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INTRODUCTION

We examine two physical conditions that may place constraints on the upper bound
levels of ground motions. First, we describe observations of weak ground motions from
shallow faulting earthquakes. We also note that near-fault peak velocities may be
bounded by the magnitude scaling of the period of the rupture directivity pulse. We then
proceed to describe kinematic simulations of upper bound ground motions, using the
inverse correlation between two strongly influential parameters, rupture area and rise
time for a fixed magnitude event, to place bounds on the ground motions. We summarize
the implications of these results for upper ground motions at Yucca Mountain, and
suggest topics for further research.

REDUCTION OF GROUND MOTIONS FROM SHALLOW FAULTING

Earthquakes typically nucleate near the bottom of the seismogenic rupture zone in the
crust. Large earthquakes usually break the surface, but small earthquakes usually do not.
Over one-half of the earthquakes in the magnitude range of 6.0 to 6.5 do not break the
surface; this fraction decreases to about one-third for the magnitude range of 6.5 to 7, and
about one-fifth of earthquakes in the magnitude range of 7.0 to 7.5 (Lettis et al., 1997). If
it is assumed that all of the slip on a fault occurs during earthquakes, then larger
earthquakes are characterized by relatively larger amounts of shallow slip than are
smaller earthquakes.

These differences in the depth distribution of slip and are important, because it
appears that the ground motions generated by earthquakes that do not have large shallow
asperities are stronger than those of earthquakes that do. Recent large earthquakes having
large surface slip, including the 2002 Denali, 1999 Kocaeli, and 1999 Chi-Chi events,
have surprisingly weak ground motions at short and intermediate periods. These new
observations are consistent with our finding from previous earthquakes that the strong
ground motions of earthquakes that have shallow asperities (top of asperity is shallower
than 5 km) are weaker than the ground motions of events whose asperities are all deep
(Kagawa et al., 2004; Somerville, 2003). The large differences in ground motion levels
between these two categories of events are illustrated in Figure 1, which shows the
response spectra of near-fault recordings of recent large earthquakes. The left panel
shows recordings from four shallow earthquakes in the My, range of 7.4 to 7.9, and the
right panel shows recordings from two deep earthquakes of magnitude M,, 6.7 and 7.0.
The response spectra of the deep earthquakes are much stronger than those of the larger
shallow earthquakes for periods less than 1.5 sec.

Comparing the distribution of slip with depth, averaged along strike, in the top part of
Figure 2, this difference in ground motions between shallow and deep events seems
paradoxical because the shallow events have much larger near-surface displacements.
However, slip velocity is a much more important determinant of strong motion levels
than fault slip alone. The effective slip velocity is defined by Ishii et al. (2000) as the slip
velocity averaged over the time in which the slip grows from 10% to 70% of its final



value, and represents the dynamic stress drop. As shown in Figure 3, the distribution of
effective slip velocity with depth for shallow events is quite different from the
distribution of slip with depth. The shallow events have large near-surface
displacements, but they do not have correspondingly large slip velocities. The slip
velocities of the deep events are larger than those of the shallow events, causing larger
ground motion levels because slip velocity is an important determinant of strong motion
levels. Averaged over 9 shallow events and 8 deep events, the slip velocity of shallow
events is about 70% that of deep events. This is true both for the fault as a whole and for
the asperities on the fault. This difference in slip velocity between shallow and deep
events is an important aspect of earthquake source characterization for the simulation of
strong ground motion. For a given seismic moment, the rupture areas of shallow events
are larger, and hence their static stress drops and smaller, than those of deep events,
which may also contribute to the difference on ground motions (Kagawa et al., 2004).

The fracture energy and stress intensity factor are found to be large for surface
faulting events, and small for subsurface faults. Large fracture energy events may
produce mainly long period seismic radiation. This is consistent with surface faulting
events producing weak high frequency ground motions. The features of rupture in the
shallow part of fault (0 — 5 km depth) are controlled by velocity strengthening, with
larger slip weakening distance Dc, larger fracture energy, i.e. much energy absorbed from
the crack tip, lower rupture velocity, lower slip velocity, and lower ground motions than
buried faulting events.

