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Experimentally Shocked Magnetite
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"Institute of Applied Geosciences, Karlsruhe Institute of Technology, Karlsruhe, Germany, 2SLAC National Accelerator
Laboratory, Stanford Synchrotron Radiation Lightsource (SSRL), Menlo Park, CA, USA, 3Synchrotron Radiation Facility
ANKA, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany

Abstract We studied the effect of 973 K heating in argon atmosphere on the magnetic and structural
properties of a magnetite-bearing ore, which was previously exposed to laboratory shock waves between
5 and 30 GPa. For this purpose magnetic properties were studied using temperature-dependent magnetic
susceptibility, magnetic hysteresis and low-temperature saturation isothermal remanent magnetization.
Structural properties of magnetite were analyzed using X-ray diffraction, high-resolution scanning electron
microscopy and synchrotron-assisted X-ray absorption spectroscopy. The shock-induced changes include
magnetic domain size reduction due to brittle and ductile deformation features and an increase in Verwey
transition temperature due to lattice distortion. After heating, the crystal lattice is relaxed and apparent
crystallite size is increased suggesting a recovery of lattice defects documented by a mosaic recrystallization
texture. The structural changes correlate with modifications in magnetic domain state recorded by
temperature-dependent magnetic susceptibility, hysteresis properties and low-temperature saturation iso-
thermal remanent magnetization. These alterations in both, magnetic and structural properties of magne-
tite can be used to assess impact-related magnetic anomalies in impact structures with a high temperature
overprint.

1. Introduction

Hypervelocity impact events are widespread phenomena throughout the solar system and the interest in
understanding shock demagnetization of crustal material has increased significantly in the last decade (e.g.,
Bezaeva et al., 2016; Gattacceca et al., 2007; Louzada et al., 2011; Reznik et al., 2016; Tikoo et al., 2015). This
interest results from the observation that magnetic anomaly lows are ubiquitous phenomena of many
impact structures on Earth and Mars (e.g., Acuna et al., 1999; Pilkington & Grieve, 1992). As magnetic suscep-
tibility and remanent magnetization are found well below regional levels in many impacted rocks, extensive
alteration is assumed to cause a destruction of magnetic phases. However many studies on impacted rocks
since the 1990s have demonstrated that alteration of magnetic minerals must not be the prime reason for
magnetic anomaly lows, but the shock itself contribute significantly to the demagnetization mechanism
(e.g., Kontny & Grothaus, 2017; Louzada et al., 2011; Reznik et al., 2016).

Magnetite (Fe30,4) is an important magnetic mineral in impacted terrestrial rocks (e.g., Gattacceca et al,
2007; Pohl et al.,, 2010). An earlier study on magnetic and microstructural changes in multidomain magnetite
shocked to pressures of 5, 10, 20 and 30 GPa (Reznik et al., 2016, 2017) revealed an overlap of permanent
brittle and plastic deformation along with initial amorphization beginning at 20 GPa. These features mainly
control the permanent bulk magnetic property changes. However this study also indicated that stress-
sensitive features like lattice distortion can be observed near the Verwey transition temperature (Ty). Carpor-
zen and Gilder (2010) observed for decompressed stoichiometric magnetite in the pressure range up to 5
GPa an increase of Ty of 1 K/GPa and postulated a strain memory effect in shocked magnetite. Reznik et al.
(2016) suggested that strain memory saturation occurs by 5 GPa because their shocked samples from the
pressure range 5 to 30 GPa all show an increase of about 6 K compared to the regular Ty at 120 K. This
observation suggests a noticeable stress-sensitivity of Ty in the low shock pressure range.

