≥ 3

ere selected. Entries with mixed polarity were neglected. The

et of 903 records was reduced to normal (N = 545) and reversed
N = 358) subsets according to inclination, as seen in Table 3. As
een in Fig. 8, positive inclinations have a distribution close to the
dows: Archean (>2500 Ma), Paleoproterozoic (2500.  . .1600 Ma), Mesoproterozoic
(1600.  . .1000 Ma)  and Neoproterozoic (1000.  . .542 Ma)  from data seen in Table 2.

GAD, whereas the negative ones do not follow any clearly defined
zonal harmonic decomposition. The difference between positive-
and negative-polarity populations is most likely due to the fact
that Laurentia and Baltica, the two  most extensively studied cra-
tons, occupied shallow northerly latitudes for most of the Paleo-
and Mesoproterozoic (Pesonen et al., 2012b). In our data, these are
characterized by positive inclinations with just a few exceptions,
80 ≤ |I| < 90 23 (4.8%) 11 (6.1%) 3 (7.7%)

Combined 483 (100%) 179 (100%) 39
X2 13.038 14.404 –
p-Value 0.111 0.072 –
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Table  4
Global distributions for binned (N = 233) and unbinned (N = 483) crystalline rock data (MV  ≥ 4), along with the reduced-size unbinned distribution. The reduced-size unbinned
data  has been selected randomly from the filtered, unbinned dataset and demonstrates how the size of the distribution affects the chi-square values. The values of the test
statistic X2 have been calculated for all distributions with GAD as a null hypothesis. For comparison, the distribution calculated from the unfiltered, unbinned raw data (i.e.
our  entire database, including sedimentary records) is also shown. Unbinned and binned distributions are plotted in Fig. 9, along with the best-fit model of the Precambrian.

Interval Filtered, unbinned Filtered, binned Filtered, unbinned, reduced size Unfiltered, unbinned

0 ≤ |I| < 10◦ 56 (11.6%) 27 (11.6%) 27 (11.6%) 449 (13.8%)
10  ≤ |I| < 20◦ 53 (11.0%) 25 (10.7%) 26 (11.2%) 395 (12.2%)
20  ≤ |I| < 30◦ 40 (8.3%) 21 (9.0%) 19 (8.2%) 412 (12.7%)
30  ≤ |I| < 40◦ 51 (10.6%) 28 (12.0%) 25 (10.7%) 480 (14.8%)
40  ≤ |I| < 50◦ 72 (14.9%) 36 (15.5%) 35 (15.0%) 464 (14.3%)
50  ≤ |I| < 60◦ 59 (12.2%) 32 (13.7%) 28 (12.0%) 386 (11.9%)
60  ≤ |I| < 70◦ 74 (15.3%) 29 (12.4%) 36 (15.5%) 317 (9.8%)
70  ≤ |I| < 80◦ 55 (11.4%) 24 (10.3%) 26 (11.2%) 246 (7.6%)
80  ≤ |I| < 90◦ 23 (4.8%) 11 (4.7%) 11 (4.7%) 97 (3.0%)
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Combined 483 (100%) 233 (100%) 

X2 13.038 9.210 

p-Value  0.111 0.325 

The concentration of steep negative inclinations, contrasted
ith shallow positive ones, has been observed in the data of the

ate Mesoproterozoic Lake Superior region (e.g. Pesonen, 1979;
reen et al., 1987; Tauxe and Kodama, 2009). This phenomenon,
lthough visible in Fig. 8, is most likely not a manifestation of any
ong-lived feature of the geomagnetic field, since the temporal dis-
ributions of N and R data do not overlap, but rather, N records are
ystematically younger than R ones. The difference between the
ositive- and negative-inclination curves is most likely due to the
act that Fennoscandia (Baltica), and Laurentia, the most widely
tudied Precambrian continents, had a vast majority of positive
nclinations, many of them from 1.8 to 1.2 Ma  when the continents

ost likely drifted together (Evans and Pisarevsky, 2008; Salminen
t al., 2009; Pisarevsky and Bylund, 2010). Also the North and South
hina blocks have a majority of positive inclinations.

