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Abstract

Inter-laboratory and absolute calibrations of rock magnetic parameters are fundamental for grounding a rock magnetic
database and for semi-quantitative estimates about the magnetic mineral assemblage of a natural sample. Even a dimensionles
ratio, such as anhysteretic susceptibility normalized by magnetic susceptiili) (may be biased by improper calibration
of one or both of the two instruments used to meas(yendK. In addition, the intensity of the anhysteretic remanent
magnetization (ARM) of a given sample depends on the experimental process by which the remanence is imparted. We report
an inter-laboratory calibration of these two key parameters, using two sets of artificial reference samples: a paramagnetic
rare earth salt, G®Ds; and a commercial “pozzolanico” cement containing oxidized magnetite with grain size of less than
0.1m according to hysteresis properties. UsingGglthe 10 Kappabridges magnetic susceptibility meters (AGICO KLY-2
or KLY-3 models) tested prove to be cross-calibrated to within 1%. On the other hand, Kappabridges provide a low-field
susceptibility value that is ca. 6% lower than the tabulated value foOgdvhile average high-field susceptibility values
measured on a range of instruments are indistinguishable from the tabulated value. Therefore, we suggest that Kappabridge
values should be multiplied by 1.06 to achieve absolute calibration. Bartington Instruments magnetic susceptibility meters
with MS2B sensors produce values that are 2—13% lower than Kappabridge values, with a strong dependence on sample
centering within the sensor. Th&/K ratio of ca. 11, originally obtained on discrete cement samples with a 2G Enterprises
superconducting rock magnetometer and a KLY-2, is consistent with reference parameters for magnetites of grain size
<0.1m. On the other hand, values from a 2G Enterprises magnetometer in@lues from a Bartington Instruments
MS2C loop sensor for u-channel and discrete cement samples, will produce aKgfiagalues that are unrealistically high
if not properly corrected for the nominal volume detected by the sensors for these instruments. Inter-laboratory measurements

* Corresponding author. Teh:39-0651860321; fax+39-0651860397.
E-mail address: sagnotti@ingv.it (L. Sagnotti).

1 Barbara Maher, Eva Moreno: University of Lancaster, UK; Monika Hanesch, Robert Scholger: University of Leoben, Austria; Robert
Jude, John Shaw: University of Liverpool, UK; Gregg Mclintosh, Maria Luisa Osete: University of Madrid, Spain; Jurgen Matzka, Nikolai
Petersen: Ludwig-Maximilians-Universitat Miinchen, Germany; Juan Cruz Larrasoafia, Matthew O’Reagan, Andrew P. Roberts: University of
Southampton, UK; Tom Mullender, Clare Peters: University of Utrecht, The Netherlands; Kais J. Mohamed, Daniel Rey: University of Vigo,
Spain; Jacqueline Hannam, Friedrich Heller: Institut fir Geophysik, ETH Zirich, Switzerland; Thomas Frederichs, Ulrich Bleil: University of
Bremen, Germany.

0031-9201/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0031-9201(03)00063-3



26 L. Sagnotti et al./Physics of the Earth and Planetary Interiors 138 (2003) 25-38

of K andK, for standard paleomagnetic plastic cubes filled with cement indicate remarkable differences in the intensity of the
newly produced ARMs (with a standard deviation of ca. 21%), that are significantly larger than the differences observed from
the calibration of the different magnetometers employed in each laboratory. Differences in the alternating field decay rate are
likely the major source of these variations, but cannot account for all the observed variability. With such large variations in
experimental conditions, classical interpretation of a “King plotKgfversusk would imply significant differences in the
determination of grain size of magnetite particles on the same material.

© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Rock magnetism; Magnetic susceptibility; Anhysteretic remanent magnetization; Calibration; Instrumentation; Relative
paleointensity

1. Introduction differences under different experimental conditions.
The popular “King plot” ofK, versusK (King et al.,
Relative and absolute inter-laboratory calibrations 1982, which is commonly used to quantify grain
of rock magnetic parameters receive relatively lit- size and concentration of magnetic particles in a
tle attention Enowball et al., 1994 despite the fact  rock, when the magnetic mineralogy is dominated by
that they are fundamental for grounding a rock mag- magnetite, combines both the ARM and the use of
netic database or for turning qualitative statements two-instrument problems. The purpose of this study is
(e.g. “magnetic grain size increases downcore”) into tg evaluate and quantify the problems associated with
semi-quantitative estimates (e.g. “magnetic grain size gbsolute calibration and inter-laboratory calibration
increases from 1 to 10m”). The recent development  of K, and K. We use two sets of synthetic refer-
in theoretical understanding of fundamental rock mag- ence standards. Reference samples were prepared at
netism and the application of rock magnetic parame- CEREGE (Aix en Provence, France) and at the Istituto
ters as indicators of (paleo)environmental changes or Nazionale di Geofisica e Vulcanologia (INGV, Rome,
as recorders of paleointensity variations of the geo- |taly) and were distributed for measurement on vari-
magnetic field is accompanied by a marked increase ous instruments in the different paleomagnetic labora-
of the semi-quantitative use of single rock magnetic tories of the European “Mag-Net” network and at the
parameters or interparametric ratios. We note, how- paleomagnetic laboratories of the Institute for Rock
ever, that even dimensionless ratios, such as satura{viagnetism (IRM, USA) and of the University of Bre-
tion remanent magnetization/saturation magnetization men (Germany). We also discuss relative and absolute

