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1. Summary, Motivation and Background 

We propose to initiate development of a catalogue of rheological flow laws and construct 
quantitative tools to calculate effective viscosities of crustal rocks appropriate for application in 
the nascent Community Rheological Model (CRM). Over the last few years, there has been a 
growing appreciation for how the rheology of the lithosphere is important for several SCEC goals 
linked to the Community Stress Model (CSM), Community Geodetic Model (CGM), and the 
SDOT group’s goals of constraining the loading of faults at the time scales much greater than an 
earthquake cycle.  

Our goal is to start preparing the database of pertinent mineral and rock flow laws, as well as 
rheological mixing laws which are necessary to calculate effective viscosities for crustal rocks. In 
anticipation of preparatory efforts to construct a Community Thermal Model (CTM), as well as 
efforts to constrain pertinent rock types based on relationships between seismic velocity (Vp, Vs, 
Vp/Vs) and rock composition, we describe here the efficacy of calculating rock viscosity based on 
composition and highlight where important assumptions about rheology need to be considered. 
The products of our analyses will be tractable macros and catalogues that should be easily 
incorporated into a CRM as the project matures – in collaboration with the other SCEC scientists 
leading efforts to develop the CTM, seismic imaging and geodynamic modelling. These efforts 
will also provide a “rheological backbone” onto which additional processes can be studied, such 
as grain size evolution, transient creep and the evolution of macroscopic shear zone structure – all 
of which are important for understanding processes responsible for lithospheric-scale strain 
localization, the interpretation of post-seismic creep, and understanding earthquake rupture 
dynamics near the brittle-plastic transition. 

  



2. Methodology for Calculating Effective Crustal Viscosity  

Here we illustrate results from our last year of SCEC-funded research focused on estimating 
effective crustal viscosity by integrating constraints from seismic velocity and multi-phase mixing 
theory. Over the last decade, extensive data bases of crustal rock compositions have been compiled 
[Hacker et al., 2015]. Previous work has quantified the relationship between seismic velocity and 
crustal composition [e.g., Behn and Kelemen, 2003]. Here we illustrate the additional relationship 
linking seismic velocity to viscosity for a given strain rate, pressure, and temperature. 

In Figure 1, we show calculations of VP and VS for a broad range of rock compositions color-coded 
as a function of the calculated viscosity. For each bulk composition, we use thermodynamic phase 
equilibria calculation (Perple X, Connolly, 2009) to estimate stable mineral assemblages under 
pressure and temperature (P-T) conditions appropriate for the lower crust. The seismic velocities 
are then calculated within Perple X using the modeled mineral assemblages and the densities and 
elastic constants of the minerals at the appropriate conditions. 

To calculate the aggregate viscosity from the 
equilibrium mineral assemblages, we employ the 
mixing model of Huet et al. [2014]. This method 
assumes a large enough scale that the rock can be 
considered homogeneous and isotropic. Based on our 
phase equilibria calculations, we consider four major 
crustal minerals: quartz, feldspar (plag + alkali 
feldspar), pyroxene (opx + cpx), and garnet; together, 
these phases typically make up >90% of the crust by 
volume in our calculations. Flow laws for quartz, 
feldspar, and pyroxene are taken from Hirth et al. 
[2001], Rybacki et al. [2006], and Dimanov & Dresen 
[2005], and include a water fugacity term in all flow 
laws (Figure 2).  The applicability of most of these 
flow laws (i.e., quartzite, plagioclase, pyroxenite) at 
geologic strain rates has been tested through a 

combination of microstructural analyses and thermobarometry/chronology of naturally deformed 
rocks from well-preserved structural environments under both dry and wet rheological conditions 
[e.g., Mehl and Hirth, 2008; Behr and Platt, 2011, Getsinger et al., 2013]. Huet et al. [2014] 
demonstrate that the continuum mixing laws provide a good fit to experimental data on two-phase 
aggregates. 

