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S U M M A R Y

Detailed secular variation records during a superchron may provide information on the be-

haviour of the geodynamo during periods that the field does not reverse. The Permian red beds

in Dôme de Barrot (southern France)—deposited during the Permo-Carboniferous Reversed

Superchron (PCRS, 317–265 Ma) —were previously argued to accurately record palaeosecular

variation (PSV). This result is particularly valuable because the red beds were deposited near

the palaeo-equator and therefore, according to one model of secular variation, determine the

contribution of the even (symmetric) spherical harmonics of the field.

We have extended the Dôme de Barrot sequence, and we have established a new record from

the Permian red beds from the Lodève basin (southern France), also deposited at low latitudes.

Additionally, we critically review published data from low latitude Permian red beds from the

same basins. We focus on records with a sufficient number of samples, and acquire, whenever

possible, the original data, or—as a second choice—parametrically sampled published site

means. We test the distributions of these directions using a statistical secular variation field

model (TK03.GAD). The angular standard deviation (ASD) of the virtual geomagnetic pole

(VGP) distribution is a measure of (palaeo)secular variation, and we compare our values of

ASD from the Permian red beds to those from lavas erupted in the last 5 Myr. Contrary to

our previous studies, we now conclude that secular variation during the Permo-Carboniferous

Reversed Superchron is slightly, but significantly, reduced at low latitudes compared with the

recent field, as based on a latest compilation that supercedes earlier compilations. It also agrees

with a new study, which found that PSV, at low palaeolatitudes during the Cretaceous Normal

Superchron, was also significantly lower than in periods with frequent reversals.

Key words: Palaeomagnetic secular variation; Rock and mineral magnetism; Europe.

1 I N T RO D U C T I O N

Detailed and reliable records of the geomagnetic field through ge-

ological time are crucial to our understanding of the geodynamo

and its long-term behaviour. This involves, for example, changes in

reversal frequencies and the behaviour of the field at plate tectonic

and mantle convection timescales, typically of the order of tens of

millions of years, but it also includes detailed short-term records of

the field at distinct geological time intervals.

In the absence of long and continuous geomagnetic records for

increasingly older periods of the geological timescale, high resolu-

tion and high quality records of short time intervals during Earth’s

history may provide useful information on the long-term behaviour

of the field and may, thus, provide clues that improve our understand-

ing of the geodynamo. The geodynamo is generated by convection

in the fluid outer core, although the behaviour of the geomagnetic

field also strongly depends on the solid inner core (Hollerbach &

Jones 1993; Coe & Glatzmaier 2006). Knowledge of palaeosec-

ular variation (PSV) behaviour is important because it constrains

geodynamo models. For example, models with different thermal

conditions at the core–mantle boundary (Glatzmaier et al. 1999;

Coe & Glatzmaier 2006) show distinctly different pattern of PSV

with latitude (Tauxe et al. 2008). The character of PSV can be

defined in several ways: by visualization using Bauer (declination

versus inclination) plots; by analysing the distribution of charac-

teristic remanent magnetization directions (ChRM) or their corre-

sponding virtual geomagnetic poles (VGPs) and their latitudinal

dependence or by analysis of the power spectrum of different inter-

vals of the field (Kruiver et al. 2002; Constable & Johnson 2005).

A method well accessible to palaeomagnetism is determining the

latitude dependence of the angular standard deviation (ASD) of ei-

ther the palaeomagnetic directions or of their corresponding VGPs

(McFadden et al. 1988; McElhinny & McFadden 1997), the latter

ASD commonly referred to as ‘VGP scatter’. In palaeomagnetism,
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it is common to transform field directions into VGPs by using the

equations for a geocentric axial dipole (GAD). The variations in

angular dispersion as a function of latitude calculated in these two

ways are quite different and have been discussed in detail by Cox

(1970). See McElhinny & Merrill (1975) for a review of early (lava)

records and statistical PSV field models. For the Cretaceous Normal

Superchron (CNS), for example, McFadden et al. (1991) determined

the ASD from lavas, and they argued that VGP scatter at low palae-

olatitudes was lower during that time interval. The dynamo could

then be in a ‘steady’ (stable) state, in contrast to the ‘oscillatory’

(unstable) state, a period with frequent reversals like during the

past tens of millions of years (McFadden & Merrill 1995). During

the past two decades, the nature of the geomagnetic field has been

extensively studied through more advanced statistical PSV mod-

els based on a Giant Gaussian Process (GGP; Constable & Parker

1988; Quidelleur & Courtillot 1996; Tauxe & Kent 2004). The most

recent compilation of lava records for the past 5 Myr and a com-

parison with GGP models was carried out by Johnson et al. (2008).

Finally, several studies have ‘sampled’ geodynamo models based

on numerical simulations (Glatzmaier & Roberts 1995; Glatzmaier

et al. 1999; Glatzmaier & Olson 2005; Coe & Glatzmaier 2006)

and compared the results with observed field behaviour (Coe et al.

2000; Brown et al. 2007; Valet & Plenier 2008).

Palaeomagnetism is the only method that permits the long-term

history of the geomagnetic field to be obtained. Superchrons are long

periods of time (tens of million of years) characterized by an ab-

sence of geomagnetic reversals. Their occurrence on plate tectonic

timescales suggests the influence of mantle convection processes. In

Earth’s history, two superchrons are well known, namely, the CNS

from 124 to 84 Ma (Ogg et al. 2004) and the Permo-Carboniferous

Reversed Superchron (PCRS) from 317 to 265 Ma (Opdyke

et al. 2000; Menning et al. 2001; Menning et al. 2006). Alter-

natively, frequency of reversals can be discussed in terms of the

contribution of the odd/even harmonics of the field through time

(McFadden et al. 1991; Coe & Glatzmaier 2006). A critical factor

in all these models is the timescale of the different processes that

play a role in the geodynamo, for example, the magnetic diffusion

time of the inner core, mantle overturn times, heat flux distribu-

tion at the core–mantle boundary and also on the rate of inner core

growth (Biggin et al. 2008a).

Records of the geomagnetic field can be obtained from igneous

rocks and from sedimentary sequences. Sedimentary sequences

have the advantage of offering continuous high resolution records

of the natural remanent magnetization (NRM), but they are often

flawed by the processes governing NRM acquisition. Nevertheless,

it has been shown earlier (Maillol 1992; Maillol & Evans 1993;

Kruiver et al. 2000) that red beds can be excellent recorders of the

geomagnetic field, especially, if the they are of detrital rather than

of diagenetic, chemical origin.

