






Deformation Rates across the Wasatch faultDeformation Rates across the Wasatch fault

Monitoring of Wasatch fault
• Campaign GPS:  1992-2003
• Permanent GPS:  1996-2010

Monitoring of Wasatch fault
• Campaign GPS:  1992-2003
• Permanent GPS:  1996-2010

Average GPS rate for the 55-km wide Wasatch 
fault zone! 
How is the USGS going to deal with this 
descrpancy!!



Wasatch fault velocity profiles



Wasatch GPS (black arrows), horizontal strain rates
(red crosses), and strain magnitudes (background)

Wasatch GPS (black arrows), horizontal strain rates
(red crosses), and shear strain (background)



Continuum finite element deformation modeling
• Interpolate strain rate tensors and magnitudes
• Magnitudes reflect seismic belts, tectonic blocks
• Wasatch comparable to Yellowstone Plateau

Continuum finite element deformation modeling
• Interpolate strain rate tensors and magnitudes
• Magnitudes reflect seismic belts, tectonic blocks
• Wasatch comparable to Yellowstone Plateau

Distribution of DeformationDistribution of Deformation



Normal fault brittle-ductile flow models



Working Model for A Normal-Faulting EarthquakeWorking Model for A Normal-Faulting Earthquake

Properties: 

Planar, 45 ° to  60° dipping 
fault nucleating at the mid 
crustal transition zone from
brittle to ductile rheology .

Smith and Arabasz, 1991

Brittle

Ductile



Earthquake Cycle

Wasatch fault earthquake historyHistory of earthquakes 
and earthquake loading

•GPS measures the co- and inter-seismic loading rates. 

•A key topic is how the inter-seismic rate employed as a proxy for geologically determined fault-loading rate.

•And conversely how to convert the geologic rate to a finite strain deformation rate.



Ground deformation of normal-faulting earthquakes
is not normal!

Ground deformation of normal-faulting earthquakes
is not normal!

Valley Mtn
Notably more hanging-wall subsidence
than foot-wall uplift accompanying
normal faulting earthquakes producing
asymmetric deformation.

Elastic model reveals asymmetric 
deformation of valley subsidence 
and mountain uplift

(Smith and Arabasz, 1991)



Salt LakeSalt Lake

ValleyValley

An Elastic Normal Fault Model
Valleys Go Down A Lot and the Mountains Go Up A Little

An Elastic Normal Fault Model
Valleys Go Down A Lot and the Mountains Go Up A Little

A M7.3 earthquake

Salt Lake Valley



Consequences of normal faulting deformation: Induced flooding ofConsequences of normal faulting deformation: Induced flooding of the Great the Great 
Salt Lake from a large earthquake on the Wasatch FaultSalt Lake from a large earthquake on the Wasatch Fault

(Chang and Smith,1997)



Big Intermountain earthquakes

1983 Borah Peak, ID earthquake

5.7 m offset, 1959 M7.5
Hebgen Lake Earthquake



(Chang and Smith, 2002)

1983 Ms 7.3, Borah Peak, Earthquake

Two largest and most recent Intermountain earthquakes exhibited Two largest and most recent Intermountain earthquakes exhibited strong strong 
stress contagionstress contagion



Basin-Range fault rheology model



Faults never stop moving?
because of viscoelastic flow of the lower crust 

Faults never stop moving?
because of viscoelastic flow of the lower crust 

Wasatch fault
measured motion

Best solution is for 
⎜ =  1019 Pa-sec.

Time-dependent motion following a normal-faulting earthquake: 
interseismic loading 





Models of Contemporary Wasatch fault deformation --
loading of a ductile layer that in turns loads the 

seismogenic layer

Models of Contemporary Wasatch fault deformation --
loading of a ductile layer that in turns loads the 

seismogenic layer

(after the methodlogy of Chang and Smith, 2002)



Inverting GPS Velocity for Inter-seismic Loading of the Wasatch Fault

Chang et al. [2006, in preparation]
(Chang and Smith, 2002)



Fault Loading Models of Wasatch Fault GPS MotionsFault Loading Models of Wasatch Fault GPS Motions

Fault loading models
• Locked brittle layer
• Creeping ductile layer, loading the overlying brittle layer
•High rates on low angle creeping structure convert to lower rates on a vertical fault at 
surface.

Fault loading models
• Locked brittle layer
• Creeping ductile layer, loading the overlying brittle layer
•High rates on low angle creeping structure convert to lower rates on a vertical fault at 
surface.
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(after the methodlogy of Chang and Smith, 2002)



(after the methodlogy of Chang and Smith, 2002)

Distributed fault modelsDistributed fault models



Total uplift and subsidence

Scenario model of co-seismic (few 
seconds of violent ground shaking) 
and post-seismic ground motion 
(hundreds of years of slow motion) 
from the Teton fault, 14,000 years 
ago to present. 

