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Coupled in!uence of tectonics, climate, and surface
processes on landscape evolution in southwestern
North America
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The Cenozoic landscape evolution in southwestern North America is ascribed to crustal

isostasy, dynamic topography, or lithosphere tectonics, but their relative contributions remain

controversial. Here we reconstruct landscape history since the late Eocene by investigating

the interplay between mantle convection, lithosphere dynamics, climate, and surface pro-

cesses using fully coupled four-dimensional numerical models. Our quanti"ed depth-

dependent strain rate and stress history within the lithosphere, under the in!uence of

gravitational collapse and sub-lithospheric mantle !ow, show that high gravitational potential

energy of a mountain chain relative to a lower Colorado Plateau can explain extension

directions and stress magnitudes in the belt of metamorphic core complexes during topo-

graphic collapse. Profound lithospheric weakening through heating and partial melting, fol-

lowing slab rollback, promoted this extensional collapse. Landscape evolution guided

northeast drainage onto the Colorado Plateau during the late Eocene-late Oligocene, south-

southwest drainage reversal during the late Oligocene-middle Miocene, and southwest

drainage following the late Miocene.
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CP tilts the plateau to the east and northeast by 20 Ma. The
timing of CP edge surface uplift from 25 to 15 Ma in our
simulations is consistent with incision observations35 during
Neogene surface uplift for the CP edge with respect to the BRP.
As surface uplift continues to the center and eastern part of the
CP by 15 Ma, the model shows the doming of the central part of
the CP (Fig. 8). Late-stage lithospheric strength distribution in
our models (Fig. 6f) is consistent with present-day effective elastic
thickness distribution for SWNA50. Moreover, following 36 Myr

of !nite strain, our simulated !nal Moho boundary and
lithosphere-asthenosphere boundary (LAB) structures are con-
sistent with interpretations of seismic pro!les across the region51
(Fig. 6f).

Climate and surface processes in!uences on landscape evolu-
tion. The modeling of paleo-climate and surface processes predict
three phases of shifting drainage patterns that signi!cantly

Fig. 5 Model setup and boundary conditions for the 4-D thermo-mechanical model of the lithosphere. a Model geometry, parameters and boundary
conditions, temperature, and strength as a function of depth. The yellow graphs represent the de!ned starting viscosities based on a constant strain rate of
1e!14 s!1. LAB: lithosphere-asthenosphere boundary; T: temperature; !: density. b–g Temperature variations at 200 km depth used in thermo-mechanical
modeling of the lithosphere at 35.9, 24, 18, 12, 6, and 0 Ma, respectively. Red arrows represent kinematic !eld associated with sub-lithosphere tractions
from mantle convection at 200 km depth. Black lines are the present-day state boundaries. The map images were created by authors using: www.soest.
hawaii.edu/gmt/ and www.paraview.org/.
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Crust and mantle 
rheology is key for linking 
geologic history to 
dynamic processes
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The role of gravitational body forces in the
development of metamorphic core
complexes

Alireza Bahadori 1,2 , William E. Holt 2, Jacqueline Austermann1,
Lajhon Campbell2, E. Troy Rasbury 2, Daniel M. Davis2,
Christopher M. Calvelage3 & Lucy M. Flesch 4

Within extreme continental extension areas, ductile middle crust is exhumed
at the surface as metamorphic core complexes. Sophisticated quantitative
models of extreme extension predicted upward transport of ductile middle-
lower crust through time. Here we develop a general model for metamorphic
core complexes formation and demonstrate that they result from the collapse
of a mountain belt supported by a thickened crustal root. We show that
gravitational body forces generated by topography and crustal root cause an
upward !ow pattern of the ductile lower-middle crust, facilitated by a
detachment surface evolving into low-angle normal fault. This detachment
surface acquires large amounts of "nite strain, consistent with thick mylonite
zones found in metamorphic core complexes. Isostatic rebound exposes the
detachment in a domed upwarp, while the "nal Moho discontinuity across
the extended region relaxes to a !at geometry. This work suggests that belts of
metamorphic core complexes are a fossil signature of collapsed highlands.

Continental or metamorphic core complexes (MCCs)1 as well as
oceanic core complexes1 are found in both extensional continental
settings2–6 and oceanic spreading centers7–9, respectively. Meta-
morphic rocks and migmatites constitute the dome core within a
MCC10,11 that is exhumed at the surface1,12–14. A low-angle detachment
fault (<30°) constitutes the uppermost part of the domal or arched
structure of a MCC1,12–14. Above the detachment surface lies brittle
faulted cover rock11, which is in direct contact with ductile middle-
lower crust, with adjacent sedimentary basins formed in association
with this fault geometry1,12–14. While the Anderson fault theory15 sug-
gests that normal faults should form at high angles (>45°) under
extension, the origin andmechanics of the low-angle detachment zone
that forms a MCC, whether it originates with a high or low dip angle,
have been highly debated6,10,15–20. Previous numerical simulations of
MCC formation and evolution13,21–30 have tried to explore the
mechanisms and conditions of MCC formation. These models show
that factors that can produce a low-angle detachment fault through an

extensional boundary condition include (1) a viscosity or density
contrast between the brittle upper crust and ductile middle–lower
crust26, (2) localization of strain at a single pre-de"ned weak fault
zone1,10,11,23,26,31,32 or a single fault that forms spontaneously as the result
of shear localization and strain-induced weakening13,21,25,26,33,34, (3) par-
tial melting associated with an increase in temperature23,24,26,28, or (4) a
thickened crust26,31.

