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Abstract Today’s paleomagnetic and magnetic proxy studies involve processing of large sample collections while simultaneously demanding high quality data and high reproducibility. Here we describe a fully
automated interface based on a commercial horizontal pass-through ‘‘2G’’ DC-SQUID magnetometer. This
system is operational at the universities of Bremen (Germany) and Utrecht (Netherlands) since 1998 and
2006, respectively, while a system is currently being built at NGU Trondheim (Norway). The magnetometers
are equipped with ‘‘in-line’’ alternating ﬁeld (AF) demagnetization, a direct-current bias ﬁeld coil along the
coaxial AF demagnetization coil for the acquisition of anhysteretic remanent magnetization (ARM) and a
long pulse-ﬁeld coil for the acquisition of isothermal remanent magnetization (IRM). Samples are contained
in dedicated low magnetization perspex holders that are manipulated by a pneumatic pick-and-place-unit.
Upon desire samples can be measured in several positions considerably enhancing data quality in particular
for magnetically weak samples. In the Bremen system, the peak of the IRM pulse ﬁelds is actively measured
which reduces the discrepancy between the set ﬁeld and the ﬁeld that is actually applied. Techniques for
quantifying and removing gyroremanent overprints and for measuring the viscosity of IRM further extend
the range of applications of the system. Typically c. 300 paleomagnetic samples can be AF demagnetized
per week (15 levels) in the three-position protocol. The versatility of the system is illustrated by several
examples of paleomagnetic and rock magnetic data processing.

1. Introduction
1.1. SQUID Magnetometers for Paleo- and Rock Magnetism
The ﬁrst described superconducting quantum interference device (SQUID) for rock magnetic measurements
was a two-axis system equipped with radio-frequency driven SQUIDs (RF SQUID), each with a single Josephson junction [Goree and Fuller, 1976]. Today, the most sensitive magnetometers widely applied for paleomagnetic research have three direct-current biased SQUIDs (DC SQUIDs) as their sensing system, with two
Josephson junctions in each SQUID [see Braginski and Clarke, 2004]. These DC SQUIDs are biased to operate
near the critical currents of their Josephson junctions where quantum interference yields a maximal voltage
response to changes in magnetic ﬂux through the SQUID coils. The measurement system is then kept at
this most sensitive conﬁguration by means of a ﬂux-locked feedback loop, leading to a very sensitive system
with a linear ﬂux-to-voltage response. The output of three sets of superconducting pickup coils around the
center of the rock measurement region, are routed to the input signal coupling coils of the SQUID sensors
(Goree and Goodman, 2003). Such DC SQUID systems are extremely sensitive, enabling measurement of
magnetic moments down to 1•10212 Am2. A detailed and enjoyable review of the technical background is
Bowles [2009].
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1.2. Automated Systems for Multistep Remanent Magnetization Measurements
Although individual SQUID measurements are performed within less than 1 s, the large number of repeated
demagnetization and measurement steps and the related sample movements required for rock and paleomagnetic studies are time-consuming. Stepwise progressive demagnetization of natural or laboratoryinduced remanent magnetizations typically involve a substantial number of demagnetization steps, either
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Figure 1.
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by alternating ﬁelds of increasing strength, or by heating to increasingly elevated temperatures in dedicated ﬁeld-free furnaces. To reduce operator time and minimize handling differences between samples, several
systems have recently been implemented that reach a variable level of automation [e.g., Frederichs et al.,
2000a; Kirschvink et al., 2008, 2015; Morris et al., 2009; Wack and Gilder, 2012]. Here we report on two systems, based on a common software platform, that allow the fully automated processing of up to 96 samples
attached to a horizontal ‘‘2G’’ SQUID magnetometer with in-line alternating ﬁeld (AF) demagnetization,
acquisition of anhysteretic remanent magnetization (ARM) up to 150 (300) mT and acquisition of isothermal
remanent magnetization (IRM) up to 700 mT. Measurement and sample handling systems are interfaced
with a PC via a LabVIEWV program that interprets the measurement script, controls the instruments and
monitors critical variables of the system’s state (e.g., demagnetization coil temperature).
R

A script-driven control software subjects the sample set to any desired sequence of remanence demagnetization or acquisition experiments as deﬁned in a single script ﬁle. This ensures error-free sample handling
and reproducible data acquisition. In addition, it frees up a considerable amount of precious operator time.
The initial system developed by the Marine Geophysics group, Department of Geosciences, Bremen University, Germany [Frederichs et al., 2000a, 2000b] has been applied to several magnetometers and improved in
various ways. Here we describe the two main systems, operational at the Universities of Utrecht
(Netherlands) and Bremen (Germany), and provide examples of the system’s performance and indicate
potential future developments.

