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SUMMARY

Earlier studies at the large Vredefort impact structure since 1960 have shown that values
of natural remanent magnetizations (NRMs) and, hence, Koenigsberger’s O values (ratio of
remanent over induced magnetization), for different rock lithologies are elevated compared to
the values for similar rock types around the world. Three origins for the high Q values have been
suggested, namely shock by meteorite impact, enhanced plasma field and lightning strikes. We
have studied whether laboratory lightning experiments can produce enhanced NRMs in the
Vredefort target rocks. For comparison, we also included rocks from the Johannesburg dome,
which is not a meteorite impact site. The results revealed increased NRMs, susceptibility and
QO values of the rocks from both Vredefort and Johannesburg domes.

Rock magnetic measurements and scanning electron microscope analyses of lightning
pulsed and unpulsed samples showed that the lightning included changes in magnetic properties
of the rocks. We suggest that in some samples lightning have changed magnetic mineralogy by
oxidizing magnetite to maghemite. Indication of this oxidation came from the low-temperature
variation of the remanent magnetization where we observed several hallmarks of maghemi-
tization in samples treated by lightning strikes. Further indications of mineralogical changes
include increased Curie points above the magnetite’s Curie point (580 °C) and appearance
of pronounced lower temperature (200400 °C) phases in susceptibility versus temperature
curves. These changes are interpreted to indicate partially oxidized magnetite (maghemitiza-
tion) coupled with grain fragmentations and by this way grain size reduction. High-temperature
hysteresis and REM (= NRM/saturation isothermal remanent magnetization) studies support
these conclusions. Our results were analogous with the ones for lodestones and protolodestones
where partially oxidized magnetite is thought to make magnetization more intense.

Key words: Magnetic mineralogy and petrology; Remagnetization; Rock and mineral
magnetism.

1 INTRODUCTION

The Vredefort impact structure in South Africa with estimated di-
ameter of 250 km (Henkel & Reimold 1998) and age of 2023 + 4
(20) Ma (Kamo et al. 1996) is considered the largest and the old-
est impact structure on the Earth (Gibson & Reimold 2001, 2008).
Rock magnetic and palacomagnetic studies on the Vredefort crater
started already in the 1960s (Hargraves 1961, 1970) and they have
been ongoing ever since (e.g. Jackson 1982; Layer et al. 1988,
1989a,b; Hattingh 1989, 1999; Hart et al. 1995, 2000; Henkel &
Reimold 1998; Cloete et al. 1999; Carporzen et al. 2005, 2006;
Muundjua et al. 2007; Salminen et al. 2009). These studies show
that values of natural remanent magnetizations (NRMs) and, hence,
Koenigsberger’s Q values (ratio of remanent over induced magneti-

zation), for a variety of rock lithologies in the Vredefort are elevated
compared to the values for similar rock types found elsewhere in
the world. In the case of Vredefort, the high Q values are associated
with random directions of NRM even though they are magnetically
stable against demagnetization (Salminen et al. 2009). It has been
suggested that the source for elevated NRMs is related to an im-
pact event (high pressure and temperature) in which an ultra-small
single-domain (SD) magnetite crystallized along shock generated
planar deformation features (Hart et al. 1995, 2000; Cloete et al.
1999). Carporzen et al. (2005) further proposed that a plasma field
produced by the impact event generated small-wavelength magnetic
fields of high intensity which not only produced high NRMs but also
randomized the directions of NRM. The latter suggestion does not
take in to an account that the present erosional level of the Vredefort
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impact structure is ca. 5-10 km and the plasma field would not have
been able to penetrate so deep (Turtle & Pierazzo 1998; Crawford &
Schultz 1999). Moreover, the cooling time of the impact structure
after the meteorite hit is much longer (several hundreds of thousands
of years; e.g. Ivanov 2005) than the lifetime of a plasma field, which
is from seconds to minutes (e.g. Turtle & Pierazzo 1998; Crawford
& Schultz 1999). Besides the rock magnetic and palaeomagnetic re-
sults of Salminen ef al. (2009) show that there is no concentration of
elevated Q values near the centre of the structure nor do they decay
radially away, as it should be if they were of impact origin. Yet the
elevated Q values are also seen in samples from the Johannesburg
dome ca. 120 km north from the Vredefort dome and thus outside
of the impact effects. Finally, a correlation between hysteresis data
and elevated Q values of the basement rocks was not observed, as
would be expected if the ultra-fine particles in the PDFs were the
sole carriers of the high Q values. These arguments collectively rule
out the direct connection of elevated NRM to the impact event in
the Vredefort.