Annealing is known to considerably reduce internal stress related to dislocations or surficial maghemite for-
mation (y-Fe,0s, the fully oxidized equivalent of magnetite) (e.g., Liu et al., 2008). Therefore the effect of
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annealing, either due to the heat produced by the shock itself or by later hydrothermal systems is of high
relevance in the understanding of impact-induced magnetic property changes. Potential heat sources for
creating an impact-generated hydrothermal system are impact melt rock and impact melt-bearing breccia
(suevite), and elevated geothermal gradients in central uplifts (e.g., Osinski et al.,, 2013; Zircher & Kring,
2004). Heat treatment of 973-1,073 K of unshocked and shocked iron meteorites produced significantly dif-
ferent microstructures because of collision-induced stresses in the shocked iron meteorites (Jain &
Lipschutz, 1968). Such high temperatures are likely produced in regions where shock pressures reached
>30 GPa and/or cooling impact melt sheets occur in large impact craters such as e.g., the well-preserved
Chicxulub impact structure, Mexico (e.g., Morgan et al., 2016; Ugalde et al., 2005).

The aim of this follow up article to Reznik et al. (2016) is to explore the chemical and magnetic stability of
experimentally shocked magnetite after subsequent high-temperature (973 K) treatment above the magne-
tite Curie temperature (853 K) with special emphasis on the role of stress-induced microstructures. In addi-
tion to low- and high-temperature magnetometry and hysteresis properties, particular focus is placed on
the identification of the iron oxidation state and its coordination geometry. For this purpose, X-ray powder
diffraction (XRD) and high-resolution scanning electron microscopy (HRSEM) was combined with
synchrotron-assisted X-ray absorption spectroscopy (XAS).

2. Materials and Methods

Details on the studied material, shock experiments as well as magnetic, X-ray diffraction (XRD) measure-
ments and high-resolution scanning electron microscopy (HRSEM) were recently described by Reznik et al.
(2016, 2017). Briefly, a quartz-magnetite banded iron ore (Sydvaranger mine, Norway) containing multido-
main magnetite was subjected to shock recovery experiments using an air gun and high-explosives
(Langenhorst & Hornemann, 2005). Heating experiments in an argon atmosphere as well as the measure-
ment of the Curie point of magnetite were carried out using a KLY-4S Kappabridge (AGICO) with a heating/
cooling rate of about 10 K/min. The effect of heating on the magnetic properties was controlled by measur-
ing the Curie temperature, Verwey transition temperature and saturation isothermal remanent magnetiza-
tion (SIRM) behavior. SIRM measurements were performed at the Institute for Rock Magnetism (IRM,
Minneapolis, USA) using a MPMS 2 SQUID magnetometer and a magnetic field of 2.5 T at 300 K for the sam-
ple saturation. Lattice parameter and size of apparent crystallites were analyzed by XRD using a Kristalloflex
D500 diffractometer (Siemens).

In contrast to time-consuming high-resolution transmission electron microscopy, HRSEM allows an extraor-
dinary possibility for a rapid and artifact-free access for a spatial identification of morphological and struc-
tural changes occurring at the nm-scale (Reznik et al.,, 2016, 2017). For this purpose, powder of the annealed
samples were coated with a 5 nm thick Pt-Pd conductive layer and afterward investigated using a LEO
Gemini 1530 SEM microscope coupled with a Thermal Scientific energy-dispersive X-ray analyzer.