2. Concise Overview of the 2G Magnetometer System
The long-core version of the superconducting rock magnetometer Model 755 HR consists of three orthogonal DC-SQUIDs and three orthogonal coils for alternating ﬁeld demagnetization. The noise level is lower
than 1•10212 Am2 which translates into a sample magnetization of 1027 Am21 for standard 10 cm3 paleomagnetic samples. At the sensing region of the pickup coils of the SQUIDs, and at the center of each of the
AF coils, the intensity of the residual ﬁeld in each direction inside the magnetic shielding is < 25 nT for the
Bremen system and even < 5 nT for the Utrecht system. The difference is probably related to the housing of
the systems: the Utrecht magnetometer is located in a shielded room while the Bremen magnetometer is
not.
The instruments are equipped with an inline pulse magnetizer used for the stepwise acquisition of isothermal remanent magnetization (IRM; cf. (Figure 1, top plot for a photorealistic CAD drawing of the Bremen
system). The practical maximum ﬁeld is 700 mT depending on the bore size of the magnetometer. A DC coil
inside the AF coils allows the acquisition of anhysteretic remanent magnetization (ARM) in bias ﬁelds up to
0.4 mT. Either individual u-channels or up to eight discrete samples on a tray can be handled. To avoid
cross-talking of sample signals, discrete samples are positioned at distances of 20 cm on the sample tray
that slides through the bore of the magnetometer (Figure 1, central left plot showing the sample loading/
unloading conﬁguration of the Utrecht system). To ensure optimal SQUID performance each unit of the
magnetometer system is properly grounded to a dedicated instrumental electric ground. The SQUID electronics are on fast mode. Air is blown through the magnetometer bore to prevent condensation. Air should
not be too dry, however, (preferably relative humidity 50%) otherwise static electricity as a consequence
of tray manoeuvering in the magnetometer system severely interferes with its SQUID performance.
2.1. Automation, Hardware Control
To increase the system’s efﬁciency, i.e., the number of samples processed per unit of time, a pneumatic
pick-and-place-unit (PAPU) automatically loads and unloads up to 96 discrete samples in sets of eight specimens. For example, the operator could deﬁne an initial stepwise alternating ﬁeld (AF) demagnetization
sequence of the NRM, followed by (a combination of) e.g., an ARM acquisition with a user-deﬁned number
Figure 1. (top) Bremen system; photorealistic CAD drawing. (left to right) Counterweight of the position-control system (see also supporting information), long core IRM impulse magnetizer (inside small-diameter mumetal shields), alternating ﬁeld demagnetization coils (inside intermediate-diameter mumetal shields), the SQUID magnetometer itself (inside largediameter mumetal shielding), the pick-and-place unit and the facility to load u-channels. Middle panels. Utrecht system. (left) Sample storage tray with pick-and-place unit and the tray
that slides through the magnetometer system with a sample spacing of 20 cm to avoid cross-talking between strongly magnetic samples. (right) two-axis rotator enabling positioning of
V
the cubic sample containers upon desire. Lowermost panel. Bremen system. Main screen of LabVIEW National Instruments-based software controlling the 2G magnetometer with data
presentation as component plots, Zijderveld plots, plots of (top middle) magnetic moment versus applied magnetic ﬁeld, (middle) animated schematic presentation of system components (indicating when active) and(bottom middle and right side) system status information.
R
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of steps, another AF demagnetization, a stepwise IRM acquisition, a single step IRM acquisition in a peak
ﬁeld, and/or an application of a back ﬁeld by automatically rotating the samples. Lining up several types of
these paleo- and rock magnetic measurements in combination with the use of the PAPU makes it possible
to operate the magnetometer for up to several days without intervention of the operator. As a rule of
thumb, each sample treatment (NRM, ARM or IRM stepwise acquisition or demagnetization) for a set of 96
samples requires approximately 24 h in a single-position protocol. This time period is prolonged in case of
the multi-position protocol (Figure 1, central right plot, Utrecht system, the 2-axis rotator to achieve multiple sample positions).
Despite the unchallenged beneﬁts of an automated system, its requirements with respect to the technical
reliability are more demanding than those of a manually operated instrument. Mechanical, electrical, and
electronic stability are equally essential as the possibility to inform the user about measurement progress,
system status, and data quality already during the measurement procedure. The latter is of foremost importance in case of NRM demagnetization, where system problems during demagnetization can lead to the
irrevocable loss of potentially invaluable sample data.