Very few good (with a large number of samples) and detailed

sedimentary records of the geomagnetic field during the PCRS are

available, and those with a sufficient number of samples (N > 100),

which adequately sample the field, are very rare. In addition, the

records may be biased because of sedimentary artefacts. An impor-

tant artefact is the inclination error, which can lead to a shallowing

of the acquired NRM because of compaction or other depositional

processes (Tauxe & Kent 1984). Several other factors may influ-

ence the recording of the field, like (partial) remagnetization, late

diagenesis or the contamination by a younger overprint. A possible

contribution of an octupole field to the total field causing seemingly

lower inclinations (Kent & Smethurst 1998; Van der Voo & Torsvik

2001) will disturb the nature of the observed ChRM or VGP distri-

bution, which is usually taken to represent a GAD field. Also, an

age assignment that is too young or too old because of poor age

control or new developments in the geological timescale (Van der

Voo & Torsvik 2001; Gradstein et al. 2004) may hamper temporal

comparison of spatially different records.

The purpose of this paper is to present large PSV data sets of red

beds deposited during the PCRS at low latitudes. We provide a new

detailed record (Lodève basin, France—one of the most complete

and best exposed Permian red bed basins in Europe) as well as an

extended record (Dôme de Barrot, France) to assess the comparabil-

ity of these PSV records, which are approximately time equivalent.

We compare our new record from the Lodève basin with the study

of Kruseman (1962) [who used alternating field (AF) demagneti-

zation], Maillol (1992) and with other existing records (Merabet

& Guillaume 1988; Cogné et al. 1990) with a too small number

of samples, and we augment the data sets with a large number of

new measurements. An additional purpose of this study is to com-

pare our Lodève record with the extended Dôme de Barrot record

(Van den Ende 1970; Kruiver et al. 2000) and to assess if these red

beds from different basins and with different magnetic properties

give reliable and comparable results in terms of sampling PSV. We

performed extensive rock magnetic methods to test the reliability

of the NRM acquisition in these red beds. We will argue that the

red bed records from Lodève and Dôme de Barrot provide useful

constraints on PSV behaviour. Since they provide high-resolution

palaeomagnetic records during the PCRS, they will enable us to

compare these records with other sedimentary records from the lit-

erature. An assessment and compilation of all globally distributed

sedimentary records from the PCRS, however, will be the subject

of a subsequent paper.

A third reason for this study was to investigate PSV behaviour,

specifically at low latitudes, since it has been suggested that es-

pecially the contribution of the even (or symmetric) spherical

harmonics to the field (‘quadrupole family’ in older literature)

would be significantly lower during a superchron (McFadden &

McElhinny 1988; McFadden et al. 1991). Here, we investigate PSV

by analysis of the VGP scatter, and we compare the results with the

PSV for the last 5 Myr (McElhinny & McFadden 1997; Johnson et

al. 2008). For large enough data sets (N > 100), we first applied

the statistical field model TKO3.GAD (Tauxe & Kent 2004), both

for correction of the inclination error and for assessing the shape of

the directional distributions. Our results indicate, overall, that PSV

during the PCRS is lower than today at low latitudes, in agreement

with the recent results from the CNS (Biggin et al. 2008b).

2 G E O L O G I C A L S E T T I N G

The red beds from Lodève and Dôme de Barrot were deposited

during the PCRS near the palaeo-equator.

2.1 Dôme de Barrot

The Dôme de Barrot is situated in southeastern France (6◦48′E and

44◦07′N, Fig. 1a) in the external zone of the French Alps. Two for-

mations can be distinguished (Bordet 1950): the Daluis Formation

and the Leouvé Formation. The rocks in the northwestern part of

Dôme de Barrot are undeformed, but deformation increases to the

east. The provenance area of the red bed material is situated west,

south or east of the Dôme de Barrotand provided large quantities

of volcanoclastic products. The bedding plane at the sampling site

(Fig. 1a), dips gently (12◦) to the north.
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Secular variation during PCRS 3

Figure 1. Simplified geological map of Dôme de Barrot (a), Lodève basin (b) and the typical ‘cyclical’ outcrop of the Octon Member, north of Lake Salagou

(c); the prominent silty layers are denoted by letters.
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Table 1. Summary of published ages and new ages according to Schneider et al. (2006) for this and other, published studies.

Nr. Study Published age New age New age (Ma)

Dôme de Barrot

1 Dôme de Barrot, this study Roadian 272.5–268

2 Kruiver et al. (2000) Roadian Roadian 272.5–268

3 Van den Ende (1977) Early Thuringian Roadian 272.5–268

Lodève

4 Lodève, Salagou Fm. (Octon Mb.), this study Kungurian 279.5–272.5

4∗ Maillol (1992), Salagou Fm. (Octon Mb. and Merifons Mb.) Thuringian Kungurian–Wordian 279.5–265

5 Maillol (1992), Viala Fm. and Rabejac Fm. Thuringian Sakmarian–Artinskian 287.5–279.5

6 Kruseman (1962), Rabejac Fm. and Salagou Fm. (Octon Mb.) Saxonian Artinskian– Wordian 284–265

7 Kruseman (1962), Viala Fm. Autunian Sakmarian 290–284

8 Mérabet & Guillaume (1988), Rabejac Fm. and Salagou Fm. (Octon Mb.) Saxonian Artinskian–Wordian 284–265

9 Mérabet & Guillaume (1988), Viala Fm. Autunian Sakmarian 290–284

10 Cogné et al. (1990), Rabejac Fm. and Salagou Fm. Autunian Kungurian–Wordian 279.5–265

Notes: The youngest possible numerical age in the table is 265 Myr, that is, the end of the PCRS (Opdyke et al. 2000), since all studies report reversed

directions. Numbers refer to those used in Table 2 and Fig. 7, where 4 occurs twice (4 and 4∗) because our study (4) has been combined with the younger part

of data of Maillol (1992)

The age of Dôme de Barrot can be constrained by the palyno-

logical data from the Leouvé Formation, which forms the top of

the Dôme de Barrot sequence. Visscher et al. (1974) assigned a

Late Permian age to the pollen from intercalations of grey siltstones

in the red beds (Van den Ende 1970). However, more recently, a

Guadalupian (Roadian; see Table 1) age (Glenister et al. 1999) was

assigned to the pollen (Kruiver et al. 2000). Since the end of the

PCRS is dated at 265 Ma (Opdyke et al. 2000), the Dôme de Barrot

red beds must have been deposited during a period in the youngest

part of the PCRS. Earlier, it was found that the entire sequence is of

reversed polarity (Kruiver et al. 2000). The earliest study of Dôme

de Barrot was done by Van den Ende (1970, 1977), the latest by

Kruiver et al. (2000), who show that the NRM of the red beds of

Dôme de Barrot resides in detrital, specular haematite of volcanic

origin.

