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Context and data 

Earth’s lithosphere rheology can be assessed by different means that provide 
complementary information. Lab experiments on rock samples from the crust and upper 
mantle allow us to test constitutive laws that relate stress and strain rate for a whole range 
of thermal and pressure gradients as well as various volatile contents. However, the 
extrapolation of laboratory scale data to the natural scale raises questions since stress 
and strain rates vary by many orders of magnitude. It is thus important to try to reconcile 
lab experiments with deformation observed at the scale of the crust using geodetic 
measurements. Rheology estimates based on geodetic ground deformation 
measurements are usually associated with post-seismic relaxation after large 
earthquakes (e.g. Liu et al., 2020; Freed et al., 2006) or from water level variations in 
large lakes (e.g. Bills et al., 2007; Wahr et al., 2013, Cavalié et al., 2007, Doin et al., 
2015). However such rheological estimates are sparse in time and space, depending on 
the occurrence of large earthquakes or location of great lakes. The advantage of seasonal 
hydrological loads is that they are widespread over large areas and continuous in time. 
Nonetheless, the amplitude and spatial dimensions of the loading have to be large 
enough to infer lower crustal and upper mantle viscosities.  

We developed an innovative approach to assess the rheological parameters of 
California's crust and upper mantle based on phase shifts between periodic loading and 
surface deformation recorded by GNSS. The most widespread source of periodic crustal 
loading in space and time is the seasonal loading due to annual cycle of the hydrosphere 
(e.g., Amos et al., 2014; Argus et al., 2017; Johnson et al., 2017; Kreemer & Zaliapin, 
2018). Recent studies have proved that the phase shift between the annual loading and 
associated surface deformation can provide a lower bound estimate for the mantle 
viscosities at the global scale (Chanard et al., 2018). In this project, we intend to apply a 
similar approach to the one developed in Chanard et al., (2018) to the regional scale of 
SCEC Community Rheology Model (CRM). We model the viscoelastic response due to 
the annual loading in California that is the sum of soil moisture due to rain, snow and 
artificial lakes filling (Argus et al., 2017) and compare the surface deformation response 
for various rheological structures to the annual deformation observed by GNSS (Kreemer 
& Zaliapin, 2018). This approach aims to give new estimates of California’s lower crustal 
and upper mantle rheology, which we can compare to flow laws based on geological data 
and laboratory experiments considered in the CRM, as well as estimates made from 
postseismic studies and water level variations in lakes.  



 2 

 By exploring the rheology of California’s lithosphere, this project is directly related to 
several research priorities and objectives outlined in the SCEC 2021 Science Plan. 
Specifically, determination of the viscosity at depth from data independent of fault-related 
earthquake cycle deformation will provide new insights on the rheology of the ductile roots 
of fault zones (P3a, P3b). Several studies have shown the importance of visco-elasticity 
in seismic cycle models (e.g. Pollitz 2012, Allison et al., 2018). Getting viscosity estimates 
from non-fault related processes is key to obtain robust rheology estimates of the bulk 
that surrounds faults. Our study provides new constraints on the effective rheological 
structure in the lower crust and upper mantle of California, and will thus contribute to the 
ongoing development of the CRM. In future work we hope to provide complementary 
estimates of the rheology to the ones based on geological and laboratory experiments 
studies that are at the core of the CRM.  

In this project, we rely on phase shifts between independently constrained periodic 
loading and surface deformation recorded by GNSS. The continuously operating GNSS 
network in California is particularly dense and has recorded continuous displacement time 
series for ~20 years. For a reliable dataset capturing the annual load signal, we are using 
the seasonal deformation time series extracted and interpolated by Kreemer et al., (2018). 
The position time series have been processed between 2002 and 2018 by the Nevada 
Geodetic Laboratory in the NA12 reference frame (Blewitt et al., 2018).  

 

 
 
Figure 1: Left panels show observed, detrended time series for station CAND near Parkfield 
(blue PBO, green UNR solution) and predicted elastic deformation from hydrological load model 
based on GRACE observations. Right panels show the residual time series. The difference of 
phase between the model and the prediction is increasing the seasonal amplitude of the 
residuals. 
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When comparing the GPS time series in California to a loading model based on the 
Gravity Recovery And Climate Experiment (GRACE) observations (Chanard et al., 2014), 
we can see that the displacement time series and the model predictions are out of phase 
(Figure 1). While this phase shift can be due to errors in the loading model, it could also 
be associated to non elastic properties of the lower crust and upper mantle. The loading 
that produces the annual deformation recorded by GNSS has several sources. The main 
sources are related to the annual weather variations, such as the amount of rain and 
snow, the reservoir filling, as well as atmospheric pressure changes. We are using the 
loading contributions from snow, rain and artificial reservoirs that are the main loading 
sources. The time evolution of snow depth in continental US is provided by the Snow 
Data Assimilation System (SNODAS). Shallow soil moisture variations due to rain are 
provided by the Land Data Assimilation System (NLDAS), and the artificial reservoir filling 
by the California Department Exchange Center (CDEC) of the department of water and 
resources. All these contributions are available as supplementary materials of Argus et 
al., (2017). The largest source of seasonal loading is in the Sierra range, with a maximum 
equivalent water thickness of ~ 600 mm in the late winter.   
Benchmarking of codes for computing viscoelastic relaxation 

