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Abstract Following the 2016 Mw 7.8 Kaikoura earthquake, uncertainty over the nature of the coseismic
rupture developed. Seismological evidence pointed to significant involvement of the subduction
megathrust, while geodetic and field observations pointed to a shallow set of intracrustal faults as the main
participants during the earthquake. The addition of tsunami observations and modeling as reported in Bai
et al. (2017) places additional constraints on the specific location of coseismic slip, which when combined
with other observations indicates the simultaneous occurrence of shallow slip on the subduction interface
and slip on overlying, upper crustal fault structures. This Kaikoura-style earthquake, involving synchronous
ruptures on multiple components of the plate boundary, is an important mode of plate boundary
deformation affecting seismic hazard along subduction zones.

1. Introduction

On 13 November 2016 (11:02:56 UTC) a large (Mw 7.8) earthquake struck in the sparsely populated region
near Kaikoura, New Zealand, on the northern end of the South Island (Figure 1). Because of its occurrence just
after midnight (00:02:56, 14 November 2016, local time), there were few immediate, eye-witness reports of
the occurrence and extent of surface faulting, although it was immediately known that damage was signifi-
cant in several town centers and that numerous landslides had blocked highways and the main rail line. The
earthquake is located at a fundamental transition along the Pacific-Australia plate boundary through New
Zealand—a transition from subduction along the Hikurangi subduction zone, to the north, to a plate bound-
ary characterized by dominantly strike slip and oblique strike-slip plate motion along the Alpine Fault system,
to the south. Between the Hikurangi subduction zone and Alpine Fault, the Alpine Fault system splays into a
set of major strike-slip faults (Marlborough Fault system; Figure 1), whose north-eastern extents run through
the epicentral and aftershock region. This location, where both a subduction plate boundary and upper crus-
tal faults coexist, has led to uncertainties in the fundamental nature of the earthquake—was it a subduction
plate interface earthquake (a megathrust such as recently in Japan and Chile) or an earthquake limited to the
upper crust. The results of Bai et al. [2017] indicate that there was significant fault displacement on what is
most likely the subduction interface. These results require that the Kaikoura earthquake involved both sub-
duction and upper crustal faulting.

2. Competing Earthquake Models

Initial analyses of the earthquake based on global seismology data (e.g., the USGS Event Page, URL: earth-
quake.usgs.gov/earthquakes/eventpage/us1000778i) indicated a relatively low angle, oblique slip thrust fault
(Figure 1), with an epicentral depth consistent with its occurrence on the megathrust (subduction plate
boundary interface). This initial interpretation was complicated because the epicenter location (the initiation
point) for the earthquake is south of the southern limit to subduction (Figure 1). Finite fault models that map
fault slip onto assumed fault structures showed that most of the seismic moment release was north of the
epicenter in a region where there is definitely subduction of the Pacific plate. With daybreak, the picture
becamemore unclear, as there were numerous extremely large offset (up to 10 m in lateral and vertical direc-
tions) surface fault ruptures, many of which showed dominantly strike-slip motion [Litchfield et al., 2016]. This
earthquake was not simply a subduction thrusting-style event. Additionally, the aftershocks (Figure 1) imme-
diately after and during the first months following the main earthquake show an approximately equal mix of
strike-slip (like the surface faulting) and thrust (like the subduction interface faulting) earthquake mechan-
isms. Many of the aftershocks in the cluster just south of 42°S latitude are low-angle thrust faults, consistent
with earthquakes on a subduction interface. Further complicating the seismotectonic interpretations of the
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event was that the observed extraordinary fault displacements were generally on secondary faults oblique to
the orientation of the Marlborough faults (the major faults in the region), some of which were previously
unmapped or considered inactive. These active faults are characterized by numerous discontinuous
segments with, in some cases, distances of meters to kilometers between fault segments [Hamling et al.,
2017; Litchfield et al., 2016]. Within the first day following the earthquake a debate was already underway
as to whether this earthquake was a subduction megathrust event on the plate interface or a complex
crustal faulting earthquake primarily within the upper plate of the subduction system. This distinction
matters beyond the scientific realm, as the implications for changes in the stresses acting on faults
elsewhere in the region are potentially different depending on the specifics of the earthquake faulting.
How this earthquake may affect future earthquake hazard in the region is dependent on an answer to the
fundamental question of its specific characteristics.