The iron oxidation states were studied using a synchrotron-assisted X-ray absorption spectroscopy (XAS) at
the SUL-X beamline of the ANKA source (KIT, Karlsruhe, Germany) equipped with a Si (111) crystal pair
monochromator. For the K-edge X-ray absorption near edge spectroscopy (XANES) in transmission mode
the Fe content was adjusted to an optimal absorption length resulting in an edge jump of between 0.3 and
0.9. For the preparation of pressed pellets about 7 weight percent of cellulose binder was mixed with one
weight percent of gently crushed samples. Transmission mode with ionization chambers as detectors was
used for acquiring the Fe K-edge XAS spectra. The energy was calibrated at the Fe K-edge lying at 7,112 eV
using a 3 pm thick Fe foil mounted between the second and third ionization chamber. Up to three scans
have been acquired from two different sample positions while the analyzed sample area was about 100 pm
x 100 pm. Prior to the Fe K-edge, the typical scan ranges are from 150 to 50 eV with a 5 eV energy step
width and from 50 to 20 eV with a 2 eV step width while in the edge region (between 7,092 and 7,142 eV)
the step width has been decreased to 0.3 eV, and above the edge (EXAFS region) a step width of 0.5 eV was
selected. Each scan was measured during 1 s, increasing with k = 0.5 eV above the edge. The Athena pro-
gram of the IFFEFIT package (Ravel & Newville, 2005) was used for the pre-edge and post-edge background
correction and normalization treatments. The XANES spectra of the studied samples were compared with
the reference spectra of magnetite (Fe30,4), maghemite (y-Fe,Os) and hematite (Fe,O3) obtained with simi-
lar parameters taken from the SUL-X reference database as well as with spectra of Fe-bearing minerals/
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Figure 1. Effect of shock pressure and subsequent heating on Verwey transi-
tion (Ty) and Curie point (T¢). (@) Curves of an initial, “0 GPa” sample. Note that
the heating (black) and cooling (grey) curves are nearly reversible. (b) Repre-
sentative irreversible curves for a shocked sample. Curves are normalized to
susceptibility values measured at room temperature. “before heating” and
“after heating” in the low-temperature curve means measurement before and
after heating to 973 K. Vertical arrows indicate amplitude and temperature
shifts of peaks at Ty and T. (s. also Figure 2 for magnetic transition tempera-
tures of all investigated samples).

compounds investigated by Wilke et al. (2001), Boubnov et al. (2015),
and Bajt et al. (1994). Similarly, as it is described elsewhere (Bajt et al.,
1994; Boubnov et al., 2015), the Fe oxidation state and its coordination
number were examined by analyzing the centroid position of the Fe-K
pre-edge against the Fe*" /total Fe ratio.

3. Results

3.1. Temperature-Dependence of Weak-Field Magnetic
Susceptibility

The effect of shock pressure on temperature-dependent magnetic
susceptibility (k-T curve) in magnetite is shown in Figure 1. For mag-
netite shocked between 5 and 30 GPa, we found an irreversible
behavior between the heating and cooling curve (representative 20
GPa sample is shown in Figure 1b).

Curie temperatures of all samples determined from the heating curves
are at 861 = 2 K (Figure 2a) indicating that no modification of compo-
sition and no oxidation of magnetite occurred. Verwey transition tem-
peratures are 4-6 K higher in the shocked samples than in the initial
magnetite (Figure 2b; Reznik et al., 2016). The most obvious features
of shocked magnetite compared to the initial magnetite are the devel-
opment of peaks above the Verwey transition and below the Curie
temperature (Figure 1). This feature is in accordance with a transition
of multidomain to pseudo-single domain behavior from initial to
shocked magnetite, which is already established by hysteresis meas-
urements, FORC distribution diagrams and low-temperature SIRM
measurements (Reznik et al., 2016).

Dunlop (2014) has shown that k-T curves of magnetite have the
potential to indicate pseudo-single domain behavior and described
an “upward progression of peak heights in heating curves” with
decreasing grain size. In his study, this behavior was mirrored in the
cooling curve. Comparing the Hopkinson peak ratio (HPR = kpax/Kao,
ka0 is the magnetic susceptibility measured at 40°C/313 K) of initial
and shocked magnetite from our k-T curves (Figure 2c) we observe a
clear increase from 1.12 in the initial sample up to 1.9 in the 20 GPa
shocked sample in agreement with magnetic grain size reduction

seen in the hysteresis parameters and low-temperature SIRM measurements (see Figures 3 and 4; Reznik
et al,, 2016). However, the HPR calculated from the cooling curve is significantly lower and relatively con-
stant (between 1.21 and 1.24), and does not mirror the progression found in the heating curve. This behav-
ior clearly indicates a modification of magnetic domain state during heating up to 973 K.