Since no detailed APW paths are available for any craton
hroughout the Precambrian and models of the configuration of
ontinents are tentative at best, observations about positive and
egative values of inclination tell nothing about the actual polar-
ties of the geomagnetic field. Comprehensive time sequences
vailable for comparison between polarities observed in differ-
nt cratons are limited, although the correlation of Laurentia and

ig. 8. Comparison of positive (+) and negative (−) inclinations according to data in
able 1. The group of positive inclinations behaves almost like GAD. The distribution
f  negative inclinations is highly irregular, and a concentration of low inclinations
s  visible.
233 (100%) 3246 (100%)
7.699 411.765
0.4433 <0.0001

Baltica between 1.88 Ga and 1.02 Ga is possible. Their common his-
tory is demonstrated by paleolatitude curves, similar APW paths
and repeatedly similar positions in paleomagnetically generated
reconstructions (Pesonen et al., 2012b). Some Precambrian time
slots are, however, strongly over- and other underrepresented in
the number of observations. This is mainly due to the fact that
magmatic activity generally occurs in pulses, which generate large
igneous provinces (LIPs) (Ernst and Buchan, 2002). One of the most
remarkable ones is the rifting of Keweenawan 1.12–1.06 Ma  ago,
which accounts for plenty of paleomagnetic results, not only in Lau-
rentia but also in Antarctica (Coats Land nunataks, Gose et al., 1997),
Baltica (Salla diabase dykes, Salminen et al., 2009) and South Africa
(Umkondo LIP, Gose et al., 2006).

3.3. Age

The influence of the geologic age was  studied by sorting observa-
tions from igneous and metamorphic rocks into four time windows
according to geological eras: Archean (>2500 Ma), Paleoproterozoic
(2500.  . .1600 Ma), Mesoproterozoic (1600.  . .1000 Ma)  and Neo-
proterozoic (1000.  . .542 Ma). In this age analysis, sedimentary data
were dropped out since there were virtually no high-quality pale-
omagnetic studies on sediments older than 2500 Ma.  Even in the
case of crystalline rocks, the functionality of statistical testing for
Archean data is weak due to the small number of entries and their
strong concentration in Kalahari (Africa) and Pilbara (Australia).
Distributions for igneous and metamorphic rocks of varying ages
are shown in Fig. 7 and Table 2. Mesoproterozoic data appear to be
biased towards low inclinations, whereas the other time windows
are more similar to GAD. Because a large part of the Mesoprotero-
zoic interval is dominated by the existence of the supercontinent
Nuna, which occupied low to moderate paleolatitudes between
1600 and ∼1300 Ma  (Zhang et al., 2012), the low-latitude bias of
Mesoproterozoic data is not surprising. The general concordance
of other time intervals with the GAD model is perhaps unex-
pected, because those durations (less than 500 million years for
the Neoproterozoic, in particular) have been considered generally
insufficient for continents to sample the Earth’s surface adequately
(Meert et al., 2003).

3.4. Quality filtering

Successive quality filtering alters the database inclination dis-
tributions, at first moderately, and then substantially (Fig. 9). In

this test, crystalline rocks only are included. As high-pass filters
progress through MV  values as high as 3–4, the low-inclination
bias decreases slightly, such that the data curves become coin-
cident with the GAD curve at 20–40◦ inclination values. In these
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Fig. 9. The effect of quality filtering in inclination distributions. Data with MV (Mod-
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of a small octupolar field causes a larger discrepancy in the pre-
fied Van der Voo gradings) from Table 3, with igneous and metamorphic rocks. All
ther distributions, except that of MV  = 6, are statistically significant.

xamples, there remains an anomalously large frequency of 0–20◦

alues, and a frequency peak at 40–50◦ rather than the 60–70◦ peak
redicted by GAD. Nonetheless, successive filtering through these
tages substantially decreases the chi-squared statistic (Table 3),
ven though the deviation from GAD is slightly larger in MV  ≥ 5
ataset when compared to MV ≥ 4. At the highest level of quality fil-
ering (MV  = 6), the statistics of small data create jagged frequency
urves and render the chi-square test meaningless.

