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            Abstract
The concept of a weak asthenospheric layer underlying Earth’s mobile tectonic plates is fundamental to our understanding of mantle convection and plate tectonics. However, little is known about the mechanical properties of the asthenosphere (the part of the upper mantle below the lithosphere) underlying the oceanic crust, which covers about 60 per cent of Earth’s surface. Great earthquakes cause large coseismic crustal deformation in areas hundreds of kilometres away from and below the rupture area. Subsequent relaxation of the earthquake-induced stresses in the viscoelastic upper mantle leads to prolonged postseismic crustal deformation that may last several decades and can be recorded with geodetic methods1,2,3. The observed postseismic deformation helps us to understand the rheological properties of the upper mantle, but so far such measurements have been limited to continental-plate boundary zones. Here we consider the postseismic deformation of the very large (moment magnitude 8.6) 2012 Indian Ocean earthquake4,5,6 to provide by far the most direct constraint on the structure of oceanic mantle rheology. In the first three years after the Indian Ocean earthquake, 37 continuous Global Navigation Satellite Systems stations in the region underwent horizontal northeastward displacements of up to 17 centimetres in a direction similar to that of the coseismic offsets. However, a few stations close to the rupture area that had experienced subsidence of up to about 4 centimetres during the earthquake rose by nearly 7 centimetres after the earthquake. Our three-dimensional viscoelastic finite-element models of the post-earthquake deformation show that a thin (30–200 kilometres), low-viscosity (having a steady-state Maxwell viscosity of (0.5–10) × 1018 pascal seconds) asthenospheric layer beneath the elastic oceanic lithosphere is required to produce the observed postseismic uplift.
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                    Figure 1: Coseismic and cumulative three-year-postseismic GNSS observations of the IOE.[image: ]


Figure 2: Conceptual representation of the finite-element model.[image: ]


Figure 3: Misfit of 652 test models considering variations in the asthenospheric thickness and viscosity, and oceanic mantle viscosity.[image: ]


Figure 4: Tradeoff between the viscosity of the oceanic upper mantle (ηO), the thickness (DA) of the asthenosphere and its viscosity (ηA).[image: ]


Figure 5: Comparison of GNSS observations with predictions of the PM.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Location of GNSS stations and earthquakes of Mw ≥ 6.5 from 2009 up to the IOE.
Magenta stars represent epicentres of the pre-IOE earthquakes. Red and black arrows represent two-year-postseismic displacements at stations that are used or are excluded in this work, respectively. Station names are labelled with the same colour coding. Solid brown squares, triangles, diamonds and inverted triangles represent GNSS from the SuGAr, IGS, Memphis and AGNeSS networks, respectively.


Extended Data Figure 2 Pre-earthquake daily time series recorded at the GNSS stations shown in Extended Data Fig. 1.
a, b and c show the east, north and up components of the time series, respectively. Coseismic static offsets of one day before and after the earthquakes shown in Extended Data Fig. 1 are removed from the time series. The time series include the total effects of postseismic deformation of previous earthquakes, secular deformation, annual and semi-annual variations. Red and black time series represent those stations that are selected or are excluded in this work, respectively, using the same colour coding as for the station names in Extended Data Fig. 1.


Extended Data Figure 3 Postseismic GNSS time series after removing postseismic deformation of previous earthquakes, secular motion and seasonal variations.
a, b and c show the east, north and up components of the time series, respectively. Red and black lines represent those stations that are selected or are excluded in this work, respectively. Continuous cyan curves fitted to the postseismic time series are used to constrain our postseismic deformation models.


Extended Data Figure 4 Comparison of different source models of the IOE.
a, The coseismic slip distribution is from Wei et al.6, who inverted regional and teleseismic waveform data. Their fault slip model was used in this work. Coseismic GNSS observations are estimated from static offsets of five days before and after the IOE. b, The coseismic slip distribution is from Yadav et al.16, who inverted static offsets of 5 days before and after the IOE of daily GNSS data. Model predictions are scaled by 0.8 to fit the coseismic GNSS data better. c, The coseismic slip distribution is from Hill et al.7, who inverted static offsets of about 10 min before and after the IOE of high-rate (one-second rate) GNSS data in the middle field and of 10 days before and after the IOE of daily GNSS data in the far field. Model predictions are scaled by 1.5 to fit the same GNSS data also shown in a and b better. In the upper panels red and black arrows represent coseismic GNSS observations and model-predicted displacements, respectively. Thick grey lines represent inverted rupture segments of the IOE. In the lower panel of a black arrows and colour contours represent model-predicted three-year-postseismic horizontal and vertical displacements, respectively. In the lower panels of b and c displacements are differenced by the test model minus the model in a.


Extended Data Figure 5 Comparison of three-year-postseismic GNSS observations with predicted displacements in test models of a homogeneous oceanic upper mantle below 50 km without the low-viscosity oceanic asthenosphere.
Red and black arrows represent horizontal GNSS observations and horizontal model-predicted displacements, respectively. Solid brown and blue bars represent vertical GNSS observations and vertical model-predicted displacements, respectively. a, Viscosity of the oceanic upper mantle is 1020 Pa s. b, Viscosity of the oceanic upper mantle is 1019 Pa s.


