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Earthquake Ground Motion Models



Motivations – Seismic Hazard 
► National Seismic Hazard Map identifies regions of high seismic 

hazard
► Eastern California Shear Zone and Walker Lane into Reno region of 

high hazard
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4Motivations – Seismic Hazard 

► Large faults and historic earthquakes adjacent to sedimentary 
basins and urban populations

NeĠadaķs Earthquake Historģ 

Tens of thousands of microearthquakes occur in Nevada every year and from 

time-to-time, larger mountain-forming earthquakes occur. These larger events have 

damaged Nevada buildings, thrown Nevadans to the ground, and created widespread 

fear in communities. The stories of these earthquakes are commonly the most 

convincing evidence of the earthquake hazard, and emphasize the need to be prepared 

for earthquakes in Nevada. 

Saltus & Jachens, 1995www.shakeout.org



5Earthquake Ground Motion Modeling

►HPC advancements have enabled simulations of ground 
motion through structurally complex 3D models 

►Necessary to resolve 3D velocity models 

PGV of M7.0 Hayward Fault earthquake simulations (Rodgers et al., 2019) 



6Seismic Risk at NNSS

► Long faults can produce large 
magnitude earthquakes 

► Infrastructure in close proximity 
to these faults can experience 
strong seismic shaking

► Yucca Fault near NNSS critical 
infrastructure



7Objectives

► Develop an end-to-end modeling capability for strong ground 
motion simulations to use in seismic hazard assessment of 
critical facilities and infrastructure at the NNSS. 

► Locate areas of high seismic hazard at the NNSS during 
earthquakes on Yucca Fault. 

► Evaluate expected ground shaking levels for M6.5 potential 
earthquakes on the Yucca Fault at local facilities such as U1a.

► Produce and make available ground motion time histories that 
can be used to estimate the seismic response of critical facilities 
and infrastructure at NNSS.



Yucca Flat Seismic Velocity Model 8

Geological Framework Model (GFM)

Stochastic SVM

Shallow Geotechnical Layers 

Velocity Values for GFM Layers 

Yucca Flat Shallow Alluvium Velocity Analysis

Ź Red squares in map at right are 
locations of holes used in the 
analysis.

Ź Geology map is from Slate et al. 
(1999).

Ź Holes are collared in 3 different 
types of surficial alluvium.
Ŷ Qay – young alluvium, very light tan 

color.
Ŷ Qai – intermediate-age alluvium, light 

yellow color.
Ŷ QTa – old alluvium, bright yellow 

color.

3

Preliminary
Not for Public Release



9Yucca Fault Geometry

Proposed Fault Geometries  

Mapped Faults in the Yucca Fault Basin

Provided by L. Prothro 



10M6.5 Bilateral Earthquake Rupture Scenarios
► Simulate rupture scenarios that vary geometry of Yucca Fault 
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11Snapshots of Simulated Ground Motion 

► Scenario computed from 0–5 Hz
► Strong ground motion near U1a
► Basin traps seismic waves

Fault Geometry Sc1 



12Simulated PGD, PGV, and PGA
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13Site Effects Corrections
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14Take Modeling to Working Level of U1a

West-East Geologic Cross Section



15Unilateral Rupture Scenarios
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16Conclusions
► Developed an end-to-end modeling capability for strong ground motion simulations 

to use in the seismic hazard assessment of critical facilities and infrastructure at 
the NNSS. 

► Ground motion amplification in the Yucca Flat basin is controlled by the 
interactions of basin geometry with the Yucca Fault characteristics, including fault 
curvature and rupture initiation.

► The highest ground motion is observed along the fault trace and in the hanging 
wall region. 

► Near-fault areas with deep sediments and those located on the hanging wall 
region are characterized by larger ground motion amplifications.

► Comparisons with Ground Motion Prediction Equations for normal faulting 
demonstrate that the simulated spatial amplification pattern is also affected by the 
fault curvature at depth. 

► The effects of fault curvature at U1a site are more pronounced in the period range
1–3 s. 

► Local shallow basin structure amplifies and increases the duration of ground 
motion in a small area south of U1a site.