We have extended the record (by ∼1.5 m) of Kruiver et al. (2000)

in the Daluis Formation, consisting of dark red mudstones (1.5–

3.0 m) intercalated with purple siltstones (0.1–0.5 m) and, addi-

tionally, increased the resolution of this earlier record by drilling in

between the previously taken cores. This reduced the average sam-

ple spacing of 2–3 cm to the ∼1 cm scale. In total, we drilled 116

cylindrical samples with a diameter of 2.5 cm. The sedimentation

rate is well known (∼12 cm kyr–1) because the susceptibility record

unambiguously shows orbital frequencies (Kruiver et al. 2000). We

use the same susceptibility record here but apply a slightly differ-

ent spectral analysis (Paillard et al. 1996). We compare the ratios

of spectral peaks in the record with those derived from the sum-

mer insolation series at 65◦N (Laskar 1990) (Fig. 2). Since the or-

bital ratios change throughout geological time (Berger et al. 1992),

with the period of eccentricity remaining virtually constant and the

periods of obliquity and precession decreasing, we determine the

linear regression coefficients between the peaks in our susceptibil-

ity record—very similar to Quaternary records (King 1996)—and

the orbital peaks. Effectively, we compare the ratios of our record

with the orbital ratios back in time—and find a best fit very close

to the end of the PCRS, in remarkable agreement with our age

assignment.

2.2 Lodève basin

The Lodève basin is situated on the southern border of the Massif

Central (43◦41.5′N, 3◦21′E, Fig. 1b). The basin corresponds to a

zone of subsidence, its monoclinal filling dips to the south at an

average angle of 12◦. The general structure of the basin is that of

a half-graben, controlled by major faults to the south (Aires fault)

and to the east (Cevennes fault). Permian sediments crop out in an

area of 150 km2, with a total thickness of approximately 2500 m,

and they have a volcanic detrital content (Schneider et al. 2006).

The recent study of Schneider et al. (2006) on the Permian climate

history in the Lodève basin has enabled the correlation of this record

to other European and global Permian records, which has resulted in

a significantly improved age model for the Lodève basin formations

and members. Numerical ages are based on the Permian timescale

of Menning et al. (2006). We have adopted this age model and

applied it to other published records as well (Table 1).

The earliest study in Lodève was done by Kruseman (1962), who

used only AF demagnetization to study the NRM. Many years later,

Maillol (1992) studied the same Permian red beds. He argued that

the NRM was a post-depositional remanent magnetization (pDRM).

Haematite can carry either a depositional remanent magnetization

(DRM) or a chemical remanent magnetization (CRM), or a mixture

of both. In the case of a (p)DRM, the magnetization is acquired

during (DRM) or shortly after (pDRM) deposition and can provide

reliable records of the geomagnetic field (Steiner 1983; Tauxe &

Badgley 1984). Although recorded directions residing in detrital

haematite may show a large scatter in declinations as well as a

pervasive inclination shallowing (Tauxe & Kent 1984), the origi-

nal field declination—provided a sufficient number of samples is

taken—is well preserved, and inclination shallowing can often be

corrected successfully, also in continental deposits, using the elon-

gation/inclination (E/I) method (Krijgsman & Tauxe 2004; Tauxe

& Kent 2004; Kent & Tauxe 2005; Tauxe et al. 2008), discussed in

more detail below.

We have extended the records of Maillol (1992), who sam-

pled the lower and upper Salagou Formation (Octon Member and

Mérifons Member) and the Rabejac Formation, and also the record

of Kruseman (1962) by sampling the lower Salagou Formation

(Octon Member). Cycles of the Octon Member consists of m-thick

red brown siltstones and cm-thick calcareous siltstones. Sedimen-

tary cycles of the Mérifons Member, consist of cm- to dm-thick red

brown siltstones and grey-green cm thick siltstones with calcare-

ous cements. These red beds seem to be sensitive to environmental

change, and we might assume that the sedimentation pattern is

influenced by climate, because field observations of the cyclicity
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Figure 2. (a) Frequency spectrum (Paillard et al. 1996) obtained for truncated summer insolation La90(1,1) at 65◦N (Laskar 1990). E, O and P labels represent

eccentricity, obliquity and precession, respectively, and are suffixed with their periods (in kyr). Three peaks occur in the so-called ‘semi-precession’ band,

two of which correspond to the 2nd precession harmonics (labelled 2P23 and 2P19), and the third is a combination peak resulting from the interaction of the

eccentricity cycle with the 2nd harmonic of the 23 kyr precession (E100 + 2P23). (b) Low-field magnetic susceptibility log of the Dôme de Barrot susceptibility

(χ ) record of Kruiver et al. (2000). Each sample was a measure of total of 10 times and is represented by a mean value (black line) with ±1σ errors (shaded

region). (c). The ratios of the peak frequencies in the Dôme de Barrot χ spectrum allow the peaks to be assigned as eccentricity, obliquity, precession (including

harmonics) and combination frequencies. Absolute periods cannot, however, be assigned to these peaks, so the E, O and P allocations are suffixed A, B etc.

The E + OB combination peak observed at f = 0.383 m−1 is believed to correspond to the 29 kyr cycle [(1/100) + (1/41) ≈ 1/29], which has been reported in

a number of Quaternary palaeoclimatic records (e.g. King 1996). (d) Quality of fit (closed symbols) by calculating the squared regression coefficients between

the orbital periods varying through geological time (open symbols) and the wavelengths of the climatic oscillations isolated in the χ record (forced through the

origin). E, O and P represent eccentricity, obliquity and precession, respectively, and are suffixed with their present-day periods in kyr. (e) Fit of χ wavelength

and orbital periods for the spectral peaks defined in (b) after age assignment of 275 Myr for the studied sequence.

(Fig. 1c) suggest orbital forcing. Unfortunately, the observed sedi-

mentary cyclicity cannot be unambiguously linked to orbital periods

of precession, obliquity and eccentricity, since spectral analysis of

a high-resolution susceptibility record (Figs 2 and 5) of the entire

section (of Fig. 1c) fails to reveal the orbital ratios that are typical

for the Permian. The most prominent cycle is, on average, 6 m thick;

if this cycle represents precession, it would point to a sedimentation

rate of approximately ∼30 cm kyr–1. In any case, from the type

of sediments in the Lodève basin—continental fluvial–lacustrine

and alluvial fan red beds (Schneider 2006)—we argue that the sed-

imentation rate must be higher than that in the Dôme de Barrot—

distal flood plain deposits—with a well-known sedimenation rate of

∼12 cm kyr–1. Six large oriented sample blocks (hand samples)

from different layers in the lower part of the section were sampled;

the middle and upper part of the section contained sediments too

fragile to be drilled in the field (see also Maillol 1992; Maillol &

Evans 1993). In the laboratory, cylindrical samples with a diameter

of 2.5 cm were drilled from these blocks, with an average spacing

of 1–2 cm. This series consists of 88 samples with a very high time

resolution.

