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California Deformation and Uplift

Bill Hammond, UNR, pers. comm. MIDAS vel. solution
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Major Features Delineated
- San Andreas Fault system
- Sierra Nevada – Great Valley microplate
- Central Valley pumping
- Long-term post-seismic signal
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Groundwater Extraction
661 GPS Stations USGS mapped faults
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Seasonal Deformation
Vertical GPS Time Series

Seasonal modulation
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Seasonal Deformation
Vertical GPS Time Series

Seasonal modulation

Seasonal modulation

Groundwater Extraction
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Climatic Changes Observed in Loading
Lake Oroville, 19 August 2014

Drought Crisis

Lake Oroville, 11 February 2017
Dam Crisis ~200k people evacuated

http://geodesy.unr.edu

UNR GPS NA12 solution
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Seasonal Loading

Stress on faults 1-100 MPa 
(range of  stress drop)

Tectonic Loading
5-50 kPa/yr loading rate

Seasonal Modulation
100 mm water load ≈ 1kPa
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Is Seasonal Hydrological Loading
Modulating Seismicity?

What do we want to learn?

Are faults responding to stress perturbations with annual periods?

Is the crust critically stressed?

What is the failure mechanism for earthquake nucleation?
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Coulomb Failure and Mohr Circles
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Coulomb Failure and Mohr Circles
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Failure Envelope

1-10 kPa
Critically Stressed / Near Failure
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Seasonal Loading Modulating 
Seismicity on California Faults

i. Motivation – Annual Loading Cycles
i. Nepal and California

ii. Seasonal Loading and Deformation
i. Modeling Efforts
ii. Stress calculations

iii. Stress and Seismicity Analysis
i. Is Seasonal Hydrological Loading 

Modulating Seismicity?
ii. Are Other Loading Sources Contributing?
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Water/Snow Loading Examples

Bettinelli et al., 2008

• Gravity inferred seasonal water 
change in the Ganges Basin

• ~4kPa stress change

• Stacked seismicity 
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Water/Snow Loading Examples

Christiansen et al., GRL, 2007

Central SAF Seismicity Stack

Line Load Stress Estimate• Estimated Water Thickness
• Seasonal Deformation in California

– ~1.5 kPa Stress Estimate

• Stacked seismicity along SAF

high- and low-pressure weather systems, but the range in height in California averaged over 1 month is
typically no more than 3 mm. Moreover, atmospheric height changes are not sustained over the seasons.
In ECMWF’s ERA-Interim reanalysis [Dee et al., 2011], the seasonal atmospheric vertical oscillation from 1
April to 1 October ranges from 0.0 mm along the California coast to !1.2 mm in the central Great Basin
(Figures 4, S4, and S5). If we were to adjust for atmospheric loading in ECMWF, the seasonal oscillation in
water thickness inferred by GPS would increase by 0.05 m in the Great Basin. Seasonal vertical oscillations
are also calculated to be small in the atmosphere model from the (NCEP) National Center for
Environmental Prediction [van Dam and Wahr, 1987; geophy.uni.lu/ncep-loading.html].

4. Discussion

GRACE gravity observations have been used to infer that California’s Central Valley lost 20 km3 of
groundwater from 2003 to 2010, for a loss rate of 3 km3/yr [Famiglietti et al., 2011]. We anticipate that GPS and
GRACE will next be used together to more accurately estimate groundwater change. GRACE has the strength
that it strongly constrains total water storage. GPS has the strength that it resolves solid Earth’s elastic
response to surface loading at high lateral resolution, thus constraining the distribution of snow and water.
GPS will be used to determine total surface water change in the Sierra Nevada Mountains (soil moisture plus
snow plus reservoir water), thus distinguishing between and further constraining the hydrology models.
GRACE will then be used to more accurately determine groundwater change in the Central Valley using the
hydrology model fit to the GPS data.

We expect horizontal motions of GPS sites to be capable of further constraining seasonal change in total
water thickness [Wahr et al., 2013; Fu et al., 2013].

Figure 3. Average increase in equivalent water thickness (color gradations) in the fall and winter in the (left) NLDAS-Noah and (right) composite hydrology models.
The average increase in water thickness from 1 October to 1 April is calculated from the sinusoid fit to data in the hydrology models from 2007 through 2012. The
composite model consists of soil moisture in NLDAS, snow water equivalent in SNODAS, and reservoir water in CDEC. The four artificial reservoirs with the largest
seasonal oscillations are plotted (blue squares) at Figure 3 (right).

