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 Abstract 

  

The scope of this work was to model the crustal thickness and the geometry of the Mohorovičić 

(Moho)  discontinuity,  the  Lithosphere,  and the upper mantle boundary at the Japanese 

archipelago from the sight of geophysics and petrology. For this purpose, I used the available 

receiver function results, seismic tomography models, global crustal thickness, and geological 

and tectonic information as constraints. The offshore areas are not well studied despite the 

seismometers spread around the Japanese Islands and several localized, small-scale seismic 

studies. The satellite data has a wide coverage, allowing us to explore rough terrain and the 

vast regions. It also enables the study of long-wavelength geological structures. 

I used the latest satellite gravity model of Gravity Field and Steady-State Ocean Circulation 

Explorer (GOCE) GOCO06s with a spatial resolution of 80 km, which covers the study area. 

The study had three steps: the data corrections followed by the inversion and the modeling and 

comparing the estimated results with previous models and analyses. I used the previous seismic 

results in various positions to constrain my inversion algorithm results. I used the 3-D non-

linear gravity inversion constrained by previous seismic data and geological information to 

model the 3-D crustal density variation, the crustal thickness, surface geometry of the Moho, 

and geometry of the stagnant slab in the Kuril Trench, Japan Trench, Nankai Trough, and Izu-

Bonin Trough. This study used available receiver function results, seismic tomography models, 

global crustal thickness, and geological and tectonic information as constraints. Integration 

interpretation of various geophysical and geological data would constrain and minimize the 

interpretation uncertainty. The inversion algorithm used 34 km as a Moho reference depth and 

600 kg/m3 as a density contrast. 

The resulting crustal thickness model and the depth to the Moho layer beneath the Japanese 

Islands and the area around were compared with the global thickness models and the Moho 

depths from global and localized seismic studies. The resulted model shows that crustal 

thickness ranges from 14 to 43 km, and the depth of Moho has a -0.78 mean misfit with 

previous Moho depths from seismic. The misfitting between the observed and calculated 

gravity data is 0.16 mGal. The normalized analytical signal helped delineate the different plates 

and their edges sharply. Three cross-sections were conducted to model the stagnant slab along 

the subduction zone of the Eastern Eurasian plate, western Pacific plate, Okhotsk Plate, and 

Philippine Sea plate. The eastern area of the entire region (Pacific plate) had a lower crust 
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thickness and high density than the western area (Eurasian plate), which had a high crust 

thickness and low density. The Moho depths model from gravity inversion can be used in the 

integrated geophysical and petrological inversion. 

Mantle xenoliths of volcanic rocks appear for the compositional and thermal structure of the 

Lithospheric Mantle. Chemical and Petrological analysis shows the differences between the 

Northeast and Southwest of Japan. The published xenolith analysis results represent only 

localized areas, which may not constrain the composition and evolution of the Japanese 

Islands. Mantle petrology affects the density distribution and the geometry of the Lithosphere-

Asthenosphere Boundary (LAB). I used the published petrology analysis of xenolith samples 

and tectono-thermal age of different domains to constrain my inversion algorithm.  In this 

study, I applied the integrated inversion of geophysical observations and fields (elevation, 

crustal thickness, geoid height, gravity, and gravity gradients) with the Petrological analysis of 

Mantle xenoliths. The methodology depends on the chemical composition through self-

consistent thermodynamic calculations to compute the seismic velocities and density at 400 

km depth. To minimize the misfit between the calculated and observed data, the geometry of 

the crust and the lithosphere and mantle composition was modified within the uncertainty 

range. The output model is the variations in temperature, density, composition and the crustal 

and lithospheric thickness of the Lithosphere beneath the Japanese Islands. 

 

Key Words: Moho, lithosphere- asthenosphere boundary, stagnant slabs, GOCE, 

Subduction zones, the Japanese Islands. 
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the Japan Sea, Okhotsk Plate, Izu-Bonin arc, and the areas of highest Moho-depth 

are the continental regions of the Japan islands and the Asian plate. ........... 36 

2.18 The misfit between the Moho depths with and without removing the 

sediment layer effect from the Bouguer data. The misfit range is between -5.0 to 
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3.1 The Japanese Islands’ tectonic setting. The depth contours of the Pacific and the 

Philippine Sea slabs are shown by thin red and pink lines, respectively 

(Nakajima and Hasegawa, 2007a; Hirose, Nakajima, and Hasegawa, 2008). Four 

transparent pink, blue, green, and yellow patches depict continental (North 

American and Eurasian) and oceanic (the Pacific ocean and the Philippine Sea) 

plates associated with Japan arcs. Small red circles depict Quaternary 

volcanoes in SW Japan, including several   Neogene volcanoes dating 10   Ma.    

The six Japan arcs are displayed in strong italics (Kuril, NE Japan, Central 

Japan, Izu-Bonin, SW Japan, and Ryukyu) after  (Nakamura et al., 2019) ......... 42 

3.2 Topography map of the Japan island arc system based on the global model 

of ETOPO1  Global  Relief data  (Amante and Eakins, 2009). The area can  be  

classified  into  four units according to geomorphology: 1) high-altitude in 

the continental areas and Japan islands, 2) mid-elevated areas in the Japan 

Sea and at the Okhotsk and Eurasian plates, and  3) least-elevated areas 

offshore at the Pacific ocean and the Philippine Sea plates. ......................................... 49 

3.3 Maps of gravity gradient components derived from the GOCE satellite 

mission (Bouman et al., 2016) at 225 km above the ellipsoid. In the single 

maps, sub-indices of the gravity potential V denote its second derivatives of 

the Earth’s potential (i.e., the gravity gradients). All gradient components 

were rotated into an Earth-related coordinate system suitable for forward 

modeling: X refers to the East, Y to the North, and Z points radially to the Earth-
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file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark50
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark51
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark51
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark51
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark51
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark51
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark51
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark183
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark148
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark186
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark58
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark114
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark70
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark121
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark71


XI 
 

3.4 Disturbance map calculated from GOCO06s. ................................................ .52 

3.5 Bouguer gravity map from GOCO06s. ........................................................... 53 

3.6 Geoid Height of the Japanese Islands area. ......................................................54 

3.7 (Katsumata, 2010) Moho depth from travel time analysis. ............................56 

3.8 The gravity inversion parameters. The regularization parameter is 1e−10, 

the reference depth Zre f is 34.0 km, and   the density contrast ∆ρ is 600.0 

kg/m3…………………………………………………………………………………………………..………56 

3.9 The misfit between the estimated Moho depths from gravity inversion  and  

Moho  depths  from  the  (Katsumata,  2010) seismic study…………………………57

3.10 The thickness of sediments layer from CRUST1.0 model Laske 

et al. (2013). ...........................................................................................................57 

3.11 Moho depths from gravity inversion. ............................................................ 58 

3.12 The lithosphere-Asthenosphere boundary from the LithoRef18 model Afonso 

et al. (2019). ...........................................................................................................59 

3.13 A cartoon to show the petrological constitution and evolution of the upper 

mantle of the Western Pacific after (Arai, Abe, and Ishimaru, 

2007)...................................................................................................................................61 

3.14 The residual fields of M0 in terms of  a)  Elevation and  b) Bouguer 

Anomaly ........................................................................................................ …..64 

3.15 The residual fields of M0 in terms of gravity gradients components. .... …..65 

3.16 The residual fields of M1 in terms of gravity gradients components. .... …..66 

3.17 The residual fields of M1 in terms of  a)  Elevation and  b) Bouguer 

Anomaly ........................................................................................................ …..67 

3.18 Horizontal slices of the 3-D Density model at a depth of (upper) 

40, (lower left) 100, and (lower right) 200 km. ........................................... ….69 

3.19 Horizontal slices of the 3-D Temperature model at depths of (upper) 40, (lower 

left) 100, and (lower right) 200 km. ............................................................... ….71 

file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark72
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark74
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark75
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark78
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark164
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark78
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark79
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark79
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark79
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark79
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark79
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark80
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark80
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark80
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark164
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark80
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark80
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark82
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark82
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark172
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark82
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark83
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark84
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark84
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark84
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark112
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark84
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark86
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark86
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark86
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark86
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark117
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark86
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark92
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark92
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark92
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark93
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark93
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark94
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark94
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark95
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark95
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark95
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark99
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark99
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark102
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark102
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark102


   

XII 
 

3.20 Horizontal slice of the 3-D model of Vs at a depth of 100 km. ................ ….72 

3.21 a) 2-D cross-section for the Japan Trench (continued) ................................ ……75 

3.21 b) 2-D cross-section for the Nankai Trough. ................................................ ……76 

3.22 The output model of the surface heat flow in the area of the Japanese 

Islands......................................................................................................................77 

file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark103
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark106
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark107
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark108
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark108
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark108


   

XIII 
 

List of Tables 

 

 

2.1 Previous Seismic Data. ...................................................................... 19 

2.2 P-wave velocity (in km/s) and Densities (in 

g/cm2) of the Initial Model’s layers obtained 

from the CRUST1.0 model (Laske 

et al., 2013). ............................................................................................. 23 

 
3.1 Average Compositions of the Mafic inclusions (Takahashi, 1978).. . 44 

 
3.2 The petrological models of the mantle-crust stratification 

(Takahashi, 1978). .................................................................................. 45 

3.3 Thermophysical properties of the Layers in the initial model. ...... 61 

file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark22
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark33
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark33
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark33
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark33
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark33
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark172
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark33
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark60
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark222
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark60
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark62
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark62
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark222
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark62
file:///E:/Papers/Researches/PhD/Thesis/Tamer_Farag_PhD_Thesis_V7.docx%23_bookmark87


   

  
 



   
 
 

1 
 
 
 

 

 

 

 

 

Chapter 1 

 

 

Introduction 
 

  



   
 
 

2 
 
 
 

Since the Pangea, The Japanese Islands have mainly taken place due to the subduction of the 

Eastern Eurasian plate, western Pacific Ocean plate, Okhotsk Plate, and the Philippine Sea 

plate. In the Quaternary, the Amur plate motion eastward has been triggered, which caused the 

strong east-west compression neotectonics regime (Taira, 2001). According to the Geological 

Survey of Japan, (1992), subduction zones and active faults are the main cause of seismicity 

in the Japanese Islands. Trenches regions are predominantly zones of major earthquakes with 

negative gravity and topography anomalies (Song, 2003). 

This thesis uses interdisciplinary three-dimensional modeling the density, temperature, and 

seismic velocity using the integration between geophysical and field observations (gravity 

gradients, geoid, seismic tomography) and petrology (mantle xenoliths chemical analysis). 

Interpretation of high-resolution gravity field became highly important in the geophysical and 

geodynamic models of the Earth. Due to the poor coverage of terrestrial data, the need for 

gravity data from satellite gravity gradiometry enabled us to model the gravity potential at a 

regional scale. Another advantage is that fields are sensitive to long-wavelength structures. 

The new model of Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) 

GOCO06s was inverted to build an initial crustal thickness map. The three-dimensional 

detailed density model is constrained by the available seismic data results (receiver function, 

seismic tomography) and the geologic information. The high-resolution Moho depth map of 

the Northwest Pacific Ocean is critical for understanding subsurface geometrical structures and 

the evolution of study area geodynamics. As a result, it can be used to predict and study 

geohazards' migration, such as earthquakes. Furthermore, the crust thickness model can 

improve the ability to target and extract mineral resources and comprehend regional dynamics. 

A high-resolution model of deep surface structures would help with heat flow modeling, 

hydrocarbon accumulation, and rock maturity prediction (Allen and Allen, 2005; Hantschel 

and Kauerauf, 2009; Bouman et al., 2015). 