Carporzen et al. (2012) have recently proposed that the high O
values in the Vredefort dome samples could represent effects of
lightning strikes that was already discussed as one of the pos-
sible sources by Salminen et al. (2009), but excluded due to
lack of further test. To prove lightning strike theory, Carporzen
et al. (2012) drilled two 10-m cores in the Vredefort and
showed that the abnormal magnetic properties vanish within 0.5
m from the surface. This indicates that they are not due to
impact-generated plasma field, but rather produced by lightning
strikes. Lightning is a very common phenomenon in South Africa:
the average current lightning density is 23 flashes km™ yr';
(Christian et al. 2003). The lightning activity maps produced by
NASA (http://geology.com/articles/lightning-map.shtml) show that
South Africa consists of areas with the highest lightning activity in
the world. Lightning is associated with high voltages and electric
currents with both positive and negative polarity. An average bolt of
negative lightning carries an electric current of 30 kA and transfers
500 MJ of energy to the target where it is hitting. An average bolt
of positive lightning carries an electric current of about 10 times
(300 kA) the negative one. Lightning strikes rapidly heat the air in
its close vicinity to about 20 000 °C. In nature, lightning produced
currents last for few tens of milliseconds and thereby generates
strong, circular magnetic field, whose axis is oriented perpendicular
to current direction. Most lightning flashed include three or four sep-
arate upward current pulses space about 50 ms apart (e.g. Krider &
Roble 1986). This field will produce a secondary isothermal rema-
nent magnetization (IRM) to the rocks (Verrier & Rochette 2002).
IRM can be orders of magnitude higher than typical, thermally
(TRM) or chemically (CRM) produced remanences. Generally in
the literature, very strong NRMs are interpreted to be caused by
lightning (e.g. Graham 1961).

In nature, lodestones, which are pure iron ore bodies, are a known
to be magnetically very hard (e.g. Wasilewski 1977, 1979; Banfield
et al. 1994). Lodestones are iron ores that behave as permanent
magnets. Furthermore, iron ores that are capable of being charged
strongly to behave as permanent magnets have been defined as pro-
tolodestones (Wasilewski 1979). NRM of lodestones and protolode-
stones is high and more stable against demagnetization than lab-
oratory produced saturation isothermal remanence magnetization
(SIRM). A characteristic feature for the protolodestones and lode-
stones is the high REM ratio (NRM/SIRM ratio) ~0.15-0.7 indicat-
ing magnetization in a field much larger than Earth’s magnetic field.
Typically, these ratios for rocks magnetized in the geomagnetic field
are <0.05 (e.g. Wasilewski & Kletetschka 1999). Wasilewksi (1977,

1979) showed that lodestones and protolodestones are magnetically
hardened by partial oxidation of magnetite to maghemite. He noted
that the microstructure of magnetic grains is highly irregular and
there are no lamellae or other ordered structures visible. Later, based
on transmission electron microscopy studies, Banfield ez al. (1994)
identified stacking faults and pinning of domain walls, which re-
duced the effective grain size of mineral, within multidomain grains
of'lodestones and correlated these with intense stable remanent mag-
netization. They suggested that both the stacking faults and intense
remanent magnetization may be induced in a lightning event.

Since the lightning strikes have been proven to be the source for
high remanent magnetization values in Vredefort rocks (Carporzen
et al. 2012), we wanted to further study the general effects of
lightning strikes to rocks. We have simulated lightning strikes
with a high-voltage instrument capable of producing 18 kA current
(Haefely Test, AG Switzerland; max: 1000 kV) on the sample. Using
this instrument, we induced lightning strikes on Archaean basement
samples from both the Vredefort and Johannesburg domes and mea-
sured several rock magnetic properties to see what changes in rock
magnetic properties lightning is causing. Results will be compared
to rock magnetic results of untreated sister samples.

2 GEOLOGY, SAMPLING,
EXPERIMENTS AND MEASUREMENTS

2.1 Geology and sampling

Gibson & Reimold (2001, 2008) have reviewed the geology of the
Vredefort impact structure. The extent of the eroded remnant of
this impact structure encompasses the entire Witwatersrand Basin,
stretching for 250-300 km between Johannesburg in the northeast
and the Welkom goldfields in the southwest. Located roughly in
the central part of the basin, the Vredefort dome represents the ca.
90-km wide, exhumed root of the central uplift of the structure.
Fig. 1 is a schematic geological map showing the simplified geology
of'the Vredefort dome with sampling sites. The southern and eastern
parts of the dome are generally overlain by sedimentary strata and
dolerites belonging to the Jurassic (185 Ma) Karoo supergroup.

At the northeastern edge of the Witwatersrand Basin lies the
Johannesburg dome, an Archaean terrain composed of granitoids
and greenstone remnants with several inliers of Witwatersrand
supergroup (WSG) strata (Fig. 1). Immediately north of the
Johannesburg dome, the rocks of the 2.6-2.15 Ga Transvaal su-
pergroup dip shallowly to the north beneath the 2.05-2.06 Ga old
Bushveld igneous complex (Reimold & Gibson 1996; Cawthorn
et al. 2006; Eriksson et al. 2006).

For this lightning strike study, we used samples taken during the
palacomagnetic field campaign reported in Salminen et al. (2009;
Fig. 1). Three Archean basement samples (granite and gneiss) with
QO values between 2 and 8 (see Table 1) from the Vredefort dome and
eight Archean basement samples (gneiss, granite, granodiorite and
pegmatite) with Q values 0.4—-20 from the Johannesburg dome were
studied. We chose the samples from Johannesburg dome since the
terrain is not affected by impact shock or as strongly thermally over-
printed by the impact generated heat as the rocks of the Vredefort
central uplift.