(Mrs/Ms), natural remanent magnetization/isothermal calibration of high-field magnetic susceptibility.
remanent magnetization (NRM/IRM) and anhys-

teretic susceptibility/low-field magnetic susceptibility

(Ka/K) may be biased by improper instrument cal-

ibration. This is a significant concern even for the 2. Material and instruments

simplest case of two parameters measured on a sin-

gle instrument, such aBl;s/Ms, or NRM/IRM. The We used two sets of reference artificial samples:
potential for error is compounded in the case of two a paramagnetic rare earth salt, &d (99.9%, pu-
parameters measured on different instruments, suchrity, manufactured by Aldrich, catalogue reference:
asKa/K. In addition,K, is strongly dependent on the 27,51-3) and a commercial Italian cement, “pozzolan-
experimental process by which the signal is imparted ico 325" (“pozzolana” is the local name for a variety
to the sample. Indeed, the intensity of the anhysteretic of pyroclastic units from the Pleistocene and active
remanent magnetization (ARM) of a given sample volcanoes of the Tyrrhenian margin of Italy, used since
depends not only on the magnetometer calibration ancient Roman times to produce hydraulic cement;
but also on a number of additional parameters (al- “325” indicates a minimum compressional strength
ternating field (AF) and direct field (DC) intensities, of 32.5 N/mn?). Artificial samples were preferred be-
AF frequency and ramp down rate, coupling between cause they can be prepared at will from a large batch of
AF and DC coils) that are liable to produce large highly homogenous powder to obtain various sample
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shapes and volumes. Proper calibration for most in-  Ten standard plastic cubes (8 ¥mwere partly filled
struments implies that the calibration sample has the with about 7 g of GdO3 powder and sealed. Samples
same shape and volume as the samples for whichof 10 g (full cube) and 0.4 g (pressed pill for high-field
calibration is sought. Reported measurements of sus-measurements) were also prepared. An electronic bal-
ceptibility will be either specific ) or volumetric ance with internal calibration and sensitivity of 0.1 mg
(K). Whenever possible, measurements were cor- was used. Preparation and weighing of all samples at
rected for the empty holder signal. However, this the same time, on a newly purchased,QGgl batch,
signal was negligible with respect to both the mag- ensured minimal difference of adsorbed water among
netic susceptibility and ARM values of the reference samples. Hysteresis measurements and measurements

samples. of temperature dependence of magnetic susceptibility
Gd,O3 was chosen for low- and high-field suscep- confirmed pure paramagnetic behaviokig( 1).
tibility calibration. It combines the advantages of all For K4 and for furtheiK measurements, a commer-

paramagnetic salts (independencekabn field value cial “pozzolanico 325" cement was mixed with water
and frequency) with a high specific susceptibility, a and was used to fill a u-channel (Coastal Plastics,
high chemical stability (no oxidation and little hydrata- length of 73 cm) and 10 standard paleomagnetic plas-
tion in air) and a well-defined temperature correction. tic cubes (ASC Scientific, 2cm 2cm x 2cm). The

It has already been recognized as an ideal material for sample mass used for normalization was measured af-
susceptibility calibrations (e.dackson, 2000Gd,O3 ter drying for a few months. Cement has the advantage
has a tabulated specific magnetic susceptibitity= of providing highly homogeneous fine-grained powder
1845x 10~2m3/kg at 20°C (Holtzberg et al., 1970 that is capable of acquiring a stable remanence. Fre-
Its temperature dependence above 50K is describedquency dependence of magnetic susceptibiligy)(

by a Curie-Weiss lawy = C/(T — 6) (with a para- was measured with a Bartington Instruments MS2B
magnetic Curie temperatuteof —18K; seeFig. 1). probe at frequencies of 470 Hig;() and 4.7 kHz Kny).
Therefore room temperaturé {n °C) measurements  kig was calculated algq = (kif — knt)/ kir x 100% and
can be corrected to a reference temperature 620 is ca. 3%. Hysteresis loops, measured on a Prince-
by the formula:x. = x(291+ 7)/311. ton Measurements Corporation, microMag vibrating

1/K (arbitrary units)

20 20 60 100 140 180 220 260 300
Temperature (K)

