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Abstract

The ca. 3.47 Ga Duffer Formation has been considered to carry one of the
oldest paleomagnetic records. Yet, the lack of rock magnetic data limits
the interpretation of the nature of the remanence. We conducted a rock
magnetic and paleomagnetic investigation on columnar dacite of the Duffer
Formation. The main magnetic minerals are phenocrysts of titanomagnetite

and magnetite, and secondary hematite in groundmass. Detailed thermal
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demagnetization revealed more complex natural remanence than previously
estimated, consisting of four components with typical unblocking tempera-
ture of 200 — 350, 200 — 500, 590, and 690 °C. Combined with alternating
field demagnetization and rock magnetic data, they are attributed to titano-
magnetite, coarse-grained magnetite, fine-grained magnetite, and hematite,
respectively. The comparison of unblocking temperature and coercivity sug-
gest that the previously proposed secondary component is carried by fine-
grained magnetite as well as hematite, while the putative primary component
is carried by coarse-grained magnetite and titanomagnetite. Microscopic ob-
servations showed that coarse-grained magnetite and titanomagnetite are
primary crystals, although this does not necessarily indicate they preserve
primary remanence. The remanence directions of all components revealed
higher scatter than the previous studies, suggesting the need for caution
in interpretation. The low unblocking temperature of tittanomagnetite sug-
gests that if their remanence is truly primary, the rocks must have kept below
~250°C for ~3.47 billion years.

Keywords: the oldest remanence; magnetic minerals; titanomagnetite

1. Introduction

The existence of the geomagnetic field in the early history of the Earth
places important constraints on its thermal evolution (e.g. Davies et al.|
2015)). Nonetheless, the persistence of the geomagnetic field for more than 3
billion years has been deduced only from a few paleomagnetic studies. Paleo-
magnetic data for rocks older than 3.2 Ga comes mostly from the Pilbara cra-

ton in Western Australia (McElhinny & Senanayake, |1980; [Suganuma et al.,
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2006; Bradley et al. [2015; Herrero-Bervera et al., 2016) and the Kaapvaal
craton of South Africa (Hale & Dunlop, [1984; Layer et al. |1996; [Yoshiharal
& Hamano, [2004; |Tarduno et al., 2007; Usui et al., 2009; Biggin et al., 2011)).

Of these, even smaller number of studies constrain the age of the magnetic

remanence using paleomagnetic field test (McElhinny & Senanayake, 1980;
Usui et al.| 2009 Biggin et al., 2011]).

McElhinny & Senanayake| (1980) claimed a positive fold test using colum-

nar dacite and pillow basalt of the Duffer Formation of the Pilbara Craton.
The columnar dacite was dated as 3.467 4+ 0.005 Ga , and
the paleomagnetic result has been taken as evidence for the existence of the
geomagnetic field at ~3.5 Ga. However, there is a debate about this interpre-

tation (Tarduno et al., 2007, Usui et al., 2009; Schmidt, [2014). Particularly,

rock magnetic data were very limited, preventing the discussion about rema-

nence acquisition mechanisms. McElhinny & Senanayake (1980)) identified

two remanence components and one transient component in both alternating
field (AF) and thermal demagnetization of the columnar dacite. The puta-
tive primary component, labelled here as DFM, was observed at intermediate
temperature (~250—500 °C) and coercivity (~10—40 mT). At higher temper-
ature and coercivity, they identified another component that failed the fold
test (labelled as DFH). In thermal demagnetization, DFH extended above
640 °C, suggesting hematite as a carrier. However, in AF demagnetization,

DFH was fitted from ~40 mT. This is rather low coercivity for hematite,

leaving a question about the carrier. Recently, Herrero-Bervera et al.| (2016)