3. Reconciling the Earthquake Mechanics

In the months following the earthquake there have been several papers published addressing aspects of this
quandary. Various types of geodetic data (GPS, InSAR, and visual satellite imagery) have been used to map
the surface deformation and fault displacements (e.g., Figure 1a) [Hamling et al., 2017, Shi et al., 2017,
Hollinsworth et al., 2017]. These surface observations are very sensitive to the local, shallow deformation,
and the substantial fault offsets seen in the field are faithfully recorded in the suite of geodetic data analyzed.
In particular, Hamling et al. [2017] developed a model built on geodetic and field observations that could
account for most if not all of the observed seismic moment, without invoking slip on the plate interface,
but including substantial slip (>20 m in locations) on the deeper extents (10–15 km or deeper) of some of
the surface faults. In contrast results from a range of seismological analyses (both using global broadband
and array-based band-limited data) found preferred models that placed 50% or more of the seismic moment
release on structures likely representing the subduction plate interface [Duputel and Rivera, 2017; Zhang et al.,
2017; Hollinsworth et al., 2017]. Although all of these seismology-basedmodels placed substantial fault slip on

Figure 1. (a) Tectonic setting of the 2016 Kaikoura earthquake and associated seismicity associated. Line running NNW from the southern end of the Hikurangi
trench is the inferred southern edge of the subducting Pacific plate (cf. Figure 1b); [Walcott [1998]; Furlong [2007]; Furlong and Kamp [2009]) and dashed lines
(labeled in km) running NNE are depth contours for the subduction plate interface. Gray region delineates the area of the Marlborough Fault system, which is a
transition zone between the Australia and Pacific plates. The relative plate motion between the Pacific and Australia plates is shown by the white arrow. The green
star indicates the epicenter of the main shock. Earthquake locations (blue circles) for aftershocks show the spatial distribution of seismicity associated with
the Kaikoura event. The focal mechanism of the main shock (USGS W-phase Moment Tensor) is shown in the inset at the lower right. The yellow shaded region is
the approximate megathrust rupture zone from Bai et al. [2017]. Crustal faults with major slip during the event are shown in red [from Shi et al. [2017]]
(b) Three-dimensional perspective view of the earthquake region. Crustal faults that extend to the base of the upper plate above the subduction rupture zone are
those with major slip during the earthquake. (View is from the north as indicated in the arrow in Figure 1a).
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a potential subduction-interface surface, they were unable to resolve what happened as the subduction
megathrust fault came to the surface. Any slip at shallow levels on the plate boundary would provide strong
evidence for this earthquake being at least partly a subduction megathrust.

The paper by Bai et al. [2017] provides key answers to that question. Using observations of tsunami propaga-
tion after the earthquake, they are able to determine the location and magnitude of tsunamigenic shallow
slip associated with the Kaikoura event. Their model involves three main seismic moment producing faults:
one (largely strike slip; Mw ~ 7.3) in the epicentral region, associated with the initiation of the event; the
second (oblique low-angle thrusting) likely located on the subduction interface (indicated in Figure 1a) that
ruptures to shallow depths and is a primary tsunami generator (Mw ~7.6); and the third, representing much of
the surface faulting that is oblique strike slip and also generates some seafloor vertical displacements
(Mw ~ 7.6). Combined, these three generalized fault structures reproduce the observed seismic moment
tensor, generate a tsunami consistent with regional observations, and partition the seismic moment release
among both the subduction megathrust and shallower crustal faults.