It is critical in the potential geophysical method to constrain the interpretations to reduce 

ambiguity.  Consequently, various data sets and global models were compiled in this study to 

constrain the interpretations of forward modeling and data inversion. The temperature and 

chemical composition of the lithosphere are important parameters in modern lithospheric 

modeling because the physical properties of the Earth (e.g., elasticity, rheology, density, etc.) 

controls its dynamics. The modeling approach used in this study is based on both static 
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interactive forward modeling and an integrated geophysical-petrological algorithm. Data sets 

such as (elevation, geoid, gravity, gravity gradients, surface heat flow, and seismic and upper 

mantle xenoliths petrological data) can be combined and interpreted concurrently and 

compared to published models. This study’s model focuses on deep structures in the crust and 

upper mantle and the contribution of stagnant slabs of the Pacific Ocean plate and the 

Philippines sea plate beneath the Japanese Islands. 

The Japanese islands are situated in a very active tectonic setting, with two oceanic (Pacific 

and the Philippine Sea) plates subducting beneath two continental (North American and 

Eurasian) plates, resulting in earthquakes and volcanism. These interactions result in the 

formation of the complex geometry of subducting slabs under the Japanese islands (Nakajima 

and Hasegawa, 2007b; Hirose et al., 2008). The Japanese islands are located on two continental 

plates (Eurasian and North American), which meet in central Japan in the Itoigawa Shizuoka 

Tectonic Line. Under this location, two oceanic plates (Pacific and the Philippine Sea) with 

different ages and subduction velocities subduct roughly from the east (Pacific plate) and the 

south (Philippine Sea plate). The Pacific plate subducts beneath the North American and 

Philippine Sea plates at the deepest Kuril–Japan–Izu-Bonin trench, which is 1500 km wide 

from north to south (Goudie, 2004), during the Philippine Sea plate subducts beneath the 

Eurasian plate at the Nankai Trough parallel to the Median Tectonic Line, which is one of 

Japan’s largest fault systems. The subducted Pacific plate covers a large region beneath the 

Japanese islands, forming a stagnant slab that partially overlaps with the subducted Philippine 

Sea plate beneath Central to Southwest Japan. The growth of Japan arcs is primarily due to the 

complicated geometry of these plates, their interconnections, and the unstable torque balance 

around the triple junction (Takahashi, 2006b). Japan arcs have generally been split into six 

sections based on their tectonic setting: the Kuril, NE Japan, Central Japan, Izu-Bonin, SW 

Japan, and Ryukyu arcs (north to south). The Japanese Islands are divided into two primary 

tectonic blocks: northeastern (NE) Japan and southwest (SW) Japan. Recent research has 

discovered secular variations in the mode of magmatic activity, the magma plumbing system, 

erupted volumes, and magmatic composition associated with the evolution of crust-mantle 

structures related to the arc’s tectonic history (Nakamura et al., 2019). The chemical 

composition, mineralogy, and Pressure-Temperature conditions of the lower crust and 

lithospheric mantle are all revealed by ultramafic xenoliths (Chattopadhaya et al., 2017; 

Kaczmarek et al., 2016; Maaløe and Aoki, 1977; Nixon, 1987; Perinelli et al., 2014; Satsukawa 
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et al., 2017). Mantle xenoliths are mantle material fragments carried to the Earth’s surface by 

alkali basalt or kimberlite from the lithosphere or, perhaps, the asthenosphere (O’Reilly and 

Griffin, 2010). These xenoliths might be a valuable source of information on the lithosphere-

asthenosphere boundary (LAB) zone. 

The LAB is often identified by seismological measurements that show fast changes in shear 

wave velocity and attenuation. Temperature, water content, partial melting extent, chemical 

compositions, or grain size are all factors that contribute to LAB (O’Reilly and Griffin, 2006; 

Hirth and Kohlstedt, 1996; Green et al., 2010; Hirschmann, 2010; Karato, 2012). The LAB in 

the concept of plate tectonics indicates a border zone of a given thickness where heat, 

momentum, and materials are transferred between the conductive mantle (lithosphere) and the 

overlying convective mantle (asthenosphere) (O’Reilly and Griffin, 2006; Mckenzie and 

Bickle, 1988; Fischer et al., 2010; Anderson, 1995). 

The following are the workflow and objectives of this thesis: 

1- Study the tectonic setting of the Japanese Islands and their surroundings.  

2- 2- Study the Subduction Zones and Stagnant Slabs’ Nature. 

3- Undertake studies on mantle xenoliths and petrology studies of the Northwest Pacific 

Ocean. 

4- Evaluate previous seismic (receiver function analysis and seismic tomography). 

5- Study gravity gradients data from the Gravity Field and Ocean Circulation Explorer 

(GOCE) satellite mission. 

6- Conduct a 3-D gravity gradients inversion constrained by previous seismic studies to 

model crustal thickness and Moho depth in the study area.  

7-  Apply integrated 3-D inversion of geophysical observations and petrological analysis 

to model temperature, density, heat flow, and the chemical composition of the 

lithosphere and upper mantle in the Northwest Pacific Ocean area. 
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Thesis Structure 

This thesis includes four chapters; two main chapters include a published or ready for 

submission manuscript in addition to the introduction and conclusion. The outline of each 

chapter is: 

Chapter 1 focuses on the thesis’ framework and objectives. It also includes the thesis 

structures. 

Chapter 2 Discuss the 3-D density model, crustal thickness, and Moho depth map in the 

Northwestern Pacific Ocean area and the contribution of stagnant slabs in satellite gravity 

gradients data. The misfitting between the outcome model and the regional and global crustal 

thickness models is also included.  Gravity data have been used to model the Moho geometry 

(petrological Moho) because the compositional transition between the lower crust mafic 

granulites and the mantle ultramafic peridotites produces gradients of seismic velocities. The 

Moho can be gradational and interlayered in non-cratonic regions (O’Reilly and Griffin, 2013). 

lithospheric modeling to study dynamic topography is one of the most effective applications 

of the Gravity Field and Ocean Circulation Explorer (GOCE) gravity gradients data. I used the 

non-linear 3-D gravity inversion (Uieda and Barbosa, 2016) to estimate Moho’s depth. The 

method begins with correcting gravity data to remove the effects of topography and the effect 

of bathymetry. The remaining effect is considered reflective of the Moho and the upper mantle. 

Chapter 3 Discuss the results of integrated inversion of a geophysical and petrological analysis 

of mantle xenolith samples. The models produced are for temperature, thermal heat flow, and 

density distribution in the study area. To reduce misfitting to an acceptable range, the 

calculated geophysical and potential fields are compared to the observed data (topography, 

geoid, gravity gradients, chemical composition) to reduce misfitting to an acceptable range. 

Chapter 4 provides the dissertation’s conclusion in addition to future research directions. 
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2.1 Introduction 

 

The Eastern Eurasian plate, western Pacific plate, Okhotsk Plate, and the Philippine Sea plate 

have experienced convoluted tectonic evolution since the breakup of Pangea. The growth of 

the Japanese island arc system, which has mainly taken place along the continental margin of 

Asia since the Permian, results from the subduction of the ancient Pacific Ocean floor. Backarc 

basin formation in the Tertiary shaped the present-day arc configuration. The neotectonics 

regime, characterized by strong east-west compression, has been triggered by the eastward 

motion of the Amur plate in the Quaternary (Taira, 2001). The tectonic evolution of the 

Japanese island arc system includes the formation of rock assemblages that are common in 

most orogenic belts. Because the origin and present-day tectonics of these assemblages are 

better defined in the case of the Japanese island arc system (and resulting Japan Islands), the 

study of the system provides useful insight into orogenesis and continental crust evolution. The 

seismicity of the Japan Islands is associated with subduction zones and active faults 

(Geological Survey of Japan, 1992). Since 1885, the Japan trench boundary has experienced 

more than 100 earthquakes than M6 (Taira, 2001). Trench regions with parallel negative 

gravity and topography anomalies are predominantly zones of major earthquakes (Song, 2003). 

The Mohorovičić (Moho) discontinuity is generally considered to represent a compositional 

transition at the crust-mantle boundary between mafic granulites in the lower crust and 

ultramafic peridotites in the mantle. However, recent xenolith studies suggest that this 

petrological transition can be gradational, possibly interlayered, at 5–20 km in non-cratonic 

regions (O’Reilly and Griffin, 2013). Gravity data are typically used to model the mantle 

geometry because the density contrast between the mantle and the crust is strong. However, 

the mantle represents a narrow zone where the P-wave velocity changes rapidly in the 

lowermost crust/upper mantle, and hence it may be considered a Moho “proxy.” P-wave 

velocity (Vp) is typically less than 7 km/s above the crust/uppermost mantle layer, while 

beneath this layer, Vp increases from 7.4 up to 8.0 km/s (Rabbel et al., 2013). That is consistent 

with a “petrological Moho” where interlaying of mafic and ultramafic rocks produces gradients 

of seismic velocities (O’Reilly and Griffin, 2013), giving some physical basis to our definition 

of the Moho as a velocity gradient. Iwasaki et al. (2002) noted that the Moho in some places 

under the Japanese island arc is not seismically sharp but appears to be transitional zones based 

on the reflected P-waves from the Moho discontinuity (PmP) observations. Identifying the 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/discontinuity
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Earth’s gravitational field is one of the Gravity Field and Ocean Circulation Explorer (GOCE). 

Using a spatial resolution of 80 km, lithospheric modeling to study dynamic topography is one 

of the most effective applications of GOCE data. Such GOCE data may be considered 

complementary to gravity and seismic tomography for modeling the density distribution and 

structure of the crust and upper mantle. Uieda and Barbosa (2016) presented a method for 

estimating the depth of the Moho using a constrained non-linear inversion of gravity. The 

method begins with correcting gravity data to remove the effects of topography and the effect 

of bathymetry. The remaining effect is considered reflective of the Moho and the upper mantle. 

The scope of this work is to model the crustal structures and the density distribution of the 

subduction plates along the eastern side of the Japan Islands and the western edge of the Pacific 

and Philippine Sea plates, respectively. Despite the spread of earthquake monitoring networks 

such as the National Research Institute for Earth Science and Disaster Resilience, Japan 

Meteorological Agency, national universities and research institutes and the generation of 

many studies using onshore data from these networks, few offshore studies have been carried 

out. Previous seismic studies have covered only smaller local areas; thus, satellite gravity data 

have allowed us to study a wider regional area even without seismic data coverage. 

Satellite gravity and topography data were obtained from the latest GOCE models (GOCO06s 

model of the Gravity Observation Combination (GOCO) project). The satellite data can be 

distinguished by their extensive coverage and ability to overcome natural and geopolitical 

barriers. In addition to wide satellite data coverage, the gravitational data can be characterized 

by high accuracy at shallow depths and across the horizontal extension. The geometry 

constrained the gravity inversion process and modeling and physical parameters obtained from 

multiple models, including the ETOPO1 Global Relief Model, CRUST1 model, seismic 

tomography models, and previous seismic studies. The results yielded a Moho depth model of 

crustal thickness, depth to the Moho boundary, subduction plates, and stagnant slabs at the 

eastern edge of the Japan Islands. The Moho depth model created a temperature distribution 

model for this complex tectonic region, part of the larger Ring of Fire. 

 

2.2 Tectonic setting and previous studies 

Since the Permian (i.e., the breakup of supercontinent “Rodinia”), the Japanese island arc 

system started to form along the Paleo-Asian continent margin as a consequence of the Paleo-
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Pacific Ocean crust subduction. The Proto-Asian continental block was formed by accretion 

of rifted continental blocks (i.e., the South China, Sino-Korea, and Siberia blocks). The 

interplay between the Amur, Eurasia, Pacific, Okhotsk, and Philippine Sea plates (Wei and 

Seno, 1998) (Fig 2.1a).  

Presently, Japan consists of four main islands: Hokkaido, Honshu, Shikoku, and Kyushu. At 

the western edge of the Pacific Ocean, the Japanese island arc system is an arc–trench system. 

