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Determining the effects of compaction-related inclination shallowing of remanence directions is crucial for
ascertaining the validity of low palaeolatitudes for Neoproterozoic red beds in South Australia that are central
to the debate concerning low-latitude Proterozoic glaciation. The inclination correction (or flattening) factor,
f, is defined as tan(ID)/tan(IF), where ID and IF are the inclinations of the measured detrital remanence and the
ancient inducing field, respectively. The anisotropy can be estimated using anisotropy of magnetic suscepti-
bility and the anisotropy of high-field isothermal remanence (hf-AIR). The elongation–inclination (E–I)
method has also been used to infer inclination shallowing. We add the anisotropy of thermoremanent
magnetisation (ATR) to these methods. For the late Cryogenian Elatina Formation arenites, which constitute
the bulk of the Elatina data set, the inclination correction using f=0.738 derived from ATR increases the
palaeolatitude of the Elatina Formation from 6.5±2.2° to 8.8±3.2°, which confirms that the Elatina glacia-
tion occurred near the palaeoequator. Inclination corrections for the Ediacaran argillaceous Brachina and
Wonoka formations, using f=0.35–0.38 derived from ATR, are significantly greater than for the more arena-
ceous Elatina Formation, which increases their palaeolatitudes from ~12° to ~30°. Carbonates from the basal Edi-
acaran Nuccaleena Formation yielded f=0.8 from ATR, which represents only a small palaeolatitude correction
from19° to 23°. The anisotropy results imply that the characteristic remanentmagnetisations carried by all these
units were acquired early as depositional remanent magnetisations, essentially at the time of deposition. The
shift of the palaeopoles from argillaceous units indicating significantly higher palaeolatitudes introduces a dis-
tinctive loop into the late Cryogenian–Ediacaran–Cambrian pole path for Australia. This loop shows similarities
with the North American pole path for this period, for which true polar wander (TPW) has been inferred. How-
ever, until ages of Neoproterozoic strata in South Australia are better constrained uncertainty persists on wheth-
er the similarities of the Australian and North American pole paths reflect TPW.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

The Cryogenian and Ediacaran of the Adelaidean (Neoproterozoic)
in SouthAustralia (Preiss, 1987, 2000) record two of themost intriguing
periods in geological history, providing an almost continuous record of
palaeolatitudinal trends, climate swings and evidence of the early evo-
lution of complex life. The apparent low palaeolatitudes of Cryogenian
glaciogenic deposits have been confirmed by many studies spanning
two decades (Embleton and Williams, 1986; Schmidt et al., 1991;
Schmidt and Williams, 1995; Sohl et al., 1999; Schmidt et al., 2009)
and the immediately overlying carbonate deposits suggest rapidly
changing environments (Williams, 1979; Kennedy, 1996; Giddings
and Wallace, 2009; Schmidt et al., 2009). Palaeolatitudinal changes
recorded by late Cryogenian and Ediacaran strata are critical to under-
standing such environmental changes in South Australia and globally.
t).

12 Published by Elsevier B.V. All rig

liams, G.E., Anisotropy of ther
parent..., Global and Planetar
However, some have doubted the fidelity ofmagnetic recording by sed-
imentary rocks, and in particular whether compaction-related inclina-
tion shallowing might explain the low palaeolatitudes of Proterozoic
glaciogenic deposits.

Studies of the remanence acquisition by sediments during sedimenta-
ry and diagenetic processes are as old as the science of palaeomagnetism.
Depending on various physical properties such as grain size, grain-size
distribution and grain shape, sediments are subject to inclination error
during initial depositional processes and later compaction. Inclination
error has been investigated in redeposition experiments for sediments
carrying both magnetite and hematite (Johnson et al., 1948; King, 1955;
Griffiths et al., 1960; Tauxe and Kent, 1984). It has been thought that in-
clination may partially or completely recover alignment with the field
through bioturbation or diagenetic effects (Irving and Major, 1964;
Irving, 1967; Kent, 1973). Over the last decade, however, it has been
argued that anomalies in apparent polar wander paths (APWPs) and
palaeoreconstructions result in part from inclination error (Van der Voo
and Torsvik, 2004; Kent and Irving, 2010). The elongation–inclination
(E–I) method of comparing directional distributions with geomagnetic
hts reserved.
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models (Tauxe and Kent, 2004) has rekindled interest in the subject
(Krijgsman and Tauxe, 2004, 2006). Results from laboratory estimates
of inclination shallowing (Jackson et al., 1991; Garcés et al., 1996;
Kodama, 1997; Tan and Kodama, 2002) have been found to be consistent
with those from the E–I method (Kent and Tauxe, 2005; Tan et al., 2007;
Tauxe et al., 2008).

The fidelity of the magnetic recording process in sediments and
correction factors for calculating palaeolatitudes can be estimated
using a number of laboratory parameters. Laboratory redeposition is
more applicable to young sediments such as lacustrine and seafloor
sediments. For ancient sediments it is not possible to emulate the
compaction and diagenetic changes associated with lithification.
Apart from redeposition experiments, other laboratory methods that
are commonly employed in various magnetisation experiments with
sediments are isothermal remanent magnetisation (IRM), anhysteretic
remanent magnetisation (ARM) and thermoremanent magnetisation
(TRM).

The anisotropy of acquisition of these various types ofmagnetisation
can be determined by imparting magnetisation along a number of
directions and measuring the resulting remanence vector each time.
The caveat is that the initialmagnetic state of a samplemust be regained
prior to subsequent acquisitions. Additionally, determining the anisot-
ropy of anhysteretic remanence (AAR) in hematite-bearing sediments
is impractical for most palaeomagnetic laboratories because the high
fields needed to magnetise hematite and then demagnetise samples
prior to each acquisition step are beyond those available using standard
alternating-field demagnetisation capabilities. Similarly, determining
the anisotropy of isothermal remanence (AIR) has been limited, al-
though use of superconductingmagnets and other large electromagnets
capable of generatingfields>10 T has enabled highfield AIR (hf-AIR) to
be used with some success (Kodama and Dekkers, 2004; Bilardello and
Kodama, 2009; Schmidt et al., 2009). However, mixedmineralogies add
another degree of freedom that complicates interpretation of results.

Anisotropy of TRM can fail through thermochemical alteration of the
magnetic minerals within samples at the high temperatures (>660 °C)
required to remove the remanence imparted at each TRM step. For this
study we opted for full determination of the anisotropy of (partial)
TRM, or pTRM, at many temperature steps, much like stepwise thermal
demagnetisation, with the aim of detecting the onset of chemical alter-
ation and thereby restricting our interpretation only to the pTRM acqui-
sition steps free of discernible alteration.

2. Cryogenian and Ediacaran stratigraphy and geochronology

2.1. Stratigraphy

Neoproterozoic strata in the Adelaide Geosyncline region (Fig. 1) re-
cord two Cryogenian glaciations, the ~700–660 Ma Sturt glaciation
(Coats and Preiss, 1987; Preiss et al., 2011) and the terminal Cryogenian
(~635 Ma) Elatina glaciation (Fig. 2) (Coats and Preiss, 1987; Williams
et al., 2008, 2011). The Elatina glaciation is recorded by permafrost reg-
olith and periglacial aeolianite on the cratonic Stuart Shelf in the west,
and glaciofluvial, deltaic, littoral, and marine-shelf glaciogenic deposits
in the Adelaide Geosyncline, which is now represented by folded strata
of the Flinders Ranges andMount Lofty Ranges (Fig. 1). Palaeomagnetic
and rock magnetic studies of glaciofluvial and deltaic red sandstones
and tidalites from the Elatina Formation (Fig. 2) indicate the early acqui-
sition of remanence and deposition within 10° of the palaeoequator
(Embleton and Williams, 1986; Schmidt et al., 1991; Schmidt and
Williams, 1995; Sohl et al., 1999; Schmidt et al., 2009). These findings
have stimulated research worldwide on the nature of Cryogenian
glaciations.

