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Abstract Seafloor spreading magnetic anomalies formed at mid‐ocean ridges initially display strong
amplitudes that decay within the first 10 million years as a result of pervasive hydrothermal circulation
and alteration. The amplitudes do not vary much for older oceanic crust, suggesting that the thickening
sediments hinder heat advection. Here we show, however, that a systematic loss of ~20% in the amplitude of
the anomalies arises between the outer rise and the trench on old ocean crust approaching the Japan and
Kuril subduction zones. We interpret this decay as reflecting the opening of normal faults and fissures
caused by extension on the outer flexural rise and the subsequent renewed circulation of seawater into the
oceanic crust, resulting in additional alteration of the magnetic minerals. This interpretation is supported by
higher heat flow and seismic velocity changes observed toward the trench.

Plain Language Summary Seafloor spreading magnetic anomalies formed at mid‐ocean ridges
initially display strong amplitudes that decrease within the first 10 million years as a result of the
widespread circulation of hot seawater within the oceanic crust and the resulting alteration of its magnetic
minerals. The amplitudes do not vary much for older oceanic crust, suggesting that the thickening sediments
hinder the free exchange of seawater between the crustal aquifer and overlying ocean. Here we show,
however, that a systematic loss of ~20% in the amplitude of the anomalies appear between the outer rise, an
elevation caused by the flexure of the plate entering subduction, and the trench on old ocean crust
approaching the Japan and Kuril subduction zones. We interpret this decrease as reflecting the opening of
faults and cracks caused by extension at the top of the bent oceanic plate and the subsequent renewed
circulation of seawater into the oceanic crust, resulting in additional alteration of the magnetic minerals.
This interpretation is supported by higher heat flow and seismic velocity changes observed toward
the trench.

1. Introduction

The part of the Pacific plate subducting into the Japan and Kuril subduction zones has been formed at fast
spreading rate (70–80 km/My) between Chrons M5 and M17 (e.g., Nakanishi et al., 1989), 124.6–139.7 Ma
(Geomagnetic Polarity Time Scale of Malinverno et al., 2012), and is subducting at a rate of 70–90 km/My
(Seno, 2017). It is covered with 0.5‐ to 1.0‐km‐thick pelagic sediments (Fujie et al., 2016; Tsuru et al.,
2002). Satellite‐derived free‐air gravity anomaly (Sandwell et al., 2014; Figure 1a) clearly shows the Japan
and Kuril trenches and two NNW–SSE‐trending major fracture zones. A positive, long‐wavelength free‐air
gravity anomaly (~50mgal) marks the outer rise structure, due to the flexure of the thick oceanic lithosphere
approaching subduction zone, ~140‐km seaward from the Japan Trench and ~120 km from the Kuril
Trench. (Figure 3d). Recent seismic and electromagnetic studies suggest that the normal faults induced by
lithospheric flexure at the subduction zone causes increasing hydration of the oceanic lithosphere (Fujie
et al., 2018; Key et al., 2012; Ranero et al., 2003).

Magnetic anomalies formed by seafloor spreading initially exhibit strong intensities that decay within the
first 10–15 million years as a result of pervasive hydrothermal circulation and alteration (e.g., Dyment
et al., 2015). The alteration of the magnetic minerals only takes place where seawater meets the oceanic
rocks along cracks and faults (Zhou et al., 2001). After 10–15 Ma, (1) the temperature cools down and the
hydrothermal circulation decreases, (2) there is no further generation of cracks and faults, (3) sediments
make more difficult the influx of additional seawater, and (4) the existing paths for hydrothermal circulation
get gradually clogged (e.g., Hutnak & Fisher, 2007; Lister, 1972). As a result, the magnetic minerals that are
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accessible to the hydrothermal fluid are fully altered, but those that are out of reach are still bearing a
significant magnetization: There is no alteration of additional material and the magnetization of the
oceanic crust becomes quite stable, until the magnetic anomaly finally disappear in subduction zones
(Okubo et al., 1991).