The arc comprises two main island arcs, East Japan and West Japan Arc (Sugimura and Uyeda, 

2013). Three subarcs (the Kuril, NE Japan (Honshu), and Izu-Bonin (Mariana)) form the arc 

of the East Japan arc. As a result of Pacific plate subduction, the East Japan arc system extends 

parallel to the Kuril, Japan, and Izu-Bonin trenches. The West Japan Arc is formed of two 

subarcs: the first being parallels to the South West trough and the second occurring along the 

northern boundary of the Philippine Sea Plate (Kaizuka, 1975). As a result of the oblique 

Pacific plate subduction at the Kuril arc, the Kuril forearc migrates westward, and the 

subduction of the Pacific plate then continues at the trenches of Izu-Bonin and Japan. In 

addition to the Pacific plate subduction in NE Honshu, the east-west convergence between the 

Okhotsk and Amur plates in northeastern Japan established a subduction zone on the eastern 

margin of the Japan Sea [i.e., (Nakamura, 1983; Tamaki and Honza, 1985)]. The Nankai 

forearc sliver migrates westward due to oblique northwestern subduction of the Philippine Sea 

plate to the Izu-Bonin collision zone and the Nankai trough (Fitch, 1972). The most critical 

tectonic activities and the formation of the majority of the basement rocks occurred from the 

Jurassic to the Paleogene. Figure (2.1b) shows an example of a cross-section perpendicular to 

the Nankai trough and shows rock formations in this area. The subduction of the Pacific plate 

began with the Asian continental margin in the Jurassic. At the east margin of Pangea, the 

Permo-Jurassic accretion of tectonic basement rocks took place (Isozaki, 1997). Following this, 

the collision of the Okhotsk plate began during the Paleogene, and Paleo-Bonin arc rifting and 

the Shikoku Basin spread took place around 25–15 Ma. That was followed by Japan Sea 

spreading, Paleo-Honshu continental spreading (22–15 Ma), and widespread igneous activity 

in SW Honshu (17–12 Ma).   At 15 Ma, the Philippine Sea plate subduction and the Izu-Bonin 

arc collision against Honshu began. The Kuril forearc sliver and the formation of the Hidaka 

mountain belt started to collide at 15 Ma, while the main phase of the Philippine Sea plate  

subductions began at 8 Ma. 
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Figure 2.1: a) Plate tectonics of the Japanese island arc system, modified after (Van Horne 

et al., 2017). b) Cross-section in the Nankai trough area showing the distribution of 

different rock formations. 
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Simultaneously with the paleo-arc rifting and spreading of the Japan Sea, many phases of 

volcanic activity produced north-south horst and graben structures and the eruption of 

submarine volcanic rocks (green tuff) in NE Honshu. In SW Japan, high-magnesium andesite 

emplacement occurred due to the injection of hot asthenosphere, and the young Shikoku Basin 

seafloor first began subduction (Takahashi, 1999). From the late Pliocene to early Quaternary, 

east-west compression controlled the formation of the present arc system, and this was 

represented by the development of the fold belt and inversion of graben and horst structures in 

the NE of the Japan Sea (Okamura et al., 1995). Similarly, coarse clastic sediment 

accumulations in the Quaternary mark the deformation development of features in central 

Honshu and present-day faults (Huzita, 1968). The southern Kyushu counterclockwise rotation 

(Kodama et al., 1995) and rifting peak of the southern Okinawa Trough (Park et al., 1998) 

began in the Quaternary. The Japanese island arc system was initiated around 4–3 Ma and was 

developed at 2 Ma. It is probable that the eastward movement of the Amur plate then triggered 

neotectonics. 

 

2.3 Database 

 

This section describes the various datasets used in this study and the procedure followed for 

data correction. 

2.3.1 Solid Topography Data 

Japan’s topography features consist of deep trenches surrounding the Japanese island arc and 

mountain chain systems due to the interactions of the plates. The gradual subsidence of the 

Pacific plate and the bending of the arc lithosphere generated a smooth topography in NE 

Honshu (Von Huene and Lallemand, 1990). The submarine topography at the margin of the 

Japan Sea and NE Honshu arc consists of the range structure and basin formed by the inverted 

tectonics of the rifted arc (Okamura et al., 1995). The oblique Philippine Sea plate subduction 

affects the topography of the forearc sliver of the Nankai trough and trench wedge active 

accretion (Sugiyama, 1994). The Okinawa Trough’s rifting caused crustal thinning that 

generated the submerged Ryukyu arc (Kimura, 1985; Sibuet et al., 1998). The topography map 
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of the area is derived from the global model of ETOPO1 (Amante and Eakins, 2009), which 

ranges from -9000 to 1500 m (Fig 2.2). 

 

 

 

Figure 2.2: Topography map of the Japan island arc system based on ETOPO1 Global 

plates, and 3) least-elevated areas offshore at the Pacific and the Philippine Sea 

plates. A, B, and C are the location of three 2-D cross-sections of Kuril trench, Japan 

Trench, and  
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2.3.2 Satellite gravity data 

In this study, raw gravity data were generated from the satellite-only spherical harmonic model 

GOCO06S (Kvas et al., 2019), which is considered the latest release of the GOCO project 

initiated in the frame of the European Space Agency’s (ESA) GOCE.  The GOCE mission was 

launched in 2009 to determine the gravity field and geoid with high precision and a spatial 

resolution of approximately 80 km (Floberghagen et al., 2011).   GOCO06s is a satellite-only 

global gravity field model up to degree and order 300, with constrained secular and annual 

variations up to degree and order 200 and a spatial resolution of 70 km. GOCO06s have been 

used to synthesize the Bouguer anomaly (BA) signal at a constant altitude of 50 km above the 

ellipsoid. For this study, the representation of the field at 50 km was chosen as it offers a higher 

level of detail in the signal than at the satellite altitude itself and maintains the noise 

amplification at an acceptable level (Sebera et al., 2014). The synthesized BA signal was then 

inverted to obtain initial estimates of the Moho depth. This new release was utilized in this 

study due to its various improvements within the processing chain compared to previous 

versions and its high accuracy and high resolution as a static global gravity field model. In 

addition, it can capture long-wavelength anomalies related to deep-seated crustal and upper 

mantle structures. The model is available via the International Center for Global Earth Models 

(ICGEM) Service (Ince et al., 2019). 

 

Gravity data corrections 

The anomalous density distribution must be isolated before inversion in gravity field modeling. 

In this study, the target is the Moho relief undulating around a reference Moho depth. 

Therefore, all other effects from gravity observations were removed. The scalar gravity of the 

ellipsoidal reference Earth (normal Earth) was removed from the raw gravity data to produce 

gravity disturbance, which was calculated using the closed-form solution presented by (Li and   

Götze,  2001). Signals anomalous to the normal Earth due to terrain, sediment, and elevation 

remained in the gravity disturbance (Fig 2.3). The obtained gravity disturbance was corrected 

for both topographic and bathymetric effects using the geometrical model from the ETOPO1 

(Amante and Eakins, 2009) global topography model with 1 arc-min resolution, and the 

thickness of the crust layers was derived from the CRUST 1.0 model (Laske et al., 2013). 

These corrections were computed simultaneously by applying the open-source software 
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Tesseroids (Uieda and Barbosa, 2016), which discretizes the study area into tesseroids 

(spherical prisms). 5-degree padding was used in all directions, extending the study area’s 

actual topography/bathymetry model to avoid edge effects, even for the far-field topography 

(Szwillus, Ebbing, and Holzrichter, 2016a). The topographic gravity correction was computed 

for a homogenous density distribution because of the lack of information about the topographic 

density distribution in most parts of the study area. In particular, I used a density value of  2670 

kg/m3, which is typically adopted to represent the upper continental crustal density and 1030 

kg/m3 for the ocean seawater.    

 

 

 

 

 

 

 

 

 

 

 

 

 

The gravity effect from sedimentary basins was also removed from the Bouguer gravity 

disturbance. The density of the sediments is smaller than the crustal density, which introduces 

an overcompensated anomaly to the data after Bouguer plate correction. The three sediment 

layers of CRUST1.0 (Laske et al., 2013), with different densities based on the depth of each 

layer, were used to calculate the gravity effect separately. The calculation is based on the 

Figure 2.3: Free-air data derived from the GOCO06s model of 

the area. 
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density contrast between each layer and the Earth’s crust. The topography effect gT (Fig 2.4) 

was removed from the disturbance to produce the Bouguer map (Fig 2.5). 

 

The next step was to remove the total gravity effect of the sediment layers (Fig 2.6) to produce 

the complete Bouguer gravity disturbance, as shown in Eq. 1. Finally, the gravity correction 

procedure assumes that the only remaining effect is that of the anomalous Moho relief (Tenzer 

et al., 2009; Tenzer et al., 2015; Uieda and Barbosa, 2016; Tenzer and Chen, 2019; Rathnayake 

et al., 2021) (Fig 2.7). 

δgB = δgdis − gT − gT,δρ − gB − gMs − gIs − gC (2.1) 

where δgB is the complete Bouguer gravity disturbance without any sediments effect, δgdis is 

the gravity disturbance The gravity disturbance, gT is the Topography gravity effect (for a 

uniform topographic density), gT,δρ is the anomalous-topographic gravity correction (for an 

anomalous topographic density), and gB, gMS, gIS, gC  are,  the bathymetric, marine sediment, 

inland sediment, and consolidated crust gravity corrections, respectively. 
 

Figure 2.4: The calculated topography effects on gravity in the area 
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2.3.3 Seismic data 

Many studies have investigated the depth of Moho discontinuity in this region Table (2.1). 

Katsumata (2010) carried out a tomographic inversion of regional body wave arrival times to 

estimate the crustal structure and the depth of the Conrad and Moho discontinuities. He used 

the least-squares method to estimate the depth of discontinuities simultaneously. His results 

ranged from 40 km in central Honshu to 12 km in northern Kyushu, Kanto, SW Chubu, and 

Chugoku 2.8. The Moho depths are consistent with previous seismic refraction surveys and 

receiver function analyses. 

 

2.4 Methods 

I performed forward and inversion techniques to create a three-dimensional (3-D) density 

model that defines crustal deformation and the relief of the Moho boundary. 

Figure 2.5: The calculated Bouguer anomaly in the area 
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2.4.1 Gravity inversion for Moho depth 

 

I followed the methodology of (Uieda and Barbosa, 2016) and (Sobh et al., 2019; Sobh et al., 

2020), who applied a non-linear inversion algorithm to gravity and seismic data using the  

Python code package Fatiando. The inversion algorithm is based on the Gauss-Newton 

formulation of Bott’s equation (Silva et al., 2014).  Uieda and  Barbosa, 2016 revealed the ill-

posed inverse problem within a well-posed matrix by applying tesseroids (spherical prisms) 

instead of a rectangular prism and introducing a Tikhonov regularization parameter into the 

inversion to stabilize the computed solutions and avoid the Bott method’s instability. The 

resulting algorithm considers the Earth curvature using tesseroids for forward modeling. A 

tesseroid model is created to reproduce the preprocessed gravity signal, parameterized by (1) 

a regularization parameter that controls the smoothness of the model; (2) the reference depth 

(normal Earth Moho depth: Zref ); and (3) the density contrast ∆ρ at the Moho boundary. The 

Figure 2.6: the calculated sedimentary layer effects on gravity in the area 
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regularization parameter was estimated by the inversion of multiple test sets derived from the 

original dataset.   The parameter value resulted in the least mean square error. The two other 

parameters, Zref and ∆ρ, span a parameter space for the given intervals. Since the mean depth 

of the Moho and its density contrast is poorly known, I set a wide range for both parameters: 

The reference depth was set as 2.0 km steps from 20.0 to 50.0 km, and the density contrast as 

50.0 kg/m3 steps from 250.0 to 600.0 kg/m3. Inversion was performed with the previously 

estimated regularization parameter for each reference depth and density contrast pair in this 

discretized parameter. Sediment-free Bouguer gravity data were used as inputs in the inversion 

process and the seismic constraints.  

Figure 2.7: sediments-free Bouguer map. The area can be divided into three classes 

to follow up and distinguish the impact of each: The first group includes offshore, 

the Pacific Ocean, Philippine seashore, and trenches; the second group includes the 

failed rifted Japan Sea and the Okhotsk plate; the third group includes the Japan 

islands and continental regions. 
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Reference Mantle P-wave Avg. Moho depth 
Iwasaki et al., (2002) 7.5–7.9 km/s 33 km 

Nakajima et al., (2002) 7.6–7.7 km/s 32 km 
Iidaka et al., (2004) 7.6–7.8 km/s 35 km 
Shiomi et al., (2006) 7.6–7.8 km/s 34 km 

Iwasaki and Sato, (2009) 7.5–7.9 km/s 32 km 
Katsumata, (2010) 7.5–7.9 km/s 34 km 

Igarashi et al., 2011) 7.8–8.0 km/s 36.2 km 
Matsubara et al., (2017a) 7.8–8.0 km/s 34 km 

Table 2.1: Previous Seismic Data. 
 

