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Viscosities of the crust and upper mantle 
constrained by three-dimensional GPS rates 
in the Sichuan–Yunnan fragment of China
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Abstract 

The plastic flow in the Sichuan–Yunnan fragment (SYF) is the consequence of the eastern expansion of the Tibetan 
Plateau. The SYF area can be divided into three sections by the Xiaojin River fault zone and Red River fault zone, which 
both contain the normal fault component, consistent with GPS observations. The average vertical rates of the three 
sections exhibit a step-like distribution, and the southern subsidence rate is about 1–2 mm/year with respect to the 
northern area. To explain the vertical movement in the SYF, we subtract the vertical rates caused by the horizontal 
movement from the observed vertical rates and then use a two-layer viscous model to constrain the viscosities of the 
crust and upper mantle in the SYF. The fitting results between the vertical observed and model data show that the 
viscosity of the upper mantle is about 2.8 × 1022 Pa s and the viscosity of the crust is less than 1.0 × 1025 Pa s. Further-
more, we find that the vertical tectonic stresses dominate the driving mechanism for the vertical movement in the 
SYF. 
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Introduction
The Tibetan Plateau is one of the most complex tectonic 
areas on Earth. The collision between the Indian and Eur-
asian plates has created the Tibetan Plateau (e.g., Molnar 
and Tapponnier 1975; Patriat and Achache 1984; Tap-
ponnier et al. 2001). Due to ongoing collision, the Tibetan 
Plateau is compressed in the north–south direction and 
extended in the east–west direction. However, the east-
ern movement of the Tibetan Plateau is obstructed by 
the rigid Sichuan Basin of the Yangtze Block, and in 
response, it turns southward to form a plastic flow that 
rotates clockwise around the Eastern Himalayan Syn-
taxis (e.g., Holt et  al. 1991; Royden et  al. 1997; Yin and 
Harrison 2000). As a result, the plastic flow reflecting 
the dynamic setting of the Tibetan Plateau occurs from 
north to south in the Sichuan–Yunnan fragment (SYF, 

red-dashed frame in Fig.  1), with some giant strike-slip 
faults accommodating the movement.

With the development of geodetic technology, the 
aforementioned dynamic process is also illustrated by 
geodetic observational data (Gan et al. 2007; Liang et al. 
2013; Pan et  al. 2018). Global positioning system (GPS) 
observation is an important geodetic tool in investigat-
ing the movement of the crust. It can show the tectonic 
movement of the Tibetan Plateau and its adjacent areas, 
like no other tool before. Recently, many studies have 
been conducted to explain the movements and deforma-
tions of the SYF area using GPS data. The GPS horizon-
tal rate field has been studied by different researchers at 
different temporal scales, and they showed similar results 
as a whole (Gan et al. 2007; Hao et al. 2016; Liang et al. 
2013; Pan et al. 2018). With the increase in the number of 
GPS stations and temporal scales, the horizontal defor-
mations of this area are now more specifically presented. 
Compared to GPS horizontal rates in the SYF, the verti-
cal rates are less discussed. Hao et al. (2016) used Grav-
ity Recovery and Climate Experiment (GRACE) data to 
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eliminate the seasonal variations from the GPS verti-
cal data and presented the vertical rate field of the SYF. 
They found that the southern SYF subsides with respect 
to the northern SYF, and the subsidence (approximately 
1–2  mm/year) cannot be explained by vertical rates 
(approximately 0.02  mm/year), which were transformed 
from GPS horizontal data with the assumption of uni-
form extension throughout the crust. The GPS verti-
cal rates of such magnitude in the SYF have also been 
observed in other studies (Liang et  al. 2013; Pan et  al. 
2018).

To explain the vertical movement of the SYF, we use an 
isostatic adjustment model of the lithosphere, consisting 
of the rheological crust and upper mantle, to simulate the 
vertical trend in the movement of the crust under vertical 
tectonic stresses (VTSs) and to constrain the viscosities 
of the crust and upper mantle.

GPS data of the Sichuan–Yunnan fragment
There are two primary features affecting the study of 
GPS vertical rates. First, the accuracy of GPS vertical 
data is presently not very high. Also, the observation 
results may be influenced by data processing strategies. 
With an increase in the data time span, the constraint 
from GRACE data and the corrections of the loading 
model, the present accuracy of GPS vertical rates can be 

improved to less than 1  mm/year (Hao et  al. 2016; Pan 
et al. 2018), so the first question no longer applies in the 
study. For the second question, we used GPS data from 
different datasets to avoid this problem.