Geophysical Research Letters 10.1002/2014GL059570

ARGUS ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1977

Argus et al., GRL, 2014

Amos et al., Nature, 2014
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Periodicity in Seismicity Records

Central Coast Ranges Seismicity
M≥2.5 Declustered and Detrended

Dutilleul, Johnson, Bürgmann, et al., JGR, 2015

Evidence for Stress Modulation
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Annual Periodicity

A B

C D

E F

Three Independent Tests

Schuster Spectrum

Schuster Periodogram

Multifrequential
Periodogram Analysis

Dutilleul, Johnson, Bürgmann, et al., JGR, 2015



5/18/17 Christopher Johnson

Seasonal loading modulating 
seismicity on California faults

– Annual Loading Cycles

ii. Seasonal Loading and Deformation
i. Modeling Efforts
ii. Stress calculations
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Elastic Load Model

• Effective Water Storage 
estimated from vertical 
GPS displacement 

• GPS Stations in the 
Central Valley omitted

• Invert displacement for 
mass on surface and 
estimate water storage

Remove of  1 m of  water 
from 25km region

Vertical

Horizontal

Inversion following Argus et al., 2014 and Fu et al., 2015
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Johnson, Fu, Bürgmann, in review

Water Storage

Effective Water Storage from vertical 
GPS displacement (Argus et al., 2014)

0.25˚ x 0.25˚ resolution
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GRACE / GLDAS Comparison
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Seasonal loading modulating 
seismicity on California faults

– Annual Loading Cycles

iii. Stress and Seismicity Analysis
i. Is Seasonal Hydrological Loading 

Modulating Seismicity?
ii. Are Other Loading Sources Contributing?
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Deformation Modeling

• Assume Linear Elastic
• Calculate Stress at 8 km Depth
• Rotate to Failure Plane
• Shear (σS) and Normal (σN)

• ΔCoulomb = ΔσS + μ ΔσN

𝜎"# =
𝜎%% 𝜎%& 𝜎%'
𝜎&% 𝜎&& 𝜎&'
𝜎'% 𝜎'& 𝜎''
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NCSS Focal Mechanisms
ETAS Declustering 
2006-2014
Exclude geothermal & volcanic
Mc ~ 2.0 (w/ 0.25 yr window)
ETAS 2D (Zhuang et al., 2002)

Original

Declustered
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Is Seasonal Hydrological Loading
Modulating Seismicity?
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Look at the stress change on the focal plane

2006-2015 declustered focal mechanisms



5/18/17 Christopher Johnson

Percent excess M≥2.0 seismicity
Excess Seismicity Nex Plot

Nex = (NAct – NExp) / NExp * 100

NAct = stress at event time

NExp = Uniform distribution of  250 
random events times for stress 
cycle

E.g. blue dots are uniform 
distribution on stress curveActual event 

time for the 
location
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Percent excess M≥2.0 seismicity
Excess Seismicity Nex Plot

Nex = (NAct – NExp) / NExp * 100

NAct = stress at event time

NExp = Uniform distribution of  250 
random events times for stress 
cycle

For all times with ~-1 kPa shear 
stress decrease ~16% less events 

-1.9 kPa is minimum shear stress in 
the population
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Percent excess M≥2.0 seismicity
Stress Amplitude

Reverse/Normal/Oblique Strike-slip

Shear

Normal
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Percent excess M≥2.0 seismicity
Stressing Rate

Reverse/Normal/Oblique Strike-slip

Shear

Normal
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Failure Mechanism
• Critically Stressed
• Increase σ1 or Decrease in σ3

– Oblique / Dip-slip – Optimally Oriented

• Low strength, weak fault
– Strike – slip small shear stress change
– Shallow SAF µ=0.15 (Lockner et al., 2011)

Pressure Change

ss

ns
σ1σ3

Tension    Compression

Failure Envelope µFault < µCrust
SAF Creeping

Sigma-1 & Sigma-3 perturbation
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Lab and Model Comparison

Beeler and Lockner, 2003

Short period loading
Stress Amplitude

Long period loading
Stress Rate



5/18/17 Christopher Johnson

Lab and Model Comparison

Ben-Zion, 2012

Snapshot of model simulation with periodic 
loading superimposed on background stress
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Is Seasonal Hydrological Loading
Modulating Seismicity?

Are faults responding to stress perturbations with annual periods?
Hydrological loading is a large contributing factor in the modulation 
of  earthquakes from the annual stress cycles

Is the crust critically stressed?
Excess seismicity from a 1-5 kPa

What is the failure mechanism for earthquake nucleation?
Positive correlation with peak stress amplitude suggests an 
instantaneous threshold failure stress. Positive correlation with peak 
stressing rate suggests agrees with lab and model results
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Alaska Seismicity
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Alaska Seismicity
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Alaska Loading

07/201012/2009

Deformation at 10 km 
Vertical Load
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PBO Station P314 http://www.earthscope.org

Thank You