2.2 Experiments

Lightning pulse experiments were performed on standard demagne-
tized palaeomagnetic cylinders (diameter: 2.54 cm, height: 2.2 cm)
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Figure 1. Simplified geology and sampling sites of the Vredefort and Johannesburg domes (modified from Salminen et al. 2009).

with a 10-stage lightning impulse generator (Haefely SGS1000-
50, Basel, Switzerland) having a maximum charging voltage of
100kV stage ™' and maximum total energy of 50 kJ. The generator
was configured to give maximal current impulse to the test circuit
with ca. 11.5 and 18kA peak current, in Tampere University of
Technology, Finland. The arrangements used during the impulse
current applications are illustrated in the schematic Fig. 2. The
cylindrical rock samples were placed on large earthed stainless steel
plate. A copper-made impulse electrode (diameter 14 mm) perpen-
dicular to the steel plate was then laid on top of the rock sample.
When applying an impulse the test voltage first increases at a rate
of ca. 900 kV us™! until a flashover takes place at ca. 150kV level
over the test sample and current starts to flow through the plasma
channel of the flashover arc. The plasma channels form along the
surface of the rock sample one side of it. The rise time of the cur-
rent impulses were ca. 2 ps, and the time to half value was ca. 9 us
(Fig. 2). With this type of impulse waveforms and at this current
level, the size of the current carrying plasma channel is ca. 1 cm?
(Flowers 1943). Polarity of all the applied impulses was positive.
Three impulses were applied on all the test samples with presence
of Earth’s magnetic field of ca. 52 uT. The experiment did not leave
any visible mark on the rock, which is usually also the case in the
field. We are not able to detect by eye those rocks that have been hit
by lightning strikes.

Sample orientation was changed between the pulses to simulate
the changing direction of lightning strikes in the nature (Fig. 2).
These samples are later on called ‘pulsed’ or ‘treated’ samples. For
every lightning pulsed sample, we have an ‘untreated’ reference
subspecimen from the same palaecomagnetic sample.

2.3 Measurements

Basic petrophysical measurements were carried out for same sub-
sample before and after lightning pulses. Similar rock magnetic
measurements were done for both subsample sets (‘pulsed” and ‘un-
pulsed’) to identify the effects of lightning strikes on rocks. Mea-
surements were done in three different laboratories: Solid Earth
Geophysics Laboratory at the University of Helsinki (Finland);

Paleomagnetism Laboratory at the Yale University (USA) and
at the Institute for Rock Magnetism (IRM) at the University of
Minnesota (USA).

Samples were alternating field (AF) demagnetized before and af-
ter lightning pulses using 2G SQUID magnetometer (Sand City, CA,
USA) or Molspin (ACS Scientific, Carlsbad, CA, USA) AF demag-
netizer. Magnetic anisotropy of the AF demagnetized samples was
studied by measuring anisotropy of magnetic susceptibility (AMS)
using Agico’s (Brno, Czech Republic) KLY 3-CS kappabrige. SIRM
of 1 T was imparted on samples at the IRM and then AF de-
magnetized using 2G SQUID u-channel magnetometer. High and
low-temperature (LT) susceptibility measurements and bulk sus-
ceptibility measurements were done using Agico’s KLY3-CS and
KLY4-CS instruments. The high-temperature measurements were
done in argon gas to prevent oxidation. Room temperature hysteresis
properties for all and high temperature (from RT to 600 °C in he-
lium atmosphere) for selected samples were measured in IRM using
Princeton Measurements vibrating sample magnetometer (VSM;
Westerville, OH, USA). LT remanence measurements were done
in IRM using a quantum design (San Diego, CA, USA) magnetic
properties measurement system (MPMS) SQUID magnetometer.
In the first experiment, 2.5 T SIRM was given in room temperature
(300 K) and magnetization was measured continuously during zero-
field (ZF) cycling from 300 to 10K and back to 300K in intervals
of 5 K. In other experiments, SIRM was given at 10K after the
samples were cooled in ZF. Magnetization was monitored during
ZF warming to 300K in intervals of 5 K. In the third experiment,
SIRM was given at 10 K after the samples had cooled in 2.5 T field.
Magnetization was measured in intervals of 5 K while the samples
were warmed back to 300K in ZF.

Some samples were studied using Jeol JSM-5900LV (MA, USA)
Scanning Electron Microscope (SEM) at the Geological Survey of
Finland to further constrain the nature of the magnetic minerals.
Four samples were studied by Digital Instruments (Santa Barbara,
CA, USA) NANOSCOPE III Magnetic Force Microscope (MFM)
in the IRM. The MFM uses a very fine magnetically coated tip
mounted on a cantilever to measure magnetic force as it scans across
the surface of a sample in room temperature and in field of 50 mT.
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Table 1. Petrophysical properties of samples from the Vredefort and Johannesburg domes before and after lightning pulses.
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REM, (—)

NRMo mAm™) Qo (=) SIRMp(mAm™') REMg (=) I(kA) x.(10°°SI) P. NRM(mAm') Qp(—) SIRM_(mAm')

xo (1076 SI)

Rock type

Sample

Vredefort dome

Lv4

0.47
0.98
0.