As noted above, filtering to MV  ≥ 3 or MV  ≥ 4 appears to be the
est compromise between quality control and a statistically large
nough dataset for analysis. With MV  ≥ 3 on unbinned igneous and
etamorphic rock data, the optimal field model has G2 = 0% and
3 = 6% of GAD. With MV  ≥ 4, also on unbinned igneous and meta-
orphic rocks only, two equally plausible best-fit models exist:

ne with G2 = 1% and G3 = 4%, and another with G2 = 7% and G3 = 6%.
ith binned igneous and metamorphic rock data filtered by MV ≥ 4,

he best fit has G2 = 0% and G3 = 6%. As a compromise, we ended up
sing values of G2 = 2% and G3 = 5% of GAD, acknowledging the pos-
ibility that our binning procedure may  cause slight bias towards
id-inclination values (Table 4).

. Discussion

The new results suggest that the optimal geomagnetic field
odel of the Precambrian, according to the database-wide incli-

ation test, is not far from the field predicted by the GAD model.
his is in strong contrast to all previous studies (Piper and Grant,
989; Kent and Smethurst, 1998; Tauxe and Kodama, 2009), where
istinct low-inclination biases were observed. The new analysis
upports the existence of a small octupolar (ca. 0–8% of GAD) com-
onent. The quadrupole can also be 0–10% of GAD, although the
istribution is much more sensitive to small changes in G3 rather
han in G2. Models with G3 > 0.12 are mostly incompatible with the
bserved data, though their functionality is improved when they
nclude a small G2 term, too. Not surprisingly, the deviation from
he GAD is smallest for the highest-quality observations, including

o-called key poles (Buchan et al., 2000). They have well-defined
sotopic ages, small statistical error parameters, and their primary
emanent magnetization has been properly isolated.
Fig. 10. The non-uniqueness of inclination distributions. A certain superposition of
quadrupolar and octupolar fields, combined with the GAD, is a source to a distribu-
tion equal in appearance to that generated by the GAD only.

Our results thus remove an inconsistency between earlier
database-wide inclination tests that suggested substantial non-
dipolar components of the field (notably, Kent and Smethurst,
1998), versus the comparison of Precambrian evaporite paleolat-
itudes with modern Hadley circulation (Evans, 2006), which gave
results indistinguishable from the GAD model. In the latter study,
the optimal value of G3 for pre-Ediacaran data, all other factors held
constant, was 13%, with large uncertainties enveloping GAD but
barely excluding the earlier-proposed 25% value. By reducing the
inclination test anomaly from G3 ∼25% to G3 ∼5%, our present study
lessens the need for geophysical speculations on a very late growth
of the inner core (Kent and Smethurst, 1998), or models of particu-
lar heat-flow patterns across the core–mantle boundary (Bloxham,
2000). Such effects might have existed at various stages of the Pre-
cambrian, and could account for the nonzero G3 in our optimally
filtered data subset, but they are not needed to be as large as pre-
viously thought. In addition, the assumption that continents have
sampled all latitudes adequately during their drift history, although
debated (Meert et al., 2003; McFadden, 2004; Evans, 2005; Evans
and Hoye, 2007) cannot cause a serious mismatch between the GAD
model and observations. It is also evident that certain sources of
data, such as redbeds, coral reefs, evaporites, shungites or other
rocks known to deposit at shallow to moderate latitudes (Evans
et al., 1997; Pesonen et al., 2003) should not be given a strong
weight in evaluating the validity of the GAD hypothesis.

5. Conclusions

Even though our inclination analysis suggests the validity of the
GAD hypothesis during the Precambrian, the method used for the
analysis is by definition non-unique. For example, a combination
of a moderate quadrupole (17% of GAD) and a very small octupole
(3% of GAD) produces an inclination distribution, which appears
identical to that generated by g0

