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SUMMARY

Palaeointensity estimates were made for a suite of five historical lava flows from Mt Askja,
Iceland, with the purpose of testing the newly proposed domain-state corrections to the mul-
tispecimen parallel differential pTRM palaeointensity method (MSP), where pTRM stands
for partial thermoremanent magnetization. Before beginning the experimental procedure, the
chemical stability on heating to the determined pTRM induction temperature was assessed,;
some flows were found to be unaltered by heating, some displayed inconsistent repeatability,
while one flow was severely affected by heating. To implement the domain-state corrections
and interpret the data successfully, we had to implement two new approaches to the MSP
method: (1) we used vector addition/subtraction in our calculations, and (2) we introduced a
new selection/rejection criterion that improves the robustness of the estimates by preferentially
removing outliers based on the error analyses of the linear regression. This rejection criterion
typically rejected one or two points, and was found to significantly improve the estimates.
With the exception of the one flow that displayed significant chemical alteration during the
experiment, the palaeointensity estimates determined using the original MSP protocol yielded
estimates within £3 uT of the known field of 49.5 uT. The domain-state corrected MSP
estimates were all within +4 uT, with no clear relationship between the uncorrected and
domain-state corrected palacointensity estimates for this data set.
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1 INTRODUCTION

Quantifying the history of the Earth’s magnetic field as recorded by
rocks enables us to understand ancient geodynamic processes and
constrain geodynamo models. The absolute geomagnetic field in-
tensity (palaeointensity) recorded by rocks is critical to this process,
however, recovering this information has been problematic since the
first early attempts were made (Folgerhaiter 1899; Koenigsberger
1938a,b; Thellier 1941). The original methods assumed that the
natural remanent magnetization (NRM) is a thermoremanent mag-
netization (TRM) in origin. By comparing the NRM of a rock with
a laboratory induced TRM, the ancient field strength is estimated
by simple scaling with the laboratory field. The main problem with
this approach is that on heating and inducing the laboratory TRM,
the magnetic minerals in the rocks often chemically alter, leading to
incorrect palaeointensity estimates. To identify chemical alteration,
Koenigsberger (1938a,b), Thellier (1941) and Thellier & Thellier
(1959) developed multistep thermal heating protocols. The latter
protocol was modified by Coe (1967) to include double demagneti-
zation/remagnetization steps at increasing temperatures until a full
TRM is induced. This ‘Thellier-type’ approach of Coe (1967) and
its many subsequent modifications form the basis of most mod-
ern palaeointensity studies. In many cases it successfully identi-
fies chemical alteration, and palaeointensity determinations can be
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made from the lower temperature measurements before chemical
alteration occurs. However, because of the use of the multistep
heating protocol, it is required that the samples obey the laws of
partial TRM (pTRM) additivity, that is, a stepwise pTRM acquired
over the temperature range 7'; and 7’5 should be equal to the sum of
two pTRMs acquired over the temperature range 7,—7, and T,—T3,
respectively; pTRM independence, that is, a pTRM produced over
one interval are independent of a pTRM acquired over another, and
reciprocity, that is, blocking and unblocking temperatures are equal
(Xu & Dunlop 2004). The laws of additivity and reciprocity are
obeyed by small magnetically single domain (SD) grains, but larger
multidomain (MD) grains violate the reciprocity law (Dunlop 1998)
and the independence law (Yu & Dunlop 2006). The contribution of
intergrain magnetostatic interactions has not been quantified rigor-
ously, and it is still debated if interacting SD grains will obey these
laws or not (Levi 1977; Shcherbakov & Sycheva 1997; Fabian 2001;
Dunlop et al. 2005). These requirements present major problems
for many rocks types, which contain a wide grain size spectrum of
magnetic particles spanning the SD to MD states.

To reduce the effects of both chemical alteration and non-
ideal SD behaviour, Dekkers & Bohnel (2006) proposed a new
method, the ‘multispecimen parallel differential pTRM method’
(here referred to as MSP-DB). The basic idea behind the
method is simple: to overprint an ancient NRM (assumed to be
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Table 1. Localities of the samples and thermomagnetic properties.