Our previous work [Shinevar et al., 2015] illustrates that the viscosities calculated for average 
lower crustal compositions ranging from basaltic to andesitic [e.g., Rudnick & Gao, 2003; Hacker 
et al., 2011] agree well independent estimates of lower crustal viscosity in actively deforming 
regions based on geodetic studies [e.g., Thatcher & Pollitz, 2008] (Figure 3). These calculations 
indicate that under the same P-T and strain-rate, andesitic lower crust has a viscosity that is 
approximately 10 to 30 times lower than a basaltic lower crust, illustrating the strong influence of 
rock composition on predicted rheology.  Geodetic viscosity estimates range from 1019–1021 Pa·s 
for tectonically active regions with estimated strain rates between 10-13–10-14 s-1 [Thatcher & 
Pollitz, 2008] and average heat flow of ~80 mW/m2 [Lee & Uyeda, 1965; Pollack &Chapman, 
1977] (grey boxes in Fig. 3).  More recent studies give similar estimates, with slightly lower crustal 
viscosities ranging from 3.1 x 1018–3.1 x 1020 [Hammond et al., 2009; Pollitz & Thatcher, 2010; 



Chang et al., 2013]. In all of the geodetic 
studies, the lower crust is modeled as a single 
layer with constant viscosity, and thus, we take 
these values as an estimate of the average 
viscosity over the lower crust (15-30km; grey 
boxes in Fig. 3). The estimates from the 
postseismic relaxation studies must be 
considered lower bounds, because of the short 
time span (<40 years) over which relaxation has 
been analyzed. Nonetheless, analyses of 
paleolake shorelines in Tibet provide lower 
bounds for long-term lower crustal viscosities 
similarto those estimated from postseismic 
relaxation in the same region [England et al., 
2013; Shi et al., 2015]. 

Returning to Figure 1, we see a strong 
correlation between the seismic velocity and 
viscosity at 700ºC, presaging the efficacy of 
using seismic velocity from the CVM to 
constrain lower crust viscosity in Southern 
California.  Fitting these data with a relationship 
of the form log   results in 
an R2 = 0.97 (Figure 1). 

Linking viscosity calculations to the Community Velocity Model. 

Using our relationship between seismic velocity and viscosity, we infer the viscosity structure of 
Southern California based on the CVM (Figure 4).  Our initial results assumed a constant crustal 
temperature of 700ºC at 7 kbar (~25 km depth).  This approach likely over-estimates the effect of 
composition on viscosity because it maps all of the velocity perturbations into variations in 
viscosity due to changes in crustal lithology. Thus, our next goal is to follow a similar approach 



but using a more realistic thermal structure that takes into account lateral variability.  To do so, we 
can utilize regional heat flow data (Figure 4d) and available constraints on crustal heat production 
– data that are being compiled as part of the CTM.  Further, we need to incorporate a more accurate 
model for crustal thickness. For example, the region near the Salton Trough characterized by both 
high heat flux (Figure 4d) and high viscosity (Figure 4c), could represent an area with anomalously 
thin crust where the Moho is located shallower than 25 km depth [e.g., Parsons and McCarthy, 
1996].  In this case our seismic velocity to viscosity relationship for crustal rocks cannot be applied 
directly to the seismic data. 

 

  



EXEMPLARY FIGURE: We use seismic velocity (P and S wave) from the SCEC CVM to 
constrain lower crustal viscosity.  Our analysis follows a three-step approach. First, we use the 
Gibbs free energy minimization routine Perple_X to calculate equilibrium mineral assemblages 
and seismic velocities for a global compilation of lower crustal rocks (Hacker et al. AREPS, 
2015) at various pressures and temperatures. Second, we use the Huet et al. (JGR, 2014) mixing 
model and single-phase flow laws for major crust-forming minerals to calculate bulk viscosity 
for the predicted equilibrium mineral assemblages. Finally, we linearly fit the viscosity 
calculations to the seismic velocity calculations. This method provides a strong (R2>0.9) fit in 
the alpha-quartz regime. Our figure shows a viscosity map for 25km depth assuming T=700°C 
and έ=10-14 s-1 as well as the viscosity-velocity data shown in the upper right hand corner. High 
viscosity in the Salton Trough is measuring mantle, rather than crustal behavior, owing to 
shallow Moho. The colored lines are the estimated fit. Our results are in agreement with regional 
geodetic estimates from Freed et al. (GRL, 2007).   
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