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Recently, many new methods and improved protocols to determine the absolute paleointensity of lavas
reliably have been proposed. Here we study eight recent flows from three different volcanic edifices (Mt.
Etna, La Palma and Hawaii) with the so-called multispecimen parallel differential pTRM (MSP) method
including the recently proposed domain-state correction (MSP-DSC) (Fabian and Leonhardt, 2010). Sur-
prisingly, apart from approximately correct paleointensity values, we observe major underestimates of
the paleofield. These deviations are possibly related to alteration that is not revealed by rock-magnetic
analysis. We explore the potential of high-resolution acquisition curves of the anhysteretic remanent
magnetization (ARM) to detect subtle alteration in the samples. It appears that assessing changes in
the ARM acquisition properties before and after heating to the desired MSP temperature discriminates
between underestimates and approximately correct estimations of the paleofield in the outcomes of
the MSP-DSC protocol. By combining observations from the domain-state corrected MSP protocol and
ARM acquisition experiments before and after heating, an extended MSP protocol is suggested which
makes it possible to assess the best set temperature for the MSP-DSC protocol and to label MSP results
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as being approximately correct, or an underestimate of the paleofield.
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1. Introduction

During the last decade several refinements of and alternative
methods to the classic Thellier-Thellier-style paleointensity proto-
col (Thellier and Thellier, 1959; Coe, 1967) have been proposed (e.g.
PTRM-tail checks (Riisager and Riisager, 2001); additivity checks
(Krasa et al., 2003); the ‘IZZI' protocol (Tauxe and Staudigel,
2004); microwave techniques (Hill and Shaw, 2000); single crystal
analyses (Cottrell and Tarduno, 1999); the multispecimen approach
(Dekkers and Bohnel, 2006; Fabian and Leonhardt, 2010) and the
Wilson method (Muxworthy, 2010)). Most of these so called abso-
lute paleointensity methods rely on heating samples to correlate
the magnitude of imparted (partial) thermal remanent magnetiza-
tions ((p)TRMs) to natural remanent magnetizations (NRMs).
Samples that are heated, however, are prone to alteration, either
thermochemically or in their magnetic domain state. Using the
correct temperature or range of temperatures in absolute paleoin-
tensity experiments to avoid these alterations is critical to the
outcome. Determining this temperature or temperature range for
which the paleointensity method yields the correct answer inde-
pendently of the paleointensity experiment, if it exists, is a major
challenge.
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In this study we subjected samples from eight recent flows
within the realm of the international geomagnetic reference field
(IGRF) from three different volcanic edifices to detailed rock-
magnetic analyses, assessing both high- and low-field magnetic
properties as a function of temperature, before applying the do-
main-state-corrected multispecimen parallel differential pTRM
(MSP) paleointensity method (Dekkers and Béhnel, 2006; Fabian
and Leonhardt, 2010). The temperature used in the MSP paleoin-
tensity experiments does not indicate any alteration in the samples
in the rock-magnetic analyses, however we find a range of paleoin-
tensity values from —42.6% to +5.5% of the appropriate IGRF value.
Apparently the rock-magnetic analyses are not capable of diagnos-
ing all possible alterations. Here we assess the potential of anhys-
teretic remanent magnetization (ARM) as an additional check for
alteration as a consequence of laboratory heating. ARM is a rema-
nence type that has a high resolving power for the small grains of
interest here, in the single domain (SD) and small pseudo single
domain (PSD) realms. Before and after heating, samples are given
ARMs in increasingly stronger alternating fields generating de-
tailed ARM acquisition curves enabling visualization of subtle
changes in the samples.

2. Geological setting

Samples were collected from three different volcanic edifices:
Mt. Etna, Italy (extensively studied to test various paleointensity
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Table 1

Site locations and reference data.
Site Year Latitude (N) Longitude (E) GPS error (m) IGRF (dec) IGRF (inc) IGREF (int)
ET-23-2 1923 37°51'13.51” 15°6'51.19” 4 —5°40’ 52°46' 423
ET-71-3C 1971 37°45'11.00” 15°5'12.59” 4 —0°38’ 53°40’ 439
ET-79-1 1979 37°44'26.77" 15°5'58.1" 5 0°20 53°10 44.1
ET-83-4A 1983 37°41'42.37" 14°59'28.15" 6 —0°26' 52°59 44.2
LP-1 1949 28°36'4.05" —17°5314.91” 4 —14°32' 44°30 394
HW-14B 1955 19°23'56.28" —154°55'8.82" 3 10°55’ 36°55 36.2
HW-17A 1960 19°30'25.44" —154°50'27.78" 5 10°56’ 37°117 36.2
HW-37 1926 19°11'30.72" —155°51'56.28" 4 10°16’ 36°29 36.6

From left to right: sites (ET = Etna, LP = La Palma, HW = Hawaii), ages (year AD), locations with GPS error and international geomagnetic reference field
(IGRF) reference data (dec = declination; inc = inclination; int = intensity) for the sites used in this study.

methods (Tanguy, 1975; Hill and Shaw, 1999; Calvo et al., 2002;
Speranza et al., 2006; Biggin et al., 2007a,b)); the 1949 eruption
of Cumbre Vieja, La Palma, Canary Islands, Spain (Valet et al.,
2010); and three sites on the ‘Big Island’, Hawaii, USA (Coe,
1978; Mankinen and Champion, 1993; Hill and Shaw, 2000;
Yamamoto and Tsunakawa, 2003; Herrero-Bervera and Valet,
2009; Bohnel et al., 2011). GPS coordinates and full vector IGRF
data of our sites are in Table 1; we briefly describe them below.

Here we use four sites of Mt. Etna: the 1923-flow, sampled at
the Northwestern flank near the town of Linguaglossa (site ‘ET-
23-2"); the 1971 flow (site ‘ET-71-3C’) and the 1979-flow (site
‘ET-79-1"), both sampled on the Eastern flank near the town of For-
nazzo; and the 1983-flow, sampled on the Southern flank, North of
Nicolosi. The 1923 and the 1971 flows were also studied by Hill
and Shaw (1999); the samples of the 1979 and 1983 flows were
taken near sampling sites of Biggin et al. (2007b). Those studies
primarily used the microwave paleointensity technique and di-
vided the samples in three groups based on rock-magnetic proper-
ties. Based on location and rock-magnetic properties, three of our
Etna sites can be related to sites or samples from the aforemen-
tioned studies.

Site ET-71-3C can be associated with Hill and Shaw’s sample
1971-9, which yielded a paleointensity of 39.8 uT, an underesti-
mate of the expected value of 43.9 uT of 10%. Our site ET-79-1
can be related to Biggin et al.’s 1979 site, which yielded an average
paleointensity of 42.6 uT, in good agreement with the expected
IGRF value of 44.1 uT. Based on rock-magnetic properties we can
relate site ET-83-4A to Biggin et al.’s ‘L-type’ 1983 samples, which
generally yield underestimates of up to 25% of the expected paleo-
intensity of 44.2 uT. Only site ET-23-2 cannot be reliably associ-
ated with either Hill and Shaw’s sample 23-4 which yielded a
paleointensity of 28.7 uT, or sample 23-8 which yielded 47.3 uT.
The IGRF value for ET-23-2 is 42.3 puT.