3 M E T H O D S

The characteristic remanent magnetizations (ChRM) of the Lodève

and Dôme de Barrot series were determined by thermal demagne-

tization (TH), conducted with steps of 100 ◦C up to 300 or 400 ◦C;

for higher temperatures up to a maximum of 680 ◦C, the intervals

were reduced (to 50 ◦C and down to 10 ◦C) to permit a more de-

tailed study of the NRM. The magnetization was measured on a

horizontal 2G Enterprises DC-SQUID magnetometer (noise level

3 × 10−12 A m2). In addition to the directional characteristics, the

unblocking temperatures of the different components were inferred

from the thermal decay curves of the NRM.

In addition to palaeomagnetic analyses, the magnetic mineral-

ogy was assessed with rock magnetic means. A MicroMag Model

2900 alternating gradient magnetometer was used, equipped with a

2 T magnet—but effectively 1.6 T because of partial saturation of

the pole shoes—(Princeton Measurements Corporation, noise level

2 × 10−9 A m2). Successively, hysteresis loops, first-order rever-

sal curves (FORC) and isothermal remnant magnetization (IRM)

curves were measured, all at room temperature.

C© 2009 The Authors, GJI
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For each FORC diagram, 200 reversal curves were measured

with an averaging time of 2 s per data point. For Lodève samples,

two runs per sample were performed: (1) with low coercive force

(Bc) values (0–150 mT) to detect magnetite and maghemite; (2)

with high Bc values (0–1.6 T) to detect haematite. For Dôme de

Barrot samples, one run (0–1.6 T) per sample was performed to

detect haematite. FORC diagrams appeared to be fairly noisy, and

since, especially, in the Dôme de Barrot samples saturation could

not be reached in the available fields, we will not consider them any

further.

Hysteresis loops and IRM acquisition curves of 14 representa-

tive samples were measured for the Lodève record and 13 samples

for the Dôme de Barrot record. The IRM curves were decomposed

into coercivity components using the IRM fitting method of Kruiver

et al. (2001) that is limited to symmetric distributions in log-space.

The interpretation of the diagrams for all samples provides a best-

fit of one or two components, which have overlapping coercivity

spectra. Each magnetic component can be characterized by the sat-

uration IRM (SIRM), the peak field, at which half of the SIRM is

reached (B1/2) and the dispersion of its corresponding cumulative

log-normal distribution (DP; Kruiver et al. 2001). Although the

method of Egli (2004) allows for recognition of non-symmetrical

(skewed) distributions, the coercivities of the major components

in both methods are found to be essentially identical (Spassov

et al. 2003). The small component with a low coercivity that

is often observed in the Kruiver et al. method arises from this

skewed data distribution—it has no physical meaning (Heslop et al.

2004).

Thermomagnetic runs were measured (nine representative sam-

ples for Lodève and five for Dôme de Barrot) in air with a mod-

ified horizontal translation type Curie balance (Mullender et al.

1993), with a sensitivity of ∼5 × 10−9 A m2. Approximately 30

mg of powdered samples were put into a quartz glass sample holder

and were held in place by quartz wool; heating and cooling rates

were 10 ◦C min–1; measurements were made up to 700 ◦C. At

selected temperatures during the heating, the temperature was low-

ered by 100 ◦C before heating to more elevated temperatures to

check for chemical alterations during the analysis. Curie tempera-

tures were determined with the two-tangent method (Grommé et al.

1969).

In Dôme de Barrot, magnetic susceptibility (χ ) was measured on

a profile of 48 m with a Bartington 2F sensor (sensitivity ∼10−6

SI) by Kruiver et al. (2000). It provides evidence for Milankovitch

cycles (and their ratios) during the Permian, which we use here, to

confirm the earlier estimate of sedimentation rate of 11.6 cm kyr–1,

and to derive an age estimate (Fig. 2). In Lodève, magnetic suscep-

tibility (χ ) was measured on the outcrop using a ZH Instruments

SM 30 sensor (50 mm diameter, sensitivity ∼10−7 SI) by placing

the probe on the flat, fresh-rock surface. The penetration depth of

this sensor is 1–2 cm below the rock surface. A 150 m long profile

was recorded in the Lodève basin at Salagou Lake (the section of

Fig. 1c), with an average measurement spacing of 15 cm. The read-

ings of the SM 30 field probe were used as a relative measure of

χ .

For large enough data sets (N > 100), we applied an inclination

error correction, using the E/I method based on the field model

TK03.GAD (Tauxe & Kent 2004). This model is based on the as-

sumption that the time-averaged field closely approximates that of a

GAD. From the—essentially circular—VGP distribution generated

by the model, it predicts the shape of the distribution of directions at

any latitude (or equivalently, in the GAD assumption, for any corre-

sponding inclination I) expressed by an elongation factor E, defined

as the ratio of the eigenvalues τ 2 and τ 3 of the directional distri-

bution. In nature, the predicted directional distribution—elongated

with a N–S directed E close to 2.9 at the equator and close to 1.0 at

latitudes close to the pole—is often deformed (flattened), caused by

DRM processes (King & Rees 1966; Tauxe & Kent 1984) or com-

paction effects (Blow & Hamilton 1978). The resulting sedimentary

inclination error may cause the flattening of the distribution with a

corresponding flattening factor f , thereby reducing the elongation

E. King (1955) shows that f relates the observed inclination (I o)

and applied field inclination (I f ) as

tan (Io) = f tan(If ) (1)

In practice, we ‘unflatten’ our observed directional distribution

in small steps,by inverting (1),with values of f ranging from 1.0

(no flattening) to 0.3 (severe flattening). The average inclination

I f and elongation Ef of the increasingly unflattened distribution

are calculated at each step, until the Ef / I f ratio agrees with the

model value. The corresponding inclination may then be taken as the

original inclination, provided, of course, that we have a ‘reasonable’

distribution to start with, because many other factors than inclination

shallowing alone, may have caused a distribution to be deformed

beyond repair.

We found that the E/I correction has a negligible effect on the

amount of VGP scatter itself, but it allows one to assess the di-

rectional distribution in terms of its predicted shape, whereas the

corrected inclination allows one to provide a better estimate of the

(simultaneously corrected) palaeolatitude versus the corresponding

VGP scatter. Here, we use the TK03.GAD model with the new coef-

ficients of Tauxe et al. (2008) in the E/I equation, rather than the old

coefficients of Tauxe & Kent (2004); there is no noteable difference

(at most a few tenths of a degree).