The Elatina Formation is disconformably to unconformably
overlain by the Early Ediacaran Nuccaleena Formation ‘cap carbonate’
(commonly b10 m thick) at a basin-wide sequence boundary
that marks the base of the Wilpena Group (Fig. 2) (Forbes and Preiss,
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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1987; Preiss, 2000; Williams et al., 2008; Schmidt et al., 2009;
Williams et al., 2011). The succeeding formations of the group form
twomajor upward-shallowing/coarsening cycles. The lower cycle com-
mences with interbedded mudstone and dolostone that pass upwards
to red brown and olive green siltstone and mudstone and local reddish
sandstone of themarine-shelf Brachina Formation (500–1200 m thick).
The Brachina coarsens upwards to the deltaic and shallow-marine
ABC Range Quartzite (mostly ~500 m thick, but >2000 m in the
west) at the top of the cycle. Red and greenmudstones of the transgres-
sive, marine-shelf Bunyeroo Formation (400–700 m thick) herald the
second major cycle. The regressive marine-shelf Wonoka Formation
(~500–700 m thick) is a grey, green, brown and reddishmixed carbon-
ate/fine-grained siliciclastic unit (Haines, 1988). The marginal-marine
and estuarine Bonney Sandstone (255 m thick) conformably follows
the Wonoka and the cycle is completed by the mostly shallow-marine
Rawnsley Quartzite (413 m thick) at the top of the Wilpena Group.
The famous metazoan Ediacara biota occurs in the Ediacara Member
near the base of the Rawnsley Quartzite (Preiss, 1987, 2000).

The Adelaidean on the Stuart Shelf and in the Adelaide Geosyncline
is disconformably overlain by Cambrian sediments. Strata in the
Adelaide Geosyncline were deformed during the early Palaeozoic
(514–490 Ma) Delamerian Orogeny (Drexel and Preiss, 1995; Foden
et al., 2006).
2.2. Geochronology

Few ages are available for late Neoproterozoic strata in South
Australia. A tuff in the Sturtian Wilyerpa Formation yielded a U–Pb
zircon age of ~659 Ma (Fanning and Link, 2008) and black shale
from the Tindelpina Shale Member gave a Re–Os age of 643.0±
2.4 Ma (Kendall et al., 2006). A U–Pb zircon age of 657±17 Ma for
the Marino Arkose Member of the Wilmington Formation (Ireland
et al., 1998), a partial equivalent to the interglacial Enorama Shale,
may date coeval volcanism (Preiss, 2000). A Th–U–total Pb diagenetic
age of 680±23 Ma for authigenic monazite from the Enorama Shale
(Mahan et al., 2010) is compatible with the U–Pb zircon ages for the
Wilmington and Wilyerpa formations but conflicts with the Re–Os
age for the Tindelpina Shale Member.

The Elatina glaciation has not been dated directly but has been
equated with the Ghaub glaciation in Namibia, where associated
volcanic rocks yielded a U–Pb zircon age of 635±1.2 Ma (Hoffmann
et al., 2004). The Elatina glaciation has also been equated with the
Nantuo glaciation in China, which has a minimum U–Pb zircon age
of 635.2±0.6 Ma (Condon et al., 2005) and yielded a U–Pb zircon
age of 636±4.9 Ma for a tuff near its base (Zhang et al., 2008). Ages
of 635 Ma for the Elatina glaciation and 643 Ma for the Tindelpina
Shale Member seem incompatible, because they would require ex-
ceptionally high rates of sedimentation for the >4 km interglacial
succession in the Adelaide Geosyncline. Although it is unclear wheth-
er Cryogenian glaciations correlate globally (Allen and Etienne, 2008),
an age near 635 Ma is tentatively taken for the Elatina glaciation
pending corroborating data.

Only Rb–Sr whole-rock shale isochrons and ages for detrital
grains are available for the Ediacaran in South Australia. The Brachina
Formation yielded a Rb–Sr isochron of 609±64 Ma and the Yarloo
Shale on the Stuart Shelf, the equivalent to the Bunyeroo Formation,
gave a Rb–Sr isochron of 593±32 Ma (Compston et al., 1987). The
youngest of eleven 40Ar/39Ar ages for detrital muscovite from the
Bonney Sandstone was 601±17 Ma (Haines et al., 2004). A U–Pb
zircon age of 556±24 Ma for the Bonney Sandstone (Ireland et al.,
1998) provides a maximum age for the overlying Rawnsley Quartzite
(Preiss, 2000). The Ediacara biota are closely comparable with taxa of
the 555±0.3 Ma ‘White Sea Association’ in Russia (Martin et al.,
2000), which implies an age of ~555 Ma for the Ediacara Member of
the Rawnsley Quartzite.
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
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Fig. 1. Main geological features of the Adelaide Geosyncline region, South Australia.
Adapted from Preiss (2000).
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3. Previous palaeomagnetic studies

3.1. Palaeomagnetism of the Elatina Formation

Embleton andWilliams (1986) obtained a stable, high-temperature
(~680 °C) palaeomagnetic direction (declination D=191.9°, inclina-
tion I=−9.6°, α95=3.4°; λ=~5°) carried by hematite for six sites in
tidal rhythmites in the southern Flinders Ranges. Drill cores through
the rhythmites also yielded shallow inclinations, but uncertainty in
bedding attitudes in the cores caused a spread of declinations. Positive
soft-sediment fold-tests have been conducted on slump folds (wave-
lengths 30–50 cm) in the rhythmites; delicate erosion of fold crests
indicates that folding occurred during deposition (Williams, 1996;
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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Williams et al., 2008). Two detailed fold tests (Schmidt et al., 1991;
Schmidt and Williams, 1995) found that directions of remanence for
the tightest clustering occurred for 66–67% unfolding (99% confidence
level). These two fold tests indicated that themagnetisation is a deposi-
tional remanent magnetisation (DRM) acquired essentially coeval with
deposition and confirmed that the structures are folds and not ripples.

The positive soft-sediment fold tests did not, however, confirma low
palaeolatitude for the Elatina Formation. The sampled tidal rhythmites
represent b100 years of deposition (Williams, 1991, 2000), therefore
the palaeomagnetic data provided only a virtual geomagnetic pole
and could be indicative of a geomagnetic excursion or polarity transi-
tion. A low palaeolatitude was confirmed only after Schmidt and
Williams (1995) studied the full Elatina succession in the Flinders
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
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Fig. 2. Generalised stratigraphy of Cryogenian and Ediacaran strata in the Adelaide
Geosyncline (Central Flinders Zone), South Australia. Glaciogenic formations are
shown with solid triangles. YF, Yaltipena Formation; HI, Holowilena Ironstone.
Adapted from Schmidt and Williams (2010).
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Ranges (Central Flinders Zone) andon the Stuart Shelf andobtained a sta-
ble, high-temperature component (D=197.3°, I=−5.3°, α95=7.4°)
carried by hematite that they interpreted as an early chemical remanent
magnetisation (CRM). This direction agreed with that obtained for the
Elatina rhythmites and implied a palaeolatitude of 2.7±3.7°. The pres-
ence of sequential magnetic reversals (Schmidt and Williams, 1995;
Sohl et al., 1999) and a positive tectonic fold-test (Sohl et al., 1999) for
the Elatina succession accord with early magnetisation.