The complex tectonic history, dramatic extension, and large
number of detailed "eld observations and geophysical data4,35 make
the Basin and Range Province (BRP) of southwestern North America
(SWNA) an ideal natural laboratory for studying MCC formation4,11,36.
Within the SWNA, reconstruction of crustal structure37 based on
palinspastically restored extension and shear history estimates over
time38 suggests that the distribution of MCCs lie within zones or belts
where the crust was thickened prior to extensional collapse (Fig. 1).
Recent numerical modeling efforts39,40 have shown that the crustal
extension and topographic collapse in SWNA was caused by tensional
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30Ma, the upper portion of the detachment fault located near the
surface is at a low dip angle of 10°. This rotation of the detachment
fault and formation of a MCC is consistent with the behavior of the
“rolling hinge” mode57 in which the ductile middle crust and detach-
ment fault are pushed upward by the local pressure gradient

associatedwith necking zonewithin the upper crust (Figs. 3d, j and 4c).
As a result, the middle crustal material on the footwall of the active
fault is brought up to near sea level along the detachment fault, which
is covered by the sediments. Finally, by 25Ma, the middle crustal
material on the footwall of the main detachment is located near the

Fig. 3 | Deformation of the model with a crustal root and a laterally varying
surface elevation since the late Eocene under the in!uence of basal tractions,
free slip side boundaries, and non-uniform distribution of gravitational body
forces. a–f The evolution of crustal structure together with the magnitude of the
!nite plastic strain for the brittle upper crust at 35.5, 34, 32.5, 30, 25, and 5Ma,
respectively. Vectors represent the "ow !eld through time. g–l The evolution of
!nite strain (values represent second invariant of strain tensor)magnitude through
the brittle and ductile zones of the crust at 35.5, 34, 32.5, 30, 25, and 5Ma,
respectively. Cross-section (starting geometry) is at 38° N from ref. 37. Note that in

experiment with a crustal root theweakening and damageof the brittle upper crust
and the resulting accumulatedplastic strain and plastic shear zones producebasins
and ranges. A necking center below the highlands forms and remains active. Dip of
the active shear zones is high at the onset of topographic collapse and evolves into
low-angle detachment fault through time. Red areas on the left panels represent
locations affected by erosion and sedimentation. Experiments start at 36Ma and
evolve to 0Ma. Stages of evolution are given in Ma. Green dashed line represents
the zoomed-in area for panels in Fig. 4.
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Extensional collapse of topography 
and thickened crust produces 
metamorphic core complexes.

Crustal rheology (composition, 
temperature, melt)  is key
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Introduction
The complex tectonic setting and fault system in California have produced a mosaic of crustal
blocks for which their strength varies significantly across the region.
Here we show the chemical, one of the most significant factors that determine crustal strength,
can be quantified from a new map of Vp/Vs for the crystalline crust by applying a newly
developed data processing scheme that involves a 2-layer H-k stacking of receiver functions.
Precisely determining the crustal Vp/Vs will provide us insights of the chemical composition,
especially SiO2 wt% , the oxide that alter the rock elastic and theological properties
significantly (Lowry and Pérez-Gussinyé,2011). We test the dynamic effects of the derived
compositional structure in a 3-D thermomechanical model.
.

Figure. 1 The loca(ons of seismic sta(ons used in this study and the corresponding study region are
plo5ed on the topography map (ETOPO1, Amante and Eakins, 2009). 271 sta(ons belonging to Southern
California Seismic Network (CI array) and 102 sta(ons from other seismic arrays are plo5ed in red and
black triangles, respec(vely. The boundary of our study region is outlined by the dashed blue lines. Solid
black lines are the state boundaries and do5ed black lines mark the boundaries of major tectonic
regions in Southern California. Abbrevia(ons: SN (Sierra Nevada), GV (Great Valley), SWL (Southern
Walker Lane), S (Salinia), SMB (Santa Maria Basin), MD (Mojave Desert), B&R (Basin and Ranges), WTR
(Western Transverse Ranges), PR (Peninsular Ranges), ST (Salton Troughs).

Data

Event: Magnitude> 5.5, 2010.01.01~2020.01.01
Station:4460 CI stations (265 broadband, 195

strong motion), 148 None CI stations
Method: 2-layer H-κ sequential stacking method

(Yeck et al.,2013)

Figure 2: H-κ stacking results at sta0on CI_RRX (A) High frequency P-wave RFs at sta0on RRX are ploCed

according to ray parameters. The red, green and blue dots mark the arrival 0mes of Ps, PpPs, PpSs+PsPs phases

at sediment boCom, respec0vely. The dashed lines indicate the predicted arrival 0mes from H-κ energy stacking.

(B) Low frequency P-wave RFs. The colored dots mark the arrival 0mes of converted/reverberated phases at the

Moho. (C, D) H-κ stacking energy of sediment phases and Moho phases, respec0vely. The stacked energy from all

the RF waveforms is shown by background color, and individual RF predicted results are ploCed in circles. The

intersec0ons of dashed lines are the mean values of the circles, which are labeled together with the standard

devia0ons..