Fig. 1. The temperature dependence of low-field magnetic susceptitiljtfo¢ Gd,O3 above 50K is described by a Curie-Weiss law,
x = C/(T — 0) (with paramagnetic Curie temperatute= —18K).
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Fig. 2. Rock magnetic characterization of the “pozzolanico” ce-
ment. (A) Hysteresis loops indicate théfs = 0.65 Am?/kg, with
shape and parameters typical of a mixture of mainly SD and
some SP (and/or PSD) grains. The grain size equivalet$tMs
(0.31), B/Be (1.91) andBg; (50mT) is about 0.ium for mag-
netite. (B) A thermomagnetic curve (CS-3 attached to a KLY-3
Kappabridge) reveals a rather high Curie point suggesting the
dominance of oxidized magnetite. The light (dark) gray curve is
the heating (cooling) curve.

sample magnetometer (VSM), provide s of
0.65Ant/kg (indicating ca. 0.7% of magnetite by
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oxidized magnetite is the dominant magnetic mineral
in the cement sample&ig. 2B). The curve is nearly
reversible, indicating quite stable magnetic grains.
Further stability tests involved the comparison of
hysteresis loops of the dry cement, hydrated cement
and hydrated cement heated in air at 160 No de-
tectable differences were observed in the hysteresis
loops and ARM intensity did not change after thermal
treatment. These samples are therefore likely to be
stable through time.

The instruments used in the CEREGE and INGV
laboratories are AGICO (ex-Geofyzika Brno) Kap-
pabridges magnetic susceptibility meters (KLY-2
and KLY-3 models), Bartington Instruments mag-
netic susceptibility meters (with MS2B and MS2C
sensors), and 2G Enterprises superconducting rock
magnetometer systems with 4.2 cm access diameter,
equipped with DC SQUIDs and in-line AF demag-
netization coils and ARM acquisition solenoid. A
Schonstedt AF demagnetizer was also used to impart
an ARM using the Earth’s magnetic field as the DC
bias field. An ARM was imparted to cement samples
using a peak AF of 100mT and a DC bias field of
50T (except in the specific cases described below).
Further investigations on G@3 were conducted at
the IRM using a Lakeshore Cryotronics low-field AC
susceptometer and various high-field instruments:
two VSMs (a microMag VSM by Princeton Measure-
ments Corporation and a VSM by Princeton Applied
Research (PAR), with in-house modification), and a
guantum designs magnetic properties measurement
system (MPMS). Instruments requiring internal cal-
ibration (i.e. KLY-2, VSM) were calibrated using
standards provided by the manufacturers. Besides the
instruments listed above, the other laboratories par-
ticipating in this calibration experiment employ other
commercial and in-house built instruments, such as

mass). The hysteresis parameters are typical of aMolspin and AGICO spinner magnetometers and

mixture of mainly single domain (SD) and some mul-
tidomain (MD) (and/or pseudo-single domain, PSD)
grains Fig. 2A) (Dunlop, 2002. The grain size equiv-
alent to the experimental values &,s/Ms (0.31),
Ber/B: (coercivity of remanence/coercivity: 1.91)
and B¢ (49.5mT) is about 0.0@m for grown mag-
netite crystalsiunt et al., 199% A thermomagnetic
curve (AGICO CS-3), with the heating and cooling
cycle performed in air, reveals a rather high Curie
point (in the range 600-64Q), which suggests that

various devices (2G, Moslpin, Schonstedt, AGICO,
Highmoor, DTECH) to impart a new ARM.

3. Results
3.1. Gd,O3

The first set of magnetic susceptibility measure-
ments of the 10 boxes was made in the CEREGE
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Table 1
List of low-field magnetic susceptibility measurements for standard cubes gD4d

Cube mass (g) KLY-2  KLY-3 KLY-2 KLY-2 MS2B low MS2B high MS2C MS2B? low  MS2B? high

standard INGV standard large frequency frequency INGV frequency frequency

CEREGE INGV INGV INGV INGV INGV INGV
1 6.9619 1740.8 1723.7 1742.7 1725.4 1572.8 1582.9 441.0 17122 1726.5
2 6.9861 1741.7 1722.0 1742.4 1713.8 1580.3 1584.6 382.2 1707.7 1720.6
3 7.0760 1742.2 1724.1 1742.9 1735.2 1601.2 1601.2 442.3 1700.1 1714.2
4 7.1937 17425 1719.6 1739.4 1719.5 1595.8 1595.8 428.2 1697.3 1711.2
5 7.2461 1743.7 1725.1 17447 1724.1 1592.6 1598.1 398.8 1700.2 1718.2
6 7.0133 1742.3 1721.0 1744.2 1736.8 1588.4 1592.7 436.3 1701.1 1719.6
7 6.9746 1743.0 1720.5 1745.3 1726.0 1591.5 1594.4 404.3 1701.9 1722.0
8 7.0480 17434 1723.9 1742.7 1725.5 1596.2 1597.6 364.6 1695.5 1714.0
9 7.0150 1743.0 1723.4 1742.3 1735.5 1589.5 1590.9 417.7 1696.4 1722.0
10 6.9547 1742.6 1721.1 17445 1728.1 1597.5 1577.4 402.6 1699.6 1726.9
Mean 1742.6 1722.4 1743.1 1727.0 1590.6 1591.5 411.8 1701.2 1719.5
S.D. 0.8 1.8 1.7 7.3 8.5 7.6 26.0 51 5.2