1 only (Fig. 10). Hence other meth-
ods, such as the paleosecular variation analysis (Smirnov et al.,
2011) and asymmetries of the field reversals (Veikkolainen et al.,
2013a) should be used to find the best model for the geomag-
netic field of the Precambrian. The conclusion that the presence
dicted paleolatitudes of continents, than a small quadrupole does,
has formerly been used in improving the reconstruction of the Pan-
gaea supercontinent (Van der Voo and Torsvik, 2001). The relatively
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mall number of high-latitude paleomagnetic poles was  originally
xplained by the rejection of suspected steep directions as repre-
enting the present-day geomagnetic field (Lapointe et al., 1978).
his theory is no longer trustworthy, particularly due to the fact
hat it was based on North American data, and the current database
Pesonen et al., 2012a) contains nearly 1000 moderate- or high-
uality (MV  ≥ 3) results where the exclusion of the present-day
eld (PEF) has been generally done in a correct way. Although the
o-called PEF contamination is still relevant and must be carefully
ocumented, it is not the dominant explanation for steep (high-

atitude) remanence directions.
When only unaltered, most reliable observations of inclination

re considered, the support for the GAD hypothesis is remarkable.
herefore it is reasonable to assume that the geodynamo of the far
ast is driven by mostly the same processes that have generated
he field of the most recent geological eras.
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Supplementary tables 

These tables show the values of chi-square test statistic (X2) in the statistical modelling where 
different superpositions of GAD+G2+G3 are set as null hypotheses. The values of the axial 
quadrupole (G2), ranging from 0 % to 10 % of the strength of GAD, are shown by the 
column numbers of the table, whereas the row numbers indicate the value of the axial 
octupole (G3), ranging from 0 % to the 25 % of the strength of GAD. The values of X2 not 
exceeding the critical value 15.507 are emphasized with underlined font, meaning that the 
corresponding zonal field model passes the χ2 test. Values with italic underlined font values 
point to the minima of X2, referring to the best-fit zonal field models in each three sets of 
observations. 

 

1. Unbinned, MV ≥ 4, crystalline rocks (igneous and) metamorphic) 

0.25	
   100.8	
   100.9	
   98.66	
   98.51	
   99.49	
   96.44	
   95.85	
   96.03	
   96.30	
   95.96	
   97.01	
  
0.24	
   91.58	
   91.83	
   90.13	
   91.73	
   91.43	
   89.28	
   88.51	
   88.99	
   87.58	
   86.99	
   86.81	
  
0.23	
   83.50	
   84.46	
   82.80	
   83.00	
   82.71	
   81.61	
   82.89	
   79.84	
   80.12	
   80.05	
   78.07	
  
0.22	
   76.78	
   76.53	
   76.17	
   76.01	
   74.07	
   74.16	
   75.29	
   73.16	
   72.44	
   71.69	
   72.46	
  
0.21	
   69.15	
   68.43	
   69.99	
   69.13	
   68.17	
   67.70	
   66.94	
   66.53	
   65.20	
   64.90	
   63.52	
  
0.20	
   62.84	
   61.94	
   62.17	
   62.17	
   61.94	
   60.69	
   59.95	
   59.74	
   58.86	
   58.69	
   57.56	
  
0.19	
   58.18	
   55.75	
   55.66	
   55.45	
   55.06	
   53.90	
   54.71	
   52.88	
   51.76	
   52.90	
   51.55	
  
0.18	
   48.54	
   50.26	
   49.18	
   50.05	
   48.82	
   49.04	
   48.79	
   47.13	
   46.90	
   46.58	
   44.99	
  
0.17	
   44.63	
   42.51	
   44.05	
   43.23	
   43.80	
   42.86	
   42.50	
   41.97	
   41.80	
   40.89	
   39.94	
  
0.16	
   39.75	
   39.25	
   38.36	
   38.87	
   39.01	
   37.29	
   36.96	
   36.83	
   35.83	
   35.58	
   34.23	
  
0.15	
   34.16	
   34.21	
   34.52	
   33.66	
   33.00	
   34.02	
   32.52	
   32.55	
   31.67	
   30.62	
   29.92	
  
0.14	
   29.41	
   29.50	
   29.87	
   27.98	
   29.59	
   28.69	
   28.41	
   27.71	
   27.87	
   26.31	
   29.92	
  
0.13	
   26.66	
   26.68	
   24.82	
   25.91	
   25.12	
   24.89	
   24.79	
   24.36	
   24.07	
   22.82	
   22.37	
  
0.12	
   20.88	
   21.82	
   23.01	
   21.47	
   22.13	
   22.31	
   20.90	
   20.64	
   20.23	
   20.28	
   18.80	
  