2-layer H-κ stacking
A 2-stage application of the 2-layer H-k stacking is performed here. First, we apply this method to
high frequency receiver functions and calculate the thickness and Vp/Vs of the sediment layer.
These results are used to eliminate the influence of the reverberations generated by sediment layer
in the low frequency receiver functions. Besides the widely used energy stacking (Zhu & Kanamori
2000), the statistic values from individual events are used to estimate the thickness and Vp/Vs (Fig
2)

Moho depth and Crustal Vp/Vs 

Figure 3. (A) Sediment thickness map. Small circles and

their colors represent the loca0on and the sediment thickness

of each sta0on. (B) Sediment Vp/Vs. (C) Moho depth. (D)

Crystalline crust Vp/Vs.

Fig.3 shows thickness and Vp/Vs for the sediments at 
309 stations and for the crystalline crust at 270 
stations as well as the smoothed maps in the 
background

Figure. 4 The panel on the leV shows a Vs profile increasing with depth. The surface in the middle shows the rela(onship
between SiO2 weight percentage, Vp/Vs, and Vs. Petrology observa(ons: small circles - Hacker et al. 2015; Squares - Christensen
1996. The background color represents the interpolated SiO2 wt% of the individual rock samples. A clear trend emerges that felsic
rocks generally have low Vs and Vp/Vs, while the mafic rocks are on the other side of the spectrum. The panel on the right show the
sio2 wt% profile predicted from the Vs profile and Vp/Vs value and how the crust is divided into mafic (M), intermediate (I) and felsic
(F) layers.

From Vp/Vs to SiO2 wt%

By combining the Vp/Vs ratios with a high-resolution Vs model (CVM-H version 6.2), a 1-D SiO2 wt% model
beneath each station in this study can be constructed based on relationship revealed from the petrology database
(Hacker et al. 2015, Christensen 1996, Fig. 4).
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Results
• We use the 2-layer H-k stacking method to derive the Moho depth and crystalline crust Vp/Vs with eliminating the

effects from the sedimentary layer.
• The crystalline crust Vp/Vs results are combined with the crustal Vs model to derive the abundance of SiO2 wt%

using an empirical relationship.
• Where the felsic composition exists at greater depths (wet diorite rheology [Carter and Tsenn. 1987]), horizontal

lenses of relatively low crustal viscosity develop within middle and lower crustal depths.
• These low viscosity lenses often constitute zones of higher strain rates and play a role in the location of transform

shear zones that accommodate plate motion.
• Both mantle temperature anomalies and lower viscosity zones in the lower crust are sights of vertical gradients of

vertical motion and hence, possible lower crustal flow.

Figure. 7 2-D, E-W cross sec(ons through the 3-D model. LeV column is cross sec(on at 33°N and the right column is at 34°N.
(A) Google map image of the cross sec(on at 33°N with eleva(on. (B) Google map image of the cross sec(on at 34°N with eleva(on.
(C) Crustal layer structure at 33°N. (D) Crustal layer structure at 34°N. (E) Viscosity field at 33°N. (F) Viscosity field at 34°N. (G) Strain rate
field with velocity vectors at 33°N. (H) Strain rate field with velocity vectors at 34°N. (I) Temperature field at 33°N. (J) Temperature field
at 34°N.

Figure 6. 3-D lithosphere structure model produced with the

UWGeodynamics code and the kinema0c boundary condi0ons in

southern California. The model encompasses la0tudes 31°N to

35°N, longitudes 113°W to 121°W and from 10km above sea

level to 100km below sea level.

(A) (A)

(C) (D)

Geodynamic Modelling
We use the seismically defined structure described above and a thermal model to develop a 3-D coupled thermo-mechanical 
model of the lithosphere (crust and upper mantle) in Southern California using UWGeodynamics code (Moresi et al., 2002, 

2003, 2007; Beucher et al., 2019). The model consists of a 3-D Cartesian domain that includes a longitudinal range of 113°W 
to 121°W, a latitudinal range of 31°N to 35°N, and a maximum lithosphere depth of 100 km (Figure 6), which is solved by 80 
´ 40 ´ 100 Eulerian nodes on a finite-element mesh with a resolution of 0.2° x 0.2° x 1km. We use a free-slip boundary 

condition at the top. We apply the Pacific-North America velocity boundary condition. We define an air and sticky-air layer 
on top of the surface topography to simulate the free surface. We also incorporate the thermal state of the model, as 
constrained from the seismic data in the mantle (Shen and Ritzwoller, 2016) and from published data products for the crust 

(Shinevar et al., 2018). Our 3-D model is based on visco-plastic materials. The strength of the crust and mantle are 
represented by a non-Newtonian rheology, a combination of viscous and plastic rheology (Figure 5).  

