
T
e

R
a

b

c

a

A
R
R
A

K
G
P
P
S
R
K
S

1

n
c
o
l
h
i
p
i
t
(
2
i
i
b
g
G

j

0
d

Physics of the Earth and Planetary Interiors 169 (2008) 49–58

Contents lists available at ScienceDirect

Physics of the Earth and Planetary Interiors

journa l homepage: www.e lsev ier .com/ locate /pepi

he Kiaman Reversed Polarity Superchron at Kiama: Toward a field strength
stimate based on single silicate crystals

ory D. Cottrell a,∗, John A. Tardunoa,b, John Robertsc

Department of Earth and Environmental Sciences, University of Rochester, Rochester, NY 14627, USA
Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
School of Biological, Earth and Environmental Sciences, University of New South Wales, Australia

r t i c l e i n f o

rticle history:
eceived 12 March 2008
eceived in revised form 22 July 2008
ccepted 25 July 2008

eywords:

a b s t r a c t

We present the first geomagnetic paleointensity measurements on single plagioclase crystals from lavas
formed during the ∼262–318 Ma Permo-Carboniferous Reverse Polarity Superchron (commonly known as
the Kiaman). Rock magnetic experiments suggest that feldspar crystals separated from two lavas of the Kia-
man Superchron type area (near Kiama, Australia) carry pseudo-single domain low-Ti magnetic inclusions
capable of faithfully retaining a primary paleointensity signal. Thellier paleointensity experiments yield

22 2 22 2
eomagnetism
aleomagnetism
aleointensity
ingle silicate crystal
eversal
iaman
uperchron

virtual dipole moments of 8.5 ± 0.2 × 10 Am and 9.3 ± 0.3 × 10 Am for these crystals. Furthermore,
these results lack the alteration problems that prohibit paleointensity (and sometimes paleodirection)
determination using whole rock lava samples from the type area. The derived field strengths are 5–6
times higher than some other virtual dipole moment (VDM) values of Kiaman age derived from whole
rock igneous samples. This suggests either high paleointensity variability during the Kiaman Superchron,
or that unrecognized non-ideal magnetic behavior has compromised some prior paleointensity results
reported from whole rocks elsewhere.
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. Introduction

The history of Earth’s magnetic field provides a probe into the
ature and evolution of the core and geodynamo. This history is
omprised of geomagnetic reversals, secular variation and pale-
intensity. The chronology of reversals is well defined for the
ast 160 million years from marine magnetic anomalies; these
ave been confirmed and calibrated through magnetostratigraphic

nvestigations (e.g. Opdyke and Channell, 1996). Sedimentary rocks
reserved on the continents further afford the possibility of extend-

ng the reversal record to Mesozoic and Paleozoic times, older
han the extant oceanic crust, a quest that is still in progress
e.g. Olsen et al., 1996; Gallet and Pavlov, 1996; Pavlov and Gallet,
005). The exact chronology of reversals for still older Precambrian

ntervals may remain a mystery because rocks suitable for record-

ng this history have been removed by erosion or compromised
y remagnetization. Nevertheless, it may be possible to constrain
ross changes in reversal rate (Dunlop and Yu, 2004; Coe and
latzmaier, 2006). Secular variation data are available from stud-

∗ Corresponding author.
E-mail addresses: rory@earth.rochester.edu (R.D. Cottrell),

ohn@earth.rochester.edu (J.A. Tarduno), j.roberts@unsw.edu.au (J. Roberts).
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es of lavas and dikes, for the last 5 million years (e.g. Tauxe et al.,
003), Tertiary–Mesozoic (McFadden et al., 1991; Tarduno et al.,
002) and early Proterozoic/late Archean (Smirnov and Tarduno,
004).

Paleointensity measurements provide insight into the basic fea-
ures of the geomagnetic field and core evolution (e.g. Prèvot et al.,
990). For example, the “Mesozoic Dipole Low” has been suggested
or the time during which the geomagnetic field had a strength

uch lower than that of the present-day based on Thellier–Thellier
nalyses of whole rocks (Prèvot et al., 1990). As originally postu-
ated, it suggested a decoupling of field strength and reversal rate.
ubsequent studies, however, revealed higher field intensities for
ome intervals, questioning the veracity of the Mesozoic Dipole Low
e.g. Goguitchaichvili et al., 2002).