To this end the software package was developed in conjunction to improving the hardware, with a focus
on safety issues as the instrument operates remotely, i.e., without direct operator control. Speciﬁc features
are listed below:
1. To avoid erroneous ARM acquisition curves or AF demagnetization behavior it is electronically conﬁrmed
whether the programmed AF amplitudes are actually achieved by the instrument. If this is not the case
the software shuts down in a controlled way so that measurement can be continued after a manual
check. For safety reasons - i.e., to avoid overheating of the coils - a timer is set as soon as the alternating
ﬁeld is being ramped up. The power is automatically cut off after an appropriate period (in seconds/
minutes) in case the system would produce an error while the AF coils are powered.
2. Continuous monitoring of the AF coil temperature. Failures in the control electronics of the AF coils could
leave the coils switched on for a prolonged time, a deﬁnitely undesired situation. This would lead to
overheating of the coils which may ruin the coils. Therefore, the temperatures of the AF coils are individually monitored by thermocouples attached to their surfaces. Whenever a coil reaches a critical surface
temperature (408C), further demagnetization (or ARM acquisition) is delayed under software control until
the coil has cooled to a safe temperature. This monitoring also prevents overheating as a consequence
of repeated demagnetization at high AF levels.
3. Galvanic isolation of all communication paths. This is to reduce the potential effects of a power outage
during automated runs (or other uncontrolled electric conditions) which may lead to a chain reaction
whereby a damaged component would destroy all the connected electronic devices. As an additional
safeguard, and to ensure supply of a stable voltage, an online uninterruptible power supply (UPS) is
linked to the SQUID electronics and the computer devices to allow a safe system shut down in case of a
power outage.
4. Flux-jump handling. It is well known that under some conditions due to either unusually large magnetization of a sample, rapid tray movement, or electronic failures, the locked-in feedback cycle of the DC
SQUID can create ﬂux jumps which lead to erroneous magnetization measurements. These are recognized by background measurements and are corrected by repetition of the measurement. If ﬂux jumps
continue to occur (because of too strong samples, mostly during IRM acquisition curves) the samples are
unloaded; the measurement sequence obtained so far, is saved so that only meaningful data are being
stored.
5. Control of sample holder position during loading, unloading, and sample rotation for multiple position
measurements. The original stepper-motor position control appeared not to be sufﬁciently precise and
reproducible adversely affecting the SQUID sensing characteristics [see e.g., Lascu et al., 2012]. This issue
is solved differently in the Bremen (laser distance meter), Utrecht (optical sensors) and Trondheim systems (webcam based tray positioning), see the respective sections in the supporting information for
details.
2.2. Automation, Software Aspects
An in-house developed LabVIEWV National Instruments-based program on a Windows PC connected to a
local area network controls all instruments (see Figure 1 lowermost panel for a screenshot of the main
R
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screen during execution of a demagnetization series, Bremen system). The measurement sequence, PAPU
commands, magnetometer readings and demagnetization level or remanence acquisition level instructions
are scripted via a script in ASCII. This creates maximum ﬂexibility for the user in designing the measurement
procedure. Up to 96 specimens can be processed in batches of up to eight; the number of demagnetization
levels, ARM or IRM steps is unlimited. If during a measurement procedure certain samples become too
strongly magnetic for the magnetometer (e.g., during IRM acquisition) as noticed from instable base line
readings, the sequence is terminated and data acquired so far are stored. Too magnetic specimens can be
sized down and the sequence can be ﬁnalized later without any data loss. Monitoring of the measurement
progress is possible in the laboratory but also from remote PCs.
In an automatically generated log ﬁle (in ASCII) essentially all system operations are recorded. This enables
tracking down causes of (rare) malfunctioning of the instrument. To achieve transparent and reproducible
data acquisition raw data are stored immediately after acquisition next to storage in the aforementioned
log ﬁles. Further, data are stored in individual ﬁles after each level of demagnetization or ARM or IRM acquisition, enabling full data recovery when the program would be terminated abruptly. After completion of a
measurement sequence evidently data are stored in the desired user-deﬁned format. During the ongoing
measurement procedure, it is possible to assess whether the measurement procedure is actually the desired
one. To assess the quality of the data obtained, visual presentation of all data in appropriate plots is also
available during the measurement. This includes magnetization and demagnetization curves, Zijderveld
and component plots, and stereographic plots.