Combined data for the Elatina Formation (Schmidt et al., 2009)
yielded a direction of D=208.3° and I=−12.9° (α95=4.2°), which
indicates a palaeopole at 43.7° S, 359.3° E (dp=2.1°, dm=4.2°) and
a palaeolatitude of 6.5±2.2°. Further palaeomagnetic, rock magnetic
and sedimentological data for late Neoproterozoic successions in
South Australia demonstrated that the effects of inclination
shallowing for the Elatina Formation are minor (Schmidt et al.,
2009). The Elatina data satisfy all palaeomagnetic reliability criteria
(Van der Voo, 1990) and indicate that the magnetisation was ac-
quired near the time of deposition and that the Elatina glaciation oc-
curred at a palaeolatitude of ~10°.

Inclination shallowing effects in the hematite-bearing Elatina and
Nuccaleena formations were studied by Schmidt et al. (2009) using
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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high field anisotropy of isothermal remanence (hf-AIR; Kodama and
Dekkers, 2004; Bilardello and Kodama, 2009) and the E–I method of
Tauxe and Kent (2004). Determination of anisotropies of low field
IRM and ARM is inappropriate for hematitic rocks. From the applica-
tion of hf-AIR and E–I methods, Schmidt et al. (2009) found no evi-
dence for major compaction-related inclination shallowing in the
Elatina Formation. They speculated that the difference in inclination
between late Cryogenian (Elatina) and early Ediacaran (Nuccaleena)
strata may reflect a substantial time break represented by the
Cryogenian–Ediacaran sequence boundary and relatively rapid coin-
cident polar wander, rather than inclination error.

3.2. Palaeomagnetism of the Ediacaran–Cambrian

The palaeomagnetism of Ediacaran strata in South Australia is fully
discussed by Schmidt and Williams (2010). Of the Ediacaran units
studied, only the ABC Range Quartzite, the Bonney Sandstone and the
Rawnsley Quartzite failed to yield high quality palaeomagnetic data.
The Bonney Sandstone is significantly more permeable than the silt-
stones and mudstones of the lower Ediacaran, which would have
allowed passage of remagnetising fluids possibly during the Delamerian
Orogeny. The sandstone protolith of the quartzites may have been sim-
ilarly permeable at that time. The palaeomagnetic directions of all other
units pass tectonic fold tests and are distinctly different from each other,
which excludes pervasive remagnetisation and provides strong evi-
dence for their magnetisations being acquired close to the time of
deposition.

The late Cryogenian–Ediacaran–Cambrian APWP places South
Australia in low palaeolatitudes at ~640 Ma, drifting to moderate
palaeolatitudes from ~610 Ma to 560 Ma, then back to low
palaeolatitudes in the Early and Middle Cambrian. There is uncertain-
ty regarding these Cambrian palaeolatitudes because many of the
poles are based on studies of sedimentary rocks for which we have
no data on inclination shallowing (e.g. Klootwijk, 1980). However, re-
sults for the Black Hill Norite (487±5 Ma) indicate a palaeolatitude
of ~10° for the Adelaide Geosyncline region at the end of the Cambri-
an (Schmidt et al., 1993).

4. New palaeomagnetic data

4.1. Samples

The samples used in this study came from previous studies the au-
thors have undertaken over the past two decades. The Elatina and
Nuccaleena samples are from Schmidt et al. (2009), the Elatina tidal
rhythmite samples are from Schmidt et al. (1991) and the Brachina
and Wonoka samples are from Schmidt and Williams (2010). All
specimens (sub-samples whether from blocks or cores) are cylinders
2.2 cm high×2.5 cm in diameter.

4.2. Laboratory techniques

Magnetic remanences were measured using a 2G Enterprises 755R
three-axis cryogenic magnetometer (CSIRO, North Ryde, NSW). For
thermal demagnetisation and acquisition of pTRM we used a Magnetic
Measurements MMTD80 shielded furnace which enables application of
a uniform field via a solenoid in the heating/cooling chamber. The field
used here was 25 μT. Specimens were aligned on a custom-made fur-
nace insert fashioned from a high-temperature, low thermal capacity
mica board.

4.3. Thermal demagnetisation and chemical alteration

Thirteen temperature steps were used to monitor for chemical al-
teration at 200, 300, 400, 450, 500, 550, 600, 630, 650, 665, 670, 675
and 690 °C. To determine the anisotropy of TRM, specimens were
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
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subjected to a series of measurements at each temperature step.
The first step was a normal thermal demagnetisation, with the coil
switched off (see Section 4.2). The next three steps involved
imparting a pTRM along the x-axis, the y-axis and the z-axis, respec-
tively. Although the anisotropy tensor derived in this fashion is inde-
pendent of orientation with respect to bedding, most samples were
chosen so that x and y were in the bedding plane, and z was therefore
perpendicular. The acquisitions along the x-, y- and z-axes were
followed by another thermal demagnetisation step in zero-field to
compare with the initial thermal demagnetisation step. The two ther-
mal demagnetisation steps performed in zero-field were essentially
the same until 660 °C, after which irreversible changes became
Fig. 3. Orthogonal vector component projections (Zijderveld, 1967) of thermal demagnetisati

Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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apparent (see Supplementary data file). This indicates that chemical
alteration had occurred. The thermal demagnetisation steps are
shown in Figs. 3 and 4 as orthogonal vector component projections
(Zijderveld, 1967). For many specimens an abrupt jump occurs be-
tween 665 and 670 °C. This is not caused by sudden removal of a
magnetic component as would be the normal interpretation, but in-
stead results from acquisition of a spurious component induced dur-
ing pTRM acquisition.

Two zero-field demagnetisation steps for specimen EF23a3 are
shown in specimen coordinates in Table 1. The intensity of rema-
nence after the second step increases six-fold. In addition, the added
component is along the +x-axis of the specimen coordinate system.
on results for Elatina arenites (EF mnemonic) and tidal rhythmites (PR). (Scale=Am−1.)

moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008

http://dx.doi.org/10.1016/j.gloplacha.2012.11.008


Fig. 4. Orthogonal vector component projections (Zijderveld, 1967) of thermal demagnetisation results for the Nuccaleena carbonates (NF) and Brachina (BR) and Wonoka (WF)
argillites. (Scale=Am−1.)
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The first pTRM induced along the +x-axis at 670 °C creates a compo-
nent with unblocking temperatures greater than 670 °C. This compo-
nent for specimen EF23a3 is stable until the Néel temperature for
hematite (685 °C) is exceeded.

Many other specimens have similar behaviour above 660 °C, and
although the orthogonal projections shown in Figs. 3 and 4 are in
stratigraphic coordinates (corrected for orientation and bedding
tilt), the spurious component induced at 670 °C was invariably
aligned with the +x-axis. This has allowed the identification of
onset of irreversible chemical alteration to be identified at 670 °C
and consequently only data below 670 °C are considered here.
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
red beds, South Australia: Neoproterozoic apparent..., Global and Planetar
4.4. Anisotropy of thermoremanent magnetisation

King (1955) first formulated an expression for inclination
shallowing or flattening (f), defining it as the ratio of the tangent of
the recorded inclination to the tangent of the inclination of the ap-
plied field,

f ¼ tan IDð Þ= tan IFð Þ; ð1Þ

where IF is the inclination of the applied field and ID is the inclination
of the recorded DRM.
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
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Table 2
Inclination corrections for the Elatina arenites.

