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Weak upper-mantle base revealed  
by postseismic deformation of a deep 
earthquake

Sunyoung Park1 ✉, Jean-Philippe Avouac2, Zhongwen Zhan2 & Adriano Gualandi3

Mantle viscosity plays a key role in the Earth’s internal dynamics and thermal history. 
Geophysical inferences of the viscosity structure, however, have shown large 
variability depending on the types of observables used or the assumptions imposed1–3. 
Here, we study the mantle viscosity structure by using the postseismic deformation 
following a deep (approximately 560 km) earthquake located near the bottom of the 
upper mantle. We apply independent component analysis4 to geodetic time series to 
successfully detect and extract the postseismic deformation induced by the moment 
magnitude 8.2, 2018 Fiji earthquake. To search for the viscosity structure that can 
explain the detected signal, we perform forward viscoelastic relaxation modelling5,6 
with a range of viscosity structures. We find that our observation requires a relatively 
thin (approximately 100 km), low-viscosity (1017 to 1018 Pa s) layer at the bottom of the 
mantle transition zone. Such a weak zone could explain the slab flattening7 and 
orphaning8 observed in numerous subduction zones, which are otherwise challenging 
to explain in the whole mantle convection regime. The low-viscosity layer may result 
from superplasticity9 induced by the postspinel transition, weak CaSiO3 perovskite10, 
high water content11 or dehydration melting12.

Mantle rheology governs the pattern and rate of mantle convection—the 
mixing and recycling of materials, descending of subducting slabs and 
upwelling of plumes—and the Earth’s thermal evolution. Despite its 
importance, the rheological structure of the mantle remains poorly 
understood. Besides the strong lithosphere and the overall increase 
in viscosity from the upper to lower mantle, existing radial viscosity 
models1–3 exhibit remarkable variability. These models usually include 
weak layers, but their locations and thicknesses differ considerably. 
Some have a weak asthenosphere, whereas others have a weak layer at a 
deeper depth, generally around the mantle transition zone (MTZ). The 
existence of a low-viscosity layer between the upper and lower mantle 
has been inferred in studies of the long-wavelength geoid and glacial 
isostatic adjustment3,13 despite large variations in the exact depth and 
thickness of the layer. On the other hand, it has been pointed out that 
a weak layer in the MTZ might not be consistent with the geoid highs 
associated with subducting slabs14. Therefore, adding a completely 
independent type of observable would be consequential in improving 
our understanding of the Earth’s viscosity structure.

In this article, we study the deep viscosity structure by examining 
the Earth’s response to a deep earthquake. Even though the princi-
ple of using postseismic observations to constrain viscosity has long 
been used (for example, in ref. 15), it has not yet been applied to deep 
earthquakes owing to the difficulty of extracting their postseismic 
signal. Some recent observations16, however, suggests that it might be 
possible. Here we examine the postseismic deformation following the 

approximately 560-km deep moment magnitude (MW) 8.2 Fiji earth-
quake, one of the largest deep events ever recorded (Fig. 1a). The event 
occurred on August 19, 2018 in the Tonga subduction zone, where the 
Pacific Plate is subducting westward under the Tonga trench. Even 
though the epicentre is located in the middle of the Southern Pacific 
Ocean, there are numerous islands including Fiji and New Caledonia 
with available Global Navigation Satellite System (GNSS) data. The list 
of the 35 GNSS stations used in this study can be found in Extended 
Data Table 1.

To make robust detection of the postseismic deformation follow-
ing such a deep earthquake at the Earth’s surface, we use an advanced 
data processing technique based on independent component analysis 
(ICA), which has been tailored to the analysis of postseismic geodetic 
time series4. Our approach allows the extraction of the postseismic 
signal without any a priori assumption about its time evolution and 
allows us to distinguish the signal from others including the seasonal 
deformation and reference frame jitter (Methods). By applying this 
technique to the three-component (east, north and vertical) GNSS 
position time series of the time period from January 2017 to July 2020, 
centred around the event time, we successfully detect the postseismic 
deformation (Fig. 1).