3. Examples
3.1. Alternating Field Demagnetization
The bore of the magnetometer instrument dictates the maximum AF demagnetization level. The Bremen
system (42 mm bore) can handle 170 mT peak AF in the ‘‘X’’ and ‘‘Y’’ directions (transversal coils) and 300
mT in the ‘‘Z’’ direction (axial coil). In the Utrecht system (55 mm bore) these maximum values are respectively 140 and 200 mT. There is no active cooling on the AF demagnetization coils. To avoid overheating we
practically limit the maximum alternating ﬁelds for AF demagnetization to 100 mT; for ARM acquisition
(which is along the Z axis) we adhere to 150 mT.
The AF demagnetization is performed by slowly moving the sample tray away from the coils after having
been ramped up to the desired demagnetization level, so-called dynamic AF demagnetization. The velocity
of the sample tray is programmed as inversely proportional to the peak ﬁeld of the demagnetization level
to ensure optimal data quality. It is possible to perform stationary AF demagnetization. This, however, is
considerably more time-consuming. In the so-called ARM test (see section 3.4) the ARM acquisition curve
starting from the NRM state in a DC-bias ﬁeld of 0 lT is actually a single-axis stationary AF demagnetization.
3.2. NRM Demagnetization of Limestones
For optimal demagnetization results specimens are measured in several positions. The effect of the threeposition protocol is shown in Figure 2. A cleaner AF demagnetization trajectory of the NRM in a weak (starting NRM 500•1026 Am21) limestone is observed for the three-position protocol in comparison to the outcome of each separate position. The example is from Organya Basin (Spain); it was AF demagnetized after
thermal demagnetization up to 1508C to enable a better distinction of the characteristic remanent magnetization (ChRM) component [van Velzen and Zijderveld, 1995] (see also Figure 3). The results of the study constrained the Mesozoic rotation of Iberia to the Aptian [Gong et al., 2008]. The variability of c. 1–2•1026 Am21
at high AF levels may be due to small variability in magnetic moment of the cube sample holder. Therefore,
as usual, interpretation of weak samples should be done with caution. However, the majority of the weak
samples processed so far showed unstable demagnetization behavior yielding erratic demagnetization diagrams which preclude meaningful interpretation.
Demagnetization examples from the Donbas fold belt (Ukraine) study of Meijers et al. [2010] are shown in
Figure 3. The sites were collected to determine new paleomagnetic poles for the late Paleozoic in that
region to better constrain the apparent polar wander path of Eurasia for Carboniferous times. The new data
which yield slightly higher paleolatitudes than previous data, favor the Pangea B conﬁguration to some
extent but do not exclude Pangea A. The Lower Carboniferous sites show a tectonic rotation interpreted to
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Figure 2. Sample OR39.2A, after correction for the bedding tilt [Gong et al., 2008]. Demagnetization levels starting at 20 mT are shown: 20,
25, 30, 35, 40, 50, 60, 70, 80, 90, 100 mT. The ChRM is resolved from 30 mT upward (for unheated samples the ChRM is only resolved from
70 mT upward). Note that demagnetization diagrams of individual positions are somewhat more noisy than the combined 3 position diagram. For the latter the tray contribution is entirely compensated for (Utrecht system).

derive from Mesozoic compressional events. The samples shown here are limestones from the Early Carboniferous: Tournaisian (LC4-76A and LC4-77A), Visean (LC3028A), and Serpukhovian (LC1-37A; regional stage
equivalent to the earliest Namurian). The behavior of a particularly weak sample with a starting NRM intensity of 27•1026 Am21, LC3-28A) is shown in Figure 3a. Evidently the sample is measured in the three-position
protocol. After demagnetization of a laboratory viscous component up to 10 mT and a secondary component
up to 30 mT, a meaningful ChRM component is isolated starting at 30 mT. The slight offset from the origin in
the Zijderveld diagram is due to a hard magnetic component of the cube sample container. Typical noise of
the containers amounts to 1–2•1026 Am21; the residual magnetic moment of the containers appears to be
directionally stable (see also supporting information Figure S5 and related text). A multicomponent NRM from
the same sample collection (LC1-37A) reveals a ChRM from 25 mT upward after removal of a laboratory component and a secondary NRM component (Figure 3b). Many seemingly fresh but incipiently weathered marls
and limestones appear to have substantially overlapping characteristic and secondary components demagnetized with AF. If this goes unnoticed, biased ChRM directions may result. The effect of this distracting behavior
can be undone by preheating the sample at 1508C followed by AF demagnetization [van Velzen and Zijderveld,
1995]. Figure 3c shows the effect: the sample in black (LC4-76A) is not preheated while the ﬁrst steps of the
sample in red (LC4-77A, from the adjacent bed to LC4-76A) are thermal demagnetization steps up to 1508C
(room temperature, 908C, 1508C). The thermally treated sample has a much more distinct ChRM component
that is indistinguishable from ChRMs obtained from samples which are thermally demagnetized over the
entire temperature range. The ChRM component of the unheated samples is isolated from 60 mT upward
while that of the preheated sample is beautifully resolved already from 15 mT upward. Note the difference in
inclination (118) and declination (178) between the two procedures, just AF demagnetization and preheating followed by AF demagnetization. The biased inclinations would lead to too low paleolatitudes while
biased declinations would underestimate the amount of vertical axis rotation.