In hindsight, the fact that views on the past strength of the
eld have been (and continue to be) challenged should not be
urprising. Paleointensity is an extraordinarily difficult quantity to
easure accurately. Lavas, dikes and baked contacts have been pri-
ary targets in paleointensity studies, in the hope that they might
arry simple thermoremanent magnetizations. In practice, ubiqui-
ous processes in the near-surface environment can complicate that
ignal.

Titanomagnetites, basic magnetic minerals in lavas, can easily
ndergo oxidation, forming titanomaghemites. This results in the

http://www.sciencedirect.com/science/journal/00319201
mailto:rory@earth.rochester.edu
mailto:john@earth.rochester.edu
mailto:j.roberts@unsw.edu.au
dx.doi.org/10.1016/j.pepi.2008.07.041
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artial replacement of the TRM with a chemical remanent mag-
etization (CRM). The efficiency at which the CRM records the
riginal field intensity is uncertain, although it is generally thought
o be much less than TRM. The weathering of magnetic carriers
lso sets the stage for further alteration during a typical paleoin-
ensity experiment, when a rock is exposed to a series of paired
eating/cooling steps, because titanomaghemites typically invert
ith heating (e.g. Özdemir, 1987; Doubrovine and Tarduno, 2006).

Another, often overlooked issue is the hydrothermal alteration
hat can accompany lava or dike emplacement. These fluids can
acilitate formation of new magnetite grains, which, if they grow
hrough the superparamagnetic/SD size threshold, will carry a CRM.

hile the exact efficiency is again difficult to predict, Tarduno and
mirnov (2004) noted that existing estimates suggested a CRM
ight only be 50% of the TRM strength (e.g. Hoye and Evans, 1975).

hey further highlighted the possibility that rocks carrying CRMs
elated to hydrothermal activity might contribute to a bias toward
ow field values in paleointensity estimates derived from databases.
his suggestion is supported by recent CRM experiments (Draeger
t al., 2006).

In contrast to processes occurring at relatively low temper-
tures, lavas and dikes can also carry magnetic minerals that
ave undergone high temperature oxidation, resulting in near
nd-member magnetite. If this exsolution occurs at temperatures
ell above the Curie temperature of magnetite, it could result

n the creation of fine magnetite grains potentially suitable for
aleointensity study. If the exsolution process continues below
he Curie temperature of magnetite, complex effects can result
ecause the magnetization is in part a thermochemical remanence
TCRM) (Smirnov and Tarduno, 2005; Yamamoto, 2006; Draeger
t al., 2006). Of course, should the oxidation occur at very high
emperatures, the magnetite must still remain unaltered through
ubsequent geologic history to be a viable paleointensity recorder.
nd effects on the matrix must be accounted for if a bulk sample is
sed for paleointensity analysis. In particular, new magnetic min-
rals can form clays (formed by weathering of a whole rock matrix)
uring the heating of a typical Thellier experiment (Cottrell and
arduno, 2000).

The paired issues of in situ and laboratory alteration have moti-
ated a search for alternative paleointensity recorders. Here, we
ocus on the study of single plagioclase crystals, which can con-
ain near single domain magnetic inclusions (Cottrell and Tarduno,
999; Tarduno et al., 2006). The silicate matrix can protect the mag-
etic inclusion from in situ weathering. The crystals are separated

rom the clay-bearing matrix, greatly reducing their impact on the
aleointensity results. We further address the potential relation-
hip of field strength and reversal rate.

Because of difficulty of any paleointensity measurement, there
as been a tendency to focus such studies on the extremes of rever-
al rate, especially superchrons, times of no (or very few) reversals.
t present there is continued debate for results from the youngest of

hese, the Cretaceous Normal Polarity Superchron. Notwithstand-
ng the embedded debate over the Mesozoic Dipole Low, some
uthors have reported bulk sample paleointensity results that show
o apparent differences from values before or after the Cretaceous
ormal Polarity Superchron (e.g. Zhu et al., 2004).

