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Abstract

The influence of the cooling rate on paleointensity estimates was investigated for samples from a vertical profile across a 600 A.
D. obsidian lava flow ramp from Lipari, Italy. The natural cooling rates at the glass transition, which were previously determined
for the seven investigated samples by relaxation geospeedometry, vary by a factor of more than 4. Rock magnetic investigations
indicate a magnetic microlite fraction in the single-domain grain size range and strong magnetic anisotropy. The thermoremanence
anisotropy tensor was determined for each specimen to correct the paleointensity results for this anisotropy. The cooling rate
dependency of the thermoremanence was determined experimentally. Extrapolation to natural cooling rates indicate an
overestimate of the paleointensity by 13% to 20% during experiments with typical laboratory cooling rates. Correcting for the
different cooling rates and the cooling rate dependencies within the vertical profile, significantly reduces the standard deviation of
the average flow paleointensity. The average paleointensity for the 543±19 A.D. flow ramp results in 52.4±1.1 μT, corresponding
to a virtual axial dipole moment of 9.2±0.2 Am2. Uncertainties, introduced by anisotropy correction and cooling rate extrapolation,
are considered by error propagation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that determinations of paleointensity
provide important constraints on the evolution of the
Earth's magnetic field on geological and historical
timescales [e.g. 1–4]. In general, paleointensity values
are much more difficult to obtain than the paleomagnetic
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directional information of that field. Several mechanisms
can cause failure or bias in the determinations of absolute
paleointensity. Among these are magnetomineralogical
changes during geological time and laboratory treatment
[5], magnetic anisotropy of the remanence [6], magnetic
domain state bias affecting the different remanence
acquisition processes in nature and in the laboratory [7],
and different heating/cooling histories [8].

In order to overcome those inherent problems of
paleointensity determination, investigations have been
carried out to find an ideal paleointensity recorder. It has
been suggested that volcanic glass is such an ideal
material for intensity determination [e.g. 9,10]. In
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particular, Holocene submarine basaltic glass samples
show almost ideal properties regarding geological and
laboratory alterations as well as domain state [9].
Furthermore, they experience cooling histories compa-
rable to those in the laboratory. Magnetic remanence
carriers of volcanic glass samples of various ages are
found to be predominantly low-Ti titanomagnetites in
the single-domain (SD) size range [9,11–13]. Therefore,
a domain state bias to the most commonly used Thellier-
type paleointensity determination methods can be
excluded. Furthermore, such volcanic glasses appear
to be almost pristine, showing little evidence of
geological and laboratory alterations.

This finding, however, was questioned by Smirnov
and Tarduno [13]. Particularly for Cretaceous submarine
basaltic glass, these authors showed that significant
laboratory alteration biases the paleointensity determi-
nation. The resultant bias towards lower field values
might also explain the apparent difference between
paleointensity records from glasses and other volcanic
rocks older than 0.5 Ma [12,14,15]. It was suggested that
such alteration is related to the glass transition
temperature interval [13], which is the kinetic boundary
across which the glass properties change from that of a
solid (brittle deformation) to that of a (super-cooled)
liquid (viscous deformation). If this transition occurs
below the blocking temperature of the remanence,
laboratory heating steps can lead to an alteration of
magnetic minerals. This would not necessarily be seen in
the alteration checks typically used during Thellier-type
intensity experiments [13]. It is important to know,
therefore, the temperature interval across which the glass
transition occurs when selecting a sample for intensity
experiments.