conducted a rock magnetic and paleointensity study using similar dacitic

rocks of the Duffer Formation. Their sampling locality does not show colum-
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nar joints (their figure 2), so it is probably not the same site with McElhinny
& Senanayake (1980) although it is close (Herrero-Bervera, personal com-
munication). Nonetheless, |Herrero-Bervera et al. (2016 showed that the
dacite exhibits three Curie temperatures of ~150, 450, and 580 °C. These
temperatures also mark directional changeover points of natural remanence
upon progressive thermal demagnetization, and the highest blocking temper-
ature component (450 — 580 °C), which was not identified by McElhinny &
Senanayake| (1980)), was interpreted as a candidate for primary remanence. A
similar direction was isolated in AF demagnetization at above 30 mT. This
is also higher than the coercivity range of the DFM, but rather similar to the
coercivity of DFH. Notably, Herrero-Bervera et al.| (2016]) did not observe
hematite contribution in their samples. This suggests a possibility that DFH
may be partly carried by magnetite, and that DFM may be contaminated
by, or even an artifact of, overlapping magnetization of DFH and a transient
component (Tarduno et all 2007). However, in the absence of detailed rock
magnetic data, it is not clear if the columnar dacite of the Duffer Formation
also contains a distinct component unblocks between ~450 — 580 °C.

The paleomagnetic data of the Duffer Formation (McElhinny & Senanayakel
1980) are also pivotal to other studies of rocks from the Pilbara Craton.
Rapid Archean plate motion of the Pilbara craton was proposed on the basis
of the comparison among the Duffer Formation data and the data from the
slightly younger Marble Bar Chert Member (Suganuma et al., [2006). Bradley
et al.| (2015)) compared the paleomagnetic directions obtained from basalt of
the Coucal Formation (~3.51 Ga) and the Euro Basalt (~3.34 Ga) with the

Duffer Formation data to propose that the Coucal Formation remanence pre-
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date ~3.34 Ga. These studies rely on the interpretation that the remanence
of the Duffer Formation dacite is almost the same age with the rock itself.
Because of its importance in understanding the early history of the geomag-
netic field and tectonics, we revisit the Duffer Formation columnar dacite for

an additional rock magnetic and paleomagnetic investigation.

2. Geology

The study area locates southwest of a town Marble Bar and near the
Glen Herring Gorge, surrounded by granitic complexes (the Mount Edgar
Complex, the Shaw Complex, and the Corunna Downs Complex) (Figure
1)). Dacite with columnar joints is cropping out on the northern end of the
Archean succession, along small creek over an area of approximately 500
m x 500 m (Figure [2). Dacitic volcanic breccia is in the southwest of the
area, which is interpreted to be stratigraphically above the columnar dacite
(Hickman & Van Kranendonk, |2008)). The boundary between the columnar
dacite and the volanic breccia was not well exposed, but transition was clear
without any interbedding. The strike of the lithologic transition was approx-
imately 315°, which agrees with the bedding strike estimated from the local
columnar joint (~310°) and regional strike of the Duffer Formation (~300°)
(McElhinny & Senanayake, 1980; Hickman & Van Kranendonk, [2008)). To
the north, the columnar dacite is unconformably overlaid by basalt of the
Fortescue Group (~2.72 — 2.78 Ga) (Arndt et al. 1991). A few basaltic
dykes intrude the columnar dacite near the boundary with the Fortescue
basalt. Our sampling sites are adjacent to the locality of Nelson| (2001). We
note that the sampling locality of McElhinny & Senanayake (1980]), which
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Figure 1: Simplified geological map showing sampling area.

was originally presented in [Pidgeon| (1978) as (21°21'25" S, 119°36'11"E),
would be ~800 m to the north from our sampling sites, and it falls within
the Fortescue Group. This is probably an inevitable error before the GPS

era.

3. Methods

3.1. Sampling and magnetic susceptibility mapping

Samples of the columnar dacite were collected either by hand or using
engine drills (Figure 2, Table 1). Sample orientations were determined using
magnetic compass, which was checked against sun compass when possible.

Magnetic susceptibility was mapped in the field using SM30 (ZH instru-

ments).
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Figure 2: Sampling locations (a) and magnetic susceptibility distributions (c¢). X and Y
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of (2001)). (c) Typical outcrop of the columnar dacite.
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3.2. Rock magnetism and microscopy