ESTIMATES OF UPPER BOUND GROUND MOTIONS IN THE PEGASOS PROJECT

We performed kinematic strong motion simulations based on earthquake source
models that use the source scaling relations of Somerville et al. (2001) for the central and
eastern United States. In order to establish the upper limit ground motion level, we
considered three earthquake mechanisms and performed a large number of ground
motion simulations. For each event, parametric uncertainty in a set of source
characteristics was applied using multiple representations. The source parameters that
were varied include slip model (s), depth (d), rupture area (ra), slip contrast (sc),
hypocenter location (hy), rupture velocity (rv), rise time (rt). Where single parameter
values were involved, the randomness was represented using median (M), upper (U), and
lower (L) bound values; these variations (e.g. Urt) are indicated along the horizontal axis
of Figure 4. The effect of each source parameter on the ground motion was evaluated
based on simulations in which one of these parameters was varied while the others were
kept fixed at their median value. Median ground motion values were derived from
simulations that used median values of the source parameters. Upper limit values of
ground motions were derived from simulations that used combinations of upper bound
values of source parameters that most strongly affected the ground motion. The rupture
area and rise time as well as their combination with supershear rupture velocity most
strongly affect the ground motion level over a broad frequency range. The combination
of extremely small rupture area and short rise time gives rise to extremely large ground
motions.

Constraints were placed on upper bound ground motions based on correlation of
source parameters. The two source parameters that have the strongest influence on
ground motions, rupture area and rise time, have an inverse correlation. Combinations of



small rupture area and short rise time (Max2 in Figure 4) give rise to very large ground
motions that are considered unphysical, because the small rupture area requires a large
average displacement, which should be accompanied by a longer than median rise time,
not shorter than median rise time. An even more extreme (and unphysical) set of
scenarios adds supersonic rupture velocity to this combination of parameters (Extreme in
Figure 4). These scenarios use combinations of small rupture area, small rise time, and
super shear rupture time, together with the maximizing values of the other parameters
(upper slip contrast, subsurface fault and reverse faulting mechanism). Because of the
extremely low joint probability of occurrence of all of these extreme source parameters,
we regard them as being unphysical.

PHYSICAL FACTORS LIMITING GROUND MOTIONS AT YUCCA MOUNTAIN
Shallow Faulting

Shallow faulting has low slip velocity and hence lower ground motions than buried
faulting. We need separate ground motion models for shallow and buried faulting. These
models might each have lower aleatory variability, and the shallow faulting model will
have much lower median values. Ground motion amplitudes from shallow faulting
earthquakes may have been overestimated in the Yucca Mountain PSHA

Rupture Directivity

Upper bound ground motions at Yucca Mountain are controlled by rupture directivity
effects. The amplitude of the directivity pulse is controlled by the rupture velocity, which
is limited to the Rayleigh wave velocity or to supershear values. The period of the pulse
increases with magnitude, bounding the magnitude scaling of the peak velocity of the
directivity pulse (Somerville, 2003).

SUGGESTIONS FOR FUTHER RESEARCH
Rupture Dynamics

* Use rupture dynamics to establish a physical basis for differences in source
parameters between shallow and buried faulting earthquakes

* Examine correlation between source parameters such as rupture velocity and rise
time in kinematic and dynamic rupture models of past earthquakes, including
normal faulting earthquakes

* Develop the capability to model differences in ground motions between shallow
and buried earthquakes

* Use dynamic rupture models of normal faulting earthquakes to identify physical
bounds on source parameters and ground motions

Probabilistic Seismic Hazard Analysis
* Identify the depth of faulting of earthquakes on the Solitario Canyon fault
* Use separate ground motion models for shallow and buried faulting in YM PSHA
- lower median value for shallow faulting

- lower variability about the median for both shallow and buried faulting



* This may result in a reduction of this fault’s contribution to the hazard at low
probabilities

Wave Propagation

* The Yucca Mountain volcanics constitute a basin-like environment — trapping of
body waves that enter the volcanics from their margins

e Triplications, caustics and focusing effects can potentially cause large
amplification of ground motions

* Look for evidence of amplification or deamplification in Yucca Mountain strong
motion recordings from local and regional earthquakes and NTS events
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Figure 1. Near-fault response spectra of recent large earthquakes. Left: Four earthquakes, Mw
7.2 to 7.9, with shallow asperities and large surface faulting. Right: Two earthquakes, Mw 6.7
and 7.0, with deep asperities and no surface faulting.
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Figure 2. Distribution of slip for shallow (top) and deep (bottom) earthquakes.
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Figure 3. Distribution of slip (left) and slip velocity (right) for shallow (top) and deep (bottom)
earthquakes. The left side shows two strike-slip earthquakes and the right side shows two thrust

earthquakes.
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Figure 4a. Variation of the average ground motion response at a fault distance of Skm as a functin of period
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calculted for M7.0 scenario earthquakes indicated at the bottom of the figure. The median +/- one standard
deviation, and maximum simulated ground motion levels are shown. For detailed explanation see text




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