Previous paleointensity studies on La Palma concentrated pri-
marily on older events exposed in the Northeast of the island:
the Matuyama-Brunes reversal (Brown et al., 2009; Valet and
Soler, 1999) and a Miocene excursion of the geomagnetic field
(Leonhardt et al., 2000). Valet et al. (2010) presented paleointensi-
ty results for sub-recent lava flows on La Palma. For this study, we
sampled the 1949-flow erupted by the San Juan vent of the Cumbre
Vieja volcano, near the village of Todoque, the IGRF value for this
site (‘LP-1") is 39.4 uT.

Of the three Hawaiian lavas included in this study, one - the
Mauna Loa 1926 flow (site ‘HW-37') - was sampled along the
Hawaii Belt road at the Western side of the island of Hawaii.
The other two flows are from the Kilauea volcano and were sam-
pled on the Southeastern side of the island: the 1955 flow was
sampled just South of the town of Kalani (site ‘HW-14B’) and the
1960 flow at the Eastern-most tip of the island (site ‘HW-17A").
Both the 1955 and 1960 flows have been subject to several paleo-
intensity studies, using samples from different sites from these
flows and using different paleointensity techniques (Coe, 1978;

Mankinen and Champion, 1993; Hill and Shaw, 2000; Yamamoto
and Tsunakawa, 2003; Herrero-Bervera and Valet, 2009; Bohnel
et al.,, 2011). The results of various paleointensity methods applied
to the 1955 flow generally yield slight underestimates of the ex-
pected paleointensity of approximately 36 puT, but mostly within
10% of the expected value. For the 1960 flow, results from the
aforementioned studies generally trend towards overestimates of
the expected paleointensity, except for most results of the micro-
wave technique (Hill and Shaw, 2000) which show slight underes-
timates. Our site HW-17A was sampled just centimeters apart from
Yamamoto and Tsunakawa’s (2003) samples B1-7. For this specific
site they reported an average paleointensity of 58 uT (using the
Coe-Thellier paleointensity protocol (Coe, 1967)), an overestimate
of 60% with respect to the expected IGRF value.

Sites in this study were selected based on observed slight
overestimates and severe underestimates from a larger data set
containing sampled flows in the volcanic edifices of Mt. Etna, La
Palma, and Hawaii. Although other sites from this data set were
not subjected to such a detailed rock-magnetic analysis as the
flows described in this paper, the sites presented here resemble
typical behavior determined throughout the data set.

3. Methods
3.1. Sampling

Typically, 12-18 cores of 3-8 cm length and 2.5 cm diameter
were drilled at each site, using a petrol-powered drill. At least eight
samples per site were oriented, using both a magnetic and a sun
compass. Where possible, sampling was done in fresh road-cuts.
Solid parts of the flows were sampled, typically 0.5-1.5 m below
the top of the massive part of the flow. The cores were taken just
centimeters apart, to ensure as much homogeneity among the
samples as possible.

3.2. Demagnetization of the NRM and rock-magnetic analyses

To assess the suitability for paleointensity experiments, first the
samples’ NRM was demagnetized both thermally and by alternating
field (AF) demagnetization. Typically three specimens were pro-
cessed thermally and 3-7 with AF demagnetization, per site. The
thermal demagnetization experiments were done using a 2G DC-
SQUID magnetometer (dynamic range 3 x 107!2-5 x 107> Am?,
typical sample intensities were at the upper end of the dynamic
range of the instrument) and an ASC TD48-SC thermal demagnetizer
(residual field < 20 nT). The samples were generally demagnetized
to above their maximum unblocking temperature in 10 tempera-
ture steps. The static three-axis AF demagnetization experiments
were done with a robotized 2G DC-SQUID magnetometer (with
the same specifications as mentioned above), with three orthogonal
sets of AF demagnetization coils in line with the robot system. In up
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to 20 field steps the samples were demagnetized down to a few per-
cent of their NRM at 100 mT.

These experiments also served to select a suitable temperature
for the MSP paleointensity experiments (from now on referred to
as the ‘set temperature’): a significant amount of the NRM should
be demagnetized at that temperature, while avoiding chemical
alteration of the samples. To assess the chemical alteration tem-
perature the samples were subjected to thermomagnetic analysis
in air with a modified horizontal translation Curie balance
(Mullender et al., 1993). The magnetization was measured as a
function of temperature during several temperature cycles up to
increasingly elevated temperature (heating and cooling rate
10 °C/min). Furthermore the magnetic susceptibility of the sam-
ples was measured as a function of temperature on an AGICO
KLY-3S susceptometer with a CS-3 furnace attachment (measure-
ment frequency 976 Hz, field strength 400 A/m peak level, noise
level 2 x 1077 SI, typical signal at least 3 orders of magnitude high-
er). Analysis was done in air with a ‘medium’ heating rate implying
heating and cooling of ~10 °C/min. Again, the samples were sub-
jected to several temperature cycles to increasingly higher temper-
ature. The highest temperature reached in the last thermal cycle
that shows reversible behavior, during both the magnetization
and susceptibility versus temperature runs, will be referred to as
the ‘alteration temperature’ of that sample. It is considered
the highest temperature that can be used in paleointensity
experiments.

To get insight in the magnetic domain state of the flows, at least
three samples per site were used to assess the high-field rock-mag-
netic properties on a Princeton instruments alternating gradient
force magnetometer (PMC Model 2900, instrumental noise le-
vel <2 x 107® Am?, typical signals at least 4 orders of magnitude
higher). Both hysteresis loops (maximum field 1 T) and back-field
remanence curves were measured to obtain all parameters needed
for a so-called Day-plot: saturation magnetization (M), remanent
saturation magnetization (M), coercive force (B;) and remanent
coercive force (Bc).

3.3. Paleointensity determination

For the determination of the paleointensity the MSP-DSC proto-
col was used (Dekkers and Bohnel, 2006; Fabian and Leonhardt,
2010). In the classical MSP paleointensity method (Dekkers and
Bohnel, 2006) an in-field heated pTRM is imparted in several sister
samples using different DC fields aligned parallel to the NRM of the
sample. All samples are heated to the same temperature and are
treated just once. The DC field for which the pTRM is equal to
the NRM of the sample is considered to be the paleofield. To deter-
mine this DC field, the ratio of the pTRM to the NRM is calculated
per sample: (P TRM-NRM)/NRM. These ratios are plotted as a func-
tion of the DC field used for that sample, the field strength for
which the linear fit to the data intersects the x-axis (where
(pPTRM-NRM)/NRM changes sign) is the estimated intensity of the
paleofield. To have a well defined intersection of the fitted line
and the x-axis, a comparatively steep-sloped line fit with a reason-
ably narrow uncertainty envelope is desirable, since the percent-
age of the NRM that is removed at the set temperature used in
the experiment largely determines the slope of the fit in the MSP
plot, it is important to choose a set temperature for which a suffi-
cient amount of the NRM is removed.

Recently, Fabian and Leonhardt (2010) showed experimentally
that the original claim of domain-state independence by Dekkers
and Bohnel (2006) was not entirely correct. Furthermore, the clas-
sical MSP protocol suffers from tail effects associated with impart-
ing a pTRM. Fabian and Leonhardt (2010) proposed an addition to
the classic MSP protocol to correct for these tail- and potential
domain-state effects. Their extended protocol includes three extra

heating steps to quantify potential tail effects introduced while
imparting the pTRM during the MSP experiment (note that the first
step is equal to the MSP experiment of Dekkers and Bohnel (2006)).
The phenomenological model of Fabian and Leonhardt (2010)
predicts that these tail effects always lead to an overestimate of
the paleointensity in the classical MSP protocol. Although the three
extra heating steps (step 2 with the DC field applied antiparallel to
the NRM; step 3 heating in zero-field, cooling with the DC field ap-
plied parallel to the NRM; and step 4 a repeat of the first heating
step of the experiment, with the field applied parallel to the
NRM of the sample) introduce potential bias due to magnetic treat-
ment history, the experiments of Fabian and Leonhardt (2010) on
synthetic samples of different grain sizes yield very good results.
We applied the extended protocol (further referred to as MSP-
DSC, in which DSC stands for ‘domain state corrected’) to our sites,
with the fraction « (Fabian and Leonhardt, 2010) set to 0.5. Follow-
ing the nomenclature of Fabian and Leonhardt (2010), the classical
MSP protocol is further referred to as ‘MSP-DB".