The vertical GPS dataset used here comes from three 
previous published studies: Hao et al. (2016), Liang et al. 
(2013) and Pan et  al. (2018). Specifically, the dataset 
from Liang et  al. (2013) contains continuous and cam-
paign GPS data. Most of the campaign data have at least 
five observational campaigns, and the time span is over 
10 years. The dataset of Hao et al. (2016) includes verti-
cal rates from continuous GPS data over 6 years, begin-
ning in mid-2010. Data from Pan et  al. (2018) include 
both horizontal and vertical rates from continuous and 
campaign stations, and the time spans are greater than 
6 years. The vertical rate fields of the three datasets are 
all relative to International Terrestrial Reference System 
(ITRF) 2008. Figure  2a–c shows the vertical rates from 
the aforementioned three datasets. Considering that the 
overall pattern of the GPS vertical rates from the three 
datasets is similar, the signals are reliable, as a whole.

To minimize the effects of the different datasets on 
our study, we calculated the weighted average of the 
vertical rates of Hao et al. (2016) and Pan et al. (2018) 
for the same continuous observation stations with the 
observation error as the weight (Fig. 2d), for the use of 
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Fig. 1 Tectonic map of the Tibetan Plateau. The red-dashed frame denotes the study area, the Sichuan–Yunnan fragment (SYF). The black arrows 
are the GPS horizontal rates (Pan et al. 2018). The white-dashed line denotes the boundaries of blocks (Zhang et al. 2003). The blue arrows denote 
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the subsequent calculations. Based on error propaga-
tion and weights, we calculate the standard deviation 
of the weighted average using the errors of the different 
data. Liang et al. (2013) do not give the vertical rates of 
these continuous stations and do not use GRACE data 
to correct GPS vertical rates. In contrast, Hao et  al. 
(2016) and Pan et al. (2018) use GRACE data to correct 
the GPS vertical data. Thus, we excluded the data of 
Liang et al. (2013) from our averaging.

Furthermore, we use the XJRF and RRF (Fig.  2, red 
lines) to divide the area into A, B and C sections (Fig. 2), 
both containing the normal fault component, and the 
rates of the normal component of XJRF and RRF are 
about 0.5  mm/year and 1  mm/year (Wang et  al. 2008), 
respectively. Then, the averages of the vertical rates of 
the three observational datasets and one weighted aver-
age dataset in A, B and C sections are calculated, respec-
tively. The results (Fig.  2e) show that the average rates 
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Fig. 2 GPS vertical rates of the Sichuan–Yunnan fragment. Subfigures a, b and c show the results from Hao et al. (2016), Liang et al. (2013), Pan 
et al. (2018), respectively. d GPS vertical rates of weighted average using the previous datasets in b and c. Blue and red arrows denote the up and 
down GPS vertical rates, respectively. The northern and southern red lines denote the Xiaojin River fault zone (XJRF) and Red River fault zone (RRF), 
respectively. The magenta triangle denotes Tengchong volcano field (TCVF). The fault data are from Deng et al. (2003). The black lines crossing the 
fault zones are dividing the area into three sections: A, B and C shown in the figure. e The symbols with different colors and shapes denote the 
averages of the vertical rates and standard deviations from different studies. The black line denotes zero value of the rate, and the light gray area 
denotes the topography along 101° east longitude
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of the three sections exhibit a step-like distribution, and 
the step size is about 1  mm/year. Thus, the magnitude 
of the subsidence at the southern SYF is approximately 
1–2 mm/year (Fig. 2e) with respect to the northern area 
for each dataset. As a result, we conclude that the subsid-
ence of the southern SYF is reliable and is not a result of 
either data strategies or observation errors.

Transformation between horizontal and vertical 
GPS rates
Here, we assume that the observed GPS vertical rate ( Vo , 
the weighted average dataset described in the last sec-
tion) includes two main contributions: the vertical rate 
resulting from the viscous isostatic adjustment of the 
lithosphere ( Vc ) and that transformed from horizontal 
tectonic movement ( Vt ). The main aim of this study is to 
obtain Vc using three-dimensional GPS data. Therefore, it 
is necessary to extract Vt from the horizontal GPS data.