The spatial extent of the observed deformation reaches as far as 
about 2,000 km from the epicentre, whereas most of the significant dis-
placements are located within 1,000 km. Horizontal displacements up 
to approximately 8 mm and vertical displacements up to approximately 
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17 mm are detected, with the largest displacements found at the stations 
in the Tonga islands located at about 460 km southeast of the epicentre. 
Most stations within 1,000 km from the epicentre show westward to 
northward motion and subsidence. In New Caledonia the signal is faint, 
but most stations exhibit uplift rather than subsidence. Such spatial 
coherence of the extracted signal, that is, large displacements close 
to the earthquake and comparable displacements in neighbouring 
stations, confirms the robustness of the detection, considering that 
the ICA ignores the information about the station locations and treats 
each time series equally. The time evolution of the extracted signal also 
corroborates the robust detection of the postseismic deformation: 
the deformation starts abruptly at the time of the earthquake and the 
deformation rate decays gradually over time, as is commonly observed 
for shallow earthquakes.

We find that the observed postseismic deformation requires a 
viscoelastic relaxation mechanism. The postseismic displacements 
show a spatial pattern clearly distinct from the coseismic displace-
ments (Extended Data Fig. 1 and Methods), excluding the fact that it 
would reflect afterslip17 around the earthquake source. Considering 
the large depth of the Fiji earthquake compared to the spatial extent of 
the source, afterslip would indeed produce surface displacements that 
are approximately proportional to the coseismic displacements, and 
thus, would result in a similar spatial pattern. However, station LAUT, 

for example, shows large coseismic displacements, but relatively small 
postseismic displacements compared to other GNSS stations. Moreover, 
the fact that the postseismic deformation takes place throughout a 
broader area while having smaller absolute amplitudes than the coseis-
mic deformation, that is, not proportional to the coseismic deformation, 
points to postseismic deformation caused by viscoelastic relaxation. 
The broadness of the postseismic deformation and their significant 
amplitudes, that is, reaching close to a half or a third of those of the 
coseismic displacements within less than 2 years, suggests the pres-
ence of a low-viscosity structure with a short Maxwell time. We have 
also investigated the potential effect of the MW 7.9 aftershock, which 
occurred 18 days later at depth approximately 100 km deeper than the 
mainshock18. We found that even the coseismic displacements from the 
aftershock are too small to be detected, suggesting that the postseismic 
deformation from the aftershock should be negligible as well.

To investigate a viscosity structure that can best explain our observa-
tions, we perform numerical modelling of the postseismic viscoelastic 
relaxation process5,6 (Methods). We first gain insights by exploring a 
broad range of viscosity structures: cases with or without a low-viscosity 
layer, and cases with or without the subducting slab. The model with-
out any zone of low viscosity (Fig. 2a) cannot produce any significant 
surface deformation, demonstrating that a weak zone is essential. 
We also test the effect of the subducting slab by removing it (Fig. 2b). 
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Fig. 1 | Postseismic deformation detected following the 560-km deep MW 
8.2 Fiji earthquake. a, The red and white circle shows the centroid moment 
tensor. The other coloured circles show the GNSS stations, colour-coded to 
represent uplift (blue) or subsidence (red), measured approximately 2 years 
after the earthquake (the standard deviation on the vertical displacement is 
1.53 mm (Methods)). The black arrows and black open ellipses represent the 
horizontal displacements and their uncertainties (GNSS stations that are close 

to each other result in multiple arrows with similar origins). The background 
shows bathymetry26 with slab contours27 (yellow lines). The white arrow shows 
the Pacific plate velocity with respect to the Australian plate. b, Time evolution 
of the extracted postseismic deformation shown with one standard deviation 
error bars, normalized to a unit amplitude. The blue dashed line shows the time 
of the earthquake.
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Both the horizontal and vertical displacements are close to being in 
the precise opposite direction to those of the cases with the slab pre-
sent (for example, Fig. 2d), and are irreconcilable with the observation 
(Fig. 1a). Even though one might expect that the deformation pattern 
would be largely affected by the weak zones, particularly in the first few 
years after the earthquake, our result shows that the effect of strong 
structures like the slab is remarkable. This is probably because the slab 
mechanically connects the deep source and the Earth’s surface directly. 
Given that one-dimensional (1D) modelling, that is, modelling with 
a depth-dependent structure, cannot capture such a slab structure, 
our results show the necessity of three-dimensional (3D) modelling 
for studying postseismic deformation following deep earthquakes.