ARM
Date of thermomagnetic

Location Flow eruption Rock curve
code name Locality (A.D) type repeatability
AA - 65.0684N, 16.7668W 1961 Basalt  Repeatable
AB - 65.0699N, 16.7223W 1961 Basalt  Repeatable
AC Sudurbotnahraun  65.0218N, 16.6943W  1922/1923  Basalt  Partially
AD Kvislahraun 65.0107N, 16.7032W  1922/1923  Basalt  Repeatable
AF Myvetningahraun ~ 65.0289N, 16.7942W 1922 Basalt  Not repeatable
AG Batshraun 65.0435N, 16.7228W 1921 Basalt  Partially

thermoremanent in origin) with a laboratory pTRM induced at a
temperature 7 much less than the Curie temperature (7¢) in a lab-
oratory field Hy,, applied in the same direction as the NRM. It is
then assumed, that if the final remanence is smaller than the original
NRM, H,, < ancient field H,,, and if larger Hy,, > H,y.. The
advantage of this method over the Thellier-type methods is that the
samples are only subjected to moderate heating and that the number
of pTRMs induced in the samples is significantly smaller, that is,
the combined effect of repeatedly breaking pTRM additivity and
reciprocity rules through multiple heating is reduced.

Dekkers & Bohnel (2006) originally claimed that the method
was independent of domain state, however, Michalk et al. (2008)
provided evidence to suggest that this was incorrect. Using
the phenomenological model of Fabian (2000, 2001), Fabian &
Leonhardt (2010) showed that the MSP-DB method will overes-
timate the palaeointensity for pseudo-SD (PSD) and MD grains.
To account for domain state, they introduced a modified MSP-DB
protocol, which they successfully tested using synthetic samples
(covering SD, PSD and MD grain sizes). In this paper, we report
a study whereby we test this new modified MSP-DB protocol of
Fabian & Leonhardt (2010) using historical basalts collected at the
Mt Askja volcano in central Iceland.

2 SAMPLES

We have collected historical basaltic lavas from five 20th century
flows from Mt Askja in the central highlands in Iceland (Table 1): the
Batshraun lava flow (1921), the Myvetningahraun lava flow (1922),
the SuOurbotnahraun lava flow (1922 or 1923), the Kvislahraun
lava flow (1922 or 1923) and the 1961 lava flow (Hjartardottir et al.
2009). Mt Askja is a stratovolcano situated in the centre of Iceland
in the 200-km-long Askja fissure swarm, and last erupted in 1961
A.D. Mt Askja is now dominated by a large caldera lake, which is
the result of a Plinian eruption in 1875 A.D.

3 METHOD

Drill cores with a diameter of 10 mm (mini-cores) were collected
and orientated in the field. In the laboratory, samples were cut into
specimens of 9-10 mm length, which yielded 2—5 specimens for
each drill core.

3.1 Rock magnetic analysis

In addition to the MSP-DB analysis, we conducted routine hys-
teresis measurements at the Institute for Rock Magnetism (IRM),
University of Minnesota, USA. The hysteresis measurements in-
cluding first-order reversal curves (FORCs) were made using a
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Princeton Measurements Corporation Vibrating Sample Magne-
tometers (VSM; Princeton Measurements Corporation, Princeton,
NJ).

3.2 The MSP-DB method and its modifications

To conduct the MSP-DB measurements we used up to nine speci-
mens per flow; there were insufficient specimens for flows AC and
AD. For these two flows only six specimens were examined. The
sample sets from the 1961 flow, that is, AA and AB (Table 1), were
treated as one data set; the two localities were within 200 m of each
other. Sister samples from neighbouring cores were intermixed with
each other during the experiments. All the MSP-DB experiments
and its modifications were made at Imperial College, London.

