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Magnitude of Microseismic Events

Typical 
range for 
micro-
seismic 
events



Seismic Moment Scalar & Magnitude

Seismologists report the size of quakes in terms of 
moment magnitude and seismic moment scalar.

Seismic moment scalar: Measure of an earthquake 
rupture size related to the leverage of forces across the 
area where the fault slips.

µ: shear modulus
D: average slip 
A: fault area.

M0 = µDA



Magnitude & Moment Scalar

General form:

M = log (A/Tn) + Q(h,D)

where
A: signal amplitude
T : dominant period
h: focal depth
D: distance

Bolt, 1993
7.10)log

3
2

010 ( −= MMw



Seismic Moment – Equivalent Body Forces

Equivalent Body 
Forces

General 
description 
capable of 
representing 
various seismic 
sources



Seismic Moment Tensor

Seismic moment tensor: Mathematical representation 
of seismic source.

The nine 
generalized 
couples of the 
seismic moment 
tensor. 
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Why Seismic Moment Tensor?

Mathematical description of the source mechanism

Computational properties of MT:

Linear mathematical expressions for displacement 
field.

Easier forward modeling and inversion analyses
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s(t) is the source time function

dn displacement



Moment Tensor Inversion

(Jost & Herrmann, 1989)



General Seismic Point Sources

Pure double-couple (pure shear)

ISO + DC + CLVD (Tensile Earthquakes)

ISO + VSS + VDS + 45°DS (special case)

Isotropic (ISO) + 3 double-couples (DC)

ISO + 3 vector-dipoles (VD)

ISO + 3 compensated linear vector dipoles (CLVDs)

ISO + major couple + minor couple



Most  
earthquakes may 
be approximated 
by a double-
couple

eigenvectors of 
M yield principal 
stress axes (P, T)

Seismic Source: Double-Couple(DC)



Seismic Source : Non-DC (Isotropic)
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Seismic Source: Linear Vector Dipole

Sudden change 
in shear 
modulus in 
presence of 
axial strain.

CLVD: a dipole 
corrected for 
the effect of 
volume change 



What is CLVD? 
Represents crack opening under tension.

Seismic Sources : Non-DC (CLVD)
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What is CLVD?
Represents near-simultaneous earthquakes 
on close faults of different geometries!

Seismic Sources : Non-Double-Couple
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Mode I: 
Tensile Opening

Mode II: 
In-plane Shear

Mode III: 
Anti-plane Shear

Types of Fracture (Propagation Modes)

Crack wall 
displacement 
normal to 
crack

Displacement in 
the plane of 
crack wall and 
normal to crack 
edge

Displacement in 
the plane of 
crack wall and 
parallel to crack 
edge

Definition for ideal flat perfectly sharp crack 
of zero thickness (Gibowicz & Kijko, 1994)



Tensile Earthquakes
Slip vector deviates

from the fault and 
causes opening or 
closing

Inferred from 
moment  tensor 
inversion, ISO + CLVD 
show the deviation of 
source mechanism 
from pure DC or 
shear.

(Vavrycuk, 2001)



Moment Tensor of Tensile Faulting



Shear & Tensile Failure

Julian and Sipkin, 1985

(Vavrycuk, 2001)



Decomposition of Moment Tensor

Mmin & Mmax : 
Absolute values of the 
eigenvalues of 
deviatoric moment 
M*

ε: measure of the size 
of CLVD relative to DC 
component.

For a pure CLVD 
source, ε = ±0.5 and 
for a pure DC source, ε
= 0

(Vavrycuk, 2001)



MT 
Decomposition

Decomposition is not 
unique!!

Various 
decomposition may 
lead to different 
interpretation.

Julian and Sipkin, 1985



Synthetic Modeling

Double-couple 
source

Source with 
20% isotropic, 
50% double-
couple and 
30% CLVD 
components 



Focal Mechanism & Radiation Pattern



Forward Modeling
Double-couple 

source



Focal Mechanism & Radiation Pattern



Forward Modeling
Combo Source



Inversion Results – Combo Source
Single Observation Well



Inversion Results – DC Source
Single Observation Well



Inversion Using
Surface and 

Downhole Data

Inversion FWD Model



Conclusion
Moment tensor: a powerful tool in delineating the 
source parameters mathematically.

Linear computational properties of MT

With a single observation borehole, it is impossible to 
solve for the full moment tensor elements

The isotropic component is the least well-resolved 
parameter obtained from one single observation 
well. 

Decomposition of MT is non-unique and various 
decompositions may lead to different 
interpretations.



Thank You!


	Microseismic Monitoring:��Insights from �Moment Tensor Inversion
	Outline
	Magnitude of Microseismic Events
	Seismic Moment Scalar & Magnitude
	Magnitude & Moment Scalar
	Seismic Moment – Equivalent Body Forces
	Seismic Moment Tensor
	Why Seismic Moment Tensor?
	Moment Tensor Inversion
	General Seismic Point Sources
	Slide Number 11
	Seismic Source : Non-DC (Isotropic)
	Seismic Source: Linear Vector Dipole
	Seismic Sources : Non-DC (CLVD)
	Seismic Sources : Non-Double-Couple
	Types of Fracture (Propagation Modes) 
	Tensile Earthquakes
	Moment Tensor of Tensile Faulting
	Shear & Tensile Failure
	Decomposition of Moment Tensor
	MT Decomposition
	Synthetic Modeling
	Focal Mechanism & Radiation Pattern
	Slide Number 24
	Focal Mechanism & Radiation Pattern
	Forward Modeling�Combo Source
	Inversion Results – Combo Source�Single Observation Well
	Inversion Results – DC Source�Single Observation Well
	Inversion Using�Surface and Downhole Data
	Conclusion
	Slide Number 31


<<

  /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 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /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 ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /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 <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /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