In a previous work (Choe & Dyment, 2020), we studied the decay of marine magnetic anomalies associated
with the subducting slab in the Japan Trench area to evaluate quantitatively the effects of the increasing dis-
tance to the magnetic source and thermal demagnetization of the slab (Kido & Fujiwara, 2004; Okubo et al.,
1991) using the well‐defined slab geometry. While analyzing the same magnetic anomalies prior subduction
for reference, we noted that the magnetic anomaly amplitude seems to decrease while approaching the sub-
duction zone. Such a decrease may be due to a deepening basement (i.e., increasing distance to the magne-
tized source), a geological process, or a combination of both effects.

In this paper, we confirm the systematic decrease of seafloor spreading magnetic anomalies approaching the
Japan and Kuril subduction zones by analyzing a high‐resolution magnetic anomaly map compiled from the
unique scalar and vector marinemagnetic anomaly data set available on the area. We ascribe this decrease to
rejuvenated hydrothermal circulation and the associated low‐temperature alteration induced by
flexure‐related normal faults and fissures.

2. Data and Methods

In order to make high resolution marine magnetic anomaly map, we collected available magnetic data from
the DARWIN database of the Japan Agency for Marine‐Earth Science and Technology, the Nautilus data-
base of the Institut Français de Recherche pour l'Exploitation de la MER, and the GEODAS database of
the National Center for Environmental Information. The data obtained by proton precession magnetometer
were subtracted the International Geomagnetic Reference Field model (Thébault et al., 2015). We applied
the method of Isezaki (1986) to correct the data acquired by shipboard three component magnetometer
for the ship induced and remanent magnetization and motions. To combine both the proton precession

Figure 1. (a) Free‐air gravity anomaly map (Sandwell et al., 2014). (b) Magnetic anomaly map in NE Japan. (c) Magnetic anomaly map after reduction to the pole
(RTP) in detailed area of investigation. The magnetic anomalies on the oceanic plate trend ENE‐WSW, only disrupted by propagators (red lines) and fracture
zones (black solid lines). Gray‐shaded numbered blocks mark the normal polarity intervals. The Japanese islands are shown in black and the top of outer rise
structure by a thick dashed line in (a) and (c). The color boxes in (c) indicate themagnetic anomalies suitable for this study. Yellow and green dots indicate heat flow
measurements from two different survey lines from Yamano et al. (2014). White dashed lines indicate seismic profiles from Fujie et al. (2018). The profile across
Japan Trench is used in Figure 3c.
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magnetometer and the shipboard three component magnetometer data, the crossover correction algorithm
of Choe and Dyment (2020) was applied. We reduced the corrected magnetic anomaly grid to the pole
(reduction to the pole) assuming 53.6° inclination and −7.6° declination (International Geomagnetic
Reference Field averaged over 20 years), 33° paleoinclination, and 11° paleoazimuth (average value for
the study area from the global grids of Dyment & Arkani‐Hamed [1998]). Each anomaly profile was
inverted to equivalent magnetization assuming a 0.5‐km‐thick‐magnetized source layer with no vertical
variation of magnetization (Parker & Huestis, 1974).

We downloaded the bathymetric grid as part of the Global Multiresolution Topography (Ryan et al., 2009)
from the Interdisciplinary Earth Data Alliance and the World sediment thickness grid (Divins, 2003) from
National Center for Environmental Information. To compute the top of the magnetic source, that is, of
the extrusive basalt layer, the sediment thickness grid was subtracted from the bathymetry grid.

To observe a systematic decay of the seafloor spreadingmagnetic anomalies on oceanic crust approaching the
subduction zone, we set the outerflexural rise from the satellite free‐air gravity anomalymap (Sandwell et al.,
2014) showing a clear flexural rise undisturbed by seamounts or fracture zones (Figure 1c) and computed dis-
tances in the WGS84 reference system. We then plotted the ratio of peak to trough anomaly amplitudes of
each studied magnetic anomaly versus the distance to the outer flexural rise (Figure 3a).