(E) (F)

(G) (H)

(I) (J)

Figure. 5 (A) Rheological parameters applied in thermomechanical model. (B) Strength profile formed from rheological
parameters applied in the thermomechanical model.
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Satisfy force-balance, conservation of 
energy, and conservation of mass. Also 
accounts for erosion and mass redistribution 
given a climate model

Test hypothesis using a 3-D Thermomechanical Finite 
Element Approach for Southern California

3-D Cartesian domain with maximum lithosphere 
depth of 100 km, solved by 80 ´ 40 ´ 100 Eulerian 
nodes on a finite-element mesh with a resolution of 
0.2° x 0.2° x 1km. 

Top = free slip
Sides = Pacific-North America velocity 
Thermal state of mantle from Shen and Ritzwoller (2016) 
Thermal state of crust from Shinevar et al. (2018). 
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Introduction
The complex tectonic setting and fault system in California have produced a mosaic of crustal
blocks for which their strength varies significantly across the region.
Here we show the chemical, one of the most significant factors that determine crustal strength,
can be quantified from a new map of Vp/Vs for the crystalline crust by applying a newly
developed data processing scheme that involves a 2-layer H-k stacking of receiver functions.
Precisely determining the crustal Vp/Vs will provide us insights of the chemical composition,
especially SiO2 wt% , the oxide that alter the rock elastic and theological properties
significantly (Lowry and Pérez-Gussinyé,2011). We test the dynamic effects of the derived
compositional structure in a 3-D thermomechanical model.
.

Figure. 1 The loca(ons of seismic sta(ons used in this study and the corresponding study region are
plo5ed on the topography map (ETOPO1, Amante and Eakins, 2009). 271 sta(ons belonging to Southern
California Seismic Network (CI array) and 102 sta(ons from other seismic arrays are plo5ed in red and
black triangles, respec(vely. The boundary of our study region is outlined by the dashed blue lines. Solid
black lines are the state boundaries and do5ed black lines mark the boundaries of major tectonic
regions in Southern California. Abbrevia(ons: SN (Sierra Nevada), GV (Great Valley), SWL (Southern
Walker Lane), S (Salinia), SMB (Santa Maria Basin), MD (Mojave Desert), B&R (Basin and Ranges), WTR
(Western Transverse Ranges), PR (Peninsular Ranges), ST (Salton Troughs).

Data

Event: Magnitude> 5.5, 2010.01.01~2020.01.01
Station:4460 CI stations (265 broadband, 195

strong motion), 148 None CI stations
Method: 2-layer H-κ sequential stacking method

(Yeck et al.,2013)

Figure 2: H-κ stacking results at sta0on CI_RRX (A) High frequency P-wave RFs at sta0on RRX are ploCed

according to ray parameters. The red, green and blue dots mark the arrival 0mes of Ps, PpPs, PpSs+PsPs phases

at sediment boCom, respec0vely. The dashed lines indicate the predicted arrival 0mes from H-κ energy stacking.

(B) Low frequency P-wave RFs. The colored dots mark the arrival 0mes of converted/reverberated phases at the

Moho. (C, D) H-κ stacking energy of sediment phases and Moho phases, respec0vely. The stacked energy from all

the RF waveforms is shown by background color, and individual RF predicted results are ploCed in circles. The

intersec0ons of dashed lines are the mean values of the circles, which are labeled together with the standard

devia0ons..

2-layer H-κ stacking
A 2-stage application of the 2-layer H-k stacking is performed here. First, we apply this method to
high frequency receiver functions and calculate the thickness and Vp/Vs of the sediment layer.
These results are used to eliminate the influence of the reverberations generated by sediment layer
in the low frequency receiver functions. Besides the widely used energy stacking (Zhu & Kanamori
2000), the statistic values from individual events are used to estimate the thickness and Vp/Vs (Fig
2)

Moho depth and Crustal Vp/Vs 

Figure 3. (A) Sediment thickness map. Small circles and

their colors represent the loca0on and the sediment thickness

of each sta0on. (B) Sediment Vp/Vs. (C) Moho depth. (D)

Crystalline crust Vp/Vs.

Fig.3 shows thickness and Vp/Vs for the sediments at 
309 stations and for the crystalline crust at 270 
stations as well as the smoothed maps in the 
background

Figure. 4 The panel on the leV shows a Vs profile increasing with depth. The surface in the middle shows the rela(onship
between SiO2 weight percentage, Vp/Vs, and Vs. Petrology observa(ons: small circles - Hacker et al. 2015; Squares - Christensen
1996. The background color represents the interpolated SiO2 wt% of the individual rock samples. A clear trend emerges that felsic
rocks generally have low Vs and Vp/Vs, while the mafic rocks are on the other side of the spectrum. The panel on the right show the
sio2 wt% profile predicted from the Vs profile and Vp/Vs value and how the crust is divided into mafic (M), intermediate (I) and felsic
(F) layers.

From Vp/Vs to SiO2 wt%

By combining the Vp/Vs ratios with a high-resolution Vs model (CVM-H version 6.2), a 1-D SiO2 wt% model
beneath each station in this study can be constructed based on relationship revealed from the petrology database
(Hacker et al. 2015, Christensen 1996, Fig. 4).
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Results
• We use the 2-layer H-k stacking method to derive the Moho depth and crystalline crust Vp/Vs with eliminating the

effects from the sedimentary layer.
• The crystalline crust Vp/Vs results are combined with the crustal Vs model to derive the abundance of SiO2 wt%

using an empirical relationship.
• Where the felsic composition exists at greater depths (wet diorite rheology [Carter and Tsenn. 1987]), horizontal

lenses of relatively low crustal viscosity develop within middle and lower crustal depths.
• These low viscosity lenses often constitute zones of higher strain rates and play a role in the location of transform

shear zones that accommodate plate motion.
• Both mantle temperature anomalies and lower viscosity zones in the lower crust are sights of vertical gradients of

vertical motion and hence, possible lower crustal flow.