For the MSP-DB experiment, it is first necessary to check for
the absence of secondary magnetizations in the sample, and then
to select a temperature (7;) for the pTRM acquisition that is be-
low the point where chemical alteration is significant. To determine
this temperature, the NRM of several samples from each flow were
continuously thermally demagnetised using an Orion three-axis,
low-field VSM. The thermal stability of the lavas’ remanences on
heating up to the temperature 7; was also tested, by first demagne-
tizing the samples using a tumbling alternating-field (AF) Molspin
demagnetizer with a peak field of 100 mT. Then, an anhysteretic
remanent magnetization (ARM) was then imparted using a DTECH
AF demagnetizer with a peak field of 200 mT and a bias field of
0.1 mT. The thermal demagnetization behaviour of this ARM was
then measured at temperature on cycling up to 7; and back to room
temperature. This was repeated and the two curves compared for
repeatability.

The MSP-DB experiments were conducted using a combination
of an ASC TD-48 dual-chamber thermal specimen demagnetiser
and an Agico JRSA spinner magnetometer. To induce the pTRM
parallel to the NRM, we used a specially designed sample holder
very similar to the one used by Michalk et al. (2008, 2010). The
error in the orientation was <5°. The sample holder took only
10 mm cores. We applied successively increasing fields in 10 uT
steps from 10 to 90 T, using sister samples for each field. It is
shown in Section 4.2 that the samples were essentially univecto-
rial, therefore, no thermal pre-treatment was applied to the samples
(Dekkers & Bohnel 2006).

We used the new protocol of Fabian & Leonhardt (2010), which
includes additional steps to those proposed by Dekkers & Bohnel
(2006) that allow for domain-state corrections and a chemical al-
teration test. The new protocol now includes five remanence mea-
surements (my is the original NRM) and four addition steps, as
follows.

(1) m,. In a constant external field H},;, aligned parallel to orig-
inal NRM, the specimen is heated to 7; and then cooled to room
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temperature. When combined with m,, this is essentially the original
protocol of Dekkers & Bohnel (2006) termed here MSP-DB.

(2) m,. In a constant external field Hy,, aligned anti-parallel to
the original NRM, the specimen is heated to 7; and then cooled to
room temperature.

(3) mj3. The specimen is heated in zero field to 7}, and cooled in
H\,, aligned parallel to the original NRM field.

(4) my. This is a repeat of m,. This last step is a chemical alter-
ation check.

Steps 2 and 3 were introduced by Fabian & Leonhardt (2010) to
correct for domain-state effects. Using the pictorial representation
of blocking and unblocking processes introduced by Fabian (2000),
and used extensively by Fabian & Leonhardt (2010), step 2 corre-
sponds to a correction for pTRM induced in the samples by MD
material in area 1 (Fig. 1), and step 3, for the MD contribution to area
2 (Fig. 1). Using the new protocol adds two further estimates, that
is, we now have three estimates for the palaeointensity depending
on how many of the domain-state corrections are included. If none
are included, that is, the protocol of Dekkers & Bohnel (2006), the
original MSP-DB ratio Opg (nomenclature of Fabian & Leonhardt
2010) is given by
my — mo

Oos = (M

mo
To determine the MSP-DB estimate, the Opg ratio is plotted
versus pTRM inducing field for each sister sample, and where the
fitted linear trend is equal to zero provides the field estimate. If the
first domain-state correction is included, the so-called f-corrected
MSP-DB ratio Qrc is given by (Fabian & Leonhardt 2010)

my —my

Orc =2 @

Zmo—ml—mz’

This does not account for all the domain-state effects. The fi-
nal correction is the domain-state corrected ratio Opsc given by

T

UB

T

i

area 2

T T
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Figure 1. Schematic simplified blocking/unblocking spectrum diagram
used to describe the remanent magnetizations for the domain-state corrected
palaeointensity protocol of Fabian & Leonhardt (2010). Areas 1 and 2 cor-
respond to the contributions MD remanence makes to the total remanence
acquired on heating to 7;. For ideal SD grains the blocking and unblocking
spectra are identical. Based on a drawing from Fabian & Leonhardt (2010).

(Fabian & Leonhardt 2010)

1+a)ym; —my—am
Opsc = 20 dm = mo —amy, 3)

2m0—m1 — mj

where « is an unknown parameter >0. Fabian & Leonhardt (2010)
proposed a method of determining & when a sufficient number of
measurements are available, the goodness of fit of the data to eq. (3)
is highest for the optimal average choice of «. They suggest that o
should be chosen by minimizing the mean quadratic deviation x2
() between the available site-specific data and the linear fit.