We also calculated a Verwey transition peak ratio (TyP = kinayx/kio, kqo is the magnetic susceptibility mea-
sured at 10°C/283 K) and found for the initial, multidomain magnetite very similar values before (1.12) and
after (1.09) heating (Figure 2d). The shocked samples show significantly higher values (1,31 — 1,36) and rela-
tively constant lower values (1,19-1,22) after heating to 973 K. It is interesting to note that after heating a
similar state in all shocked samples seems to be conserved (Figure 2d) mirroring the behavior of the HPR.

These observations indicate that HPR as well as TyP calculated from k-T curves are suitable parameters to
derive changes in the magnetic domain state during heating experiments. The irreversibility of the heating
and cooling curves suggests that even if the heating at 973 K was held only for minutes it causes annealing
of crystal defects as well as unpinning and increase in volume size of magnetic domains (see next chapters).

3.2. Hysteresis Parameters

Hysteresis parameters measured of shocked magnetite before and after k-T cycling both display hysteresis
ratios, which indicate a general pseudo-single domain behavior (Figure 3). But Figure 3 also confirms a
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Figure 2. Effect of shock pressure and subsequent heating on characteristic magnetic transitions. (a) Curie temperature
(Tc) and (b) Verwey transition temperature (Ty) determined from the first derivative of temperature-dependent magnetic
susceptibility curves (see Figure 1). In (a) black triangles are from heating and open grey triangles from cooling curves. In
(b) black squares denote sample pieces measured before and red circles those samples after temperature cycling.

(c) Hopkinson peak ratio (HPR) from heating (black triangle) and cooling (open grey triangle) curve. (d) Verwey transition
peak ratio (TyP) before and after temperature cycling. See text for details.

change in magnetic domain size toward a more multidomain magnetic behavior, especially for the heated
10 and 20 GPa sample. This observation clearly indicates a change in magnetic domain size during the heat-
ing experiments, which is most likely associated with the annealing of lattice defects. It is interesting to
note that the saturation magnetization (M;) of three of the four shocked samples increase after the heating
experiment (see Table 1) after they significantly decreased due to the shock experiments (Reznik et al.,
2016). This observation would be in line with a recovery of magnetite from an amorphous to a crystalline
state or even a nucleation of new magnetite grains. Patches of amorphous-like magnetite are documented
in the shocked magnetite by transmission electron microscopy (Reznik et al., 2016).
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Figure 3. Effect of shock pressure and subsequent 973 K heating on Mrs/Ms
and Hcr/Hc ratios (after Day et al., 1977). Note that heating partially erases the
shock-induced domain refinement (data for shocked magnetite are from
Reznik et al., 2016).

3.3. Low-Temperature SIRM

Figure 4 presents cooling and warming cycles of low-temperature
SIRM acquired in a strong external magnetic field at room tempera-
ture (RT). The initial sample (Figure 4a) exhibits a sharp Verwey transi-
tion around 120 K, which is typical for magnetite. Compared to the
initial sample, the Verwey transition looses its sharpness in the
shocked and subsequent heated samples (Figures 4b-4e). However
the shape of all RTSIRM curves is typical for magnetite and no notice-
able traces of maghemite are recognized, which would produce
hump-shaped peaks around 200 K (Ozdemir & Dunlop, 2010). All sam-
ples show a loss in remanence through Ty on cooling. Below Ty some
of the shocked samples (5 and 10 GPa) show a faint second Ty, around
100 K, which vanishes in the warming curve.

The amount of recovered magnetic memory acquired after a cooling-
warming cycle can be determined using the ratio of SIRM at 300 K
before and after the measurement (for definition of magnetic memory
ratio; see e.g., Bowles et al., 2012 and Reznik et al., 2016). Figures 4a
and 4f show that the magnetic memory ratio of initial magnetite is
about 20%, typical for multidomain magnetite. Especially above 10
GPa the magnetic memory ratio considerably improved to values up
to 53%, indicating an increasing ability of shocked magnetite to
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Figure 4. Low-temperature cooling-warming cycling of SIRM (normalized to 300 K) versus temperature for cooling and
warming cycle. (a) Initial multidomain magnetite, (b-e) shocked (black) and afterward heated at 973 K (red). Solid line:
cooling curve, dotted line: warming curve. Data shown in black in a-e are from Reznik et al. (2016). (f) Memory ratio calcu-
lated from SIRM acquired after a cooling-warming cycle for initial, shocked and shocked magnetite after k-T measurement
(shocked and heated).