Sample f Std. dev. I
(°)

I′
(°)

+δI
(°)

−δI
(°)

EF23a3 0.648 0.045 −12.9 −19.5 1.2 −1.3
EF28a8 0.701 0.144 −12.9 −18.1 2.9 −4.3
EF29b2 0.780 0.074 −12.9 −16.4 1.4 −1.6
EF29c8 0.824 0.089 −12.9 −15.5 1.4 −1.8
Mean 0.738 0.088 −12.9 −17.2 1.7 −2.2

Sites EF23–29, 500 m south of Scenic Drive, at 31° 35′ S, 138° 30′ E (Wilpena 1:50,000
topographic map 6634-4), from Schmidt et al. (2009). f is the inclination correction fac-
tor, I is the measured inclination, I′ is corrected inclination and δI represents ±1σ of
the corrected inclination.

Table 3
Inclination corrections for the Elatina rhythmites.

Sample f Std. dev. I
(°)

I′
(°)

+δI
(°)

−δI
(°)

PR8 0.705 0.033 −5.9 −8.3 0.4 −0.4
PR12 0.679 0.098 −5.9 −8.7 1.1 −1.4
Mean 0.692 0.066 −5.9 −8.5 0.7 −0.9

Sites PR8 and PR12, Pichi Richi Pass, at 32° 25′ S, 137° 59′ E (Port Augusta 1:50,000
topographic map 6433-2), from Schmidt and Williams (1995). See legend of Table 2
for explanation of symbols.

Table 1
Successive zero field demagnetisation steps for specimen EF23a3.

Temperature
(°C)

D
(°)

I
(°)

Intensity
(mAm−1)

670 (#1) 58.7 −31.5 6.3
670 (#2) 10.2 10.3 37.2

More data are available as Supplementary information.

Table 4
Inclination corrections for the Nuccaleena Formation.

Sample f Std. dev. I
(°)

I′
(°)

+δI
(°)

−δI
(°)

NF08c5 0.801 0.100 −34.9 −41.1 3.3 −3.8
NF08g3 0.809 0.064 −34.9 −40.8 2.1 −2.4
Mean 0.805 0.082 −34.9 −40.9 2.7 −3.1

Site NF08, Angorichina Creek 500 m south of Angorichina Hostel, at 31° 08′ S, 138° 34′ E
(Blinman 1:50,000 topographic map 6635-4), from Schmidt et al. (2009). See legend of
Table 2 for explanation of symbols.
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Jackson et al. (1991) reasoned that the anisotropy of ARM is anal-
ogous to the anisotropy of DRM, and can be used as a laboratory
proxy to investigate inclination shallowing. The equation of Jackson
et al. (1991) takes into account the anisotropy of the experimental
ARM corrected for the intrinsic anisotropy of magnetite. Here the in-
clination correction factor (f) is given as:

f ¼ kDmin

kDmax
¼ kz

kx
¼ qz aþ 2ð Þ−1

qx aþ 2ð Þ−1
; ð2Þ

where kDmin is the magnitude of the axis of minimum DRM suscepti-
bility and kDmax is the magnitude of the axis of maximum DRM sus-
ceptibility. The parameters qx and qz are the normalised maximum
ARM, which usually lay within the bedding plane, and the normalised
minimum ARM, which is usually vertical or perpendicular to the bed-
ding plane. The parameter ‘a’ is the anisotropy of the magnetite
grains.

Tan and Kodama (2003) modified the expressions for red beds so
that they are more appropriate for hematite. Their equation for the
inclination correction factor, f, is:

f ¼ kDmin

kDmax
¼ kz

kx
¼ qz 2aþ 1ð Þ−1

qx 2aþ 1ð Þ−1
; ð3Þ

where the parameters qx and qz are, respectively, the normalised
maximum IRM, which is usually within the bedding plane, and the
normalised minimum IRM, which is usually vertical or perpendicular
to the bedding plane, and the parameter ‘a’ is the anisotropy of the
hematite grains. Here, we use qx and qz for both the normalised max-
imum and normalised minimum of laboratory induced IRM and TRM.
Determination of ‘a’ is difficult (Kodama, 2009) but a mean value of
1.38 has been derived from a collection of measured hematite particle
anisotropies and is used here (Bilardello and Kodama, 2010;
Bilardello et al., 2011). While the mean value of 1.38 for hematite is
from relatively few (7) determinations of hf-AIR on aligned magnetic
extracts, the associated RMS error of the fit to the tensor or, in case of
curve fitting, the RMS error of the fit to theoretical curves, yields a
standard deviation of 0.06 and therefore shows that the mean value
of 1.38 is robust. Additionally, hematite anisotropy is dominated by
magnetocrystalline forces and therefore particle anisotropy should
be largely independent of grain size and shape, and be nearly identi-
cal for any hematite crystal (Bilardello et al., 2011).

We list f factors, measured inclinations and corrected inclinations
for each formation in Tables 2–6. The acquisition of pTRMs and the f
factors derived are plotted in Figs. 5–7. The largest f factors, or
smallest corrections, are for the Elatina Formation (f=0.738±
0.088) and the Nuccaleena Formation (f=0.805±0.082). The
smallest f factors, or largest corrections, are for the Brachina Forma-
tion (f=0.387±0.052) and the Wonoka Formation (f=0.354±
0.038). These findings are consistent with those of Tan et al. (2002),
who found that clay sized hematite-bearing sediments undergo sig-
nificant inclination shallowing. Both the Brachina and the Wonoka
formations are clay-rich and may be expected to have undergone sig-
nificant compaction with burial. This also supports the contention
that the characteristic remanent magnetisations carried by these
units were acquired early as DRMs, essentially at the time of
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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deposition. The Elatina Formation is mostly sandstone which appears
to have been more resistant to compaction. The Nuccaleena Forma-
tion is a carbonate unit that may have undergone early lithification
and also appears to have been relatively resistant to compaction.
While we do not have complete inclination-shallowing data for the
Bunyeroo Formation, it has a similar lithology to the argillaceous
Brachina and Wonoka formations so we have adopted a mean value
of f=0.37 for the purposes of this analysis.
5. Discussion

5.1. Comparison of methods to estimate anisotropy

The f-factors estimated from various methods are listed in Table 7.
The hf-AIR f values for the late Cryogenian glaciogenic Elatina Forma-
tion and the post-glacial early Ediacaran Nuccaleena Formation are
significantly higher (implying a smaller correction) than either the
E–I or anisotropy of thermoremanence (ATR) values (Schmidt et al.,
2009). The simple hf-AIR results reported by Schmidt et al. (2009)
were derived by assuming infinite anisotropy for hematite grains.
By assuming an anisotropy, a, equal to 1.38 (Bilardello and Kodama,
2010; Bilardello et al., 2011), corrected hf-AIR values are reduced by
a few percent for the Elatina rhythmites and Nuccaleena Formation,
8% for the Elatina arenaceous samples and 18% for the Wonoka For-
mation. This suggests that the grain anisotropy is important and can-
not be ignored when estimating f-factors.
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
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Table 5
Inclination corrections for the Brachina Formation.