4 RESULTS

4.1 Rock magnetic

The ratios of the magnetic hysteresis parameters, that is, the co-
ercive force Hc, the remanent coercive force Hcg, the saturation
magnetisation M5 and the remanent saturation magnetisation Mg
are shown for all the samples on a ‘Day plot’ (Day et al. 1977) in
Fig. 2.

Generally the basaltic lava samples, notably those from the 1961
flow (AA and AB), plot towards the SD region. There are a few
exceptions to this, that is, some samples from Kvislahraun (AD)
and Batshraun (AG) plot in the middle of the PSD region, and some
Sudurbotnahraun (AC) and Myvetningahraun (AF) samples lie in
the area above the MD region on the right-hand side of the PSD
region. This latter behaviour is often attributed to thermal relaxation,
that is, superparamagnetism (Jackson et al. 1990). Specimens from
flows AC and AF show a far wider variation in their magnetic
properties than specimens from the other flows.

Two example FORC diagrams are shown in Fig. 3. Generally,
samples displaying SD, PSD and MD characteristics, as indicated by
their position on the Day plot (Fig. 2), display corresponding FORC
diagrams (e.g. Roberts et al. 2000; Muxworthy & Roberts 2007).
For example, the sample AA6, displays an SD-like FORC diagram
(Fig. 3a), and plots near the SD region on Fig. 2. Samples from AC
and AG, for example, AC2A (Fig. 3b), which fall outside the usual
regions on Fig. 2, consist of a peak associated with a low-coercivity
magnetisation, and a higher coercive-force-tail magnetisation that is
likely to be a highly stable magnetic remanence carrier. Examination
of the Day plot alone (Fig. 2) belies the potential of such samples.

0.6
SD
0.5
o AA
@ 0 AB
PSD AC
04 9 AC2A I:A[)
° AAF
EM I AAS o \:I 4 AG
2 03 ° m b u] =] a
Tt G o
A A
02 | a
A A AL,
01 A A
MD
0 1 1 1 1 1
0 1 2 3 4 5
H,/H,.

Figure 2. A ‘Day plot’ (Day et al. 1977) of the ratios of the hysteresis
parameters Mrs/Ms versus Hcr/Hc for the five lava flows in this study.
Two samples identified in this figure have their FORC diagrams displayed in
Fig. 3. The regions commonly associated with SD, PSD and MD behaviour
are labelled.
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Figure 3. FORC diagrams for samples for sample (a) AA6 (1961 flow) and
(b) AC2A (SuBurbotnahraun flow). The smoothing factor (SF) in all three
diagrams is 2. The averaging time during the measurement was 100 ms.
Note the identical scales for each diagram.

4.2 MSP palaeointensity results

To determine the pTRM inducement temperature and verify that the
NRM was univectorial, the NRM of several samples was thermally
demagnetised (Figs 4 and 5). To accommodate all the samples, a
pTRM inducement temperature of 350 °C was chosen. This tem-
perature may have been a little high for flow AG (Batshraun). In all
the test samples the NRM was found to be univectorial (Fig. 5). To
further verify that the NRMs were univectorial, the NRM directions
for all the samples in the palaeointensity study are considered; the
first measurement of the palaeointensity protocol is of the NRM.
The NRM directions are plotted on an equal area projection plot
(Fig. 6). It is seen that the modern day field lies within the g5 con-
fidence cone, that is, the lavas have recorded only the ambient field
on formation. There is a degree of scatter amongst the modern data;
however, it must be remembered that these specimens were sampled
as 10 mm cores, which increases the directional error compared to
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Figure 4. Continuous thermal demagnetisation curves of NRM in samples
AAS, AC4 and AGI11.

large core diameters, and we considered the NRM directions, that
is, just one measurement, and not the characteristic direction.