3.3. GRM Correction
The 2G magnetometer system performs static three-axis AF demagnetization, no tumbling is involved. It is
well known that certain samples (particularly greigite-bearing samples) are prone to acquire a gyroremanent
magnetization (GRM) [cf. Stephenson, 1993] during AF demagnetization. For such samples it is advantageous to
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Figure 3. Demagnetization behavior of (a) a weak sample (LC3-28A, this sample was not thermally demagnetized before AF demagnetization),
and (b) a multicomponent sample (LC1-37A). (c) The effect of thermal demagnetization up to 1508C on how well the ChRM component is
resolved with subsequent AF demagnetization (LC4-76A and LC4-77A). AF demagnetization steps are 0, 3, 5, 8, 10, 15, 20, 25, 30, 40, 50, 60, 70,
80, and 100 mT. Thermal steps before AF (where applicable): 25, 90, and 1508C. All diagrams after tilt correction (Utrecht system).

apply the what is sometimes referred to as the Zijderveld measurement protocol [Stephenson, 1993] to remove
GRM effects [Dankers and Zijderveld, 1981]. This protocol uses only the component parallel to the last demagnetization axis after the sample has been brought into the so-called ‘‘cyclic state’’ [Dankers and Zijderveld, 1981;
Stephenson, 1993]. Theoretical models of GRM [Stephenson, 1980a, 1980b, 1983] predict that it is acquired perpendicular to the demagnetization direction. Accordingly, the magnetic vector component along the demagnetization direction should be least affected which forms the basis for GRM correction protocols. In the Dankers
and Zijderveld [1981] GRM correction procedure the ﬁnal magnetic vector is assembled from the X component
after AF demagnetization along the X axis, the Y component after demagnetization along the Y axis, and the Z
component after demagnetization along the Z axis (Figure 4). In numerous samples this procedure almost
completely eliminates the biasing magnetic moment generated by GRM effects, a considerable asset since
GRM in a samples can be many times stronger than the starting NRM of that sample.
The GRM correction procedure implies ﬁve times AF demagnetization at each level rather than three times
for the routine AF demagnetization. Also the samples are measured in total three times rather than one
time as in the normal procedure. Therefore GRM correction takes a fair amount of additional time and is
only enacted from a desired demagnetization level onward: 30 mT when GRM effects become noticeable.
Also in case of an overprint, the developed GRM component can be compensated for by measuring according to the per component protocol which results in a clean ChRM component. The samples in Figure 5 are
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Figure 4. Demagnetization of a greigite bearing sample (GeoB16217-2, 318 cm): (a) results of the normal static three-axis AF demagnetization protocol, i.e., the remaining magnetic
moment was determined after all three components had been demagnetized (Bremen system). (b) Results following the GRM correction protocol of Dankers and Zijderveld [1981], i.e.,
measurement of remaining NRM only in the direction of the demagnetizing ﬁeld applied before (at least taking only that axis into account). Demagnetization sequence was X, Y and
then Z. Results for Z direction are identical in both cases since they stem from the same measurement after demagnetization of all three components.

from the Middle Miocene Dinaride Lake System (Serbia and Bosnia & Herzegovina). The magnetostratigraphy of several sections was utilized to date and correlate endemic fauna trends [de Leeuw et al., 2010, 2011].
As is well known, fresh water sediments can contain copious amounts of greigite. In some cases (not shown
here) GRM development can be that strong that the correction protocol fails [see also e.g., Hu et al., 1998].