If the natural cooling rate of the volcanic glass is
different from the laboratory cooling rates this will
significantly affect the reliability of paleointensity
values. It has been shown that the extent to which
ferrimagnetic particles acquire a natural remanent
magnetization (NRM) in the presence of an ambient
field is dependent on the cooling rate in the blocking
temperature interval [e.g. 8,16]. For SD particles, faster
cooling leads to weaker TRMs. Therefore, very slow
cooling rates relative to the laboratory timescales might
give paleointensity overestimates of more than 20%
[16]. For volcanic glass, significant differences in
cooling rate are to be expected depending on the
composition, volcanic facies and quenching environ-
ment. Known values for the natural cooling rate and the
cooling rate dependency of TRM would enable an
estimation of the possible bias and allow the paleoin-
tensity values to be corrected.
Natural cooling rates of vitreous materials can be
determined across the glass transition using relaxation
geospeedometry. This involves measuring the specific
heat capacity (cp) of the glass during several heating/
cooling cycles using a differential scanning calorimeter
(DSC). The variation of cp with temperature depends on
the cooling and subsequent heating rates. A single glass
transition temperature (Tg) can be defined for each
cooling and heating rate, for example as the temperature
at which the peak in cp occurs across the glass transition.
By modeling the cp curves where both cooling and
heating rate are known following the Tool–Narayanas-
wamy approach [17,18], using the procedure outlined
by [19], a set of sample specific parameters are obtained.
These are then used to model the cp curve measured on
initial heating of the sample, enabling the natural
cooling rate across the glass transition to be defined.

Bowles et al. [20] have already compared laboratory
cooling rates, used in paleointensity measurements, with
natural cooling rates, determined by relaxation geos-
peedometry, in Holocene submarine basaltic samples.
Since the differences in the cooling rates were negligible
they found no bias in the paleointensity determinations.

Here we present rock magnetic and paleointensity
results from slowly cooled, subaerial volcanic glass
samples, for which cooling rates have already been
determined by relaxation geospeedometry [21]. These
obsidian samples consist of a glassy matrix containing
microlites. The domain state, thermal stability, anisot-
ropy, and magnetic cooling rate dependency of the
ferrimagnetic microlites is determined. Using the natural
cooling rates obtained by relaxation geospeedometry,
the effect of cooling rate bias on paleointensity
determination is investigated and corrected for.

2. Sample description

Samples used in this study come from the Rocche
Rosse obsidian flow. This rhyolite flow was extruded
in the sixth century A.D., historic sources suggest
between 524 A.D. and 562 A.D., on the northern coast
of Lipari, Aeolian Islands, Italy [22]. In order to
investigate the cooling history of flow ramps,
unoriented samples were taken using a portable,
gasoline driven drill in a vertical profile 190 cm high
and 4 m wide. These samples were subjected to
mineralogical and calorimetric investigations [profile
P3RR, 21] to determine both Tg and the natural
cooling rates across the glass transition. Tg vary
between 675 and 705 °C. Specimens for the magnetic
study were taken from the same samples that were
used by Gottsmann and Dingwell [21], which
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comprise seven different vertical positions within a
flow ramp. Drill cores 5 mm in diameter were taken
from each cylinder and cut into two 4–5 mm long
pieces. One piece was subjected to a set of rock
magnetic measurements. The other was used for
paleointensity determination and then the anisotropy
of the thermoremanent magnetization (ATRM) and
the magnetic cooling rate dependency were analyzed.

2.1. Magnetic mineralogy and domain state

Rock magnetic measurements aimed to identify the
magnetic mineralogy and domain state. Isothermal
remanent magnetization (IRM) acquisition, hysteresis
loops, isothermal backfield curves at room tempera-
ture, and thermomagnetic curves (giving values for
the magnetic field, B, of 500 mT; and the maximum
temperature, Tmax, of 600 °C) were measured in that
order. After the thermomagnetic measurement, the
hysteresis and backfield measurements were repeated
in order to test the thermal stability of the samples. All
measurements were conducted using a Variable Field
Translation Balance (VFTB).

Thermomagnetic curves yield Curie temperatures
(TC) of ≈550 °C for all specimens. Heating and cooling
curves are reversible, indicating that alteration does not
occur. The pristine character of the specimens is further
supported by hysteresis and backfield measurements,
which are almost identical before and after the heating
experiment (Fig. 1a–c).