All susceptibility values are in (f® m3/kg) and are corrected to 2C. For the KLY-2 Kappabridge, both the standard (4cm internal
diameter) and the large (8 cm internal diameter) pick-up coils were employed.
2 After centering.

laboratory on a KLY-2 Kappabridge system with IRM, Minnesota: inter-laboratory calibration results
a standard coil, which provided an extremely are summarized ifmable 2 Thirteen tested KLY-2
well-defined mean value of 1742.6 (1dmd/kg), or KLY-3 instruments proved to be cross-calibrated
with a relative standard deviation (S.D.) of %.5 to within 1% except for one laboratory, despite the
This high level of precision ensured that different 16 years manufacturing age range of the instruments.
samples from the same batch could be used for Bartington Instruments MS2B sensors give values
cross-calibration purposes. A second set of measure-that are 2—-14% lower than Kappabridge values, with
ments, made in the INGV laboratory (on the same a strong dependence on sample centering. The mean
10 samples), allowed the comparison of data pro- value for theK measurements on the Bartington In-
vided by three different instruments (KLY-3, KLY-2, struments susceptibility meter with MS2B sensor is
MS2) in six different configurationsTable 7). The 1665+ 69 (10°md/kg), whereas it is 1744 23
INGV KLY-2 and KLY-3 standard coils also exhibit  (10~2 m3/kg) for the Kappabridges. This implies that
low S.D. (%), while the Bartington discrete sample the standard deviations on tHeinter-laboratory mea-
probe (MS2B) gave a S.D. of 3%b depending on surements, expressed as a percentage of the mean
frequency and centering. MS2B measurements were values, are 4.1% for the Bartington and 1.3% (0.7%
made before and after optimizing the centering of the excluding the one outlier) for the Kappabridge meters.
sample. This optimization resulted in a 7% increase These S.D. values represent differences in instrument
of measured susceptibility values. Previous optimiza- calibration rather than measurement noise or sample
tion was performed on filled cubes while the &g differences because they are about 10 times larger
cubes were only 3/4 filled. This demonstrates the than the S.D. obtained on the 10 samples measured
sensitivity of MS2B output to sample height. Finally at the INGV. A rather consistent negative frequency
the loop sensor (MS2C) installed for in-line mea- dependence is observed @4 + 0.7%). This value
surement of u-channel samples in the 2G Enterprisesshould be zero for a paramagnet, which suggests a sys-
magnetometer system, provided a larger S.D. (6.3%) tematic relative error between the two measurement
with a mean 4.23 times smaller than the KLY-2 frequencies available on MS2B sensors. It should also
value. be noted that in terms of absolute calibration, both
Ten G@O3 samples were then circulated among the Bartington and the AGICO susceptibility meters
the laboratories of the “Mag-Net” network, plus the provided values that are lower (by ca. 9 and 6%,
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Table 2

Gd,0O3 magnetic susceptibility values, corrected to°20) from different laboratories

Laboratory MS2B (10° m3/kg) Diff% Fd% KLY-2 or KLY-32 (10~° m3/kg) Diff%
INGV 1701 -2.4 -1.1 1722.42 —-1.2
CEREGE 1695 -2.8 -0.6 1742.6 0.0
Madrid — - - 1748 0.3
Vigo 1773 1.7 0.5 1749% 0.4
Lancaster 1660 —4.8 -1.1 1721.8 -1.3
Liverpool 1508 -13.5 -0.4 1737.2 -0.3
Southampton 1671 —-4.1 0.2 - —
Utrecht 1707 -2.0 -0.6 1756 0.7
Munich 1632 —-6.4 1 1805 3.6
Zurich 1663 —4.6 -0.6 1733 -0.6
IRM 1601 -8.2 - 1725.8 -1.0
Leoben 1705 2.2 -0.9 1739.4 -0.2

Measurements from the MS2B sensor are reported for the low frequency field. Bold values are the mean of 10 samples; Fd% is the frequency
dependence of low-field magnetic susceptibility; Diff% is percentage difference normalized to the mean INGV KLY-2 value (1743.1).
2|ndicates values measured on the KLY-3.