Sample f Std. dev. I
(°)

I′
(°)

+δI
(°)

−δI
(°)

BF12c3 0.345 0.056 −22.6 −50.4 4.3 −4.8
BF13c4 0.429 0.049 −22.6 −44.2 3.1 −3.5
Mean 0.387 0.052 −22.6 −47.1 3.1 −3.5

Site BF12, creek section across Hancocks Lookout Road, at 32° 41′ S, 138° 03′ E
(Wilmington 1:50,000 topographic map). Red siltstone at Site BF13, road cutting on
Main North Road 4 km west of Wilmington, at 32° 39′ S, 138° 03′ E (Wilmington
1:50,000 topographic map 6432-4), from Schmidt and Williams (2010). See legend
of Table 2 for explanation of symbols.
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The lowest estimates for f, and accordingly the greatest implied in-
clination shallowing, are from the E–I method (Tauxe and Kent,
2004). However, this method makes many assumptions about the
equivalency of the recent and the Precambrian geomagnetic fields
and requires a large number of samples (>100). We note that the
‘field’ assumption can be obviated by taking >100 samples from a
single horizon and examining the directional distribution for depar-
tures from circularity, or departures from a Fisher (1953) distribution.
This would require a special sampling programme rather than using
extant samples. The distribution of magnetisation directions for the
Elatina arenites and Nuccaleena Formation was somewhat skewed
about the bedding plane and is not ideal for application of the E–I
method. The ATR values fall between the corrected hf-AIR and E–I
values (for the formations for which the latter estimates are avail-
able). Direct comparison of inclinations corrected using the E–I meth-
od with results obtained using the anisotropy of anhysteretic
remanence (Jackson et al., 1991) conducted by Tauxe et al. (2008)
yielded consistent results within error. Bilardello et al. (2011) also
favourably compared results from hf-AIR and E–I methods where
n>100 for the latter.

While the hf-AIR and ATR results for the Elatina arenites may agree
just within error, results for all other formations are significantly differ-
ent (Table 7). The reason for the difference between the AIR andATR re-
sults, both assuming a=1.38, is likely to be related to the difference in
the grain-size spectrum activated by the two methods. We also note
that Bilardello et al. (2011) state that ‘a’ should be determined using
the samemagnetisation type as used for the anisotropy measurements
(i.e. herein TRM). With AIR there may be a small part of the spectrum
with magnetic coercivities greater than the 12 T induction available
with the apparatus, although Bilardello and Kodama, 2009 has shown
that 5 T is high enough to saturate the remanence of red beds. With
ATR, however, acquisition of a complete TRM was not possible due to
the onset of irreversible chemical changes at 670 °C. Thus the highest
unblocking temperature fractions have not contributed to the estimates
of ATR. Belowwehave used theATR results that indicate the greatest in-
clination shallowing, which is relevant when considering the largest
discrepancies in tectonic reconstructions.
Table 6
Inclination corrections for the Wonoka Formation.

Sample f Std. dev. I
(°)

I′
(°)

+δI
(°)

−δI
(°)

WF03a3 0.326 0.037 −23.7 −53.4 3.0 −3.2
WF11a4 0.383 0.039 −23.7 −48.9 2.8 −3.0
Mean 0.354 0.038 −23.7 −51.1 2.9 −3.1

Site WF03, creek section in Brachina Gorge, at 31° 20′ S, 138° 35′ E (Oraparinna
1:50,000 topographic map 6635-3). Site WF11, creek section along Heyson Trail, at
31° 35′ S, 138° 32′ E (Wilpena 1:50,000 topographic map 6634-4), from Schmidt and
Williams (2010). See legend of Table 2 for explanation of symbols.
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5.2. Late Neoproterozoic palaeolatitudes and Australia's APWP

Palaeolatitude corrections for the Elatina and Nuccaleena forma-
tions are negligible. After correction for inclination shallowing the re-
sult for the Elatina Formation is I=17.2±6.2°, λ=8.8±3.2°; here
we have added the error of the palaeomagnetically-determined incli-
nation, 4.2° (Schmidt et al., 2009), and the estimated error for the in-
clination correction, ~2.0° (Table 2). Our results confirm that the late
Cryogenian Elatina glaciation in South Australia (Williams et al., 2008,
2011) took place near the palaeoequator (Schmidt et al., 2009). How-
ever, the inclination corrections for the Ediacaran argillaceous
Brachina and Wonoka formations are significantly greater, which in-
creases their palaeolatitudes from ~12° to ~30°.

Australia's late Cryogenian and Ediacaran APWP as defined by
Schmidt andWilliams (2010) provide evidence of substantial polar wan-
dering in this time interval. However, it is necessary to re-evaluate this
APWP in view of the significant inclination corrections for the clay-rich
Brachina, Bunyeroo and Wonoka formations. The modified pole path
shown in Fig. 8, with the Brachina, Bunyeroo and Wonoka poles shifted
some 18° further afield from Australia, places Australia in higher
palaeolatitudes (the palaeolatitudes and orientation of Australia are
shown in the inset for the Elatina, Brachina, Wonoka and Cambrian
Hawker Group palaeomagnetic directions at ~640 Ma, 609 Ma, 560 Ma,
and 530 Ma). Inclination shallowing has the effect of moving continents
equatorwards in reconstructions, thus during the late Ediacaran Australia
is now thought to have moved polewards by ~18°. Some parts of
(Ediacaran) Australia may have had palaeolatitudes as high as 45° from
~600 Ma until the Cambrian, when Australia appears to have returned
to near-equatorial palaeolatitudes. Hence, our findings are consistent
with the observation that pre-Ediacaran glaciations formed preferentially
when the respective cratons occupied lowpalaeolatitudes (Eriksson et al.,
in press). The Cambrian data are largely based on red beds for which no
inclination-shallowing information is yet available. After those rocks are
investigated further, Cambrian palaeolatitudes may also need to be
reassessed.

5.3. Late Neoproterozoic APW or TPW?

Mitchell et al. (2012) claimed that, during the Ediacaran, Australia ex-
perienced large-magnitude rotations, which suggests TPW-dominated
kinematics for that time. However, we argue that our amended
Australian APWP (Fig. 8) requires reconsideration of their sugges-
tion. The poles included by Mitchell et al. (2012) in their TPW analy-
sis are from the Yaltipena Formation (Sohl et al., 1999), the Elatina
Formation (Schmidt and Williams, 2010), the Nuccaleena Formation
(Schmidt et al., 2009), the Bunyeroo Formation (Schmidt and
Williams, 1996; Williams and Gostin, 2005) and theWonoka Forma-
tion (Schmidt and Williams, 2010). Our new APWP (Fig. 8) does not
all appear to fall on a great circle, which is a prerequisite for the
analysis of Mitchell et al. (2012). It may be possible to fit a number
of pole groupings to arbitrary, though not coincident, great circles,
but that would not be meaningful.

The aim of identifying TPW is to establish the rotation axis (minimum
inertia) aboutwhich TPWoccurs. If this can be achieved for separate con-
tinents, the method defines a common reference frame that allows the
continents to be fixed relative to each other in longitude. The weakness
in the method is in defining the periods of TPW. At present this is arbi-
trary and the revised array of Australian late Cryogenian–Ediacaran
poles challenges the association of the Yaltipena, Elatina and Nuccaleena
poleswith a great circle andhence TPW, although the Brachina, Bunyeroo
and Wonoka poles might still be considered to fall on a great circle.