Depending on the percentage of NRM lost at the set tempera-
ture for the MSP-style experiments and the 2 of the fit, between
5 and 27 samples were used in the paleointensity experiments.
To express how well the paleointensity resembles the IGRF inten-
sity, the intensity error fraction (IEF) was calculated for all sites.
The IEF is given by the difference between the obtained and
expected paleointensity expressed as a percentage of the expected
paleointensity (Biggin et al., 2007a). All measurements needed for
the paleointensity protocols were done on either the aforemen-
tioned 2G DC SQUID magnetometer or an AGICO JR-6 spinner mag-
netometer (sensitivity 2 x 107® A/m at high speed, typical signal
strength 3 orders of magnitude higher).

3.4. ARM acquisition experiments

3.4.1. Rationale

As we will see in Section 4, the outcome of the MSP-DSC paleo-
intensity protocol using the set temperature for which the rock-
magnetic analyses described above indicate no changes in mag-
netic behavior of the samples yields approximately correct paleo-
intensities, slight overestimates and major underestimates with
respect to the IGRF. This implies that the rock-magnetic analyses
described above are not fully capable of detecting all possible alter-
ations in the samples. Further, changes in domain configuration are
difficult to surmise with magnetization or susceptibility versus
temperature experiments. Hysteresis parameters are somewhat
biased in favor of the large particles which are less prone to alter.
Initial alteration like incipient oxy-exsolution, involves small
particles. Intermediate titanomagnetite may exsolve into a magne-
tite-rich and ulvospinel-rich endmember as a consequence of
laboratory heating during a paleointensity experiment (Dunlop
and Ozdemir, 1997).

In order to get a more complete picture of potential alteration
we explore the potential of ARM acquisition curves. Mass-specific
ARM shows substantial changes as function of grain size particu-
larly in the PSD-SD size realm. Thus, it may be a sensitive probe
to diagnose incipient alteration.

ARM has been used as analog for TRM although its theoretical ba-
sis is rather weak. The Lowrie-Fuller test (Lowrie and Fuller, 1971;
Xu and Dunlop, 1995) which compares IRM and TRM coercivity
spectra as a domain state indicator and the modified Lowrie-Fuller
test (Johnson et al., 1975), which compares ARM and IRM coercivity
spectra with the same purpose, yield broadly similar information.
ARM and TRM are both low-field remanences and AF demagnetiza-
tion spectra of TRMs and ARMs of sister samples are similar, in
terms of intensity as well as coercivity properties.

Further up to the low fields of interest TRM is proportional to
the inducing field and ARM proportional to the DC bias field. Many
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relative paleointensity studies take ARM as their preferred normal-
izer for these reasons (e.g. Meynadier et al., 1992; Valet and
Meynadier, 1993; Yamazaki et al., 2008; Inoue and Yamazaki,
2010).

The analogy between ARM and TRM is also used in the Shaw-
family of paleointensity experiments where ARM measurements
are incorporated in the assessment of the paleointensity, avoiding
the need of heating samples multiple times as in Thellier style
experiments (Shaw, 1974; Kono and Ueno, 1977; Rolph and Shaw,
1985; Tsunakawa and Shaw, 1994; Yamamoto and Tsunakawa,
2003). In Shaw-type paleointensity experiments the coercivity
spectra of the NRM and the saturated ARM of the samples are
assessed, prior to imparting a full TRM in a known magnetic field
on the samples. Then the coercivity spectra of the full TRM and
subsequently the coercivity spectrum of a saturated ARM of the
heated specimens are assessed. If the coercivity spectra of the sat-
urated ARMs before and after heating do not match, the paleoin-
tensity obtained through the NRM/TRM ratio is suspect.

If the ARM acquisition relates to the TRM as presumed above,
samples that acquire more ARM after heating are expected to ac-
quire more pTRM during the paleointensity experiment. Then in
the MSP paleointensity experiment, for a given field strength the
(pPTRM-NRM)/NRM ratio is too high which would yield an underes-
timate of the paleointensity of the field. Vice versa, samples that
acquire less ARM after heating are expected to yield a too low pale-
ointensity ratio and thus an overestimate. No change in the acqui-
sition curve of the ARM implies that the acquisition properties for
ARM/pTRMs do not change, and that the MSP paleointensity ratio
should yield (approximately) the correct paleointensity.

3.4.2. ARM acquisition starting from the AF demagnetized magnetic
state

If the NRM is fully demagnetized before the ARM acquisition
experiments, we can directly measure the ARM acquisition curve.
We treat the samples with an AF demagnetization field of
300 mT in three axis, with the last axis along the direction of the
DC field of the ARM acquisition experiment. Rather than relying
on one ARM value, for example the saturation ARM acquired in a
high AF, we utilize the robotized magnetometer set-up with which
it is straightforward to measure a detailed ARM acquisition curve
across the entire AF range from 0 to 150 mT. All samples are sub-
jected to 26 increasing AF fields in the presence of a 35 uT DC field.
To assess potential small-scale differences in concentration and/or
magnetic properties within the same flow, four samples are sub-
jected to the ARM acquisition experiment and the data series are
normalized to the mass of the samples. Averaging the normalized
data series per AF field step yields the ARM acquisition curve.
We refer to the ARM acquisition experiment on AF demagnetized
samples as the ‘ARM acquisition of the AF demagnetized state’.

3.4.3. ARM acquisition starting from the NRM magnetic state

The procedure just outlined is a rather straightforward way of
measuring an ARM acquisition curve. However, possible subtle
changes in domain state that could be introduced by the heating
of the sample in the paleointensity experiment pose a problem.
They may be a cause of the under- and overestimates of the pale-
ointensities observed. AF demagnetization prior to the ARM acqui-
sition may affect or even fully remove their detection.

To assess the ARM acquisition of pristine samples in their NRM
magnetic state, we should realize that for each field level ARM is
induced but at the same time NRM is demagnetized by single-axis
AF demagnetization (i.e. along the ARM acquisition axis). Here we
present two measurement protocols to separate the ARM acquisi-
tion from the NRM demagnetization. The first protocol mathemat-
ically separates the ARM acquisition from the demagnetizing NRM
by aligning half of the samples parallel to the DC field used in the

ARM acquisition experiment and the other half of the samples anti-
parallel to that field. This experiment will be referred to as the
‘aligned ARM acquisition’ (AL) experiment. The second experiment
makes use of multiple specimens cut from one drilled core, assum-
ing that the direction of the NRM with respect to a fiducial marking
in the length of the core and the specific NRM of all specimens from
one core is (approximately) equal. This second experiment is
referred to as the ‘single core ARM acquisition’ (SC) experiment.

