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COLLABORATIVE RESEARCH:  

WHAT IS THE RHEOLOGY OF ROCKS WITHIN THE GEOLOGICAL FRAMEWORK? 

MOTIVATION 
Active plate boundary areas, like South California, accumulate permanent deformation in 
response to a variety of loadings (e.g., Meade and Hager, 2005; Bird, 2009; Klein et al., 2009; 
Shen et al., 2011; Johnson, 2013; Sandwell et al., 2016). Understanding the rheological structure 
of the lithosphere makes it possible to infer from this loading the stress on faults and their 
potential downdip extensions which informs estimates of hazard and also stress transfer in the 
postseismic period (Freed and Lin, 2001; Pollitz and Sacks, 2002; Hearn and Thatcher, 2015). 
The CRM initiative at SCEC aims at generating a description of the rheology of the South 
California lithosphere linked to the lithology of the various lithotectonic blocks present in the 
region (Hearn et al., 2020). In particularly, the Geological Framework (GFM) defines 23 blocks 
in the region, and assigns in each block a sequence of lithologies at depth (Oskin et al., 2018; 
Plesch et al., 2019). In this project, we developed a general scheme for approximating a ductile 
flow law for each lithology appearing in the GFM. 
Table 1: Flow law parameters for each mineral constituent of the GFM lithologies 

 𝒏 𝒑 𝑸 [J/mol] 𝑽 [m] 𝑩 [Pa.sn] Reference 

Quartz 4 1 135000  1.1941 × 10!" Hirth, Teyssier and 
Dunlap, (2001) 

Feldspar 3 1 345000 38 × 10#$ 5.1951 × 10% Rybacki and Dresen 
(2006) 

Biotite 18  51000  2.7013 × 10% Kronenberg et al. 
(1990) 

Pyroxene 5.5  534000  4.2398 × 10& Dimanov and 
Dresen (2005)  

Amphibole 3.7  244000  7.0505 × 10$ Hacker and Christie 
(1990) 

Olivine 3.5 1.2 520000 22 × 10#$ 8.3362 × 10$ Hirth and Kohlstedt 
(2003)  

EFFECTIVE RHEOLOGY 
The 19 “lithologies” that appear in the GFM are defined by the abundance of 6 generic 

minerals, quartz, feldspar, biotite, pyroxene, amphibolite, and olivine. Laboratory-derived flow 
laws are available for each of these minerals, although not all are known with great confidence. 
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In consultation with Greg Hirth, we selected a preferred flow law from the literature and report a 
degree of confidence.  

We only considered power-law rheologies (dislocation creep) reported in the form 
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where 𝜎 is the stress, 𝜀̇ is the strain rate, 𝑃 is the pressure, 𝑇 is the temperature, 𝑅 is the gas 
constant, and 𝑓/ is the water fugacity. Not all laws had all the dependencies above represented. 
Although the user is free to specify water fugacity, we also include relations where : 
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with 𝐴0 = 5.521 × 101, 𝑄0 = 31.8 × 10#2, and 𝑉0 = 10.09 × 10#$, with represented water-
saturated conditions thought to be appropriate in most of the crust (Shinevar et al, 2015, fit from 
the thermodynamic data of Pitzer and Sterner, 1994). The remaining parameters are given in 
Table 1, along with the reference for the original data. 

The rheology of each lithology is defined using the MPGe model of Huet et al. (2014), 
which is appropriate for a non-textured rocks, that is, outside of high strain shear zones. The 
calculation involves first defining the series of parameter 𝑎3 =

∏ (+%(!)%
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, where the product is 
taken over all the mineral considered, and the index 𝑖 denotes each specific mineral. The 
rheology of the mixture follows Equation 1, but with effective values of the parameters 𝑛I, �̅�, 𝑄I, 
𝑉I , and 𝐵I . These values were provided in the CRM 20.9 release (Hearn et al., 2020). To increase 
ease of use, we further simplify the rheology by assumed that water fugacity obeys Eq. 2. In that 
case, the rheology of each lithology becomes: 
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The parameters for each lithology are gathered in Table 2 and were also provided CRM 

20.9. Note that the mantle is treated differently form the scheme described above. We use the 
Olivine rheology of Hirth and Kohlstedt (2003) with a water content of 𝐶>? = 480	H/10$Si. 
Table 2: Effective flow law parameters for the minerals that appear in the GFM. 