Table 1

Hysteresis Parameter of Initial, Shocked, and Afterward Annealed (A) Magnetite Ore (Data for Shocked Magnetite are From

Reznik et al., 2016)

Specimen M, (Am?/kg) M,s (Am?/kg) Hc (mT) He, (MT) M,s/M He/He
Initial 5861 1.99 1.52 11.82 0.034 7.776
Initial A 56.85 213 1.50 11.80 0.037 7.867
5GPa 3452 3.54 8.14 15.00 0.103 1.843
10 GPa 4421 5.83 16.03 31.60 0.132 1.971
20 GPa 4235 5.12 17.28 36.83 0.121 2.131
30 GPa 12.76 153 18.04 39.30 0.120 2.178
5GPa A 4324 292 452 9.84 0.068 2.178
10 GPa A 3935 3.18 342 13.24 0.081 3.872
20 GPa A 76.83 522 2.79 1233 0.068 4417
30 GPa A 28.59 229 5.29 6.05% 0.080 0.950

KONTNY ET AL.

925



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1002/2017GC007331

acquire a laboratory magnetic remanence. Figure 4 also shows that the magnetic memory ratio of shocked
magnetite after heating reaches values comparable to those of the initial magnetite in line with a magnetic
domain size recovery. The only exception is seen in the 5 GPa sample (Figure 4b), which shows a 10%
higher magnetic memory after heating than the shocked one.

3.4. XRD Data

The X-ray diffractograms of the shocked and afterward heated magnetite (Figures 5a and 5b) contain char-
acteristic Fes0,4 peaks with no measurable contributions from maghemite or hematite in agreement with
the magnetic measurements. The unit cell volume for the initial magnetite (590.0 A) is very close to the pub-
lished value 589.1 A for synthetic magnetite (Strunz, 1982) while it is lower compared to values (592.25 and
591.35 A) reported for natural magnetite (Henderson et al.,, 2007). Therefore the natural magnetite from a
high-grade metamorphic iron ore used for this study is rather pure and stoichiometric (description of start-
ing material and shocked magnetite is given in Reznik et al., 2016).

After heating, both, quartz and magnetite peaks become sharper compared to the shocked ones. While the
shock provokes a decrease in the unit cell volume, heating to 973 K of the shocked magnetite brings the
unit cell volume back to its previous values (Figure 5c) and causes a recovery. These changes in the lattice
parameter appear to be reversible and independent from the applied shock pressure.

In contrast, the apparent crystallite size values exhibit a higher sensitivity to the variations in both, shock
pressure and heating (Figure 5d). While the apparent crystallite size of shocked magnetite is strongly
reduced due to grain fragmentation and crystal defects (Reznik et al., 2016), the heated and shocked mag-
netite shows a less strong pronounced decrease of the apparent crystallite size compared to the initial mag-
netite. However, the original apparent crystallite size values are not reached any more suggesting the
presence of irreversible shock-induced transformations (fragmentation and other microstructures). The
apparent size of the coherent crystallites increased in comparison to the shocked magnetite and depends
on the pretreatment shock pressure. This behavior is in agreement with a recovery of lattice defects.
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Figure 5. Effect of shock pressure and subsequent 973 K heating on the evolution of the diffraction pattern in magnetite.
High-angle diffraction area (a) from shocked and (b) from shocked and subsequent heated samples containing (21-1)
quartz (gz) and (440) magnetite (mt) peaks. Variation of (c) cell volume and (d) apparent crystallite size. Data for shocked

samples are from Reznik et al. (2016).
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3.5. High-Resolution Scanning Electron Microscopy