3. Magnetic Structure of the Subducting Plate Before Entering the
Japan‐Kuril Trench

The Pacific plate and associated subducting slab display ENE‐WSW trending magnetic anomalies of Early
Cretaceous age (see above). The southern Kuril Trench is roughly parallel to these anomalies, with anomaly
M5 (124.58–126.05 Ma) recognizable although totally subducted whereas anomalies M6 and M7
(127.2–128.54 Ma) are only partially subducted. Conversely, the Japan Trench is oblique to anomalies M8

Figure 2. (a) Equivalent magnetization inverted from profiles across magnetic anomaly M10n before subduction (loca-
tion: see Figure 1c, orange box). Red dotted curve indicates the average equivalent magnetization adopted for further
modeling. (b) Three‐dimensional view of the source layer and magnetization intensity (color) used to model the synthetic
magnetic anomalies. (c) Three‐dimensional view of the observed (black) and synthetic (red) magnetic anomalies
across magnetic anomalyM10n after subduction (location as above). Comparison of the observed and synthetic anomalies
show that the anomaly decreases from 146°E while approaching the trench.

10.1029/2019GL085975Geophysical Research Letters

CHOE AND DYMENT 3 of 7



to M11 (128.5–132.67 Ma), which are progressively fading away after pas-
sing the Trench to disappear ~100‐ to 120‐km landward (Okubo et al.,
1991). These observations result both from the increasing distance to the
magnetized source and to thermal demagnetization of the oceanic mag-
netic layers (Choe & Dyment, 2020). On the plate prior subduction, the
magnetic anomalies are slowly fading away while approaching the trench.
To evaluate quantitatively the amplitude variation of these anomalies, we
selected data showing clear seafloor spreading magnetic anomalies both
in amplitude and wavelength (i.e., 20–40 km), in areas of dense data cov-
erage and spanning from outer rise to trench. Profiles perturbed by local
complexities such as seamounts, propagators, and fracture zones
are discarded.

Investigating the same anomaly reduces possible biases related to paleo-
magnetic field intensity variation with time. We limited our study to mag-
netic anomalies M9r to M10Nr (129.7–132.0 Ma) off the Japan Trench. We
compared the observed magnetic anomaly profiles to synthetic ones com-
puted by assuming that (1) the basement is the top of a 0.5‐km‐thick‐-
magnetized extrusive basalt layer and (2) the magnetization is the
average of all equivalent magnetization profiles inverted from the
observed anomaly profiles with the same local geometry. Figure 2 pre-
sents the example of magnetic anomaly M10n (133.45–133.49 Ma), which
shows a good fit between the observed and synthetic anomalies East of the
outer rise and an increasing misfit between the outer rise and the trench
(Figure 2c). We computed the ratio of peak to trough anomaly amplitudes
of the observed and synthetic anomalies, hereafter named RAM (remain-
ing amount of magnetization). Figure 3a represents the RAM versus the
distance to the closest outer rise for all anomalies and, despite some scat-
ter, shows a significant decrease of the RAM toward the trench. We aver-
aged the RAM at 25‐km intervals and adopted the corresponding standard
deviation as the uncertainty (Figure 3a). The average RAM is constant at
0.95 east of the outer rise and decreases exponentially to 0.72 from the
outer rise to the trench (Figure 3a).

The decreasing RAM reflects a loss of magnetization occurring between
the outer rise and the trench and can be attributed to two main processes,
the alteration and thermal demagnetization of magnetic minerals.

4. Decay of Magnetization Before Subduction:
Alteration as the Main Process

Two major processes can be inferred to explain the decay of marine mag-
netic anomalies between the outer rise and the trench. The first one, ther-
mal demagnetization, relates the loss of magnetization to an increase of
temperature: The magnetic minerals are heated beyond their Curie tem-

perature and loose their magnetization (Okubo et al., 1991). The second process, alteration, considers that
hydrothermal circulation oxidizes the magnetic minerals which transform to less or nonmagnetic minerals
(Dyment et al., 2015; Tivey et al., 1993).