respectively) than the tabulated value of 1845 the PAR VSM at the IRM, with its 2.5 cm pole gap,
102 m3/kg for GbO3 (Holtzberg et al., 1970 are likely to be less sensitive to sample geometry and
High-field measurements were conducted in the provide values close to the tabulated value. MPMS
CEREGE and IRM laboratories to further investigate measurements on G@3 samples in containers of
this absolute calibration problem. High-field system 15 and 5mm length yielded values lower than the
calibrations are dependent on sample shape, size anditerature value by roughly 25 and 4%, respectively,
centering, because they typically use gradiometer coil but extrapolation to submillimeter sizes (using a
arrays optimized for sensitive measurements of very calibrated length-response function) yields a suscep-
small (1 mm) samples. These new measurements tibility indistinguishable from the tabulated value.
are summarized iMmable 3 along with a previous  Overall, high-field measurements give consistently
calibration performed with the high-field (3T) SHE higher values than the Kappabridge. This confirms the
high-field cryogenic magnetometer at the Louis Néel validity of the 1845x 10~° m3/kg tabulated value and
laboratory in Grenoble, France. The SHE magne- supports a reassessment of Kappabridge standards for
tometer, with its 2cm internal diameter, as well as a proper absolute calibration. Other types of low-field

Table 3
High-field measurements on gd; samples from the IRM, Grenoble and CEREGE laboratories
Instrument Sample dimensions (mm) Sample mass (g) x (109 m3/kg) Xeorrected (1079 m3/kg)
MicroMag VSM, IRM 19 x 19 x 19 10.146 1969
5x5x 15 0.382 1517
5x5x5 0.130 1769
PAR VSM, IRM 19 x 19 x 19 10.146 1850
5x5x 15 0.382 1650
MPMS, IRM 5x 5 x 15 0.382 1391 1854
5x5x5 0.130 1773 1831
MicroMag VSM, CEREGE 6x 6 x 3 0.442 1914
SHE LLN, Grenoble 6x 6 x 10 ~0.5 1833

Corrected values for the MPMS are based on an empirical calibration curve derived from measurements of homogeneous solid ceramic
cylinders of 5mm diameter and varying lengths.
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Fig. 3. Low-field magnetic susceptibility values obtained on dif- and is negligible in the range of standard samples.
ferent GgO3 samples measured on a Kappabridge at the IRM

(squares) and CEREGE (circles) laboratories plotted according to 3.2. Cement

sample mass, normalized to the largest sample value. The open

circle corresponds to the sample prepared 18 months later (see
text). Ten hydrated cement samples (8khoxes) were

initially analyzed at the INGVy and x,, measured

on a KLY-2 Kappabridge and on a 2G Enterprises
AF susceptibility measurements at the IRM ggve  magnetometer, are well defined, with mean values of
values consistent with the high-field slope on the 46.7+0.2 (10" m3/kg) and 52134+6.5 (10~ ' m3/kg),
MPMS, and values of 1750 and 1664 {(£on3/kg) respectively. By comparisory and x, values mea-
were measured with the Lakeshore system on the 5sured for 10 empty boxes under the same experimen-

and 15 mm length samples, respectively. tal conditions are-21.540.3 (10~ m3/kg) and 60+
Finally, the preparation of small samples, as well as 2.3 (10-° m3/kg), respectively. If normalized by the
a new cube completely filled with G@3 powder, al- weight of the cement samples (which is useful to esti-

lowed us to check the dependence of Kappabridge mate the relative contribution of the boxes to the val-
values on sample mass over a wide range of massesues obtained for the cement samples), such values di-
from 0.07 to 10.1g Kig. 3. It appears that for a  vide into halves. The homogeneity of values measured
given instrument a slight decrease pfis observed on the hydrated cement samples demonstrates that the
with reduction of the sample mass. Its origin could unknown bound water content of the different samples
be non-linearity of the Kappabridge or balance re- is quite constant. The measured values providg/&
sponse, improper diamagnetic sample holder correc- ratio of ca. 11, which is consistent with values for mag-
tion, or dependence of adsorbed water on sample massnetites of grain size<0.1pm, according to the refer-
We checked that it cannot be due to a variable position ence lines commonly reported in a “King ploKifig
within the coil: raising a small 0.3 g sample from the et al., 1982. The acquired ARM is perfectly linear
bottom of the coil by up to 23 mm produced reading when plotted versus DC bias field values of 20—{d0
changes of less thakd. Another 7 g sample, prepared (Fig. 4) and it is relatively stable with a total viscous
from the same batch but 18 months after the initial set, decay, for the 10 samples, of ca. 3—4% of the initial
gave ay value about 2. lower (Fig. 3). This demon- intensity after 5 months of laboratory storage. About
strates that the “aging” of the powder, i.e. dilution by 1% of this viscous decay occurred in the first hour af-
adsorbed water or gas, has a limited effect. Overall, ter production of the ARM in the laborator¥ig. 5).
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Fig. 5. Viscous decay of the ARM for a cement cubic sample. The time refers to the actual time of the day at which the measurement
was made.