6. Conclusions

ATR can be used as a proxy for DRM if temperatures that
cause irreversible chemical alteration are avoided. Estimates of
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
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Fig. 5. Plots of pTRM and f vs temperature for Elatina arenites (EF) (diamonds=x-axis; squares=y-axis; triangles=z-axis).
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inclination shallowing using the hf-AIR technique for the late
Cryogenian glaciogenic Elatina Formation and the post-glacial
early Ediacaran Nuccaleena Formation are significantly higher
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
red beds, South Australia: Neoproterozoic apparent..., Global and Planetar
than those determined with either the E–I or ATR approaches.
Nevertheless, for the Elatina arenites, which constitute the bulk
of the Elatina data set, the inclination correction using f=0.738
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
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increases the palaeolatitude of the Elatina Formation from 6.5±2.2°
to 8.8±3.2°, which confirms the near-equatorial palaeolatitude of
the Elatina glaciation.
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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The inclination corrections for the Ediacaran argillaceous Brachina
and Wonoka (and probably Bunyeroo) formations, using f=0.35–0.38,
are significantly greater than for the more arenaceous Elatina Formation,
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
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which increases their palaeolatitudes from~12° to ~30°. Carbonates from
the Nuccaleena Formation yielded f=0.8, which represents only a small
palaeolatitude correction from19° to 23°. These results support the asser-
tion by Evans and Raub (2011) that the analysis of inclinations from
Nuccaleena carbonates versus Nuccaleena clay-rich samples reported
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
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by Schmidt et al. (2009) indicates significantly different inclinations for
these interbedded lithologies. However, the suggestion (Schmidt et al.,
2009) that the difference in inclination between the late Cryogenian
Elatina Formation and early Ediacaran Nuccaleena Formation may be a
question of how much time the Cryogenian–Ediacaran sequence
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008

http://dx.doi.org/10.1016/j.gloplacha.2012.11.008


Table 7
Comparison of f-factors for different methods.

Formation Simple hf-AIR (a=∞) Corr. hf-AIR (a=1.38) E–I ATR

f Std. dev. f Std. dev. f Std. dev. f Std. dev.

Elatina arenites 0.924 ±0.023 0.849 ±0.030 0.64 – 0.738 ±0.088
Elatina rhythmites 0.974 ±0.005 0.952 ±0.008 0.692 ±0.066
Nuccaleena 0.983 ±0.015 0.968 ±0.027 0.74 – 0.805 ±0.082
Wonoka 0.810 ±0.047 0.665 ±0.079 0.354 ±0.038

Std. dev.=±1σ.
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boundary represents and the rate of coincident polarwander, rather than
inclination error, is supported by these newestimates of inclination error.

Re-evaluation of Australia's Neoproterozoic APWP disallows inclu-
sion of the Yaltipena, Elatina and Nuccaleena poles on a single great
circle path that Mitchell et al. (2012) claimed is a signature of TPW.
Whether some of the Australian EdiacaranAPWP contains a component
of TPW may become evident if similar features can be recognised in
APWPs from other continents. We note that while the Brachina and
Wonoka poles subtend an angle of 63°, this does not imply drift of this
amount. The directions differ mainly in their declinations, which sug-
gests that Australia simply rotated about a nearby Euler pole.
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Fig. 8. Revised late Cryogenian and Ediacaran APWP for Australia. (1) Yaltipena Fm;
(2) Elatina Fm; (3) Nuccaleena Fm; (4) Brachina Fm; (5) Bunyeroo Fm; (6) Wonoka
Fm; (7) Hawker Gp; (8) Billy Ck Fm; (9) Kangaroo Island red beds; (10) Lower Lake
Frome Fm; and (11) Black Hill Norite. The arrows show poles that have been corrected
for inclination shallowing. The large corrections are for argillaceous units.Minimal correc-
tions have been applied to the arenaceous Elatina Formation and the Nuccalenna Forma-
tion carbonates. Palaeolatitudes and orientations are shown in the inset.
After Schmidt and Williams (2010, Table 3).
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gloplacha.2012.11.008.
References

Allen, P.A., Etienne, J.L., 2008. Sedimentary challenge to Snowball Earth. Nature Geosci-
ence 1, 817–825.

Bilardello, D.A., Kodama, K.P., 2009. Measuring remanence anisotropy of hematite in
red beds: anisotropy of high field isothermal remanence magnetization (hf- AIR).
Geophysical Journal International 178, 1260–1272.

Bilardello, D., Kodama, K.P., 2010. A new inclination shallowing correction of the
Mauch Chunk Formation of Pennsylvania, based on high-field AIR results: implica-
tions for the Carboniferous North American APW path and Pangea reconstructions.
Earth and Planetary Science Letters 299, 218–227 http://dx.doi.org/10.1016/
j.epsl.2010.09.002.

Bilardello, D., Jezek, J., Kodama, K.P., 2011. Propagating and incorporating the error in
anisotropy-based inclination corrections. Geophysical Journal International 187,
75–84 http://dx.doi.org/10.1111/j.1365-246X.2011.05138.x.

Coats, R.P., Preiss, W.V., 1987. Stratigraphy of the Umberatana Group. In: Preiss, W.V.
(compiler), The Adelaide Geosyncline. Late Proterozoic Stratigraphy, Sedimenta-
tion, Palaeontology and Tectonics. Geol. Surv. S. Aust. Bull. 53, 125–209.

Compston, W., Williams, I.S., Jenkins, R.J.F., Gostin, V.A., Haines, P.W., 1987. Zircon age
evidence for the Late Precambrian Acraman ejecta blanket. Australian Journal of
Earth Sciences 34, 435–445.

Condon, D., Zhu, M., Bowring, S., Wang, W., Yang, A., Jin, Y., 2005. U–Pb ages from the
Neoproterozoic Doushantuo Formation, China. Science 308, 95–98.

Drexel, J.F., Preiss, W.V. (Eds.), 1995. The Geology of South Australia, Volume 2, The
Phanerozoic: Geol. Surv. S. Aust. Bull., 54 (347 pp.).

Embleton, B.J.J., Williams, G.E., 1986. Low palaeolatitude of deposition for late Precam-
brian periglacial varvites in South Australia: implications for palaeoclimatology.
Earth and Planetary Science Letters 79, 419–430.

Eriksson, P.G., Banerjee, S., Catuneanu, O., Corcoran, P.L., Eriksson, K.A., Hiatt, E.E.,
Laflamme, M., Lenhardt, N., Long, D.G.F., Miall, A.D., Mints, M.V., Pufahl, P.K., Sarkar, S.,
Simpson, E.L., Williams, G.E., in press. Secular changes in sedimentation systems and
sequence stratigraphy. Gondwana Research http://www.sciencedirect.com/science/
article/pii/S1342937X12003115.

Evans, D.A.D., Raub, T.D., 2011. Neoproterozoic glacial palaeolatitudes: a global update.
The Geological Record of Neoproterozoic Glaciations: Geol. Soc. Lond. Mem., 36,
pp. 93–112.

Fanning, C.M., Link, P.K., 2008. Age constraints for the Sturtian glaciation; data from
the Adelaide Geosyncline, South Australia and Pocatello Formation, Idaho, USA.
Geological Society of Australia Extended Abstracts 91, 57–62.

Fisher, R., 1953. Dispersion on a sphere. Proceedings of the Royal Society of London
A217, 295–305.

Foden, J., Elburg, M.A., Dougherty-Page, J., Burtt, A., 2006. The timing and duration of
the Delamerian Orogeny: correlation with the Ross Orogen and implications for
Gondwana assembly. Journal of Geology 114, 189–210.

Forbes, B.G., Preiss, W.V., 1987. Stratigraphy of the Wilpena Group. In: Preiss, W.V.
(compiler), The Adelaide Geosyncline, Late Proterozoic Stratigraphy, Sedimenta-
tion, Palaeontology and Tectonics. Geol. Surv. S. Aust. Bull. 53, 211–248.

Garcés, M., Parés, J.M., Cabrera, L., 1996. Further evidence for inclination shallowing in
red beds. Geophysical Research Letters 23, 2065–2068.

Giddings, J.A., Wallace, M.W., 2009. Sedimentology and C-isotope geochemistry of the
‘Sturtian’ cap carbonate, South Australia. Sedimentary Geology 216, 1–14.