Both experiments described above implicitly assume that
demagnetizing the NRM and acquiring an ARM are independent
processes, which need not to be the case. However, both tech-
niques of removing the NRM prior to an ARM acquisition (AF and
thermal demagnetization) are prone to alter the magnetic state
of the samples.

3.4.3.1. Aligned ARM acquisition. The samples with their NRM direc-
tion aligned parallel to the DC field acquire the ARM in the same
direction as their NRM is removed. The measured vector per AF
field step is the sum of the (partially) demagnetized NRM and
the acquired ARM. The samples that were aligned antiparallel to
the DC field, acquire the ARM in the opposite direction as their
(partially) demagnetized NRM. The measured vector per AF field
step is the difference between the (partially demagnetized) NRM
and the acquired ARM. For both groups of samples the data series
are made mass specific and are averaged. Now we can mathemat-
ically extract the curves of the remaining NRM and the acquired
ARM by the following formulae (Fig. 1a):

M, — My
2

NRMremaining =

M, + Map
2

in which M, is the average measured vector of the parallel group
and M,, the average measured vector of the antiparallel group of
samples.

In the aligned ARM acquisition experiment the samples need to
be aligned to their NRM within the limited space of the sample
holder of the robotized magnetometer. Therefore only very small
samples, typically between 0.2 and 1 g, can be used. Because of
potential inhomogeneity of the sample material, at least four
samples per direction, so eight samples in total are needed for a
reliable ARM acquisition curve. All samples are subjected to a
high-resolution ARM acquisition curve, with 46 AF steps between
0 and 150 mT using the robotized 2G SQUID magnetometer. Six-
teen of those steps are selected between 0 and 10 mT to acquire
a detailed view of what occurs in the vicinity of the magnetic start-
ing state of the experiment.

Preliminary experiments have shown that the variation of the
specific NRM can be much larger than the variation of the full spe-
cific ARM for the small samples used in the aligned ARM experi-
ments (compare the variation at low and high AFs in Fig. 2a). If
the magnitude of the specific NRM of the group of parallel aligned
samples and the group of antiparallel aligned samples are not
approximately equal due to scatter in the specific NRM per sample,
the formula for ARM,cquirea does not yield 0 Am?/kg for the mea-
surement of the pristine NRM (Fig. 2b) and are thus biased by
the scatter in the NRM. Here we introduce a method to correct
for the scatter in the NRMemainingg Without introducing bias in
the ARM,cquired for high AF fields.

Since the NRM dominates the measurements for the low AF
fields and the full ARM governs the data series for the high AF fields
of the ARM acquisition experiment, we cannot correct the data
using either the average specific NRM or the average full specific
ARM, without biasing the other end of the data series. If the behav-
ior of the demagnetizing specific NRM is known, we could use that

ARMacquired =
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Fig. 1. ARM acquisition plots. (a) Aligned ARM acquisition experiment. The ARM acquisition is the average of the parallel and the antiparallel data; the NRM demagnetization
is obtained by subtracting the antiparallel data from the parallel data and dividing the result by two. (b) Single core ARM acquisition experiment: the ARM acquisition is
obtained by subtracting the data series from the ARM acquisition with the DC field switched off from the data series of the ARM acquisition with the DC field switched on. (¢)
ARM-plot. Samples plotting on the x = y diagonal (black circles) acquire the same ARM before (Mp,) and after heating (My). Samples plotting below the diagonal (blue squares)
acquire less ARM after heating. Samples plotting above the diagonal (red diamonds) acquire more ARM after heating. The latter would yield paleointensity underestimates
while samples plotting below the diagonal would yield paleointensity overestimates. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 2. (a) Results of an aligned ARM experiment with small samples (0.2-1 g), the DC bias field is applied in the positive direction. Samples are from ET-79-1. Blue solid lines:
four samples aligned parallel to the applied DC bias field in the ARM acquisition. Dashed red lines: four samples aligned antiparallel to that field. (b) The processed data of the
experiment of the data in (a): without the NRM scatter correction the ARM acquisition starts at approximately 40% of the full ARM. (c) Single-core ARM acquisition
experiment using large samples (8-12 g) with the DC field applied in the negative direction. Blue lines towards the top-right corner are the 35-uT-series, red lines towards the
bottom-right corner of the panel are the 0-uT-series. Samples are from HW-17A. (d) Processed data of the experiment in panel (c): the uncorrected lines are dashed; the solid
lines are the NRM scatter corrected data. The data in the SC experiment are less sensitive to corrections for the NRM scatter, likely due to the bigger samples used in that
experiment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to apply a gradual correction depending on which effect, the
NRMemaining 0T the ARM,cquires, dominates the measurement for
each AF field used in the ARM acquisition experiment. Therefore
we define a NRM weight factor, a, by scaling the average
NRMemaining between 0 and 1, as follows:

-~ — 11
_ MP_MAP
0

This parameter indicates whether the NRM (a = 1) or the full ARM
(a=0) dominates the measured vector for each AF field used in
the ARM experiment.

If we now apply the normalization parameter to the formula of
the ARMremaining Per AF field step, the error due to scatter in the
NRM is removed from the ARM,cquirea (Fig. 2b):

(M, + Map) (1 — a)

ARMacquired corr = 2
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The mathematical derivation of the proposed correction is trea-
ted in full in the Supplementary material.

3.4.3.2. Single-core ARM acquisition. In the single-core ARM acquisi-
tion experiment, a drill core is marked with a fiducial line, before the
coreis cutin an even number of specimens with a diameter of 2.5 cm
and approximately 1 cm thick, ranging between 8 and 12 g. There
are no requirements concerning NRM and ARM directions which
makes the single-core ARM acquisition experiment less demanding
than the aligned ARM acquisition experiment. This applies to the
need of having dedicated holders for orientation; some instrument
time is saved. It, however, requires more sample material.

All specimens from the core are subjected to an ARM acquisition
with respect to the fiducial line, using up to 36 steps in increasing
intervals between 0 and 150 mT. For half of the core’s samples,
however, the DC bias field of the ARM acquisition is set to zero,
so we actually conduct a single axis AF demagnetization along
the direction of the ARM acquisition. Normalizing the measure-
ments for each sample to its respective mass followed by averaging
the data per AF level for all samples yields the behavior of the sin-
gle axis AF demagnetization of the specific NRM; we will refer to
this data series as the ‘O-pT-series’. The other half of the specimens
are given an ARM acquisition with respect to the fiducial line, with
the DC field of the ARM acquisition set to 35 uT. The data series of
this second group of specimens are also normalized to the speci-
men’s mass and averaged per AF level for all specimens; this yields
a combined signal of the ARM acquisition due to the DC bias field of
35 uT and the demagnetizing NRM; this data series will be referred
to as ‘35-uT-series’. The ARMycquired iS given by (Fig. 1b):

ARMacquired = M35 pT-series — MO pT-series

Although the scatter of the specific NRM is likely less significant for
the large sample size used in the single core experiment than for the
small samples used in the aligned ARM acquisition experiment
(compare Fig. 2a and c), preliminary experiments indicated that it
is still useful to correct for the scatter in the specific NRM. The
mathematical derivation of this correction is treated in depth in
the Supplementary material. To correct the O-uT-series and the
35-uT-series such that the average specific NRM for both series
becomes the average value of the specific NRM of the two series,
we define a scale factor, b, as follows:

b [NRMoyr
NRM5 7

In which NRMo 7 is the average specific NRM of the 0-pT-series and
NRMss 7 is the average specific NRM of the 35-uT-series. Since the
samples in the 0-uT-series did not acquire an ARM, but underwent
single axis AF demagnetization, we can normalize the series by b,
without considering the differences in scatter between the specific
NRM and the specific ARM. The normalized O-uT-series is thus
given by:

= Mp uT
M OuT.corr = b

For the 35-uT-series, however, the differences in variation between
the NRM per mass and the ARM per mass need to be taken into
account, since correcting the full series for the scatter in the NRM
would introduce bias in the part of the series where the full ARM
dominates the signal. As in the aligned ARM acquisition experiment,
we use the NRM weight factor, a. In the single-core ARM acquisition
experiment the NRM weight factor can be obtained directly from
the O-uT-series, since this experiment de facto is a single axis AF
demagnetization. Normalizing this series between 0 and 1 yields a:

a = [Moylo

Now we can normalize the 35-puT-series such that the scatter in the
specific NRM is suppressed, without biasing the ARM acquisition in
the samples, by:

Ms3s 1 corr = abMss wr + (1 = a)Mss ir

In which the middle term is the 35-puT-series, normalized for the
scatter in the specific NRM, weighted to the influence of the specific
NRM on the signal for each AF step used; the last term is the uncor-
rected 35-pT-series, weighted to the influence of the ARM acquired
for increasing AF fields used. The ARM,cquired iS NOW given by:

ARMacquired‘corr = M35 uT,corr — MO WT,corr

The samples ideally should be isotropic because the ARM intensity
is compared to the NRM intensity independent of differences in
NRM and ARM direction. In contrast to some pottery shards and
kilns lavas are not very anisotropic. Anisotropy of the low-field sus-
ceptibility indicated values for the total anisotropy between 1% and
3%, so gross differences among samples because of directional dif-
ferences are not anticipated.

In an equal area-plot of the 35-uT-series (not shown here) the
data points per AF step of the ARM acquisition trend from the
NRM direction with respect to the fiducial line towards the direc-
tion of the ARM that is induced during the experiment. If we
assume independency between demagnetizing the NRM and
acquiring the ARM, this change in direction during the experiment
can be fully attributed to the demagnetizing NRM. The influence of
a thermal demagnetization step before the single core ARM acqui-
sition experiment is removed similarly: the effect of such a demag-
netization step is equal for both groups of samples used in the
experiment and is thus removed from the ARM acquisition by sub-
tracting the O-uT-series from the 35-pT-series.

3.4.4. Evaluation of changes in the samples

Once the ARM acquisition curves are isolated for both pristine
and heated samples, we can plot the results for each field step with
the ARM acquisition of the pristine samples on the x-axis and the
results of the heated samples on the y-axis (Fig. 1c). If the ARM
acquisition for the heated samples is equal to the ARM acquisition
of the pristine samples, the data would plot on the line x = y in the
ARM-plot. If the samples acquire more ARM after heating, the data
plot above the line x =y, if the samples acquire less ARM after
treatment, the data will be below the line x = y. When the samples
saturate and the ARM does not increase anymore, the data points
cluster at the saturation ARM.

4. Results
4.1. AF and thermal demagnetization of the NRM

Typical NRM signals are approximately 2-4 x 10~ Am?/kg for
all sites (Fig. 3). NRMs all trend linearly towards the origin in
Zijderveld diagrams (Fig. 3a1-a8 and c1-c8). NRM overprints, if
present at all, deviate only a few degrees from the characteristic
NRM component. They are already removed by 2.5mT AF
demagnetization or by thermal demagnetization at less than
100 °C. The NRM is reduced to 5% of its starting value after AF
demagnetization at 100 mT; except for HW-17A and HW-37 in
which ~25% is left at 100 mT. Thermally, the NRM is fully removed
at 580 °C for all samples.

The AF decay curves of the NRM (Fig. 3b1-b8) appear to be
broadly similar for all eight sites, although sites ET-71-3C and
ET-79-1 loose more of their NRM for lower AF fields. Thermal
decay curves of the NRM (Fig. 3d1-d8) show more variation
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Fig. 3. NRM demagnetizations, for sample labels see Table 1. Typical Zijderveld plots (a1-a8 and c1-c8) and NRM decay curves (b1-b8 and d1-d8), for both AF (a and b) and
thermal demagnetization (c and d). Samples show univectorial behavior towards the origin. No or very small overprints are present in the samples. If present, overprints are
removed by the first demagnetization step. The thermal demagnetization curves of sites ET-71-3C and ET-83-4A (panels c2 and c4) were acquired from unoriented samples,
the data is plotted such that the average direction is approximately equal to the site mean direction of the AF demagnetized samples. In the decay curves the number of
samples used for calculating the average behavior is indicated, error bars for each demagnetization level are one standard deviation above and below the average. All AF NRM
decay curves and the thermal decay curve of LP-1 (La Palma) are normalized to their starting NRM, introducing relatively large errors in the steeper parts of the decay curve.
The thermal NRM decay curves of the Etna (ET) and Hawaii (HW) sites are mass normalized, yielding less scatter in the average. The MSP set temperature is indicated in the
thermal NRM decay curves as the vertical solid black line.
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between the sites. For the Etna and La Palma sites a relatively grad-
ual decay of the NRM towards 580 °C is observed. The Hawaiian
sites keep a major portion of their NRM up to higher temperatures:
generally ~75% of their NRM is demagnetized between 400 and
580 °C. This indicates that these Hawaiian lavas contain a large
portion of non-substituted magnetite. Except for site ET-23-1, both
AF and thermal characteristic NRM directions are generally in good
agreement with the expected directions from the IGRF for the loca-
tion and age of the samples (Table 1).

4.2. Hysteresis loop parameters and thermal analyses

The hysteresis loops reveal PSD behavior for all sites (Fig. 4al-
a8). M of the Etna and La Palma sites is approximately 2 Am?/kg,
that for the Hawaiian sites is approximately 1 Am?/kg. In compar-
ison to the other samples, the branches of the hysteresis loops of
ET-71-3C and ET-79-1 are closer together, implying more MD-like
behavior. Sites LP-1 and HW-14B show a more pronounced SD-like
behavior. In a Day plot (Day et al., 1977) of M,s/Ms versus Bc/B.
(Fig. 4b1-b8) all samples plot with in the PSD realm, with indeed
ET-79-1 trending most towards the MD area and HW-14B trending
most towards the SD area. The data of the Hawaiian samples and
ET-71-3C reveal the least scatter.

All sites except ET-71-3C and ET-79-1 show a dominant Curie
temperature of 550 °C (Fig. 4c1-c8), just below the Curie tempera-
ture of pure magnetite (Dunlop and Ozdemir, 1997). In contrast to
the behavior of pure magnetite, all sites show a relatively gradual
decay of the magnetization with temperature, indicating a broad
distribution of grains with different titanium-iron ratios. ET-71-
3C and ET-79-1 reveal a low Curie temperature of approximately
280 °C, indicating a more titanium-rich titanomagnetite composi-
tion than the other sites.

Thermochemical alteration in our samples is best illustrated by
the results of susceptibility-versus-temperature runs; apparently
chemical alteration is revealed by the susceptibility of the sample
quicker than by its magnetization. For all sites from Mt. Etna, there
are no indications of alteration up to 240 °C but the samples alter
quite dramatically for increasingly elevated temperatures up to
500 °C. Samples from La Palma do not show any alteration up to
300 °C. Even for higher temperatures, the signal is reversible with-
in 5-10%. The Hawaiian samples are unaffected up to 300 °C; they
show moderate signs of alteration for higher temperatures. For the
La Palma and the Hawaiian sites, the magnetization-versus-tem-
perature appears to be even reversible within 10-20% after heating
the samples up to 720 °C. Site ET-23-2 shows a decrease in mag-
netic activity of approximately 30% after heating to 720 °C, while
on the contrary, sites ET-71-3C, ET-79-1 and HW-14B reveal an
increase of magnetic activity, especially around the temperatures
normally used in paleointensity experiments.