First, we calculate the strain tensors of each GPS sta-
tion using the least-squares collocation (LSC) method 
(Wu et al. 2011). Because the interpolation and extrapo-
lation contain a priori information of the observation, it 
causes the LSC to be more reliable than the conventional 
method (Moritz 1980; She et  al. 2016). As a result, the 
corresponding errors of the strain parameters can be 
determined from the posterior covariance matrix of the 
parameters and the covariance propagation law. Next, 
the aforementioned strain parameters are used to cal-
culate the dilatational rates εh and then transform the 
horizontal strain εh into the vertical strain εv using the 
formula εv = − υεh . Here, υ denotes Poisson’s ratio, and 
for the long-term problem, υ may take the value of 0.5 
as incompressible fluid (e.g., Karner 1982; Nadai 1963; 
Walcott 1970). Finally, we obtain Vt by multiplying εv and 
the depth of the lithosphere–asthenosphere boundary 
(LAB) beneath the observation stations. The LAB divides 
the relatively rigid lid from the weaker mantle and rep-
resents the mechanical and chemical difference of the 
Earth’s interior (Rychert and Shearer 2009). Thus, we 
use this depth to calculate the vertical rates by multiply-
ing the vertical strain. The LAB data are from the LITHO 
1.0 model (Pasyanos et al. 2014). It should be noted here 
that if we consider the effect of the isostatic adjustment, 
Vt will be much smaller than the result above. Therefore, 
the Vt calculated above should be the maximum estimate. 
Furthermore, we can obtain Vc easily using the formula 
Vc = Vo − Vt.

The Longmen Shan (LMS) and Eastern Himalayan Syn-
taxis (EHS) are the compressional areas, and the north-
ern and middle areas are dilating. Figure  3c shows the 
Vt at each continuous GPS station, which is transferred 
from the horizontal dilatational strains (Fig.  3b). Fig-
ure 3d presents the vertical rates, which may be caused 

by the rheological isostatic adjustment Vc . Note that the 
results presented in Fig.  3d are based on the dataset of 
weighted average.

Vertical tectonic stresses of the Sichuan–Yunnan 
fragment
As described above, the vertical GPS rates cannot be 
explained by the horizontal compression; thus, we specu-
late that the VTSs exerted on the crust may be the source 
of the force causing the vertical movement recorded by 
the GPS. VTSs indicate the movement direction and 
stress state of the lithosphere due to its deviation from 
the isostatic state, for which positive and negative stresses 
indicate upward and downward forces, respectively (Fu 
and She 2017; Gao et al. 2016; She et al. 2017). Following 
Fu and She (2017), the calculation formula of VTSs can 
be simply concluded as below:

Herein, averaged ρc and ρm are the density of the Earth’s 
crust and upper mantle, respectively. ρf denotes the den-
sity of the fill, and the value is set to 0 for the continental 
case and to 1020 km/m3 for the ocean case (Chen et al. 
2015; Kirby and Swain 2008; Watts 2001). h and w are the 
topography and Moho reliefs after removal of the aver-
age. g is the gravity acceleration and set to 9.81 m/s2.

The topography and density data extracted from 
ETOPO1 (Amante and Eakins 2009) and CRUST 1.0 
(Laske et  al. 2013) are used in Eq.  (1) to calculate the 
VTSs of the SYF. The Moho data (Black contour in Fig. 4) 
deduced by Bouguer gravity data are from Xu et  al. 
(2018). Note that VTSs are obtained by the primary den-
sity interface loads of the lithosphere including topog-
raphy and Moho, so they have strong consistency with 
the topography and Moho (Fig.  4a). According to the 
distributions and scatters of the VTS and Vc Fig. 4a, b), 
the VTSs and Vc are generally consistent in the SYF area. 
Furthermore, the scatters of averages and standard devia-
tion of the VTSs and Vc in the three sections (A, B and 
C in Fig. 4a) are calculated and shown in Fig. 4b, respec-
tively. Both the VTSs and Vc show the step-like distribu-
tion between the three parts divided by XJRF and RRF. 
Thus, it is reasonable to speculate that the VTSs may be 
the cause of the subsidence of the southern SYF, observed 
by GPS.