Sea 

plates and the Japan Sea (i.e., the eastern and western edges of the Japan islands), 
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The final reference Moho depth was 34.0 km in my study area, and the density contrast was 

600.0 kg/m3 Fig. (2.9). 

2.4.2 The normalized Analytical Signal technique (NAS) 

Cooper and Cowan (2006) used the first vertical derivative to normalize the total horizontal 

derivative to delineate and trace the sources and their edges in potential geophysical methods. 

From this, Yao et al., (2016) newly proposed the normalized analytical signal (NAS) method 

that used the absolute of the first vertical derivative (
𝜕𝑓

𝜕𝑧
) to normalize the analytical signal, AS, 

as shown in Eq. 2: 

         𝐴𝑆 =  √(
𝜕𝑓

𝜕𝑥
)

2

+ (
𝜕𝑓

𝜕𝑦
)

2

+ (
𝜕𝑓

𝜕𝑧
)

2

, 

𝑁𝐴𝑆 =  𝑎𝑟𝑐𝑡𝑎𝑛−1 ((𝐴𝑆) / 
𝜕𝑓

𝜕𝑧
 +  𝑝 ∗  𝑚𝑎𝑥(𝐴𝑆) )  (2.2) 

where p is a positive value between 0 and 0.5, representing the importance of avoiding false 

edges when the data contain positive and negative values. 

 

2.4.3 3-D forward modeling with GM-SYS 

To compile a 3-D density model of the stagnant slabs around the Japan Islands, the Oasis 

montaj software with the GM-SYS extension has been used; a 3-D geomodeling package 

developed based on the simultaneous forward modeling of gravity, gravity gradients, and 

magnetic fields. The GM-SYS extension offers an interdisciplinary 3-D modeling approach 

integrating independent seismic, boreholes, and geological datasets, thus reducing the 

ambiguity of the potential field inversion. The model consists of several parallel cross-sections, 

in which the vertical sections run from east to west with a separation offset. 

 

2.4.4 Constraining data for the 3-D modeling procedure 

The initial model consists of four layers: sediments, two different crustal domains, and the 

upper mantle. Moreover, the initial model considered all significant geological and geophysical 

observations. Subsequently, the free parameters of the initial model can be modified until the 

forward computed gravity signal best fits the measured values. 
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Geometrical constraints 

The 3-D model is initially constrained by deep seismic profiles (Wei et al., 2012; Fukao and 

Obayashi, 2013; Zhao, 2015; Liu et al., 2017;  Matsubara et al., 2017b), receiver functions, 

seismic tomography cross-sections, and geological information. Moreover, the gravity 

inversion-based Moho and the isostatic Moho interface are used to constrain the Moho depths 

in regions where seismic observations are null. In addition, the sedimentary layer is constrained 

by the thickness data of the sediments retrieved from the global sediment thickness compilation 

of the Crust1 tectonic model of the world. I used the GAP P4 tomography model (Fukao and 

Obayashi, 2013) to create the subducted slabs' two-dimensional (2-D) cross-sections. I use the 

Slab 2.0 model (Hayes et al., 2018) to constrain the geometry of the subducted slabs. Figure 

(2.10) shows that stagnant subduction slabs appear clearly with a blue color (high P-wave 

velocity). Fukao and Obayashi, 2013 studied and classified stagnant slabs around the circum-

Pacific.  

 

 

Figure 2.9: The gravity inversion parameters. The regularization 

parameter is 10−10, the reference depth Zre f is 34.0 km, and the density 

contrast ∆ρ is 600.0   kg/m3. 
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Figure 2.10: The GAP P4 tomography cross-sections and the stagnant slabs around the 

Japan islands, modified after (Fukao and Obayashi, 2013): (top) Kuril trench, (middle) 

Japan trench, and (bottom) Izu-Bonin and Nankai trenches. 
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Crustal density constraints 

The densities of the crustal models of the Japan Islands were defined by exploiting the rock 

density values of the various studies. Density-related studies were carried out on all of the 

Japan Islands. The P-wave velocities of (Tsuru et al., 2000) were consequently transformed 

into densities by applying the non-linear relationships (Christensen and Mooney, 1995). Table 

(2.2) shows the prototype layers’ density obtained from the CRUST1.0 model (Laske et al., 

2013). Figure (2.11) shows the velocity depth 2-D model for the Pacific and Honshu arc 

subduction zones. I used the (Christensen and Mooney, 1995) non-linear relation to derive the 

density of each layer using the P-wave velocity of each layer. The Moho geometry was 

constrained by the gravity inversion based on Moho depth, while the thickness of the 

sedimentary layer was derived from global sediment thickness models (CRUST1.0 (Laske et 

al., 2013)), previous deep seismic studies (Wei et al., 2012; Fukao and Obayashi, 2013; Zhao, 

2015; Liu et al., 2017; Matsubara et al., 2017b), receiver functions, and global tomography 

cross-sections. 

 

Upper mantle density constraints 

The initial density of the upper mantle was obtained based on the P-wave tomographic model 

by Fukao and Obayashi (2013), which is converted to densities. The model demonstrated very 

small density changes with the upper mantle density structure at 40 km depth. 

 

Parameters 

Mantle 
Lower 
Crust 

Middle 
Crust 

Upper 
Crust 

Sediments 
Forearc 

 Sediments 

Pacific Plate 
P-velocity 7.9 6.1 - 5.8 1.65 - 

Density 3350 3000 - 2850 2100 - 

Continental 
Plate 

P-velocity 7.8 6.8 6.2 4.2 1.6 3.1 

Density 3300 2920 2760 2550 2100 2500 

Table 2.2: P-wave velocity (in km/s) and Densities (in k g/m3) of the Initial Model’s 

layers obtained from the CRUST1.0 model (Laske et al., 2013). 
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2.5 Results 

Moho Depths 

The Bouguer gravity data were inverted to calculate the depth to Moho and the crustal 

thickness, helping to model stagnant subduction slabs around the Japan Islands. Figure (2.12a) 

shows that the Moho depths is between 14 and 43 km beneath the ground surface. The depths 

were divided into three levels. The first level is the shallowest and is located in the eastern part 

of the Pacific Ocean, appearing in the middle of the figure in the Sea of Japan. The second 

level is medium in depth and reflects the continental part of the region (i.e., the islands of Japan 

and the continent of Asia). The third level represents the highest level of the Moho depth in 

the central, western, and northwestern parts of the study area and reflects the mountainous 

Figure 2.11: Japan trench cross-section (modified after Tsuru et al., (2000) clearly showing 

that the Pacific Oceanic crust is thinner than the continental crust of the Japan islands. The 

area with the lowest topography indicates the Japan trench. 
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regions and volcanoes in the continental part of the study area. Finally, the model that gives 

the smallest MSE in this evaluation is considered the best fitting (Fig.2.12b). 

 

NAS 

Source edge detection is typically used in potential field methods to distinguish between 

different sources with different parameters of physical properties, depth, and degrees of 

inclination. Figure (2.13) shows the application of the NAS method for this study, with p = 0. 

The Pacific Ocean floor, the Japan Sea region, the Philippine Sea plate, and other scattered 

areas east of the Eurasian plate show high anomalies reflecting high density and high Bouguer 

values. Lower values indicate lower density areas. I used the NAS map to sharply delineate 

the boundaries of each plate, which made stagnant slabs more accurate. 

 

2.5.1 Vertical Cross-sections of the 3-D density model 

Figure (2.2) shows the locations of cross-sections concerning the Japan Islands and the 

subduction plate strike direction. The initial model consists of the following seven layers: 1) 

the lower Mantle layer extends from 600 km to 1000 km; 2) the MTZ layer (mantle transition 

zone), which is the deepest layer and extends from 410 to 600 km below the topography; 3) 

the mantle divided into two layers (mantle below the Pacific plate and mantle below the Japan 

Islands) with different densities and depths; 4) the stagnant Pacific crust (upper and lower); 5) 

the crust layers of the Philippine Sea plate (upper and lower); 6) the upper, middle, and lower 

crust under the Japan Islands; 7) a sedimentary layer; 8) the forearc sediment layer at the 

subduction zones. First, I adjusted the initial parameters of the prototype to reduce the misfit 

between the observed and calculated gravity. 

Then, I shifted the Moho and sedimentary layer surfaces up and down to reduce the gravity 

signal misfit. That was done because variations in the density contrast between the MTZ, 

Moho, crust, and sedimentary layers could cause rising misfits and adjust the Pacific slab 

geometry. The common characteristic of all profiles is that the depth to the east was less than 

that to the west. This difference in depths was due to the layer density and depth differences. 
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For example, the geometry of the effects of the sedimentary layers appeared at shorter 

wavelengths, while in contrast, the Moho effect appeared at longer wavelengths. Finally, the 

cross-sections could be summarized into three categories: 1) profiles columnar to the Kuril 

Trench (Fig 2.14a); 2) profiles columnar to the Japan trench (Fig 2.14b and 3) profiles 

columnar to the Izu-Bonin and Nankai troughs (Fig 2.14c). The stagnant slabs tend to be denser 

with depth, according to (Duesterhoeft et al., 2014). The shape of stagnant slabs is derived 

from (Zhao, 2021; Fukao and Obayashi, 2013; Huang and Zhao, 2006). The subducted slabs 

geometry was obtained from the Slab2 model (Hayes et al., 2018). 

Figure 2.13: NAS map showing the edges of the Pacific, Eurasian, and subduction plates 

using p=0. The highest-anomaly regions on the map reflect the areas of highest densities 

and lowest depths. The NAS map helps detect all plates' boundaries to aid in the 

modeling. 
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Figure 2.14: a) 2-D cross-section for the Kuril Trench (continued) 
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Figure 2.14: b) 2-D cross-section for the Japan Trench (continued) 
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Figure 2.14: c) 2-D cross-section for the Izu-Bonin and Nankai trough. The 

misfit of all three cross-sections among the calculated and observed Bouguer 

data is around 3.0 mGal, with the majority of the misfit occurring in the 

areas of stagnant slabs and trenches. The oceanic crust has high density and 

low thickness, unlike the continental crust with high thickness and low density. 
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2.6 Discussion 

2.6.1 Tectonic implications of Gravity inverted Moho 

I used gravitational data because of their wide coverage to compensate for the lack of data and 

studies in offshore areas. Based on Bott’s method and Tikhonov regularization, the anomalous 

Moho was discretized using tesseroids to develop the first-order Moho depth map. The 3-D 

Moho depth model was then constrained using the available deep seismic profiles, receiver 

functions, and geological information to produce a regional crustal thickness model for the 

subduction plates around the Japan Islands. The depth of the Moho map covers the area around 

the Japan Islands and subduction zones northwest of the Pacific plate. The developed Moho 

depth model was compared with the compilations of seismic estimates showing good 

agreement and high levels of consistency. The variation of Moho depths from one region to 

another along and around the Japan Islands refers to the different ages and origins. 

Moreover, the geological and tectonic events that created and affected the formation of the 

crust layers can be identified as follows: 1) arc–arc collision (i.e., the buoyant subduction of 

the Philippine Sea plate in SW Japan and the Hidaka and Izu collision zone); and 2) back-arc 

extension (Okinawa Trough) and the Japan Sea (Matsubara et al., 2017a). Generally, tensile 

tectonic stress causes the crust to become thinner, owing to such extension. While the Japan 

Sea formed in the Miocene and Pliocene, the Japan Islands separated from the continental crust 

and bent southeastward. During the late stages of the back-arc opening of the Japan Sea, the 

failed rift basins then developed in the middle of the Miocene. The thin crust of the Japan Sea 

(i.e., shallow Moho) formed consistently during rifting. Beneath the rift basins, a slightly 

convex mafic core with high Vp is evidence of the continental rift zones (Matsubara and Obara, 

2011; Matsubara et al., 2017a). 