PSV can be characterized by VGP scatter, that is, the angular

dispersion S expressed as the ASD around the mean of the VGP

distribution. All directions were transformed to VGPs, which are

shown with respect to their mean (Fig. 7; Fig. S1) and the corre-

sponding values of S were calculated; upper (Su) and lower (S l)

error limits (95 per cent level) were calculated using a (5000×)

bootstrap approach. VGP cut-offs are required to remove outlier

data, which will otherwise dominate the measured ASD, and to

enable comparison with published results. These outliers may be

geomagnetic in origin (i.e. from excursions or reversal transitions),

or they may be produced by errors associated with the sample

properties or sampling and measurement process. There are three

main ways of treating outliers: no cut-off, fixed cut-off and vari-

able cut-off. The second excludes all VGPs that are more than

a certain specified angular distance (usually 45◦) from the mean

pole, whereas the third, under certain assumptions about the un-

derlying distribution, derives this cut-off angle from the data set

itself.

We determine S by using a variable cut-off angle defined by

Vandamme (1994); the optimal cut-off angle is calculated for each

record by iteration. This has been argued to be a better estimate

than using a fixed cut-off angle (McElhinny & McFadden 1997).

The resulting VGP scatter can then be compared to, for instance, the

scatter at certain latitudes during the last 5 Myr or during any other

period. In principle, the Vandamme method permits a considerable

improvement to the VGP scatter estimate characterising PSV, espe-

cially, for low and high latitudes—where a fixed cut-off angle tends

to over- and underestimate the ASD, respectively—but it may per-

form rather unevenly, depending on the characteristics of the data

set (Tauxe et al. 2008). In some cases, we determine whether two

distributions have a common true mean direction. For this, we use
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the method of McFadden & McElhinny (1990) in their reversal test.

We have modified the software to accommodate also the test to dis-

tributions with the same polarity. We use Monte Carlo simulation,

thereby effectively applying the Watson (1983) V w statistic test. We

determine γ , the angle between the means, and γ c, the critical angle

in the test. If γ > γ c the test is positive and the distributions share a

common true mean direction. The quality of the test is expressed as

A, B, C or indeterminate, depending on the value of γ c (McFadden

& McElhinny 1990).

4 R E S U LT S

4.1 Magnetic mineralogy

4.1.1 Thermomagnetic analysis

The results for the samples from Dôme de Barrot (sample MD

18; Fig. 3) are identical to our earlier study and show haematite

with a Néel temperature close to 680 ◦C. The magnetization of

the cooling curve is higher than the warming curve because at low

temperatures, the haematite was not saturated by the cycling field of

150–300 mT (de Boer & Dekkers 1998). For the samples from the

Lodève basin (sample B1.2; Fig. 3) Curie points of 640–650 ◦C are

found, which is too high for magnetite. This may point to (thermally

stable) maghemite or fine grained haematite. An inflection can be

seen on the cooling curve but not on the warming curve, suggesting

that a new magnetic phase with a Curie temperature of ∼530 ◦C

was formed during heating. Similar to the observations made by

Boer & Dekkers (2001), this may be a maghemite type with some

of the lattice vacancies on tetrahedral sites.

Figure 3. Representative thermomagnetic curves for powdered samples (approximately 30 mg) of different heating (red, solid lines) and cooling (black, dotted

lines) runs, performed in air and at a rate of 10 ◦C min–1 (left-hand panels) and hysteresis loops—corrected for high-field slope (between 1.4 and 2.0 T) on a

mass-specific basis—for characteristic samples from Dôme de Barrot and Lodève basin (right-hand panels). Because of saturation of the pole shoes at higher

fields above 1.6 T, we show only the loops between –1.6 and +1.6 T. Since slope correction of unsaturated samples may give meaningless values for (remanent)

saturation remanence and coercivities, we report no values.

4.1.2 Hysteresis loops

Representative hysteresis loops are shown in Fig. 3. The curves

were measured up to 2.0 T, and they are not saturated in these fields.

We use standard slope correction (the highest 30 per cent of the

maximum applied field, default setting of the MicroMag software),

and we show only the part up to 1.6 T. The shape of the hysteresis

loop for the samples from Dôme de Barrot (sample MD41; Fig. 3)

has an open form, typical of single domain magnetic behaviour, but

not yet saturated, which indicates the presence of a mineral with

high coercivity. A Bcr value of ∼700 mT (with respect to 1.6 T) is

again indicating haematite presence in these samples.

The wasp-waisted shape of the hysteresis loop of the Lodève

samples (Fig. 3) indicates the coexistence of two coercivity frac-

tions (Roberts et al. 1995; Tauxe et al. 1996). The coercivity of

remnance (Bcr with respect to 1.6 T obtained from backfield curve

measurements) has a value of ∼380 mT and is the weighted re-

sult of the contributions of the high- and low-coercivity fractions.

Maghemite and magnetite are typified by values of a few tens of

mT and ‘classical’ specular haematite by values of a few hundreds

of mT (Dunlop & Özdemir 1997). A Bcr of ∼380 mT is too high

for maghemite/magnetite and is too low for haematite (although

some pigmentary haematites have these values). Therefore, this

value is likely the result of both carriers—maghemite/magnetite

and haematite—as is suspected from the IRM component analysis

(as discussed below).

4.1.3 IRM acquisition curves

The IRM acquisition curves contain 200 data points; examples of

representative samples are given in Fig. 4, for which the fitted IRM
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Figure 4. Representative examples of IRM component analysis (Kruiver et al. 2001) for samples from Dôme de Barrot and Lodève basin. Blue squares are

measured data points. Left-hand panels show examples of an IRM linear acquisition plot (LAP), right-hand panels show the gradient of acquisition plot (GAP).

The abscissa (applied field) is logarithmic for both plots. The low coercive contribution in Dôme de Barrot (dashed line in GAP, not labelled) has no physical

meaning, but represents the skewness of the distribution (Heslop et al. 2004; Egli 2004).The two IRM components from the Lodève are marked with different

lines: component 1 (grey line and shading) has a low coercivity and component 2 (green line and hatching) has a high coercivity. Values of the peak field at

which half of the SIRM is reached, B1/2, are displayed in each panel together with their dispersion parameter (DP) representing one standard deviation.

components are given. In the Dôme de Barrot samples, there is

only one main component with a high coercivity, indicative of

(specular) haematite. The small component with a low coercivity

has no physical meaning; it arises from a skewed data distribution

(Heslop et al. 2004). In the Lodève samples, two magnetic com-

ponents are invariably present: a relatively weak low-coercivity

component (magnetite/maghemite) and a relatively strong high-

coercivity component (haematite).

4.2 NRM demagnetization behaviour

The NRM has been measured on 88 samples from Lodève and 116

samples from Dôme de Barrot; typical examples of demagnetization

behaviour in these samples are shown in Fig. 5. The results of the

THs were plotted in Zijderveld diagrams (Zijderveld 1967), and

principal component analysis (Kirschvink 1980) was performed to

interpret the directions of NRM. Only components with a maximum

angular deviation (MAD) less than 10◦ were accepted. Apart from

the characteristics in the demagnetization diagrams, an indication

of the magnetic mineral components can also be deduced from the

normalized thermal decay curves of the NRM.