Griffiths, D.H., King, R.F., Rees, A.I., Wright, A.E., 1960. Remanent magnetism of
some recent varved sediments. Proceedings of the Royal Society of London A 256,
359–383.

Haines, P.W., 1988. Storm-dominated mixed carbonate/siliciclastic shelf sequence
displaying cycles of hummocky cross-stratification, late Proterozoic Wonoka For-
mation, South Australia. Sedimentary Geology 58, 237–254.

Haines, P.W., Turner, S.P., Kelley, S.P., Wartho, J.-A., Sherlock, S.C., 2004. 40Ar–39Ar dat-
ing of detrital muscovite in provenance investigations: a case study from the Ade-
laide Rift Complex, South Australia. Earth and Planetary Science Letters 227,
297–311.

Hoffmann, K.-H., Condon, D.J., Bowring, S.A., Crowley, J.L., 2004. U–Pb zircon date from
the Neoproterozoic Ghaub Formation, Namibia: constraints on Marinoan glacia-
tion. Geology 32, 817–820.
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008

http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
http://dx.doi.org/10.1016/j.gloplacha.2012.11.008
http://dx.doi.org/10.1016/j.epsl.2010.09.002
http://dx.doi.org/10.1016/j.epsl.2010.09.002
http://dx.doi.org/10.1111/j.1365-246X.2011.05138.x
http://www.sciencedirect.com/science/article/pii/S1342937X12003115
http://www.sciencedirect.com/science/article/pii/S1342937X12003115
http://dx.doi.org/10.1016/j.gloplacha.2012.11.008


13P.W. Schmidt, G.E. Williams / Global and Planetary Change xxx (2012) xxx–xxx
Ireland, T.R., Flöttmann, T., Fanning, C.M., Gibson, G.M., Preiss, W.V., 1998. Develop-
ment of the early Paleozoic Pacific margin of Gondwana from detrital-zircon ages
across the Delamerian orogen. Geology 26, 243–246.

Irving, E., 1967. Evidence for palaeomagnetic inclination error in sediment. Nature 213,
483–484 http://dx.doi.org/10.1038/213483a0.

Irving, E.,Major, A., 1964. Post-depositional remanentmagnetization in a synthetic sediment.
Sedimentology 3, 135–143 http://dx.doi.org/10.1111/j.1365-3091.1964.tb00638.x.

Jackson, M.J., Banerjee, S.K., Marvin, J.A., Lu, R., Gruber, W., 1991. Detrital remanence,
inclination error, and anhysteretic remanence anisotropy: quantitative model
and experimental results. Geophysical Journal International 104, 95–103.

Johnson, E.A., Murphy, T., Torreson, O.W., 1948. Pre-history of the Earth's magnetic
field. Terrestrial Magnetism and Atmospheric Electricity 53, 349–372 http://
dx.doi.org/10.1029/TE053i004p00349.

Kendall, B., Creaser, R.A., Selby, D., 2006. Re–Os geochronology of postglacial black
shales in Australia: constraints on the timing of “Sturtian” glaciation. Geology 34,
729–732.

Kennedy,M.J., 1996. Stratigraphy, sedimentology, and isotopic geochemistry of Australian
Neoproterozoic postglacial cap dolostones: deglaciation, δ13C excursions, and carbon-
ate precipitation. Journal of Sedimentary Research 66, 1050–1064.

Kent, D.V., 1973. Post-depositional remanence in deep-sea sediments. Nature 246,
32–34.

Kent, D.V., Irving, E., 2010. Influence of inclination error in sedimentary rocks on the
Triassic and Jurassic apparent pole wander path for North America and implica-
tions for Cordilleran tectonics. Journal of Geophysical Research 115, B10103
http://dx.doi.org/10.1029/2009JB007205.

Kent, D.V., Tauxe, L., 2005. Corrected late Triassic latitudes for continents adjacent to
the North Atlantic. Science 307, 240–244.

King, R.F., 1955. The remanent magnetism of artificially deposited sediment. Monthly
Notices of the Royal Astronomical Society, Geophysical Supplement 7, 115–134.

Klootwijk, C.T., 1980. Early Palaeozoic palaeomagnetism in Australia. Tectonophysics
64, 249–332.

Kodama, K.P., 1997. A successful rock magnetic technique for correcting paleomagnetic
inclination shallowing: case study of the Nacimiento Formation, New Mexico, USA.
Journal of Geophysical Research 102, 5193–5205.

Kodama, K.P., 2009. Simplification of the anisotropy-based inclination correction tech-
nique for magnetite- and hematite bearing rocks: a case study for the Carbonifer-
ous Gleshaw and Mauch Chunk Formations, North America. Geophysical Journal
International 176, 467–477 http://dx.doi.org/10.1111/j.1365-246X.2008.04013.x.

Kodama, K.P., Dekkers, M.J., 2004. Magnetic anisotropy as an aid to identifying CRM
and DRM in red sedimentary rocks. Studia Geophysica et Geodaetica 48, 747–766.

Krijgsman, W., Tauxe, L., 2004. Shallow bias in Mediterranean paleomagnetic direc-
tions caused by inclination error. Earth and Planetary Science Letters 222,
685–695.

Krijgsman, W., Tauxe, L., 2006. E/I corrected paleolatitudes for the sedimentary rocks of
the Baja British Columbia hypothesis. Earth and Planetary Science Letters 242,
205–216 http://dx.doi.org/10.1016/j.epsl.2005.11.052.

Mahan, K.H., Wernicke, B.P., Jercinovic, M.J., 2010. Th–U–total Pb geochronology of
authigenic monazite in the Adelaide rift complex, South Australia, and implications
for the age of the type Sturtian and Marinoan glacial deposits. Earth and Planetary
Science Letters 289, 76–86.

Martin, M.W., Grazhdankin, D.V., Bowring, S.A., Evans, D.A.D., Fedonkin, M.A.,
Kirschvink, J.L., 2000. Age of Neoproterozoic bilatarian body and trace fossils,
White Sea, Russia: implications for metazoan evolution. Science 288, 841–845.

Mitchell, R.N., Kilian, T.M., Evans, D.A.D., 2012. Supercontinent cycles and the calculation
of absolute palaeolongitude in deep time. Nature 482, 208–212 http://dx.doi.org/
10.1038/nature10800.

Preiss, W.V. (Ed.), 1987. The Adelaide Geosyncline. Late Proterozoic Stratigraphy, Sed-
imentation, Palaeontology and Tectonics: Geol. Surv. S. Aust. Bull., 53 (438 pp.).

Preiss, W.V., 2000. The Adelaide Geosyncline of South Australia and its significance in
Neoproterozoic continental reconstruction. Precambrian Research 100, 21–63.

Preiss, W.V., Gostin, V.A., McKirdy, D.M., Ashley, P.M., Williams, G.E., Schmidt, P.W.,
2011. The glacial succession of Sturtian age in South Australia: the Yudnamutana
Subgroup. The Geological Record of Neoproterozoic glaciations: Geol. Soc. Lond.
Mem., 36, pp. 701–712.

Schmidt, P.W., Williams, G.E., 1995. The Neoproterozoic climatic paradox: equatorial
palaeolatitude for Marinoan glaciation near sea level in South Australia. Earth
and Planetary Science Letters 134, 107–124.

Schmidt, P.W., Williams, G.E., 1996. Palaeomagnetism of the ejecta-bearing Bunyeroo
Formation, late Neoproterozoic, Adelaide fold belt, and the age of the Acraman im-
pact. Earth and Planetary Science Letters 144, 347–357.