Names 𝒏U 𝑸U  𝑽U 𝑩U  Example 
viscosity 

Basalt 4.45 4.95e+05 4.50e-06 1.32e+05 9.34e+22 

Forearc sediments 4.06 1.91e+05 -1.50e-05 2.15e+07 3.46e+20 

Franciscan melange 4.19 2.04e+05 -1.21e-05 1.49e+07 4.13e+20 

Franciscan schist 3.94 2.17e+05 -1.05e-05 1.08e+07 4.79e+20 

Gabbro 4.45 4.95e+05 4.50e-06 1.32e+05 9.34e+22 

Granodiorite 05 3.63 3.13e+05 7.79e-06 5.68e+05 1.99e+21 
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Granodiorite 10 3.62 3.17e+05 8.70e-06 5.16e+05 2.16e+21 

Meta-basic 3.60 3.60e+05 1.14e-05 2.27e+05 6.36e+21 

Meta-felsic 3.53 3.24e+05 7.61e-06 4.42e+05 2.78e+21 

Meta-intermediate 3.56 3.42e+05 9.50e-06 3.17e+05 4.21e+21 

Peridotite 3.80 5.54e+05 -1.80e-06 1.04e+04 3.51e+23 

Quartz diorite 3.60 3.20e+05 9.59e-06 4.69e+05 2.34e+21 

Rand schist 3.93 3.28e+05 1.14e-05 4.45e+05 2.18e+21 

Rift basin fill 3.94 2.17e+05 -1.05e-05 1.08e+07 4.79e+20 

Schist 3.94 2.17e+05 -1.05e-05 1.08e+07 4.79e+20 

Sediment 3.88 1.29e+05 2.47e-05 2.20e+07 3.40e+20 

Mantle 3.5 4.80e+05 1.1e-05 20029  
 

EXAMPLE CALCULATIONS 
The GFM lithology flow laws can be used to 
calculate the strength of all the blocks in the GFM, 
given also a strain rate and temperature profile. We 
present here here the specific case of the Mojavia 
block, with a temperature profile taken from the 
Community Thermal Model (CTM).  

Figure 1 presents  in colors the strength 
profile calculated using the rheologies described 
here, which are based on the lithologies defined in 
the GFM. The profile resembles a classical 
“Christmas tree diagram” with a weak middle crust. 
The main strength contrast, though, is at 25 km 
depth when the models transitions from the schist to 
gabbro rheology. The base of the crust is 5 km 
deeper and does not have a major change in 
strength. By comparison, the dashed grey line 
displays the strength profile that would be typically 
constructed, using endmember mineral flow laws 
only. In this case, we chose Quartz to 25 km where 
lithology are granodiorite, quartz diorite, and 
schists, then feldspar from 25 to 30 km, where the 
lithology is a gabbro, and finally olivine in the 
mantle. Evidently, the “rock rheologies” are in-
between these mineral flows, and using minerals 
instead of rock would be misleading: There would 

 
Figure 1: Strength profile for the Mojavia 
block using the CRM rheologies developed 
here (colors) or a simpler model based on 
mineral endmembers only 
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be three pronounced stress 
maxima, and the uppermost mantle 
would be much stronger, to the 
point of being brittle. The brittle-
ductile transition would be 
different from what is predicted by 
rock-equivalent flow laws. The 
CRM-derived profile is perhaps 
easier to reconcile with the 
seismicity of the Mojavia block 
reported by Haucksson and Meyer 
(2018), which shows no evidence 
of earthquakes at base of the crust 
or in the mantle. 

