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ABSTRACT

The REM(AF) method is a new tool for the analysis of the origin and alternating field
demagnetization coercivity spectra of the remanent magnetization. We applied this
method on precambrian Gila diabase sheets from Arizona in order to identify the high
coercivity magnetic carrier, and on artificially shocked Rowley Regis basalt from UK in
order to analyze the effect of the shock on the natural remanent magnetization.

In the Gila diabase the high coercivity magnetic component was identified to be most
likely represented by the acicular magnetite (increase in the efficiency ratio in the high
coercivity region).

In the Rowley Regis basalt, the the REM(AF) analysis revealed that comparing to
NRM the shock produced different distribution of the AF demagnetization coercivity
spectra due to the occurrence of the Shock Remanent Magnetization.

The limitations of the method are the presence of multidirectional remanence
components in the sample influencing the efficiency (REM) values. Also in the presence of
hard coercivity minerals like hematite or pyrrhotite it is hard to reach complete saturation
of the rock using common laboratory magnetizers, resulting in overestimated efficiency
values in the high coercivity region.

Key words: REM, efficiency of magnetization, coercivity, shock remanence, SRM
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1. INTRODUCTION

A new method for Alternating Field (AF) demagnetization coercivity analysis of the
remanent magnetization has been developed by Kletetschka et al. (unpublished results).
The method is a modification of the plots of Natural Remanent Magnetization (NRM) vs.
Saturation Isothermal Remanent Magnetization (SIRM) introduced by Jarrard and
Cockerham (1975), and further developed by Cisowski et al. (1986, 1990) and Fuller et al.
(1988). This technique utilizes a detailed AF demagnetization of NRM, followed by AF
demagnetization of the SIRM in the same AF field steps. Then the efficiency of the REM
ratio, which is calculated as the NRM/SIRM ratio (Wasilewski, 1977) is determined for
each demagnetization step and is plotted as a function of the AF demagnetization field
(see Fig. 4 later). The REM(AF) method does not require any heating and thus the
alteration of the samples due to the heating is prevented.

The resulting REM(AF) curve displays the magnetization efficiency ratio and its
variations through the whole AF demagnetization coercivity region and yield useful
information about the acquisition of the NRM in a rock sample. For example, the initial
REM value (which equals the NRM/SIRM before demagnetizing) depends on the
magnetizing paleofield as shown by Fuller (1974), Wasilewski (1977), Cisowski and
Fuller (1986), Fuller et al. (1988), Yu (2006), Yu et al. (2007) and also on the saturation
magnetization (M) of the magnetic mineral (Kletetschka et al., 2004). Thus one of the
applications of the REM(AF) method is the rough paleofield estimate.

Previous studies of the variation of the efficiency ratio during AF demagnetization
were done mainly on magnetite bearing rocks (Fuller et al., 1998) and synthetic magnetite
samples (Yu, 2006) The results of those studies indicate that slope of the REM(AF) curve
contains information about the primary magnetizing process and secondary events
(viscous overprint, alteration, shock effects). The REM(AF) curve of a thermoremanent
magnetization (7RM) is roughly flat in the case of multidomain (MD) grains and slightly
increasing towards higher demagnetizing AF peak fields in the case of single domain (SD)
and pseudosingle domain (PSD) grains (Yu, 2006; Fuller et al., 1988). In this case the
increase of the REM(AF) ratio through AF demagnetization due to the grain size effect is
observed to be in the same order of magnitude, typically not exceeding double of the
initial REM value. In contrast for the IRM type of magnetization, the negative slope of the
REM(AF) curve is typical in the low AF demagnetization coercivity region due to
relatively higher susceptibility of the lower coercivity grains to the IRM acquisition
process (Kletetschka et al., unpublished results). For the same reason, the viscous effects
(overprint, viscous relaxation) residing in the MD (Multidomain) grains influence the
efficiency ratio in the low coercivity region as is indicated by the variation of the
REM(AF) curve in the beginning of the AF demagnetization process (Cisowski et al,
1990; Fuller et al, 1988).

However, the correct estimate of the REM ratio depends also on the number and
directions of the magnetic components within the rock specimen. For example, the REM
value would be biased when the specimen contains NRM components that are not parallel
due to addition of the magnetization vectors of various directions. It is also necessary to
note that the REM ratio is sensitive to the effect of under-saturation of specimens (i.e. due
to presence of fine grained high coercive magnetic minerals like hematite or pyrrhotite
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Analysis NRM of Rocks through AF Demagnetization Spectra

failing to reach complete saturation even in fields of several Teslas) The REM values of
the under-saturated rocks can be then overestimated and this trend is pronounced in the
high coercivity (high AF) region.