In contrast, data from single plagioclase crystals suggest higher
eld values (Tarduno et al., 2001, 2002) for the Cretaceous Normal
olarity Superchron, and lower values for the preceding and suc-
eeding intervals of mixed polarity (Tarduno and Cottrell, 2005).

he lowest field strengths are observed for the very high reversal
ate of the Late Jurassic; low field values for this interval have also
een inferred on the basis of marine magnetic anomaly amplitudes
McElhinny and Larson, 2003) and this may in fact be an actual

esozoic “dipole” low similar to that proposed by Prèvot et al.
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1990), albeit of much shorter duration, limited to a time of very
apid reversals.

In direct comparisons of plagioclase and whole lava paleoin-
ensity results (Cottrell and Tarduno, 2000; Tarduno and Cottrell,
005), the latter reveal lower paleointensity values, attributable to

n situ and laboratory alteration of magnetic carriers and clays. The
endency for higher field values in the Cretaceous Normal Polar-
ty Superchron is also supported by some analyses of submarine
asaltic glass (Tauxe and Staudigel, 2004) and NRMs from oceanic
asalts (normalized for rock magnetic effects) (Wang et al., 2005).

Here, we apply for the first time the single silicate crystal
aleointensity technique to the next oldest superchron, the Permo-
arboniferous Reverse Polarity Superchron (Irving and Pullaiah,
976), at its type locality in Kiama, Australia. For convenience, we
ill refer to this as the “Kiaman”, following the original usage

Irving and Parry, 1963). The nature of the lavas in Australia, and
xisting Carboniferous/Permian paleointensity results, will cause
s to revisit many of the issues of paleointensity reliability dis-
ussed above.

. Sampling and site selection

The upper Permian lavas of southeastern Australia (Joplin, 1964,
965; Carr, 1985, 1998; Campbell et al., 2001) figured prominently
n the recognition of polarity reversals, continental drift and super-
hrons. In particular, the early recognition of reversed polarity
y Mercanton (Mercanton, 1926) was subsequently confirmed by
tudies of Ted Irving and his colleagues (Irving and Green, 1958;
rving and Parry, 1963), who used directional data, together with
eological indicators (of past glaciation) to argue in support of
otion of the Australian continent. In their study of these units,

rving and Parry (1963) first recognized the long period of reversed
eld polarity and applied the name “Kiaman”. We refer readers to
he classic paleomagnetic work and geologic description, and only
utline some salient points below.

Upper Permian lavas (the Gerringong Volcanics) are exposed
long the coast and hillsides of southeast Australia near the town of
iama, approximately 120 km south of Sydney. Stratigraphic con-
iderations indicate that the lavas where erupted near the end of
he Kiaman Superchron. However, both the exact absolute age of
he lavas, and the age of the end of the Kiaman Superchron are
nclear. The Gerringong Volcanics consist of a series of basaltic
o andesitic flows within the Broughton Formation and overly-
ng Pheasant Nest Formation in the southern Sydney Basin. The
roughton Formation is characterised by shallow marine sediments
ontaining brachiopods of the Echinalosia runnegari-E. wassi Zone
f Briggs (1991). This zone, which is present in sedimentary basins
hroughout eastern Australia, was placed by Briggs (1991) within
he uppermost two-thirds of the Ufimian Stage of the Upper Per-

ian and, following Ross and Ross (1987), assigned an age of around
75–276.5 Ma. In the current Permian time scale (Gradstein et al.,
004) use of the term Ufimian is abandoned because the type sec-
ion consists of a terrestrial to marginal marine facies within the
pper Kungurian and overlying lower Kazanian Stages. The obsolete
fimian Stage is shown to have an age of 270–272 Ma by Gradstein
t al. (2004).

In the Hunter Valley of NSW, the Permian Mulbring Siltstone,
correlative of the Broughton and underlying Berry Formations,

lso contains the E. runnegari-E. wassi Zone. The Mulbring Siltstone,

hich is overlain by the coal-bearing Tomago and Wittingham Coal
easures, contains dated zircons (Roberts et al., 1996). A SHRIMP

nalysis from the Mulbring Siltstone gives an age of 266 Ma when
onverted from SL13 Standard to Temora 1 Standard. A single crystal
ircon age of 266 Ma has also been obtained from the slightly older
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ig. 1. (a–d) Magnetic hysteresis curves from whole rock samples of the Bumbo an
002).

elford Formation (Gulson et al., 1990). Hence, the latites within
he Broughton Formation can be considered to be slightly younger
hat 266 Ma.

