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Statistical properties of paleomagnetic directions
in Kerguelen lava flows: implications for the Late

Oligocene paleomagnetic field.!

P. Camps, B. Henry, K. Nicolaysen, and G. Plenier

Abstract

We present the results of a paleomagnetic study of seven new volcanic
sections (146 flows) from Kerguelen Archipelago. For two of these sec-
tions, priliminary (40Ar/39Ar) ages are reported to aid in the calibration
of the paleomagnetic results. The primary contribution of this report,
however, is a compilation of these new data with those already published
in order to describe statistically the characteristics of the paleomagnetic
field as recorded by the Kerguelen flood basalts. In total, 258 paleo-
magnetic directions sampled at 13 stratigraphic sections through the lava
pile are available and span an approximately 5 Myr window – from 25
to 30 Ma. The composite section represents at least 11 polarity zones
that are correlated to the reference geomagnetic polarity time scale. Our
approach is to investigate the average normal and reversed polarity field
directions over this 5 Myr window. We calculated a paleomagnetic pole
found to be located at ! = 85.5˚N, " = 189˚E (A95 = 2.3˚, K = 16.5
and N=233). This pole is in close agreement with the coeval paleomag-
netic poles obtained from di!erent worldwide places when analyzed in
the Indo-Atlantic hotspot reference frame. In the statistical analysis, we
tackle the specific question: is the secular variation isotropic? This ques-
tion is directly related to the occurrence of a longitudinal confinement of
the virtual geomagnetic poles (VGP), which is still a matter of debate
amongst the paleomagnetists. By means of statistical tests, we show that
the paleomagnetic data from Kerguelen agree with an isotropic model for
paleosecular variation. Finally, we present adjustments to the Camps and
Prevot’s [1] statistical model, developed for some northern hemisphere lat-
itudes, to the southern hemisphere paleomagnetic data from Kerguelen.

1 Introduction

During the past ten years, significant advances have been made in numerical
simulation of the Earth’s dynamo. Glatzmaier et al. [2] showed for the first time
that a numerical model of convection-driven dynamo in spherical shells, based
on the fundamental equations of the magneto-hydrodynamics and relatively
realistic physicochemical properties of the Earth’s core, can generate a magnetic
field with a morphology and behavior close to that known for the Earth. Since
then, several other numerical models were developed with the objective to be
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as close as possible to Earth-like parameters [3, 4, 5, 6]. Even if none of these
models can claim to represent the geodynamo, and they will probably never be
able to do so [7], they nevertheless reached a degree of improvement adding new
insights to our knowledge of the Earth’s deep interior. For instance, models with
imposed non-uniform core-mantle boundary (CMB) heat flow [8, 9] simulate
perfectly the longitudinal organization of Virtual Geomagnetic Pole (VGP),
one through North and South America and the other through eastern Asia and
Australia, as described by Laj et al. [10] from sedimentary records of reversals
over the last 12 Myr. An alternative model that assumed a heterogeneous
conducting layer at the base of the mantle [11] seems a more questionnable
mechanism to influence the trajectory of VGPs during reversals [12, 13, 14].

Whatever the nature of CMB heterogeneities, the fundamental question to
be addressed is inherent in the interpretation of Laj et al. [10] observations;
that is, do sediments properly record rapid geomagnetic events such as reversals
or excursions ? The complexity of the acquisition of remanent magnetization by
sediments is such that some rock magnetists could come to the conclusion that
the transitional zones observed in some sedimentary sequences are nothing more
than artifacts [15, 16]. In contrast, volcanic rocks are reliable recorders of the
geomagnetic field. However, statistical analysis of the location of transitional
VGPs recorded exclusively by volcanic rocks from all around the world during
the last 20 Myr, have proposed conflicting conclusions [17, 18, 19].

Examination of paleosecular variation (PSV) provides an alternative source
of information into the possible control of the configuration of the paleomagnetic
field by the lower mantle. Constable [20] pointed out that one of the preferred
longitudinal bands coincides with that expected from reversal of a non-axial
dipole field exactly like that present in the modern day field. Then, she argued
that if persistent non-zonal terms exist, they may generate VGP positions non-
uniformly distributed in longitude even during times of stable polarity, as seems
to be supported by the global PSV volcanic records for the last 5 Myr [20].
On the contrary, Camps and Prevot [1] showed that the PSV remains isotropic
during the last 15 Myr at the regional scale of Iceland. Thus, despite the large
number of paleomagnetic studies devoted over the past 20 years to the study
of the geomagnetic field fluctuations – from PSV to reversals – the question of
whether the lower mantle influences the core dynamo is still a matter of debate.

We believe that useful input to this issue may be obtained by studying the
statistical properties of the field fluctuation over several Myr at a particular
region, similar to previous studies of Iceland [21, 1]. The French volcanic is-
lands near Antarctica – New Amsterdam, Crozet and Kerguelen Archipelagos
– located in the southern Indian Ocean represent an uncommon opportunity to
carry out such a regional study. The sub-aerial volcanism is of di!erent ages in
these islands; younger than 1 Ma in Amsterdam, Plio-Pleistocene in Crozet and
mainly Oligocene in Kerguelen. Recent paleomagnetic results obtained from
this area deserve special attention. First, PSV data for the last 5 Myr recorded
in lava flows from Possession Island (Crozet Archipelago) [22] agree with the
general anisotropic PSV model proposed by Constable et al. [23], which assumes
that the boundary conditions at the core-mantle interface are geographically het-
erogeneous. Second, the transitional field of two distinct recent excursions, one
recorded in Possession Island [22] and the other recorded in Amsterdam Island
[24], located 2300 km northeast-ward from Crozet Archipelago, each would have
revisited the same VGP location, which is within one of the preferred longitudi-
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nal bands of Laj et al [10]. Both of these observations support the controversial
hypothesis of mantle influence on the dynamic of the outer core. Those seem
however to be limited to the few last Myr because the PSV data obtained on
Kerguelen, a volcanic archipelago located in the same part of the southern In-
dian Ocean for which the sub-aerial flows are mainly of Late Oligocene age,
agree with an isotropic model for PSV [25].