0.11	
   18.47	
   18.62	
   19.84	
   19.68	
   18.73	
   17.92	
   18.60	
   17.58	
   17.32	
   16.30	
   16.38	
  
0.10	
   15.92	
   16.48	
   16.46	
   16.86	
   16.12	
   15.22	
   15.61	
   14.99	
   14.90	
   14.15	
   14.56	
  
0.09	
   12.57	
   13.63	
   13.09	
   13.48	
   13.61	
   14.52	
   13.06	
   12.68	
   13.23	
   12.97	
   12.17	
  
0.08	
   11.65	
   11.71	
   11.97	
   11.84	
   12.13	
   12.36	
   11.09	
   11.62	
   11.51	
   11.08	
   11.73	
  
0.07	
   11.16	
   10.24	
   10.40	
   10.40	
   10.59	
   10.66	
   10.22	
   10.38	
   10.92	
   9.36	
   9.30	
  
0.06	
   10.15	
   9.99	
   9.90	
   9.56	
   8.83	
   10.05	
   10.01	
   8.33	
   9.13	
   10.04	
   9.06	
  
0.05	
   8.88	
   9.27	
   8.83	
   9.38	
   8.43	
   8.43	
   8.62	
   9.86	
   9.66	
   9.40	
   9.71	
  
0.04	
   9.30	
   8.33	
   8.93	
   9.06	
   9.27	
   9.47	
   9.96	
   9.05	
   9.30	
   9.12	
   9.41	
  
0.03	
   9.79	
   9.68	
   9.23	
   9.12	
   9.41	
   9.85	
   10.46	
   9.49	
   10.10	
   9.44	
   10.42	
  
0.02	
   11.32	
   11.09	
   11.05	
   9.83	
   10.63	
   11.31	
   11.22	
   11.17	
   11.33	
   12.41	
   11.80	
  
0.01	
   12.28	
   12.18	
   12.60	
   11.91	
   11.80	
   12.31	
   12.52	
   12.49	
   12.99	
   14.51	
   13.58	
  
0.00	
   13.04	
   14.09	
   14.49	
   13.76	
   14.25	
   14.04	
   14.77	
   14.42	
   15.48	
   16.87	
   16.32	
  
G3/G2	
   0.00	
   0.01	
   0.02	
   0.03	
   0.04	
   0.05	
   0.06	
   0.07	
   0.08	
   0.09	
   0.10	
  
 

 

 

 



 

2. Binned, MV ≥ 4, crystalline rocks 

0.25	
   36.58	
   35.99	
   36.16	
   35.96	
   35.12	
   35.10	
   34.13	
   33.78	
   34.20	
   32.93	
   31.93	
  
0.24	
   33.28	
   32.51	
   32.44	
   31.90	
   31.09	
   31.95	
   30.86	
   28.93	
   29.79	
   28.84	
   28.43	
  
0.23	
   30.82	
   29.74	
   29.72	
   28.50	
   27.74	
   27.86	
   27.08	
   27.51	
   26.38	
   25.58	
   25.42	
  
0.22	
   25.64	
   25.35	
   26.00	
   25.58	
   24.92	
   24.55	
   24.11	
   24.57	
   23.93	
   23.97	
   23.29	
  
0.21	
   21.98	
   22.68	
   22.01	
   22.02	
   23.08	
   21.64	
   21.99	
   21.76	
   21.15	
   20.45	
   19.57	
  
0.20	
   19.92	
   20.77	
   19.98	
   20.18	
   19.65	
   18.49	
   19.07	
   18.97	
   17.96	
   17.23	
   16.83	
  
0.19	
   18.37	
   18.08	
   17.32	
   17.11	
   16.92	
   16.59	
   16.01	
   15.40	
   14.72	
   14.86	
   14.23	
  
0.18	
   15.19	
   14.98	
   13.86	
   15.06	
   14.08	
   14.26	
   14.76	
   13.88	
   12.53	
   11.80	
   11.24	
  
0.17	
   13.13	
   12.03	
   12.41	
   12.00	
   11.82	
   11.47	
   11.64	
   11.14	
   11.13	
   10.67	
   10.42	
  