Consists of seven M7+ earthquakes 
producing 12 m of total offsets.

Note in the following sequence the 
rise of the mountains and drop of the 
valley during (co-seismic) and 
between earthquakes (the 
interseismic phase).

Building mountains with normal faultingBuilding mountains with normal faulting
earthquakes (elastic) and post seismic deformation (viscoearthquakes (elastic) and post seismic deformation (visco--elastic)elastic)

Modeled fault patches outlined



QuickTime™ and a
H.264 decompressor

are needed to see this picture.

Growing mountains and dropping valleysGrowing mountains and dropping valleys



Stress Modeling of Wasatch Fault Scenario Earthquake

DCFS induced by a scenario earthquake on the Provo 
segment (PV) of the Wasatch fault.  The event ruptures 60 
km with 2 m of slip (Ms 7.1 and Mw 7.1).  DCFS is shown 
(a) at the center of each fault patch, and (b) as a map-view 
of 10-km depth.  Results show that large earthquakes on 
the Provo segment can increase the failure stress of the 
Salt Lake City segment (SLC, ~1.2 bars on fault patch 14) 
and in turn trigger SLC to rupture.



Time dependent stress contagion on Wasatch faultTime dependent stress contagion on Wasatch fault





Time-dependent (elastic) probabilistic 
earthquake risk, conditional on the 
elapsed times and the number of events of 
relevant fault segments (Chang and Smith, 
2002).

Time-Dependent Modeling of Wasatch Fault Rupture
(advancement of rupture because of stress contagion)



Example of Wasatch Fault Time-Dependent Probabilistic Seismic Hazard Assessment
from Mark Petersen (USGS)

Med. Rec.   Elapsed time  50Med. Rec.   Elapsed time  50--year probyear prob
Brigham City: 1230             2175           8%Brigham City: 1230             2175           8%
Weber:             1674            1066            3%Weber:             1674            1066            3%
Salt Lake:        1367             1280           6%Salt Lake:        1367             1280           6%
Provo:              2413             668             0.1%Provo:              2413             668             0.1%
Nephi:             2706              1198           0.8%Nephi:             2706              1198           0.8%



Source
type

Fault name Recurrence Model

Type A BC, WB, SLC,

PV, NP

(1) From paleoearthquake recurrence rate:

Lognormal distribution (σD = 0.5)*

(2) Including geodetic earthquake moment rate:

Ý M seismic
A =

Ý M f + μLWeVg

2

N(6.6,mu ) =
Ý M seismic

A

Cd (6.6,mu)

Type B LV, EC, HV, NO,

SB, MC, PM, FI,

AI, EBL, BR, RC.

(1) From geologic earthquake moment rate:

Ý M seismic
B = Ý M f

N(6.6,mu ) =
Ý M seismic

B

Cd (6.6,mu)

N(3.0) = 3.2 × 10−0. 72(m− 3.0 ) −1.2 ×10−3

N(6.6,7.2) =
Ý M f

all faults
∑

Cd(6.6,7.2)

N(6.6,7.2) = 0.0020

N(3.0,6.5) =

Ý M g − Ý M f
faults in

geodetic area

∑

Cd (3.0,6.5)

N(6.6,7.2) =
Ý M seismic

A∑
Cd(6.6,7.2)

All types Geologic earthquake moment rate of each fau lt:
Ý M f = μLW f Vf

Ý M g = 2μLWeH eÝε 

Cd( m1,m2) =
10a−bm ⋅101.5m + 9 dm

m1

m 2∫
10a− bmdm

m1

m2∫

N(m) = 10a− bm

N(m1 ,m2) =10a (10−bm1 −10−bm 2 )

N(m) = 10a− bm − N(mu)

Ýε 

Incorporating seismic, fault and geodetic data into PSHA



Strain rate from historic seismic moment rate ~ 1 to 4 nstrain/yr [Eddington et al., 1987]
GPS horizontal strain rate = 24 ± 6 nstrain/yr [Chang et al., 2006]



Comparitive Moment Release RatesComparitive Moment Release Rates

Measure energy of deformation
• GPS:  total moment release
• Historic earthquakes:  earthquake recurrence rate
• Fault slip rates:  fault slip rate from trenching

Measure energy of deformation
• GPS:  total moment release
• Historic earthquakes:  earthquake recurrence rate
• Fault slip rates:  fault slip rate from trenching

A Big Deficit!A Big Deficit!