86.8 28 790

13563
9057

1.05
1.17

0.01 11.5 6981
1.20

0.01
0.02

34 360
45387
49 847

23

293
672

5572
3645
6784

Granite

9280

59.3

6826
7186

11.5
11.5

8.2
7.2

Gneiss

Lv42

61.1 14 480

9825

1093

Gneiss

v47

Originally high Q value

LV2
Lv17

0.89
0.37

1593
45321

78

359

812 1412

2104

Granite—-Gneiss

16 915

Granite

Johannesburg dome

0.72
0.49
0.37
0.72
0.86
0.43
0.58

51.9 693

498
293

1.03
1.05
1.06
1.05
1.09
1.06
1.33

428

17.9

0.28
0.08
0.01
0.24
0.22
0.04
0.04

10.8 246
818
97

69
64

286

373

Gneiss

HV50
HVs1

602
95

24.6

532

17.8

7.7
0.4
20.8

Gneiss
Granodiorite

12.0

35
113

130
91

17.8

125

HV53
HVS55

158

55.7

16.3

282
320
471
6194

148 69
69

201

Granodiorite

116
3349
6153

24.8

100

180
7688

16.7

15.3

Gneiss

HV57
HVs58

8.5
91.3

1470
3550

17.8

0.5

17
266

1496

1088

Pegmatite

1737

17.8
Notes: Values are presented for same palacomagnetic cylinder before and after lightning pulses. x, magnetic susceptibility; P, degree of anisotropy: P

10.9

Migmatite

HV359

K1/K3, where K1, K2 and K3—mean AMS eigen

, where Jg —remanent

wox NRM
KH
NRM/SIRM—ratio of natural remanent

Jr
T

vectors, which represent the maximum, intermediate and minimum susceptibility axis, respectively; NRM, natural remanent magnetization; Q Koenigsberger’s ratio: QO

magnetization, J; —induced magnetization, jo—magnetic permeability (47'[10‘7 Tm? A™Y); H, magnetic field at the South Africa, used value 28 105 nT; REM

magnetization and saturation isothermal remanent magnetization, /, current during the high-voltage treatment (lightning simulations). O denotes original untreated samples. L denotes samples that were pulsed

with current.

The resolution is high enough to allow imaging of the magnetization
structure inside domain walls. For this, the samples were polished
down to colloidal silica level and cut to fit the microscope (max.
1 x 1 cm). At first, the NRM of some grains in the samples were
studied with MFM. After that 1 T SIRM was imparted and the same
grains were restudied with MFM.

It is noteworthy that rocks are not homogenous material and
they can be heterogeneous by centimetre scale. However, previous
palaeomagnetic and rock magnetic measurements of different sub-
samples from one sample indicate that the magnetization within
the samples studied here is similar being relatively low and homo-
geneous indicating homogenous magnetic mineralogy within the
samples. When measuring magnetic properties (susceptibility ver-
sus temperature; high-temperature hysteresis; MPMS), we crushed
rocks and were picking up the magnetic material to ensure the com-
prehensive representation of magnetic material.

3 RESULTS

3.1 Petrophysics and remanent magnetization

Palacomagnetic and rock magnetic measurements of different sub-
samples from one sample indicate that the magnetization within the
studied samples is similar indicating homogenous magnetic miner-
alogy within the samples. This is also confirmed by AMS study
(Table 1). The degree of AMS (P = Kmax/Kmin) is low
(<6 per cent) in majority of the samples (Hrouda 1982) that give
the most important results for this study.

Values for petrophysical properties of the same cylinders before
and after lightning pulses are listed in Table 1 and shown in Fig. 3.
Lightning pulses enhanced Q values of all the studied samples from
0.4-20.8 to 8.5-91.3. Susceptibility values increased only slightly,
but NRM values were one order of magnitude higher after lightning
experiments. Sample HV58 was exception since also susceptibility
increased fivefold and therefore the Q value did not increase so
much.

Demagnetization of SIRM documents the nature of the magnetic
phases in the rock and, hence, gives information about magnetic
carriers, while the demagnetization of the NRM gives information
about the nature and origin of magnetization (e.g. Cisowski & Fuller
1978). For example, we know that in magnetically fine-grained rocks
a typical initial REM ratio (NRM/SIRM) for TRM acquired in
geomagnetic field is of order 10~ (Cisowski & Fuller 1978). REM
ratios of 0.14-0.8, where NRM is harder than SIRM, have been
reported for protolodestones (Wasilewski 1977, 1979; Wasilewski
& Kletetschka 1999).

Intensity decay curves during AF demagnetization of NRM and
SIRM before and after the lightning experiments for selected sam-
ples are shown in Fig. 4. These are shown also for two samples that
have originally high QO values (LV17 and LV2) and have been hit by
lightning strike at the field so NRM is produced by lightning strikes
at the field and it is actually lightning-induced remanent magne-
tization (LIRM). Both NRM (being LIRM) and SIRM for granite
sample LV 17 were very stable against demagnetization. The Figs 4
and 5 also demonstrate that samples LV4 and HV58 with high REM
values after lightning experiments were resistant against demagne-
tization being similar to behaviour of LV17. We also show examples
of samples where pulse increased REM but that are less resistant to
AF demagnetization (HV55 and HV57). In general, the SIRM was
more resistant than NRM against AF demagnetization for most of
the untreated samples whereas after lightning pulses, NRM (being
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during the experiments.