We applied this method on precambrian Gila diabase sheets from Arizona and on
artificially shocked Rowley Regis basalt in order to analyze the remanent magnetization
of those rocks. In particular we were interested in investigating the magnetic carriers of
the Arizona samples, and in analyzing the shock effect on the magnetization of the
Rowley Regis Basalt.

2. INSTRUMENTS AND METHODS

2.1. Measurements of the Gila Diabase Sheets

The magnetic susceptibility measurements (susceptibility vs. temperature
measurements) were done using a KL'Y-3S kappa-bridge (operating at 975 Hz frequency
and 300 A/m RMS field intensity) equipped with temperature control units (CS-L and
CS-3) at the Department of Physical Sciences, University of Helsinki (HU). For magnetic
remanence measurements, the 2G Model 755 Superconducting Rock Magnetometer at HU
was used in combination with the Applied Physics Model 2G600 AF demagnetizer. The
AF demagnetization of remanent magnetization (NRM and SIRM) was always performed
using the same procedure consisting of subsequent 3-axis demagnetization using 2G800
automatic sample handler for discrete sample measurements. The field steps, field ramp
and hold time settings were constant for all experiments.

For hysteresis parameters measurements as well as for SIRM acquisition the Princeton
Measurements Model 3900 VSM (Vibrating Sample Magnetometer) at HU was used
(max. field 1 T). The SIRM was imprinted using electromagnet ramp up-down cycle with
the field-overshoot prevention.

For the IRM acquisition the Magnetic Measurements MMPM10 pulse magnetizer at
the Institute of Geology, Academy of the Sciences of the Czech Republic was used which
is capable of generating pulse fields up to 3 T on standard paleomagnetic samples
(cylinders 2.5 cm in diameter and height).

2.2. Measurements of the Rowley Regis Basalt

Measurements of the remanence of a control and shocked samples from the basalt
were made on the 2G 750 with in line AF demagnetization at the University of California,
Santa Barbara. Both NRM and SIRM were demagnetized along three perpendicular axes.
The SIRM was produced using a 1 T field.

3. RESULTS

3.1. The Magnetomineralogy of the Precambrian Gila
Diabase Sheets (Arizona, USA)

Eighty five samples from the 1.1 Ga old Gila diabase sheets from Arizona, USA
(carrying TRM) were studied to investigate the origin of the asymmetric reversal observed
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Fig. 1. Magnetic low-field susceptibility (unnormalized) vs. temperature plot (black crosses -
heating; grey circles - cooling) of the Gila diabase sample. The heating curve reveals two
populations of the titanomagnetite (Curie temperatures 7¢ 530°C and 556°C) to be present. Only
the higher Tc phase is thermally stable (reversible on the cooling curve).

in Laurentia around that period (Donadini et al., unpublished results). For this study, five
specimens were selected and studied with the REM(AF) method.

The thermomagnetic curve shows in general two populations of the titanomagnetite
(Curie temperatures T¢ of 530°C and 556°C) to be present in the samples (Fig. 1). The
hysteresis parameters plotted in the Day plot reveal mostly MD-SD or SP-SD like (SP -
Super-Paramagnetic) behavior (Fig. 2).

Fig. 3 shows an example of the AF demagnetization characteristics of the sample
labeled FD1-2b. The characterization of the FD1-2b sample is similar to the other four
samples studied and thus the figures only for the FD1-2b sample are presented. From the
Zijderveld demagnetization diagram three NRM components can be identified. The low
coercivity component (20% of the absolute NRM value) residing in the MD magnetite
grains is removed by 10 mT AF field. The intermediate coercivity component (50% of the
absolute NRM value) is stable in the 10 — 25 mT AF field region. The remaining 30% of
the NRM (the high coercivity component) is magnetically hard. Even at the maximum
applied AF field (160 mT) 5% of the NRM is preserved and directionally stable. The
residual moment of the sample after 160 mT AF demagnetization step is still three orders
of magnitude stronger than the moment of the sample holder used. The stereoplot shows
that the directions of the medium and hard components are clustered together and this not
significantly biasing the REM values.