 In order to model the elastic and visco-elastic response of the lithosphere to seasonal 
surface loading, we are using two different approaches that both have advantages and 
inconvenients. The first method is the approach developed by Cathles (1975), in which 
the medium response to a surface load is decomposed into a sum of harmonic loads, 
obtained by 3D Fourier transformation in space (X,Y) and time. It accounts for 1D depth 
variations of elastic properties and viscosity and has the advantage of being 
computationally very efficient.  

In the second approach, we use Abaqus (Hibbet et al., 2012), a commercial finite 
element analysis software package, to model the response of Earth’s crust to hydrologic 
loading scenarios. Abaqus models allow for the exploration of unique rheological 
configurations that incorporate 3D effects, but the method is computationally less efficient 
than the first method. 
Synthetic tests from both methods 

The amplitude and the timing of the surface deformation in response to the seasonal 
loading depends on the Earth’s rheological structure. Both elastic moduli variations and 
visco-elasticity in the lower crust and upper mantle affect the observed surface seasonal 
deformation (e.g., Pollitz et al., 2013; Chanard et al., 2014; 2018). We consider synthetic 
tests to evaluate the range of amplitudes, load dimensions, loading frequency and 
rheological parameters that we can expect to produce a meaningful phase-shift signal. 
Initial tests are parameterized to have amplitudes and dimensions similar to those 
observed in the Sierras. Figures 2 and 3 respectively present synthetic tests for 
homogeneous medium, and two layer mediums with varying viscosities. Phase shifts are 
emerging for viscosities lower than 10!"	𝑃𝑎. 𝑠. We will then estimate the phase shifts 
between the loading and the surface vertical displacements and horizontal strains for 
more realistic rheologies. In these sensitivity tests, we will also examine the importance 
of the spatial dimensions of the surface load, the thickness of the elastic layer, and the 
period (e.g., annual or multi-annual load cycles). We will also verify that the obtained 
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phase shifts are larger than possible errors in the GPS seasonal signal phase that may 
arise from reference-frame or other errors.  

 

 

Figure 2: Example of a synthetic model of surface displacement associated with different bulk 
viscosities. Left: A 2D spatial Gaussian is used as the synthetic loading, with decaying amplitude 
from 1 to 0. Temporal sinusoidal evolution of the loading amplitude throughout the year. Right: 
Horizontal and vertical surface displacement at the location (X = 120 km ; Y = 250 km) for two 
different viscosities in the top 20 km.  
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Figure 3: Example of modeling with the Finite 
Element Method (Abaqus). The 3d load (top 
panel) is spatially gaussian. The bottom panel 
presents surface deformation for one cycle of 
loading and different configurations of rheologies. 
Vertical displacement responses to loading (color-
coded solid lines) show that models that 
incorporate a linearly elastic material (orange) and 
a maxwell material with relatively high viscosities 
(η = 1019, green) appear in phase with the applied 
synthetic load (dashed line). In contrast, 
displacement responses for models that 
incorporate either a Burgers material (blue) or the 
low viscosity maxwell material (η = 1017, red) 
exhibit a shift in phase of ~ ≤1 month.     
 
 
 
 

Perspectives 
In ongoing work, we are applying the methodology derived from the suite of synthetic 

models to the loading by hydrological loads in California. We try a variety of rheological 
structures to assess the influence of both the elastic layer thickness and the effective 
viscosity of the lower crust and upper mantle on the phase shifts between the loading and 
the displacement. We also explore how the integrated effects of multiple hydrological 
loading cycles affect vertical displacement responses. Finally, an inversion for these two 
parameters will be performed in order to best explain the seasonal vertical displacement 
and horizontal strain signal derived from GPS measurements. At a minimum, such an 
analysis will allow us to estimate a lower bound of the lower-crustal and upper-mantle 
viscosities at the scale of California, even if no clear phase shift is observed. Results will 
be compared to estimates of effective viscosity from postseismic deformation studies and 
elastic thicknesses based on topography, gravity and crustal scale seismic-refraction 
studies. 
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