Wasatch fault seismicity used
in Chang and Smith, 2002

Cja

Wasatch fault seismicity used
in Chang and Smith, 2002

Cja



Kinematic FieldsKinematic FieldsKinematic Fields

•• Continuum model solves for strain rates and velocities on a gridContinuum model solves for strain rates and velocities on a grid
–– Obtain extension at Yellowstone Plateau and BasinObtain extension at Yellowstone Plateau and Basin--RangeRange
–– Contraction+shear in Eastern Snake River PlainContraction+shear in Eastern Snake River Plain
–– Clockwise rotation of velocitiesClockwise rotation of velocities

Velocity FieldVelocity FieldStrain Rate FieldStrain Rate Field



Ý M g = 2μLW eH e Ýε 

N (3.0,6.5) =

Ý M g − Ý M f
faults in

geodetic area

∑

Cd (3.0,6.5)

Ý M f = μLW f Vf

Geologic moment rate

Geodetic moment rate

Ý M seismic
A =

Ý M f + μLWeVg

2

N(6.6,mu ) =
Ý M seismic

A

Cd (6.6,mu )



Chang and Smith [2002]

Integrated Earthquake Probabilistic Seismic Hazard Assessment
for the middle of Salt Lake Valley



Some key topics in new Utah PSHAs and other things

•The is no choice now but to include geodetic (GPS) data into any new Utah 
earthquake hazards assessments!

•Time-dependent hazard models must include visco-elastic models

•Time-dependent inter-segment stress interaction must be included.

•Extreme ground motions for normal faults has to be incorporated in new PSHAs, 
both new from new and from dynamic stress models.

•Fault slip and GPS rate PSHA data must be evaluated  probabilistically and PIs of all 
such data must give a complete error analysis that can be considered in the aleatoric 
uncertainty.

•A new USGS-SCEC report on extreme ground motions for normal faults will be 
completed in spring, 2010 and should be evaluated for application to Utah PSHAs.

•A new USGS report on SSHAC level 3 and 4 elicitation, May 2009, should be 
reviewed by the Utah hazard group.



Of course we know that we have to integrate all 
hazard contributions: 1) fault slip rates, 2) 
seismicity, and 3) contemporary deformation. 

Do you think hazard specialists will know how? 
After all it is the safety of Utah that is at stake.

The end



Short explanation of dynamic and 
kinematic stress



Behavior of Shear Stress at a Point on the FaultBehavior of Shear Stress at a Point on the FaultBehavior of Shear Stress at a Point on the Fault
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Yield Stress

Initial Stress

Sliding Friction Stress

Final Stress

σy

σo

σf

S = Strength Excess/Stress Drop

σo- σf = stress drop

σy- σo = strength excess

Dynamic Stress Period of 
Extreme Ground Shaking,

5 to 20 sec



Block Diagram: 60˚ Normal FaultBlock Diagram: 60Block Diagram: 60˚̊ Normal FaultNormal Fault

//



QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.

Movie: Slip Rate and Stress Change 60˚Movie: Slip Rate and Stress Change 60Movie: Slip Rate and Stress Change 60˚̊



Map View: Surface Peak VelocityMap View: Surface Peak VelocityMap View: Surface Peak Velocity



Case 2: Ground MotionCase 2: Ground Motion

Utah Ground Shaking Working Group, 2/8/2010



Case 2: Layered Model Case 2: Layered Model 

Simulation result from Model 
C, simplified layered model 
(velocity increase from free 
surface to 1km depth on the 
hanging wall side), top 
column is the rupture 
snapshot.
Figure on the right is the 
shear stress drop due to the 
rupture.

Utah Ground Shaking Working Group, 2/8/2010



The Wasatch fault in our backyardwill experience 5 to 
20 sec of exteme ground shaking due the dynamic stress 

propagtion producing 10s% to 100% larger ground 
velocities than those normally used in PSHA

G.K. Gilbert recognized the range front as a 
major active fault scarp.

What have learned since and what will we do 
about it!





All data are recorded and 
transmitted in realtime to the Univ 
of Utah and PBO
recording rate
processing 
output as velocities

All GPS data are available at Univ 
of Utah
http://www.mines.utah.edu/~ggcmpsem/UUS
ATRG/

GPS time series are available at the 
EarthScope website:
GPS/time_series.html
http://facility.unavco.org/data/data.html



Fault Slip: 60˚ Normal Fault in a HalfspaceFault Slip: 60Fault Slip: 60˚̊ Normal Fault in a HalfspaceNormal Fault in a Halfspace