According to Day et al. [23] and Dunlop [24], the
domain state related ratios of coercivity of remanence
Fig. 1. Rock magnetic parameters across the obsidian flow profile. Plus sym
heating the sample to 600 °C; circles show post-heating results. Relative i
corresponding δ(t⁎)'s are shown in (d) as grey and black bars, respecti
thermomagnetic criterion [7]. The unblocking characteristic is shown in (e),
versus coercive force (Bcr /Bc) (Fig. 1b) and saturation
remanence versus saturation magnetization (Mrs /Ms)
(Fig. 1c) indicate average grain sizes in pseudo-single-
(PSD) to multi-domain (MD) ranges. However, with the
exception of the uppermost specimen, uniformly highBcr

are observed (Fig. 1a), pointing to a SD grain size range.
In order to clarify the magnetic domain state of the
remanence carrying particles, and thus the suitability of
the samples for paleointensity determination, magneti-
zation tails of partial thermoremanent magnetizations
(pTRM) were investigated. The magnitude of demagne-
tization tails is characteristic for the domain state [25–
27]. Tail measurements of pTRM were conducted in the
course of the Thellier-type experiments, using the
repeated demagnetization steps after pTRM acquisition
[28]. pTRM acquisition in Theller experiments is
different to the traditional pTRM definition, since the
maximum temperature at which a laboratory field is
applied is not reached from TC. Therefore, hereafter
pTRM⁎ is used as an abbreviation. The maximum
intensity differences between primary and repeated
demagnetization (δ(TR)) are shown as grey bars in
Fig. 1d. From this intensity difference and the angular
difference between the applied field and the natural
magnetization of the specimen, the extent of the ‘true’
tail of pTRM⁎ (δ(t⁎)) is calculated [7] and shown as
black bars in Fig. 1d. [7]. Leonhardt et al. related the
extent of δ(t⁎) to the thermomagnetic criterion [29]
and, thus, defined the domain size limits indicated in
Fig. 1d. In agreement with the high Bcr, the tails
provide evidence for the dominantly SD character of
the remanence carrying particles.
bols in (a), (b) and (c) denote hysteresis parameters measured prior to
ntensity differences in pTRM⁎ tail checks, measured at 530 °C, and
vely. Domain state estimates for the black bars are related to the
indicating sharp unblocking between 500 and 550 °C.
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Since the behavior of the magnetic remanence is
incompatible with the hysteresis ratios, Bcr /Bc and Mrs /
Ms, which are partly influenced by the induced
magnetization, the rock magnetic parameters suggest
that two types of magnetic microlites are present in the
samples. One type, microlite fraction A, is likely to be in
the single-domain grain size range (approx. 0.05 to 1 μm
for magnetite [30]) and carries the dominant part of the
remanent magnetization of the samples. The other type,
referred to as microlite fraction B, is in the multidomain
grain size range and affects the induced magnetization,
but has a minor effect on the samples remanent
magnetization.

The NRM unblocking temperature of around 550 °C
(Fig. 1e) indicates that the microlite fraction A is an
impure magnetite. Assuming that the impurity is Ti, the
unblocking temperature corresponds to a titanomagne-
tite Fe3−xTixO4 with x=0.05 [31] in the single-domain
grain size range. The magnitude of Bcr, which is also a
remanence parameter, is too high for equidimensional
particles and suggests that the particles are elongated
and that the magnetic stability is controlled by shape
anisotropy. A third alternative, not discussed in great
detail here, would be that the magnitude of Bcr is
controlled by stress. However, from the well studied
properties of the titanomagnetite solid solution series
[e.g. 32], it is very likely that this would necessitate
internal stress higher than 50 MPa. The narrow
unblocking temperature spectrum (Fig. 1e) indicates
that microlite fraction A is rather homogeneous in
terms of composition, grain size, and elongation within
each sample, again with the exception of the uppermost
sample.

Judging from TC, the multidomain grains of
magnetic microlite fraction B, which have a negligible
effect on the magnetic remanence, have the same
composition as microlite fraction A for our samples
from the Rocche Rosso flow. Large magnetite and
titanomagnetite microlites, on the order of several 10
to 100 μm in size, which would qualify as multido-
main particles, have been microscopically identified
in volcanic glasses [11,33].