Moreover, recent heat flow data show values close to the global average (~50 mW/m2) east of the outer rise
and scattered, in average higher values between the outer rise and the trench (Yamano et al., 2014; Figure 3
b). The higher heat flow observed over the oceanic crust approaching the trench suggests high temperatures
that may support thermal demagnetization of titanomagnetite, the magnetic bearer of extrusive basalt that
exhibits a strong magnetic intensity but a low Curie temperature (150–350 °C; Zhou et al., 2001; Gee & Kent,
2007). However, a recently published thermal structure model (Kawada et al., 2014) concluded that the addi-
tional hydrothermal circulation which causes the higher and more scattered heat flow measurements of

Figure 3. Comparison of the remaining amount of magnetization (RAM) to
other geophysical data versus distance to the top of outer rise. (a) RAM.
Colored cross signs and dots in a and d correspond to magnetic anomalies
shown by boxes of similar color on Figure 1c. Averaged RAM within
25‐km distance intervals are shown by circles with error bars, and confi-
dence limits by the shaded area. Thick red line summarized the RAM var-
iation with distance from top of outer rise. (b) Heat flow data (Yamano et al.,
2014). Yellow and green dot location is shown in Figure 1c. (c) Vp/Vs
ratio grid from depth below basement (Fujie et al., 2018). Before approach-
ing the top of outer rise, the RAM is close to 0.92, the heat flow converges to
global average and Vp/Vs ratio shows low values. Between the outer
rise and the trench, heat flow and Vp/Vs ratio increase and the RAM decays
rapidly as a result of alteration and hydrothermal circulation of magnetic
mineral. (d) Free‐air gravity anomaly showing the outer rise.
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Yamano et al. (2014) only heats up the oceanic crust at 1.5‐km depth by 40 °C, insufficient to reach the Curie
temperature and significantly demagnetize the plate. We therefore consider that thermal demagnetization
only plays a minor role in the observed decay of the marine magnetic anomalies before entering subduction.

Recent active seismic reflection profiles show that the Vp/Vs ratio strongly increases and the high Vp/Vs
layer thickens up to 3.5‐km‐deep below seafloor from the outer rise to the trench (Fujie et al., 2018;
Figure 3c). These results and the heat flow measurements (Yamano et al., 2014) support rejuvenation of
the hydrothermal circulation within the old oceanic crust. Both vertical and lateral circulations may parti-
cipate to the alteration of magnetic minerals resulting in the observed decrease of magnetization. Even
though alteration bands have not been observed by seismics in the area, the earthquakes distribution in
the outer trench wall (e.g., Obana et al., 2012) and increasing bathymetric roughness toward the trench
(e.g., Nakanishi, 2011) show that the bending faults develop as they approach the trench, as observed by
active seismics in most subduction zones (Contreras‐Reyes et al., 2008; Fujie et al., 2018; Shillington et al.,
2015). Conversely, flexure also results in increasing the bulk permeability of the oceanic crust, allowing lat-
eral flow driven by the buoyancy of warming fluids (Harris et al., 2017; Spinelli &Wang, 2008; Yamano et al.,
2014) as the aquifer enters subduction and deepens (Kawada et al., 2014). Clearly magnetic anomalies are of
limited help to discriminate between the two styles of fluid flow.

