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Introduction:  Shock remanent magnetization 

(SRM) is a remanent magnetization acquired as a result 
of shock wave propagation in a magnetic field [1]. A 
clear relationship between formation ages and the 
intensities of magnetic anomaly observed over the 
impact craters in terrestrial planets [2,3,4] indicates the 
SRM acquisition and/or the impact-induced 
demagnetization of crustal rocks at the time of impact 
events. The SRM records of impact craters will play key 
role in reconstructing the evolution of planetary 
magnetic field.  The knowledge of a three-dimensional 
distribution of SRM intensity is crucial for interpreting 
the spatial change in magnetic anomalies observed over 
the craters and reconstructing the paleo-planetary field, 
while the intensity distribution is one of the unexplained 
aspects concerning SRM properties because of the lack 
of sub-sample magnetization measurements for the 
experimentally SRM imparted samples. 

In order to investigate the SRM intensity and 
stability structures, using magnetically well-
characterized basalt samples bearing fine-grained 
single-domain (SD) titanomagnetite, this study 
conducted the newly designed SRM acquisition 
experiments and the remanence measurements for cube 
shaped sub-samples cut from the SRM imparted 
samples. The pressure and temperature changes during 
impacts were estimated by impact simulations. On the 
basis of the SRM experiments and impact simulations, 
this study reports the relationships between the SRM 
properties and the pressure/temperature changes during 
impacts. 

Method:  Natural basalt sample containing SD 
titanomagnetite was used for SRM experiments. The 
two-stage light gas gun at the Institute of Space and 
Astronautical Science of Japan Aerospace and 
Exploration Agency was used for the SRM acquisition 
experiments. A schematic diagram of the SRM 
acquisition experiment system is shown in Figure 1. The 
basalt sample with cylindrical form of 10 cm in diameter 
and 10 cm in length was placed at the center of a 
solenoid coil, and the basalt cylinder, the solenoid coil, 
and a magnetic shield were coaxially placed in a 
vacuum experimental chamber. Two shots were 
conducted under different applied field conditions of 0 
and 100 μT. 

 
Figure 1. Schematic diagram of the shock remanence 
experiment system. 
 

After the SRM acquisition experiments, the shocked 
basalt samples were cut into cube-shaped samples of 
approximately 3 mm in length, and the remanence 
measurements were carried out with a superconducting 
quantum interference device magnetometer using the 
measurement methods specially designed for single 
crystal remanence measurements [5]. 

A series of impact simulations using the two-
dimensional version of the iSALE shock physics code 
[6,7,8] was conducted to connect the pressure and 
temperature changes during impacts with the 
experimentally measured SRM properties. The impact 
velocity and shapes of projectile and target in the 
simulation were set to the same value archived in the 
SRM acquisition experiments. 

Result & Discussion:  The SRM intensity structure 
is shown in Figures 2a and 2b. The SRM intensity in the 
case with the zero field was almost constant value 
(ranging in 0.06–0.89 × 10 − 4 Am2/kg) with random 
direction. In contrast, the SRM intensity in the case with 
the 100 µT applied field systematically changes with the 
distance as clearly seen in a two-dimensional intensity 
map. Considering inhomogeneities in the magnetic 
minerals among the 3 mm cube samples and the applied 
field intensities during the SRM acquisition experiment, 
it is confirmed that the basalt sample acquired the 
remanent magnetization as the result of the 
hypervelocity impact in the applied magnetic field with 
the strength of 100 µT. The stability of SRM was 
evaluated as |J14 mT/J2 mT |, where JX mT is the remanence 
vector at X mT alternating field demagnetization step. 
The stability index monotonously decreased with 
increasing the distance within approximately 15 mm 
from the impact point, and likely converged into 0.3–
0.4 far from 15 mm (Figure 2c). 
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Figure 2. (a) Shock remanence intensity is plotted as a 
function of distance from impact point. Two-
dimensional structure map for shock remanence (b) 
intensity and (c) stability. 
 

The SRM intensity is plotted as functions of the 
peak pressures Ppeak estimated with the iSALE in Figure 
3. The SRM properties systematically changed with 
increasing pressure and three distinctive aspects were 
recognized in different pressure ranges: (1) constant 
intensity below 0.1 GPa, (2) linear trend as intensity 
proportional to pressure up to 1.1 GPa, and (3) constant 
intensity and increasing stability above 1.8 GPa. 
Although the SRM structure should depend on the 
composition and the magnetic domain state of magnetic 
minerals, the decreasing trend in SRM intensity is 
consistent with the mixture of SD and multidomain 
titanomagnetite [9] and multidomain titanomagnetite 
[10], while the SRM properties were almost unchanged 
for the pseudo-SD titanomagnetite [11]. 

The SRM structure observed in this study has 
implications for the source of magnetic anomaly 
observed over the Martian impact craters. There is a 
clear relationship between the formation ages of the 
Martian impact craters and the intensities of magnetic 
anomaly over the craters [3], and the SD titanomagnetite 
could be a possible source of the Martian magnetic 
anomaly [12]. Assuming the SD titanomagnetite as 
main remanence carrier of the Martian crust, the crustal 
rock acquired the SRM with varying intensity and 
stability at the time of impact event. Then, depending on 
the SRM stability, the SRM intensity has relaxed after 
the impact event and the SRM intensity structure have 

changed from the original distribution. The remanence 
relaxation tends to emphasize the magnetization at 
around the crater center, although the detailed relaxation 
calculation on the basis of magnetic properties of 
titanomagnetite [13] should be done in the future study. 
Three-dimensional distribution of SRM intensity in the 
crust creates the distinct spatial pattern of magnetic 
anomaly over impact craters. Deciphering the 
magnetization distribution based on the experimentally 
constructed SRM distribution model will provide the 
information of the evolution of the paleo-planetary field 
on Mars. 
 

 
Figure 3. Shock remanence intensity is plotted as a 
function of peak pressure during shock wave 
propagation. 
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