Recognizing that the observation requires a low-viscosity zone and 
the subducting slab, we include both elements in further modelling 
experiments. With the slab structure fixed, different locations of the 
weak layer are examined, including the asthenosphere and MTZ. We 
find that the modelling results from a weak asthenosphere (Fig. 2c) and 
weak MTZ (Fig. 2d) are considerably different in their spatial patterns. 
Although the deformation is more focused in the vicinity of the earth-
quake in the case of the weak asthenosphere, the weak MTZ case shows 
a relatively broad field of deformation with the maximum deformation 
taking place close to the trench rather than the epicentre. In contrast 
to the vertical displacement field predicted in the weak MTZ case that 
exhibits a simple divide between zones of uplift and subsidence, the 
weak asthenosphere results in a more complex pattern. The effect of 

the slab structure is also evident in the case of the weak asthenosphere 
in that the sign of the vertical displacement changes across the trench, 
which does not occur without the slab. We find that having the weak 
zone at the MTZ better matches the spatial pattern of the observation in 
general, with pronounced displacements near the trench, for example, 
in the Tonga islands.

Considering that the weak MTZ is preferred, we further investigate 
whether having weak zones at different locations within the MTZ has 
a significant effect on the surface deformation. We perform additional 
modelling with thinner weak zones: the top and bottom half of the 
MTZ, that is, MTZ TH and MTZ BH (Fig. 2e,f). Viscosity that is twice as 
low as that of the weak MTZ case is used such that the amplitudes of 
the deformation become comparable. The two modelling results are 
distinct from each other. The weak MTZ TH case exhibits uplift near the 
earthquake location, and the overall pattern is in between the weak MTZ 
and weak asthenosphere cases. In contrast, the predicted deformation 
for the weak MTZ BH case has the domain of subsidence bulging out 
to the centre and a relatively broad area of deformation. These results 
illustrate that the postseismic deformation is highly sensitive to the 
location and thickness of the weak zone.

In addition to the location of the low-viscosity zone, we also explore 
different viscosities of the weak zones. We consider viscosities of about 
6.1 × 1018 Pa s and lower, that is, a Maxwell time of 2.5 years and shorter, 
which are more than one and two orders of magnitude lower than 
those of the upper and lower mantle, respectively. For each viscosity 
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Fig. 2 | Predicted postseismic deformation following the Mw 8.2 Fiji event 
for different viscosity structures. a, Structure without any weak zone shown 
with the elastic lithosphere and slab in blue and the upper and lower mantle in 
yellow and green, respectively. The black and white circle shows the centroid 
location. The upper mantle is divided by dashed lines to show asthenosphere 
(Asth), mantle transition zone (MTZ) and 220–410 (the zone between the Asth 
and MTZ; depths from 220 to 410 km). The MTZ is subdivided into MTZ TH, 
MTZ BH, MTZ B100 and MTZ B65 (left). Horizontal (black arrows) and vertical 
(blue, uplift; red, subsidence) components of the postseismic displacement 

predicted up to the last observation (approximately year 2020.5, Fig. 1) 
corresponding to the structure shown on the left are plotted within ±1,500 km 
east (E) and north (N) of the centroid location. The grey line shows the trench 
locations of the input slab model (right). b, The same as a, but with a weak MTZ 
(Maxwell time of 1.25 years) and no slab. c, The same as a, but with a weak 
asthenosphere (Maxwell time of 1.25 years). d, The same as a, but with a weak 
MTZ (Maxwell time of 1.25 years). e, The same as a, but with a weak MTZ TH 
(Maxwell time of 0.63 years). f, The same as a, but with a weak MTZ BH (Maxwell 
time of 0.63 years). This model fits the data the best among the six models.
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structure, we find that decreasing the viscosity of the weak zone by 
half leads to about a twofold increase in the amplitudes of the surface 
displacements while causing little change in the directions (Extended 
Data Fig. 2). Lowering the viscosity also alters the time evolution of 
the deformation such that the deformation is more rapid initially,  
as expected from the shorter Maxwell time (Extended Data Fig. 3b,d).