Furthermore, low gravity reflects high post-rift sediments reaching about 6000 m (Tsuchiya, 

1990; Sato, 1994). In NE Japan, the sedimentary basins have at least 2000 m Upper Cretaceous 

to Lower Miocene sedimentary thickness and trends NNE. Likewise, the accretionary wedge 

in the Shimanto belt reflects immature middle and lower crust development beneath the trench 

sediments. In contrast, in the collision zone of Izu and Hidaka, the arc–arc collision 

synchronizes with the thickening of the crust. In Hokkaido’s central region, a thick crust was 

formed by the collision of the Kuril arc with the northeastern arc of Japan in the Miocene. 

South of the Japan Islands (Kyushu and Shikoku), the Moho depth is relatively deep because 
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of the thick crust around the mantle wedge. The Moho depth map shows deep depths consistent 

with the collision axis, reflecting negative BAs. In the northern region, the upper crust of the 

Izu collision zone accretion to the overriding Eurasian plate as the accretion of the middle and 

lower crust of the Philippine plate deepens the Moho in this area.  The deep Moho north of 

Japan reflects the original crustal character of the stable arc block.   

Crustal thickening refers to under-plating and shortening deformation since the Pliocene. 

Magma under-plating plays a role in the crustal thickening process. The stable craton is a 

crustal character of the Korean Peninsula, where SW Japan was attached and has since 

separated. The high thickness of crust in the SW region of the study area resulted from the 

intrusion of Cretaceous granites and intense magmatism along the margin of the Asian 

continent. Liu et al., (2017) estimated that the age of the eastern edge of the Pacific slab is 

approximately 90 Ma, while the part near the Japan trench is approximately 135 Ma. The slab 

was deformed and stagnant in the MTZ and uppermost lower mantle. The sinking rate of the 

Pacific slab is 3.1–6.9 cm/yr, and the slab advancing rate is known to have changed from 6.1 

to 7.7 cm/yr. The subduction of the Paleo-Pacific (Izanagi) plate destroyed the North China 

craton during the Early Cretaceous. In contrast, the extensive volcanic intraplate spread of the 

East Asia back-arc Cenozoic lithosphere destruction occurred due to the movement of the 

present Pacific slab. 

 

2.6.2 Gravity inverted Moho compared with isostatic Moho 

I estimate the depth of the isostatic Moho surface using Airy’s theory (Steffen et al., 2011a; Fu 

et al., 2014; Fu and She, 2017). The isostatic Moho associated with the geoid anomaly can 

refer to the crustal compensation depth (Haxby and Turcotte, 1978; Hees, 2000; Fullea 

Urchulutegui et al.,   2006),   whereas the gravity  Moho reveals the undulation of the true 

Moho (Hao et al., 2006; Shin et al., 2007; Steffen, Steffen, and Jentzsch, 2011b; Guy, 

Holzrichter, and Ebbing, 2017; Xuan, Jin, and Chen, 2020). The gravity Moho is identical to 

the isostatic Moho by only a few kilometers (Fig 2.15). The earth’s crust’s isostatic stage is 

usually determined by directly comparing isostatic Moho and gravity Moho (Guy, Holzrichter,  

and Ebbing,  2017).  A significant discrepancy is visible in the Kuril and Japan trench area and 

the high mountain areas, which appear compared with the region’s topography (Fig 2.2), 
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suggesting a state of non-isostatic compensation of the crust. Figure (2.16) shows a discrepancy 

between -4 and 4 km in most areas. 

 

 

  

Figure 2.15: Isostatic Moho depth. 
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Figure 2.16: Discrepancy between the Moho depths from isostasy and gravity 

inversion, clearly showing the non-isostatic compensation at the Kuril and Japan 

trench and high topographic areas. 
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2.6.3 Uncertainties 

Crustal layers Thickness 

I used layer thickness data from the CRUST 1.0 model (Laske et al., 2013). To measure the 

accuracy of the thickness of the layers in the area and the subsequent calculation of its effect 

in Bouguer anomaly, I calculated the Moho depths by inversion of Bouguer anomaly without 

removing the sediment layer effect Fig 2.17. The divergence between the Moho depths with 

sediment layers and Moho depths without sediment layers is shown in Fig 2.18 

 

Misfitting between gravity and seismic Moho depths 

The Moho depths also show clear agreement with the tectonic features of the area. When there 

is unlikeness, the misfit lies within the margin of the differences between the two different 

physical properties. The differences between the mean and standard deviation of the Moho 

depths were estimated by comparing seismic depths (Katsumata, 2010) and Moho depths 

estimated from gravity inversion Fig 2.12b. The differences ranged between 0.7 and 7.0 km, 

with a mean of -0.78 km and a standard deviation of 2.69 km. 

 

2.1.1 Discussion Summary 

The modeled Moho depths exposed crustal thinning trends toward the Pacific and Philippine 

Sea plates. The eastern part of the region (the western Pacific Ocean) is characterized by a 

shallow Moho depth and low thickness of the crust and sedimentary layers. In addition, the 

oceanic crust density values were higher than those of the western part of the region (i.e., the 

eastern part of the Eurasian plate). Trenches (i.e., subduction zones) are characterized by the 

lowest layer thickness, lowest depth, and lowest topography. The Japan Sea has a relatively 

high crust and sedimentary layer thicknesses and a high Moho depth. Significant variations in 

the Moho geometry appear to be sensitive to the large-scale tectonic framework along the 

trenches. Finally, my model demonstrates the advantage of gravity data inversion in studying 

the 3-D density structure of geologically unique formations, where the bouguer anomaly data 

are combined with a priori information retrieved from petrophysical (e.g., density values) and 

seismic datasets. I found that Moho depths can be estimated accurately using gravity inversion 
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in areas with limited seismic data. Most of the inaccuracy in the 3-D density model occurs 

within the trenches. 

 

  

Figure 2.17: Moho depths from the gravity inversion without removing the sediment 

layer effect, ranging from 18 to 40 km. The areas of shallowest Moho-depth are the 

Pacific and Philippines Sea plates, while the areas of medium Moho-depth are the 

Japan Sea, Okhotsk Plate, Izu-Bonin arc, and the areas of highest Moho-depth 

are the continental regions of the Japan islands and the Asian plate. 
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Figure 2.18: The misfit between the Moho depths with and without removing the 

sediment layer effect from the Bouguer data. The range of misfit is between -5.0 

to 5.0 km, which is acceptable in potential field methods. 



   
 
 

38 
 
 
 

2.7 Conclusion 

The subduction plates that surround and have formed the Japan Islands represent a result of 

the collision between the Pacific and Eurasian plates. The Pacific Ocean crust has a high 

density and low thickness compared to the Eurasian crust, which caused the subduction of the 

Pacific slab under the Eurasian plate. That is the same as the Philippine Sea plate with different 

directions and speeds. The extensive coverage of satellite gravity data allowed us to create a 

3-D model of the earth layer density distribution. From this, I performed the first 3-D gravity 

data inversion of the area around the Japan Islands and subduction plates west of the Pacific 

plate. The inversion aimed to model subduction plates around the Japan Islands and estimate 

the Moho depths and crustal thickness. The inversion and modeling processes were constrained 

to the available receiver function, tomography, crustal thickness models, and geological 

information. The Bouguer data for the western Pacific subduction zone area were calculated 

using the free-air data derived from the latest GOCE model (GOCO06s), topography data from 

the ETOPO1 model, and crustal thickness of the CRUST1 model. Comparing the estimated 

Moho depths and the model appears compatible and consistent with previous seismic tectonic 

features. Slab2 model constrains the geometry of the stagnant Slabs in the cross-sections, 

whereas the CRUST 1.0 model constrains the thickness and density of each layer. 
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3.1 Introduction 

The northwestern Pacific Ocean offers an outstanding opportunity to study the Lithosphere 

and asthenosphere boundary at the Subduction zones. My aim is to analyze the thermochemical 

structure of the mantle in the Northwest of the Pacific Ocean. Factors like seismically active 

zones, ore deposits, seismic velocity anomalies, sedimentary basins, and tectonic boundaries 

are the basis of the evolutionary model of the Lithosphere and sub lithospheric upper mantle. 

The layer between the rheologically strong mantle (Lithosphere) and the rheologically weak 

upper mantle (asthenosphere) is called Lithosphere Asthenosphere Boundary (LAB). I have 

used integrated geophysical-petrological Lithospheric Modeling (LitMod3D) software (Fullea 

et al., 2009) to model the Lithospheric thermochemical structure.  LitMod3D integrates the 

fitting of the available geophysical and petrological/geochemical observations simultaneously 

to reduce the uncertainties associated with fitting each observable separately.  The study aims 

to (1) the origin and evolution of the Lithosphere beneath the Japanese Islands, (2) the nature 

of the lithospheric/sub lithospheric mantle coupling, (3) the relationship between surface 

features and deep-seated processes, and (4) the emplacement of significant ore deposits, among 

others. By combining geological, geophysical, and petrological parameters in a 

thermodynamic framework, I present a new crust and upper mantle cross-section of the 

Japanese Islands and Northwest Pacific Ocean.  Integration Interpretation of various 

geophysical and geological data would constrain and minimize the interpretation uncertainty. 

The variations in the lithospheric mantle composition retrieved from global petrological data 

are compatible with the Lateral variations of the seismic anomalies. To study the configuration 

factors of the lithosphere beneath the Japanese Islands and at the Northwest Pacific plate, I 

need a well-constrained model of the crust and upper mantle’s structural, thermal, geochemical 

and petrophysical architecture. I implemented integrated geophysical-petrological modeling of 

the lithosphere structures. The output model is the most fitted to gravity observations, geoid 

undulations, surface heat flow, elevation and the mantle seismic velocities, and the chemical 

composition, pressure and temperature of stagnant slabs. Seismology assesses the Earth’s 

internal very well. The Logistic and Technical processes are responsible for the lack of seismic 

studies in Oceanic regions. The fundamental parameters for modeling lithosphere structures 

are seismic velocities, rock densities, temperature, and composition. 

The Lithosphere structure of the area around the Japanese Islands is poorly explored due to the 

seismic network coverage covering only the continent areas and the complex tectonic situation. 
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Since the density milestone of the Moho, which is the interface between the crust and the 

mantle, and the base of the Lithosphere, which is the rigid tectonic plate, robust knowledge of 

the area xenoliths petrology in addition to the seismic tomography can combine with gravity 

gradients from the Gravity Field and Steady-State Ocean Circulation Explorer satellite to 

preserve the thermal and compositional structure of the Lithosphere. This study can use a self-

consistent 3-D lithospheric density and temperature model depending on the satellite gravity 

gradients, Isostasy, and the thermodynamic petrology model of the xenoliths from the mantle 

beneath the Japanese Islands and the area around. The resulting crustal and Lithospheric 

thickness models can be compared with the global models and modified until the misfit is 

accepted. This study is the first of its kind to study the nature of the crust and mantle in the 

Northwest region of the Pacific Ocean and the area around the islands of Japan. This area is 

considered a challenge for any researcher due to the subduction zones and stagnant slabs. 

 

3.2 Tectonic Setting of Japanese Islands 

The Japanese Islands were formed by interacting with four plates, two oceanic plates (Pacific 

and Philippine), and subducted beneath two continental plates (North America and Eurasian). 

This interaction made the area active with volcanoes and earthquakes, which affected the 

geometry of subducted slabs. The released fluids of subducted slabs played essential roles in 

the geodynamic and geochemical phenomena along the arc (Nakamura et al., 2019) Fig.(3.1). 

The Pacific plate subducts beneath the North American and Philippine Sea plates at the deepest 

Kuril–Japan–Izu-Bonin trench, which is 1,500 km wide from north to south (Goudie, 2004), 

while the Philippine Sea plate subducts beneath the Eurasian plate at the Nankai Trough 

parallel to the Median Tectonic Line, which is one of the most significant fault systems in 

Japan arcs. The subducted Pacific plate occupies a widespread area beneath the Japanese 

islands and forms a stagnant slab that partly overlaps with the subducted Philippine Sea plate 

beneath Central to SW Japan. The complex geometry of these plates, their interactions, and the 

unstable torque balance near the triple junction are mainly responsible for the evolution of 

Japan arcs (Takahashi, 2006a). Western Pacific had been impacted by plumes or hot regions 

(Miyashiro, 1986). 