The thermal stability of the remanence carriers in the samples
was then assessed to heating to 350 °C, by examining continu-
ous thermal demagnetisation curves of ARM. The samples dis-
played a range of behaviour (Fig. 7). The samples from the 1961
flows (AA and AB) and the AC (Sudurbotnahraun) flow displayed
mostly repeatable ARM demagnetisation curves. The Kvislahraun
(AD) and Batshraun (AG) flows displayed a range of behaviours,
that is, some samples from these flows displayed repeatable be-
haviour, whereas others did not (Table 1). Generally all the sam-
ples from the Myvetningahraun (AF) flow displayed evidence for
chemical alteration during repeat thermal demagnetisation of ARM
(Fig. 7).

Early analysis of the palacointensity data revealed that rather than
conducting a straight scalar subtraction of intensities in eqs (1)—(3),
it was necessary to include a vector subtraction of the magnetisation
(Table 2). This was necessary because of step 2 (eq. 2), which
induces a pTRM in the opposite direction to the original NRM, that
is, in some samples at step 2 the reversed pTRM combined with the
remaining NRM was not aligned with the initial NRM. The MSP-
DB data was least affected by the use of scalar subtraction (Table 2).
Throughout the rest of the paper we present only the data derived
from vector addition/subtraction of the measured magnetizations
(Table 2).

In Fig. 8, we plot the estimates for Opp, Orc and Opgc ratios
given, respectively by eqs (1)—(3), versus the pTRM inducing field
for all five lava flows. Field estimates are presented in Table 2. To
determine the error on each estimate, Fabian & Leonhardt (2010)
propose a method based not on the quality of the linear fit, but on the
measured degree of chemical alteration during the experiment, that
is, by comparing the last measurement step m4 with the second mea-
surement m, plus the relative size of the domain-state corrections.
They propose to use these errors as weights in the linear regression.
We tried this approach, however, the weighting was often found to
hinge on a particular point with a low error estimate. In addition,
as Fabian & Leonhardt (2010) note, in their determination the er-
ror on each individual estimate is dependent on the inducing field.
Given the problems with this suggested error analysis, we employed
the approach of other earlier studies (Dekkers & Bohnel 2006;
Michalk et al. 2008), by simply determining confidence intervals at
95 per cent (Clys) to the linear fits (Table 2). We have excluded
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400 °C
200 °C
50 'C
E(®),down (o)
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Figure 5. (a) Orthogonal-projection continuous thermal demagnetization plots for samples from cores: (a) AAS, (b) AC4, (¢) AG9, (d) AG11 and (e) AF5.

All the plots display univectorial magnetizations.

these confidence intervals from the plots for clarity. At 95 per cent
confidence some confidence intervals were not defined (ND;
Table 2), that is, the confidence limit does not cross the x-axis
or is negative meaning that there is essentially no relationship at
this confidence level.

4.2.1 Original MSP-DB determination

We have plotted the original MSP-DB calculation of Dekkers &
Bohnel (2006), that is, Opg from eq. (1) in the left-hand column
of Fig. 8. The palaeointensity estimates are tabulated in Table 2.
The 1961 flow (AA and AB), returns an estimate of 51 uT but
with a large Clgs level of 18-87 uT because of large levels of
dispersion in the data. The expected value is 49.5 uT. Flow AC
(Sudurbotnahraun) returns a value above the expected intensity at
64 uT, but Clys is not defined and the estimate is rejected (Table 2).
Samples from flow AD (Kvislahraun) yield an overestimate (66 uT,
Clgs 18 38—126 uT), and flow AG (Batshraun) a value of 53 uT, but
with a wide confidence interval (Clys is 28-93 uT). Samples from

AF (Myvetningahraun) yield a negative intensity estimate, and Clos
is undefined (Table 2) and the estimate is rejected.

4.2.2 MSP-FC and MSP-DSC determinations

In Fig. 8 we consider the proposed domain-state correction ratios
Orc and QOpsc suggested by Fabian & Leonhardt (2010). The full
MSP-DSC correction is dependent on a parameter « (eq. 3), which
is found by minimizing x? («). For all our flows we found that x2
(o) was minimized at « = 0. Fabian & Leonhardt (2010) suggest a
default value of @ = 0.5. As Qpc and Qpsc are identical for « = 0,
we present the MSP-DSC terms for o = 0.5, although it should be
realized that for our data this is incorrect.