We measured volume specific bulk magnetic susceptibility, temperature
dependence of susceptibility x(7"), demagnetization of triaxial isothermal re-
manence (IRM) (Lowrie, [1990), and coercivity distribution. Bulk suscepti-
bility was measured by a Kappa Bridge KLY-4 (AGICO) for standard 10.5 cc
cylindrical specimens. k(7T') was measured by the KLY-4 with a furnace CS-3.
Powdered samples were heated in flowing Ar up to 700 °C and subsequently
cooled to 50 °C. Orthogonal IRM was imparted by fields of 2.7, 0.4, and 0.12
T using a pulse magnetizer Model 660 (2G Enterprises). Then the triaxial
IRMs were subjected to progressive thermal demagnetization with a thermal
demagnetizer TDS-1 (Natsuhara Giken). Remanence was measured with a
spinner magnetometer ASPIN (Natsuhara Giken). Coercivity distribution
was estimated using backfield demagnetization of IRM and first-order rever-
sal curves (FORCs) measured by a vibrating sample magnetometer (VSM)
Model 29/3902 (Princeton measurements). IRM was imparted at 1 T, and
progressively demagnetized by backfields from -0.5 mT to -1 T in non-linear
field steps. FORCs were also analyzed to estimate the backfield coercivity
distributions. Measurements were performed with saturation field of 0.5 T
and field increments of 2 or 3 mT. FORC diagrams and backfield demag-
netization were calculated using software VARIFORC ver. 4.01(Egli, 2013).
The backfield analysis from FORCs uses more measurement points than the
traditional method (Egli et al. 2010), and give better resolution of coerciv-
ity distribution below 0.1 T for the samples dominated by high coercivity
minerals (see results).

Polished thin sections were prepared from selected samples and examined
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with scanning electron microscope (SEM) Quanta 450 FG (FEI) equipped
with an energy-dispersive X-ray spectroscopy (EDS) system Elite Plus (Ame-
tek).

3.3. Paleomagnetism

When available, two pilot specimens were subjected to detailed AF and
thermal demagnetization from each site. AF demagnetization was conducted
using a demagnetizer DEM95 with two axes tumbling, and thermal demag-
netization was conducted using the TDS-1. Remanence was measured using
the spinner magnetometer ASPIN. Based on the pilot results, the remaining
specimens were treated in thermal demagnetization, or thermal demagnetiza-
tion preceded by AF demagnetization at low fields. Demagnetization results
were examined using principal component analysis (Kirschvink, [1980) using

software PuffinPlot (Lurcock & Wilson) 2012).

4. Results

4.1. Magnetic susceptibility mapping

Magnetic susceptibility showed significant spatial variation by a factor
of ~50 even within apparently massive columnar dacite (Figure . The
variation did not extend laterally along the bedding. Our samples cover most
of the susceptibility variation. Susceptibility measured at field was generally

consistent with the bulk susceptibility measured on specimens (Table .

4.2. Rock magnetism and microscopy

k(T) showed variety of patterns (Figure . Overall, sharp decrease upon
heating was observed at ~150, 380, 590, and 690 °C with variable magni-

10
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tudes. The variation correlates partly with bulk susceptibility such that
samples with high bulk susceptibility showed dominant change at ~590 °C.
The cooling curves were generally above the heating curve. Samples with
high bulk susceptibility showed relatively small alteration due to the heat-
ing. The change at~150 °C disappeared upon heating, the change at ~590 °C
generally increased, and the heating and cooling curves above ~600 °C were
nearly identical.

Thermal demagnetization of triaxial IRM indicated the presence of three
unblocking temperatures at ~350, 590, and 690°C (Figure 4). The high
coercivity (0.4 - 2.7 T) and middle coercivity (0.12 - 0.4 T) IRM mainly
unblocked at ~690 °C, with smaller change at ~300 - 400°C. The low co-
ercivity IRM (< 0.12 T) decayed rapidly to ~350°C, and then unblocked
almost completely at ~580°C. Among sites, the magnitude of the low co-
ercivity IRM varied from 0.425 A/m (GL9-5) to 75.7 A/m (GL3-14), and it
correlates well with bulk magnetic susceptibility (Table 1). The magnitude
of high coercivity IRM showed smaller variation from 0.82 A/m (GL9-6) to
8.32 A/m (GL3-10). The magnitude of high and low coercivity IRMs were
not correlated.