We propose in the present study to address further the statistical descrip-
tion of the paleomagnetic field fluctuations recorded on Kerguelen by reporting
146 new paleodirection determinations to supplement previous studies [26, 25]
and then proposing a statistical model for the paleomagnetic field fluctuations
compatible with the whole dataset (258 paleodirections).

2 Paleomagnetic sampling

A statistical description of the paleofield fluctuations imposes some constraints
on the way in which sampling must be carried out. For instance, it has to be
homogeneous over a period of time as long as possible. To accomplish this,
our field work strategy dictated that we avoid significant temporal overlap be-
tween the di!erent stratigraphic sections while taking care to leave a minimum
of time intervals unsampled. For each section, we decided to sample each suc-
cessive lava flow even if this choice is questionable and time-consuming. On one
hand, the Camps and Prevot [1] model requires inclusion of the full spectrum of
field fluctuations, from secular variation to reversals, hence, we want to recover
any existing magnetic transitional directions. Moreover, due to the particular
field trip conditions encountered on Kerguelen – di"culty and cost of accessing
the archipelago combined with logistically field conditions – the possibility to
supplement later a sampling is always uncertain. On the other hand, in the
absence of very accurate age estimate for each flow and due to the episodicity of
volcanism, only the chronological order is known for the instantaneous records
of the paleomagnetic field provided by a succession of lava flows, not the time
elapsed between each flow and its captured reading of the magnetic field. Thus
we have to assume, tentatively, that each flow represents an independent reading
of the geomagnetic field which is not true if several successive flows are erupted
in a short time interval.

We benefited from a very detailed geological knowledge of the Archipelago
[27], intensive stratigraphic geochemical investigations (see Doucet et al [28] for
a review) and numerous radiochronologic ages [29, 30, 31] to make an initial
selection of the sampling sites. Then, we kept only those not a!ected by sig-
nificant tectonic events and presumed to encompass a large time interval, e.g.,
recovering a maximum number of minimally altered lava flows.

Paleomagnetic studies of the volcanic sequences very often come up against
the di"culty to know if, when the lavas in the section show a small dip, this
dip is of tectonic or topographic origin. In the present case, our choice whether
to apply a tectonic correction was determined from geological data [27], our
own field observations and partly from studies of the magnetic fabric [32, 33]
that can make it possible in certain cases to find the flow direction of the lava.
We did not apply corrections when the flow direction and the azimuth of the
present dip are similar, because we cannot exclude the hypothesis that this one
is of topographic origin and inherent to the flow. The contrary case, i.e., dip
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direction and flow direction are not the same, indicates without any doubt that
a post-emplacement tilting occurs, and thus it was taken into account.

Seven new cross-sections supplementing the former studies are presented
below and located on Figure 1. Additional informations may also be retrieved
from an electronic supplement (Table A1).1

1. Port Jeanne d’Arc : We continued the previous paleomagnetic sampling
of Henry et al [26] at the Ravin du Charbon starting at the next flow up-
ward and sampled also a second section at Ravin Jaune, 2 km east from
Ravin du Charbon, where additional flows crop out stratigraphically be-
neath those of the former published sampling. Interbedded conglomerate
deposits overlain by trachytic tu!s and breccias provide obvious strati-
graphic correlations between theses two sections. Eruption of these lava
are interpreted from 40Ar/Ar39 dating to be synchronous at 25 Ma [29].
We present 25 paleomagnetic directions in a combined section of 400 m of
cumulative thickness. These directions have been corrected from a gen-
tle post-emplacement tilting, 5˚ towards the WNW, as recommended by
Henry et al [32].

2. Ile Haute : We sampled 22 lava flows through a 320 m thick vertical
cross-section. This site was selected because in a previous paleomagnetic
study, Derde et al [34] have suggested the presence of intermediate field di-
rections. No radiochronological age is available as the plagioclase feldspar
and glassy groundmass, upon which the argon dating relies, have begun
alteration to clays. In this area, lava flows present a constant and very
gentle dip of 2˚ toward the East. However, we did not correct for tilting
the paleomagnetic directions obtained in this section since this dip is sim-
ilar to the flow direction inferred from field observations [27], and thus it
is certainly of topographic origin.

3. Port Raymond : We selected this 250 m thick vertical cross-section
because there is no doubt from field observations that it corresponds to
the direct downward continuity of the Ile Haute section with little or no
overlap. Nine lava flows have been sampled. Plenier et al [33] confirmed
from AMS measurements that the flow direction is eastward, e.g., similar
to the present dip. Thus the data for this section was not corrected for
tilting.

4. Mont Bureau : Watkins et al [35] reported a paleomagnetic study car-
ried out on the 7 lower flows, but these directions should be regarded with
caution as attested by the large values of the 95% confidence limits for the
mean direction !95. We re-sampled exactly the same flows plus 11 over-
lying flows. The thickness of our section is about 400 m. We recommend
that our results do not complete but instead supersede the ones described
by Watkins et al [35]. This lava pile was emplaced between 29.3 Ma and
28.5 Ma [30]. Yang et al [36] did not find obvious evidences from petro-
graphic observations and geochemical analysis to constrain stratigraphic
correlation between this section and the coeval Mont Rabouillère section
[25]. Again, we did not apply corrections for a post-emplacement tilting

1Auxiliary material is available at
ftp://ftp.agu.org/apend/jb/2006JB004648
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since the very gentle dip of 2˚ towards the NE, that we directly measured,
seems to correspond to the flow direction [33].

5. Port Christmas : 16 flows have been subject to a paleomagnetic sam-
pling. Unfortunately, owing to very di"cult field working conditions, we
had to stop sampling before reaching the top of this section, leaving about
10 flows unsampled. An argon isotopic study failed to give reliable ages,
probably due to a significant post-magmatic alteration. Lava flows are
sub-horizontal.