3.4. Acquisition of Anhysteretic Remanent Magnetization
ARM is considered an analog of TRM and is used as a proxy for the SD fraction in magnetic proxy records. It
is, however, a more delicate parameter than often taken for granted. In line with common practice the DC
bias ﬁeld is parallel to the alternating ﬁeld. Even then ARM can be imparted in two fundamentally different
ways: 1) by ramping the alternating ﬁeld up and down while keeping the sample in place (referred to as stationary method) and 2) the down ramping is achieved by moving the sample away from the alternating
ﬁeld coil (referred to as dynamic method). The latter is unavoidable when u-channels are processed. ARM
acquired by the dynamic method is lower than that acquired by the stationary method (Figure 6). Depending on the sample’s magnetic properties we found differences in intensity between both methods of up to
40%. The lower ARM in the ‘‘dynamic’’ method is proportional to the ﬁeld difference of two subsequent half
cycles of the alternating ﬁeld. So for a given DC bias ﬁeld, the ARM is maximal in the stationary protocol
and becomes increasingly lower with increasing velocity of the sample tray in the dynamic protocol. To
achieve maximum comparability and to avoid unspeciﬁed (!) differences in tray velocity, we always apply
the stationary method unless stated otherwise. Only then the DC bias ﬁeld is fully symmetric. When presenting u-channel data, it is highly recommended to specify the tray velocity that was used during the ARM
acquisition together with the DC bias ﬁeld used.
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inc: 28.4 º
int.: 5.8 mA/m

dec: 211.9 º
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Figure 5. GRM examples from Miocene lake sediments from the Dinarides [de Leeuw et al., 2010, 2011] (Utrecht system). (a, b) Sample 44:
left AF demagnetization in the standard three-axis treatment (calculated from the per-component data); note the strong GRM developed.
(right) the same sample according to the per-component protocol. A clean ChRM is distinguished up to high AF levels. (c, d) Behavior of
sample P33.1b. (left) standard protocol with secondary component ﬁtted; (right) per-component protocol.

An application of ARM acquisition curves that currently gains importance is the so-called ARM test used in
absolute paleointensity research [de Groot et al., 2012]. Because it is rather instrument-intensive it is particularly suited for automated data acquisition. The current application is in conjunction with the multispecimen
€hnel, 2006; Fabian and Leonhardt, 2010]. The ARM test com(MSP) paleointensity protocol [Dekkers and Bo
pares the ARM coercivity spectrum of a set of pristine samples to that of a set of sister samples from the
same core that has been heated to the temperature at which a MSP experiment will be carried out. From a
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long drill core at least six specimens are cut which all have the
same orientation. Any orientation of the ARM with respect to
the NRM will do as long as the
orientation is the same for all
specimens from a given core.
The samples are not AF demagnetized before ARM acquisition
– this is essential for a meaningful outcome of the test –
because static AF demagnetization changes the coercivity
Figure 6. ARM acquisition of a sample applying stationary method (blue) and dynamic
spectrum of a sample [de Groot
method (red) as a function of increasing alternating ﬁeld (Bremen system).
et al., 2012]. Samples are thus
given ARMs in increasingly
stronger peak AFs starting from the NRM magnetic state or from a partially thermally demagnetized NRM
state. Therefore, during the ARM acquisition also the existing NRM is demagnetized simultaneously. It is evident that these two must be separated. By performing ARM acquisition in a 0 lT DC-bias ﬁeld the NRM
demagnetization spectrum is determined. By subtracting these values from the ARM acquisition curve in a
given DC-bias ﬁeld, say 40 lT, the genuine ARM acquisition curve is calculated (Figure 7). This is done for
both the pristine, ‘‘room temperature’’ samples and the specimens that were heated before. If their ARM
coercivity spectra do not change between room temperature and the desired MSP experiment temperature,
the outcome of the MSP experiment (in principle according to the DSC protocol) [Fabian and Leonhardt,
2010] is considered meaningful if no thermal alteration occurs during the MSP experiment.
3.5. Acquisition of Isothermal Remanent Magnetization
IRM acquisition curves are commonly used for IRM coercivity component ﬁtting, either based on cumulative
log-Gaussian basis functions [e.g., Kruiver et al., 2001] or on skewed generalized Gaussian basis functions
[Egli, 2003]. Measuring IRM acquisition curves is operator and instrument-intensive; an enormous amount of
operator time is saved with automated data acquisition. Examples of IRM acquisition curves with a cumulative log-Gaussian interpretation [Kruiver et al., 2001] are shown in Figure 8. Sample PCOR611 is from the
Monti dei Corvi composite section (Italy) [H€
using et al., 2009]. This section constitutes the basis for the astronomically calibrated geological time scale from 13 to 7 Ma because it is beautifully cyclically developed
and yields a high-quality magnetostratigraphy retrieved from greigite-bearing strata. In the magnetocyclostratigraphic context demonstrating an early NRM acquisition is essential. The narrow DP of 0.19 log
units of the dominant IRM component with a B1/2 of 70 mT indicates single-domain particles and points to
an important magnetotactic contribution, with a near-primary timing of NRM acquisition formation.