However, some scatters (Fig.  4b, red squares) fall into 
the second and fourth quadrants in Fig. 4b, which means 
the orientations of Vc and VTSs are opposite. These scat-
ters mainly distribute in the southern area of the SYF 
(Fig.  4a, red squares). The scatters around TCVF may 
be affected by deep material migration. For the other 
scatters, we speculate that the Moho data may cause 
the disagreement due to their low accuracy. Because in 

(1)σv = −(ρm − ρc)gw − (ρc − ρf)gh.
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comparison with the observed topographic data, the 
Moho surface data are obtained by the inversion. None-
theless, the linear distribution of Vc and VTSs verifies our 
speculation that the VTSs cause the vertical rates in the 
study area. Most of the scatters in the second and fourth 

quadrants are close to the origin, and only a few points 
have large values. These scatters do not significantly 
change the linear distribution of all the scatters. Thus, we 
will not remove the corresponding points from the Vc.
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Viscous flexure model
Here, we use a Newtonian viscous plate (crust) floating 
on a gravitating and heavily viscous substratum (upper 
mantle) to simulate the vertical movement of the litho-
sphere under the VTSs. The differential equation is given 
by (Nadai 1963), and we adopt the equation to this study 
as below:

Combining Eqs. (1) and (2), it is easy to conclude that d 
represents the vertical deformation caused by the VTSs 
and is the function of time and spatial position. The 
parameter ḋ is the time derivative, and N  is the viscous 
modulus of the Earth’s crust. The parameter ηm is the vis-
cosity of the Earth’s upper mantle. A similar formula is 
also given by Kirby and Swain (2009) for an elastic model. 
According to Nadai (1963) for the incompressible case, 
the expression of N is:

(2)
N∇

4ḋ + (ρm − ρf)gd + ηm∇ḋ

= −(ρm − ρc)gw − (ρc − ρf)gh.

(3)N =
ηcT

3

3
,

where ηc and T are the viscosity and thickness of the 
Earth’s crust, respectively. Here, we take the averaged 
thickness of the crust in the study area as the value of T, 
and the data are extracted from CRUST 1.0.

To solve Eq. (2), we perform a two-dimensional Fourier 
transform on both sides of the differential equation, and 
the results can be expressed as below:

Herein H, W and D are the spectral-domain expres-
sions of h, w and d of the spatial domain, respectively. D 
is a function of time t and wave number k, which equals 
2π/� , where � is the wavelength of the relief of the topog-
raphy and Moho. For the viscous crust and upper mantle 
model, when t is equal to zero, the flexure deformation 
should also be zero. With the boundary condition above 
the solution of Eq. (4) is:

(4)
Nk4Ḋ + (ρm − ρf)gD + ηmkḊ

= −(ρc − ρf)gH − (ρm − ρc)gW .

(5)

D = −
(ρm − ρc)W + (ρc − ρf)H

ρm − ρf

(

1− e
−
(ρm−ρf)gt
Nk4+ηmk
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Furthermore, the vertical rates Ḋ of spectral domain 
can be given by differentiating Eq. (5) with t to obtain the 
expression as:

Based on Eq. (5), it is easy to obtain

Equations (5) and (7) represent the physical meaning of 
the model. Specifically, when t is equal to zero, there is no 
flexure deformation. When time is greater than zero, the 
flexure deformation D depends on the ηc and ηm while the 
other parameters are determined by CRUST1.0. For the 
case of unlimited time, D is the status of plastic deforma-
tion, the Airy isostasy.

The d and ḋ (hereinafter expressed as Vm ) are obtained 
by performing the inverse Fourier transform on Eqs.  (5) 
and (6), respectively. Using the model above, we can cal-
culate Vm at any time with different ηc and ηm . Further-
more, we calculate Vm from 1 to 1000  years with same 
parameters, which is consistent with the rates of the first 
year. Thus, this model provides stable vertical rates, and 
we use the rates for the first year as the modeled vertical 
rates Vm.

Viscosities of crust and upper mantle 
in the Sichuan–Yunnan fragment
In this section, we will fit the Vc by using the Vm described 
in the previous section to constrain the ηc and ηm . Here, 
we adopt the global search method to find the minimum 
of the misfit, and the objective function is expressed as 
below [Eq. (8)]:

Herein, Hη is the misfit, n is the number of Vc and �V  is 
the error of Vc.

The rock deformation experiment shows that ηc is in the 
magnitude range of 1018 − 1028 Pa s (Strehlau and Meiss-
ner 1987), in which the lower limit is consistent with the 
viscosity of the lower crustal flow 1018 − 1019 Pa s (Clark 
and Royden 2000; Lu et  al. 2017; Royden et  al. 1997, 
2008), and the upper limit is greater than the viscos-
ity of the entire lithosphere, 1021 − 1024 Pa s in Tibetan 
Plateau (England and Molnar 1997; Flesch et  al. 2001). 
Shoreline data show that the magnitude range of ηc is 
1020 − 1026 Pa s (Bills et al. 1994). In summary, it is rea-
sonable to set the search range of ηc to 1018 − 1028 Pa s.