The initial REM values (Fig. 4) of the studied samples are in the order of 1072,
consistent with magnetite as main magnetic carrier of a TRM being imprinted by the
geomagnetic field (Wasilewski, 1977; Fuller et al., 1988; Kletetschka et al., 2004). The
REM(AF) curve shows generally stable values through the low and intermediate
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Fig. 2. The Day plot of the Gila diabase samples subjected to the study. Most of the samples
show PSD like behavior or resemble the behavior of the MD-SD mixtures. M, - saturation
remanent magnetization, M, - saturation magnetization, H.. - coercivity of remanence,
H, - coercive force. The solid lines are the boundaries after Day et al. (1977), and the dashed lines
are the mixing lines after Dunlop (2002).

coercivity region up to the 25 — 40 mT AF field (Fig. 4 shows an example of this behavior
for the FD1-2b) what is typical for MD magnetite bearing rocks (Yu, 2006; Fuller et al.,
1988).

While demagnetizing the high coercivity component there is a significant increase in
REM values observed. The REM gradually increases and stabilizes at ~0.5 in the
140 — 160 mT AF field region (Fig. 4). Such an increase (over one order of magnitude) is
significantly higher than a similar effect attributed to the presence of SD or PSD grains
described in Yu (2006). Such behavior can be explained either by a presence of a low M,
(saturation magnetization) and high coercivity mineral (i.e. hematite; Rochette et al.,
2005) or by the presence of the acicular SD magnetite grains which can easily acquire
stable NRM, and due to the shape effect are magnetized with higher efficiency
(Kletetschka et al., 2004).

In order to distinguish between those two possible carriers of the high coercivity and
high efficiency component, the IRM acquisition curve measurement was selected as
a most suitable indicator. The IRM acquisition curve was measured in three directions on
the cylindrical specimen using the pulse magnetizer up to 3 T pulse field (Fig. 5). The
results indicate that the material reaches saturation at the 200 mT field and the difference
in SIRM level among three perpendicular directions is below 7%. The high coercivity
minerals like hematite or pyrrhotite are saturating at much higher fields. In contrast
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Fig.3. The AF demagnetization plot of the NRM of the Gila diabase sample F1-2b. The intensity
plot (top left) Zijderveld plot (top right) and stereoplot (bottom) are presented. Three main
components (0 — 10 mT, 10 — 25 mT and 25 — 160 mT) can be identified. The stereoplot shows that
the directions of the medium and hard components are clustered together. The directions are plotted
in corrected geographical coordinates.

acicular magnetite grains are being saturated more easily than equi-dimensional ones.
Thus the overall lack of remanence acquisition after 200 mT may indicate acicular
magnetite grains to be the carriers of the high coercivity high REM component observed
on the REM(AF) curve. The low scatter of the IRM anisotropy (below 7%) among three
perpendicular directions shows the elongated axes of acicular magnetite grains not to be
aligned. The presence of two distinct populations of magnetites is supported by the
hysteresis parameters (Day Plot) and the thermomagnetic measurements.

230 Stud. Geophys. Geod., 52 (2008)



—_—

J—
OO0 WnhA W

11
12
13
14
15
16
17
18
19
20

Analysis NRM of Rocks through AF Demagnetization Spectra

3.2. Laboratory Shock Experiments with the Rowley Regis
Basalt (UK)

Martelli and Newton (1977) used shaped charges to accelerate tips of an aluminum
liner to impact a basalt block from Rowley Regis (UK) at velocities of approximately
15 km/s and described what they termed Shock Associated Remanent Magnetization
(SARM). The term SARM is equal to SRM (Shock Remanent Magnetization) used in newer
literature for the same phenomena. A low-frequency search coil showed that plasma was
produced during the impact, causing local compression of the ambient magnetic field.
They also demonstrated that a magnetic anomaly was generated at the crater margin and
that magnetization was acquired by the basalt, which varied with the field strength.
Mineralogical changes as a result of the impact were not detected, which is consistent
with low pressure (1 — 2 GPa, see Melosh, 1989) and low temperature elevation (French,
1998, Table 4.2) near the crater rim and beyond. The only exception is the presence of a
high pressure melt glass which was splashed onto the crater walls, containing projectile
material. Such samples (coming from the crater proximity) containing melt glass ejecta
were rejected from the magnetic studies.