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Figure 7. ARM test. (a, b) ARM acquisition resolved from single-axis NRM AF demagnetization (ARM dc bias ﬁeld 0 lT) and the ARM acquisition in the bias ﬁeld of 40 lT, referred to as
ARM acquisition 1 NRM demagnetization because NRM is demagnetized simultaneously with the ARM acquisition. (a) pristine samples in the NRM state; (b) samples thermally demagnetized at 2208C, the temperature of the subsequent multispecimen paleointensity experiments. (c) ARM acquisition at room temperature (x axis) plotted against ARM acquisition after
heating (y axis). Utrecht system, for further explanation see text.
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Figure 8. Examples of IRM acquisition curves ﬁtted with the cumulative log-Gaussian approach [Kruiver et al., 2001], Utrecht system. Left column: Sample PCOR61 from the Monti dei
Corvi section [H€
using et al., 2009]. IRM components are provided from magnetic soft to hard: component 1, B1/2 5 28.2 mT, DP 5 0.23 (log units), relative amount 5 9.3% (extra ‘‘component’’ required to describe the effects of thermal activation that results in a skewed-to-the-left IRM acquisition curve in comparison to a cumulative log-Gaussian IRM acquisition curve
[Egli, 2004; Heslop et al., 2004]; component 2, B1/2 5 63.1 mT, DP 5 0.38 (log units), relative amount 5 32.9% (diagenetic greigite mixed with detrital magnetite which is likely partially oxidized or maghemitized); component 3, B1/2 5 70.8 mT, DP 5 0.19 (log units), relative amount 5 53.4% (magnetotactic greigite); component 4, B1/2 5 602.6 mT, DP 5 0.28 (log units), relative amount 5 4.4% (high coercivity hematite or goethite). For RG224 (central column): component 1, B1/2 5 25.1, DP 5 0.30, relative amount 5 11.3% (thermal activation); component 2,
B1/2 5 58.9, DP 5 0.17, relative amount 5 85.5% (magnetotactic with some diagenetic greigite); component 3, B1/2 5 141.3, DP 5 0.32, relative amount 5 3.2% (high coercivity hematite
(or goethite)). RG294 (right column): component 1, B1/2 5 15.1 mT, DP 5 0.36, relative amount 5 13.4% (thermal activation); component 2, B1/2 5 56.9 mT, DP 5 0.28, relative
amount 5 77.4% (diagenetic greigite and detrital partially oxidized magnetite); component 3, B1/2 5 398.1 mT, DP 5 0.30, relative amount 5 9.1% (high coercivity hematite or goethite).

The two RG samples are from undisturbed Eemian sediments as cored in the ‘‘Rutten Gemaal’’ (Rutten ﬂoodgate) oriented core of 28 m long (research core B15F1501 in the Noordoostpolder, the Netherlands) [Sier
et al., 2015]. The core location is at the position of the lower Rhine delta during the Eemian interglacial. In
this Eemian sediments a recording of the Blake Event can be tied to a high-quality pollen record. This enables a precise positioning of the Blake Event in the pollen zonation providing a ﬁrm tie point for marineterrestrial correlation. The lowermost half of the core is dominated by greigite (RG224) while higher up in
the core greigite becomes distinctly less prominent as deduced from the wider dispersion as evidenced by
a gentler sloping IRM acquisition curve (RG294). While a small dispersion parameter on its own cannot be
tied to magnetotactic greigite as ﬁrmly as is the case for magnetite, an important magnetotactic contribution is deduced from ﬁrst-order-reversal-curve diagrams which show a central-ridge signature. This indicates
the presence of signiﬁcant amounts of biogenic magnetic minerals produced by magnetotactic bacteria
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Figure 9. Site AY4 [van Hinsbergen et al., 2010]. (a) Example of a demagnetization diagram of a sample affected by lightning. (b) Equal area plots of the demagnetization behavior of six
specimens from the site. (c) Great circle analysis; the great circle intersection point is the ChRM direction, indistinguishable from that of nearby sites unaffected by lightning (Utrecht system, in situ coordinates).
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Figure 10. Example measurement of viscous decay in marine sediments (Bremen system). The plots show IRM magnetic moment as a function of log time.

[Egli et al., 2010]. Higher up in the core the magnetic assemblage shows a broader switching ﬁeld distribution (wider DP) compatible with a detrital origin of the dominant magnetic minerals.