Sequential cycles of acquisition and demagnetization for the last demagnetization step, at 120 mT, of two
of an ARM on the u-channel sample, under the same subsequent cycles). The u-channel ARM &ndhlues,
experimental conditions, also showed that ARM inten- apart from edge effects, have a broad central maximum
sities are highly reproducible for each different cycle due to the fact that cement flows toward the center of
(as shown irFig. 6 for the ARM acquisition step and  the sample during drying, resulting in a slightly larger
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Fig. 6. ARM acquisition and demagnetization on the cement u-channel in two successive cycles.
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height in the center. We therefore took into account
data from the central part (24—58 cm) of the u-channel.
From the experimental data we observe that the
MS2C loop sensor gives a mean r#walue on dis-
crete samples that is 4.96 times lower than for the Kap-
pabridge (compared to 4.23 for &03). On the other

hand, u-channel measurements on the MS2C sensor

provides a mean raW value that is 1.80 times larger
than for the discrete samples. Assuming equal volu-
mic susceptiblities for discrete and u-channel samples,
this translates into a correction factor of 2.76 to con-
vert the u-channel values into Kappabridge suscepti-
bility values. In the u-channel case a correction factor
for the susceptibility measurements can be obtained
using the calibration graph reported in the Bartington
Instruments manual for measurement on continuous
cores Bartington Instruments Ltd., 20p2assuming
for the u-channel an equivalent core diametdr df
22mm (i.e. the diameter of a core having the same
cross-sectional area of the u-chanaeB80 mn?). In

our case, a MS2C loop sensor with internal diameter
of 45 mm (and nominal diamet& of 53 mm) would
provide ad/D ratio of ca. 0.4, which plots in the re-
gion of poor resolution of the Bartington Instruments
calibration graph. However, the correction factor com-
puted with the formula indicated in the Bartington In-
struments manualkger = 3.45x (d/ D)%) is ca. 0.25
(i.e. implying that the MS2C loop sensor susceptibil-
ity values should be multiplied by/0.25 = 4 to ob-
tain the actual susceptibility values for the u-channel).
This value is significantly different from the experi-
mental correction factor determined here. The same
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Fig. 7. Plot of K (2G Enterprises magnetometer with in-line
AF/ARM system) vsK (AGICO and Bartington Instruments me-
ters) for the cement samples. Measurements were all done at the
INGV laboratory. The ARM was produced using an AF of 100 mT
and a DC bias field of 5QT, both acting along th&-axis only.Ky

data were computed from “raw” data, considering the same vol-
ume of 8cmi for all measurements. The reference lines reported
to estimate concentration and size of magnetite particlesk(ing

et al., 1982; Dunlop and Ozdemir, 1993re also drawn.

volume of a standard cubic box). As a consequence, if
one uses raw data from a 2G Enterprises magnetome-
ter and MS2C loop sensor values, without applying
the proper nominal volume corrections, aver&gé

cement u-channel was then measured on the MS2Cvalues appears to be 95 and 56 for u-channel and

loop at the paleomagnetic laboratory at the Southamp-
ton Oceanography Centre, UK, which has an internal
diameter of 40mm, and the obtained experimental
data are 2.02 times lower than the Kappabridge val-
ues on cement boxes. This experimental calibration
factor is again not in agreement with the one ex-
trapolated from the Bartington Instruments manual
calibration curve. It is therefore advised to rely on
empirical calibration, like the one performed in this
study, to determine the actual susceptibility values for
u-channels.

ARM values for the cement u-channel sample are

ca. 3.2 times larger than for the discrete cement sam-

ples (due to the difference between the u-channel
volume detected by th#-axis SQUID sensor and the

discrete samples, respectivelyid. 7). Improper cal-
ibration of instruments may therefore be responsible
for some unrealistically highka/K ratios often pub-
lished, for which it is difficult to find a geological
explanation (e.gFig. 4in Tauxe and Wu, 1990

We also notice that different experimental settings,
on the same instrument and the same material, can
produce significant differences. That is, using the
three-axis ARM procedure (DC bias field along the
and AF alongZ, X andY axes, respectively) gives an
ARM that is 25% lower than for the standard one-axis
ARM acquisition procedure (AF and DC bias field
applied along the Z-axis only)F{g. 8). Conversely
the three-axis ARM acquisition procedure with the
AF sequentially applied along th¥, Y and Z axes
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Fig. 8. lllustration of the influence of the AF procedure for ARM acquisition. Measurements were carried out on the same cement u-channel
in the same instrument (2G Enterprises superconducting rock magnetometer with in-line AF and ARM capabilities) in the same laboratory
(INGV, Rome). The diagram on the left shows the ARM values produced by application of a three-axZs Alr{dY, in sequence) and

a constant DC bias field on th&axis only. The diagram on the right shows the ARM values produced by application of an AF and a
constant DC bias field on th&-axis only. In both cases the peak AF was 100mT and the constant DC bias field was 50

nence was the ARM produced at the INGV before
mailing the samples).

Demagnetization of the “original” ARM in an AF
equal to or greater than 100 mT.