Backfield coercivity distributions also correlated with magnetic suscepti-
bility. There were high coercivity phases that did not saturate at 1 T, to-
gether with phases with peak coercivities less than 100 mT (Figure |5). The
high coercivity phases were dominant in low susceptibility samples. Below
100 mT, the coercivity distributions of GL3-4 and GL9-6 exhibited maxima
at lower field (10 - 15 mT) than the other samples (50 - 60 mT). In addition,
the IRM gradients of GL3-11 and GL9-8 showed a bump at ~10 mT, indi-

11
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Figure 3: Temperature dependence of magnetic susceptibility. Data are normalized by
room temperature susceptibility xkg. Results are ordered in ascending bulk susceptibility
of the sites, which is indicated on the upper right of each plot. Insets show heating and

cooling curves in black and gray, respectively.
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the sites as in figure 3.
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cating the mixing of coercivity distributions with peaks at ~10 mT and ~60
mT. The samples with large contributions of the high coercivity phases were
further examined through FORC diagrams and backfield coercivity distribu-
tion based on FORC measurements (Figure |§| and . The FORC diagrams
below 0.2 T are similar regardless of the bulk susceptibility, and coercivity
distribution indicate a peak at around 30-50 mT. These results showed that
samples dominated by high coercivity phases also contain phases with peak
coercivity < 100 mT.

SEM observations were conducted on samples with contrasting rock mag-
netic characteristics (GL3-4, 3-10, 3-12, 3-14, 3-16, 9-5, and 9-8). T'wo major
modes of occurrence of iron oxides were observed: homogeneous but frag-
mented large grains and irregular intergrowth with Ti oxide (Figure )
These occurrences were common among the examined samples. Occasionally
grains contain texture similar to the trellis-type lamellae of high tempera-
ture oxidation was observed (Figure ) Such grains are generally highly
degraded. Iron oxides were often rimed by secondary mafic minerals, which
in turn rimed by iron oxides (Figure [8p). It is unclear if those surrounding
oxides are relict of the primary minerals, or secondary overgrowth. EDS anal-
yses showed that homogeneous grains and grains with trellis-type lamellae
contain only small amount of Ti, while iron oxide showing irregular inter-
growth with Ti-oxide revealed elevated Ti/Fe of ~0.14 (average of 21 spots

in 8 grains; standard deviation is 0.1).

4.83. Paleomagnetism

As expected from rock magnetic results, paleomagnetic characteristics

were also variable. The sites GL3-3, 3-4, 3-14, and 9-6 revealed nearly uni-

14
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Figure 8: Representative back scattered electron images. (a) Image of homogeneous grains

and a grain with irregular internal structure. EDS analyses shows the homogeneous grains
are Fe oxide, while the irregular grain is intergrowth of Ti oxide and Fe-Ti oxide. (b) Grain

with trellis-type lamellae. Arrow indicates the iron oxide on surrounding mafic mineral.
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vectorial remanence in both AF and thermal demagnetization (Figure @
We consider that these sites were completely remagnetized, most probably
by recent lightning strikes. GL3-10 and GL9-1 revealed only two components
separated at 590°C. We interpret that these sites were also remagnetized,
with a high coercivity component carried by hematite barely survived the
remagnetization. The other sites revealed more than one component below
590 °C, and their behavior roughly correlated with rock magnetic properties.
One site (GL3-12) with low bulk susceptibility revealed behavior similar to
the thermal demagnetization result presented by McElhinny & Senanayake
(1980)); a low temperature component unblocked by ~200 °C, an intermediate
temperature component between ~300 - 500 °C, and a high temperature com-
ponent above ~600 °C (Figure@. We will call these three components as LC,
MC, and HC, respectively. AF demagnetization of the sample GL3-12 failed
to separate LC and MC, with remanence approached non-zero end-point by
~30 mT, indicating that MC was carried by relatively low coercivity phases
(Figure[J). In contrast, two samples (GL3-11, and 3-16) with high bulk sus-
ceptibility revealed three components below 600 °C, and unblocked almost
completely by 600°C (Figure E[) This behavior is similar to the results of
Herrero-Bervera et al. (2016). The first component unblocked by ~200 °C,
and we will also call this component as LC. The remaining two components
unblocked at ~250 - 350°C and ~500 - 590 °C, respectively. We will call
these two components as LMC and HMC, respectively. AF demagnetization
of GL3-16 revealed directions similar to LC, LMC, and HMC at 0 - 5, 5 -
60, and 60 - 150 mT, respectively (Figure @ Interestingly, this behavior is
similar to the AF demagnetization result of McElhinny & Senanayake, (1980)).
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They classified a component demagnetized in 5 - 40 mT as DFM, and 40 -
200 mT as DFH. Because they only presented single demagnetization plot,
it is not clear whether that was a typical behavior, or whether these compo-
nents were also recovered in thermal demagnetization. Here, we distinguish
LMC and HMC from MC or HC because their unblocking temperatures are
clearly different. Note that LMC and MC did not coexist in a single sample.