End-member modeling of IRM acquisition curves [e.g., Heslop and Dillon, 2007; Gong et al., 2009; Just et al.,
2012; Aben et al., 2014; Huang et al., 2015] requires highly accurate, monotonous IRM acquisition curves, i.e.,
without negative gradients. Negative gradients play up at the very low and high-ﬁeld ends of the IRM acquisition curves. Both groups have improved measurement quality in different ways. The Utrecht system has a
wider bore than the Bremen system and exact positioning of the sample in the SQUID sensing region is less
relevant, taken readings in two measurement positions delivered data of sufﬁcient quality. The Bremen software takes readings at ﬁve closely spaced positions with the center position assumed to be optimally
placed with respect to the SQUID sensing coils. The highest reading corresponds to the optimum position;
potential positioning errors (due to stretching of threading) are traced and corrected for in that way. Further, the actual peak of the pulse ﬁeld, a more important source of noise, is measured via a shunt circuit
rather than calculated, contributing to better data quality (see supporting information for more details). In
the Utrecht system small IRM ﬁeld steps of 1 mT are programmed between 10 and 30 mT, the ﬁeld region
in which the pulse magnetizer showed to be somewhat more noisy (6 1 mT).
An example of a natural IRM is lightning that produces very strong overprints. A lightning strike effects a relatively restricted surface area (a strong strike induces a circular overprint with a diameter of c. 40 m). Therefore the overprint has a different orientation depending on the sample’s location in a paleomagnetic site
(Figures 9a and 9b). Despite the huge overprints, the primary NRM of a site can be resolved with great circle
analysis as shown in the example of site AY4 from the Ayvalik Miocene volcanics (age 20 Ma) from Western Turkey near to island of Lesbos (Greece) (Figure 9c) [van Hinsbergen et al., 2010]. The ChRM direction
determined with this approach is the same as those determined by classical vector component analysis for
other sites nearby [van Hinsbergen et al., 2010]. The study delineated the rotation of the Menderes Core
Complex during its exhumation around a pivot point in Western Anatolia in line with metamorphic lineations and other structural geological considerations. The AY sites show a minor clockwise rotation indistinguishable from Eurasia deﬁning the northern limit of the rotation belt.
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3.6. IRM Viscosity
Viscosity of IRM is a useful rock magnetic quantity indicating the presence of superparamagnetic particles
close to the single-domain threshold in a sample [Worm, 1999; Fabian, 2003]. Viscosity of IRM (VIRM) is measured by ﬁrst applying a strong ﬁeld pulse Bmax to the sample, then moving it rapidly to the SQUID sensor
position, and monitoring the decay of its magnetization over a prescribed length of time with increments
dictated by the SQUID reading electronics (0.2 s per reading) [Worm, 1999; Fabian, 2003]. In good approximation this decay is represented by the equation
MðtÞ5M0 2S log t=t0

(1)

The normalized decay S/M0 is a quantitative measure of the relative amount of magnetization with decay
rate near t021. This is related to the frequency dependent susceptibility [Worm, 1999], or, more precisely, to
the quadrature susceptibility near the frequency t021 [Shcherbakov and Fabian, 2005]. Typical measurement
times are tmax of 300 s and t0 of 10 s. t0 is limited from below by the time necessary to move the sample
from the IRM coil to the SQUID sensor position. Because this initial sample positioning requires an amount
of time dependent on the holder’s position on the tray of eight sample, the VIRM measurement is performed for a single sample per time, usually the sample closest to the sensors. In unsolidiﬁed sediments it
may be used to estimate mechanical relaxation processes in a slurry.

4. Conclusion
The robotized system fulﬁls an important research need: apart from detailed AF demagnetization of the
NRM for large amounts of samples, the system enables the acquisition of rock-magnetic data that are
increasingly needed for paleomagnetic interpretation. Examples include ARM acquisition curves for the
ARM-test in paleointensity research and IRM acquisition curves for magnetic property characterization and
end-member modeling. The measurement sequence is always the same, as is the time between acquisition
of a laboratory remanence and its measurement. The inﬂuence of short-term viscosity effects is minimized
and, upon desire, can be evaluated. A signiﬁcant gain in operator efﬁciency is achieved: after loading of a
batch of samples, the machine runs 24/7. Operators, often students and researchers, can exchange data
acquisition time for data interpretation time. Having said this we fully realize that ‘‘feel for data quality’’ is an
important aspect of all data and one should never take output as being correct without ﬁrm checking. It is
recommended to run pilot sequences to optimize the sequence of demagnetization levels for a particular
sample collection at hand. The system set-up and program is modular and other types of paleomagnetic
and rock magnetic data acquisition can in principle be implemented.
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