The decay of RAM is therefore most likely caused by alteration of magnetic minerals due to rejuvenated
hydrothermal circulation as the lithosphere flexes in response to subduction (Figure 4). It is interesting to
note that the decay seems to attenuate from the outer rise to the trench, as does the increasing crustal hydra-
tion estimated from Vp/Vs values (Figure 3c): From the outer rise (km 0) to about km 80, the RAM decreases
rapidly from 0.95 to 0.7 and the limit between low and high Vp/Vs ratio rapidly deepens from ~1 to 3 km,
whereas between km 80 and the trench, the RAM is almost constant at 0.7 and the limit between low and
high Vp/Vs ratio is about 4 km. Both the crustal hydration and the magnetic mineral alteration are fast when
the faults and fissure open and the porosity increases and tend to saturate with time, when hydrated and
altered minerals cover the cracks and their vicinity. For this reason, the RAM decay is much more subdued
near the trench (Figure 3a).

Figure 4. Schematic illustration of the processes shaping the magnetic structure of the subducting plate. Red solid line
describes the RAM decrease shown in Figure 3a. Blue and red arrows describe hydrothermal activity in the oceanic
crust. Before subduction, normal faults induced by the bending of old oceanic lithosphere causes seawater penetration and
active hydrothermal activity and in turn oxidation of the magnetic minerals and crustal magnetization reduction. Once
entered in subduction, the heat mined by hydrothermal circulation does not escape to the ocean as a result of thermal
blanketing by the accretionary prism, the pelagic sediments and the possibly impermeable decollement surface, making
the temperature increase and the magnetization of the extrusive layer then the deeper crust fade away as their magnetic
minerals pass their Curie temperature.
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5. An Integrated Magnetization Model of the Subducting Plate

This study and our previous work (Choe &Dyment, 2020) offer an integrated view on the magnetic structure
of the Pacific Plate before and after entering subduction in the Japan‐Kuril Trench. Here we show that after
passing the outer rise, the magnetic anomaly amplitude decreases by roughly 20% due to the alteration of
magnetic minerals induced by rejuvenated hydrothermal circulation. From our previous study, half of the
remaining 80% is further erased between 9 and 12 km depth of the slab surface below sea level due to the
thermal demagnetization of the extrusive basalt layer above the Curie temperature of titanomagnetites
(150–350 °C). The last 40% are finally removed between 12 and 20 km depth of the slab surface below sea
level by thermal demagnetization of the deeper crust above the Curie temperature of magnetite (580 °C;
Gee & Kent, 2007).

Heat flow, Vp/Vs structure, and magnetization decay concur in supporting rejuvenated hydrothermal circu-
lation and the subsequent alteration as an important process on the plate before subduction. As a conse-
quence, the crust entering subduction is already very altered, and it is therefore unlikely that the drop of
magnetization observed between 9 and 12 km may be due to any vigorous hydrothermalism and alteration.
Thermal demagnetization appears as the only process able to generate such a magnetization drop. A major
difference between the oceanic crust before and after subduction is that the heat mined by hydrothermal cir-
culation before subduction is partly released to the ocean by conduction and seawater infiltrates into the
basement along the bending faults as they develop toward the trench (Boston et al., 2014; Nakanishi, 2011;
Obana et al., 2012). The thermal structure is only marginally affected, as noted by Kawada et al. (2014).
Conversely, after subduction, no new seawater infiltrates the system. The seawater trapped in the thick aqui-
fer of Kawada et al. (2014) continues tomine the heat fromdepth but can only escape laterally due to the over-
lying accretionary prism, pelagic sediments and the possibly impermeable decollement surface, resulting in
the same fluid convecting and heating the oceanic crust by thermal blanketing (Granot & Dyment, 2019). As
a result, the heat flow measured on the overriding plate is low (Kawada et al., 2014; Yamano et al., 2014).

Our study underlines themajor role offluid circulation, alteration, andmore generally of thermodynamics in
shaping the Japan‐Kuril Trench before and after subduction. In predicting a warmer subduction zone, these
results have consequences on the depth and location of the seismogenic zone, which knowledge is important
to assess the seismic risk in the area (Choe & Dyment, 2020). Magnetic anomalies reflect thermal processes
and can be used as a tool to address these processes. Our inferences on the thermodynamics of subduction
zones should be confirmed by a rigorous thermal model that is beyond the scope of this paper.
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