To find the desirable combination of the weak zone location and its 
viscosity, we evaluate the fit to the observed 3-component displace-
ments (Fig. 3a and  Methods). We examine models with five different 
locations of the weak zone—‘Asth’ (the asthenosphere), ‘220–410’  
(the zone between the Asth and the MTZ with depths from 220 to 
410 km), MTZ, ‘MTZ TH’ (MTZ top half) and ‘MTZ BH’ (MTZ bottom half)— 
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and with the Maxwell time from 0.63 to 2.5 years. A deeper weak zone 
is clearly preferred. Among these models, the best-fitting model is 
the weak MTZ BH with a Maxwell time of 0.63 years (Extended Data 
Fig. 3a,b). Lowering the viscosity or shortening the Maxwell time (for 
example, to 0.31 years) of the MTZ BH does not improve the fit. The 
second-best model is the MTZ with 1.25 years of Maxwell time. The 
weak MTZ models fit the data significantly better than the weak MTZ TH 
models, indicating that having the weak zone at the MTZ BH is crucial 
to explaining the data.

Considering that the weak zone close to the base of the MTZ is pre-
ferred, we examine two additional weak zone locations: ‘MTZ B100’ 
(the bottom 100 km of the MTZ) and 'MTZ B65’ (the bottom 65 km of 
the MTZ). The MTZ B65 is twice as thin as the MTZ BH, and the MTZ 
B100 is in between. Given the reduced thickness, we explore relatively 
low ranges of viscosities that can produce significant surface deforma-
tion, corresponding to the Maxwell time of 0.05 to 0.31 years. We find 
that these relatively thin weak zones with the Maxwell time of 0.05 or 
0.1 years fit the data considerably better than the weak MTZ BH case, 
not only for the displacements but also for the time evolution of the 
deformation (Figs. 3 and 4 and Extended Data Fig. 3). Note that the 
good fit to the time evolution (Fig. 3b) is not meaningful if the fit to 
the displacements (Fig. 3a) is poor.

Among these models of thin weak zones, our preferred model is the 
MTZ B100 with 0.1 years of Maxwell time, that is, about 3.8 × 1017 Pa s of 
viscosity, which results in a good fit to the spatial pattern (see Methods 
for the conversion between the Maxwell time and the viscosity). Even 
though the MTZ B65 model with 0.05 years of Maxwell time fits the 
data well, we find that this model does not predict large enough sur-
face displacements in general (Extended Data Fig. 3c and see Methods  
for details). Our preferred model, on the other hand, can explain not 
only the directions and amplitudes of the postseismic displacements 
in all three components, but also the time evolution of the deforma-
tion (Fig. 4). In some cases, misfits in the displacements are significant 
compared to the observational uncertainties such as in the horizontal 
component of station FTNA, located at the north of the epicentre. These 
misfits are probably caused by the heterogeneous elastic structure, 
which is not accounted for in our modelling. We observe the effect of the 
heterogeneous elastic structure from the misfit between the observed 
coseismic displacements and the predicted displacements by using a 
homogeneous elastic structure. Therefore, we expect a similar effect 
to be present for the postseismic displacements. It is possible that 
3D viscosity structures, other than the slab, might have some effect. 
We, therefore, have tested several cases by including a weak mantle 
wedge and a Samoan plume, but these have not resulted in a better fit 
to the data. It should also be noted that our results require the weak 
zone at the bottom of the MTZ, but do not exclude the existence of a 
weak asthenosphere19,20, as shown by additional tests (Extended Data 
Fig. 4). This is because postseismic displacements are dominated by the 
deformation of the deeper layer where the coseismic stress is larger; 
the signal from the weak asthenosphere is smaller and overprinted. 
The additional tests actually indicate that if a weak asthenosphere is 
included, a thin low-viscosity zone at the base of the MTZ is even more 
strongly required. We can also exclude the possibility that the whole 
upper mantle has a low short-term viscosity. A low viscosity consistent 
with the short Maxwell time derived from the observation, if assigned 
to the whole upper mantle, would yield surface displacements that 
are too large.