The set temperatures of the MSP paleointensity experiments
were selected based on the dominant Curie temperature, the alter-
ation temperature and the percentage of the NRM that is demagne-
tized at the proposed set temperature (Table 2). In the progressive
thermal demagnetization experiment, these temperatures unblock
approximately 25% of the NRM for sites ET-23-2, ET-83-4A and LP-
1; approximately 55% for ET-71-3C and ET-79-1; and just 10-15%
for the Hawaiian sites.

4.3. Paleointensity results

All sites in this study yielded technically acceptable MSP-DSC
results, although there is some variation in the quality of the data
between sites (Fig. 5 and Table 3, the outcome of the MSP-DB
experiments is shown in the Supplementary material). Sites ET-
71-3C and HW-37 show very little spreading in the data points,
yielding r? values well above 0.95. For sites with less data points

(ET-23-2 and ET-79-1), the 2 is generally quite high, but the one
standard deviation uncertainty envelope around the line fit is
rather wide.

All sites from Mt. Etna yield underestimated paleointensities
with respect to the IGRF. Site ET-23-2 (24.3 pT [9.8-32.2 uT], with
x-axis cut-offs of the one-standard-deviation uncertainty envelope
between brackets) and ET-71-3C (25.8 uT [22.4-29.0 uT]) gave
underestimates of more than 40%. The other two Etna sites, ET-
79-1 and ET-83-4A, yielded slightly higher paleointensities
(30.6 UT [12.9-40.5 uT] and 28.5 uT [21.0-36.4 UT], respectively),
but still underestimates with IEFs of —30.6% and —36.4%. The La
Palma site (34.1 puT [28.7-39.2 uT]) also yielded an underestimate
with an [EF of —13.5%. The IGRF value of 39.4 uT, however, is only
just outside one standard deviation of the observed paleointensity.

Two of the Hawaiian sites yield approximately correct esti-
mates of the IGRF value: 35.9 uT [30.2-42.0 uT| with an IEF of only
—0.8% for site HW-14B, and 38.2 uT [27.6-47.1 uT], a slight overes-
timate with an IEF of +5.5% for site HW-17B. The third Hawaiian
site, HW-37, yields an underestimate of the IGRF: 25.8 uT [21.8-
29.4 uT], with an IEF of —29.5%.

The rock-magnetic analyses used to determine the set temper-
ature used in the MSP-DSC experiments indicate no chemical alter-
ation in the samples. However, the MSP experiments fail to resolve
the IGRF field within error for six out of the eight sites in this study.

4.4. ARM acquisition experiments

Samples from all sites were subjected to at least one of the ARM
techniques described before. The aligned ARM acquisition protocol
was applied to all Etna sites and the La Palma site; the Hawaiian
sites were subjected to the single core protocol. Samples from site
ET-79-1 underwent both protocols, which showed broadly the
same behavior (Fig. 6¢ and d). Thus the assumptions made about
the separability of NRM and ARM signals required for both meth-
ods, appear to be plausible.

For the two sites in this study for which the MSP-DSC protocol is
able to resolve the expected paleointensity within a few percent
(HW-14B and HW-17A), the ARM acquisition experiment on
heated samples shows no change in behavior compared to the pris-
tine samples (Fig. 6g and h). For the other six sites, which all yield
underestimates of the paleofield, the ARM acquisition experiments
indicate that the heated samples acquire more ARM when sub-
jected to the same AF field than the pristine samples do. This
change in acquisition behavior is most pronounced for intermedi-
ate AF levels between 10 and 80 mT. For all samples, except ET-23-
2, the saturated ARM of the heated samples is within a few percent
equal to the saturated ARM of the pristine samples.

Importantly, the observed changes in ARM acquisition behavior
before and after heating at the set temperature are nearly always
removed if the samples are fully AF demagnetized (three-axis at
300 mT) before subjecting them to the ARM acquisition experi-
ments. Apparently, the changes in domain state induced by heating
are removed by a full AF demagnetization. Site ET-23-2 is remark-
able: after full AF demagnetization the subsequent ARM acquisi-
tion curve appears to be even more convex than that of the
heated but not AF demagnetized samples. As an example, for an
AF field of 20 mT the heated, AF demagnetized samples acquire
3.5 times the ARM of the AF demagnetized samples that were
not heated. For the highest AF field used in the experiment on AF
demagnetized samples (150 mT) the acquired ARM of the heated
samples is almost twice the acquired ARM of the unheated sam-
ples. Because of these surprising results, all experiments on sam-
ples from site ET-23-2 were repeated with different samples
from the same site, with the same outcome.

The severity of the changes in ARM acquisition behavior varies
among sites. The results of site LP-1 (AL) and HW-37 (SC) show less
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Fig. 4. Rock-magnetic analyses, for sample labels see Table 1. Typical hysteresis loops (a1-a8) all show PSD behavior, with ET-79-1 trending the most towards MD. Typical
saturation magnetizations are ~1-2 Am?/kg. In the Day plots (b1-b8) the number of samples is indicated, the Hawaiian sites show remarkably little scatter compared to the
other sites. Scatter may be introduced by among-sample heterogeneities because of their small size: typically 2-6 mg. In both the magnetization-versus-temperature (c1-c8)
and the susceptibility-versus-temperature (d1-d8) diagrams, the set temperature of the MSP experiment is indicated as a solid black line. Chemical alteration, indicated by a
non-reversible cooling segment after a certain heating temperature, is best revealed by the susceptibility-versus-temperature experiments. In the magnetization-versus-
temperature diagrams successive incremental heating cycles are indicated with the red line; an irreversible cooling segment testifies thermochemical alteration. The final
cooling curve is indicated with a blue line. In the susceptibility-versus-temperature experiments reversible heating cycles are indicated with blue; the irreversible cycles are
red, cycles to higher temperatures than the alteration temperature are indicated in gray. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Table 2

Summary of the important parameters to determine the set temperature in the MSP paleointensity experiments.

Site Dominant Curie T (°C) Alteration T (°C) MSP set T (°C) Demagnetization
at MSP set T (%)
ET-23-2 550 >250 240 25
ET-71-3C 240 >350 250 50
ET-79-1 300 >300 240 55
ET-83-4A 450 >350 250 30
LP-1 550 >300 200 25
HW-14B 200/450 >250 250 20
HW-17A 550 >300 300 10
HW-37 480 >390 350 10

From left to right: site, dominant Curie temperature (T), alteration temperature based on the rock-magnetic analyses (Figs. 3
and 4), the set temperature used in the MSP experiments and the percentage of the NRM that is demagnetized at the set

temperature of the MSP experiments.
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Fig. 5. MSP-DSC paleointensity results, for sample labels see Table 1. All eight sites yield technically acceptable MSP paleointensity plots, although the scatter in the data
varies. The upper and lower boundaries of the error envelope of one standard deviation above and below the fit are depicted as dashed lines. Data points that are outside the
error envelope of one standard deviation following from calculations including all data are rejected, and the fit and error envelope are recalculated omitting the rejected data
points which are subsequently depicted as solid red diamonds. Number of samples used for the experiments: ET-23-2: 5 (1 rejected); ET-71-3C: 15; ET-79-1: 5; ET-83-4A: 16
(1 rejected); LP-1: 8; HW-14B: 12; HW-17A: 9; HW-37: 12 (3 rejected). The obtained paleointensity, the appropriate IGRF reference value and the intensity error fraction (IEF)
of both the MSP-DB and the MSP-DSC protocols are indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

alteration than the sites of Mt. Etna. Because of the small mass of
the LP-1 samples in the aligned ARM experiment, the results were
not very consistent among the samples. Therefore the experiment
was repeated, so the results of eight samples can be considered for
both groups of samples, which reduced inconsistency substan-
tially. A single core experiment with bigger samples might have
been insightful, because the noise probably would be significantly
lower. Unfortunately, the amount of material still available after
other experiments was not sufficient to perform a single core
experiment on LP-1.