4.2.1 Dôme de Barrot series

The NRM is very stable and the intensities decrease substantially

only in the last 15–20 ◦C before complete unblocking. The max-

imum unblocking temperature of approximately 680 ◦C and the

block-shaped decay curves indicate that detrital (specular) haematite

is the sole remnance carrier. As shown above in the magnetic min-

eralogy section, this is consistent with our interpretation of the rock

magnetic measurements.

4.2.2 Lodève series

A normal polarity (present day field) component has been recorded

in nearly all samples that were entirely removed after heating to 350–

400 ◦C (Fig. 5). At higher temperatures, the behaviour is quite vari-

able: in some samples demagnetization above 480 ◦C produced spu-

rious behaviour, whereas others survived until 560–580 ◦C or even

higher, up to 650 ◦C (Fig. 5). Regardless of the variable behaviour

at high temperatures, it becomes clear from samples surviving the

higher temperatures that the final direction is reliably retrieved after

demagnetization to 480–520 ◦C. The rock magnetic data and the de-

magnetization behaviour lead us to assume that these red sediments

actually bear two high-temperature magnetization components car-

ried by two different magnetic minerals. One is well defined in all

samples by an unblocking temperature interval ranging from 460

to 560 ◦C and suggests that it is carried by maghemite/magnetite

being consistent with the low IRM coercivity magnetic mineral seen

in the IRM acquisition diagrams (Fig. 4). The other component is

not well defined but presumably has higher unblocking tempera-

tures, suggesting that is carried by haematite, consistent with the

red colour of the beds and the high coercivity carriers observed

in IRM acquisition diagrams (Fig. 4). In any case, we see that the
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Figure 5. Magnetic susceptibility record of field measurements and the corresponding lithological column, as well as the vector end-point orthogonal diagrams

of typical demagnetization behaviour during thermal treatment, for samples from the Dôme de Barrot and Lodève basins. Dark grey bands represent purple

lithology (Dôme de Barrot) and indurated, silty lithology (Lodève); white represents red lithology. In the Zijderveld demagnetization diagrams, open (closed)

symbols denote projections on the vertical (horizontal) plane. Temperatures are indicated in degrees Celsius for key demagnetization steps. Decay curves

for Dôme de Barrot show the typical ‘block-like’ behaviour for specularite, whereas Lodève decay curves show a more gradual decay and two components

(discussed in the text).

mineral carrying the ChRM is mostly magnetite/maghemite. When

there is also a higher temperature (haematite) component, it has

a direction indistinguishable from the magnetite component (e.g.

sample BLA12C in Fig. 5).

We supplement our data with results from previously published

compilations for Lodève (Kruseman 1962; Merabet & Guillaume

1988; Cogné et al. 1990) and Dôme de Barrot (Van den Ende 1977;

Kruiver et al. 2000). All samples used in the statistics (Table 2) were

treated using TH, except the earlier study of Kruseman (1962), in

which the samples were AF demagnetized. In nearly all cases, this

treatment was sufficient to detect the ChRM component, as we

discussed above, since the final direction was already isolated after

480–520 ◦C.

We provide the directional data from Kruseman (1962),

Merabet & Guillaume (1988) and from the thesis of Maillol (1992)

in Table S1, since they are not readily available. The data from

Kruseman and Maillol were taken from the original publications,

those of Merabet and Guillaume were digitized from their publica-

tions. In addition, we separate the data from Maillol (1992) into an

older and younger part, according to the formations sampled, and fit

them to our new age assignments (Table 1). We plot all data sets from

Table 2—including the parametrically sampled data from Cogné

et al. (1990)—in Fig. S1. The data (from their sites p4, p5 and p6)

reported by Cogné et al. (1990) have been repositioned in age, based

on the location of their sites in the Lodève basin—the previously

reported Autunian age must be too old; according to Schneider

et al. (2006), it should be Kungurian–Wordian (Table 1).

Fig. 6 shows the ChRM directions from our study in equal

area projections; the statistical parameters, the number of samples

used before and after applying the E/I method and the subsequent
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Table 2. Summary of palaeomagnetic results from this study and from literature data for the Dôme de Barrot and Lodève basins. Numbers in the first column

are used in Figs 7 and 8.

No. Study Method N Dec Inc K α95 E f Sl S Su

Dôme de Barrot (44.03◦N, 6.58◦E)

1 This study and Kruiver et al. (2000), Roadian None 206 207.4 −16.3 24.4 2.0 2.74 11.4 12.6 13.8

TK03 206 207.4 −16.6 24.1 2.0 2.53 0.99 11.5 12.7 13.9

TK03_vD 199 207.8 −16.8 29.0 1.9 2.70 10.6 11.5 12.2

2 Van den Ende (1972), Roadian None 220 206.2 −15.5 34.6 1.6 1.79 9.6 10.6 11.5

TK03 220 206.2 −18.9 27.9 1.8 2.49 0.79 10.4 11.4 12.3

TK03_vD 214 206.8 −19.1 29.9 1.8 3.49 9.8 10.5 11.3

3 This study, Kruiver et al. (2000) & Van den Ende None 426 206.8 −15.9 28.8 1.3 2.22 10.8 11.6 12.4

(1972), Roadian TK03 426 206.8 −17.5 26.2 1.4 2.52 0.90 11.2 12.0 12.8

TK03_vD 411 207.3 −17.5 30.6 1.3 2.53 10.2 10.8 11.3

Lodève (43.69◦N, 3.35◦E)

4 This study and Maillol (1992), Kungurian – Wordian None 146 199.6 2.1 19.6 2.7 1.62 12.3 14.2 16.1

TK03 146 199.6 2.7 15.0 3.1 2.81 0.77 13.5 15.4 17.3

TK03_vD 136 199.8 0.5 20.2 2.8 2.24 11.3 12.5 13.6

5 Maillol (1992), Sakmarian-Artinskian None 143 199.6 −7.4 40.6 1.9 1.92 8.2 9.2 10.2

TK03 143 199.6 -8.9 31.8 2.1 2.70 0.82 9.0 10.0 11.0

TK03_vD 141 199.6 -8.7 33.3 2.1 2.97 8.7 9.6 10.5

6 Kruseman (1962), Artinskian – Wordian None 30 198.9 −4.8 30.2 4.9 8.9 11.3 13.9

vD 30 198.9 −4.8 30.2 4.9 8.9 11.3 13.9

7 Kruseman (1962), Sakmarian None 15 189.9 7.4 47.2 5.6 7.4 9.5 11.7

vD 15 189.9 7.4 47.2 5.6 7.4 9.5 11.7

8 Merabet & Guillaume (1988), Artinskian – Wordian None 93 199.2 −11.1 229.1 1.0 3.7 4.6 5.6

vD 92 199.4 −11.0 264.5 0.9 3.6 4.1 4.8

9 Merabet & Guillaume (1988), Sakmarian None 65 190.7 8.4 112.2 1.7 5.5 6.7 7.9

vD 63 190.7 8.4 130.2 1.6 5.1 6.0 6.9

10 Cogné et al. (1990), Kungurian – Wordian None 22 (p) 194.7 −10.3 33.0 5.6 8.6 10.8 13.0

vD 22 (p) 194.7 −10.3 33.0 5.6 8.6 10.8 13.0

Notes: N , number of samples used in the statistics; dec, declination; inc, inclination; k, estimated Fischer precision parameter; α95, half-angle of the cone of

confidence at the 95 per cent level; E, elongation of the distribution; f , the unflattening factor required to meet the E/I model TK03.GAD; S, VGP scatter with

lower (Sl) and upper (Su) 95 per cent bootstrap (5000×) error limits.