6. Trois Ménestrels : To date, neither paleomagnetic nor geochemical stud-
ies have been carried out on volcanic rocks from this wide area located in
the Southern part of the Archipelago. We sampled 42 lava flows through
a 650 m thick section. A preliminary Ar/Ar date for the top of the section
is presented below, and a geochemical study of this section is in progress
(H. Diop, personal communication). Directions have been corrected for a
tectonic post-emplacement tilting (dip = 8˚ and dip direction = 120˚)
estimated from field measurements of several apparent dips. This correc-
tion seems to be justified since the present dip significantly di!ers from
the flow direction assumed to be southward in this area [27].

7. Sentinelles : Located just few km south of Trois Menestrels, we sus-
pected from field observations that this section partly overlaps the Trois
Menestrels. Thus, only 14 flows volcanic units were sampled to from a 160
m cumulative thickness. Preliminary Ar/Ar dates for the top and base
of the section are presented below. Directions were transformed into tilt
adjusted coordinates (dip = 8˚, dip direction = 103˚). This correction
is estimated, as for the Trois Menestrels section, from field measurements
of several apparent dips.

For each section the sampling was carried out identically. We collected an
average of seven cores for each successive flow using a gasoline-powered portable
drill. Samples were oriented using a magnetic compass corrected for local and
regional anomaly by sighting either the sun at a known time or known land-
marks.

3 Paleodirection determinations

We determined the paleodirections according to a standard procedure adopted
in our laboratory. It consists in treating two pilot samples from each flow in
a null magnetic field environment, one by stepwise alternating fields (AF) and
a second by stepwise heatings, using a very detailed experimental procedure
involving up to 18 steps. Assuming that the remanence properties are homo-
geneous at a flow scale, the remaining samples for each flow are then treated
with a reduced number of selected steps – between 7 and 10 – according to
the paleomagnetic treatment which seems to us the best adapted to isolate the
Characteristic Remanent Magnetization (ChRM). Examples of demagnetization
diagram for normal, reverse, and intermediate polarity are presented in Figure 2.
We determined ChRM directions by means of the principal component analysis
using the Maximum Angular Deviation (MAD) [37] as a measure of the inherent

5



scatter in directions. We averaged the directions thus obtained by flow, and cal-
culated the statistical parameters assuming a Fisherian distribution [38]. The
complete results of these analysis are given in Table A1. The ChRM directions
cluster well for each flow with rather small values of the 95 % confidence limits
about the mean direction (!95), 45% of determinations are " 5˚ and 96% "
10˚ .

4 Additional 40Ar/39Ar age determinations

Three samples were chosen for dating from Trois Menestrels and Sentinelles
sections such that the greatest possible stratigraphic range was obtained and
that the samples showed the least post-emplacement alteration. K2S-1, K2S-
17 and K2M-59 come respectively from the bottom and top of the sampled
Sentinelles section and the top of the Trois Menestrels section. Unfortunately
the four lowermost flows from the Trois Menestrels section showed significant
alteration including calcite veins and abundant chlorite in the groundmass. The
three dated samples contain microphenocrysts of plagioclase, clinopyroxene and
abundant iron-titanium oxides and have a nearly holocrystalline matrix. Vesicles
are filled with chlorite and the olivine phenocrysts of KSM-59 have similarly
altered to chlorite and other clays.

The samples were crushed and sieved to obtain 0.3-1.0 mm size fractions,
which were then hand-picked to obtain a uniform whole rock separate that was
sent to the Nevada Isotope Geochronology Laboratory (NIGL) at the University
of Nevada, Las Vegas. After a final picking at NIGL, samples were packaged
with Fish Canyon Tu! sanidine and CaF2 and K-rich glass fluence monitors
followed by irradiation for 7 hours at the McMaster University Nuclear Reac-
tor in Ontario. Fusion of 3-5 crystals of the fluence monitors yielded J-values
whose reproducibility was 0.05-0.35% throughout the 100 mm long irradiation
package and the neutron flux varied less than 4%. Other corrections factors
include: (40Ar/39Ar)K = 0.0001 ± 100%, (36Ar/37Ar)Ca = 2.62(±2.28%).10!4

and (39Ar/37Ar)Ca = 6.59(±0.44%).10!4. At NIGL standard laser and furnace
step-heating procedures were used (see Appendix B of Reiner et al [39]) and
during these analyses 40Ar/36Ar = 291.24± 0.24%; thus a mass discrimination
correction of 1.01400 was applied to the data, which were reduced and ages were
calculated using LabSPEC software (B. Idleman, Lehigh University). During
the data reduction at NIGL, the Fish Canyon sanidine was assigned an age of
27.9 Ma [40, 41], but the data were recalculated using an age of 28.02 Ma for
the standard so that these results may be compared consistently with those of
previous studies [30].

Each of the samples resulted in a total gas age, considered equivalent to
a K-Ar age (Table A2)1. Neither isochron nor plateau ages, as defined by
McDougall [42] and Wendt et al [43], were obtained within the 1" confidence
limits. Although plateaus were not obtained, the age spectra do not show
evidence of partial di!usive loss. The ages obtained for K2S-1 (28.95±0.22Ma)
and K2S-17 (27.02 ± 0.14 Ma) are consistent with the stratigraphy; that is, the
age of the base of the section is older. K2M-59, the top of the Trois Menestrels
section yields an age (27.84 ± 0.12 Ma) that overlaps with the range of the
Sentinelles section. These ages are younger than those measured on basalts
exposed on the northern and northeast peninsulas of the archipelago (#29 Ma)
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but significantly older than those of the sections sampled at Mt. Crozier and at
the Jeanne d’Arc peninsula (#25 Ma) [29, 30, 31].