The regression from marine to continental and/or coal measure
eposition throughout northern and southern parts of the Sydney
asin, recognized by Briggs (1991) to have been virtually simulta-

eous, therefore commenced shortly after 266 Ma. In the south this
as followed by the onset of volcanism associated with the Middle

ermian Gerringong Volcanics. In terms of the International Time
cale the Gerringong Volcanics can be equated with the middle part
uadalupian Series.

a
t
o
C
t

to lavas. (e) Day plot (Day et al., 1977) with mixing curves from Dunlop (Dunlop,

Roberts et al. (1996) suggested an age of approximately 263 Ma
or the end of the Kiaman using Australian stratigraphic sequences,
hereas Gradstein et al. (2004) assigned an age of 265 Ma on

he basis of data from West Texas. Opdyke and Channell (1996)
uggested an age of 262–320 Ma for the Kiaman Superchron, but
ighlighted that its termination had not yet been directly dated

t any locality. Subsequently, Opdyke et al. (2000) constrained
he base of the Kiaman to be at 318 Ma. Here we retain the age
f ∼262 Ma for the end of the Kiaman, following Opdyke and
hannell (1996), but again emphasize that the value is uncer-
ain.



52 R.D. Cottrell et al. / Physics of the Earth and Planetary Interiors 169 (2008) 49–58

for bu

t
T
H
b
i
t
w
a
c
w
1

c
T
w
e
o
o
m
s
t
t

l
a
o
s
B
t
h
t
(

t
b
r
T
n
g

3

n
B
a
h
t
(

a
3
f
c
(
s
a
f
V
p
h

i
w
t
b
r
d
a
(
i

v
o
t
c
w
I
u
p
o
a
t
g
(

4

v
h
a
s

Fig. 2. Magnetic susceptibility versus temperature

The lavas near Kiama commonly termed “latites” because of
he presence of potassium feldspar along with plagioclase feldspar.
he important lava flows, from oldest to youngest, are the Blow
ole Latite, the Bumbo Latite, the Dapto Latite and the Cam-
ewarra Latite. These are generally separated by sandstones,

ndicating the passage of some time between lava units. They are
hought to be compound flows, with each flow being emplaced
ithin a period ranging from days to years (e.g. Campbell et

l., 2001). Average thicknesses of the lowermost flows in typi-
al exposures (Blowhole, Bumbo and Dapto) are tens of meters,
hereas as the Cambewarra is much thinner (often less than

0 m).
Samples were collected (by J.T. and J.R.) as standard field-drilled

ores from the Blowhole, Bumbo, Dapto and Cambewarra flows.
he latter is only poorly exposed in forested hillsides west of Kiama,
hereas the other flows are well-exposed along the coast. Core ori-

ntations were mainly taken with a Sun Compass using a Pomeroy
rientation device; for a few of the shaded Cambewarra cores,
nly magnetic compasses were possible. For these cases, gross
is-orientations were excluded by using a second compass, and

ighting to the orientation azimuth of the core in question at dis-
ance (2–3 m); in all cases the magnetic compass orientation near
he core was confirmed.

Samples from the Bumbo flow were taken at two sites from a
arge quarry north of Kiama (for convenience, we will refer to this
s the “Bombo Quarry”). One of these sites was adjacent to a dike
f suspected Tertiary age (J. Roberts, personal communication). A
eries of recent road workings provided exceptional exposure of the
umbo flow north of Kiama. Visible alteration of the flow was seen
o be highly variable in these long lateral exposures. Unoriented
and samples were collected from an unusually fresh portion of
he Bumbo flow at this exposure along a highway ramp having large
1–10 mm) plagioclase feldspars.

For paleointensity study we concentrate on a select set of
hese samples: only those that had plagioclase crystals that could
e separated similar to those that have yielded paleointensity
esults meeting reliability criteria in previous studies (Cottrell and
arduno, 2000; Tarduno et al., 2006). Specially, the crystals were
early 1 mm in size and optically clear. This restricted us to a coarse-
rained Dapto site, and the Bombo highway ramp site.