Figure. 7 2-D, E-W cross sec(ons through the 3-D model. LeV column is cross sec(on at 33°N and the right column is at 34°N.
(A) Google map image of the cross sec(on at 33°N with eleva(on. (B) Google map image of the cross sec(on at 34°N with eleva(on.
(C) Crustal layer structure at 33°N. (D) Crustal layer structure at 34°N. (E) Viscosity field at 33°N. (F) Viscosity field at 34°N. (G) Strain rate
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at 34°N.
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southern California. The model encompasses la0tudes 31°N to
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Geodynamic Modelling
We use the seismically defined structure described above and a thermal model to develop a 3-D coupled thermo-mechanical 
model of the lithosphere (crust and upper mantle) in Southern California using UWGeodynamics code (Moresi et al., 2002, 

2003, 2007; Beucher et al., 2019). The model consists of a 3-D Cartesian domain that includes a longitudinal range of 113°W 
to 121°W, a latitudinal range of 31°N to 35°N, and a maximum lithosphere depth of 100 km (Figure 6), which is solved by 80 
´ 40 ´ 100 Eulerian nodes on a finite-element mesh with a resolution of 0.2° x 0.2° x 1km. We use a free-slip boundary 

condition at the top. We apply the Pacific-North America velocity boundary condition. We define an air and sticky-air layer 
on top of the surface topography to simulate the free surface. We also incorporate the thermal state of the model, as 
constrained from the seismic data in the mantle (Shen and Ritzwoller, 2016) and from published data products for the crust 

(Shinevar et al., 2018). Our 3-D model is based on visco-plastic materials. The strength of the crust and mantle are 
represented by a non-Newtonian rheology, a combination of viscous and plastic rheology (Figure 5).  
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Figure. 5 (A) Rheological parameters applied in thermomechanical model. (B) Strength profile formed from rheological
parameters applied in the thermomechanical model.
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Introduction
The complex tectonic setting and fault system in California have produced a mosaic of crustal
blocks for which their strength varies significantly across the region.
Here we show the chemical, one of the most significant factors that determine crustal strength,
can be quantified from a new map of Vp/Vs for the crystalline crust by applying a newly
developed data processing scheme that involves a 2-layer H-k stacking of receiver functions.
Precisely determining the crustal Vp/Vs will provide us insights of the chemical composition,
especially SiO2 wt% , the oxide that alter the rock elastic and theological properties
significantly (Lowry and Pérez-Gussinyé,2011). We test the dynamic effects of the derived
compositional structure in a 3-D thermomechanical model.
.

Figure. 1 The loca(ons of seismic sta(ons used in this study and the corresponding study region are
plo5ed on the topography map (ETOPO1, Amante and Eakins, 2009). 271 sta(ons belonging to Southern
California Seismic Network (CI array) and 102 sta(ons from other seismic arrays are plo5ed in red and
black triangles, respec(vely. The boundary of our study region is outlined by the dashed blue lines. Solid
black lines are the state boundaries and do5ed black lines mark the boundaries of major tectonic
regions in Southern California. Abbrevia(ons: SN (Sierra Nevada), GV (Great Valley), SWL (Southern
Walker Lane), S (Salinia), SMB (Santa Maria Basin), MD (Mojave Desert), B&R (Basin and Ranges), WTR
(Western Transverse Ranges), PR (Peninsular Ranges), ST (Salton Troughs).

Data

Event: Magnitude> 5.5, 2010.01.01~2020.01.01
Station:4460 CI stations (265 broadband, 195

strong motion), 148 None CI stations
Method: 2-layer H-κ sequential stacking method

(Yeck et al.,2013)

Figure 2: H-κ stacking results at sta0on CI_RRX (A) High frequency P-wave RFs at sta0on RRX are ploCed

according to ray parameters. The red, green and blue dots mark the arrival 0mes of Ps, PpPs, PpSs+PsPs phases

at sediment boCom, respec0vely. The dashed lines indicate the predicted arrival 0mes from H-κ energy stacking.

(B) Low frequency P-wave RFs. The colored dots mark the arrival 0mes of converted/reverberated phases at the

Moho. (C, D) H-κ stacking energy of sediment phases and Moho phases, respec0vely. The stacked energy from all

the RF waveforms is shown by background color, and individual RF predicted results are ploCed in circles. The

intersec0ons of dashed lines are the mean values of the circles, which are labeled together with the standard

devia0ons..