5 The Kerguelen paleomagnetic dataset

We gathered the data described in the present study with those previously
published by Plenier et al [25] and Heny et al [26]. We did not include in this
new dataset the sections of Port Douzième and Puy Saint-Théodule [26] because
their ages are unknown, and the Grande Cascade section [35] because the latter
was partly re-sampled last year in order to determine its age and better specify
some paleomagnetic directions. This study is still on progress. On the whole
we collected 258 directions sampled at 13 sections through the lava pile. This
sampling represents about 4000 m of cumulative thickness of Kerguelen flood
basalts.

5.1 Stratigraphic correlations

We think important in a statistical analysis of the paleomagnetic field fluctua-
tions to have an elementary knowledge of the temporal succession of field record-
ing. Here, this is achieved by tentatively correlating the measured Kerguelen
polarity zones to the Oligocene Geomagnetic Polarity Time Scale (GPTS), using
the same working hypothesis as Plenier et al [25]. Firstly, they assumed that
all the polarity chrons spanning the emplacement of a section were recorded.
Secondly, when ages within the 2" uncertainty do not allow an unique interpre-
tation, they kept the solution closest to the best available age. In this exercise,
it is important to keep in mind, as underlined by Riisager et al [44], that there
are also uncertainties on the GPTS ages. We chose arbitrarily to refer to the
Huestis and Acton [45]’s GPTS rather than that of Cande and Kent [46]. These
two GPTS calculated from di!erent magnetic anomalies di!er from 0.260 Ma to
the maximum during the Late Oligocene which is not really significant for our
purpose. To be accurate, we adjusted Huestis and Acton [45]’s GPTS +0.6%
downward in age in accordance with the revision of the Fish Canyon sanidine ref-
erence standard (28.02 Ma) used for Kerguelen Ar isotopic studies [30] whereas
the reported GPTS used the old value (27.84 Ma).

Hence, the R-N transition recorded at Port Jeanne d’Arc would coincide with
the termination of the chron C7n-1r. Without a doubt, the Trois Ménestrels
section spans an interval during the C9n chron, and Mont Bureau section would
partly overlap the Mont Rabouillère section during the chrons C10r and C10n-2n
(Figure 3). Among the sections for which at least one isotopic age is available,
only the Mont de la Tourmente section poses a problem of correlation already
widely discussed by Plenier et al [25]. They had no basis to clearly assign this
section to a specific chron, as four possibilities were statistically acceptable. Of
course, the correlation of the sections for which we do not have an absolute age is
clearly more dubious. We have, however, important reasons to think, according
to our field observations and local geology knowledge, that the combined sec-
tion Ile Haute/Port Raymond is stratigraphically located just under the Mont
Amery section. For the same reasons, we think that Port Couvreux section is
just below Port Raymond. The stratigraphic correlation of Port Christmas sec-
tion is also uncertain. From geological considerations, flood basalts in this area
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are presumed to have erupted around 28 Ma [A. Giret, personal communica-
tion], which leaves us few possibilities of correlations since 3 polarity chrons are
present in this section. Our preferred interpretation is to consider this section
coeval to the chrons C10n-1n, C9r and C9n. Unfortunately, it is not easy to
compare volcanic data from di!erent sites, even when they can be demonstrated
to correspond to the same reversal or the same polarity zone.

We believe that although some sections have the same age, the distance be-
tween the sections and paleotopographic controls on flow emplacement preclude
the possibility that the exact flow sequence was sampled several times at dif-
ferent locations. They usually provide complementary paleomagnetic records.
This could explain why, for all of these sections, we could not strengthen the
proposed correlations using paleomagnetic direction.

To summarize, we believe that the Kerguelen dataset would cover at least
11 polarity zones of the 16 known for the Late Oligocene, from 25 to 30 Ma
(Figure 3).

5.2 The Kerguelen paleomagnetic pole

By definition, a paleomagnetic pole has to be calculated from data that are rep-
resentative of the axial dipole model. There are no doubts that the Kerguelen
sampling, which encompass 5 Ma of field fluctuation recording, is well suited to
calculate a paleomagnetic pole with the condition that we can isolate the transi-
tional data. This problem is not as simple as one could think. There is presently
no general agreement regarding the upper limit of paleosecular variation (PSV).
Most commonly, VGP latitudes in the geographical reference frame, rather than
local field directions, are used to delimit the PSV realm. The proposed thresh-
old to avoid inclusion of transitional data varies between a maximum of 60˚ [17]
and a minimum of 35˚ [21], a 45˚ value being often used for the calculation of
the VGP scatter representative of paleosecular variation [47]. Vandamme [48]
speculated that since the PSV depends on the site latitude, the VGP cuto!
should also be latitudinally dependent. Then, he proposed a numerical pro-
cedure to calculate an optimum cuto! angle based on the assumption that a
given VGP distribution is described by the sum of two contributions : a Fish-
erian distribution for the PSV and an uniform distribution for the transitional
regime. The main drawback is that the PSV subset selected in this procedure
has to be Fisherian and thus has azimuthal symmetry about the mean, which is
one of the statistical characteristics we want to investigate. As a result of this
uncertainty on the VGP cuto!, estimate of the paleomagnetic pole position and
figures calculated for describing the dispersion ascribed to PSV are somewhat
arbitrary. Paleosecular variation in Kerguelen is of little interest until compared
with a global model for the same time interval. Unfortunately, many statistical
models for paleosecular variation, such as the most recent one TK03 [49], are
constructed to fit the paleomagnetic data for the last 5 Ma. To our knowledge,
only one PSV model exists for the Oligocene data [47], which is fitted using a
dataset limited to the VGPs having a paleolatitude greater than ± 45˚. Thus
in the present analysis, the VGP cuto! is necessarily the same.

Now one other di"culty exists : the geographical reference frame is estimated
back through time only from mean global paleomagnetic poles that depend on
models of the relative positions of tectonic plates. To overcome this di"culty,
we will assume that the mean Kerguelen pole is representative on the paleogeo-
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graphic axis, and thus we consider VGPs having a latitude less than ±45˚ in
the Kerguelen mean pole reference frame as transitional. We calculated the
mean paleomagnetic axis from an iterative eigenvector analysis, starting with
all poles and removing step by step the furthest VGP until all VGPs were located
at an angular distance from the mean axis lower or equal to 45˚. In total, we
excluded from the analysis 25 VGPs considered to be transitional intermediate,
e.g., indicating either a polarity reversal or a geomagnetic excursion.