0.16	
   10.99	
   10.93	
   10.17	
   10.15	
   9.77	
   9.46	
   9.76	
   9.50	
   8.95	
   8.30	
   8.52	
  
0.15	
   8.48	
   8.03	
   8.49	
   9.41	
   8.76	
   8.95	
   7.76	
   6.84	
   7.20	
   6.61	
   7.32	
  
0.14	
   7.05	
   7.15	
   7.35	
   6.54	
   6.48	
   6.12	
   6.55	
   6.52	
   6.73	
   5.39	
   5.36	
  
0.13	
   5.34	
   5.86	
   6.15	
   5.84	
   5.83	
   5.18	
   5.03	
   4.78	
   4.46	
   5.39	
   4.89	
  
0.12	
   4.75	
   5.23	
   4.81	
   4.80	
   4.65	
   4.82	
   4.80	
   4.23	
   4.07	
   3.83	
   3.75	
  
0.11	
   4.91	
   4.02	
   4.04	
   4.02	
   4.33	
   3.90	
   3.17	
   3.62	
   3.94	
   2.84	
   3.46	
  
0.10	
   2.75	
   3.59	
   4.17	
   3.73	
   3.15	
   2.84	
   3.15	
   2.80	
   3.12	
   3.26	
   3.21	
  
0.09	
   2.89	
   3.17	
   2.80	
   3.12	
   3.34	
   2.88	
   2.88	
   2.94	
   3.03	
   2.92	
   3.41	
  
0.08	
   2.88	
   2.83	
   2.33	
   2.92	
   2.80	
   2.67	
   2.99	
   2.71	
   3.42	
   3.18	
   3.10	
  
0.07	
   2.70	
   2.69	
   2.63	
   2.70	
   2.70	
   2.81	
   3.75	
   3.29	
   3.50	
   3.40	
   3.62	
  
0.06	
   2.27	
   2.29	
   2.75	
   2.75	
   2.61	
   2.92	
   3.00	
   3.61	
   3.90	
   3.65	
   3.08	
  
0.05	
   3.83	
   3.76	
   3.31	
   3.98	
   3.68	
   3.28	
   3.43	
   3.23	
   4.16	
   4.37	
   3.82	
  
0.04	
   4.42	
   4.06	
   4.69	
   4.69	
   4.79	
   4.46	
   4.89	
   4.38	
   4.53	
   5.06	
   4.59	
  
0.03	
   5.21	
   5.51	
   5.54	
   5.38	
   5.52	
   5.44	
   5.62	
   4.82	
   4.68	
   5.94	
   5.76	
  
0.02	
   5.99	
   6.19	
   6.66	
   5.81	
   5.97	
   6.52	
   7.15	
   6.81	
   6.89	
   6.95	
   6.42	
  
0.01	
   6.22	
   6.90	
   7.53	
   7.48	
   8.32	
   7.29	
   8.11	
   7.78	
   8.48	
   9.05	
   9.23	
  
0.00	
   9.21	
   9.00	
   9.13	
   9.37	
   9.38	
   8.33	
   9.47	
   8.98	
   9.86	
   10.20	
   10.67	
  
G3/G2	
   0.00	
   0.01	
   0.02	
   0.03	
   0.04	
   0.05	
   0.06	
   0.07	
   0.08	
   0.09	
   0.10	
  
 

 

 

 

 

 

 

 

 

 

 



3. Unbinned, MV ≥ 3, crystalline rocks 

0.25	
   161.8	
   162.2	
   159.7	
   160.0	
   156.1	
   154.0	
   154.0	
   150.3	
   146.7	
   144.9	
   144.8	
  
0.24	
   144.4	
   146.1	
   144.8	
   144.6	
   140.0	
   137.1	
   136.2	
   134.3	
   131.9	
   129.9	
   129.2	
  
0.23	
   128.9	
   128.9	
   129.5	
   127.5	
   126.7	
   124.7	
   123.0	
   121.6	
   119.7	
   117.2	
   116.9	
  
0.22	
   115.1	
   115.5	
   114.5	
   113.5	
   112.6	
   110.6	
   109.9	
   108.0	
   107.6	
   106.2	
   102.6	
  