2-layer H-κ stacking
A 2-stage application of the 2-layer H-k stacking is performed here. First, we apply this method to
high frequency receiver functions and calculate the thickness and Vp/Vs of the sediment layer.
These results are used to eliminate the influence of the reverberations generated by sediment layer
in the low frequency receiver functions. Besides the widely used energy stacking (Zhu & Kanamori
2000), the statistic values from individual events are used to estimate the thickness and Vp/Vs (Fig
2)

Moho depth and Crustal Vp/Vs 

Figure 3. (A) Sediment thickness map. Small circles and

their colors represent the loca0on and the sediment thickness

of each sta0on. (B) Sediment Vp/Vs. (C) Moho depth. (D)

Crystalline crust Vp/Vs.

Fig.3 shows thickness and Vp/Vs for the sediments at 
309 stations and for the crystalline crust at 270 
stations as well as the smoothed maps in the 
background

Figure. 4 The panel on the leV shows a Vs profile increasing with depth. The surface in the middle shows the rela(onship
between SiO2 weight percentage, Vp/Vs, and Vs. Petrology observa(ons: small circles - Hacker et al. 2015; Squares - Christensen
1996. The background color represents the interpolated SiO2 wt% of the individual rock samples. A clear trend emerges that felsic
rocks generally have low Vs and Vp/Vs, while the mafic rocks are on the other side of the spectrum. The panel on the right show the
sio2 wt% profile predicted from the Vs profile and Vp/Vs value and how the crust is divided into mafic (M), intermediate (I) and felsic
(F) layers.

From Vp/Vs to SiO2 wt%

By combining the Vp/Vs ratios with a high-resolution Vs model (CVM-H version 6.2), a 1-D SiO2 wt% model
beneath each station in this study can be constructed based on relationship revealed from the petrology database
(Hacker et al. 2015, Christensen 1996, Fig. 4).

Vs-Vp/Vs-SiO2 wt% 
rela1onship

SiO2 wt% profile

53 wt% 63 wt%

0km

M

Moho

FI

0km

Moho

Vs profile

Vp/Vs = 1.75

3 km/s 4.5 km/s

Results
• We use the 2-layer H-k stacking method to derive the Moho depth and crystalline crust Vp/Vs with eliminating the

effects from the sedimentary layer.
• The crystalline crust Vp/Vs results are combined with the crustal Vs model to derive the abundance of SiO2 wt%

using an empirical relationship.
• Where the felsic composition exists at greater depths (wet diorite rheology [Carter and Tsenn. 1987]), horizontal

lenses of relatively low crustal viscosity develop within middle and lower crustal depths.
• These low viscosity lenses often constitute zones of higher strain rates and play a role in the location of transform

shear zones that accommodate plate motion.
• Both mantle temperature anomalies and lower viscosity zones in the lower crust are sights of vertical gradients of

vertical motion and hence, possible lower crustal flow.

Figure. 7 2-D, E-W cross sec(ons through the 3-D model. LeV column is cross sec(on at 33°N and the right column is at 34°N.
(A) Google map image of the cross sec(on at 33°N with eleva(on. (B) Google map image of the cross sec(on at 34°N with eleva(on.
(C) Crustal layer structure at 33°N. (D) Crustal layer structure at 34°N. (E) Viscosity field at 33°N. (F) Viscosity field at 34°N. (G) Strain rate
field with velocity vectors at 33°N. (H) Strain rate field with velocity vectors at 34°N. (I) Temperature field at 33°N. (J) Temperature field
at 34°N.
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UWGeodynamics code and the kinema0c boundary condi0ons in

southern California. The model encompasses la0tudes 31°N to

35°N, longitudes 113°W to 121°W and from 10km above sea

level to 100km below sea level.
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Geodynamic Modelling
We use the seismically defined structure described above and a thermal model to develop a 3-D coupled thermo-mechanical 
model of the lithosphere (crust and upper mantle) in Southern California using UWGeodynamics code (Moresi et al., 2002, 

2003, 2007; Beucher et al., 2019). The model consists of a 3-D Cartesian domain that includes a longitudinal range of 113°W 
to 121°W, a latitudinal range of 31°N to 35°N, and a maximum lithosphere depth of 100 km (Figure 6), which is solved by 80 
´ 40 ´ 100 Eulerian nodes on a finite-element mesh with a resolution of 0.2° x 0.2° x 1km. We use a free-slip boundary 

condition at the top. We apply the Pacific-North America velocity boundary condition. We define an air and sticky-air layer 
on top of the surface topography to simulate the free surface. We also incorporate the thermal state of the model, as 
constrained from the seismic data in the mantle (Shen and Ritzwoller, 2016) and from published data products for the crust 

(Shinevar et al., 2018). Our 3-D model is based on visco-plastic materials. The strength of the crust and mantle are 
represented by a non-Newtonian rheology, a combination of viscous and plastic rheology (Figure 5).  
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Figure. 5 (A) Rheological parameters applied in thermomechanical model. (B) Strength profile formed from rheological
parameters applied in the thermomechanical model.
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Future Directions
• We want to move in the direction of SiO2 content as a function of 