VGPs locations have been analyzed for both normal and reversed polarities
(Table 7) in the present geographical reference frame. The angle between the
mean VGPs of normal and reversed polarities is 177.3˚. That is, when one of
the mean poles is flipped to its antipode, each mean poles lies inside the 95%
confidence region of the other. The reversal test is necessarily positive. This
conclusion is illustrated graphically (Figure 4) by means of the bootstrap test
for a common mean [50] and furthermore validated with a formal statistical test
[51]; the angle of 2.7˚ found between the two mean poles being less than the
critical angle of 4.8˚. A positive reversal test ensures that the paleomagnetic
treatment removed successfully the secondary NRM, and that the sampling
averaged adequately the PSV. We processed the combined data by reversing the
VGPs of reversed polarity to calculate a paleomagnetic pole found at 85.5˚N,
189.3˚E in the present latitude-longitude grid. This location is estimated with
a very good statistical precision as attested by the low value of A95, 2.3˚. We
deduced from this paleomagnetic result that the Kerguelen Archipelago latitude
at the Late Oligocene was about 51˚S, eg less than 2˚ south of its present
location. Finally, we point out that this new Kerguelen paleomagnetic pole is
in perfect agreement, within 2˚, with the master apparent polar wander path
for the Antarctica plate [52].

5.3 The global Late Oligocene paleomagnetic pole

An additional test for the reliability of the Kerguelen paleomagnetic pole is to
check whether this pole is in close agreement with the coeval paleomagnetic
poles obtained from di!erent locations worldwide. Eight poles (Table 7), for
which the estimated ages within error falls in the interval 25-30 Ma, have been
selected using the same selection criteria as in Prevot et al [53]. That is, the
selected poles are restricted to magmatic units, calculated from a minimum of
10 sites with at least 5 samples per sites, and must have an associated Fisher
dispersion parameter K between 10 and 100. Larger K are generally indicative
of an inadequate sampling of PSV. We performed this comparison in the Indo-
Atlantic hotspot reference frame. The finite rotation poles used to transfer the
paleomagnetic poles into this new reference frame are calculated from Royer
et al [54] and Muller et al [55]’s reconstructions using a global circuit through
Central Africa. We used the mean age associated with each paleomagnetic pole
to calculate the finite rotation (Table 7) assuming a linear interpolation with
time between the total reconstruction poles yielded in the literature at 20.5 and
35.5 Ma.

In the Indo-Atlantic hotspot reference frame, the Kerguelen paleomagnetic
pole is located within the 95 per cent confidence cone about the mean global
Late Oligocene pole (86.4˚N, 160.1˚E, A95=4.6˚, K = 146.9, N=8) (Figure 5).
We conclude that this pole should be considered as very reliable and thus can
be combined with the 8 others. The mean Late Oligocene paleomagnetic pole
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is then estimated at (86.4˚N, 162.6˚E, A95=4.0˚, K = 166.6, N=9) ,e.g., at
about #4˚ from the Earth’s actual spin axis. Prevot et al [53] and Besse
et al [52] have already observed this 4˚ di!erence, but their interpretations
di!er. In Prevot et al [53] this di!erence is explained as ”secular” wandering,
induced by some transient modifications of the inertia tensor of the Earth, of the
instantaneous geographic pole around its time-averaged position, whereas Besse
et al [52] proposed a change in the time-averaged position of the rotation axis,
what is literally called true polar wander (TPW). A controversial debate exists
on TPW; some authors consider that TPW as seen from the paleomagnetic data
is purely an artifact [56]. Then, a further discussion on the explanation of the
di!erence between the global oligocene pole calculated in the present study and
the actual Earth’s spin axis is beyond the scope of the present study.

5.4 The Late Oligocene mean magnetic field

In the preceding discussion, we assumed that the time-averaged field is purely
dipolar. We propose now to check whether the averaged field during the Late
Oligocene includes a significant zonal quadrupolar component (g0

2) as it was
suggested by Rochette et al [57] but not confirmed in Riisager et al [44]’s anal-
ysis. We performed the test by calculating the local field directions from the 9
selected poles and then recalculated each pole location assuming various contri-
butions of an axial quadrupole component. In practice, we used the o!set dipole
model [58] in which the local field inclination (I) is related to the paleomagnetic
colatitude (#) by :

I = tan!1

!
2 cot

"
# sin!1

#
x sin #

$

$%&
$ sin!1

#
x sin #

$

$

where $ = (x2 + R2 $ 2Rx cos #)1/2, R is the radius of the Earth and x, the
displacement positive northward of the dipole along the rotational axis. This
displacement can be expressed in term of harmonic coe"cients by :

x =
1
2

g0
2

g0
1

R

The test consists of searching for, through an iterative process, the value of the
dipole displacement that produces the minimum scatter in the 9 poles when
analyzed in the hotspot reference frame. We found that the best grouping is
obtained when the quadrupole/dipole field ratio is between 3 and 4% (Figure 6),
a value similar to the one suggested by paleomagnetic data obtained from vol-
canic rocks less than 5 Ma old [59, 60]. In order to validate this observation
further, we repeated the same test nine times, removing in turn one pole at each
run. Regardless of the 8 poles-subset used, the best grouping is always found
for a small positive quadrupole/dipole field ratio, between 2 and 5 % (Figure 6).

5.5 The paleosecular variation regime

It is noteworthy to recall first that by defining the PSV domain by means of a
VGP cuto! precludes any statistical study of the paleomagnetic fluctuations on
the local field direction reference frame. Indeed, as expected from geometrical

10



considerations, the PSV domain is significantly o!-center with respect to the
mode of the distribution of the local field direction as illustrated on Figure 7.