These studies also found smaller microlites, equiv-
alent to our fraction A, in their silicic volcanic glass.
Geissman et al. [11] studied the Oligocene Mickey Pass
ash flow tuff, from the Basin and Range province,
western United States, and microscopically identified
single crystal, spinel structure Fe-oxides. These were
approximately 0.1 to 1 μm in size, with aspect ratios
from approximately 1 up to 0.16. Combined with the
magnetic properties of their samples (Bcr=40 to 60 mT,
TC=550 to 565 °C) these particles were identified as
single-domain and pseudo-single-domain magnetite
with minor amounts of Ti, Mg, Mn and Cr. There is a
clear trend to elongated particles. Schlinger et al. [33],
also working on samples from the Basin and Range
province, identified uniformly distributed, regular
shaped magnetite microlites (with minor amounts of
Ti, Cr, Mn). They observed large magnetite needles
(around 1 μm and larger) with a preferred orientation in
the same plane as the eutaxitic structures. For a sample
from the same stratigraphic level in the Tiva Canyon
member, Schlinger et al. [34] measured a coercive force
of Bcr=75.5 mT, which compares well with the Bcr of
our samples from Rocche Rosse, and identified clusters
of SD magnetite needles with a mean aspect ration of
0.07 and length of 0.57 μm.

The work discussed above suggests that the rock
magnetic parameters of our samples from the Rocche
Rosse flow might be anisotropic [see also 35]. Higher
values for Bcr might reflect longer, and therefore more
elongated needle shaped SD particles.

In summary, the ferrimagnetic microlites bearing the
remanence can be referred to as Ti-poor titanomagnetite
of homogeneous composition, characterized by domi-
nating SD behavior. Blocking temperatures are well
below Tg. The obsidian samples are thermally stable, at
least up to 600 °C. Despite an expected strong magnetic
shape anisotropy, the samples appear to be ideal
recorders of the past geomagnetic field.

2.2. Paleointensity determination

In order to determine the strength of the past
geomagnetic field, the samples were subjected to
Thellier-type paleointensity experiments. All paleointen-
sity determinations were conducted in a MMTD20
thermal demagnetizer. Laboratory fields of 30 μT were
used for allmeasurements,with a field accuracy of 0.1μT.
Intensity determinations were performed with the mod-
ified Thellier-technique MT4 [36], which is a zero-field
first method that includes the commonly used pTRM⁎
check, the additivity checks [37], and pTRM⁎-tail checks
[28]. Directional differences between the applied field
and the NRM of the pTRM⁎-tail check are taken into
account [7]. The pTRM⁎ checks were conducted “in-
field” after the demagnetization step. The laboratory field
was applied during heating and cooling. All determina-
tions were analyzed with the ThellierTool4.0 software
using the default criteria [36]. Results from two speci-
mens are shown in Fig. 2.

In general, the quality of the individual determina-
tions is very good. All measurements were analyzed
between 300 and 570 °C, comprising 11 successive data



Fig. 2. NRM/pTRM diagrams for two samples from the Rocche Rosse flow. The upper panels to the right show the orthogonal projection of
demagnetization steps, where open symbols represent projections on the vertical plane and solid symbols represent the horizontal plane. The
lower panels give the principle axes of the ATRM tensor with uncertainty ellipsoids. Both insets use the specimens' core coordinates. Sample
(a) is from the central part of the flow and cooled relatively slowly, (b) is the lowermost sample from the profile and cooled more rapidly.
Intensity results are given for uncorrected, ATRM corrected and ATRM plus cooling rate (CR) corrected analysis. Note that the uncertainty for
each value is calculated by error propagation.
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points and a NRM fraction fN96%. Only sample P3RR-
1 (33 cm) has a slightly lower f of 78%, which is related
to a weak overprint below 250 °C (Fig. 1e). Magneto-
mineralogical changes monitored by pTRM⁎-checks are
virtually absent (DRATb2.4% for all specimens).
Quality factors qN9 are primarily affected by the
relatively low gap factor g ≈64%, which in turn are
related to the sharp unblocking of the remanence
between 520 and 550 °C.

2.3. Magnetic anisotropy

A rock's ability to acquire a magnetization in a
magnetic field can depend on the direction of this
field. All natural rocks are to some extent magneti-
cally anisotropic, which means that their magnetic
properties vary with direction. Since the thermorem-
anence acquired in a weak field is proportional to the
field strength, an anisotropy tensor can be determined
for the TRM.