The thin weak layer at the bottom of the MTZ inferred based on the 
postseismic deformation is consistent with a subset of viscosity profiles 
proposed by previous studies that used other geophysical observables 
(for example, refs. 13,21). The viscosity of 3.8 × 1017 Pa s (approximately 
400 times less viscous than the upper mantle) from our preferred 
model is 2.5 or 20 times less than those from previous studies, but 
such a discrepancy is expected if the mantle rheology is bi-viscous or 
non-linear as is generally admitted; in other words, it is possible that  

(1) the postseismic deformation is a relatively short-term transient  
process, essentially informing us about the transient viscosity rather than 
the long-term viscosity in the case of a Burger’s bi-viscous rheology22,  
and (2) the response to the high stress perturbation caused by a nearby 
earthquake results in an apparent low effective viscosity in the case of 
a non-linear rheology. One can also expect that frequent occurrences 
of deep earthquakes would result in an extra-low effective viscosity 
locally due to the coseismic stress variations. It is, thus, probable that 
a low long-term viscosity, which controls the long-term deformation 
processes, is manifested as a lower transient viscosity. We also note 
that the presence of the weak layer at the bottom of the MTZ is strongly 
supported regardless of the absolute viscosity. This is because the 
effects of the location and the viscosity of the weak zone on the post-
seismic deformation are largely decoupled; the location of the weak 
layer has major control over the spatial pattern of the surface displace-
ments (Fig. 3a), whereas the viscosity of the weak layer mainly changes 
the overall amplitude and the time evolution of the displacements  
(Fig. 3b).

The detection of a weak layer at the bottom of the MTZ is conse-
quential to the understanding of mantle dynamics. Such a narrow 
zone of a weak layer can explain the stagnation and flattening of the 
subducting slab7 and orphaning of the slab8, observations that are 
otherwise challenging to understand within the whole mantle con-
vection regime. In fact, the Tonga subduction zone examined in this 
study exhibits both flattening and orphaning of the slab8,23. There are 
several subduction systems with stagnant or orphaning behaviours 
of slabs, which may be the manifestation of the globally distributed 
low-viscosity layer between the upper and the lower mantle. Note that 
the flat part of the Tonga slab is mostly below the upper mantle, but our 
modelling considers a slab geometry that penetrates straight through 
the lower mantle. However, the slab geometry below the weak zone, 
or the high-viscosity structure below the weak zone, have little effect 
on the modelling results based on our test.

There are a few potential mechanisms that can be responsible for 
the low-viscosity layer. These include the superplasticity associated 
with the postspinel phase transition9, weak CaSiO3 perovskite10, the 
MTZ with a high water content11,24 (particularly for Ringwoodite)25 or 
dehydration melting12 under wet mantle conditions. These mechanisms 
involve common mineral phases or their transformations, and thus 
would support the weak layer as a global feature that could be enhanced 
locally where deep earthquakes are frequent.
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Methods

Data selection and preprocessing
We consider GNSS stations within 2,000 km with respect to the epicen-
tre (latitude = 18.113° W, longitude = 178.153° S). Among them, we select 
ones that have time series data of at least 40% within the studied time 
period, and this results in the 35 stations listed in Extended Data Table 1.

For each GNSS time series, we first remove the linear trend associated 
with the long-term plate motions estimated by the median interannual 
difference adjusted for skewness (MIDAS)28. We then remove steps 
associated with instrumental issues and coseismic signals from the Fiji 
and other earthquakes, and postseismic signals from other significant 
shallow earthquakes if there are any (Extended Data Fig. 5). The steps 
and transients are estimated by finding the best-fitting trajectory model 
that includes the MIDAS velocities, steps, transients and annual and 
semiannual sinusoids. For station TONG, which does not have MIDAS 
velocity estimates, we use the linear trend estimated by the Jet Propul-
sion Laboratory29. For station TOGT, where the trajectory model cannot 
be robustly estimated because of the significant gap in the data, we use 
the best-fitting trajectory model (including the linear trend) of a nearby 
station TONG. This is justified because the two stations are effectively 
at the same location, and are only separated by 2.4 km. Similarly, for 
station NUE1, which has estimates of MIDAS velocities but not a robust 
estimate of a trajectory model, we take the average of the trajectory 
model parameters obtained for stations NIUM and NIUT that are 0.04 
and 2.67 km from station NUE1, but use the available MIDAS velocities 
for the linear trends.