depth from seismology è mineral assemblages as a function of 
depth è polyphase rock viscosities as a function of depth
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The Minimized Power Geometric model: An analytical mixing
model for calculating polyphase rock viscosities consistent
with experimental data
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Abstract Here we introduce the Minimized Power Geometric (MPG) model which predicts the viscosity
of any polyphase rocks deformed during ductile flow. The volumetric fractions and power law parameters
of the constituting phases are the only model inputs required. The model is based on a minimization of the
mechanical power dissipated in the rock during deformation. In contrast to existing mixing models based
on minimization, we use the Lagrange multipliers method and constraints of strain rate and stress geometric
averaging. This allows us to determine analytical expressions for the polyphase rock viscosity, its power law
parameters, and the partitioning of strain rate and stress between the phases. The power law bulk
behavior is a consequence of our model and not an assumption. Comparison of model results with 15
published experimental data sets on two-phase aggregates shows that the MPG model reproduces
accurately both experimental viscosities and creep parameters, even where large viscosity contrasts are
present. In detail, the ratio between experimental and MPG-predicted viscosities averages 1.6. Deviations
from the experimental values are likely to be due to microstructural processes (strain localization and coeval
other deformation mechanisms) that are neglected by the model. Existing models that are not based on
geometric averaging show a poorer fit with the experimental data. As long as the limitations of the mixing
models are kept in mind, the MPG model o!ers great potential for applications in structural geology and
numerical modeling.

1. Introduction

Lower crustal and upper mantle rocks are typically polyphase materials that deform in creep regimes. Their
e!ective viscosities depend on temperature, strain rate, and anisotropy, as well as on composition (rheol-
ogy and amounts of the constituting minerals). The mechanical control of the later factor is strong [Kirby,
1985]. The best natural examples of this interrelation are the ductile shear zones that show strain localiza-
tion due to weakening by metamorphic reactions [Pennacchioni, 1996; Furusho and Kanagawa, 1999; Handy
and Stünitz, 2002; Gueydan et al., 2003; Jolivet et al., 2005; Terry and Heidelbach, 2006; Hobbs et al., 2010; Oliot
et al., 2010; Angiboust et al., 2011; Grasemann and Tschegg, 2012]. Quantifying the viscosity of polyphase
rocks and its changes with metamorphic reactions is therefore of crucial importance for understanding the
strength of the lower crust and upper mantle. It is, though, still an open issue [Bürgmann and Dresen, 2008].

Several laboratory [Jordan, 1987; Tullis et al., 1991; Bloomfield and Covey-Crump, 1993; Bons and Urai, 1994;
Tullis and Wenk, 1994; Dresen et al., 1998; Bruhn et al., 1999; Ji et al., 2001; Jin et al., 2001; Xiao et al., 2002;
Rybacki et al., 2003; Barnhoorn et al., 2005; Dimanov and Dresen, 2005] and numerical [Tullis et al., 1991;
Treagus and Lan, 2000; Madi et al., 2005; Takeda and Griera, 2006; Groome et al., 2006; Jessell et al., 2009;
Dabrowski et al., 2012] experiments on two-phase aggregates have already addressed this issue. They char-
acterized the way the bulk viscosity of a few aggregates changes with their composition. These studies
also improved our understanding of the processes occurring in polyphase rocks during deformation. How-
ever, unlike the diversity of natural rocks, the number of experiments is limited. An accurate experimental
description of all the polyphase rocks is, therefore, not available.

Theoretically, mixing models can be used to estimate the viscosity of any polyphase rock if the amounts
and the mechanical behaviors of its constituting minerals are known. Such models can be classified into
three families: (1) phenomenological models [Voigt, 1928; Reuss, 1929; Tullis et al., 1991; Ji and Zhao, 1993;
Handy, 1994a, 1994b; Ji et al., 2003; Ji, 2004], (2) models based on minimization of the mechanical power

HUET ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3897
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geomorphic features, the transfer of mass that results from ero-
sion and sedimentation can, to some extent, affect isostasy and
the mechanical behavior of the lithosphere by producing localized
strain. Moreover, the simulated surface uplift in our models
include the exhumation rates associated with erosion that hap-
pens at the surface47.

Surface processes model. In our surface processes simulation,
with external forcings such as motion of the upper crust, sea-level
!uctuations, and reconstructed paleo-climate (precipitation)
models (Supplementary Figs. 1 and 2) (“Methods”), we quantify
the relative importance of tectonics, climate, and surface pro-
cesses for landscape evolution in SWNA. Thus, spatial and
temporal changes in erosion rate, sediment distribution and
accumulation, as well as updated paleo-elevation estimates are the
main outputs of our surface processes simulations, calculated in
each 0.1 Myr time increment (Fig. 2). The direct comparison
between model outputs and the palinspastically restored history
of sediment accumulation from Macrostrat48 (post-late Eocene)
provides an important test of the viability of the 4-D thermo-
mechanical model for both its timing and mechanisms for the
landscape evolution of SWNA.