. Rock magnetic and directional data from bulk samples

As a prelude to single crystal analysis, we first discuss rock mag-
etic and directional results from bulk samples of the Dapto and

umbo flows. All rock magnetic, paleomagnetic and paleointensity
nalyses were conducted at the University of Rochester. Magnetic
ysteresis data measured on a Princeton Measurements Corpora-
ion Alternating Gradient Force Magnetometer show multidomain
MD) to pseudo-single domain (PSD) behavior (Fig. 1).

m
t
i
a
t

lk samples of the (a) Dapto and (b) Bumbo flows.

Magnetic susceptibility versus temperature data (in an Argon
tmosphere) were collected using a Kappabridge KLY-4S with CS-

furnace and CS-L low temperature cryostat (Fig. 2). Samples
rom the Dapto flow show evidence for the Verwey transition, the
ubic to monoclinic crystallographic change in magnetite at 120 K
−153 ◦C). Apparent Curie temperatures are near 580 ◦C for some
amples, but somewhat lower for others, and a variable pattern of
lteration is observed after cooling from high temperature. Samples
rom the Bumbo flow show similar behavior: the presence of the
erwey transition at low temperature, near magnetite Curie tem-
eratures, but with variable alteration detected after cooling from
igh temperature.

Standard paleomagnetic cores were thermally demagnetized
n air using an ASC thermal demagnetization device. Remanence
as measured using a 2G DC SQUID magnetometer. Samples from

he Dapto flow displayed variable responses to thermal treatment,
ut the principal component of magnetization did not begin to be
esolved until treatments higher than 400 ◦C (Fig. 3). In some cases,
irections were scattered until treatments of 500 ◦C. Interestingly,
component with unblocking temperatures greater than 580 ◦C

trending to the origin of the orthogonal vector plots) was observed
n some whole rock samples.

The samples from the Bumbo flow displayed an even greater
ariation in direction behavior. For some (for example, one
f the Bombo quarry sites) the demagnetization had similari-
ies to that of the Dapto flow, with definition of a principal
omponent at high temperature, but in this case with a
ell-defined secondary component of magnetization (Fig. 3).

n another Bombo Quarry site, however, the directions were
nstable during demagnetization. As in the Dapto flow, a com-
onent with unblocking temperatures greater than 580 ◦C was
bserved in some whole rock samples. While too few samples
re available for a formal directional analysis, the characteris-
ic remanent magnetization directions from these cores are in
eneral agreement with directions reported by Irving and Parry
1963).

. Magnetic hysteresis data from single plagioclase crystals

The rock magnetic and direction data from bulk samples pro-
ide several starting points for single crystal analysis. While
igh temperature unblocking components (carried by magnetite)
re clearly present in some samples of these lavas, the domain
tate is not ideal for paleointensity analysis. In addition, the

agnetic carriers appear to alter during heating, highlighted by

he differences seen between the short heating (in Ar) behav-
or during the magnetic susceptibility versus temperature data
nd the longer heating (in air) during thermal demagnetiza-
ion.
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ig. 3. Orthogonal vector plots of thermal demagnetization of bulk samples of th
rthogonal vector show the 200 ◦C temperature steps through to the end of demagn

Plagioclase crystals were separated from paleomagnetic core
nd hand samples first by crushing using a mortar and pestle
nd hand picking under a binocular microscope. Crystals were
urther cleaned using by sonicating in distilled water. Where
ron staining was prominent in the hand sample, crystals were
lso sonicated briefly in dilute hydrochloric acid. Only visibly
lear crystals were chosen for subsequent analysis. Magnetic
ysteresis curves from plagioclase crystals from the Dapto and
umbo flows are largely PSD in character, and thus more suit-
ble for paleointensity analyses than the whole rocks samples
Fig. 4).