0.21	
   102.1	
   102.5	
   102.1	
   101.1	
   100.7	
   98.72	
   96.29	
   94.34	
   92.95	
   91.71	
   89.97	
  
0.20	
   91.93	
   89.79	
   89.19	
   87.55	
   88.62	
   86.72	
   85.06	
   83.94	
   82.46	
   81.09	
   79.22	
  
0.19	
   77.95	
   77.38	
   77.70	
   77.26	
   78.11	
   77.07	
   75.58	
   74.28	
   73.00	
   70.62	
   68.89	
  
0.18	
   69.27	
   68.94	
   68.88	
   67.71	
   67.20	
   65.58	
   64.26	
   63.64	
   63.33	
   62.06	
   61.43	
  
0.17	
   61.25	
   58.87	
   59.01	
   58.54	
   57.58	
   56.45	
   56.54	
   55.13	
   53.31	
   52.60	
   51.14	
  
0.16	
   50.34	
   50.79	
   50.06	
   50.05	
   50.34	
   49.02	
   47.95	
   47.03	
   46.61	
   45.77	
   44.19	
  
0.15	
   43.40	
   43.39	
   42.42	
   42.10	
   41.48	
   41.51	
   41.14	
   40.20	
   40.43	
   38.04	
   37.36	
  
0.14	
   36.07	
   35.71	
   36.97	
   36.91	
   35.96	
   34.96	
   34.60	
   33.49	
   33.42	
   32.76	
   32.30	
  
0.13	
   31.22	
   31.24	
   30.13	
   29.75	
   29.25	
   29.19	
   30.28	
   29.95	
   26.96	
   27.63	
   27.28	
  
0.12	
   25.01	
   25.64	
   26.76	
   25.84	
   25.07	
   24.27	
   24.06	
   23.99	
   23.97	
   23.74	
   23.98	
  
0.11	
   22.83	
   21.90	
   21.98	
   21.44	
   21.36	
   20.99	
   20.80	
   21.06	
   21.10	
   20.54	
   19.23	
  
0.10	
   18.41	
   18.47	
   18.88	
   18.64	
   17.90	
   17.93	
   18.53	
   17.58	
   17.50	
   17.92	
   18.10	
  
0.09	
   15.39	
   15.61	
   16.00	
   16.18	
   15.79	
   15.69	
   16.26	
   15.42	
   16.21	
   16.17	
   16.38	
  
0.08	
   14.73	
   14.52	
   14.79	
   14.42	
   14.87	
   14.99	
   14.89	
   14.76	
   14.82	
   15.15	
   14.83	
  
0.07	
   13.60	
   13.76	
   13.72	
   14.09	
   13.80	
   14.24	
   14.58	
   13.45	
   14.88	
   15.57	
   15.44	
  
0.06	
   14.18	
   13.34	
   14.00	
   14.05	
   13.87	
   14.40	
   14.85	
   14.59	
   14.88	
   16.18	
   15.79	
  
0.05	
   14.19	
   14.61	
   14.83	
   15.20	
   15.53	
   15.45	
   16.20	
   16.23	
   16.30	
   17.67	
   17.47	
  
0.04	
   16.95	
   16.48	
   16.56	
   17.44	
   17.53	
   17.07	
   18.57	
   18.69	
   18.51	
   15.46	
   19.68	
  
0.03	
   18.72	
   19.47	
   19.58	
   19.70	
   20.10	
   19.89	
   20.68	
   21.17	
   21.79	
   23.40	
   23.35	
  
0.02	
   23.10	
   21.92	
   22.92	
   23.23	
   22.98	
   23.20	
   24.61	
   24.41	
   25.50	
   26.65	
   26.99	
  
0.01	
   26.81	
   27.77	
   26.65	
   26.81	
   27.57	
   27.71	
   28.34	
   28.49	
   29.55	
   31.65	
   32.32	
  
0.00	
   30.94	
   32.83	
   31.70	
   31.92	
   32.79	
   33.00	
   33.93	
   35.12	
   35.12	
   36.80	
   37.43	
  
G3/G2	
   0.00	
   0.01	
   0.02	
   0.03	
   0.04	
   0.05	
   0.06	
   0.07	
   0.08	
   0.09	
   0.10	
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