17Ongoing & Future Work
► Additional simulations are needed to evaluate the effects of 

unilateral rupture scenarios on ground motion at U1a
► Site response analysis 
► Validate ground motion models with recorded events



Earthquake Location Models



19Motivation – Nuclear Explosion Monitoring
► Nuclear Explosion Monitoring focuses on discriminating seismic 

sources and estimating yields. 
► Wave propagation effects complicate seismic signal and make 

discriminating small sources challenging.

https://www-gs.llnl.gov/nuclear-threat-reduction/nuclear-explosion-monitoring



20Natural Laboratories

► The 1993 earthquake 
sequence in the Rock 
Valley Fault Zone 
produced exceptionally 
shallow seismicity

► Opportunity to directly 
compare earthquake 
and explosive sources 
in the exact 
emplacement 
conditions

Map of nuclear tests (red), normal depth earthquakes (blue), and 
unusually shallow earthquakes (green) at NNSS (Snelson et al. 2019) 



21Objectives

► Refine earthquake 
locations 
■ Minimize depth 

uncertainty
■ Prepare testbed

► Inform and refine 
geologic model
■ Earthquake locations 

image subsurface fault 
structure

Rock Valley Geologic Framework Model (GFM)



22Rock Valley Seismicity and Velocity Characterization

► Rock Valley well recorded on 
NSL seismic network 

► Analog network prior to 2000
► Regional velocity models

NNSS velocity models LLNL and MOONHOF 
from Anderson and Myers (2010) and 
Hoffman and Mooney (1983)

Rock Valley earthquake catalog. Blue indicates 
converted analog data and orange indicates digital data. 



23Relocation Methods

Catalog
Absolute 

Relocation: 
Hypoinverse

Relative 
Relocation: 
GrowClust
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24Relocation Domains
► Relocate large domain and small domain to test the effect of 

lateral velocity heterogeneity on relocation accuracy and quality

FF
YM

SM

LSM

MV

RVFZ



25Hypoinverse Results

Inferred faults 
from Slate et al.

(1999) LV Valley 
Shear 
Zone



26Location Accuracy

► Sharp increase in vertical 
error at 1.5–2.0 km 
regardless of velocity 
model 

► Error decreases with depth 
as lateral heterogeneity 
decreases

► Is this a characteristic of 
data quality?
■ At least 10 phases
■ Minimum of 5 S phases
■ Station within 15 km
■ Maximum azimuthal gap 

of 180˚ 



27Optimized Location Accuracy



28Geologic Investigations

► The Rock Valley Fault Zone and the NNSS are located in a 
structurally complex region

► Lateral heterogeneity greatest toward surface
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1:100,000-SCALE DETAIL OF CROSS SECTION H-24
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1:100,000-SCALE DETAIL OF CROSS SECTION H-28

U.S. DEPARTMENT OF THE INTERIOR
U.S. GEOLOGICAL SURVEY

MISCELLANEOUS FIELD STUDIES MAP MF–2370
SHEET 2 OF 3

Version 1.0
Pamphlet accompanies map

Any use of trade names in this publication is for
descriptive purposes only and does not imply 
endorsement by the U.S. Geological Survey
For sale by U.S. Geological Survey Information Services
Box 25286, Federal Center, Denver, CO 80225
1-888-ASK-USGS
A PDF for this map is available at 
http://geology.cr.usgs.gov/greenwood-pubs.html

INTERPRETIVE GEOLOGIC CROSS SECTIONS FOR THE DEATH VALLEY REGIONAL FLOW SYSTEM AND SURROUNDING AREAS, NEVADA AND CALIFORNIA 
By

Donald S. Sweetkind1, Robert P. Dickerson2, Richard J. Blakely3, and Paul D. Denning1 
2001

1U.S. Geological Survey, Denver, Colo.
2Pacific Western Technologies, Inc., Denver, Colo.
3U.S. Geological Survey, Menlo Park, Calif.