The anisotropy tensor of the thermoremanent mag-
netization (ATRM) was measured by imparting TRMs
using in-field heating/cooling cycles to 570 °C subse-
quently in +z, +y, +x, −x, −y, and −z direction. Here, it
is assumed that the anisotropy ellipsoid of the TRM is
characteristic for the analyzed temperature interval
during paleointensity analysis. This is justified by the
fact that even the ratio Blab ·NRM/TRM [38] would



Fig. 3. TRM of individual samples from the profile measured before
and after (cooling rate experiment) ATRM determination. The fact that
there is very little deviation between the two measurements
emphasizes the pristine character of the samples.
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result in similar intensity values to those obtained by the
Thellier method. The measurements are analyzed
principally following the approach of Veitch et al. [6].
After determination of the ATRM tensor, the direction of
the ancient field (Hanc) is calculated.

Hanc ¼ ATRM−1d MChRM

jATRM−1d MChRMj
ð1Þ

MChRM is the characteristic magnetization of the
segment analyzed in paleointensity determination. The
scaling factor fATRM, used to adjust the measured
paleointensity, is finally obtained by the relationship
between ancient magnetization acquisition and labora-
tory magnetization acquisition in dependency of the
ATRM tensor (see also [39]).

fATRM ¼ jATRMd Hancj
jATRMd Hlabj ð2Þ

Then the ATRM corrected paleointensity value
HATRM is given by:

HATRM ¼ fATRMd H ð3Þ
In order to estimate the effect of measurement

uncertainties, the scaling factor fATRM was not only
determined from the averaged axes components but also
from separate positive (+x, +y, +z) and negative (−x,
−y, −z) measurements. The uncertainty of fATRM is then
obtained by σ(fATRM)= |fATRM

pos − fATRMneg | / 2. In order to
test for possible alteration during the subsequent TRM
acquisitions, the +z step was repeated after the ATRM
determination. A comparison of these two +z acquisi-
tions indicates that little alteration occurred (Fig. 3).

The anisotropy of the investigated glass samples is
very strong. Anisotropy factors P are generally above 2
(Fig. 4a). The resultant scaling factors fATRM range from
0.95 to 1.3 (Table 1). Correcting with fATRM signifi-
cantly decreases the variation of paleointensity across
the profile (Fig. 4b, Table 1).
2.4. Cooling rate dependency

After application of the ATRM correction, one might
expect that the resulting paleointensity variation across
the profile might already reflect the differences in
natural cooling rates (Fig. 4d). The cooling rate
dependency of TRM acquisition, however, is not
constant, but related to the domain state and magnetic
interactions [40]. Theoretically [16,41] and experimen-
tally [8,40] it was found that an assemblage of identical,
non-interacting SD particles acquires a larger TRM
during slower cooling. Negative interactions and/or MD
kinetics, however, lead to a lower TRM after slower
cooling rates [40].

Rock magnetic measurements indicate a SD
dominance in the samples from Rocche Rosse but
small variations of δt⁎ across the profile also
emphasize that the domain state is not homogeneous.
Therefore, following the ATRM determination, all
specimens were subjected to magnetic cooling rate
dependency investigations. In a first step, the TRM
was acquired in a fast heating/cooling cycle (TRMf,l)
with a cooling rate of ≈240 K/min, which was also
used for the paleointensity determinations. In a second
step, the in-field heating/cooling cycle was repeated
with a 34 times lower cooling rate of 7.1 K/min
(TRMs,l). Finally, the fast heating cooling cycle was
repeated in order to check for any alterations during
the experiments (Fig. 3).

Fast cooling was achieved using the MMTD20
furnace with a built in cooling fan, slow cooling was
undertaken without fan support. The laboratory cool-
ing rates need to be determined across the same
temperature interval as the glass transition, i.e.
between 700 and 650 °C for our samples. The cooling
rates of our furnace in this temperature range were
determined by placing basaltic dummy samples
within the sample holder, and monitoring the
temperature decrease, indicated by the thermocouple,
versus time. The obtained cooling rates are thought to
be a good approximation for the TRM experiments on
the glasses that were only heated to Tmax=570 °C.