A concern for paleointensity analysis using single crystals is
lignment of magnetic inclusions; alignment could bias the acqui-
ition of partial thermal remanent magnetization (pTRM) during a

aleointensity experiment. To test for this possibility, magnetic hys-
eresis data were collected rotating the crystal by 45◦ increments on
arallel and perpendicular P1 probes of the AGRM. If an anisotropy

arge enough to bias pTRM acquisition was present, we should see it
n these data. Instead, no anisotropy of magnetic hysteresis param-

t
m
d
v
a

d b) Dapto and (c and d) Bumbo flows, showing varied behavior. Insets for each
ion at 690 ◦C.

ters was observed for the Dapto and Bumbo plagioclase crystals
Figs. 5 and 6).

. Paleointensity data

Paleointensity data were collected using the Thellier (Thellier
nd Thellier, 1959) method as modified by Coe (1967), in air using
n ASC thermal demagnetization device with field coil. Samples
ere mounted at the ends of 3 mm diameter glass tubes. An applied
eld of 60 �T was used for the field-on steps.

For both the Dapto and Bumbo flows, orthogonal vector plots
f the field-off steps (Figs. 7 and 8) show that a principal com-
onent of magnetization is not isolated until temperatures higher
han 400 ◦C, similar to the behavior of the bulk samples. Unlike

he whole rocks, however, this component appears to have a maxi-

um unblocking temperature between 550 and 580 ◦C. NRM/TRM
ata define a linear trend over this unblocking temperature inter-
al, and pass pTRM checks and other reliability criteria (see Cottrell
nd Tarduno, 2000 and Table 1).
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Fig. 4. Magnetic hysteresis results from plagioclase crystals separated from the Dapto (a) and Bumbo (b) lavas. (c) Day plot (Day et al., 1977) with mixing curves from Dunlop
(Dunlop, 2002). Bulk sample results shown in grey.
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ig. 5. Normalized magnetic hysteresis parameters versus rotation angle measure
n the stage of a Princeton Measurements Alternating Force Magnetometer paralle
bbreviations are Mr/Ms, saturation remanence/saturation magnetization ratio; Hcr

The success rate of the paleointensity experiments was approx-
mately 27%. Nearly half of the samples failed to meet the reliability
riteria because of erratic demagnetization behavior during the
aleointensity measurements with unstable directions of the
eld-off steps. Other samples dropped significantly in NRM mag-
etization after the first 200◦ of demagnetization. A total of 44
lagioclase crystals were measurement for paleointensity, with 12

ielding reliable results. The mean paleointenity value for the Dapto
ow (N = 5) is 58.7 ± 1.2 �T. The mean paleointensity value for the
umbo flow (N = 7) is 64.5 ± 2.0 �T. Using the Australia reference
ole for the 256–290 Ma interval (McElhinny and McFadden, 2000)
hese field values correspond to virtual dipole moments (VDMs)

m
O
s
i
T

plagioclase crystal from Dapto Flow. The crystal was rotated by ∼45◦ increments
line and triangles) and perpendicular (dashed line, only mean shown) P1 probes.

ivity of remanence; and Hc, coercivity.

f 8.5 ± 0.2 × 1022 Am2 and 9.3 ± 0.3 × 1022 Am2 for the Dapto and
umbo flows, respectively (Table 2).

. Discussion

Several secondary processes are expected to have left their

ark on the magnetization of the New South Wales Permian lavas.
ne is the variable hydrothermal alteration that occurred on, or

oon after, lava emplacement (Carr et al., 1999). Another process
s a larger scale thermo-viscous effect related to opening of the
asman Sea (Schmidt and Embleton, 1981). Both directional and
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n the stage of a Princeton Measurements Alternating Force Magnetometer paralle
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aleointensity results from the select lavas of New South Wales
tudied here yield values only after thermal treatments at relatively
igh values (greater than approximately 400 ◦C). This observa-
ion suggests that the secondary processes have indeed affected
he magnetization of these rocks, but that the deleterious effects
ave likely been adequately removed by thermal demagnetization.
e cannot exclude the possibility that some secondary magnetite

elated to hydrothermal activity resides in the groundmass; how-
ver, this is excluded from our paleointensity analyses through our
election of pristine plagioclase crystals for analysis.