Typical characteristics of the components are summarized in Table
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The other samples can be described by the combination of LC, MC, HMC,
and HC. Site GL9-5 showed LC, MC, HMC, and HC and GL9-8 showed LC,
MC, and HMC. HMC and MC of these sites overlapped significantly, and
AF demagnetization cannot discriminate MC and HMC (Figure @ The site
GL3-15 was complicated. It exhibited three components LC, MC, and HC
similarly to GL3-12, but some specimens from GL3-15 revealed HC directions
nearly antipodal to those from the other specimens from the same site, even
though we only measured single hand sample of ~20 c¢m size from GL3-15
(Figure [9).

We filtered specimen data for maximum angular dispersion (MAD) smaller
than 15° or 20° to calculate site mean directions (Figure [10} Table [3). While
within-site dispersion was reasonable, the inter-site dispersion is was very
large, preventing the calculation of study mean directions for any compo-

nents.
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Figure 9: Representative orthogonal vector plots. Filled symbols represent horizontal pro-
jection, and open symbols represent vertical projection. Numbers indicate the demagneti-
zation steps in mT for AF demagnetization (AFD), or in °C for thermal demagnetization

(ThD).
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5. Discussion

5.1. Magnetic Mineralogy

Rock magnetic data showed that the columnar dacite exhibits a gradation
of behavior between two end-members: (1) higher susceptibility and lower co-
ercivity samples with dominant blocking temperatures at ~350 and ~590 °C,
and (2) lower susceptibility and higher coercivity samples with a dominant
blocking temperature at ~690°C (Figures . The high coercivity and
high blocking temperature phase is interpreted as hematite, and the block-
ing temperature at ~590°C as magnetite. Titanomagnetite and magnetite
were observed under SEM. Titanomagnetite shows an average Ti/Fe ratio
of ~0.14. Assuming titanomagnetite without maghemitization, this average
Ti content corresponds to a Curie temperature of 360 °C (Bleil & Petersen,
1982). So, we interpret that the unblocking temperature of ~350 °C reflects
the Curie temperature of titanomagnetite.

Microscopic observations indicate that the majority of (titano)magnetite
were originally crystallized from magma as phenocrysts (Figure . The
magnitude of low coercivity (< 0.12 T) IRM varies much more compared
to high coercivity (> 0.4 T) IRM. Such behavior is simply explained by the
abundance variation of the (titano)magnetite phenocrysts against relatively
uniform hematite background. This interpretation is consistent with the
petrologic observation that hematite is dispersed within groundmass (Nelson,
2001). The presence of (titano)magnetite phenocrysts is indicative of sec-
ondary origin of hematite, yet the exact formation process is not clear. Con-
sidering the good correlation among IRM intensity, unblocking temperature,

and coercivity (37 Table[I)), the abundance variation of (titano)magnetite
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Figure 10: Equal area projection of PCA directions. Small gray symbols in HC, MC,
LMC, and HMC represent specimen data. Site mean directions are shown in large sym-
bols for sites with sample number larger than 2, together with 95% Fisherian confidence
limit shown as dashed cones. Filled symbols represent lower hemisphere projection, and
open symbols represent upper hemisphere projection. Also shown are the mean direction

of DFM and DFH of (McElhinny & Senanayake, [1980)), together with 95% Fisherian con-

fidence limit shown as dashed cones. Small gray symbols represent site mean directions.
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phenocrysts is the main mechanism to cause the rock magnetic variations
within the columnar dacite.