Method is none, no cut-off and no unflattening; TK03; no cut-off and unflattened (TK03 inclination error correction); TKO3_vD, TKO3 correction and

subsequent Vandamme (1994) cut-off; vD, only Vandamme cut-off; (p), parametric sampling.

The TK03 correction has only been applied on data sets with N > 100, whereas E and f are only given for TK03 corrected sets.

Vandamme cut-off are summarized in Table 2. The new Dôme de

Barrot data are combined with those of Kruiver et al. (2000) (Fig. 7,

Table 2); they are from the same outcrop. The combined data set is

statistically identical to the data set of Van den Ende (1977) (Fig. 6,

Table 2), even though this data set contains an averaged direction

per approximate stratigraphic level (five samples per level), which

introduces some smoothing. However, since both sets share a com-

mon true mean direction (γ = 1.4◦ < γ c = 2.6◦; classification A),

they were combined into a single set. The Lodève data set from

this study was combined with the younger data set from Maillol

(1992), since they also share a common true mean direction: γ =

4.2◦ < γ c = 5.5◦, hence classification B. The combined set has

N = 136 (Table 2) and can be used for the E/I method (Fig. 6),

whereas the older data set of Maillol (1992) with N = 143 was

analysed separately. The data sets of the Kruseman (1962) study are

divided into two sets of Saxonian and Autunian age (now denoted

as Artinskian–Wordian and Sakmarian, respectively; Table 1) since

they gave different directions. The small number of samples in these

data sets, however, implies that we should be cautious in using them

for PSV analysis.

5 D I S C U S S I O N A N D C O N C LU S I O N S

Only the large data sets from Lodève (N 1 = 146 and N 2 = 143 sam-

ples) and Dôme de Barrot (N = 426 samples) allow us to test the

directional (and VGP) distributions (Table 2 and Fig. 6). It appears

that the observed inclinations do not differ significantly from the

inclinations corrected by the model. This can be expected because

the sediments were deposited close to the equator, which reduces the

effect of flattening. As mentioned above, we have reassessed

the ages of earlier studies for the Lodève basin using the new de-

tailed chronology of Schneider et al. (2006) (Table 1), taking into

account the positions of the sampled sites as reported in those stud-

ies. We omit the old terms (Saxonian, Autunian and Thuringian)

and replace them with the currently accepted terms and use ages

of the new timescale of Menning et al. (2006). In Fig. 7, we plot

all the results as palaeolatitude against age and compare them with

the expected palaeolatitude derived from the apparent polar wan-

der path (APWP) for Europe (Torsvik et al. 2008). All results fall

within the palaeolatitude/age error window of this APWP. We also

plot the corrected palaeolatitudes and their errors according to the

inclination error correction of TKO3.GAD for the data sets with

N > 100. This does not give a significant difference, as mentioned

above. The results of Cogné et al. (1990) now fit the palaeolatitude

derived from the APWP very well, whereas it previously did not

because of an erroneous age assignment.

In Table 2, we also give the elongations E of the original, unflat-

tened and cut-off distributions and the flattening factor f required to

obtain the elongation required by the TK03.GAD model. The Dôme

de Barrot data of this study requires no unflattening (f = 0.99) to
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Figure 6. Equal area plots of the unflattened directions—using TK03.GAD—together with the corresponding VGPs shown with respect to their mean for

samples from Dôme de Barrot and from Lodève basin. Small symbols are the data cut-off by using the Vandamme (1994) method. Open/closed symbols

indicate negative/positive inclinations; the statistics of the data are listed in Table 2. Also shown are the plots of elongation versus inclination of the distribution

upon increasing unflattening (red solid line) by using the TKO3.GAD model (Tauxe & Kent 2004); barbs give the direction of the long axis of elongation with

horizontal being E–W and vertical being N– S; green line represents the model E/I ratio. Where the line intersects the model, one finds the inclination–elongation

pair most consistent with the TK03.GAD model and the corresponding unflattened inclination incEI; the original inclination incorg is also given. Also shown

are results (yellow lines) from 20 (out of 5000) bootstrapped data sets. Below the E/I panels, histograms of crossing points from 5000 bootstrapped data

sets are shown. The most frequent inclination (solid red vertical line; dashed red vertical lines denote the 95 per cent bootstrap error) is given as value (and

95 per cent significance range) on top of the panel; the inclinations of the original distribution (blue vertical line) and the intersection with the model (green

vertical line) are indicated. In no case, the inclination correction is significant, but always within the 95 per cent error limits.

arrive at the required elongation, whereas the other data sets require

some unflattening. In no case, however, is a significant correction

of the inclination obtained, and unflattened inclinations fall within

95 per cent bootstrap errors.

In Fig. 8(a), the VGP scatter from Lodève and Dôme de Barrot

red beds is compared with the VGP scatter derived from low-

latitude lavas for the last 5 Myr included in the PSVRL database

(McElhinny & McFadden 1997). The S values we measured from

the Permian red beds of Lodève and Dôme de Barrot are consis-

tent with one another and with the results of several other pub-

lished studies. Furthermore, these values agree (within error) with

the scatter predicted by two published models of PSV: Model G

(McFadden et al. 1988) and TKO3.GAD (Tauxe & Kent 2004). The

S values of the Merabet & Guillaume (1988) study are significantly

lower for the corresponding palaeolatitude. However, since all other

data sets from the same sediments yield much higher S values, we

do not consider these as reliable measurements of the VGP scatter

caused by secular variation. Rather, we suspect that these values of S

were artificially suppressed by, most likely, an insufficient temporal

sampling of the secular variation.