Body force and mantle !ow in!uences on lithospheric devia-
toric stresses. The constraint of sub-lithosphere tractions asso-
ciated with our mantle convection model (Fig. 4) along the base

of the NA lithosphere results in an eastward basal !ow (Fig. 5),
which causes shearing and advection of material into the interior
of the NA lithosphere through a zone of high "nite strain within
the mantle asthenosphere (Figs. 6 and 7). In our simulations,
conductive heating weakens the lithosphere, and the thermal
erosion and basal shearing of the mantle lithosphere beneath the
NA Plate progress within areas of high topographic collapse
(Figs. 6 and 7). Our models show the presence of lower crustal
!ow during the crustal stretching process that widens the zones of
paleo-highland in Nevada and Arizona (Figs. 8 and 9). In our
simulations, the free-boundary collapse of an over-thickened
crust6 predicts differential motion between upper brittle and weak
lower crust. Such lower crustal !ow is limited to the regions
containing crustal welts (Figs. 6 and 7). Therefore, while the
exhumed ductile middle-lower crust in MCCs of SWNA imply
the presence of lower crustal !ow during the stretching process,
our model shows that this lower crustal !ow should have been
limited in scale. Owing to a weak lower and middle crust, the
eastward basal shear in the mantle asthenosphere has little
in!uence on the horizontal extension within the BRP over time,
which is driven by the high GPE of the highlands (Figs. 6 and 7).
The thermal erosion of the mantle lithosphere and overlying
crustal extension results in the thinning of the ~60 km crustal
root of the Nevadaplano and the Mogollon Highlands through a
free-boundary collapse of an over-thickened crust, which even-
tually results in a ~30 km crust within the BRP at the present-day
in our model (Fig. 6). The rapidly deforming mantle below the

Fig. 3 Evolution of mantle thermal structures beneath the Basin and Range Province since the late Eocene. a–f Radial cross-sections of the reconstructed
mantle temperature variations from surface to core–mantle boundary (CMB) along the line A–B at latitude 37oN in Fig. 4. Superimposed on these cross-
sections are the corresponding mantle !ow velocity vectors. The vectors are extracted from global !ow "eld in the mantle’s no-net rotation (NNR) frame of
reference along a cross section "xed relative to North America. Panels show landward intrusion of hot anomalies within the Basin and Range Province. The
map images were created by authors using: www.soest.hawaii.edu/gmt/ and www.paraview.org/.
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The MCC mode (model 1). The model with a crustal root and non-
uniform distribution of GPE at the late Eocene demonstrates the for-
mation of a MCC. The imposed traction !eld at the base of the litho-
sphere, derived from the mantle convection model (Supplementary
Fig. 3), leads to the shearing and advection ofmaterials underneath the
North American lithosphere (Fig. 3). In our simulations, regions with a
thickened crustal root develop weakening via conductive heating.
Following this weakening, the extreme extension within zones of thick
crustal welts results in free-boundary collapse of the thickened crust
with substantial differential motion between brittle upper crust and
weak lower crust, indicating lower crustal "ow (Fig. 3). Based on our
results, this extensional collapse is driven entirely by gravity acting on
density differences created by topography of surface andMoho, along
with internal density variations within the crust and upper mantle
(Figs. 3 and 4).

As such, at the onset of the simulation (36Ma), deformation is
mainly concentrated in areas with high topography and thick crustal
root. At this early stage of deformation, the model shows the forma-
tion of high angle (>38°) and high-strain-rate conjugate shear zones
within the brittle upper crust that results in the formation of a necking

zone there (Fig. 3a, g). The increase in local strain in the necking zone
causes strain softening and signi!cant plastic deformation in theupper
crust (Fig. 3). Once necking has begun, it becomes the exclusive
location of yielding and plastic deformation. After 2Myr, the defor-
mation is more concentrated at the high angle conjugate fault, and
rheological contrast and body forces set up a shear zone and large
offsets along theMoho (Figs. 3b, h and4a). By 32.5Ma, the right limbof
the conjugated shear zone turns into a less-active normal fault, leading
to the formation of an asymmetric shear zonewith dominant slip along
a low angle normal fault (Figs. 3c, i and 4b). Thinning of brittle crust
below the highlands results in a reduction of the vertical load and
consequently a horizontal pressure gradient at depth, which causes a
lateral "ow of lower crustal material toward the zone of necking,
initiating doming of the brittle-ductile transition (Fig. 3b, c). As such, at
~32.5Ma, themaindetachment is at a shallower dipangle (20°), and the
deformation is concentrated on this asymmetric shear zone (Fig. 4b).
With ongoing lower crustal "ow and crustal extension, the strain rate
continues to localize strongly on the main detachment of the asym-
metric fault zone. Through time, the dip of the main detachment
gradually rotates to lower angles as it approaches the surface. By

Fig. 2 | Model set-up and boundary conditions for the thermomechanical
simulations that include partial melting in the deep crust. a Model geometry,
parameters and boundary conditions, temperature, and strength as a function of
depth for the experiments with a crustal root together with the locations of
Lagrangian markers used to track deformation history and !nite strain in the
central part of the model (E–W cross-section is at 38° N from the model of ref. 37).
b Model geometry, parameters and boundary conditions, temperature, and
strength as a function of depth for the experiments with a "at Moho topography

and a laterally varying surface elevation. c Model geometry, parameters and
boundary conditions, temperature, and strength as a function of depth for the
experiments with a uniform thickness crust (a "at Moho topography and a "at
surface elevation); All models are 75 km deep. The purple graph represents the
de!ned starting viscosities within the lithosphere based on a constant strain rate of
1 e!15 s!1. The red graph represents themagnitudeof partialmeltingwithin the crust.
The black, blue, and orange graphs represent the geotherm, solidus, and liquidus,
respectively.
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