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Abctract
We present a dynamic restoration of the thermal state of the mantle beneath the Japanese Islands
assimilating geophysical, geodetic, and geological data up to 40 million years. Using numerical mod-
elling we show that the hot mantle upwelling beneath the Pacific plate partly penetrated through the
subducting plate into the mantle wedge and generated two smaller hot upwellings, which contributed
to the rapid subsidence in the basins of the Japan Sea and to back-arc spreading. Another part of the
hot mantle migrated upward beneath the Pacific lithosphere, and the presently observed hot anomaly
is a remnant part of this mantle upwelling.

Model
Problem 1. Let Ω = (0, x1 = l1)× (0, x2 = l2)× (0, x3 = l3). Find the flow velocity u, the pressure P
and the temperature T that sutisfy the following system of partial differential equations in Ω× (0, t̃)

−∇P +∇ · (η(∇u + (∇u)>))− (I + ς4)−1(RaT + Lah)e = 0, (1)
∇ · u = 0, (2)

∂
∂t(I + β4)2T − u · ∇T − u3A

−1BDi∗RaT − A−1(4T −Di∗η
3∑

i,j=1

e2ij) = 0, (3)

the boundary condition u ≡ 0, T = Tl on lower side,

∂P
∂n = 0, on ∂Ω× (0, t̃) and ∂u

∂n = 0, ∂T
∂n = 0 on lateral sides of Ω× (0, t̃)

and the initial value u(·, t̃) = ut̃(·), P (·, t̃) = Pt̃(·), T (·, t̃) = Tt̃(·). Here is h = h(T, x3), A =
A(T, x3) > 0, B = B(T, x3) with m ∈ {1, 2}. See [1] for more detail.

Results
In backward sense, the high-temperature patchy anomaly beneath the back-arc Japan Sea basin splits
into two prominent anomalies showing two small-scale upwellings beneath the southwestern and
northern part of the Japan Sea (Fig.1). The present hot anomalies in the back-arc region (marked
by A and B) move down to the spots (marked by a and b) at 38.9 Ma. Meanwhile the broad hot
anomaly under the Pacific plate moves slowly down westward (as depicted by C at present and c at
38.9 Ma). The hot anomalies (spot b) and (spot c) tend to merge at 38.9 Ma and below 560 km. The
model shows the link between spot b in the back-arc region and spot c in the sub-slab mantle at depths
of about 440-560 km in the Middle to Late Eocene times. The upwellings a and b are likely to be
generated in the sub-slab hot mantle and penetrated through breaches/tears of the subducting Pacific
plate into the mantle wedge toward spots A and B. Ismail-Zadeh et al. [1] propose that the present
hot anomalies in the back-arc and sub-slab mantle had a single origin located in the sub-lithospheric
mantle.

Figure 2: Evolution of plume A during 38.9 million years.

Figure 3: Evolution of plume B during 38.9 million years.

Figure 1: The region under study (left panel). Schematic representation of the region (right panel).

Numerical Solvers
• u and P are found from the equations (1) and (2) using the SIMPLE method [2].
• The regularized heat ballance equation (3) is approximated by Euler method using the implicit
approximation C = −C> of the advective term and the explicit approximation D = D> of the
conductive term:

(I + βD)2T
k+1−T k

dt + CT k+1 −DT k + f (u, T k) = 0.

• To solve the numerical scheme we use the splitting method [3] introducing the convection/anti-
diffusion and regularisation parts as

(I + dtC)T k+1/2 = (I + dtD)tk − dt f (u, T k), (4)
(I + βD)2T k+1 = T k+1/2. (5)

• The system (4) is solved by the BiConjugate Gradient method [4] using the incomplete LU-factorization
as a pre-conditioner.
• The system (5) is solved by conjugate gradient method [2].

Conclusion
It is known that the opening of the Japan Sea has temporal and spatial variations and shows several
stages of deformation. Inhomogeneous spreading is consistent with the patchy character of hot mate-
rials as evident in our results. Non-instantaneous deformation may imply that the hot materials have
penetrated through, or affected, the overlying subducting Pacific lithosphere several times. The to-
mography images of a subducting slab usually do not show a single straight high velocity anomaly
as one may expect from the forward numerical simulations of subducting lithosphere. Instead they
appear to show a couple of high velocity blocks. Such a feature may be explained by an occasional
penetration of hot materials below the subducting lithosphere.
We note that our results do not show the lithospheric slab break-off but the penetration via breaches/tears
in the subducting lithosphere, which is probably more likely than the break-off. The results of the nu-
merical study may have an important implication for understanding back-arc spreading, tearing of
subducting slabs, and geochemical mixing of mantle rocks. Although our principal finding is related
to mantle dynamics beneath Japan and its surroundings, such a phenomenon (a link through a de-
scending lithospheric slab between the mantle beneath the slab and above it) may be rather ubiquitous
in other subduction zones.References
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