The MSP-FC and MSP-DSC estimates derived from the Qpc and
Opsc ratios, respectively, are rejected for the 1961, AC and AF
flows, as their confidence limits were undefined (Table 2). Flow
AD (Kvislahraun) yielded an MSP-FC estimate of 66 uT (Clos
42-123 uT), but the MSP-DSC estimate was rejected as Clys is
not defined. Flow AG (Batshraun) returned an MSP-FC estimate of
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Figure 6. An equal area projection plot displaying the NRM directions for
the samples used in the palaeointensity study. For cores where more than
one sample was used, the core average direction was taken in the calculation
of the mean declination (D), inclination (/) and «gs. The NRM data displays
quite a high level of scatter, although it must be remembered that these cores
were only 10 mm cores, which increases orientation error. The modern day
field direction (D = 346° and / = 75°) was determined using IGRF11. For
comparison, the field in 1921 was D = 331° and / = 76°.

53 uT (Clgs 29-81 uT), and an MSP-DSC estimate of 46 uT (Clys
8-73 uT).

5 DISCUSSION

With the exception of flow AF (Myvetningahraun), the palaeointen-
sity estimates all lay close to the expected field intensity of 49.5 uT
(Table 2), however, all have very large confidence ranges. The net
average effect of applying the MSP-FC and MSP-DSC protocols
of Fabian & Leonhardt (2010) is to decrease the intensity estimate
compared to the MSP-DB method of Dekkers & Béhnel (2006)
(Table 2).

Unlike previous studies, we applied vector addition/subtraction
in all our determinations. Given that the samples had essentially
univectorial NRM direction (Fig. 5) and that some of the samples
were found to be chemically unstable to relatively modest heating,
it is suggested that the vector addition/subtraction was required
because of the acquisition of chemical remanent magnetizations
(CRMs). CRMs acquired in reverse field directions to the original
NRM are likely to lead to more complex total remanences, than
CRMs induced in the same direction as the original NRM. The use
of the m;, step has the potential to act as another alteration check.

5.1 A new selection criterion

It is clear by examination of Fig. 8 that the final fits are often strongly
influenced by individual ‘outliers’; the data generally display higher
levels of dispersion than observed in most previous studies of this
type (Michalk et al. 2008; Bohnel et al. 2009; Michalk ez al. 2010).
We propose a new selection/rejection approach, based on the ob-
servation that the outliers are generally associated with large dif-
ferences between m; and my, that is, large changes in the magnetic
mineralogies’ recording capacity during the experiment. To apply

© 2011 The Authors, GJI, 187, 118-127
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Figure 7. Continuous thermal demagnetisation curves for ARM induced
twice, that is, first and second, in samples: (a) ACS5, (b) AD10 and (c) AG11.
Each plot contains an inset where the binned data for the first and second
ARM curves are plotted against each other. A linear trend is fitted in the
inset.

this new criterion, we first sort the data within each flow by &,

where €7, is similar to the e, [=|(m; — m4)/m,|] parameter given

by Fabian & Leonhardt (2010). &}, is defined as
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Table 2. Palaeointensity estimates for the basaltic lavas.

_ _ MSP-DB MSP-FC MSP-DSC (& = 0.5)
Location Geomagnetic
code field* (uT) £alt Tange Estimate (uT)  Clos (uT)  Estimate (uT)  Clos (uT)  Estimate (uT)  Clos (uT)
AA and AB 49.5 Scalar 46 19 — 67 14 ND-ND 25 ND-ND
0.04-0.36  Vector 51 18 — 87 47 ND-59 41 ND-74
E;, reject 2° 49 35175 45 13-71 41 ND—65
AC 49.5 Scalar 55 ND—-ND ND ND—-ND ND ND—-ND
0.03-0.90  Vector 64 ND—-ND 74 ND-ND 68 ND—-ND
E;, reject 1 49 35 -62 50 36 — 62 45 30 — 56
AD 49.5 Scalar 52 43—-ND 27 ND-ND 29 ND—-ND
0.01-0.30  Vector 67 40 — 126 66 42 — 123 49 ND—-ND
E;, reject 2 52 40 — 77 54 38 —91 40 ND—-ND
AF 49.5 Scalar ND ND—-ND 87 ND—-ND 99 ND—-ND
0.01-0.60  Vector ND ND—-ND 58 ND—-ND 52 ND—44
Ej, reject 3 35 ND-59 33 ND—-ND 28 ND — ND
AG 49.5 Scalar 46 23 — 64 47 29 — 147 43 40 — 164
0.01-0.26  Vector 53 27 -93 53 29 — 80 46 8§73
E;, reject 0 53 27 -93 53 29 — 80 46 873

Note: ND, not defined (this includes negative numbers).
“Deduced from the International Geomagnetic Reference Field (IGRF).

bNumber of rejected points during E; minimization, determined using vector calculations.