Prepared in cooperation with
OFFICE OF ENVIRONMENTAL RESTORATION AND WASTE MANAGEMENT,

U.S. DEPARTMENT OF ENERGY
NATIONAL NUCLEAR SECURITY ADMINISTRATION

NEVADA OPERATIONS OFFICE, under 
Interagency Agreement DE-AI08-96NV11967

Unconformity

Qu

QTb Tt

Tm

Tp

Tvx Tvu

Tvuy

Tvuo
TKi

Ti
Ts3 Tsu

Tso

Ts4

Tac
Tw

Tc

Tb

Tov

Tgv

QTu

Mu Mc

Pkt

Ja

$cm

P"u

MDe

DSu

Ou

!nbc
#Zx

!Zw

Zs
Zu

ZYm
%m

Zj

ZYp

Xmi

LCA

LCCU

Quaternary

Tertiary
CENOZOIC

MESOZOIC

PALEOZOIC

PROTEROZOIC

Jurassic

Cretaceous

Triassic

Permian

Pennsylvanian

Devonian
and Silurian

Late
Proterozoic

Middle Proterozoic

Early Proterozoic

Mississippian
and Devonian

Mississippian

Ordovician

Cambrian

SURFICIAL UNITS VOLCANIC ROCKS INTRUSIVE ROCKS SEDIMENTARY ROCKS HYDROGEOLOGIC
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CORRELATION OF MAP UNITS DESCRIPTION OF MAP UNITS

SURFICIAL DEPOSITS

Undifferentiated Quaternary deposits

Undifferentiated Quaternary and Tertiary deposits (Holocene to Pliocene, but may 
locally include Miocene and Oligocene deposits)

BEDROCK UNITS

VOLCANIC ROCKS

Basaltic lava flows, undivided (Pleistocene to Miocene)

Volcanic rocks of the Death Valley vicinity

Volcanic rocks (Pliocene and Miocene)—Volcanic rocks associated with the central 
Death Valley volcanic field and other volcanic rocks of the Death Valley area.  
Includes the 6.0- to 5.4-Ma Greenwater Volcanics (Pliocene) of the Death Valley 
area and the 12- to 9-Ma dacitic rocks in Death Valley and the Grapevine Mountains

Volcanic rocks of the Nevada Test Site and vicinity

Stonewall Flat Tuff (Miocene), Thirsty Canyon Group (Miocene), and younger 
volcanic rocks, undivided—Includes Fortymile Canyon assemblage and rocks that 
fill moat of the Timber Mountain caldera

Timber Mountain Group (Miocene)

Intracaldera and caldera margin megabreccia, undivided (Miocene)

Paintbrush Group (Miocene)

Calico Hills Formation (Miocene)

Wahmonie and Salyer Formations, undivided (Miocene)

Crater Flat Group (Miocene)

Belted Range Group (Miocene)

Older ash-flow tuffs and lava sequences (Miocene)—Includes Lithic Ridge Tuff, 
Tunnel Formation, Tub Spring Tuff, tuff of Yucca Flat, and other volcanic units older 
than the Belted Range Group

Volcanic rocks, undivided (Pliocene to Oligocene)—Includes all volcanic rocks 
associated with the southwestern Nevada volcanic field and also older volcanic rocks 
not associated with southwestern Nevada volcanic field, including Kane Wash Tuff, 
Hiko Tuff, and Fraction Tuff (Miocene) and Shingle Pass Tuff and Monotony Tuff 
(Oligocene).  Where subsurface information is available, unit is subdivided into 
younger and older units

Younger volcanic rocks, undivided (Pliocene to Miocene)—Includes Crater Flat 
Group and younger rocks; use is restricted to sections H-6, H-16, and H-22 where 
these sections cross northwestern part of Amargosa Desert

Older volcanic rocks, undivided (Miocene to Oligocene)—Use is restricted to north 
end of section H-19; unit is used for Miocene and Oligocene volcanic rocks not 
associated with southwestern Nevada volcanic field, including Kane Wash Tuff, Hiko 
Tuff, and Fraction Tuff (Miocene) and Shingle Pass Tuff and Monotony Tuff 
(Oligocene)

 
INTRUSIVE AND METAMORPHIC ROCKS (MIOCENE TO CRETACEOUS)

Intrusive rocks (Miocene and Oligocene)—Intrusive rocks of Tertiary age.  Includes 
granitic and mafic intrusive rocks in the Black Mountains (for example, Willow 
Spring Diorite and granite at Smith Mountain) and Panamint Mountains, hypabyssal 
intrusive rocks in the Greenwater Range (for example, Brown Peak intrusive center), 
and intrusive rocks at the Nevada Test Site [associated with the Timber Mountain 
Group, Calico Hills Formation and Wahmonie Formation (Miocene)].  Locally 
includes minor associated extrusive rocks