The complexity of Mantle peridotite’s petrography and geochemistry reflects the active 

tectonic environment.  The petrology of the sub-arc Mantle is less known because of the  
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Figure 3.1: The Japanese Islands’ tectonic setting. The depth contours of the Pacific and 

the Philippine Sea slabs are shown by thin red and pink lines, respectively (Nakajima and 

Hasegawa, 2007a; Hirose et al., 2008). Four transparent pink, blue, green, and yellow 

patches depict continental (North American and Eurasian) and oceanic (the Pacific ocean 

and the Philippine Sea) plates associated with Japan arcs. Small red circles depict 

Quaternary volcanoes in SW Japan, including several Neogene volcanoes dating 10 Ma. 

The six Japan arcs are displayed in strong italics (Kuril, NE Japan, Central Japan, Izu-

Bonin, SW Japan, and Ryukyu) after (Nakamura et al., 2019) 
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deficiency of xenoliths (Nixon, 1987). Mafic and Ultramafic xenoliths from volcanos can refer 

to the materials and structures of the Lower Crust and Upper Mantle (Arai et al., 2000). 

Takahashi (1978) petrologically studied 85 mafic inclusions from 15 volcanoes west of 

Northeast of Honshu Arc and North of Southwest Honshu Arc Table (3.1). I intend to clarify 

the petrological properties of the upper mantle beneath the Southwest and Northeast of Japan. 

The importance of the xenoliths is to study the genesis of magma, the evolution of the island 

arc, and the structures of the crust and mantle. The basaltic magmas and their derivatives vary 

in composition from the volcanic front towards the inner arc, i.e., tholeiitic basalt, high alumina 

basalt, and alkali basalt, accompanied by calc-alkali rocks (andesite and dacite) (Kuno, 1960; 

Kuno, 1966). Sakuyama (1977) and Sakuyama (1979) suggested that the temperature varies 

from the high temperature at the volcanic front to the low temperature away from the volcanic 

front, and there are variations in chemistry and mineral assemblage of the rocks. The lower 

Crust of the Japanese Islands is composed of gabbro, amphibolite, and granulite.   The lower 

Crust in Northeast Honshu is more hydrous than the lower Crust in Southwest Honshu. The 

peridotite at the volcanic front of active arcs Avacha of Kamchatka arc and Iraya of Luzon-

Taiwan arc are highly depleted and low-pressure spinel harzburgite. 

In contrast, the high-pressure origin fertile spinel lherzolite has been found through 

intermediate lherzolite–harzburgite of the backarc side of Japan island arcs at the Eurasian 

continental margin (from the Sikhote-Alin through Korea to eastern China) (Arai et al., 2007). 

The depleted sub-cratonic peridotite has been replaced with the fertile spinel lherzolite beneath 

the continental region by Asthenospheric upwelling. The xenoliths from the frontal part of the 

arc have differed from The xenoliths from the continent in lithology and geochemistry. 

 

3.2.1 Southwest Japan 

Takahashi (1975) studied mafic and ultramafic xenoliths, including spinel lherzolite from 

alkali-olivine basalt at the Oki-Dogo islands. The lower Crust and Upper Mantle were stratified 

with mafic and ultramafic rocks within basaltic magma. The xenoliths are categorized into five 

groups. The upper mantle is mainly composed of layers of spinel lherzolite, banded spinel 

peridotite, and banded plagioclase peridotite from lower to upper. The spinel lherzolite group 

is highly magnesian than the other groups. Because of the structures and chemical  
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compositions, the banded spinel peridotite and plagioclase peridotite were cumulated from 

anhydrous basaltic magmas. Some of their samples contain metamorphic textures. The upper 

mantle comprises several cumulated layers of peridotite and pyroxenite (Takahashi, 1978).    

The lower Crust is mainly composed of cumulates of gabbro and a highly recrystallized 

metamorphic granulite group. The equilibration temperatures from the geothermometer by 

Wood and Banno (1973) show that spinel lherzolite is about 1100◦ to 1200◦ C, banded spinel 

peridotite is from 1050◦ to 1150◦ C, banded plagioclase peridotite is from 1000◦ to 1100◦ C, 

gabbro is from 950◦ to 1050◦ C, and granulite is about 800◦ to 1000◦ C. Upper Mantle and lower 

Crust in this area are characterized with anhydrous conditions. The asthenosphere upwelling 

is the main reason for raising the temperature of peridotite xenoliths from Noyamadake, 

Kawashimo and Fukuejima, the Southwest Japan arc, to around (1250 – 1300◦ C). The absence 

of hydrous xenoliths in alkali basalts is due to melting and dissolution within the ascending 

basaltic magmas. The P-wave velocity of the lower Crust is about 7.0 km/s.  The P-wave 

velocity increases gradually with the depth up to 8.0 km/s at the Moho discontinuity. The 

gradual increase of seismic velocity refers to the increase of peridotite and pyroxenite layers. 

 

 

 

Mineral Northeast Honshu Arc Southwest Honshu Arc Izu-Mariana Arc 
SiO2 44.29 47.34 48.64 
TiO2 1.21 1.56 0.75 
Al2O3 18.21 16.25 19.02 
Fe2O3 5.08 5.06 4.47 
FeO 5.99 5.93 6.19 
MnO 0.15 0.16 0.16 
MgO 8.51 8.51 5.83 
CaO 12.45 11.31 12.37 
Na2O 1.62 2.28 1.49 
K2O 0.46 0.34 0.18 

H2O+ 1.28 0.82 0.68 
H2O– 0.59 0.34 0.28 
P2O5 0.15 0.08 0.05 
Total 99.99 99.99 100.11 

 26 analysis 38 analysis 21 analysis 

Table 3.1: Average compositions of the mafic inclusions (Takahashi, 1978). 
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3.2.2 Northeast of Japan 

The ultramafic xenoliths were found in Northeast of Honshu arc, defined as granet lherzolite, 

spinel lherzolite, plagioclase lherzolite, olivine websterite, and hornbledite. The mafic 

xenoliths were defined as hornblende gabbro, pyroxene gabbro, and amphibolite. Shallow 

origin xenoliths like granite, metavolcanic, and metasediments (Takahashi, 1978). Kuno (1967) 

considered the ultramafic and mafic host magma slightly alkalic basalt. Katsui et al. (1979) 

reanalyzed the basalt lapilli and indicated that the basalt is magnesian high-alumina basalt. The 

lower Crust beneath the Northeast Honshu comprises hornblende gabbro and amphibolite. The 

upper mantle is composed of lherzolitic layers (garnet lherzolite, spinel lherzolite, plagioclase 

lherzolite) from lower to upper with a minor amount of olivine websterite (Takahashi, 1978). 

Garnet lherzolite has high Ca and Na, and lower Cr and Ti. Its bulk composition is represented 

by magnesian olivine and calcic plagioclase, which is why it is interpreted as metamorphosed 

plagioclase lherzolite. Pyroxene geothermometers estimated the equilibration temperature of 

spinel lherzolite from 800◦ to 1000◦ C, olivine websterite and websterite from 800◦ to 1000◦ C, 

hornblende gabbro and amphibolite from 600◦ to 700◦ C. Olivine, clinopyroxene, spinel, 

plagioclase, oxide, and glass were observed in half of the lherzolite xenoliths suggested that 

ultramafic xenoliths had hydrous mineral assemblages. The xenoliths of lherzolite were 

exposed to several partial melting and crystallization within hydrous mantle conditions and 

relatively geotherm slope (Takahashi, 1978) Table (3.2). The P-wave velocity is 6.6 km/s at 

the lower Crust, while in the upper mantle, the attenuation is high with an abnormal low 

velocity of 7.5 km/s. 

 Northeast Honshu Arc Southwest Honshu Arc 

Lower Crust 
hornblende, gabbro, 

amphibolite 
pyroxene, gabbro, granulite 

Uppermost 

Mantle 

plagioclase lherzolite with 

hornblende 

dunite, wehrlite, pyroxenite without 

hydrous minerals 

Upper Mantle 
spinel lherzolite with 

hornblende 

spinel lherzolite without hydrous 

minerals 

Geothermal 

Gradient 800◦C/30km 1000◦C/30km 

 

Table 3.2: The petrological models of the mantle-crust stratification (Takahashi, 1978). 
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3.3 Methodology 

The main aim of my study is to model the thermo-chemical structure of the lithosphere at and 

around the Japanese Islands. 

 

3.3.1 Moho depth from Gravity Inversion 

 

Uieda and Barbosa (2016) developed a nonlinear inversion of gravity data constrained with 

seismic results. One of the algorithm pros is using the tesseroids for forward modeling to 

overcome the Earth’s curvature. I conducted the gravity inversion to overcome the ambiguity 

of the gravity method. High-precision satellite gravity data provide coverage of the earth’s 

planet, which overcomes the lack of data over oceanic areas. The GOCE satellite gravity data 

used have the fortunate advantage that they are limited to wavelengths larger than 50 km, which 

makes them ideal for studying the regional crustal or lithospheric setting (Braitenberg et al., 

2011; Braitenberg, 2015), for example, the Moho determination (Reguzzoni and Sampietro, 

2012; Sampietro et al., 2014; van der Meijde et al., 2015), and lithospheric modeling (Hosse et 

al., 2014; Bouman et al., 2015; Sobh et al., 2019). This improved resolution and accuracy are 

of great interest for studies of the Earth, mainly in places where limited or inhomogeneous data 

is available and provides a unique opportunity for improving our knowledge of basic crustal 

structure in areas with inadequate data coverage like the Japanese Islands. The inversion 

algorithm is based on the modified Bott’s method (Silva et al., 2014) with a Tikhonov 

regularization to stabilize the computed solutions in a two-step procedure. I used the Moho 

reference depth and the density contrast lower crust and uppermost lithosphere in the conducted 

gravity inversion. The reference depth was set as 2.0 km steps from 20.0 to 50.0 km, and the 

density contrast as 50.0 kg/m3 steps from 250.0 to 600.0 kg/m3. I used the combination of 

reference Moho depth and density contrast to produce the lowest misfit between the Moho 

depth from gravity inversion and previous seismic studies. 

3.3.2 Integrated Modeling by LitMod3D and Model Assumptions 

LitMod3D (Lithospheric Modeling in a 3-D geometry) (Fullea et al., 2009) performs combined 

geophysical-petrological modeling of the Lithosphere and sub-lithospheric upper mantle 
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within a thermodynamic geophysical framework. Parameters like temperature, pressure, and 

composition are prominent factors in this model. The output model figures the temperature, 

pressure, surface heat flow, density, seismic wave velocities, geoid and gravity anomalies, 

elevation, and lithospheric strength for every point fitting all geophysical and petrological 

observations.  The approach of LitMod is based on the joint 2-D modeling of several 

geophysical observables (gravity anomalies, geoid height, surface elevation and surface heat 

flow) and seismic proxies (seismic velocities from wide-angle modeling and tomography 

results) that are interrelated through their dependence on the thermo-physical properties of the 

crust and mantle. LitMod3D (LIThospheric MODelling in a 3-D geometry; Fullea et al., 2009) 

is a forward modeling framework that uses the finite differences method to recalculate the 

temperature and heat flow gravitational and Isostasy for Lithosphere and sub-Lithospheric 

upper mantle. LitMod3D defines the LAB using Petrological, rheological, and thermal (1250-

1350◦ C) definitions. In seismic, LAB is the layer between the Lithosphere (where high S-wave 

velocity) and the Asthenosphere (where low S-wave velocity). The LitMod3D software 

discretizes the model layers into regular cells in Cartesian coordinates. The first model consists 

of crust, Lithosphere, and the sub-lithospheric mantle. For every layer in the model parameters 

like bulk density, compressibility, thermal expansion coefficient, thermal conductivity, and 

radiogenic heat production. The algorithm depends on the temperature- and pressure-

dependent model (Hofmeister, 1999) to calculate the thermal conductivity of the mantle 

considering the crust's thermal conductivity is constant.  Constant surface temperature and 

constant LAB temperature define the conduction-dominated regions’ thermal boundary 

conditions. The high-pressure and high-temperature experiments show that the bottom 

temperature is 1500◦ C (Fullea et al., 2009). 

The density in crustal layers follows the thermal expansion and compression: 

ρ(T, P) = ρ0 − ρ0α(T − T0) + ρ0β(P − P0),                                              (3.1) 

where ρ0 is the bulk density, α is the thermal expansion coefficient, and β is the compressibility. 