Srnka et al. (1979) studied the variation of the intensity of magnetization and its AF
demagnetization characteristics as a function of distance from the crater. The ambient
field during the shock experiments was set to 1 mT and was perpendicular to the surface

REM

0 20 40 60 80 100 120 140 160
AF peak field (mT)

0 . . . .
0 10 20 30 40 50

AF peak field (mT)

Fig.4. The REM(AF) plot of the Gila diabase sample FD1-2B. The plot show REM values in the
0 - 160 mT AF demagnetization coercivity region (top) and detail for 0 — 50 mT region (bottom).
The REM value in the low and medium coercivity region (up to 40 mT is roughly constant in the

order of 1072, In the high coercivity region the REM value increases and stabilizes at REM value of
0.5. This behavior is interpreted as a contribution of two distinct populations of magnetic carriers
(low to medium coercivity MD magnetite and high coercivity acicular SD magnetite).
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Fig.5. The IRM acquisition curves up to 3 T of the sample FD1-2B form Gila diabase. The IRM
acquisition was done along three perpendicular axes (X, Y, and Z correspond to sample coordinate
system of the cylindrical specimen). The material saturates at 200 mT which is typical for the
magnetite bearing rocks. There is no increase in saturation magnetization observed beyond this
point ruling out the presence of hematite.

of the basalt block (parallel to the shooting direction). The results were recently re-
analyzed in terms of the REM(AF) efficiency method.

Fig. 6 gives plots of NRM and SIRM (1 T field applied) versus the AF demagnetizing
field for the control material and the samples at 4 and 20 cm from the center of the impact
crater. There is a significant increase in magnetization (Fig. 6, top) from the value of
0.05 A/m (NRM of the control sample) towards 0.23 A/m (20 cm from crater) ending at
2.07 A/m (sample 4 cm from crater), which we interpret to be due to Shock Remanent
Magnetization (SRM). In other words the material exhibits inverse dependence of
magnetization upon distance from the center of the crater. There is a small increase in post
shock SIRM at the shocked samples (Fig. 6, bottom) as the effect of the shock. The
acquired shock remanence is predominantly soft, but also contains a component not
demagnetized by 50 mT AF field.

In Fig. 7, the data are presented in the form of REM(AF) plots of NRM or SRM over
SIRM. The control material shows plots reminiscent of altered basalts carrying secondary
magnetization. The REM ratio at 20 mT is of order 103, which is too low to be consistent
with the REM ratio of a basalt carrying primary TRM acquired in geomagnetic field
(Fuller et al, 1988). As seen in the sample 4 cm from the impact crater the shock
produced different distribution of the AF demagnetization coercivity spectra compared to
the NRM of unshocked samples.

The sample from 4 cm from the crater shows a decrease of SRM and SIRM during
demagnetization, which is remarkably similar to the TRM behavior of magnetite in
a strong field (higher REM values of 102 order and slightly increasing efficiency values
through AF demagnetization process; Fuller et al, 1988). Yet, note that the mineralogical
examination shows no evidence of significant residual heating.
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Fig. 6. AF demagnetization plots of NRM and SRM (top, normalized by initial value specified in
the legend) and SIRM (bottom) of shocked and control samples from Rowley Regis basalt.

The sample from 20 cm from the crater has AF demagnetization characteristics
somewhat intermediate between the control and the sample at 4 cm. The form of the curve
is also consistent with secondary magnetization in basalts (Fuller et al, 1988).

4. CONCLUSIONS

The REM(AF) method can serve as fast tool to determine the origin of the NRM of the
rocks.

In the case of Gila diabase the REM(AF) method proved useful, in combination with
the IRM experiment, in identifying the carrier of the different NRM components. The low
and medium coercivity components are carried by MD or PSD magnetite. The high
coercivity ultra-stable NRM component is carried most likely by acicular magnetite. In
such case, the need of determining the efficiency ratio throughout the whole AF
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Fig.7. REM(AF) plots of shocked and control samples from Rowley Regis basalt.

demagnetization sequence is obvious. The presence of two distinct populations of
magnetite is further supported by the hysteresis parameters (Day Plot) and
thermomagnetic analysis.

In the case of the shock experiments with the Rowley Regis basalt, the use of the
REM(AF) plots makes clear that a strong SRM was acquired by the sample at 4 cm from
the crater. This SRM has a distinct AF demagnetization coercivity spectra distribution
compared to unshocked NRM and has similar AF demagnetization characteristics and
coercivity distributions to those of a strong field TRM. Since this SRM was acquired well
below the shock levels at which there is significant residual heating or mineralogical
changes, the result may have bearing on the interpretation of the NRM of some
extraterrestrial material that has been shocked to similar levels (e.g. magnetism of the
Lunar rocks).
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