Themodel of Bai et al. [2017] has similarities to models developed in other seismological studies [e.g., Duputel
and Rivera, 2017], which also invoked multiple faulting structures. The key addition provided by this study is
the direct evidence for the location and magnitude of seafloor displacements needed to generate the
observed tsunami. These results support the interpretation of the 2016 Kaikoura earthquake as a complex
rupture that involved substantial slip (and moment release) on the subduction interface (Mw 7.6), as well
as on a suite of upper plate faults (Mw 7.6). One additional constraint placed by the seismology and tsunami
analyses, which is not well constrained in the studies of surface faulting, is a constraint on the timing of the
moment release and associated fault slip. These results indicate that most of the shallow, crustal faulting
occurred synchronously with the rupture on the megathrust. Both sets of large moment release faulting
occurred after and north of the initiation site of the earthquake reported by its epicentral location.

Combining the results of these studies using seismological, geodetic, and field observations and related
models raises several important issues. First, how common an occurrence are such simultaneous megathrust
and upper plate faulting earthquakes? For the Kaikoura earthquake, the locked patch of the subduction zone
that ruptured underlies the coastal region of the northern South Island, making any upper plate faulting
above that rupture patch observable. More typically, the equivalent coupled parts of subduction systems
are offshore, and therefore, any simultaneous shallow crustal faulting that occurs above the rupture patches
may not be observable. Second, the seismotectonic interpretation that one gets from combining these
different analyses emphasizes the strengths and weaknesses of the various tools earthquake scientists use
to infer source characteristics of large earthquakes. Geodetic techniques provide high-resolution constraints
on near-surface displacements. However, mapping that surface deformation into fault slip involves model
assumptions, and in this case, the shallow faulting dominated the visual and geodetic signal and obscured
the deeper slip. Seismologic analyses place robust constraints on the location and nature of seismic moment
release but have limited spatial resolution and with the oftentimes relatively low levels of moment release at
the shallowest levels of a subduction zone, seismic data alonemay provide ambiguous constraints on shallow
slip. In a case such as this, in which the crustal faulting and the subduction interface faulting occur simulta-
neously, the seismological data from the two modes of faulting will be superposed, with the larger amplitude
signals (here the megathrust) dominating the analyses. The addition of tsunami observations, which place
strong constraints on displacements of the shallow megathrust with other seismological, geodetic, and geo-
logical data, helps us to develop integrative models that fully constrain the coseismic fault slip.

4. Discussion

With the results of Bai et al. [2017], we can be reasonably confident that the 2016 Kaikoura earthquake
involved synchronous or near-synchronous faulting on the megathrust and several overlying crustal faults.
However, the conditions that would lead to such behavior are not well constrained. With this well-
documented event, a new mode of earthquake behavior in subduction regions must be considered. Here
we outline some of the specific aspects of this plate boundary and its faulting and identify some key aspects
of the conditions that may allow such earthquakes to occur. For the Kaikoura earthquake, the links between
the crustal and plate boundary faulting include (a) the regions of the largest displacement, shallow faulting
tend to overlie the regions of the megathrust that experienced the most coseismic slip; (b) the crustal faults

Geophysical Research Letters 10.1002/2017GL074365

FURLONG AND HERMAN COMMENTARY ON BAI ET AL. [2017] 6790



that slipped are not the major faults of the Marlborough Fault system but rather they include numerous short
fault segments, often with large distances between the ends of fault segments and with orientations that
tend to be more northerly than the Marlborough faults; (c) slip amounts on these surface faults in spots
exceed the seismologically determined magnitude of fault slip on the megathrust; and (d) the subducting
slab beneath the surface faults that slipped is at a relatively shallow depth (~25 km or less; Figure 1),
implying that these upper plate faults are within the brittle deformation zone over their entire depth extent
and slip primarily through earthquakes. Any mechanism invoked for this event should account for these
characteristics—in particular the synchronicity of the megathrust and crustal faulting [Furlong et al., 2017].

The 2016 Mw 7.8 Kaikoura earthquake produced synchronous faulting on the plate boundary subduction
interface—the megathrust—and on a suite of crustal faults above the rupture zone in the overlying plate.
Although displacements on some surface faults are extraordinary, particularly considering the short fault
lengths and segmented nature of the faults, the results of Bai et al. [2017], with its inclusion of tsunami data
and modeling, indicate that there was also clearly megathrust involvement with rupture reaching to, or
nearly to, the trench. With these results it is clear that the 2016 Kaikoura NZ earthquake represents a mode
of subduction zone rupture that must be considered in other regions.