The fracture plane morphology of the heated initial and shocked magnetite from representative HRSEM
observations is shown in Figure 6. Nano-sized pores containing Fe-Mg-Al-silicate residues at the pore rims
were identified in all heated samples (Figures 6a and 6b). All annealed samples are also characterized by
the presence of smoothed plane edges and fracture terraces while tiny shear bands still occur in the
shocked samples (Figures 6¢ and 6d). In the 20 and 30 GPa sample new formation of nano-sized grains
along microfractures and high-angle grain boundaries on crystal planes of the former shocked magnetite
were observed (Figures 6e and 6f). The latter clearly indicates recrystallization of the shocked magnetite
during the short heating duration. The mosaic grains are about 100 nm in size. It is interesting to note that
the recrystallization is only observed in the higher shocked sample and not in the initial or low shock
magnetite.

3.6. K-Edge XANES Data

Figure 7 presents the results of XANES investigations of iron oxidation state and its local atomic coordina-
tion. The XANES spectra exhibit two prominent peaks in the absorption edge region. The main peak at
around 7,130 eV (Figure 7a) is related to the absorption edge where tetrahedral and octahedral coordinated
Fe atoms contribute together. Because twice as much octahedral compared to tetrahedral sites occur, this
peak is mainly controlled by octahedral site occupation with an equal amount of Fe?* and Fe*". The pre-
edge feature at about 7,113 eV is dominated by tetrahedrally coordinated Fe3* although all three oxidation
states and coordination numbers (V'Fe**, VFe3", VIFe3*) can contribute (e.g., Wilke et al., 2001).

The shape of the XANES peaks and their energetic positions (Figure 7a) indicate that all studied samples
correspond to a relatively well-crystallized magnetite and do not show any significant structural or elec-
tronic changes (e.g., Baudelet et al., 2010; Wilke et al.,, 2001). Compared to the shocked samples (black

Intensity (norm.)

Figure 6. HRSEM observations of initial and shocked magnetite grains after heating. (a) A net of nano-sized pores is
shown in the initial sample. (b) The magnified area from (a) and the EDX analysis show the dissolution/degassing of a Fe-
Mg-Al-bearing silicate like e.g., chlorite in magnetite. Pt peak is from coating the sample with a 5 nm thick Pt-Pd conduc-
tive layer. (c, d) Shear bands are still observable in the 5 GPa sample (dashed lines) but edges are smoothed (arrow in Fig-
ure 6d). (e) Nucleation of nano-sized magnetite grains along microfractures (dashed circle). (f) Magnification from Figure
6e shows high-angle grain boundaries (around 120°) in the 20 GPa sample. Compare with initial and shocked microstruc-
tures given in Reznik et al. (2016, 2017).
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Fe = 0.67) and synthetic fayalite, Fe,SiO, (Fe** /Total Fe = 0). Blue arrows indicate position of reference oxides according
to Bajt et al. (1994) while the blue frame shows data of this study shown in Figure 7b.

curves), small changes in intensities of absorption peaks occur in the annealed samples (red curves) which
might be artifacts and do not indicate any chemical changes.

The centroid position of the preedge peak is very sensitive to changes in oxidation state, in particular to the
variation of the Fe**/Total Fe ratio (see e.g. Bajt et al., 1994; Boubnov et al., 2015). By taking into account
the value of the experimental energetic error (~0.1 eV in Figure 7b) it can be concluded that after heating
the centroid position is nearly the same for the initial samples and also for the 5 and 10 GPa samples (before
and after heating). However, the heated samples, which were previously shocked at 20 and 30 GPa show a
slight drop of the centroid position. Nevertheless this change is very small and comparing our data (Fe**/
Total Fe ratio is between about 0.70 and 0.75) with the calibration curve for the Fe**/Total Fe ratio of Boub-
nov et al. (2015) (Figure 7¢), initial, shocked and subsequently heated samples are all located close to the
magnetite position (Fe**/Total Fe ratio = 0.67; see Bajt et al.,, 1994) albeit little alteration of magnetite is
indicated for all samples independent of treatment.