We first compare our new VDMs with other instantaneous
eld values derived from Kiaman-age lavas. If we restrict our
nalysis to Thellier results (i.e. Tarduno and Smirnov, 2004), two
eans are available for the 270–295 Ma and 300–320 Ma inter-

als, of 7.36 ± 0.38 × 1022 Am2 (N = 75) and 8.21 ± 0.37 × 1022 Am2

N = 42), respectively (although it should be emphasized that the
ge range of the latter interval extends to ages older than the
iaman). Interestingly, our new paleointensity values from the Aus-

ralian plagioclase crystals are close to (although slightly higher
han) the mean values. However, the range of values encompassing
hese means is large extending from more than 12 × 1022 Am2 to
× 1022 Am2.

To the best of our knowledge, there are no time-averaged pale-
magnetic dipole moments yet reported for the Kiaman, but the

arcia et al. (2006) results from the 301–270 Ma Great Whin Sill
re interesting in this regard as they might be expected to average
ome geologic time. Specifically, the complex is composed of sev-
ral sills and dikes, and paleomagnetic directions suggest several

p
t
s

able 1
aleointensity reliability criteria

ample Temperature (◦C) Paleofield value (�T) R2

umbo
hs 400–550 67.7 0.985
hs 450–550 63.2 0.987
hs 400–550 64.4 0.984
c1 400–550 61.8 0.996
c1 375–550 63.8 0.995
c2 400–525 64.3 0.996
c2 375–550 66.3 0.990

apto
c1 400–550 60.0 0.998
c1 375–550 59.9 0.993
c1 375–550 57.6 0.997
c2 350–550 58.8 0.997
c2 375–550 57.4 0.997

ample, temperature range, paleofield value (in �T), regression coefficient (R2), number o
raction of NRM used in line fit (f), gap factor (g) and quality factor (q). After Coe et al. (19
plagioclase crystal from Bumbo flow. The crystal was rotated by ∼45◦ increments
line and triangles) and perpendicular (dashed line, only mean shown) P1 probes.

ivity of remanence; and Hc, coercivity.

ntervals of emplacement. Both Thellier and microwave methods
ere applied and the paleointensity results from the techniques
ere reported as being consistent (Garcia et al., 2006). Two mean

alues (1.6 ± 0.8 × 1022 Am2 and 2.1 ± 1.1 × 1022 Am2) were derived
hich Garcia et al. (2006) feel represent the latest Carboniferous

nd early Permian (respectively). In contrast, the Bumbo and Dapto
ow mean paleointesity results are 5 to 6 times higher.

A more detailed analysis, however, reveals some clear, unex-
lained differences between the Thellier and microwave results;
aired comparisons of samples that have Thellier and microwave
esults show that the microwave technique sometimes yields val-
es over 3 times weaker than those using the Thellier technique.
verall, there is a bias toward lower values for the microwave data

Fig. 9). A paired t-test to directly compare Thellier with microwave
esults from sister samples has a two-tailed p-value of 0.007 (t = 3.3,
2 degrees of freedom). Irrespective of the cause of the differences
etween the Thellier and microwave data, the ensemble of field
trength values reported by Garcia et al. (2006) are among the low-
st paleointensities reported for the Kiaman. Moreover, they are
xtraordinarily low as gauged against all paleointensity results if
he individual means average some time. Support that the means
verage time is found in k values of direction data (a summary of
ll prior directional studies, Table 1, reported by Garcia et al., 2006)
hich range from 29.7 to 31.3.
Possible explanations for the apparent discrepancy between the
aleointensity values from the lavas at Kiama and the results from
he Great Whin Sill include (i) the Great Whin Sill paleointen-
ity results only represent two instantaneous mean values and the

N b �b f g q

7 −1.128 0.087 0.185 0.777 1.86
5 −1.054 0.100 0.267 0.742 2.10
7 −1.074 0.088 0.356 0.803 3.49
7 −1.029 0.043 0.389 0.787 7.34
8 −1.064 0.043 0.459 0.839 9.50
6 −1.072 0.045 0.359 0.784 6.64
8 −1.106 0.064 0.421 0.815 5.97

7 −1.000 0.026 0.333 0.781 9.93
8 −0.998 0.049 0.403 0.827 6.85
8 −0.960 0.028 0.415 0.817 11.56
9 −0.980 0.030 0.489 0.862 13.71
8 −0.957 0.030 0.432 0.852 11.81

f temperature steps used in line fit (N), slope (b), standard deviation of line fit (�b),
78). hs, hand sample; c, drill core.
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Table 2
Summary paleointensity results