I used the Perple_X software (Connolly, 2005) to calculate the densities for the sub-crustal 

layers depending on the geochemical mantle composition (CaO, FeO, MgO, Al2O3, and SiO2) 

scheme under the mantle conditions of temperature and pressure. Afonso et al. (2008) 

considered that these oxides are a reasonable basis for modeling the equilibria phase of the 

mantle. Each layer’s heat production and thermal conductivity are established. A “transition” 
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zone (a buffer layer) with variable thickness and a continuous linear super-adiabatic gradient 

is assumed between the lithosphere and sub-lithospheric mantle (i.e., heat transfer is regulated 

by both conduction and convection, see (Fullea et al., 2009) for additional information). The 

geothermal gradient is supplied by an adiabatic temperature gradient below the buffer layer, 

which is forced to be in the range of 0.35 to 0.6◦C/k. I used the scheme of the oxides from the 

previous xenoliths analysis (Takahashi, 1978). 

 

3.4 Data Sets for Model Building 

Data sets were used to build the model of the Japanese Islands can be categorized into three 

groups and summarized: (1) regional surface geophysical observables (elevation, surface heat 

flow, and potential field data) collected from global databases; (2) results on the crustal and 

lithospheric mantle structure from previous studies; and (3) lithospheric mantle compositions 

consistent with the lithospheric age and with the geochemistry of mantle xenolith suites. 

 

3.4.1 Geophysical Fields Observables 

 

Elevation 

ETOPO1 is a 1 arc-min global elevation model produced by (Amante and Eakins, 2009). Fig 

3.2 shows the variation of topography in the Northwest of the Pacific Ocean plate in the 

Japanese Islands area. Elevation ranges from -9000 at the Trench areas to 1500 m in the 

mountainous areas in the Japanese Islands and Eurasian Plate. Data of topography represent 

two domains. The first is the oceanic domain (the Pacific Ocean, the Philippines Sea, and the 

Sea of Japan), while the second is the continental domain (Eurasian plate and Japanese Islands). 
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Potential Field Data 

The static gravity field of the earth is pivotal for geophysical and geodetic applications. One 

of these models is solely derived from satellite observations. The satellite data is sensitive to 

the long wavelength of the gravity field (Montenbruck and Gill, 2000; Rummel et al., 2002). 

The GOCE mission (2009-2013) was launched to increase the spatial resolution by 70 km for 

the requirements of geodetic, 
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geophysical and oceanographic applications. The focus of GOCE is on the static gravity field 

solution up to degree and order 300. The latest release of combined models is GOCO06s (Kvas 

et al., 2021). The satellite-only gravity field model combines gravity observations from 

multiple satellite missions and measuring techniques. In Lithospheric modeling, the different 

components of the full gravity gradient tensor are sensitive to potentially different depths. 

Theoretically, near-surface mass anomalies are detectable by gravity gradients (Martinec, 

2014), while in reality, the contribution of every depth interval depends on the locations of the 

sources in the study area. In GOCO06s, the GRACE mission determined the long to medium 

spatial wavelengths, while the medium to short wavelengths was covered by the GOCE mission 

(Kvas et al., 2021). The gravity gradients are sensitive to the density structure of the crust and 

uppermost mantle (Bouman et al., 2016; Guy et al., 2017; Szwillus et al., 2016b). I used the 

gravity gradients at level 225 km ellipsoid elevation to evaluate my modeling results Fig.(2.14). 

Figure (3.3) depicts the gravity gradients in the Japanese Islands region. The trenches and 

troughs are obvious in every gradient by low anomaly combined with high anomalies, whereas 

the distinct tectonic plates are visible in the Vzz component, indicating significant changes in 

the lithosphere geometry. 

The disturbance gravity map was derived from the GOCO06s model at 50 km ellipsoidal height 

Fig (3.4).  The disturbance map shows low anomalies associated with high anomalies, which 

refers to Trench areas, compared with the topographic map, which refers to low and high 

topographic areas. The Topography effect on gravity was subtracted from Disturbance data to 

calculate the Bouguer anomalies map Fig (3.5). I used 2670 kg/m3 onshore and 1030 kg/m3 for 

the ocean seawater. The algorithm of Uieda and Barbosa (2016) was used the tesseroids and 

ETOPO1 model with 1 arc-min spatial resolution (Amante and Eakins, 2009) to calculate the 

topographic correction. The high Bouguer anomalies refer to the Oceanic Crust of the Pacific 

Ocean and the Sea of Japan, while the lower Bouguer anomalies refer to the Eurasian Plate's 

continental crust and the Japanese Islands. Lithospheric distribution of the density and the 

masses geometry were obtained by Geoid anomaly (Bowin, 2000). Figure (3.6) shows the 

correlation of high geoid anomaly with the topography map of the area. Low geoid anomalies 

refer to trench areas, while high anomalies refer to continental areas. 
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Figure 3.3: Maps of gravity gradient components derived from the GOCE satellite mission 

(Bouman et al., 2016) at 225 km above the ellipsoid. In the single maps, sub-indices of the 

gravity potential V denote its second derivatives of the Earth’s potential (i.e., the gravity 

gradients). All gradient components were rotated into an Earth-related coordinate system 

suitable for forward modeling: X refers to the East, Y to the North, and Z points radially to 

the Earth-related center of the coordinate system in the Earth’s center. 
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3.4.2 Basic Information for Model Building 

Despite the spread of seismic monitoring station networks on and around Japan’s islands, the 

marine areas were not well covered. There are differences among the regional models of 

Lithosphere based on the differences in spatial resolution, modeling technique (Laske et al., 

2013; Reguzzoni et al.,  2013;  Tugume et al.,  2013;  Globig et al., 2016), spatial constraints, 

and the evolution of the models. The combination of available geological, seismic, and 

petrological data with the satellite gravity missions helped study and examine isolated 

geographical areas. 
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Figure 3.6: Geoid Height of the Japanese Islands area. 
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Gravity Inverted Moho 

I used the disturbance map calculated from the GOCO06s satellite combined gravity model 

(Kvas et al., 2021) to calculate the sediments free Bouguer anomaly map by subtracting 

Topographic and total sediments effects from the disturbance map based on the algorithm of 

(Uieda and Barbosa, 2016). Figure (3.7) shows the previous Seismic results of Katsumata, 

2010, used to constrain 3-D gravity inversion. A tesseroid model is created to reproduce the 

preprocessed gravity signal, parameterized by (1) a regularization parameter that controls the 

smoothness of the model Fig (3.8); (2) the reference depth (normal Earth Moho depth: Zre f ); 

and (3) the density contrast ∆ρ at the Moho boundary. The final reference Moho depth was 

34.0 km in my study, and the density contrast was 600.0 kg/m3. Moho depths from the gravity 

inversion in the area range from 14 to 43 km. Figure (3.9) shows the mismatch between the 

depths of Moho estimated by gravity inversion and the depths calculated from seismic studies. 

 

Sedimentary Thickness and Moho Interface 

The Sediment layer thickness was retrieved from the CRUST1.0 model Laske et al. (2013). 

The thickness of sediment layers ranges from 0 to 11 km. The continental regions of the area 

(the Japanese islands and the Eurasian plate) contain a thick sediment layer, whereas the 

oceanic regions have a thin sediment layer Fig(3.10). The Moho depths from gravity inversion 

in the study region range from 13 km in trench areas to 43 km in mountainous areas Fig(3.11). 

 

Lithospheric Thickness 

The Lithosphere Asthenosphere Boundary (LAB) is the layer between the lithosphere (strong 

mantle) and the asthenosphere (weak upper mantle) (Artemieva, 2009). I utilized the 

LithoRef18 model by Afonso et al. (2019) to estimate the LAB thickness.  The LAB depths in 

the region are depicted in Fig (3.12). LAB depths range from 27 to 218 km. Low LAB depths 

are observed in the Eurasian plate, the Sea of Japan, and the Izu-Bonin arc. The LAB layer is 

moderately deep in the Pacific Ocean and the Philippine Sea plates. The trenches and Japanese 

Islands have the area’s deepest LAB layer. The first model can be built with Moho and LAB 

depths. The geometry of the layers can be modified to achieve low misfitting. 
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Figure 3.7: (Katsumata, 2010) Moho depth from travel time analysis. 
 

Figure 3.8: The gravity inversion parameters. The regularization parameter is 1e−10, the 

reference depth Zre f is 34.0 km, and the density contrast ∆ρ is 600.0 kg/m3. 
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Figure 3.10: Thickness of sediments layer from CRUST1.0 model Laske et al. (2013). 
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Figure 3.11: Moho depths from gravity inversion. 
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Figure 3.12: Lithosphere-Asthenosphere boundary from LithoRef18 model Afonso et 

al. (2019). 
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3.4.3 Composition of Japanese Islands 

The tectono-thermal age of the overlying crust controls the Subcontinental Lithospheric Mantle 

(SCLM) composition (Griffin et al., 2003; Griffin et al., 2009; O’Reilly and Griffin, 2006). 

SCLM has a diverse density and composition (dunites, peridotite) controlled by pressure and 

temperature. The Mantle xenolith samples indicate that the SCLM in the area is Phanerozoic 

in age. Tectonic activities heated or re-fertilized the lithospheric mantle. My modeling 

approach used the lithospheric mantle composition from a published petrology analysis of 

mantle xenoliths.   The major oxide system (CaO, FeO, MgO, Al2O3, and SiO2)   was used.   

The complex of mantle peridotite petrology and geochemistry reflects the active tectonic 

environment. Mantle xenoliths can be employed to determine the lithosphere’s transition 

properties from arc to continental edges. 

The analysis of peridotite xenoliths found in volcanic rocks on arcs and continental margins 

provides information regarding Mantle petrology. The complex geological structure of the Sea 

of Japan reflects its origin as a back-arc basin (Tamaki et al., 1992) on the Eurasian continent’s 

eastern margin (Otofuji and Matsuda, 1984; Otofuji et al., 1985). Japan’s seafloor is composed 

of oceanic crust, stretched continental crust, and rifted continental crust (Tamaki et al., 1992). 

Mantle xenoliths can help in modeling the Lithosphere beneath the Sea of Japan. In the 

metasomatism of the Megata peridotites from the Northeast of Japan, some of the hydrous 

minerals replaced the primary anhydrous minerals (Arai, 1986; ABE et al., 1992). One of the 

information derived from the xenoliths is thermal condition. Lherzolite in southwest Japan is a 

high-temperature type because of the asthenosphere upwelling (Arai et al., 2007) Fig. (3.13).  

Xenolith samples from the Southwest of Japan show that the Lithosphere-Asthenosphere 

boundary is at the temperature level (∼ 1250 − 1300◦C). 

 

3.4.4 Setup of Model Geometry and Rock Parameters 

The area of my model is about ∼ 2, 300 × 2, 750 km with steep steps 2 km down to the depth 

of 410 km with a lateral resolution of 50 km. The initial model has two layers (Moho and LAB) 

for the whole area. The thermophysical properties of materials used in 3-D modeling are 

presented in Table (3.3). 
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Density 

(kg/m3) 

Thermal 

conductivity(W.m/K) 

Heat production 

rate(µW.m−3) 

Lower crust 2,800 - 2900 2.0 0.4 

Lithosphere — 4.5 0.001 

Mantle — — — 

 

3.5 Results and Interpretations 

The results of the final model are discussed in detail. 

 

. 

Table 3.3: Thermophysical properties of the Layers in the initial model. 
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3.5.1 Modeling Results 

I utilized the starting values and geometries of the input layers in the first model (M0).  The 

calculated gravity field data is highly inconsistent with the observed data, and the model 

appears to lack isostatic compensation. Calculations of gradients have a high misfit. High 

variation in LAB geometry, particularly in trench regions, implies that the original model could 

not accurately represent the lithosphere in the area Fig (3.14) and gravity gradients residuals in 

Fig. (3.15).  Using trial and error forward modeling, I repeatedly changed the lithospheric 

geometry (depth to the Moho and LAB boundaries) based on the topographic misfit (residual 

elevation) to match the long-wavelength gravity field and isostatic elevation. The study area’s 

isostatic balance’s initial assumption was discarded to fit the gravity gradients data Fig (3.16). 

The Moho border and the LAB are modified for the final model (M1). 