Fig. 4. Intensity determinations and parameters related to ATRM and cooling rate correction across the sampled profile. (a) Shows the magnetic
anisotropy factors P, which are all above 2, indicating strong magnetic anisotropy. (b) Depicts uncorrected intensity determinations (squares) and
ATRM corrected paleointensities (triangles). Also shown is the average ATRM corrected intensity and its corresponding uncertainty. (c) The
magnetic cooling rate dependency, expressed by the ratio of TRM acquisition between slow and fast laboratory cooling rates. (d) Natural cooling rates
obtained by relaxation geospeedometry. (e) Paleointensity values corrected for both the ATRM and the magnetic cooling rate dependency using the
natural cooling rates together with the non-weighted average intensity and its uncertainty.
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The TRM intensity is 5% to 10% larger for slow
cooling experiments (Fig. 4d), as would be expected
for a non-interacting SD assemblage [16,41]. The
cooling rate dependency is not uniform across the pro-
file. TRMs,l /TRMf,l decreases with profile depth. This is
in agreement with the tail-related domain state analysis,
which also yields a slight increase in average domain size
with depth (Fig. 1d). Thus, a simple correlation of ATRM
corrected paleointensities with natural cooling rate
differences in the vertical profile is not seen (Fig. 4b,
d). In order to correct the obtained paleointensities for the
natural cooling rates, one has to extrapolate the magnetic
cooling rate dependency to the natural cooling rates as
Table 1
Paleointensity results and correction factors

Depth 1(cm) Specimen T range (°C) f g q H (μT)

33 p3rr-1 300–570 0.78 0.57 9.1 62.9±3
56 p3rr-2 300–570 1.00 0.62 9.7 65.6±4
76 p3rr-3 300–570 0.96 0.61 8.6 49.0±3
96 p3rr-4 300–570 0.99 0.64 19.8 47.8±1
120 p3rr-5 300–570 0.98 0.67 26.2 52.8±1
150 p3rr-6 300–570 1.00 0.67 26.2 55.9±1
170 p3rr-7 300–570 0.98 0.68 67.6 48.7±0
Arithmetic average: 54.7±7
Weighted average:

T range specifies the temperature range of the straight line segment used for
and the quality factor (q) were calculated according to Coe et al. [51]. H,
uncertainties for the uncorrected, ATRM corrected and ATRM plus coolin
determined by error propagation and include the scatter about the straight lin
uncertainty related to the cooling rate correction factor (fCR). Also shown are
Using 1 /σ as a weighting parameter, the weighted average and uncertainty
determined by relaxation geospeedometry. For this
purpose, the laboratory measured TRMf,l and TRMs,l,
both normalized to TRMf,l are plotted versus ln(Ṫf,l / Ṫ )
(Fig. 5). A linear relationship between those parameters
is to be expected if the remanence is carried by non-
interacting SD particles, which are dominantly blocking
close to the respective blocking temperature [16]. These
conditions are fulfilled for our specimens (Fig. 1d,e). For
uncertainty analysis, we estimated the inaccuracy of the
laboratory cooling rate determination. A conservative
estimate of these errors is 10% for fast cooling and 5%
for slow cooling. The relative TRM differences between
initial and repeated TRMf,l are assumed to represent the
fATRM HATRM (μT) fCR HATRM,CR (μT)

.1 0.951±0.018 59.9±4.2 1.130±0.011 52.9±4.3

.2 1.019±0.030 66.8±6.1 1.216±0.024 54.9±7.0

.3 1.154±0.009 56.5±3.8 1.152±0.010 49.0±4.4

.5 1.285±0.044 61.4±3.6 1.186±0.018 51.7±4.8

.3 1.160±0.009 61.2±1.8 1.187±0.033 51.6±3.8

.4 1.145±0.006 64.0±1.7 1.111±0.034 57.6±3.9

.5 1.152±0.025 56.1±1.7 1.124±0.036 49.9±3.7

.2 60.8±3.8 52.5±2.9
52.4±1.1

intensity determination. The fraction of the NRM (f), the gap factor (g)
HATRM and HATRM,CR are the paleointensity values with associated
g rate (CR) corrected determinations, respectively. Uncertainties are
e segment, the uncertainty of the ATRM scaling factor (fATRM) and the
arithmetic averages of the intensity values and associated uncertainties.
for the HATRM,CR are given.