Production of a new ARM along a single axis AF
of 100mT and a DC bias field of 50T.
Measurement of the new ARM.

(and the DC bias field maintained along tAexis)

gives an ARM that is 10% higher than the one-axis

ARM acquisition procedure. 2.
After the above analyses, the cement samples were

distributed among the different laboratories (one box 3.

per laboratory) and the following measurements were

carried out. 4.

1. Measurement of the susceptibility and remanence The results are listed ifable 4and are shown in
of the sample, as they were received (i.e. the rema- a “King plot” in Fig. 9. The data indicate that the

100 100
cement boxes cement boxes
90 | ARM produced at INGV 90+  new ARM produced
80 80 at different labs
=701 xa 70 g
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E 50 e 50 a
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Fig. 9. “King plots” of x5 vs. x for cubic cement samples as measured in different laboratoriesTédse 4. Circles: susceptibility mea-
surements from the Bartington Instruments MS2 meter; squares: susceptibility measurements from AGICO KLY-2 or KLY-3 Kappabridges.
(A) “Original” xa, with ARM produced at the INGV laboratory (with 100mT AF applied sequentially along the three orthogonal axes of
the samples with a constant DC bias field ofySDalong theZ-axis). (B) “New” xa, as produced at each laboratory (using the same fields).
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ARM, xa and x measurements on cement cubic samples, from different laboratories

35

Laboratory Original New xa x (KLY-2/3) xalx Magnetometer/ARM AF decay rate

ARM (107" mi/kg) (107" m3/kg) device (AF onZ only) (wT/half-cycle)
INGV 1.00 521 46.7 11.2 2G/2G in-line 87
INGVP 399 8.5 2G/2G in-line (AF orZ, 67

X andY, in the order)

Lancaster - 702 47°1 14.9 Molspin/attached 8
Leoben 0.97 441 47.4 9.3 2G/Highmoor 1.2
Liverpool 0.98 687 46.8 14.7 Molspin/Dtech2000 10
Madrid 1.08 - 47.2 - -
Munich 0.98 735 48.5 151 2G/2G independent 21.7
Utrecht 1.03 736 46.6 15.8 2Glin-house built Varidble
Southamption 0.98 462 4T3 9.8 2G/2G in-line 67
Zurich 0.97 716 46.3 155 2G/2G independent 50
Vigo 0.96 654 46.3 141 AGICO JR5/AGICO AMU-1 40
CEREGE 0.98 447 46.8 9.6 2G/2G in-line 200
CEREGP - 725 - 155 2G/Schonstedt 5
IRM - 764 47.4 16.1 2G/Schonstedt 25
Bremen 0.99 782 48.2 16.2 2G/2G independent 85
Maximum 1.08 782 48.5 16.2
Minimum 0.96 441 46.3 9.3
Mean 0.99 637 47.1 13.5
S.D. 0.03 131 0.7 2.7
Precentage of S.D. 3.4 20.5 1.4 20.2

Original ARM values are normalized to the value measured at the INGV laboratory before distribution between laboratories. The AF decay
rate refers to the ARM acquisition procedure.

aEstimate from translation speed for 2G Enterprises in-line systems, computed follBnaogfeld (1999)

b Not used for statistics.

¢ x values tranferred from MS2B sensors.

4The AF decay rate varies during the process (i.e. it equalguTiHalf-cycle at 100 mT and 38T/half-cycle at 20 mT).

various magnetometers employed in the different labo- plot” (Fig. 9B), with the xa/x ratio also characterized
ratories are reasonably well inter-calibrated. The S.D. by a S.D. of ca. 20% and values varying between 9
of the measurements of the “original” ARM produced and 16.

at the INGV laboratory is ca. 3.4% of the mean value

(Table 4. Differences in the magnetic susceptibility

are also small and are comparable to those observed ford. Discussion

the GgOs samples: mean values have a S.D. of 1.4%

and values from the Bartington Instruments MS2B  Cross-calibration of different instruments in a single
sensor are consistently 3—4% lower than the values laboratory indicates that large differences characterize
from the AGICO Kappabridges (KLY-2, KLY-3). A the raw data returned from different instruments or
consistent frequency dependence df-80.2% is also for different types of samples measured on the same
observed for the cement samples. As a consequencejnstrument (due to the intrinsic design and response
the data fall in a well-defined cluster in a “King plot” functions) for basic magnetic properties such as
of xa versusy (Fig. 9A). Conversely, the data for the  magnetic susceptibility and anhysteretic remanence.
newly produced ARM, using the different settings and Proper conversion factors should be experimentally
procedure in use at each laboratory, are highly vari- determined to estimate proper quantitative values
able. Mean ARM values differ by ca. 20%gble 4, of the respective parameters and for comparison of
which produces a large scatter of the data on a “King results from different instruments and/or samples.
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Inter-laboratory calibration of magnetic suscepti- To further investigate this problem the Schonstedt
bility meters using both discrete @d3; and cement  AF coil in the CEREGE laboratory was set to acquire
samples indicates that they appear to be cross-cali-an ARM in the ambient geomagnetic field of 42,
brated within one percent for the Kappabridge, with ensuring that the DC bias field intensity could not
a regular and consistent difference between the com-be inductively biased by the AF. The obtained ARM
mercial Bartington Instruments and AGICO suscepti- (imparted with a 100mT AF and ajbl/hal-cycle
bility meters. decay rate) is 1.61 times larger than the ARM in-