The quantity of principal interest in PSV study is the between site angular
standard deviation (asd) SB which is calculated from the total asd ST corrected
for experimental error by removing the within-flow asd SW :

S2
B = S2

T $ S2
W

n

with

ST = (N $ 1)!
1
2 (

N'

i=1

%2
i )

1
2

and
SW % 81"&

k

where N is the number of data, %i the angle between the ith VGP and the
reference position, n is the mean number of samples per unit, and k the mean
precision parameter. Results of these calculations are reported in Table 7. The
value of SB is almost exactly the value of 20.9˚ predicted by the PSV model
of McFadden et al [47] for the given age and paleolatitude. Of course, this
result substantiates the model hypothesis among which two are worth noting :
the PSV is assumed to be isotropic about the Earth’s spin axis, e.g. latitudinal
dependent only, and symmetric about the equator. Moreover, it gives additional
arguments to think that the PSV has been su"ciently and properly sampled in
the present study.

5.6 Azimuthal symmetry

As mentioned above, the azimuthal symmetry of VGP longitude distribution
is one of the most controversial debates among the paleomagnetists. Usually,
authors give an initial qualitative estimate of their azimuthal distribution by
means of graphical diagrams such as simple circular histograms or rose dia-
grams of VGP longitudes [20, 17, 19]. However, most of these diagrams involve
an arbitrary choice of both the origin and the width of intervals, which can
significantly distort the information if they are inappropriately chosen. That is
not the case with the kernel density estimate diagram [61] as used in the present
study. In this method, the density estimate in a given longitude & (0 " & " 2')
is :

f̂(&) =
1

nh

n'

i=1

w

#
& $ &i

h

$

where n is the number of data, h a smoothing factor and w a quartic kernel
function such as :

w =
"

0.9375(1$ &2)2 : $1 " & " 1
0 : otherwise

The density estimate function was computed using the algorithm given in Fisher
[61].
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There is no obvious visual evidence either for a major modal group or for two
antipodal groups in the Kerguelen VGP longitudes distribution (Figure 8). Sev-
eral small bumps suggest rather an azimuthal symmetry about the mean VGP.
These considerations can be made much more precisely and quantitatively with
formal statistical tests of hypothesis. First, we checked the hypothesis of unifor-
mity for Kerguelen VGP longitudes against all possible alternative distributions
by means of the Kuiper’s statistic [61], a Kolmogorov-type test that does not de-
pend on the choice of the zero direction. The criterion for the Kuiper’s statistic
is :

Vn = max(Ui $ i/n) $ min(Ui $ i/n) + 1/n

where Ui = &i/2' for each VGP longitude &i as arranged in numerical order,
n being the number of data. Provided n is large in the present case, we can
calculate the modified Kuiper’s statistic :

V #
n = (n

1
2 + 0.155 + 0.24n! 1

2 )Vn

which is compared with the critical values given in Table 7.1 of Mardia [62].
Results are given in Table 7 for several data subsets. The hypothesis of unifor-
mity for VGP longitude is strongly rejected when the VGPs are analyzed in the
present geographical reference frame, and there is no evidence for a departure
from an uniform distribution when VGPs are rotated into the mean pole refer-
ence frame both for the PSV dataset (N = 233) and the whole dataset (N =
258). These results call for several comments. First, given that the mean pole
location is di!erent from the geographic axis, if a rotational symmetry about the
mean pole is observed, it is only normal that a bias toward the mean pole longi-
tude exists when the test is performed in the geographical reference frame. To
illustrate this, we calculated the mean longitude &̄ in the geographical reference
frame of the vector resultant of &1, . . . , &n for the PSV dataset :

&̄ = tan!1(
n'

i=1

sin&i/
n'

i=1

cos&i)

and found 181.2˚ which is close to 189.3˚, the mean pole longitude (Table 7).
We believe it important to keep this point in mind when such analyses are
performed. Next, as the di!erence between the mean pole and the geographic
axis is small in the present case (4.5˚), the di!erent answers for the Kuiper test
can be seen as proof of its strength, and thus its use is even more justified.

Finally, to assess this discussion, we can look into the more precise question
of whether the Kerguelen dataset could be consistent with the longitudinal
organization of VGP within two antipodal preferred bands. The Rayleigh test
is perfectly adapted for this purpose if we transform each VGP longitude &i to
&$

i by :
&$

i = (2&i)(mod2')

and treat &$
i as observations from an unimodal distribution for which the mean

longitude is unknown. In this case, the criterion of the Rayleigh test is R̄, the
mean resultant length associated with the mean longitude &̄$ [61] :

R̄ =
1
n

())*
+

n'

i=1

cos&$
i

,2

+

+
n'

i=1

sin &$
i

,2
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To find the critical values, we allowed the approximation for large n that 2nR̄2

is distributed as ' (2
2 [62]. The results are a little more ambiguous than for

the Kuiper test (Table 7). We found in this analysis of the PSV dataset a
little evidence to suggest a departure from the model of uniformity when tested
against a bimodal distribution, however the significance level is only ' 3.7%
found using the table given in appendix A.2b of Fisher [61] . On the other hand,
we have no evidence to reject the hypothesis of azimuthal symmetry about the
mean when the whole dataset (N=258) is considered.

5.7 Statistical modeling

In this last section, we adapt the Camps and Prevot [1]’s statistical model,
developed for some northern hemisphere latitudes, to the paleomagnetic data
from Kerguelen. This model considers the paleomagnetic local field vector to
be the sum of two independent set of vectors : the secular variation vector set
(SV) characterized by an uniform orientation and a magnitude defined by a
Maxwell-Boltzmann probability density function (pdf), and the axial vector set
(AD) characterized by a constant direction and magnitude defined by a non-zero
mean gaussian pdf NAD(µ, "2). In practice, the SV vectors are generated from
their cartesian coordinates which are distributed as three independent random
gaussian variables having the same NSV (0, "2) distribution. By means of a
Monte Carlo simulation, a large number of local field vectors are generated,
20000 in the present case, and then transformed to VGP with their associated
Virtual Dipole Moment to be compared with the experimental data.