For site LP-1, the heated samples acquire approximately 50%
more ARM than the untreated samples for the lowest AF fields
(0-5 mT); for the intermediate AF fields (around 25 mT) the effect
is approximately 30%; and for the full ARM (at 150 mT) the heated
samples acquire only 6% more ARM than the untreated samples.
Due to the number of samples needed because of the rather poor
consistency among the samples in the aligned ARM acquisition
experiment, less but ten times bigger samples were used for the
experiment on fully AF demagnetized samples. These bigger sam-
ples showed much more consistency among samples and yielded
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Summary of the multispecimen (MSP) paleointensity results (see Dekkers and Béhnel, 2006 and Fabian and Leonhardt, 2010).

Site PI (uT) PI confidence interval (puT) IEF (%) n (rejected) 2 a b DSC-correction (uT)
MSP-DB

ET-23-2 29.5 25.2-33.2 -30.3 5(1) 0.997 0.0032 0.0652

ET-71-3C 31.2 28.2-34.1 -28.9 15 0.966 0.0151 0.4713

ET-79-1 324 30.3-34.5 -26.5 18 0.978 0.0170 0.5518

ET-83-4A 343 26.5-44.2 -22.4 16 (1) 0.757 0.0081 0.2766

LP-1 35.6 28.8-41.7 -9.6 8 0.907 0.0075 0.2670

HW-14B 51.7 43.6-63.9 42.8 12 0.841 0.0037 0.1895

HW-17A 47.7 39.4-58.4 33.7 27 0.729 0.0034 0.1620

HW-37 373 35.1-39.7 1.9 12 (1) 0.985 0.0049 0.1815

MSP-DSC

ET-23-2 243 9.8-32.2 —42.6 5(1) 0.979 0.0501 1.2179 -52
ET-71-3C 25.8 22.4-29.0 -41.2 15 0.960 0.0366 0.9441 -5.4
ET-79-1 30.6 12.9-40.5 -30.6 5 0.941 0.0484 1.4803 -1.8
ET-83-4A 28.5 21.0-36.4 -36.4 16 (1) 0.782 0.0370 1.0525 -5.8
LP-1 34.1 28.7-39.2 -13.5 8 0.924 0.0288 0.9804 -1.5
HW-14B 35.9 30.2-42.0 -0.8 12 0.901 0.0266 0.9535 -15.8
HW-17A 38.2 27.6-47.1 55 9 0.862 0.0312 1.1948 -9.5
HW-37 25.8 21.8-29.4 -29.5 12 (3) 0.954 0.0377 0.9719 -11.5

From left to right: site; obtained paleointensity (PI); paleointensity confidence interval (the x-axis cut-offs of the uncertainty envelope of one
standard deviation above and below the fit); intensity error fraction (IEF) in % related to the respective IGRF value (Table 1); the number of
samples used in the paleointensity experiments (number of rejected points between brackets); the r* of the fit, slope (a); intercept (b) and the
DSC correction in PT. The upper block of data gives the MSP-DB results (for figures, see the Supplementary material), the MSP-DSC results are
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provided in the lower block (see Fig. 5).

a slightly different behavior: for the lower AF fields the ARM of the
heated samples is slightly higher than the ARM of the unheated, AF
demagnetized samples, approximately 25% for a field of 3 mT. Be-
tween 10 and 90 mT the ARM acquired by the untreated samples
is higher than that of the heated, AF demagnetized samples, the dif-
ference is maximally 10% for an AF field of 35 mT. For the full ARM
of 150 mT, the difference is equal to the difference in behavior of the
samples that were not fully AF demagnetized prior to the ARM
acquisition experiment: approximately 6%. So the total potential
ARM capacity did not increase by the AF demagnetization of the
samples, only the ARM capacity of intermediate AF fields seems
to be affected.

5. Discussion

All sites included in this study should be suitable for paleointen-
sity experiments. They involve recent lavas with univectorial
demagnetization behavior towards the origin, with barely or no
overprints. The rock-magnetic analyses show (small) PSD-size
grains and indicate slight differences in Ti/Fe ratios of the magnetic
particles. The thermal analyses do not indicate changes in magnetic
properties for the temperatures used in the MSP paleointensity
experiments. Nevertheless, the intensity error fractions obtained
from the MSP-DSC experiments vary from —42.6% to +5.5%.

5.1. Effects of changes in magnetic state

Fabian and Leonhardt (2010) show by magnetic modeling that
tail effects cause the MSP-DB method to yield overestimates of
the paleofield, and that underestimates of the paleofield are thus
not to be expected. The MSP-DSC protocol is designed to reduce
or eliminate the predicted (and experimentally observed) overesti-
mates in the MSP-DB experiments. Nevertheless, if samples suffer
from changes in the configuration of their magnetic domain state,
the outcome of MSP-style paleointensity protocols is unpredict-
able. A newly acquired domain configuration could possess a lower
net magnetic moment than the original NRM configuration. Then
those samples will have a lower remanence after reheating them
in the same field as the original NRM was acquired in, thus increas-
ing the obtained MSP paleointensity estimate. If the new domain
configuration has a higher net magnetic moment, the composite

remanence of the samples will increase, lowering the obtained
MSP paleointensity. Tail effects will still be present in the new
domain state configuration. Apparently, all sites included in this
study, except sites HW-14B and HW-17A, change their domain
state to a configuration that lowers the MSP outcomes. Site HW-
37 is particularly misleading: the MSP-DB protocol would yield
the correct answer (IEF of 1.9%) while the tail correction of the
MSP-DSC protocol yields an underestimate of 29.5%. The change
in the domain state that lowers the obtained paleointensity
fortuitously must be approximately equal to the tail effect that
increases the obtained paleointensity. Therefore the MSP-DB
paleointensity seems to yield the proper results, while the tail cor-
rected outcome of the MSP-DSC protocol yields the observed
underestimate of 29.5%.