Intrusive rocks (Oligocene to Cretaceous)—Intrusions and dikes of Cretaceous age or 
those intrusions whose age is poorly constrained.  Includes plutons in the Panamint 
Range and plutons north of Yucca Flat at the Nevada Test Site

CONTINENTAL SEDIMENTARY ROCKS (PLIOCENE TO OLIGOCENE)

Unit 4 (Pleistocene? to Miocene)—Late synextensional to post-extensional sedimentary 
rocks, predominantly post 6 Ma.  Includes the Funeral Formation (Pleistocene? and 
Pliocene) of the Furnace Creek basin

Unit 3 (predominantly Miocene)—Miocene synextensional and (or) synvolcanic 
sedimentary rocks, predominantly between 14 and 10 Ma.  Includes the Artist Drive 
(Pliocene to Oligocene?) and Furnace Creek Formations (Pliocene? and Miocene) 
within the Furnace Creek basin

Older Tertiary sedimentary rocks, undivided (Miocene to Eocene)

Tertiary sedimentary rocks, undivided (Pleistocene? to Eocene)

SEDIMENTARY AND METASEDIMENTARY ROCKS (MESOZOIC TO PROTEROZOIC)

Aztec Sandstone (Lower Jurassic)—Exposed in the eastern and southern Spring 
Mountains

Chinle Formation (Upper Triassic) and Moenkopi Formation (Middle? and Lower 
Triassic), undivided—Exposed in the eastern Spring Mountains

Kaibab and Toroweap Formations, undivided (Lower Permian)—Includes Permian 
redbeds that underlie the Toroweap Formation.  Exposed in the Spring Mountains

Tectonically disrupted Paleozoic and Late Proterozoic sedimentary rocks, 
undivided—Pahrump Group (Late Proterozoic) and younger sedimentary rocks that 
are tectonically thinned and (or) pervasively brecciated in the upper plates of 
extensional detachment faults.  Use is restricted to the Death Valley area

Permian and Pennsylvanian rocks, undivided—Predominantly carbonate rocks.  
Includes the Keeler Canyon Formation (Lower Permian to Middle Pennsylvanian), 
exposed in the Last Chance Range and Cottonwood Mountains; the Bird Spring 
Formation (Lower Permian to Pennsylvanian), exposed in the Spring Mountains, 
Las Vegas Range, Sheep Range, and Nopah Range; and the Tippipah Limestone 
(Lower Permian and Pennsylvanian), exposed at the Nevada Test Site

Mississippian rocks, undivided—Mostly carbonate rocks. Includes the Monte Cristo 
Limestone (Upper and Lower Mississippian), exposed in the Montgomery 
Mountains, Spring Mountains, and nearby ranges; the Joana Limestone (Lower 
Mississippian), exposed in the Pahranagat Range; various Mississippian carbonate 
units in the Spotted Range; and carbonate rocks of the Perdido Formation and Tin 
Mountain Limestone (Lower Mississippian) in the Cottonwood Mountains and Last 
Chance Range.  In Keystone thrust plate (eastern Spring Mountains), includes the 
Sultan Limestone (Lower Mississippian to Middle Devonian)

Chainman Shale (Mississippian)—Exposed in the Pahranagat Range, and the eastern 
Nevada Test Site (Syncline Ridge, CP Hills, and Calico Hills).  Includes the Scotty 
Wash Quartzite

Eleana Formation (Mississippian and Upper Devonian)—Exposed in the Nevada Test 
Site area.  Shown on cross sections within footwall duplex of Belted Range thrust

Devonian and Silurian rocks, undivided (Devonian and Silurian)—Includes the 
Simonson Dolomite (Middle and Lower Devonian), Sevy Dolomite (Lower 
Devonian), and Laketown Dolomite (Silurian)  

Ordovician rocks, undivided—Includes the Ely Springs Dolomite (Upper Ordovician), 
Eureka Quartzite (Upper and Middle Ordovician), and Pogonip Group (Middle and 
Lower Ordovician)

Nopah (Upper Cambrian), Bonanza King (Upper and Middle Cambrian), and 
Carrara (Middle and Lower Cambrian) Formations, undivided 

Zabriskie Quartzite (Lower Cambrian) and Wood Canyon Formation (Lower 
Cambrian to Late Proterozoic), undivided

Stirling Quartzite (Late Proterozoic)