Extended Data Figure 6 Effects of the extent of the oceanic asthenosphere, layered Earth and variation in the lithospheric thickness on the surface deformation.
Displacements are differenced by a test model minus the PM in which the lithospheric thickness, the thickness (DA) and viscosity (ηA) of the asthenospheric top layer, and the viscosity in the underlying oceanic upper mantle (ηO) are 50 km, 80 km and 2 × 1018 Pa s, and 1020 Pa s, respectively. Black and coloured contours represent the horizontal and vertical displacements, respectively. Thick brown lines outline the location of the trench. a, In the test model the lithospheric thickness is assumed to be 30 km, that is, 20 km thinner than in the PM. b, Similar to a except that the lithospheric thickness is 70 km. c, In the test model the slab does not exist. d, In the test model the oceanic asthenosphere terminates at the trench and does not extend with the downgoing subducting slab. Thick grey lines in a represent rupture segments of the IOE.


Extended Data Figure 7 Contributions of viscoelastic relaxation in the rheological units and afterslip of the IOE to the cumulative three-year-postseismic surface deformation.
a, Surface deformation due to viscoelastic relaxation in the oceanic asthenosphere alone. The continental and oceanic upper mantle are assumed to be elastic. b, Surface deformation due to viscoelastic relaxation in the oceanic upper mantle alone. c, Surface deformation due to viscoelastic relaxation in the mantle wedge alone. Thick grey lines represent the rupture segments of the IOE. d, Surface deformation due to the modelled afterslip in the shear zone assuming no viscoelastic relaxation elsewhere. Open arrows and colour contours represent horizontal and vertical model-predicted displacements, respectively.


Extended Data Figure 8 Effects of afterslip after the IOE on the surface deformation.
a, Steady-state viscosity in the afterslip shear zone ηS is 5 × 1017 Pa s, and ηA = 2 × 1018 Pa s. Afterslip is allowed at depths 0–65 km. Red and black arrows represent horizontal GNSS observations and model-predicted displacements, respectively. Solid magenta and white bars represent vertical GNSS observations and model-predicted displacements, respectively. Yellow arrows and colour contours represent differential horizontal (DIFF − Hori) and vertical (DIFF − Vert) components by the test model minus the PM, respectively. b, Similar to a except with a low ηS = 1017 Pa s. c, Similar to a except with a high ηS = 1018 Pa s. d, Similar to a except that the afterslip is allowed only at shallow depths (≤50 km) and no deep afterslip. e, Similar to a except that the afterslip is allowed only at greater depths (50–65 km), and no shallow afterslip. f, ηS = 5 × 1017 Pa s, and ηA = 1020 Pa s. Afterslip is allowed at depths of 0–65 km.


Extended Data Figure 9 Three-year-postseismic displacements due to changes in model parameters and comparison of GNSS observations with predicted displacements.
a, Surface deformation calculated by the test model minus the PM. In the test model the asthenosphere terminates at the trench and does not extend with the downgoing slab. ηA is one order of magnitude lower than that of the PM. Other model parameters are the same as the PM. Black arrows and contours represent horizontal and vertical three-year-postseismic surface displacements, respectively. Thick grey lines represent rupture segments of the IOE. b, Similar to a except that ηA is the same as in the PM but DA = 200 km, more than two times thicker than that of the PM. c, The sharp boundary between the lithosphere and the asthenosphere in the PM is replaced by a 20-km-thick transition zone in which the viscosity decreases linearly with depth from 1022 Pa s at the bottom of the lithosphere to the preferred 2 × 1018 Pa s of the asthenosphere. d and e are the test models best fitting to the horizontal (Fig. 3a) and vertical (Fig. 3b) GNSS observations, respectively. Red and black arrows represent horizontal GNSS observations and horizontal model-predicted displacements, respectively. Solid brown and blue bars represent vertical GNSS observations and vertical model-predicted displacements, respectively. Thick grey lines represent the rupture segments of the IOE. f, Preferred lowest misfit test model (PM) best fitting to both horizontal and vertical GNSS data (Fig. 3c), the same data as in Fig. 5a. Values of the viscosity of the oceanic upper mantle (ηO), thickness (DA) and viscosity (ηA) of the asthenosphere in each test model are labelled on the top of each plot in d and e. The value of χ2 in each test model is labelled as inset text.


Extended Data Figure 10 Postseismic displacement evolution in the PM.
a, b and c show cumulative surface postseismic displacements at one year, three years, and ten years after the earthquake, respectively. Black arrows and contours represent horizontal and vertical displacements, respectively. Thick grey lines in a represent the rupture segments of the IOE. d, e and f show the evolution of postseismic displacements in the east, north and up directions, respectively, at four surface example points of the same latitude 3° N whose locations are at trench (red lines), western (black) and eastern (green) coast of Sumatra, and inland (blue). Locations of these four points are also shown as solid dots in a with the same colour coding.
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        Editorial Summary
Mantle rheology after the Indian Ocean earthquake
Yan Hu et al. use observations of postseismic deformation following the 2012 Indian Ocean earthquake to constrain the structure of oceanic mantle rheology. In the first three years after this event, most GPS stations in the region underwent horizontal northeastward displacement in a similar direction to the coseismic offsets. However, a few stations close to the rupture area, which had experienced up to four centimetres of coseismic subsidence, rose by nearly seven centimetres after the earthquake. The authors use a three-dimensional viscoelastic finite-element model of post-earthquake deformation to show that a relatively thin low-viscosity asthenospheric layer beneath the elastic oceanic lithosphere is required to fit the data. Also in this issue of Nature, Sylvain Barbot and colleagues report on transient deformation in the aftermath of this earthquake, as recorded by continuous geodetic stations in the region.
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