4, Discussion and Conclusions

We investigated in this study the effect of heating of previously shocked magnetite from a metamorphic
magnetite-quartz banded iron ore on magnetic and mineralogical properties in order to better understand
impact-induced magnetic features. Compared to the initial magnetite, the shocked magnetite for our heat-
ing experiments show a significant decrease in magnetic susceptibility, an increase in saturation isothermal
remanent magnetization and in the magnetic memory in agreement with a multidomain to pseudo-single
magnetic domain transition. In addition a decrease in the apparent crystallite size was observed (Reznik
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et al, 2016). The magnetic domain size reduction was shown to be either the effect of grain fragmentation
or pinning of domain walls at crystal defects and dislocations. Changes of lattice parameters along with an
increase in width and temperature of the Verwey transition suggests also a distortion of the tetrahedral and
octahedral crystal sites and internal stresses (Reznik et al., 2016).

Heating of the shocked magnetite modifies the intrinsic magnetic properties and suggests a significant
ability for magnetic changes in impacted rocks even after a short heat treatment of only a few minutes.
The most obvious change is an increase in the volume size of magnetic domains, which is documented
by hysteresis properties (Figure 3), SIRM magnetic memory (Figure 4f) and temperature-dependent mag-
netic susceptibility (Figures 1b and 2c). These observations agree well with the growth of the apparent
crystallite size in the shocked and heated magnetite suggesting a recovery of lattice defects (Figure 5d).
The recovery process is documented in our study by recrystallization of magnetite producing a mosaic
texture of about 100 nm in size, and nucleation of new magnetite nano-grains along microfractures dur-
ing heating (Figures 6e and 6f). These microstructures are in accordance with a diffusion creep mecha-
nism in magnetite (e.g., Till & Moskowitz, 2013) during the short heating time of our experiments.
Recovery of lattice defects seems to be accompanied by a relaxation of a slightly distorted lattice of the
shocked magnetite, which is constrained by the change in the unit cell volume (Figure 5c). This observa-
tion agrees with earlier studies of Jain and Lipschutz (1968) on heating experiments of unshocked and
shocked iron meteorites. Similar mosaic textures to those shown in Figure 6f were only observed in previ-
ously shocked samples. Indeed they also noted differences in textures depending on the shock-loading
history and interpreted these differences to be a function of the degree of disordering in the higher
shocked samples. Jain and Lipschutz (1968) suggested that the thermal release of stresses is the driving
force for the different textures.

Reznik et al. (2016) already described the exceptional decrease in M in the shocked compared to the initial
magnetite. They speculated that the main reasons for this decrease were internal stress, amorphization and
a high concentration of surface defects along shear bands and twin boundaries. The partial recovery of M
after heating in our follow up study actually confirm this hypothesis and it looks like that a recovery of the
lattice is indeed able to make a significant effect on M.

Temperature-dependent magnetic susceptibility measurements above the Curie temperature of shocked
magnetite indicate that this method is a powerful tool to identify intrinsic features that can be reversed by
heating such as mechanical stress and lattice defects. These features are, in turn, responsible for the
increase of coercivity of shocked ferrimagnetic minerals (e.g., Mang et al., 2013; Reznik et al., 2016). Liu et al.
(2008) reported that annealing of multidomain magnetite “can significantly reduce internal stress caused by
dislocations or surficial maghemite rims,” and the latter effect is especially effective if grains are small due
to their volume percentage. In Reznik et al. (2016) we already suspected that the faint second Ty at around
100 K (Figure 4) might be related to some degree of distortion in the magnetite lattice. Tys around 100 K
has also been observed in shocked magnetite from impacted rocks (e.g., Kontny & Grothaus, 2017; Mang &
Kontny, 2013) and are suggested to indicate a small amount of vacancies and increased Fe>* concentration
in surface layers of magnetite grains. The heated shocked 10, 20 and 30 GPa samples show an even stron-
ger irreversibility below Ty,.