Inter-laboratory comparisons of remanence mea- duced in nominally the same 42 field applied by
surements are more variable, with a standard devia-the DC coil of the 2G Enterprises in-line magnetizer
tion of 3.4%. It should be considered that part of these (cross-calibrated using the same three-axis flux-gate
differences is not due to instrumental calibration, but magnetometer) with a tray velocity of 30cm/s. To
may instead arise from viscous effects, such as the de-translate this velocity into an AF decay rate (in
cay of the “original” ARM with time and the possible  pT/hal-cycle), the field profile at the exit of the AF
influences of artificial magnetic fields on the samples coil should be computed. Such computation was
during shipment from the INGV laboratory to the other produced byBrachfeld (1999)or the same 2G En-
laboratories. Unfortunately, such effects cannot be de- terprises small diameter system. She derived the AF
fined and accounted for. The observed range of vari- decay rate as a function of peak field and translation
ation can be, however, considered a maximum value speed. Using her results we estimated that a transla-
for the differences in magnetometer calibration. tion speed of 30 cm/s is equivalent to an AF decay rate

On the other hand, the different instruments and of 200u.T/hal-cycle. Moreover, a strong dependence
procedures employed to impart the new ARM in each of the ARM intensity of the sample on the AF decay
laboratory resulted in a large range of ARM intensities, rate is observed using the different ranges offered by
even though the same AF and DC fields were used. Asthe Schonstedt instrumenfi@g. 10. Similar control
a consequence of the spread for the observed valuespof AF decay rate was attained on the 2G Enterprises
the data are scattered in a “King plot” and a classical system, where the translation speed of the sample
interpretation of such data in terms of magnetite grain through the AF coils was varied down to values of
size would result in variable estimates for identical 3 cm/s. Using results frorBrachfeld (19990 com-
samples. pute the AF decay rate from the translation speed in

Improper calibration of the AF cannot account for 2G Enterprises in-line systems, it appears that the two
the observed discrepancies: ARM intensity increased datasets obtained in the CEREGE laboratory define
only by 3% when increasing the AF from 100 to a rather continuoug, versus AF decay rate curve
110mT on the CEREGE 2G Enterprises system. In (Fig. 10. This curve shows a strong inflexion at a
addition to possible intrinsic instrumental features (i.e. few wT/half-cycle. This may be due to the relative
coupling between the AF and DC bias coils), there size of the decay rate and bias field. In the case of the
are several experimental procedures and settings dur-2G Enterprises in-line system the bias field is smaller
ing ARM production that may be responsible for the or comparable to the difference in two successive
observed differences, including: rate of increase and AF peaks. Plotting inFig. 10 the relative x5 versus
decay of the AF, the type of AF treatment (single-axis AF decay rate obtained in laboratories other than
AF versus three-axis AF), the frequency of the AF, CEREGE shows that the variable AF decay rate ex-
and the relative configuration of the sample with re- plains only part of the observed variability. However,
spect to the AF coils (i.e. static sample vs. moving among the four laboratories that produced Igw/x
sample). All of these factors may combine and in- values, three use the in-line 2G Enterprises system
terfere each other. We point out that observed differ- (CEREGE, INGV, Southamptoffable 4. All labora-
ences among the various laboratories are of the sametories using a static system, except Leoben which uses
magnitude as the difference in ARM intensities pro- the Highmoor system, provide much higher values.To
duced at the INGV laboratory alone, in which two dif- reach a better inter-laboratory calibration it could be
ferent procedures are employed for ARM acquisition proposed to use a standard AF decay rate, such as
(seeFig. 8. the Schonstedt rate of (bl/half-cycle, and convert
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tute for Rock Magnetism (USA) and the University
o of Bremen (Germany) show large discrepancies. In
most cases, they are likely due to difference in AF
o decay rates, but other factors (e.g. AF—DC coil cou-
OO pling, and angle between AF and DC bias field) may
also be important in some cases. We conclude that
the popular “King plot” cannot be rigorously applied
to infer grain size and concentration of magnetite
particles in a rock, without achieving a consensus
on standard protocols for ARM production and mea-
surement. Although low-field magnetic susceptibility
measurements appear to be well cross-calibrated us-
ing the AGICO Kappabridge meters, we infer from
o) high-field experiments that the Kappabridge value is
T o about 6% lower than the absolute susceptibility value.
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