SEM observations and triaxial IRM analyses showed that titanomagnetite
and magnetite co-occur regardless of the total abundance of (titano)magnetite
phenocrysts (Figures 4| and . The relative abundance between titano-
magnetite and magnetite may be qualitatively estimated from x(T") curves
by comparing the decrease at ~350°C and ~590°C. (Figure 3). When
compared with coercivity distributions (Figure , there is a tendency that
samples with higher contribution of magnetite exhibit lower coercivity (i.e.,
GL3-4 and GL9-6), indicating that magnetite has lower coercivity than ti-
tanomagnetite on average. This is supported by SEM observations showing
titanomagnetite as fine intergrowth with Ti oxide, while most magnetite as
large, discrete grains. The x(7") curves for the samples with low magnetic sus-
ceptibility show clear decrease at ~590°C and ~700 °C but not at ~350°C,
suggesting that these samples contain small amount of titanomagnetite rel-

ative to magnetite.

5.2. Paleomagnetism

Rock magnetic data corroborated with microscopic observations show
that the columnar dacite in the Duffer Formation generally contains three
magnetic minerals of titanomagnetite, magnetite, and hematite. Their re-
sponses to progressive demagnetizations should be different. Specifically,
thermal demagnetization by 400 °C should eliminate the contribution from
titanomagnetite, and above 600 °C the only hematite contribution would be
isolated. AF demagnetization would preferentially diminish the contribu-

tion from large magnetite. We combine this information with paleomagnetic
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results to infer the paleomagnetic remanence carriers.

5.2.1. Hematite component (HC)

HC unblocks above 600°C, and is hardly demagnetized up to 150 mT
(Figure @; Table , indicating that this component is carried by hematite.
McElhinny & Senanayake| (1980) interpreted that their DFH component is
carried by hematite, so one would expect the HC direction to be close to the
DFH direction. This correlation was not clear (Figure [10)); the HC shows
incoherent directions among sites, although within-site clustering is reason-
able. This is in sharp contrast with the results of McElhinny & Senanayake
(1980), where all the 6 sites revealed well-clustered DFH directions.

Because 4 out of 12 sites are likely to be affected by lightning strikes,
the other sites may be contaminated by IRM. Nonetheless, we argue that
lightning strikes alone is not adequate to explain the incoherent HC direc-
tions. The site GL3-15 revealed apparently antipodal HC directions. This is
difficult to be produced by lightning strikes, and more likely to result from
prolonged remanence acquisition over polarity reversal(s), supporting the sec-
ondary origin of hematite. The site GL3-12 includes three drill cores and a
hand sample collected from an area of ~6 m. All of them shows reasonably
coherent MC and HC directions. Thus, the HC as well as the MC direction
in GL3-12, which happens to agree with DFH, does not seem to be affected
by lightning strikes.

We also point out that the AF demagnetization behavior of HC is different
from that of DFH. McElhinny & Senanayake (1980) interpreted the compo-
nent demagnetized at 40 - 200 m'T as DFH carried by hematite. However, our

comparison between thermal- and AF demagnetization revealed that the re-
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manence of hematite (HC) is hardly demagnetized up to 150 mT (Figure [J).
Therefore, we infer that DFH originally defined by McElhinny & Senanayake

(1980) includes remanence carried by high coercivity (titano)magnetite.

5.2.2. (titano)magnetite components (MC, LMC, and HMC)

McElhinny & Senanayake, (1980) assigned only one component for titano-
magnetite except for an unstable overprint in their thermal demagnetization.
However, our data as well as those of |[Herrero-Bervera et al.| (2016)) revealed
that the Duffer Formation dacite contains titanomagnetite and magnetite
with Curie temperatures of ~350°C and ~590°C, respectively, and they
record distinct remanence directions. LMC unblocks sharply at ~350°C
(Figure 8), and we interpret that this component is carried by titanomag-
netite. On the other hand, MC and HMC extend up to ~500 °C and ~590 °C,
respectively, so we interpret that these components are carried by magnetite.

As discussed in the Magnetic mineralogy section, rock magnetic and mi-
croscopic data suggest that magnetite has lower coercivity than titanomag-
netite on average. This explains the observation that MC is not separated in
AF demagnetization and apparently demagnetized below 30 mT (Figure @
On the other hand, at least one sample (GL3-16) showed HMC in 60 - 150
mT, suggesting that some magnetite is of high coercivity.