References
Bai, Y., T. Lay, K. F. Cheung, and L. Ye (2017), Two regions of seafloor deformation generated the tsunami for the 13 November 2016, Kaikoura,

New Zealand earthquake, Geophys. Res. Lett., 44, doi:10.1002/2017GL073717, in press.
Duputel, Z., and L. Rivera (2017), Long-period analysis of the 2016 Kaikoura earthquake, Phys. Earth Planet. In., 265, 62–66, doi:10.1016/

j.pepi.2017.02.0040031-9201.
Furlong, K. P. (2007), Locating the deeper extent of the plate boundary along the Alpine Fault Zone, New Zealand: Implications for patterns

of exhumation in the Southern Alps, in Exhumation Associated with Continental Strike-Slip Systems, edited by A. B. Till et al., Geol. Soc. Am.
Spec. Pap., 434, 1–14, doi:10.1130/2007.2343(01).

Furlong, K. P., and P. J. J. Kamp (2009), The lithospheric geodynamics of plate boundary transpression in New Zealand: Initiating and
emplacing subduction along the Hikurangi margin of New Zealand, and the tectonic evolution of the Alpine Fault system, Tectonophysics,
474, 449–462, doi:10.1016/j.tecto.2009.04.023.

Furlong, K. P., M. W. Herman, and G. P. Hayes (2017), Reconciling the dilemma of a megathurst earthquake or a crustal strike-slip faulting
event: The 2016 Kaikoura, NZ earthquake, Abst. of papers presented at the 2017 Seismol. Soc. Am. Ann. Mtg.

Hamling, I. J., et al. (2017), Complex multifault rupture during the 2016 Mw 7.8 Kaikoura earthquake, New Zealand, Science, 356, eaam7194,
doi:10.1126/science.aam7194.

Hollinsworth, J., L. Ye, and J.-P. Avouac (2017), Dynamically triggered slip on a splay fault in the Mw 7.8, 2016 Kaikoura (New Zealand)
earthquake, Geophys. Res. Lett., 44, 3517–3525, doi:10.1002/2016GL072228.

Litchfield, N. J., et al. (2016), 14th November 2016 M 7.8 Kaikoura earthquake, preliminary surface fault displacement measurements, version
2, GNS Sci., doi:10.21420/G2J01F.

Shi, X., Y. Wang, J. Liu-Zeng, R. Weldon, S. Wei, T. Wang, and K. Sieh (2017), How complex is the 2016 Mw 7.8 Kaikoura earthquake, South
Island, New Zealand?, Sci. Bull., 62, 309–311, doi:10.1016/j.scib.2017.01.033.

Walcott, R. I. (1998), Modes of oblique compression: Late Cenozoic tectonics of the South Island of New Zealand, Rev. Geophys., 36(1), 1–26.
Zhang, H., K. D. Koper, K. Pankow, and Z. Ge (2017), Imaging the 2016Mw 7.8 Kaikoura, New Zealand, earthquake with teleseismic Pwaves: A

cascading rupture across multiple faults, Geophys. Res. Lett., 44, doi:10.1002/2017GL073461.

Geophysical Research Letters 10.1002/2017GL074365

FURLONG AND HERMAN COMMENTARY ON BAI ET AL. [2017] 6791

https://doi.org/10.1002/2017GL073717
https://doi.org/10.1016/j.pepi.2017.02.0040031-9201
https://doi.org/10.1016/j.pepi.2017.02.0040031-9201
https://doi.org/10.1130/2007.2343(01)
https://doi.org/10.1016/j.tecto.2009.04.023
https://doi.org/10.1126/science.aam7194
https://doi.org/10.1002/2016GL072228
https://doi.org/10.21420/G2J01F
https://doi.org/10.1016/j.scib.2017.01.033
https://doi.org/10.1002/2017GL073461


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