In term of harmonic coe"cients, the axial vector set corresponds to an axial
dipole plus a small axial quadrupole, both reversing simultaneously. According
to theoretical inferences [63], the fundamental assumption in this model is that
there is no transfer of the AD energy into other harmonic coe"cients, even when
the AD decreases to zero. Camps and Prevot [1]’s showed that a correct statisti-
cal model requires a statistically representative sampling of the full spectrum of
field fluctuations, from secular variation to reversals, and both directional and
intensity analysis. From this point of view, the volcanism in Kerguelen is espe-
cially interesting because it encompass 5 Ma and because three transitions and
several excursions seem to be documented (Table A1). Unfortunately, only a
few absolute paleointensity determinations exist [64] and the average remanence
intensities cannot be used as a proxy due to the presence of various secondary
remanent magnetizations observed in Kerguelen lavas.

We determined the model parameters by keeping the same fluctuation for the
AD vector as the one determined for the Icelandic data set [1] and by matching
the SV fluctuation only to the VGP co-latitude data (Figure 9). We found that
the 258 Kerguelen VGP co-latitudes are well simulated with the model param-
eters NAD(µ = 1, "2 = 0.2) and NSV (µ = 0, "2 = 0.029). The secular variation
appears to be latitudinally dependent and decreases with the site latitude if com-
pared to the value found for the Icelandic data set NSV (µ = 0, "2 = 0.04) [1].
We highlight this observation as it is a characteristic commonly reported in PSV
models (see, e.g.,McFadden et al [47]), however we must be very careful with
further interpretation. Our modeling is not as precise as if we had been able
to use the paleointensity as a constraint and above all it is very speculative to
compare statistical properties of data of di!erent ages, i.e., the Icelandic data
is of Miocene age.
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6 Conclusions

Thanks to the 146 news data reported in this paper combined with data from
two previous studies [26, 25], we gathered a data set of 258 paleomagnetic field
directions as recorded by basaltic lava flows from the Kerguelen Archipelago.
From magnetostratigraphic correlations and absolute Ar/Ar radiometric ages,
we showed that these data represent a rather homogeneous sampling of the
paleomagnetic field fluctuations through the last 5 Ma of the Oligocene. A
positive reversal test of class A [51] guarantees further that the sampling ade-
quately averages the PSV during both polarity intervals. Thus, we believe that
the Kerguelen data set is particularly well suited to describe the characteristics
of time-averaged paleomagnetic field and those of the PSV as observed from
this part of the southern Indian Ocean between 25 and 30 Ma. From these
considerations, we have shown that :

1. There is no statistically significant di!erence between the Late Oligocene
time-averaged normal and reverse polarity as shown by a common mean
and a common concentration parameter ) (Table 7).

2. The Kerguelen paleomagnetic pole, * = 85.5˚N, & = 189.3˚E, A95 =
2.3˚, K = 16.5, in the present latitude-longitude grid, should be consid-
ered very reliably determined. In addition to the arguments cited above,
this conclusion is strengthened by the close agreement observed between
the Kerguelen paleomagnetic pole and the mean pole calculated for the
master apparent polar wander path for the Antarctica plate [52]. Very
good agreement is also observed when we compare this pole in the Indo-
Atlantic hotspot reference frame with a selection of 8 contemporaneous
paleomagnetic poles obtained from di!erent worldwide locations.

3. The time-averaged Oligocene paleomagnetic field is rather compatible with
a model of an axial dipole plus a small zonal quadrupole (4% of the dipole
value), both reversing simultaneously.

4. The azimuthal symmetry of the VGP distribution about the paleomag-
netic pole, observed for the PSV and the whole dataset, does not support
the presence of persistent non-zonal terms in the time-averaged field over
the period 25-30 Ma. This conclusion, also corroborated by the perfect
agreement between the Kerguelen VGP scatter and the McFadden et al
[47]’s PSV model, is at variance with younger records of the paleomagnetic
field fluctuations obtained from the same area in Crozet Archipelago [22]
and Amsterdam Island [24]. Thus, persistent non-zonal terms, which can
be viewed as proxy for the e!ect on the core dynamo of spatially hetero-
geneous core-mantle boundary conditions, seems to be limited to the last
few Ma as suggested by the data from the southern Indian Ocean. How-
ever, this conclusion conflicts with a recent claim by Ho!man et al [65]
who conclude for a longer time constant – at least 25 Ma – for the control
by the lower-most mantle on the configuration of the paleomagnetic field
from a detailed description of a polarity change recorded in a continuous
sequence of lava flows in southeastern Queensland, Australia.
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Table 1: Statistical analysis of flow-average data. N is the number of lava flows,
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Paleomagnetic pole Finite rotation pole Rotated pole
Study Age (Ma) N Plat Plong * & + Plat Plong Refe
Antarctica
1. Kerguelen 27±3 233 85.5 189.3 80.83 8.10 -3.38 85.5 179.2 This
Africa
2. Principe volc. 24±4 25 82.8 96.6 47.14 316.10 -5.17 80.1 77.4 [66]
3. Yemen 29±2 48 74.2 249.1 40.77 357.02 -12.59 82.3 213.9 [44]
4. Ethiopia 30±1 76 78.7 209.4 42.86 316.69 -6.59 83.1 191.6 [67]
Australia
5. Tweed volc. 22.5±2.5 75 77.4 290.9 26.28 31.19 -14.45 87.0 194.8 [68]
6. Liverpool 30±5 52 68.9 272.4 23.92 30.45 -19.06 79.0 210.3 [68]
North America
7. Arizona 22.5±2.5 35 86.1 188.7 37.12 111.67 3.78 88.9 158.0 [69]
8. New Mexico 29.5±6.5 61 81.9 143.6 41.74 110.22 5.22 83.3 118.7 [70]
9. Colorado 26±4 36 85.0 114.0 39.86 110.93 4.50 84.2 80.9 [71]

Table 2: Global paleomagnetic pole positions with respect to the Indo-Atlantic
hotspot reference frame. N is the number of sites, Plat, Plong are the latitude
and longitude of the paleomagnetic pole. The finite rotation poles correspond
to the Eulerian poles used to transfer the Paleomagnetic poles into the Indo-
atlantic hotspot reference frame. They are calculated from Royer et al [54] and
Muller et al [55]’s reconstructions using a global circuit through Central Africa.