The integrated strength of 
the lithosphere is similar for the 
two models, as in one the mantle is 
stronger but in the other the middle 
crust is stronger. The way that the 
integrated strength changes with 
strain rate defines the effective 
rheology of this particular block 
(Figure 2). The effective rheology 
based on the CRM is slightly more 
non-linear than that from mineral flow laws, perhaps due to the inclusion of biotite (𝑛 = 18). 
Future work is needed to determine if this change significantly impacts the strain rate expected in 
this block in response to tectonic loading. 

AVAILABILITY OF RESULTS 
The parameterization described here and a longer exposé of the calculation method are included 
in the CRM 20.9 release. The parameter table is distributed under the name 
GFLitho_MPGe_Wet.csv. After a header describing the content of each column, each row is 
related to a specific lithology appearing in the GFM, as well as the mantle (20 rows in total). The 
columns are:  

• Column 1: Name of lithology 
• Column 2: Stress exponent 𝑛 used in both flow laws  
• Columns 3 to 6: parameters 𝑟, 𝑄, 𝑉, and 𝐵 to be used with the flow law in which the user 

specifies water fugacity: 𝜂 = @
A
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+,-
9 𝜀
˙ !
"#!𝑓/

#*" 

• Columns 7 to 9: parameters 𝑄0, 𝑉0, and 𝐵0 to be used with the flow law water-saturated 

conditions are assumed: 𝜂 = @$
A
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• Column 10: Example viscosity computed for water saturated conditions at 800°C and 
under a strain rate of 𝜀

˙
= 10!B𝑠#!. 

 
Figure 2: Strength integrated to 50 km depth for the CRM 
model (blue) and the arbitrary model based on mineral flow 
laws. While the strength is not very different between these 
models, the low slope of these curves (high effective stress 
exponent) implies that the two models would result in 2 orders 
of magnitude difference in strain rate at given stress. 

10-20 10-18 10-16 10-14 10-12 10-10 10-8

Strain rate (1/s)

102

103

104

105

In
te

gr
at

ed
 s

tre
ss

 (M
Pa

 k
m

)

Mineral flow laws

CRM model

Mojavia block



[SCEC 19145 – Rheology of rocks within the Geological Framework] 5 
 

• Column 11 to 16: mineral breakdown of each rock type (similar to the GFM). In order, 
the minerals are quartz, feldspar, biotite, pyroxene, amphibole, and olivine. 

• Column 17: the proportion of the “mantle” end-member flow law. 
Matlab files calculating the parameters based on end-member flow laws and GFM definitions are 
also included in the distribution. The CRM flow laws have been added to the RHEOL_GUI 
calculator, although issues with rock density have delayed the release of a new version.  

IMPORTANCE OF FABRIC 
The mixing rheology used here assumes that the strain rate is the same in all the mineral phases 
that make up the rocks and that the phases are randomly distributed (hence the geometric 
average). These assumptions break down in shear zones and highly deformed rocks, where 
phases are instead aligned an connected along the strike of the shear zone (e.g. White et al., 
1980). An approximation for the strike-parallel strength of these rocks is provided by a constant 
stress  averaging of the endmember flow laws using arithmetic averaging (Handy, 1994; Ji et al., 
2003; Montési, 2007). The resulting rheology cannot be expressed in a simple form as in 
Equation 3, and how to incorporate it in the CRM is still an unresolved issue. For illustration, 
Figure 3 shows the ratio of viscosity expected in a shear zone compared to the blocks includes in 
CRM 20.9, for a given deviatoric stress of 1 MPa (Montési et al., 2020). Larger viscosity 
contrast are expected in gabbro, because of the strength contrast between plagioclase and 
pyroxene, and in rocks that contain biotite especially when associated with plagioclase. No 
significant viscosity contrast expected in sediments or peridotite. This insight helps identifying 
where in South California constraining the presence and rheology of shear zones would be most 
impactful. 

 
Figure 3: Ratio between shear zone viscosity and the viscosity of a bulk rock as described in CRM 20.9 
for a given deviatoric stress of 1 MPa and for each rock type in the GFM. The rocks are ordered in by 
increasing viscosity ratio at 400°C.  
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