Fig. 5. Cooling rate correction using the laboratory measured cooling
rate dependency (solid symbols) and related uncertainties, as well as
the linear extrapolation to the natural cooling rate obtained by
relaxation geospeedometry (open symbols). (a) Shows a rapidly cooled
specimen from the boundary of the flow (33 cm), (b) depicts a slowly
cooled sample from the central part (120 cm).
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possible inaccuracy of magnetization determination for
both TRMf,l and TRMs,l. These error estimates allow for
a minimum/maximum error propagation towards the
natural cooling rates (Fig. 5). The obtained fCR on the
TRM/TRMf,l axis is then used to correct the paleointen-
sity values (Table 1).

HATRM;CR ¼ HATRM

fCR
ð4Þ

The final paleointensities are significantly lower than
the ATRM corrected values. Furthermore, the applica-
tion of this correction scheme leads to a reduction of the
within-profile arithmetic standard deviation of paleoin-
tensity (Table 1, Fig. 4e) in comparison to the ATRM
corrected values.
3. Discussion and conclusion

Calorimetric measurements of volcanic glass provide
two important physical boundary values for the analysis
of absolute paleointensity. First, the glass transition
temperature (Tg) can be defined, which indicates the
transition of viscous (liquid-like) to brittle (solid-like)
stress compensation. The glass transition needs to be
well above the blocking temperature of the magnetic
remanence bearing minerals. If the glass transition
occurs at temperatures below the magnetic blocking
temperature during primary cooling of the volcanic
glass, a reorientation of thermally acquired magnetic
moments can occur. Therefore, one cannot unambigu-
ously assume the remanence being exclusively carried
by a TRM. This violation of Thellier's first law
precludes successful paleointensity determinations. Tg
for our investigated samples (675 to 705 °C) are well
above the blocking temperatures (∼550 °C). Therefore,
at least according to this criterion, the samples are
suitable for paleointensity determinations.

A number of relaxation geospeedometry measure-
ments on natural volcanic glasses of different compo-
sition and volcanic facies revealed Tg ranging from
below 450 to 750 °C [42–46]. Furthermore, the
structural properties of volcanic glasses may change
considerably on geological timescales, since glasses are
thermodynamically unstable and tend to devitrify. In
particular, hydration can lead to a lowering of Tg.
Apparently low Tgb450 °C were found in Cretaceous
submarine basaltic glasses [13]. During paleointensity
experiments these glasses underwent partial melting and
a neocrystallization of ferrimagnetic particles leading to
an increase pTRM⁎ capacity and thus a bias towards
lower paleointensity values. This emphasizes the
necessity to know Tg for paleointensity determinations,
which can be determined, for example, by calorimetric
measurements or from monitoring alterations by
hysteresis measurements [13].

The second important piece of information that can
be obtained from calorimetric measurements is the
natural cooling rate through the glass transition. This is
necessary to correct the intensity determination con-
ducted on laboratory timescales. To date cooling rates of
natural glasses through this transition have been found
to range from 140 to 0.001 K/min. The highest values
were measured in rapidly cooled pahoehoe crusts [46].
The lowest values were obtained in spatter-fed lava
flows [45] and welded tuffs. Fast cooling during
paleointensity determination results in cooling rates
comparable to the upper limit of the naturally observed
rates, in our experimental setup ≈240 K/min in a
temperature range similar to that of the glass transition.
Such high natural cooling rates, comparable to the
laboratory rates used for paleointensity determination
were observed for submarine basaltic glass [20]. The
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natural cooling rates for the Rocche Rosse obsidian flow
investigated here are considerably smaller, ranging from
0.18 to 0.04 K/min. Such low cooling rates, compared to
those of the laboratory, would lead to paleointensity
overestimates of 12% to 22% (Table 1) and thus to a
significant bias of the paleointensity determination
towards higher geomagnetic field values.

Our investigated samples yield 5% to 10% larger
TRM acquisition values using a factor of 34 lower
laboratory cooling rates. Such values are typically
expected for SD behavior [16,41]. This domain state
estimate of the remanence contributing magnetic grains
is further documented by the small extent of the
magnetization tails recorded during the Thellier experi-
ments. Based on these two independent measurements
we conclude that the remanence of the obsidian from the
Rocche Rosse flow is dominated by SD behavior,
similar to that observed in many other studies on
volcanic glass [e.g. 9,11,13,34]. Such SD character-
istics, however, are not found by bulk rock magnetic
measurements. Hysteresis properties are affected by a
few large grains, thus resulting in PSD/MD grain size
range. These large grains, however, do not significantly
affect the remanence acquisition and therefore they do
not affect the paleointensity determination either.