To even better understand the internal stress mechanism and possible chemical changes (e.g., maghemiti-
zation) we also investigated the Fe oxidation state (Fe**/Total Fe ratio) and its coordination geometry by
synchrotron-assisted X-ray absorption spectroscopy. The XANES data unambiguously demonstrate that all
studied samples correspond to magnetite and no traces of maghemite or hematite were detected albeit
surface oxidation would not be seen as XANES probe the bulk and the normalized spectrum is an average
state of all probed iron atoms. However the Fe**/Total Fe ratio of between 0.70 and 0.75 indeed indicates a
very small alteration already of the initial magnetite (compared to 0.67 for pure magnetite; Bajt et al., 1994),
which also explains the slightly lower unit cell volume of our initial magnetite (590.0 A; published data for
natural magnetite: 592.25 A, 591.35 A in Henderson et al., 2007). Therefore all applied magnetic and miner-
alogical methods indicate that magnetite is the only relevant magnetic iron oxide in our samples. The fact
that the centroid position in the annealed samples, which were previously shocked at 20 and 30 GPa, seems
to approach the position of pure magnetite (Figure 7b) suggests that higher shock pressures are accompa-
nied by higher internal stresses. These higher internal stresses are suggested to be the driving force for the
observed recrystallization during heating (Figure 6f).
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More studies however are needed to investigate the relationship between the peak shock pressure and the
annealing parameters such as maximum temperature, heating duration and annealing atmosphere.

In summary, heating of the shocked magnetite ore to 973 K in an argon atmosphere is characterized by a
number of irreversible features including

1. significantly higher magnetic susceptibility,

2. Hopkinson peak ratio, which is significantly higher in the heating than in the cooling curve,

3. Verwey transition peak ratio, which is higher in shocked samples compared to shocked and afterward
heated samples,

4. Verwey transition temperature, which is slightly reduced in shocked and afterward heated samples,

. lower coercivity in heated magnetite compared to those, which were only shocked,

6. not fully recovery of apparent crystallite sizes (XRD) agrees with the observation that shock-induced
microstructures still occur,

7. recrystallization only occurs in the higher shocked (20 and 30 GPa) and not in the initial or low shocked
(5 GPa) magnetite.

w

The observed annealing effects from this study might have severe consequences on magnetic properties of
impacted material and related magnetic anomalies of large impact craters on Earth and across the solar sys-
tem if at the time of the impact event a magnetic field was active. The Chicxulub impact structure (diameter
ca. 200 km, Mexico), for instance is characterized by a pronounced gravity and magnetic anomaly, which is
interpreted in terms of a multi-ring structure. It was suggested that the magnetic highs either consist of
basement material brought up in the central uplift/peak ring, or of impact melt (Pilkington & Hildebrand,
2000). A joint drilling expedition by IODP and ICDP (expedition 364) sampled the peak ring of the Chicxulub
impact structure and found that the peak ring is formed by uplifted fractured and shocked felsic basement
rocks overlain by impact melt rock and impact breccia (Morgan et al.,, 2016). A thermal model of the post-
impact hydrothermal system of the Chicxulub impact structure suggests a possible activity of 1.5 to 2.3 Myr
(Abramov & Kring, 2007) with excess temperatures of 623 K in a first metasomatic stage (Zurcher & Kring,
2004). Primary ilmenite-magnetite-pairs from impact melt fragments of the ICDP Yaxcopoil-1 drill core were
used to constrain the impact melt emplacement temperature (1,033 = 40 K) (Zurcher & Kring, 2004). There-
fore 973 K heating temperatures used in our study is likely placed at the high temperature end member of
impact generated heat systems. Filling the temperature space between these two estimates will help to
constrain the effect of annealing on rock magnetic property changes and may help to explain magnetic
anomaly highs in large impact craters on Earth.
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