Johnnie Formation (Late Proterozoic)

Stirling Quartzite and Johnnie Formation, undivided  (Late Proterozoic)—Use is 
restricted to the vicinity of the Spring Mountains in footwall of Keystone thrust and 
to thrust duplexes that are inferred at depth

Stirling Quartzite and Johnnie Formation (Late Proterozoic) and Pahrump Group 
(Middle to Late Proterozoic), undivided—Use is restricted to those areas where 
these rocks are metamorphosed to medium grades; includes minor younger igneous 
rocks.  Occurs at Bare Mountain, the Funeral Mountains, and the Bullfrog Hills

Metamorphic and igneous rocks, undifferentiated (Late Proterozoic to Early? 
Proterozoic)—Includes all Proterozoic rocks; use is restricted to section H-22

Noonday Dolomite (Late Proterozoic) and Pahrump Group (Middle and Late 
Proterozoic), undivided

Metamorphic and igneous rocks, undifferentiated (Early? Proterozoic)

HYDROGEOLOGIC UNITS (PALEOZOIC TO PROTEROZOIC)
 

[Use is restricted to those sections or parts of sections where abundant Quaternary cover (for 
example, section H-22 and northeastern end of section H-29) or lack of detailed map data (for 
example, sections H-44 and H-45) prevent more detailed stratigraphic subdivision]

Lower carbonate-rock aquifer (Devonian to Cambrian)—Includes Paleozoic carbonate 
rocks of Devonian to Cambrian age, as used by Laczniak and others (1996)

Lower clastic confining unit (Late Proterozoic to Lower Cambrian)—Predominantly 
clastic rocks; equivalent to the quartzite confining unit of Laczniak and others (1996)
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EXPLANATION OF SYMBOLS USED ON CROSS SECTIONS

[These sections use no direct subsurface data, such as borehole data, below about 2 km;  all contacts 
and faults below this depth are interpreted.  Confidence in the geologic interpretation naturally 
decreases with depth; however, for legibility, all contacts and faults are shown as solid lines]

Contact between lithologic or hydrogeologic units

Normal fault or thrust fault—Opposed barbs indicate direction of relative vertical 
movement.  D and U indicate relative down and up motion, respectively, for normal 
faults that are subparallel to the line of section.  Dashed where projected above land 
surface

Strike-slip fault—A and T indicate direction of relative movement away from and toward 
observer, respectively

Profile representing the inferred base of the Cenozoic section, based upon 
inversion of regional gravity data—After Blakely and others (1999)

Tie point with intersecting cross section—Some intersects not apparent to viewer at 
scale (1:750,000) of accompanying index maps.  All coordinates of individual cross 
section tie points are reported in metadata that supports the associated digital files

Tie point with boundary of Nevada Test Site

Tie point with U.S. Highway 95

Tie point with county boundary

Bend in cross section—All bends in cross section are shown.  Some subtle bends are 
not discernible to viewer at scale (1:750,000) of accompanying index maps.  
Location of all vertices (section bends) are reported in metadata that supports the 
associated digital files
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EXPLANATION

Lines of section featured on sheet 2 Nevada Test Site boundary

Lines of section featured on sheet 3 Interstate highway
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Von Schmidt line (historical line) Area depicted on the five index maps (figs.  3-7)
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29GrowClust Results

► Relative relocations highlight faults in the RVFZ 

Large Domain Small Domain



30GrowClust Results

► GrowClust location accuracy:
■ Mean vertical error: 0.18 km 
■ Median vertical error: 0.096 km

► Relocated earthquakes 
correlate with mapped faults 

► Relocated events will be 
used to refine subsurface 
projection of mapped faults



31Conclusions

► Events can be located within a 1.09 km and 0.5 km median vertical 
and horizontal error 

► Sharp increase in the error between 1.5 and 2.0 km indicates the 
regional 1D velocity models are insufficient at locating events in the 
shallow crust 

► After investigating quality control parameters, we concluded
1D velocity models are insufficient at locating shallow events and 
3D velocity models are necessary to refine the location for the RVDC

► Provides insight into the subsurface structure 
► Relative relocations prove to be robust over large regions 



32Future Work
► Investigate the feasibility of 3D relocation to minimize location 

uncertainty
► Integrate relocations into GFM to refine fault geometry 