It is also interesting to note that the AF demagnetization behavior of
GL3-16 is similar to the result presented by McElhinny & Senanayake| (1980).
They called a component demagnetized in 40 - 200 mT as DFH, which is
supposed to be carried by hematite. On the other hand, our data showed
that the component demagnetized at 60 - 150 mT was HMC carried by
magnetite (Figure 8), so we interpret that HMC is correlatebale to DFH
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even though it is carried by magnetite. High among-site dispersion prevent
paleomagnetic tests to constrain the age of HMC. Assuming the original
inference that DFH is a secondary component (McElhinny & Senanayake,
1980), our interpretation indicates that the columnar dacite contains high
coercivity and high unblocking temperature secondary magnetite, which can
be formed by alteration of mafic minerals (Figure [8p). This would limit the

use of this material in paleointensity studies.

5.2.3. Implications for the ‘primary’ remanence

The putative primary remanence DFM was reported from both thermal-
and AF demagnetization in 250 — 500 °C and 10 — 40 mT range, respectively
(McElhinny & Senanayake, 1980)). On the basis of unblocking temperature
and coercivity, they may be correlated with MC and LMC in our data (Table
2} Figure 8). Although MC and LMC are carried by different minerals of
magnetite and titanomagnetite, respectively, both oxide were observed as
magmatic crystals (Figure . While this does not provide evidence for the
age of DFM, it is consistent with the near primary age of the component.

Small number of successful sites and apparently high among-site scatter
prevent directional comparison among LMC, MC, and DFM, and suggest the
need for caution in interpretation. Nonetheless, if LMC corresponds to DFM,
and if they are nearly primary as suggested by |McElhinny & Senanayake
(1980)), clearly the rocks should not have experienced heating above ~350 °C
for ~3.47 billion years, and probably they have been kept below ~250°C to
explain the full range of the unblocking temperature. This would open a way
to test the age of the remanence through thermochronology. Using Ar ages

collected over a ~80 x 80 km area southwest from the columnar dacite, |Zegers
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et al.| (1999) showed that some sites have been kept below the Ar closure
temperature of hornblende (~500°C) for ~3.45 billion years. On the other
hand, many other sites revealed evidence for reheating at ~2.9 Ga, which
was attributed to the post tectonic granite intrusion in the Shaw Complex
(Bickle et all [1989). Lower temperature chronology is not available except
for single site within the Corunna Downs Complex which shows reheating
above 300°C at ~2.9 Ga (Zegers et al., 1999). More thermochronological
data from the area close to the columnar dacite can put constraints on the

oldest paleomagnetic record.

6. Conclusions

Despite of its massive appearance, the columnar dacite of the Duffer For-
mation is magnetically heterogeneous. Bulk magnetic susceptibility varies
by a factor of ~50, with low susceptibility sites dominated by hematite and
high susceptibility sites dominated by magnetite and titanomagnetite with
Curie temperature of ~350°C. Under SEM, titanomagnetite with Ti/Fe of
~(0.14 were observed as fine intergrowth with Ti oxide. Magnetite mainly oc-
curs as relatively large discrete grains. Two distinct grain size populations of
(titano)magnetite were also indicated in the bimodal coercivity distribution
below 100 mT.

Four remanence components were identified in thermal demagnetization:
MC that unblocks at 200 — 500°C, HC at ~690°C, LMC at 200 — 350°C,
and HMC at 500 — 590°C. Rock magnetic data indicate that these com-
ponents are carried by coarse-grained magnetite, hematite, titanomagnetite,

and fine-grained magnetite, respectively. Together with AF demagnetiza-
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tion results and rock magnetic data, we proposed more complex remanence
carriers than the original study of McElhinny & Senanayake (1980)); the sec-
ondary component DFH is likely to be carried by fine-grained magnetite as
well as hematite, and the putative primary component DFM may be car-

s0 ried by coarse-grained magnetite and titanomagnetite. Microscopic observa-
tions showed that coarse-grained magnetite and titanomagnetite are primary
crystals, although this does not necessarily indicate they preserve primary
remanence. The remanence directions of all components revealed higher
scatter than the previous studies, suggesting the need for caution in inter-

35 pretation. More systematic investigation is needed to identify representative
remanence directions. The low unblocking temperature of tittanomagnetite
(200 — 350°C) suggests that if their remanence is primary, the rocks must
have kept below ~250°C for ~3.47 billion years.
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