Schmidt, P.W., Williams, G.E., 2010. Ediacaran palaeomagnetism and apparent polar
wander path for Australia: no large true polar wander. Geophysical Journal Inter-
national 182, 711–726.
Please cite this article as: Schmidt, P.W., Williams, G.E., Anisotropy of ther
red beds, South Australia: Neoproterozoic apparent..., Global and Planetar
Schmidt, P.W., Williams, G.E., Embleton, B.J.J., 1991. Low palaeolatitude of Late Protero-
zoic glaciation: early timing of remanence in haematite of the Elatina Formation,
South Australia. Earth and Planetary Science Letters 105, 355–367.

Schmidt, P.W., Clark, D.A., Rajagopolan, S., 1993. An historical perspective of the Early
Palaeozoic APWP of Gondwana: new results from the Early Ordovician Black Hill
Norite, South Australia. Exploration Geophysics 24, 257–262.

Schmidt, P.W., Williams, G.E., McWilliams, M.O., 2009. Palaeomagnetism and magnetic
anisotropy of late Neoproterozoic strata, South Australia: implications for the
palaeolatitude of late Cryogenian glaciation, cap carbonate and the Ediacaran System.
Precambrian Research 174, 35–52.

Sohl, L.E., Christie-Blick, N., Kent, D.V., 1999. Paleomagnetic polarity reversals in
Marinoan (ca. 600 Ma) glacial deposits of Australia: implications for the duration
of low-latitude glaciation in Neoproterozoic time. Geological Society of America
Bulletin 111, 1120–1139.

Tan, X., Kodama, K.P., 2002. Magnetic anisotropy and paleomagnetic inclination
shallowing in red beds: evidence from the Mississippian Mauch Chunk Formation,
Pennsylvania. Journal of Geophysical Research 107, 2311 http://dx.doi.org/10.1029/
2001JB001636.

Tan, X., Kodama, K.P., 2003. An analytical solution for correcting paleomagnetic inclina-
tion error. Geophysical Journal International 152, 228–236.

Tan, X., Kodama, K.P., Fang, D., 2002. Laboratory depositional and compaction-caused
inclination errors carried by haematite and their implications for identifying incli-
nation error of natural remanence in red beds. Geophysical Journal International
151, 475–486.

Tan, X., Kodama, K.P., Gilder, S., Courtillot, V., 2007. Rock magnetic evidence for inclina-
tion shallowing in the Passaic Formation red beds from the Newark basin and a
systematic bias of the Late Triassic apparent polar wander path for North America.
Earth and Planetary Science Letters 254, 345–357.

Tauxe, L., Kent, D.V., 1984. Properties of a detrital remanence carried by haematite from
study of modern river deposits and laboratory redeposition experiments. Geo-
physical Journal of the Royal Astronomical Society 76, 543–561.

Tauxe, L., Kent, D.V., 2004. A simplified statistical model for the geomagnetic field and
the detection of shallow bias in palaeomagnetic inclinations: was the ancient mag-
netic field dipolar? In: Channell, J.E.T., Kent, D.V., Lowrie, W., Meert, J.G. (Eds.),
Timescales of the Palaeomagnetic Field: Am. Geophys. Un. Geophys. Monograph,
145, pp. 101–115.

Tauxe, L., Kodama, K.P., Kent, D.V., 2008. Testing corrections for paleomagnetic inclina-
tion error in sedimentary rocks: a comparative approach. Physics of the Earth and
Planetary Interiors 169, 152–165 http://dx.doi.org/10.1016/j.pepi.2008.05.006.

Van der Voo, R., 1990. The reliability of paleomagnetic data. Tectonophysics 184, 1–9.
Van der Voo, R., Torsvik, T.H., 2004. The quality of the European Permo-Triassic

paleopoles and its impact on Pangea reconstructions. Timescales of the paleomag-
netic field. American Geophysical Union Geophysical Monograph 145, 29–42.

Williams, G.E., 1979. Sedimentology, stable-isotope geochemistry and palaeoenvironment
of dolostones capping late Precambrian glacial sequences in Australia. Journal of the
Geological Society of Australia 26, 377–386.

Williams, G.E., 1991. Upper Proterozoic tidal rhythmites, South Australia: sedimentary
features, deposition, and implications for the earth's paleorotation. Memoir Cana-
dian Society of Petroleum Geologists 16, 161–178.

Williams, G.E., 1996. Soft-sediment deformation structures from the Marinoan
glacial succession, Adelaide foldbelt: implications for the palaeolatitude of late
Neoproterozoic glaciation. Sedimentary Geology 106, 165–175.

Williams, G.E., 2000. Geological constraints on the Precambrian history of Earth's rota-
tion and the Moon's orbit. Reviews of Geophysics 38, 37–59.

Williams, G.E., Gostin, V.A., 2005. Acraman–Bunyeroo impact event (Ediacaran), South
Australia, and environmental consequences: twenty-five years on. Australian Jour-
nal of Earth Sciences 52, 607–620.

Williams, G.E., Gostin, V.A., McKirdy, D.M., Preiss, W.V., 2008. The Elatina glaciation,
late Cryogenian (Marinoan Epoch), South Australia: sedimentary facies and
palaeoenvironments. Precambrian Research 163, 307–331.

Williams, G.E., Gostin, V.A., McKirdy, D.M., Preiss, W.V., Schmidt, P.W., 2011. The
Elatina glaciation (late Cryogenian), South Australia. The Geological Record of
Neoproterozoic glaciations: Geol. Soc. Lond. Mem., 36, pp. 713–721.

Zhang, S., Jiang, G., Han, Y., 2008. The age of the Nantuo Formation and Nantuo glaciation
in South China. Terra Nova 20, 289–294.

Zijderveld, J.D.A., 1967. A.C. demagnetization of rocks: analysis of results. In: Collinson,
D.W., Creer, K.M., Runcorn, S.K. (Eds.), Methods in Palaeomagnetism. Elsevier,
Amsterdam, pp. 254–286.
moremanent magnetisation of Cryogenian glaciogenic and Ediacaran
y Change (2012), http://dx.doi.org/10.1016/j.gloplacha.2012.11.008

http://dx.doi.org/10.1038/213483a0
http://dx.doi.org/10.1111/j.1365-3091.1964.tb00638.x
http://dx.doi.org/10.1029/TE053i004p00349
http://dx.doi.org/10.1029/2009JB007205
http://dx.doi.org/10.1111/j.1365-246X.2008.04013.x
http://dx.doi.org/10.1016/j.epsl.2005.11.052
http://dx.doi.org/10.1038/nature10800
http://dx.doi.org/10.1029/2001JB001636
http://dx.doi.org/10.1029/2001JB001636
http://dx.doi.org/10.1016/j.pepi.2008.05.006
http://dx.doi.org/10.1016/j.gloplacha.2012.11.008

	Anisotropy of thermoremanent magnetisation of Cryogenian glaciogenic and Ediacaran red beds, South Australia: Neoproterozoi...
	1. Introduction
	2. Cryogenian and Ediacaran stratigraphy and geochronology
	2.1. Stratigraphy
	2.2. Geochronology

	3. Previous palaeomagnetic studies
	3.1. Palaeomagnetism of the Elatina Formation
	3.2. Palaeomagnetism of the Ediacaran–Cambrian

	4. New palaeomagnetic data
	4.1. Samples
	4.2. Laboratory techniques
	4.3. Thermal demagnetisation and chemical alteration
	4.4. Anisotropy of thermoremanent magnetisation

	5. Discussion
	5.1. Comparison of methods to estimate anisotropy
	5.2. Late Neoproterozoic palaeolatitudes and Australia's APWP
	5.3. Late Neoproterozoic APW or TPW?

	6. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