ST SW SB 95%
Referred to
Present geographic pole 20.65 5.34 20.55 19.3-22.0
Oligocene geographic pole 20.22 5.34 20.12 18.9-21.5
mean VGP 20.17 5.34 20.07 18.8-21.4

Table 3: Dispersion statistic of flow-average data for PSV dataset (N=233).
ST , SW , SB are the total, within, and between flow angular standard deviation,
respectively. n = 7.185. The 95% confidence limits on SB is calculated using
the table of Cox [72].

PSV (N=233) All data (N=258)
Kuiper’s statistic, Cv = 1.747

Referred to
present geographic pole 2.610 2.545
mean Kerguelen VGP 1.297 1.077

Rayleigh’s statistics, Cv = 5.991
Referred to mean VGP 6.710 4.657

Table 4: Statistical tests of azimuthal uniformity for VGP longitudes. Cv cor-
responds to the critical values at the 95% significance level. When the test-
statistics exceed the critical value, the hypothesis of uniformity may be rejected
in favor of the alternative tested hypothesis, accepting 5% of chances to be
mistaken.
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Figure 1: A/ Location of the sampling sites on a Kerguelen archipelago map.
Black circles this study : (1) Port Jeanne d’Arc, (2) Ile Haute, (3) Port Ray-
mond, (4) Mont Bureau, (5) Port Christmas, (6) Trois Ménestrels and (7)
Sentinelles. Open circles [25] : (a) Mont Amery, (b) Mont Tourmente, (c)
Mont Rabouillère, (d) Mont Tempête and (e) Mont des Ruches. Open Square :
Port Couvreux [26]. The distributions of quaternary deposits (light grey), flood
basalts (medium grey) and plutonic complexes (dark grey) are also shown. B/
Location in the Indian Ocean of the Kerguelen Archipelago (black star), Crozet
Archipelago and New-Amsterdam (black circles)
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Figure 2: Example of vector endpoint diagrams of progressive thermal (left) and
AF (right) demagnetizations for normal (a,b), intermediate (c,d), and reverse
(e,f) directions. Projection are in geographic (a,c,e,f) or tilt corrected (b,d)
coordinates. Solid (open) symbols represent projection into horizontal (vertical)
planes. These diagrams show that the ChRM are easily isolated even when large
secondary components are present (b,d,f).
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Figure 3: Magnetostratigraphic correlations with the global geomagnetic polar-
ity time scale [45]. The sections for which radiometric ages are available are
marked with an asterisk (*). We used geological and geochemical observations
to correlate the remaining sections.
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Figure 4: Histograms of cartesian coordinates of the mean bootstrapped normal
(solid line) and reverse (dashed line) VGP and their 95% confidence intervals
[50] for the PSV dataset (N = 233). In order to directly compare the two dis-
tributions, VGPs of reversed polarity have been flipped to their antipode. The
two means cannot be distinguished at the 95% level of confidence since the con-
fidence intervals for the two distributions overlap for each cartesian coordinate.
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Figure 5: Selected paleomagnetic pole positions with respect to the Indo-
Atlantic hotspot reference frame for the 25-30 Ma time interval (open circles)
and their average (black circle) compared with the Kerguelen pole (black star).
Dashed lines are the 95% confidence limit for the mean poles calculated assum-
ing a Fisherian distribution.
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Figure 6: Fisher concentration parameter ()) computed for the oligocene poles
represented in the Indo-Atlantic hotspot reference frame. The poles locations
have been recalculated for various quadrupole (g0

2) dipole (g0
1) field ratio. The

bold curve is computed for the 9 selected poles listed in Table 2. The 9 curves in
dashed lines are obtained for subset of 8 poles, one di!erent pole being removed
in turn. Maximum values for Kappa are found for a quadrupole/dipole field
ratio of 5% when the Principe volcanic pole (1) or when the Liverpool volcano
pole (2) are removed (2).
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Figure 7: Whole dataset (N=258) for the Kerguelen local field directions with
negative (A) and positive (B) inclinations plotted on equal area diagrams. For
the both diagrams, the data have been rotated to the mean normal field direc-
tion calculated from the mean paleomagnetic pole. The dashed lines are the
threshold for the Inclinations and Declinations which give VGP location at an
angular distance larger than 45˚ from the mean pole axis.

 

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0  50  100  150  200  250  300  350
0

Rotated VGP longitude

D
e
n

s
it

y
 E

s
tm

im
a
te

Smoothing factor = 0.4

Figure 8: Non parametric density estimates calculated by means of a quartic
kernel function for VGP longitude rotated in the paleomagnetic pole (* = 85.5˚,
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PSV dataset N=233 (dashed line).
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Figure 9: Data and Camps and Prevot [1]’s statistical model for the Kergue-
len data set. The model is adjusted from the VGP colatitudes only, using the
parameter ("2

AD = 0.2, "2
SV = 0.029) see Camps and Prevot [1] for a detailed

description of the model. (a) Cumulative distribution for the VGP colatitudes,
VGPs of reverse polarity being flipped to their antipodes (b) The VDMs (black
circles) obtained for Kerguelen lava flows [64] are compared to the model out-
comes, assuming in the model a value of 7x1022 Am2 for the mean Axial Dipole
moment. This value corresponds to the mean experimental VDM for VGPs of
colatitude lower than 10˚.
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