(6)
Ḋ = −

(ρm − ρc)gW + (ρc − ρf)gH

Nk4 + ηmk
e
−
(ρm−ρf)gt
Nk4+ηmk .

(7)
{

D = 0, t = 0

D = −
(ρc−ρf)H+(ρm−ρc)W

ρm−ρf
, t = ∞

.

(8)Hη =

[

1

n

n
∑

1

(

Vc − Vm(ηc, ηm)

�V

)2
]

1
2

.

The globally averaged viscosity of the upper mantle 
is in the magnitude range of 1020 − 1021 Pa s (Lau et  al. 
2016; Mitrovica and Forte 1997; Peltier 1998). However, 
ηm varies greatly from 1017 − 1021 Pa s at different regions 
and depths with different models (Bürgmann and Dresen 
2008; Dixon et  al. 2004). Leveling and GPS data in the 
areas with a relative thin crust show that ηm is in the 
magnitude range of 1017 − 1019 Pa s at depths less than 
50  km (Bills et  al. 1994; Kaufmann and Amelung 2000; 
Pollitz 2003; Yamagiwa et  al. 2015). Relative sea-level 
curves from shoreline elevation and GPS data show that 
ηm is in the magnitude range of 1019 − 1022 Pa s at depths 
more than 100 km (Bills et al. 1994; Lambeck et al. 1998; 
Lau et  al. 2016; Milne et  al. 2001, 2004; Mitrovica and 
Forte 1997; Peltier 1998). In summary, it is reasonable to 
set the search range of ηm to 1017 − 1022 Pa s.

The optimal result of the global search reveals ηc and 
ηm values of 4.0× 1023 Pa s and 2.8× 1022 Pa s , respec-
tively (Fig. 5c: the cross of the black dashed line). The Vm 
(Fig. 5b) of the optimal result is generally consistent with 
Vc (Fig. 5a). The value of ηm is about one order of mag-
nitude larger than the average ηm ( 1021 Pa s ) and is close 
to the viscosity of lower mantle ( 1022 Pa s ) (Lau et  al. 
2016; Milne et al. 2004; Peltier et al. 2015). The value of 
ηc is close to the upper limit of the lithosphere in the SYF 
(Flesch et al. 2001). However, the distribution of the mis-
fit shows that the fitting result of ηc is not unique (Fig. 5c). 
Specifically, the misfit is very close to the minimum when 
ηc is in the range of 1018 − 1025 Pa s . Thus, the upper limit 
of ηc is about 1.0× 1025 Pa s and the lower limit of ηc can-
not be determined in this study. The weak constraint of ηc 
may be caused by the distribution of the stations and the 
heterogeneity of the crust. 

Discussion
The model used in this work consists of two viscous lay-
ers, the crust with a relatively high-viscosity floating on 
the upper mantle with a low viscosity. The driving force 
(VTSs) is generated by the deviation of the topography 
and Moho from the isostatic state. Thus, other forces 
acting on the surface and deep lithosphere may have an 
impact on our research.

Vertical motion caused by surface mass migration
On the surface, mass migration mainly includes deposi-
tion, erosion and water storage change, which may lead 
to vertical movement. However, these effects contained 
in the GPS data used in this study are already eliminated 
by using Gravity Recovery and Climate Experiment 
(GRACE) mission data, and the effect of mass migration 
on vertical rates ( Vg ) is about 0.1  mm/year (Hao et  al. 
2016; Pan et al. 2018) in the SYF.
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To illustrate the magnitude of vertical rates caused by 
different mass sources, we calculate the surface load ver-
tical rates Vd (Fig. 6) due to deposition rates in the Asian 
region (Métivier et  al. 1999) by using spherical surface 
load theory (Farrell 1972; Wang et al. 2012) with the Pre-
liminary Reference Earth Model (Dziewonski and Ander-
son 1981). The magnitude of Vd is 0.01 mm/year, which 
is two orders of magnitude smaller than Vc (Fig.  6) and 
one order of magnitude smaller than Vg . Because the rate 
and extent of erosion are very difficult to recover, the 
deformation rates caused by erosion cannot be obtained 

accurately. Since the source of erosion should be distrib-
uted at the upstream of the rivers, in the high-altitude 
area, and should be greater than the corresponding places 
in section C (Fig. 6), it is reasonable to estimate that the 
magnitude of vertical rates Ve caused by erosion would be 
less than Vd in the SYF. As described above, Vg includes 
Vd , Ve and the vertical rates ( Vw ) caused by water storage 
change. Thus, when the Vd and Ve are small, the Vw will be 
the biggest in Vg.