ICA
For obtaining a robust detection of the postseismic signal, it is crucial to 
disentangle it from the seasonal signals. Considering that the seasonal 
signals do not follow simple sinusoids and that the temporal evolution 
of the postseismic deformation is unknown, it is best not to prescribe 
any functional form for both seasonal and postseismic signals. There-
fore, we utilize the ICA technique4, which does not impose any a priori 
assumptions on the time evolution of these signals.

We recover five independent components that are common in all the 
GNSS time series, among which the second most significant component 
is the postseismic deformation (Fig. 1). The four other components are 
seasonal (or common mode) signals (Extended Data Fig. 6). The time 
evolutions of the seasonal components with complexities beyond sim-
ple sinusoids demonstrate the advantage of applying ICA. The most sig-
nificant seasonal signal is dominant in the vertical component, whereas 
the second and third most significant signals are present in both the 
vertical and horizontal components. The significance rapidly dimin-
ishes by the fourth most significant signal. Comparison between the 
preprocessed time series (that is, the input for ICA) and the recovered 
postseismic deformation component is also shown in Extended Data 
Fig. 7. Note that using the data time window with a much longer time 
before the earthquake occurrence can dilute the postseismic signal.

Uncertainties in the detected postseismic signal
Uncertainty in the time evolution at each time step (Fig. 1b) is derived 
by projecting the uncertainties in the original GNSS time series through 
ICA. For estimating the uncertainties in the cumulative displacements 
of postseismic deformation (Fig. 1a), we use the GNSS stations in New 
Caledonia. Considering these stations are far from the earthquake and 
close to each other, postseismic displacements at these locations are 
predicted to be nearly uniform. Therefore, we take the standard devia-
tion of each of the three-component displacements as the uncertainty 
for each component.

Modelling viscoelastic relaxation
We use a semianalytical Fourier-domain solver, Relax5,6, to model 
the viscoelastic relaxation. Our computational domain is defined by 

512 × 512 × 512 grids with 8 km grid spacing, where the seismic source 
is located at the centre. For the source, six finite sources derived from 
the multi-point source solutions18 are used to accurately represent 
the source mechanism (Extended Data Table 2). Various layers are 
included in the viscosity structure: three layers that are common to all 
models, that is, the elastic lithosphere (0–80 km), viscoelastic upper 
(80–670 km) and lower (greater than 670 km) mantle and a weak layer 
with variable depth and thickness. The asthenosphere and the MTZ 
correspond to depth ranges of 80–220 km and 410–670 km, respec-
tively. Maxwell rheology is assumed, and each layer has a Maxwell 
time (and a corresponding viscosity value associated with it: 41.7 and 
833.3 years for the upper and lower mantle, respectively). The elastic 
slab structure is also included in most models, which closely follows 
the geometry of the Tonga slab23,27 and encloses the earthquake source 
(Extended Data Table 2). The modelling is performed for a flat Earth, 
and we set the locations of the trench and GNSS stations such that 
the great-circle distance and azimuth with respect to the earthquake 
centroid location are preserved. Note that the flat-Earth assumption 
results in an underestimation of the surface deformation because of 
the larger hypocentral distance for a given epicentral distance than for 
a spherical Earth. However, the increase in the hypocentral distance 
is less than 3% within the 500 km epicentral distance and less than 
5% within the 2,000 km epicentral distance, producing insignificant 
effects compared to the uncertainties in the estimated postseismic 
displacements.