The PSVRL database has been superseded by the time-averaged

field initiative (TAFI). A very recent study (Johnson et al. 2008)

collated TAFI and other recently published data and, using strict

criteria, found that their VGP scatter was higher at low latitudes than

reported by McElhinny & McFadden (1997) and less dependent

on latitude. They concluded this after subjecting their data to a
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Figure 7. Ages and their errors corrected according to Table 1 versus palaeolatitude showing the Torsvik et al. (2008) apparent polar wander path (grey line

plus shaded error margins). All directions and the corresponding palaeolatitudes are pole corrected with respect to the Lodève basin (43.69◦N, 3.35◦E). Open

symbols represent TKO3.GAD corrected palaeolatitudes. The numbers refer to those in Table 2.

fixed (45◦) cut-off. They also tested the Vandamme variable cut-

off and found no significant differences. In Fig. 8(b), we plot our

data (treated with a fixed 45◦ cut-off instead of variable cut-off, to

be comparable with the Johnson et al. 2008 study) and compare

them with this compilation. Model G is a phenomenological model

of PSV, which uses two ‘shape parameters’ to define a quadratic

curve, which is then fit (by the least-squares technique) to a set

of VGP scatter data plotted against (palaeo)latitude. We used this

approach in combination with the bootstrap method of uncertainty

estimation to determine the best fit plus the 95 per cent bootstrap

errors through Johnson et al.’s (2008). data. Here, each of the 1000

bootstraps takes a random sample within the published error limits

of each individual data point and fits a line to it.

It is evident that now our data fall significantly below those from

the last 5 Myr at low latitudes (less than 25◦–30◦), suggesting that

PSV was effectively reduced at low latitudes during the PCRS. The

scatter observed at low latitudes in this study is considerably higher

than that found by McFadden et al. (1991) in their study of the

CNS. This could be because the process causing the PCRS is differ-

ent from the one causing the CNS (Larson 1991; Courtillot & Valet,

1995; Greff-Lefftz & Legros 1999). However, a very recent and up-

dated study of PSV in the CNS (Biggin et al. 2008b) concluded that

McFadden et al.’s (1991) measurements of low-latitude VGP scat-

ter in the CNS were probably biased, and that the actual scatter was

higher (although still significantly lower than that observed for the

past 5 Myr). In Fig. 8(b), we plot the Model G curve, which is fit to

the highest quality ‘Group 1’ data set of this recently updated study

of the CNS. There is evidently a much better correlation with the

VGP scatter observed at low latitudes during the CNS than for the

VGP scatter of the last 5 Myr. This strongly suggests that there is in-

deed a reduced VGP scatter during a superchron at low latitudes, in

turn suggesting that the contribution of the even spherical harmonics

is notably reduced. Every palaeomagnetic data set has some error

associated with it, which is derived from the sampling and measur-

ing process, and this will contribute to the measured VGP scatter.

In PSV studies performed on lavas, some estimate of this additional

scatter can be calculated from the within-site scatter, measured be-

tween samples from the same (rapidly cooled) lava flows. In PSV

records from sedimentary rocks, this is not possible because each

sample reflects an unknown interval of time. Biggin et al. (2008b)

numerically simulated the effects of combined scatters due to mea-

surement and geomagnetic sources. They found that for modest

degrees of random Fisher-distributed errors introduced in direction

space (κ = 182), the effect of not applying any within-site error

correction would be to introduce a strongly latitudinal-dependent

artefact to the observed VGP scatter (see their figs 3c and d).

Fortunately, this effect is relatively small (1◦–2◦ of enhanced scat-

ter) at sites from low palaeolatitudes and therefore is unlikely to

influence the findings of this study. Furthermore, one of the main

results of the present study is that the VGP scatter was observed to

be lower (at low latitudes) during the PCRS than it was in the last

5 Myr. This conclusion would only be strengthened by consideration

of possible unremoved biasing effects from random errors.

We have examined the PSV during the PCRS at low equatorial

latitudes by evaluating the VGP scatter recorded by the red beds from

two Permian basins. The results of this study agree remarkably well

with several others from the same basins, even though some of the

published data sets are small (Kruseman 1962; Cogné et al. 1990).

This suggests that the observed VGP scatter is a robust feature that

is well recorded. Our measurements of VGP scatter agree well with

those produced from the PSVRL database for the last 5 Myr and

with the predictions of a recent model of the field (TKO3.GAD).

However, they are significantly lower than those measured by a

recent study using an updated database of lavas from the last 5 Myr

(Johnson et al. 2008).

Our findings, similar to those of Biggin et al. (2008b), show

that secular variation at low latitudes, as expressed by VGP scatter,

was likely lower in a superchron than in a period of higher reversal

frequency. In a subsequent paper, we report all available sedimentary

records from the PCRS, using the approach outlined here.
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Figure 8. (a) VGP scatter after using the Vandamme cut-off of the Permian data sets versus latitude, compared with the palaeosecular variation database of

0–5 Myr lavas (dark grey dots). Model G of McElhinny & McFadden (1997) is a dark grey line, with dashed grey lines denoting 95 per cent error bounds. The

PSV scatter according to TKO3.GAD is a light grey shaded line. (b) VGP scatter (using 45◦ fixed cut-off) of the Permian data sets versus latitude, compared

with the results of 0–5 Myr lavas (Johnson et al. 2008): blue symbols; closed (open) symbols refer to data from the Northern (Southern) Hemisphere. Blue

dashed line denotes a Model G approach through their data; small dashed lines denote 95 per cnet bootstrap error bounds. Also shown is the data from the

recent compilation for the CNS (Biggin et al. 2008a, b): green symbols represent their Group 1 data; open and closed symbols, large and small dashed lines,

as above for the recent lavas. Numbers refer to those in Table 2.
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Dunlop, D.J. & Özdemir, Ö., 1997. Rock Magnetism: Fundamentals and

Frontiers, Cambridge University Press, Cambridge.

Egli, R., 2004. Characterization of individual rock magnetic components

by analysis of remanence curves, 2: fundamental properties of coercivity

distributions, Phys. Chem. Earth, 29(13–14 Spl. Iss.), 851–867.

Glatzmaier, G.A. & Olson, P., 2005. Probing the geodynamo, Sci. Am.,

292(4), 50–57.

Glatzmaier, G.A. & Roberts, P.H., 1995. A three-dimensional convective

dynamo solution with rotating and finitely conducting inner core and

mantle, Phys. Earth planet. Inter., 91, 63–75.

Glatzmaier, G.A., Coe, R.S., Hongre, L. & Roberts, P.H., 1999. The role of

the Earth’s mantle in controlling the frequency of geomagnetic reversals,

Nature, 401(6756), 885–890.

Glenister, B.F., Wardlaw, B.R. & Lambert, L.L. et al., 1999. Proposal of

Guadalupian and component Roadian, Wordian and Capitanian stages as

international standards for the Middle Permian Series, Permophiles, 34,

3–11.

Gradstein, F., Ogg, J. & Smith, A. (eds), 2004. A Geologic Time Scale,

Cambridge University Press, Cambridge, UK.

Greff-Lefftz, M. & Legros, H., 1999. Core rotational dynamics and geolog-

ical events, Science, 286, 1707–1709.
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