In summary, the water storage change is the primary 
cause of the vertical rates due to surface mass migration. 
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The magnitude of vertical rates caused by deposition, 
erosion and water storage changes is much smaller than 
Vc , and the effects are eliminated by using GRACE data. 
Thus, the effect of surface mass migration can be ignored 
in this study.

Vertical rates caused by deep dynamic activities
The deep dynamic activities in this area include volcanic 
activity and channel flow. The seismic and geother-
mal evidence shows the presence of magma in the crust 
derived from the upper mantle in the Tengchong volcano 
field (TCVF) (Wang and Huangfu 2004; Wu et al. 2016), 
and GPS observations show that this area is uplifted 
(Fig.  2, magenta triangle). Thus, it is reasonable to con-
clude that the uplift of the TCVF is caused by the driving 
force from the upper mantle. According to the conclusion 
above, we exclude the data from the GPS stations near 
TCVF from Vc and search again for the optimal solution. 
However, the results do not change significantly.

Hao et al. (2016) inferred that channel flow in the lower 
crust has created southern subsidence with respect to 
the northern area in the SYF. Actually, channel flow is 
the result of continental convergence in which the lower 

crust is so weak that the upper crustal deformation is 
decoupled from the motion of the underlying upper 
mantle (Clark and Royden 2000; Royden et al. 1997). This 
indicates that if the upper crust and lower crust are cou-
pled, the upper crust will be stretched with the motion 
of the lower crust. Therefore, the topography is changed 
during this process as well. As previously described, the 
channel flow model seems to be able to explain the south-
ern subsidence by the stretching from north to south, 
but the uplift of the crust in the northern SYF cannot be 
explained by it (Fig. 3 in Clark and Royden 2000). Addi-
tionally, the specific distribution, dynamic source and 
movement mechanism of the channel flow are not com-
pletely clear. In particular, the distribution of the channel 
flow given by different studies (Bai et al. 2010; Bao et al. 
2015; Liu et al. 2014; Qiao et al. 2018) has significant dif-
ferences. Thus, it is impractical to quantitatively study 
crustal vertical movement caused by the channel flow.

According to the description above, surface mass 
migration and deep dynamic activities are not the main 
causes of the vertical movement in the SYF. Therefore, 
we find that the VTSs dominate the driving mechanism 
for the vertical movement in the SYF, and the escape of 
the crustal material in the Tibetan Plateau may cause the 
VTSs. Specifically, with the collision of the Indian and 
Eurasian plates, the Tibetan Plateau continues to uplift 
and results in the gradual accumulation of internal gravi-
tational potential energy (GPE) (Flesch et al. 2001; Ghosh 
et al. 2006). The escape of the upper crustal materials due 
to the GPE from north to south in the SYF makes the 
lithosphere deviate from the equilibrium state, forms the 
current topography and Moho and decides the distribu-
tion of the VTSs.

Conclusion
In this study, we use three-dimensional GPS rates and a 
two-layer viscous model consisting of crust and upper 
mantle to explain the vertical deformation in the SYF. 
The results are summarized below:

1. The SYF area can be divided into three sections by 
XJRF and RRF, which both contain a normal fault 
component, and this is consistent with GPS obser-
vation. The average rates of the three sections have 
a step-like distribution with a step change of 1 mm/
year, and the southern subsidence rate is about 
1–2 mm/year with respect to the northern area con-
firming the previous study (Hao et al. 2016).

2. The fitting results between the rates deduced from 
three-dimensional GPS data and the rates calculated 
by the two-layer viscous model show that the viscos-
ity of the upper mantle is about 2.8× 1022 Pa s , and 
the viscosity of the crust is less than 1× 1025 Pa s . 
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However, the lower limit of ηc is not obtained in this 
study.

3. Vertical deformation rates caused by deposition and 
erosion are one order of magnitude smaller than the 
vertical rates caused by the water storage change and 
two orders of magnitude smaller than the vertical 
rates from the GPS.

4. We find that the VTSs dominate the driving mecha-
nism for the vertical movement in the SYF. However, 
considering the complex deformation in the SYF, 
observations of InSAR (interferometric synthetic 
aperture radar) and gravity data should be added to 
future studies to further validate the above conclu-
sion.
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