LIRM) was more resistant than SIRM or as resistant as SIRM for
most of the samples (Table 1).

For all the samples, REM ratios increased due to the lightning
pulses. REM values for the samples from the Vredefort increased
to 0.47-0.98. The REM values of the untreated samples from
Johannesburg fell in two groups (0.01-0.04 and 0.22-0.28); af-
ter lightning experiments the REM values increased to 0.37-0.58
and 0.72-0.86, respectively. For all the samples, the decay rate of
REM ratio against demagnetizing field was more or less constant
and the shape of the curve was similar for both the unpulsed and
lightning pulsed samples.

3.2 Magnetic mineralogy—susceptibility
versus temperature

Ferromagnetic minerals are most easily identified by their phase
transitions (such as Curie points) and their Curie point temperature is
easy to determine because of the large difference in moment between
paramagnetic and ferromagnetic phases (e.g. Ozdemir & Dunlop
2010). When pure, the minerals of interest in this study, magnetite
and maghemite, have Curie temperatures of 580 and 645 °C, re-
spectively (Ozdemir & Banerjee 1984; Dunlop & Ozdemir 1997).
Due to variations of chemical composition (notably Ti-content), im-
purities and grain size, these temperatures vary. The formation of
maghemite from magnetite can best be detected at LTs (Dunlop &
Ozdemir 1997). Observed Curie points and Verwey transition tem-
peratures for our samples are listed in Table 2 and shown in Fig. 6.
For example, Vredefort samples LV17 and LV2, which originally
had high Q values, showed Hopkinson peaks at magnetite’s Curie
temperatures and higher intensity during the cooling than during
the heating phase. Both samples showed a lower temperature (lower
T) phase at ca. 150-380 °C during the heating, but not during the
cooling. The low Verwey transition temperature (108 K) for sample
LV17 indicates partially oxidized magnetite (Aragon et al. 1985;
Ozdemir & Dunlop 2010).

Lightning pulses had distinct effects to magnetic mineralogy of
the samples from the Vredefort dome. Untreated reference samples
(before lightning) from the Vredefort dome showed clear Hopkin-
son peaks and Curie points of 575-582 °C indicating presence of
magnetite. After lightning pulses, Hopkinson peaks were slightly
smeared out (sample LV4 does not exhibit it at all; Fig. 6f) and Curie
points were increased to 583-590 °C, indicating maghemitization
of magnetite (Ozdemir & Dunlop 2010). After lightning pulses, the
lower T phase was pronounced and this phase was not observed in
the cooling curves, indicating that maghemite further transforms to
haematite during the heating. Lightning pulses therefore seemed to
produce maghemite in the magnetite containing samples. For sam-
ples from the Johannesburg dome, in some cases lightning pulses
increased the temperature of the Curie point (e.g. HV52 and HV59)
while in other cases Curie point was lowered (e.g. HV57). After
lightning pulses, observed Hopkinson peaks (LV4, HV52, HV58
and HV59) diminished, which indicates that magnetite has altered
to other minerals during lightning pulses and/or the grain size or
the number of domain walls of minerals have been changed.

3.3 Magnetic mineralogy—remanent magnetization
versus temperature

Heating to Curie points often alters the phases we are trying to iden-
tify. By studying the LT transitions of minerals, we can avoid the
problems due to heating. Remanent magnetization of stoichiomet-
ric magnetite (Fe;O,4) has two transitions below room temperature.
The first one is the isotropic point (7; ~ 130K), where the first-
order cubic magnetocrystalline anisotropy constant becomes zero.
The second one is the Verwey transition (7y) at ca. 120 K, in which
the lattice structure changes from cubic to monoclinic (Ozdemir
& Dunlop 1999). Unlike magnetite pure maghemite (y-Fe,O;) has
no LT phase transition as seen in room temperature RT-SIRM cy-
cling curve which is perfectly reversible on cooling and warming
(Ozdemir & Dunlop 2010). Recently, Ozdemir & Dunlop (2010) de-
termined tools for detecting partially oxidized magnetites. The first
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Figure 3. Petrophysical properties of samples from the Vredefort (LV) and Johannesburg (HV) domes before (white) and after lightning pulses (grey). Values
are presented for same palacomagnetic cylinder before and after lightning pulses. (a) Natural remanent magnetization values, (b) susceptibility values, (c) O
values (used field value 28 105 nT). Note the scale on y-axis is logarithmic. Samples are shown on X-axis.

hallmark of partial oxidation to maghemite is hump-shaped cooling
and warming curves of RT-SIRMs while cycling through 300-10—
300 K. The hump is due to a combination of the more or less linearly
increasing moment of maghemite and the non-linearly decreasing
moment of magnetite. This balance shifts depending on the degree
of oxidation. The second hallmark is a shifted and broadened tran-
sition region of Verwey transition to lower temperatures. The third
hallmark is that the oxidized minerals also recover more of the orig-
inal RT-SIRM after cycling through 300-10-300 K than stoichio-
metric magnetite does. The fourth hallmark is a smeared-out Ver-
wey transition and its shifting to lower temperatures when warming
10K SIRM (2.5 T) after sample has been cooled to 10K in ZF.