ATRM determinations indicated a very strong
magnetic anisotropy, which is likely to be related to
these elongated magnetic particles. The strong magnetic
anisotropy leads to intensity deviations of up to 30%,
which is dependent on the angular difference between
laboratory and natural field acquisition. For paleointen-
sity determination, such anisotropy can be accounted for
in two ways: either the ATRM tensor is determined and
the intensity determinations are corrected, as performed
here, or field deviations are minimized by conducting
the pTRM⁎ acquisition steps parallel to the NRM of the
sample.

High Bcr values are commonly observed in volcanic
glass, both in silicic [11,47] and in basaltic glasses
[13,48–50]. As outlined already, such high values of
Bcr are incompatible with equidimensional Ti-poor
titanomagnetites. The presence of a magnetic anisot-
ropy affecting the remanence acquisition, both in
nature and in the laboratory, can lead to large
deviations between individual paleointensity determi-
nations of the same rock, simply because the magnetic
fields are differently oriented with respect to the
anisotropy tensor. In addition to other mechanisms,
like strong local field anomalies, such an anisotropy
related intensity bias might at least partly affect large
intensity deviations found in recent submarine basaltic
glasses [49]. Hence, we suggest that ATRM tensors
should be routinely determined in paleomagnetic
analysis of volcanic glass.

Both the corrections for anisotropy and the cooling
rate difference involve additional measurements and
thus also additional sources of uncertainties which
finally affect the resultant paleointensity values. In order
to account for uncertainties related to the ATRM
experiment, the correction factor fATRM is determined
both from only positive and only negative axes
measurements. This technique allows deviations in
sample orientation and magnetomineralogical changes
between those measurements to be estimated. Avoiding
a full treatment of tensor uncertainty analysis, this
provides a reasonable method to estimate uncertainties
related to measurement redundancy. In addition, the
extrapolation towards the natural cooling rate is affected
by uncertainties. The quality of any extrapolation is
heavily dependent on the accuracy of the primary data
and validity of the function used for extrapolation. The
linear extrapolation in Fig. 5 is justified for the narrow
unblocking spectra of our samples [16]. Uncertainties in
the laboratory cooling rate and in the TRM acquisition
experiment are conservative estimates. An extrapolation
of these uncertainties towards the natural cooling rates
(Fig. 5) gives a realistic upper limit for the error
associated with our cooling rate correction. The
accuracy of individual paleointensity determinations is
related to the overall uncertainty, σ, which is the sum of
the uncertainties caused by deviations from the straight
line segment, fATRM correction and fCR correction.
Therefore, 1 /σ is used as a weighting parameter to
determine the weighted average paleointensity of the
Rocche Rosse flow.

The investigated obsidian flow, historically dated to
543±19A.D., reveals an intensity of 52.4±1.1μT,which
corresponds to a virtual axial dipole moment (VADM) of
9.2±0.2 ·1022 Am2. This VADM is slightly lower than
the dipole moments obtained in archeomagnetic data
(westernEurope) from460A.D. (9.8 ·1022Am2) and 725
A.D. (10.1 ·1022 Am2) [1]. Our study shows that, along
with archeological material, volcanic glasses can be
particularly suitable for the reconstruction of historic
geomagnetic field variations. At least the silicic glass
samples from the Rocche Rosse flow have almost ideal
properties regarding paleointensity determination.
Whether such ideal properties are generally found in
silicic glasses, however, needs to be tested on a larger
collection of samples.Despite having not been conducted
in our investigation, it is also possible to obtain the
direction of that field by taking oriented samples. This is
not possible for potsherds, which are the most widely
used archeological material for intensity determination.
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Deposits of volcanic glasses occur globally and can be
very well dated, sometimes even by radiocarbon ages
[e.g. 45]. Finally, volcanic rocks recorded the arche-
omagnetic field at the place of their occurrence. In
contrast, some archeological materials might have been
transported over long distances from the placewhere they
originally acquired their TRM.
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