The range of &}, values for each flow are tabulated in Table 2.
Second, we stepwise reject the data with the largest &7, values,
determining the error estimate (£;) of each linear regression (y =

a;x + b;), where E; is given by

2 22
o[-y
a; bi

and @; and Ag; are the gradient and its associated error, b; the fitted
constant and Ab; its error and i the number of samples used to
make the determination. We then take the minimum value of E; as
the most robust palaeointensity estimate. £; is reduced by removing
outliers and by increasing the number of points used in the linear
fit, therefore E; is minimized by removing only a few samples with
large &}, values, that is, typically outliers.

We applied this approach to our data set, and the ‘E; minimized’
palaeointensity estimates are tabulated in Table 2. Fig. 9 depicts a
plot of E; versus i for three flows, and in Fig. 8 the rejected data
points are highlighted. It is readily seen that the removal of outliers
both improves the quality of the palaeointensity estimate and sig-
nificantly reduces the confidence interval ranges compared to the
palaeointensity estimates made for all the samples. For example, for
flow AD (Kvislahraun) two points are removed, reducing the MSP-
DB estimate from 65 to 52 uT and the 95 per cent confidence range
from 38-126 uT to 40-77 uT. For flow AC (Sudurbotnahraun),
the removal of just one point reduces the MSP-DB and MSP-FC
estimates to 49 and 50 uT, respectively, but also allows for the defi-
nition of confidence limits that are relatively narrow, that is, 35-62
uT and 36-62 uT, respectively (Table 2). The most unreliable flow
AF (Myvetningahraun), now produces more realistic palaeointen-
sity estimates, for example, the MSP-DB estimate is 35 uT rather
than being negative, however, we still reject all the estimates for this
flow as the confidence limits cannot be defined (Table 2). For flow
AG (Batshraun), which had no obvious outliers, £; was minimized
when all the data points were included, that is, the proposed selec-
tion criteria palaeointensity estimate and the original estimate are
identical.

5.2 How well do the domain-state corrections work?

Given the significant improvement to the palaeointensity estimates
after the new selection criteria introduced in Section 5.1, we consider
only the E; minimized MSP-DB, MSP-FC and MSP-DSC estimates
(Table 2). As stated earlier for our data set, we found that x? («)
is minimised for @ = 0.0 for which MSP-FC = MSP-DSC; in our
estimations in Table 2, we have used o = 0.5, albeit incorrectly, as
suggested as the default value by Fabian & Leonhardt (2010). It is
clear from Table 2 that for our data set, MSP-FC provides better
estimates than MSP-DSC (« = 0.5), that is, in four out of five case
MSP-FC produces an estimate that is closer to the expected value
than the MSP-DSC (« = 0.5) estimate (Table 2). In the other case,
that is, for the AG flow (Batshraun), the MSP-FC estimate is 3.5 uT
over the actual field, the MSP-DSC (¢ = 0.5) estimate 3.5 uT under.
This demonstrates the importance of determining « for individual
data sets.

The MSP-DB and the MSP-FC [=MSP-DSC (« = 0.0)] estimates
are generally similar, although there is no consistent trend. For
example, for flow AC the MSP-DB estimate is 49 uT and the MSP-
FC estimate is 50 uT with similar confidence ranges (Table 2), and
for the 1961 flow, the MSP-DB estimate is 48 uT and the MSP-FC
estimate is 45 pT with similar confidence ranges (Table 2). The
flow with the most MD-like characteristics, that is, AG, displayed
the largest difference between the MSP-DB and MSP-FC estimates,
although the latter estimate was only marginally better (Table 2).
Therefore, from this data set it is not clear whether the application of
the domain-state corrections improves the palaeointensity, however,
given the limitations of this data set, that is, five lava flows from
the same volcano, it is probably worth pursuing the protocol of
Fabian & Leonhardt (2010) in future studies. The data supports the
first-order symmetry model of Biggin & Podrais (2006).