Flow Paleofield value (�T) � (�T) VDM �VDM

Bumbo 67.7 5.2 9.81 0.75
63.2 6.0 9.15 0.87
64.4 5.3 9.33 0.77
61.8 2.6 8.95 0.38
63.8 2.6 9.24 0.38
64.3 2.7 9.60 0.39
66.3 3.8 9.31 0.55

Mean 64.5 ± 1.96 9.34 ± 0.29

Dapto 60.0 1.6 8.69 0.23
57.6 2.9 8.34 0.42
59.9 1.7 8.68 0.25
58.8 1.8 8.52 0.26
57.4 1.8 8.31 0.26
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Fig. 8. Paleointensity results from the Bumbo flow. (a) Photo of measured crystal
(1 mm scale bar). (b) Orthogonal vector plot of field-off thermal demagnetization
ean 58.7 ± 1.23 8.51 ± 0.18

irtual dipole moments (VDM) are calculated using the Australia reference pole for
he 256–290 Ma interval (McElhinny and McFadden, 2000). Units are ×1022 Am2.

ariation of field strength was large during the Kiaman. (ii) The
reat Whin sill results (and some other Permo-Carboniferous val-
es) are biased to lower field values due to subtle alteration
weathering or hydrothermal alteration) and therefore they rep-
esent only minimum field values. In any case, a renewed rock
agnetic investigation of the Great Whin Sill is warranted to better

nderstand the existing results, whereas new results from silicate
rystals of it and other units could help move us toward a definition
f the true field strength and variation during the Kiaman. How-

ver, the first Kiaman paleointensity results based on single silicate
rystals indicate that an inverse relationship between reversal rate
nd field strength (Cox, 1968), supported by data for the 0–160 Ma
nterval (Tarduno et al., 2001; Tarduno and Cottrell, 2005; Tarduno

ig. 7. Paleointensity results from the Dapto Flow. (a) Photo of measured crystal
1 mm scale bar). (b) Orthogonal vector plot of field-off thermal demagnetization
teps. (c) Natural remanent magnetization versus thermal remanent magnetization
ata resulting from Thellier experiment. Triangles are p-TRM steps.

steps. (c) Natural remanent magnetization versus thermal remanent magnetization
data resulting from Thellier experiment. Triangles are p-TRM steps.

F
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ig. 9. A comparison of microwave and Thellier paleointensity results from the Great
hin Sill (triangles represent paired results from Alnwick, squares represent paired

esults from Belford). A paired t-test with a null hypothesis that these results are
ndistinguishable, fails at the 95% confidence level.

t al., 2006) is a viable hypothesis for a time interval extending at
east to the Kiaman Reversed Polarity Superchron.

. Conclusions
Primary paleomagnetic directions can be obtained from the Per-
ian volcanics of New South Wales, as suggested in classic studies

Mercanton, 1926; Irving and Parry, 1963), but care must be taken
n the demagnetization because of potential thermally induced
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lteration. Variable alteration in nature within the lavas also is
limiting factor. While paleomagnetic directions are preserved,

he mean domain state and alteration characteristics suggest these
ocks are not good candidates for bulk rock paleointensity analy-
es. Single plagioclase crystals separated from some of the lavas,
owever, have near SD magnetic behavior and pass paleointensity
eliability criteria. Results from two of the flows yield virtual dipole
oments of approximately 9 × 1022 Am2, slightly higher than the
odern field.
The Permian values from New South Wales are only instan-

aneous readings of the geomagnetic field near the end of the
iaman Reversed Polarity Superchron. However, when compared
ith results reported from elsewhere, they suggest large tempo-

al changes in intensity during the Kiaman, and/or the alternative
ypothesis, that whole rock paleointensity results from some other
ermo-Carboniferous units are affected by subtle in situ alteration
nd therefore record only minimum field strength values. Contin-
ed paleointensity data collection using single silicate minerals is
eeded to evaluate the former possibility, whereas refined rock
agnetic studies of bulk samples are needed to judge the latter

ypothesis.
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