ZF warming curves of normalized LT SIRM (2.5 T in 10K) for
the unpulsed and lightning pulsed samples are shown in Fig. 7

and in Table 2. The Msirm/Msirm(i0) of the Vredefort sample LV2,
which originally showed high Q values, decreased steadily from
50 to 300 K, and the Verwey transition was smeared out indicating
the presence of oxidized magnetite. The lightning pulsed sample
LV4 from the Vredefort showed two slightly broadened Verwey
transitions and both Verwey transition temperatures were shifted to
slightly higher temperatures compared to those of its unpulsed ref-
erence sample. The intensity of the shocked sample was 21 per cent
lower than the intensity of the original sample. This indicates that
lightning pulses have further oxidized magnetite in these samples.
Samples from the Johannesburg dome showed different be-
haviour during the LT SIRM experiments. Some samples (HV50,
HVS53, HV57 and HV58) showed clear differences between the un-
treated and lightning pulsed samples while the others (HV51, HV55
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remanent magnetization of a pulsed sample) and L: SIRM (saturation isothermal magnetization on the sample that was hit pulsed by lightning strikes) of samples
from Vredefort (LV) and Johannesburg (HV) dome. Black circles indicate samples treated with lightning pulses. Grey squares indicate original unpulsed samples.
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(@) Lv4 unpulsed (b) Lv4 pulsed at 35-120 K. At Ty, the intensity dropped more sharply, but the

w, Up W, Up transition is smeared out compared to the original one. The pulsed

5mT samples from Johannesburg showed a sharper drop of intensity at

7.5 mT 10-50K than their unpulsed sister samples (Table 2). Ozdemir &

Dunlop (2010) have shown that this unblocking of SIRM during LTs

between 10 and 50 K could imply ca. 10 nm grain sizes of oxidized

magnetite, which can be associated with very fine scale cracking

of the surface shell. In general, the pulsed samples showed slightly

broadened and elevated Tys compared to the unpulsed reference
samples (except for HV55, and HV57).

For sample LV2 with originally high Q values, the RT-SIRM
e e cooling and warming curves were hump-shaped. There was neither
1.0 a sign of the isotropic temperature 7; nor clear minimums in the
E, down®d5 mT curves, but there was a faint indicator of the Verwey transition in
the warming curve at 50 K. Magnetization of the unpulsed refer-
1 unit= 3163.1 mA/m ence sample LV4 showed a steady decrease during the cooling from

300K, gradual at first and then more strong as 7y (102-106 K)

L aee o was approached. In contrast, the pulsed sample LV4 showed hump-
° 0y reo o 50 oo 160 shaped cooling and heating curves, which reached a maximum at
200 K. Verwey transitions (96107 K) were lower than those for

the unpulsed LV4 sample, indicating maghemitization. The pulsed
sample recovered more of the RT-SIRM (83 percent) during the
warming than its unpulsed sister sample (74 per cent). This is an

5mT

0.5 . 0.5
1 unit= 62 mA/m

Figure 5. Orthogonal plot of AF demagnetization results and intensity decay
curve for (a) unpulsed LV4 sample and (b) pulsed LV4 sample. Open and
solid symbols are projections on vertical and horizontal planes, respectively.

and HV59) showed no differences. For example, the sample HV58 additional proof for maghemitization since the internal stress due
showed the most pronounced differences. Magnetization of the un- to lattice mismatch at the maghemite—magnetite interface plays a
pulsed reference sample decreased steadily from 20 to 95 K and then significant role in pinning the magnetite remanence and causing
around 7y (107 K), 95 per cent of its magnetization was lost. After partial recovery in cycling through the Verwey transition. A frag-
that, the curve was flat until 300 K. Its pulsed sister sample lost mented maghemite shell would reduce the effective grain size and

35 per cent of its magnetization at 10-35 K and another 30 per cent thus increase the magnetic memory (Ozdemir & Dunlop 2010).
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Figure 6. Normalized low and high-temperature thermomagnetic curves (susceptibility versus temperature) for samples from Vredefort (LV) and Johannesburg
(HV) domes. L indicates sample treated with lightning pulses (black). O indicates original unpulsed samples (grey). Samples LV2 and LV17 have been hit by

lightning strike on the field.

Samples from the Johannesburg dome showed different be-
haviour during the RT-SIRM experiments. Sample HV58 showed
the most pronounced differences between the pulsed and unpulsed
sister samples. The unpulsed sample showed typical curves for stoi-
chiometric magnetite (Ozdemir & Dunlop 2010) with an addition of
reversed magnetization during the experiment at 104 K. The pulsed
sister sample showed hump-shaped heating and slightly hump-
shaped cooling curves indicating maghemitization. The pulsed sam-
ple recovered more (60 per cent) of the original remanence than the
unpulsed sample (26 per cent). Samples HV57, HV53 and HVS51
showed moderate changes during the RT-SIRM experiment due to
the lightning. For example, Ty of sample HV57 shifted from 126 K
for the untreated sample to 112K for the pulsed sample. Sam-
ples HV59, HV55 and HV50 did not show any differences during
the RT-SIRM experiment between lightning pulsed and unpulsed
samples.