6 CONCLUSIONS

We have determined palaeointensity estimates from a suite of histor-
ical lavas from Mt Askja, with the purpose of testing the domain-
state corrections proposed by Fabian & Leonhardt (2010) to the
original MSP-DB method of Dekkers & Bohnel (2006). We have
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Figure 8. Palacointensity estimates for the five flows in this study. In the left-hand column are plotted the Opp ratios versus field from which the MSP-DB
estimates are calculated, similarly for the middle column the Qpc ratios, and in the right hand column the Opsc ratios. In this paper the optimal value of & (eq.

3) was found to be zero, therefore, for this paper MSP-FC = MSP-DSC, as MSP-FC = MSP-DSC (¢ = 0.0). In the right-hand column « was set to 0.5, as this
was the default value suggested by Fabian & Leonhardt (2010). The rejection criterion introduced in Section 5.1 has not been applied, although the rejected
points are ringed. Note the difference in scales on the y-axis.
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0.5

minimum AF

L minimum AA &AB minimum AG

Figure 9. E; versus i, for three of the lava flows (AA and AB, AF and AG).
E; is defined in eq. (5), and i is the number of samples used to make the
determination. The minimum value of E; is used to reject possible outliers
associated with large errors as discussed in Section 5.1. For flow AG no
points are rejected, for AA and AB (1961) flow two points are rejected and
three for the AF flow (AF initially only had eight samples). For a linear trend,
the error on the linear fit for i < 2 is meaningless and the plot is truncated.

introduced two alterations to the proposed method of Fabian &
Leonhardt (2010): (1) we use vector addition/subtraction in our cal-
culations (Table 2) and (2) we have introduced and applied a new
criterion that attempts to improve the robustness of the estimates
by preferentially removing outliers based on the error analyses of
the linear fits. The second addition was the more significant (Table
2), and was introduced to remove ‘outliers’, which were common
to our samples. Outlying behaviour was generally observed in sam-
ples that displayed high levels of chemical alteration during the
experiment, that is, the wide dispersion in the samples’ response
was likely because of chemical alteration of the magnetic minerals
within the samples.

With the exception of one flow (AF), which displayed signifi-
cant alteration during the experiment, the palacointensity estimates
determined using the MSP-DB protocol determined using the E;
minimization procedure were all within 3 pT of the expected
estimate, and the MSP-FC [=MSP-DSC (« = 0.0)] all lie within
44 uT of the actual value of 49.5 uT. Generally, there was no
significant difference between the MSP-DB and the domain-state
corrected estimates, although the one flow, that is, AG (Batshraun),
which had the most MD-like hysteresis parameters displayed a slight
improvement on the application of the domain-state corrections
(Table 2).

One problem that still remains is how to assess the degree of
chemical alteration in the samples on heating. In this study, we tried
to assess this using thermal demagnetization of ARM, however, it
is clear from these experiments that there is significant variation be-
tween sister samples, making such experiments non-definitive. We
support the final measurement step, that is, m4, suggested by Fabian
& Leonhardt (2010), as this repeat step provides a measurement of
chemical alteration during the experiment through eq. (4). However,
the most likely heating step where chemical alteration occurs is on
the initial heating step, that is, between m, and m,. It is difficult
to assess the degree of alteration over this step; room temperature
susceptibility can be measured before and after heating, but again
this does not provide a definitive answer.

In conclusion, with the exception of the flow AF
(Myvetningahraun), which displayed significant alteration and

erratic behaviour during the experiment, both the original MSP-DB
and the domain-state corrected estimates provide estimates com-
parable with those published on other historical lavas (Dekkers &
Bohnel 2006; Michalk et al. 2008). The new criterion proposed in
this paper that preferentially removes outliers improves the quality
of the palaeointensity estimates.
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