Our modelling approach allows for a 3D viscosity structure as 
expected in the subduction setting, which is crucial for correctly pre-
dicting the surface deformation (Fig. 2). However, it restricts the elastic 
structure to be a homogeneous half space. We select values that are 
close to the average elastic structure throughout the upper mantle, 
bulk and shear moduli of 12.88 × 104 MPa and 7.73 × 104 MPa (= μref), 
respectively, which correspond to the mantle elasticity at about 300 km 
depth (Extended Data Fig. 8). This half-space elastic structure should 
be considered for the conversion between the Maxwell time and the 
viscosity. We input a certain Maxwell time (η/μ = ηref/μref) for each visco
elastic layer for the modelling, which corresponds to a viscosity value 
(ηref) for the given constant shear modulus (μref). Because the modulus 
(μ) varies with depth, the corresponding viscosity value (η) for a given 
Maxwell time would also vary, such that the viscosity and the shear 
modulus would scale with each other. Therefore, we calculate viscosity 
as η = ηrefμ/μref, which is μ times the corresponding Maxwell time. The 
variation of the shear modulus, however, is less than a factor of two in 
the upper mantle, about 0.8 to 1.6 times the constant reference value 
(μref) in the depth range of 80 km (bottom of the elastic lithosphere) 
to 670 km (Extended Data Fig. 8). This leads to variation in the corre-
sponding viscosity values of less than a factor of two, which is not as 
significant as the orders of magnitude differences in viscosity in the 
layers considered in the modelling.

The modelling produces a three-component displacement time 
series for all grid points on the surface (Fig. 2). Among these, we extract 
the time series at the GNSS station locations used in this study and 
apply the same ICA to these time series. This results in a common time 
evolution and cumulative displacements, that is, spatial pattern, to be 
compared with the observed postseismic deformation (Figs. 3 and 4  
and Extended Data Fig. 7). Note that the ICA for the modelled time 
series results in a single dominant independent component, which is 
the postseismic deformation.

Coseismic displacements
We also obtain estimates for the coseismic displacements from the 
earthquake (Extended Data Fig. 1) through the trajectory model fit-
ting process30 performed before the ICA. The observed displacements 
can be compared with the predictions made by the modelling pro-
cess by using the half-space elastic structure (Modelling viscoelastic 
relaxation). Note that the half-space modelling with an average elastic 
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structure, which is commonly used for studies of shallow earthquakes, 
also provides sufficiently accurate coseismic displacements for deep 
earthquakes31,32.

Both observed and predicted displacements are largely compatible 
with each other with some discrepancies. The differences are probably 
attributed to the Earth’s curvature that is not taken into account in 
the flat-Earth modelling and the complexity in the earthquake mecha-
nisms that is not captured by the six-subevent representation of the 
source. These factors are present in postseismic deformation model-
ling as well, and we, therefore, expect a similar level of discrepancies 
between the observed and predicted postseismic deformation as in 
Fig. 4a.

Evaluation of fit to the data
We evaluate two measures of fit: one for the cumulative displacements 
and the other for the time evolution. By doing so, we can effectively 
separate and examine the roles of the weak zone location and the  
viscosity. For both the displacements and the time evolution, we meas-

ure the χ
2 misfit, χ =

∑
∑
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, where mi and di are modelled and 

data values, respectively, for the ith displacement or the ith value of 
the time evolution out of the total number of data values n, and σi and 
wi are the data uncertainty and the weight associated with them.  
The weight is applied to account for the non-uniform spatial distribu-
tion of the GNSS stations, such that wi = 1/N, where N is the number of 
stations within 3° including the station itself.

Data availability
GNSS data were obtained from the Nevada Geodetic Lab (geodesy.unr.
edu). We also provide the detected postseismic signal, for example, 
displacements and time evolution, as source data for Fig. 1. Source 
data are provided with this paper.

Code availability
The forward modelling code RELAX is available at https://geodynamics.
org/cig/software/relax/. The code for the ICA has been made available33 
on the Zenodo repository, https://doi.org/10.5281/zenodo.4322548. 
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Extended Data Fig. 1 | Observed (black arrows, large circles) and predicted (green arrows, small circles) coseismic deformation. Same as Fig. 4a, except 
coseismic displacements are plotted. Error ellipses (grey circles; 95% confidence intervals) are obtained from trajectory modelling.
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Extended Data Fig. 2 | Predicted postseismic deformation for weak MTZ BH with two different Maxwell times. a, The same as the right panel of Fig. 2f.  
b, The same as a, but with weak MTZ BH (Maxwell time of 1.25 years).