3.4 Hysteresis properties

Room temperature hysteresis properties of lightning treated and
untreated samples were generally similar showing narrow hystere-
sis loops, which may be due to the fact that hysteresis properties
were measured from the whole palacomagnetic cylinders where the
content of ferrimagnetic material is variable. Yet lightning pulsed
sample shows threefold higher saturation remanent magnetization
values. High-temperature hysteresis properties of the pulsed and
unpulsed samples LV4 were measured in 25 °C intervals from room
temperature to 600 °C. We detected the temperatures for changes
from high-temperature susceptibility curves (Fig. 6) and show hys-
teresis loops for these temperatures. Increasing temperature reduced
the coercivity and saturation magnetization (Ms) and narrowed the

hysteresis loops of both samples (Fig. 8). The shape of the hysteresis
loops of pulsed sample start to change at 500 °C while coercivity is
still decreasing indicating the formation of new magnetic minerals,
this is not obtained for unpulsed reference sample. Moreover, My
of the pulsed sample increased after 275 °C, which could be indica-
tion of oxidized magnetites. Actually, similar shape to the curve of
pulsed samples has been earlier observed for oxidized magnetites
(e.g. Wasilewski 1977).

3.5 Microscope studies

SEM analyses of magnetic grains (> pm) of the sample LV4 (pulsed
and unpulsed reference sample) show two types of magnetite grains.
Some of them had typical magnetite shape (Figs 8b and e) and the
others had irregular atypical shape for magnetite (Figs 8c and f).
We show two examples of magnetic grains of unpulsed sample
LV4. Fig. 8(b) shows an example of ca. 25 pm magnetite with typi-
cal shape that has few cracks and Fig. 8(c) shows larger (>100 pm)
magnetite with several microfractures. Two examples are also shown
for pulsed sample LV4. Fig. 8(e) shows ca. 40 um magnetite with
typical shape that has several microfractures and Fig. 8(f) shows
smaller atypical shaped grain with several microfractures. Majority
of the grains were fractured in both pulsed and unpulsed sample.
Magnetite shaped samples in unpulsed sample seemed to have less
microfractures than in pulsed sample. Due to magnification limita-
tions of the SEM, we were not able to study smaller than um sized
grains.

MFM studies of Vredefort sample LV4 showed that the few ob-
servable magnetic grains in both the pulsed and unpulsed samples
did not have any lamellae structure, but the structure was frag-
mented. Moreover, the lightning pulsed sample showed reduced
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Figure 7. Diagrams on a left side show zero-field cooling and rewarming curves of SIRM (saturation isothermal remanence) produced at 300 K. Diagrams
on a right side show zero-field warming curves of SIRM produced at 10K after zero-field cooling from 300 K (ZFC). Black indicates sample treated with
lightning strike pulses (L). Grey indicates original unpulsed samples (O). Sample LV2 has been hit by lightning strike on the field.

effective grain size. This was noted when imaging the samples per-
pendicular to scanning surface after giving to them 1T IRM. It
is evident that these samples that had fragmented magnetic grain
structure were capable of being strongly magnetized by lightning
and lightning reduced the effective grain size.

4 DISCUSSION

Large lightning field produced high NRM values in all studied
samples and slightly enhanced susceptibility (Fig. 3). The light-
ning treated samples revealed high Q values. Also, their REM
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Figure 8. Hysteresis curves at different temperatures (a, d) and scanning electron microscope (SEM) images (b, c, e, f) for unpulsed and lightning pulsed sister

specimens from the same sample.

(NRM/SIRM) ratios increased due to lightning pulses, reaching
values observed for lodestones and for protolodestones (Wasilewski
1977, 1979). However, it is puzzling that in most samples IRM val-
ues seem to decrease after lightning pulses, which is contradictory
to generation of lodestones.