5.2. ARM acquisition curves and detecting changes in magnetic state

Here we evaluate the performance of the ARM acquisition
experiments in relation to paleointensity results to assess their
capability to reveal information on changes in magnetic domain
configuration after heating. This comparison inherently is based
on the premise that ARM and TRM are analogous, a property that
has been exploited before (see Section 3.4.1). As dealt with earlier
on in that section, ARM acquisition curves are able to visualize
minute changes in magnetic state - either caused by thermochem-
ical or by magnetic alteration (i.e. changes in domain structure).
This is because ARM has a high resolving power particularly in
the grain-size realm straddling the SD size. Since subtle magnetic
alteration may well be dependent on the magnetic starting state
of the particles, ARM acquisition curves were determined on
‘pristine’ starting states (either the NRM state or a thermally trea-
ted state during the paleointensity experiment in case of the
heated samples) and on the AF-demagnetized starting state. For
all sites of this study, the ARM acquisition experiments are capable
of qualitatively indicating changes in domain state; with the re-
lated implications for the obtained paleointensity results. This
highlights that the ARM-TRM analogy is reasonable. However,
the variation in behavior of ARM acquisition curves among the
sites and the differences in severity of the changes currently
impede a more quantitative correction of the obtained paleointen-
sities based on the ARM acquisition techniques presented in this
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Fig. 6. Results of ARM acquisition experiments, for sample labels see Table 1. ARM acquisition experiments with samples in their NRM state are indicated as black circles,
repeated experiments on the same samples in their AF demagnetized state (three axis, 300 mT) are indicated in red squares. A few small samples of sites ET-71-3C and ET-79-
1 showed much weaker coercivity behavior than the bulk samples of those sites (sometimes demagnetized down to 5% of the NRM for an AF field of 10 mT, were sister
specimens and the bulk behavior holds approximately 60% of the NRM at 10 mT), possibly due to the combination of the heterogeneity of the samples and the sample size in
the aligned ARM acquisition experiments. These samples were omitted from the ARM acquisition curves in black, but are included in the gray ARM curves. The highest ARM
acquisition AF field used in the experiments is 150 mT. The applied ARM acquisition technique (aligned (AL) or single core (SC)) and the intensity error fraction (IEF) of the
obtained paleointensity from the MSP-DSC experiment are indicated. Both ARM acquisition protocols were applied to samples of ET-79-1, yielding comparable results. The
number of samples used per experiment: ET-23-2 and LP-1: eight parallel, eight antiparallel for both the pristine and heated series; ET-71-3C, ET-79-1 AL and ET-83-4A: four
parallel, four antiparallel for both the pristine and heated series; ET-79-1 SC: four in both the 0- and the 35-uT-series for the heated samples, three in both series for the
pristine samples; HW-14B, HW-17A and HW-37: three in both series, for the pristine and heated samples. Sites HW-14B and HW-17A do not show any change in their ARM
acquisition behavior after heating or after full AF demagnetization of the samples. Samples from all other sites acquire more ARM after heating for the same AF field,
especially for intermediate AF fields (around 30 mT). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

paper. Predicting precisely how the domain state would change
and how such changes would correlate to changes in ARM acquisi-
tion behavior is hard at present.

It is noteworthy that the ARM diagrams of Fig. 6 are rather con-
servative in indicating changes in acquisition behavior: sample
HW-37 for example (Fig. 6i) acquires 75% more ARM after heating
for the low AF field values around 5 mT, decreasing towards 25%
for an AF field of 15 mT and a still significant 15% for the interme-
diate AF fields around 30 mT. For a sample identified as ‘indicating
no change’, HW-17A for example, the heated and pristine ARM
acquisitions differ less than 5% for the intermediate AF fields. In a
sense the diagrams are subtle.

5.3. Comparison of ARM acquisition curves of the NRM and AF-
demagnetized starting states

The ARM acquisition observations presented are conform their
underestimated paleointensities. The repeated ARM acquisition

experiment after a full AF demagnetization generally undoes the
earlier observed changes in ARM acquisition behavior (site ET-
23-2 is an exception). This indicates that the alteration is of mag-
netic origin and not caused by subtle thermochemical processes.
Site ET-23-2 (with a large paleointensity underestimate) has a
remarkable ARM behavior. The pristine state behaves in line with
its expectation by showing a higher ARM after heating. AF demag-
netization even enhances this behavior making it unclear whether
only magnetic, only thermochemical, or combined magnetic and
thermochemical effects play a role. It may be clear, however, that
the obtained paleointensity estimate is subject to doubt and repre-
sents an underestimate. Hence, AF-demagnetization of samples be-
fore the ARM acquisition experiment must be avoided to be able to
evaluate whether or not changes in magnetic domain configuration
have occurred during the laboratory heating of the paleointensity
experiment. The assessment must be based on differences in
ARM acquisition behavior between heated and pristine samples
that have not been AF-demagnetized.
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5.4. The MSP-DSC protocol

The set of observations from the present study suggests that the
MSP-DSC protocol is able to fully or at least largely correct for the
magnetic tail effects introduced by heating samples. As stated be-
fore, if the domain configuration changes during the experiments,
the outcome of the paleointensity experiment depends on the
newly acquired domain configuration being more or less ‘efficient’
than the original domain state of the NRM. The six flows subject of
this study that do not yield an approximately correct paleointensi-
ty, all yield underestimated paleointensities that are corrected for
tail effects. Note that at the respective set temperature no indica-
tions of chemical alterations are present. This implies that the
PTRMs imparted during the MSP-DSC experiments are locked-in
in a different domain configuration than that of the NRM state.

Based on the observations presented in this study, the detailed
ARM acquisition experiments on pristine samples are capable of
detecting changes in the configuration of the domain state and
can therefore label obtained MSP-DSC paleointensities as being
an underestimate, or approximately correct. If allowed by the con-
straints posed by the necessary unblocked fraction of the NRM for
MSP-style experiments and indications of chemical alteration from
rock-magnetic experiments, testing multiple temperatures for
alterations in magnetic domain configuration and selecting the
temperature for which the least or no alteration is observed as
set temperature for the MSP-DSC protocol may significantly
increase the success rate of the paleointensity experiments.
Besides testing multiple temperatures for one site, testing different
sites from the same cooling unit also may provide better
constraints on the paleointensity, since sites from the same cooling
unit may vary in rock-magnetic properties.

6. Conclusion

Absolute paleointensity methods suffer from chemical altera-
tions and changes in magnetic domain state due to heating. This
makes the assessment of a suitable temperature or temperature
range in which these alterations do not occur in the samples prior
to the paleointensity experiment very important. Chemical altera-
tions are generally well detected by rock-magnetic experiments
such as the measurement of magnetization and susceptibility as
a function of temperature, but changes in magnetic domain state
often go undetected.

The MSP-DSC protocol of Fabian and Leonhardt (2010) corrects
for domain state and tail effects and lowers the paleointensity esti-
mates of the MSP-DB protocol. In this study the MSP-DSC protocol
yields approximately correct (or slightly overestimated) paleoin-
tensities and underestimates of the paleofield. For all sites included
in this study, the ARM acquisition experiments as described above
are capable of discriminating between the underestimates and
approximately correct values. We suggest an optimized workflow
for a paleointensity experiment, combining the MSP-DSC protocol
with ARM acquisition checks as follows:

1. A progressive thermal demagnetization experiment.

2. Rock-magnetic analyses to determine the chemical alteration
temperature.

3. Select (a) potential set temperature(s) for the MSP-DSC protocol
avoiding chemical alteration, while unblocking a significant
amount of the NRM.

4. Conduct one of the ARM acquisition experiments presented in
this paper, testing the potential set temperature(s), preferably
using the single core protocol.

5. Follow the MSP-DSC protocol (Fabian and Leonhardt, 2010),
using the set temperature with the least or no observed alter-
ation in the ARM acquisition experiments of step 4.

This workflow assesses the best set temperature for the MSP-
DSC protocol independently of — and prior to - the paleointensity
experiment. Furthermore, the outcome of the MSP-DSC experiment
can be labeled as being approximately correct or an underestimate
of the paleofield independently of the obtained paleointensity.
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