Consequently, the major step was done in the adjusted model, as the gravity gradient signal is 

simulated, resulting in extremely minimal residuals. On the other hand, the resulting elevation 

residuals are not minimum. One may explain the motivations for better fitting gravity gradients 

by stating that they are very sensitive, particularly to the density structure of the crust and 

uppermost mantle. 

 

3.5.2 Crustal and Lithospheric Thickness 

The output thickness map of the area’s crust goes from ∼ 16 km in oceanic regions (thin 

portions) to ∼ 40 km in continental parts (thickest regions). The new Moho depths map 

indicates acceptable misfitting with the Moho depths from seismic research. The Moho depths 

map depicts the differences in crust thickness in the area, which is appropriate for the geology 

and tectonic history of the area. The LAB depths under the Japanese Islands approach ∼ 218 

km (high Lithosphere thickness). High LAB thickness coincides with low seismic S-wave 

velocity, proportional to the S-wave global models. To minimize the residuals (misfit) of the 

output models, LAB depths have changed within ±50 km, which is the uncertainty of LAB 

depths.  The Moho depths also changed within ∼ 5 km to adjust the short-wavelength 

subsurface structures. 
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Figure 3.15: The residual fields of M0 in terms of gravity gradients components. 
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Figure 3.16: The residual fields of M1 in terms of gravity gradients components. 
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3.6 Discussion 

 

Mantle xenoliths of volcanic rocks appear for the compositional and thermal structure of the 

Lithospheric Mantle. Chemical and Petrological analysis shows the differences between the 

Northeast and Southwest of Japan. The published xenolith analysis results represent only 

localized areas, which may not constrain the composition and evolution of the Japanese Islands. 

In this study, I applied the integrated inversion of geophysical observations and fields 

(elevation, crustal thickness, geoid height, gravity, and gravity gradients) with the Petrological 

analysis of Mantle xenoliths. The output model is the variations in temperature, density, 

composition, and the crustal and lithospheric thickness of the Lithosphere beneath the Japanese 

Islands and the area around. The methodology of (Afonso et al.,  2019;  Fullea et al., 2009) 

depends on the chemical composition through self-consistent thermodynamic calculations to 

compute the seismic velocities and density down to 410 km depth. To minimize the misfit 

between the forward and observed geophysical and field data, the geometry of the crust and 

the Lithosphere and the mantle composition were modified within the range of uncertainty. 

The mantle density and seismic velocity were calculated based on thermodynamic calculations 

and constrained by the temperature, pressure, and chemical composition. 

  

 

3.6.1 Density Structure 

Based on the specified chemical composition and pressure-temperature circumstances, the 

density of the Mantle was estimated. The density distribution at certain depths of 40, 100, and 

200 km indicates the diverse tectonic provinces of the Lithosphere in the Japanese Islands and 

surrounding area Fig.(3.18). The density distribution horizontally and vertically, as we can see, 

reflects the various tectonic formations. The Pacific Ocean Plate and the Philippine Sea Plate 

are associated with high density (3350 - 3370 kg/m3). The low density reflects the continental 

areas (eastern margin of Eurasian plate and middle of Japanese Islands) (3300 - 3330 kg/m3). 

The rest of the area, including the Sea of Japan, has a moderate density (3330 - 3350 kg/m3). 

At a depth of 100 km, we can see that the density distribution in the Northeast of the Japanese 

Islands differs from that in the Southwest, consistent with the tectonic history and mantle 

xenoliths. The density fluctuations are shown in two cross-sections, vertically and laterally Fig. 

(3.21). 
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Figure 3.18: Horizontal slices of the 3-D Density model at a depth of (upper) 40, (lower 
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3.6.2 Temperature Structure 

 

Fig. (3.19) depicts differences in subsurface temperature at depths of 40, 100, and 200 

kilometers beneath the Japanese Islands and surrounding region. Fig. (3.21) depicts two cross-

sections’ lateral and vertical temperature distributions. Temperature variations are linked to 

differences in the chemical composition of various tectonic regions. Due to mantle upwelling, 

high temperatures expose the thin Lithosphere. The temperature distribution in the final model 

is comparable with the LAB depths map, with slight changes in anomaly amplitudes and 

locations. The Pacific Ocean and Philippines Sea plate has the lowest temperature. In contrast, 

the highest temperature in the area reflects the Continental regions (The eastern margin of the 

Eurasian plate and the middle of the Japanese Islands). The anomalies in the temperature model 

are connected to the anomalies in the density model. 

 

3.6.3 Seismic Velocity Structure 

 

Seismic S-wave velocities are one of the output models. When comparing my S-wave model 

with the area’s tectonic map and previous seismic tomography models, low-velocity structures 

highlight the shallow upper mantle (thin Lithosphere) and high-temperature areas. Figure 

(3.20) shows the Vs at a depth of 100 km in the area. The Pacific Ocean plate and Northeast of 

the Japanese Islands have S-wave velocities from 4.55 to 4.65 km/s. The continental regions 

and the Sea of Japan have share wave velocities from 4.45 to 4.5 km/s. 

 

 

3.6.4 Surface Heat Flow 

 

The Mantle contribution (controlled by LAB depths) with radiogenic heat production and 

thermal conductivity of the crustal layers was used to estimate the area’s Surface Heat Flow 

model. The area’s SHF variety is related to the different tectonic provinces. The resulting SHF 

model is not well validated because of the weakly constrained thermal structure and the lack 

of heat flow data for the subsurface structures in the study area. Figure (3.22) shows the 

distribution of surface heat flow in the study area. The same different tectonic provinces are  
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Figure 3.19: Horizontal slices of the 3-D Temperature model at depths of (upper) 40, 

(lower left) 100, and (lower right) 200 km. 
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well represented. The sea of Japan and the Izu-Bonin arc has the highest SHF, while the Pacific 

Ocean plate and Northeast Japan have the lowest area. The upwelling of the mantle can be 

shown as scattered anomalies. 

 

3.6.5 Lithospheric Structure of the Japanese Islands Region 

 

The lithology of mantle xenoliths varies from locality to locality, reflecting different tectonic 

situations and formation environments. The Japanese Islands existed from a complex tectonic 

situation dominated by subduction plates, accretion, backarc spreading, and arc-arc collision. 
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The Japanese Islands are geologically divided into northeastern Japan (North Honshu and 

Western Hokkaido) and southwest Japan (Western half of Honshu, Shikoku, and Kyushu). The 

Kanto tectonic line (KTL) can be seen separating the southwest of Japan from the northeast of 

Japan. 

There are two tectonic provinces to consider: 1- They have a high density, a relatively low 

temperature, and a high s-wave velocity in the Pacific Ocean and to the northeast of Japan. 2- 

The southwest of Japan and the Eurasian plate’s margin, with low density, high temperature, 

and low s-wave density. Intensive Serpentinization in SW of japan caused the upper mantle’s 

Pn velocity has about 0.2 km/s smaller than the surrounding. 

 

3.7 Conclusion 

 

The study aims to obtain a more reliable model of the lithospheric structure of the Japanese 

Islands and Northwest Pacific Ocean, using geophysical and petrological constraints, and to 

conclude the processes operating during the formation and inversion of this margin. My study 

presents a self-consistent model using satellite gravity gradient data, seismic tomography 

models, Isostasy, and thermodynamic modeling to infer the thickness, density, and temperature 

of the crust and lithosphere beneath the Japanese Islands. The integration between the various 

data sets results in a higher robustness model compared with modeling them separately.  The 

modeling approach is computationally intensive, so it is impossible to quantify the uncertainty 

of all individual geophysical properties. My Moho depth map provides high-resolution details 

for areas with poor or nonexistent seismic station coverage. The crust is thinning in the oceanic 

regions while thickening in the continental regions. The geophysical measurements are 

combined with geological and petrological constraints to produce a robust and self-consistent 

model of the Lithosphere under the Japanese Islands. The upper mantle’s temperature, density, 

and seismic velocity as a function of pressure, temperature, and petrology composition are the 

outputs of this modeling to differentiate between the different tectonic domains. The model’s 

output can explain the geophysical, geodetic, and seismic data obtained in the area. The model 

illustrates and explores the lower crust and upper mantle structure. The mechanics and 

evolution of the lithosphere are yet unclear. The next research step will be integrated research 

using geodynamic and numerical modeling and combined integration of gravity data with 
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seismological data in a Bayesian way to evaluate several hypotheses of Japanese island 

evolution. 
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Figure 3.21: a) 2-D cross-section for the Japan Trench (continued) 
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Figure 3.21: b) 2-D cross-section for the Nankai Trough. 
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Figure 3.22: The output model of the surface heat flow in the area of the Japanese 

Islands. 
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Chapter 4 

 

Conclusions and Outlook 
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4.1 Summary of the thesis 

 

The Northwestern Pacific Ocean Plate has a complicated tectonic history. Because of the 

tectonic activity, the study of Lithospheric structures and up- per mantle is one of the most 

difficult geology subjects. The heterogeneous crust and structures result from the collision of 

the Pacific Ocean plate, the Philippines Sea plate with the Okhotsk Plate and the Eurasian plate. 

The area’s complex tectonic and geodynamic environment has resulted in intricate Lithosphere 

geometry. I offer an integration of the geophysical observations (seismic tomography, gravity 

gradients), topography data, geoid heights, surface temperature, and the prior knowledge of 

Petrology analysis of mantle xenoliths in this work. To model the depth to Moho on a wide 

scale, I used the satellite gravity gradients of the latest model of the GOCE mission (GOCO06s) 

to overcome the deficiency of the data. The steps of the study began with researching the area’s 

tectonic history, collecting and managing accessible data sets, and using 3-D gravity gradients 

inversion to simulate the density distribution, crustal thickness, and Moho depth in the area. 

The developed non-linear gravity inversion approach is based on Bott‘s method and the 

regularization of Tikhonov. Two models were developed in this thesis. Both of them look at 

the structure and geometry of Moho and Lab layers. I integrated interdisciplinary data sets to 

overcome the uncertainty and ambiguity in geophysics interpretations. 

In the first model, the input data were gravity gradients of GOCO06s, topography data of the 

ETopo1 model, Moho depths from previous Receiver functions studies, range of density 

contrast, and range of regularization parameters. The output result is a 3-D density distribution 

model, crust thickness model, and Moho depth map.   I used CRUST 1.0 and Litho1.0 models 

to constrain the layers’ thickness. The Moho depths of Receiver functions studies were used to 

constrain and compare the Moho depths of my model. I used the Slab2 model to constrain the 

shape and geometry of the stagnant slabs. Comparing the estimated Moho depths model with 

the regional and global models shows good agreement and high levels of consistency. The 

Oceanic parts have high density, low Crust thickness, and shallow Moho depths in contrast 

with the Continental parts, characterized by low density with high crustal thickness and deep 

Moho layer. That corresponds to the tectonic situation of the Northwest Pacific Ocean. 

Comparing my Moho depth map with the depths of Moho of the Airy’s theory of Isostasy 
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shows identical similarities with disparity visible in the trench and high mountainous areas. 

Trenches zones are marked by low topography, lowest crust thickness, and low Moho depth. 

         The motivation of the second model is to model the temperature, heat flow, density, and 

seismic velocities controlled by pressure, temperature, and petrological composition of Mantle 

xenoliths. Depending on the primary data and internal options, the program can change the 

thicknesses or densities to achieve the best possible result/fit. The parameter uncertainties for 

3-D inversion are several kilometers for the Moho depth, tens of kilometers for the LAB depth, 

and several kilograms per cubic meter for average crustal densities (Motavalli-Anbaran et al., 

2013). The amount of prior information used also influences the level of uncertainty. Changes 

in crustal thickness can be offset in part by changes in LAB depth in the same direction (a 

thicker crust necessitates a thicker lithosphere). As a general rule, a 1 km thickening of the 

crust can be offset by a 10 km deepening of the LAB. As previously stated, gravity and geoid 

data were given precedence. The multidisciplinary integration can reduce uncertainty and 

ambiguity in the resulting temperature, heat flow, and density distribution models of the 

Lithosphere and Upper Mantle. My models display the Japanese Islands region from a different 

perspective and are integrated in a way that is compatible with geophysical, geological, and 

seismic tomography models. 
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