However, we observed several hallmarks of maghemitization
(Ozdemir & Dunlop 2010) for some of the lightning pulsed sam-
ples during the LT variation of the IRM whereas some samples
did not show changes. For example, the pulsed samples showed
hump-shaped cooling and heating curves of RT-SIRM, and slightly
broadened and smeared out Verwey transitions, and it’s shifting
to lower Verwey temperatures (Fig. 7). The pulsed samples lost
magnetization more rapidly at 20-50K than the unpulsed sam-
ples did. Ozdemir & Dunlop (2010) have shown that this unblock-
ing of SIRM during LTs between 10 and 50K imply ca. 10 nm
sizes, which can be associated with very fine scale cracking of
the maghemite surface shell. The pulsed samples recovered more
of the original RT-SIRM than the unpulsed samples, which is an
additional proof for maghemitization since the internal stress due
to lattice mismatch at the maghemite—magnetite interface plays a
significant role in pinning the magnetite remanence and causing
partial recovery in cycling through the Verwey transition. This is
an additional evidence for a fragmented magnetite shell that would
reduce the effective grain size and so increase the magnetic mem-
ory (Ozdemir & Dunlop 2010). Further indication of changes in
magnetic mineralogy due to lightning pulses came from thermo-
magnetic curves. In case of samples LV2 and LV17 that had been
hit by lightning strike at the field, high-temperature measurements
indicate presence of maghemite (Fig. 6). In case of some pulsed
subsamples, Curie points increased (to 583—605 °C) slightly above
the Curie point of magnetite (580 °C) and Hopkinson peaks in sus-
ceptibility (7) curves were slightly smeared off (Fig. 6f) indicating
partially oxidized magnetite (Ozdemir 1990). Moreover, the lower T
(200400 °C) phase in the susceptibility versus temperature mea-
surement became pronounced after the lightning. These changes are
interpreted to indicate further oxidation of magnetite (maghemitiza-
tion). The change in magnetic mineralogy in case of some samples
is also shown by high-temperature hysteresis properties (Fig. 8).

However, we note here that changes in magnetic mineralogy were
not obtained for all of the studied samples and these experiments

show that lightning phenomenon is complicated. Based on SEM
analyses, we suggest that lightning pulses partially further oxidized
magnetite to maghemite in the samples where magnetite grains
contained microfractures before the tests. We propose that due to
very high temperatures and energy released during the lightning
pulse this fracturing was enhanced. Results from magnetic micro-
scope studies are not conclusive, but they support the fact that the
intense NRM values are associated with the highly irregular mi-
crostructure within the magnetic grains. Already in 1953, Graham
suggested that high stability of remanence could be a subdivision
of mineral grains into magnetite, maghemite and non-magnetic il-
menite (e.g. Tucker & O’Reilly 1980). Moreover, previous studies
have shown that magnetic susceptibility and NRM can be enhanced
several times because of the formation of small (nanocrystalline)
magnetite and/or maghemite (e.g. Harrison et al. 2002; McEnroe
et al. 2002). For example, Banfield ez al. (1994) proposed a connec-
tion between intergrown structure of massive magnetite—maghemite
at the nanometer scale and its strong magnetic property and later
McEnroe et al. (2002) pointed out that the mechanism explaining
the magnetic anomaly in massive ilmenite rock was the formation
of nanometer-scale lamella of haematite and ilmenite during the
exsolution of haematite—ilmenite solid solution.

The aim of these experiments was to find out the reason for the
observed intense NRM in the Vredefort rocks. For a long time, it has
been suggested that the source for elevated NRM values is related
to an impact event, in which an ultra-small SD magnetite forms
in a high-pressure/temperature environment and crystallizes along
planar deformation features (Hart ef al. 1995, 2000; Cloete et al.
1999). Carporzen et al. (2005) further proposed that a plasma field
randomized the directions of remanent magnetization (Carporzen
et al. 2005). Salminen et al. (2009) showed that there is no direct
impact link to explain the high NRM values. Since the Johannesburg
dome samples, being far away from Vredefort, also reveal high
Q values. Furthermore, by drilling two 10 m holes in Vredefort
rocks, Carporzen et al. (2012) found that abnormal magnetization
is only a surface (upper 0.5 m) feature, which does not support
an impact origin for high Q. Since lightning strikes are known to
produce intense NRM values, they were a more likely explanation
for high NRM values and often their random orientations in the
Vredefort when also taking in to account that the lightning strike
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activity in South Africa is known to be high. Lightning strikes are
thought to produce intense magnetization (e.g. Cox 1961; Dunlop
et al. 1984; Verrier & Rochette 2002) and in the case of lodestones
to produce intense and hard remanent magnetization (Wasilewski
1977, 1979; Banfield et al. 1994; Wasilewski & Kletetschka 1999).
We have shown by studying several rock magnetic properties of
samples from Vredefort and Johannesburg that were artificially hit
by lightning pulses (11.5-18 kA) that lightning strikes can indeed
enhance magnetic properties of the samples. We propose that is at
least partly due to oxidized magnetites that contain microstructures.

5 CONCLUSIONS

Laboratory made lightning strikes can produce intense magnetiza-
tions and can therefore be the cause for the observed high Q values in
rocks from Vredefort as well as from Johannesburg domes. Results
from this study show that lightning phenomenon is complicated.
However, petrophysical properties, LT magnetization measurements
and the temperature variation of susceptibility showed that lightning
pulses changed the magnetic mineralogy of some of the studied sam-
ples. These lightning induced changes include enhanced NRM and
susceptibility values, increased Curie points, more pronounced low
T phases appearing in susceptibility versus temperature curve, and
changes in hysteresis properties during high-temperature measure-
ments. The main finding from this study comes from LT versus
magnetization (MPMS) measurements, which support that light-
ning strikes partially oxidize magnetite in some of the samples as
seen in as broadened and smeared out Verwey transitions, shifting of
Verwey temperatures to lower, and hump-shaped cooling and heat-
ing curves of 300 K SIRM. SEM study shows that these changes
are observed in the samples that contained microfractures already
before experiments.
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