Extended Data Fig. 3 | Postseismic deformation predicted by different 
models (MTZ BH with 0.63-year Maxwell time and MTZ B65 with 0.05-year 
Maxwell time) compared against the data. a–b, The same as the Fig. 4a,b but 

with increased viscosity MTZ BH of 0.63-year Maxwell time. c–d, The same as 
a–b, except with reduced viscosity MTZ B65 of 0.05-year Maxwell time.
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Extended Data Fig. 4 | Postseismic deformation predicted by our preferred 
model in presence of a weak asthenosphere. a–b, The same as the Fig. 4a,b 
but with a weak asthenosphere of 0.63-year Maxwell time. c–d, The same as  
a–b, but with a weak asthenosphere of 2.5-year Maxwell time. In each case,  
the displacements are close to the linear summation of the displacements 
resulting from modeling the weak asthenosphere and the weak base of MTZ 
separately. Horizontal displacements are in similar directions, and add 
constructively, resulting in 10 to 20 % larger displacements at the sites close to 

the earthquake. On the other hand, due to the uplift in the west of the epicentre 
and west of the trench produced by the weak asthenosphere, opposite from 
those produced by weak base of MTZ (Fig. 2), the vertical displacements tend to 
add destructively in stations in Fiji and Tonga islands (such as LAUT and TONG). 
This decreases (worsens) the overall fit to the observation by about 14 and 6 %. 
These results suggest that, in order to explain the observed subsidence around 
the epicenter and the trench in presence of weak asthenosphere, the weak zone 
at the base of MTZ is even more strongly required.



Extended Data Fig. 5 | Raw and pre-processed GNSS data of station LAUT. 
a–c, Raw GNSS data of east, north, and vertical components with uncertainties 
(blue error bars; one standard deviation). Magenta and green dashed lines 
denote the timings of steps associated with instrument issues and coseismic 

displacements, respectively. Solid orange line represents the best-fitting 
trajectory model. d–f, The same as a–c, except for the timeseries are 
pre-processed, i.e., linear trend and offsets derived from the trajectory model 
removed from raw data (a–c).
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Extended Data Fig. 6 | Independent components other than the postseismic 
component, and their spatial distributions. a, The time evolution (top)  
and the spatial distribution of the most significant seasonal deformation 
component, shown in the same manner as in Fig. 1, where error ellipses  

(one standard deviation) are estimated in the same way as those of postseismic 
displacements. b–d, The same as a, but for the 2nd, 3rd, and 4th most significant 
seasonal components, respectively.



Extended Data Fig. 7 | Postseismic deformation at each pre-processed 
GNSS timeseries. a, Pre-processed east (top), north (middle), and up (bottom) 
components of the GNSS data of station LAUT (the same as Extended Data 
Fig. 5d–f) are plotted in black, while the contribution from the postseismic 
deformation in each timeseries is plotted in red. Error bars are for one standard 

deviation. The time of the earthquake is shown with a solid green line. Note  
that the scale of up component is larger than those of horizontal components.  
b–d, Same as a, but for stations NIUM, SAMO, and TONG, respectively. Stations 
SAMO and TONG have gaps in data close to the end of the analyzed time period.
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Extended Data Fig. 8 | Ratio of the shear modulus (μ) and viscosity (η) to the 
reference values (μref, ηref ) as a function of depth. The ratios (solid blue line) 
with respect to the reference (solid orange line) are calculated based on the 
Preliminary Reference Earth Model34.



Extended Data Table 1 | GNSS stations used in this study



Article
Extended Data Table 2 | Input source and slab geometry for modeling

Each of the six subevents18 is characterized by slip on a fault with the top tip coordinate (north, xs; east, ys; depth, zs), along-strike length, width in the down-dip direction, strike, dip, and rake 
angles. Note that the origin is the centroid location. The slab is defined by 3 rectangular prisms, each described by the position of the tip of the central plane (north, x1; east, x2; depth, x3), 
along-strike length, width in the dip direction, strike, and dip angles. These parameterizations are consistent with the input format of the Relax software.
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