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Abstract On 14 February 2016, anMw 5.7 (GNS Sciencemomentmagnitude) earthquake ruptured offshore
east of Christchurch, New Zealand. This earthquake occurred in an area that had previously experienced
significant seismicity from 2010 to 2012 during the Canterbury earthquake sequence, starting with the 2010
Mw 7.0 Darfield earthquake and including four Mw ~6.0 earthquakes near Christchurch. We determine
source parameters for the February 2016 event and its aftershocks, relocate the recent events along with
the Canterbury earthquakes, and compute Coulomb stress changes resolved onto the recent events and
throughout the greater Christchurch region. Because the February 2016 earthquake occurred close to
previous seismicity, the Coulomb stress changes resolved onto its nodal planes are uncertain. However, in the
greater Christchurch region, there are areas that remain positively loaded, including beneath the city of
Christchurch. The recent earthquake and regional stress changes suggest that faults in these regions may
pose a continuing seismic hazard.

1. Introduction

On 14 February 2016, anMw 5.7 (GNS Sciencemomentmagnitude; http://www.geonet.org.nz/quakes/region/
newzealand/2016p118944) earthquake ruptured offshore east of Christchurch on the South Island of
New Zealand. This event occurred in the vicinity of the earlier Canterbury earthquake sequence, which began
with the 3 September 2010Mw 7.0 Darfield earthquake and includedMw ~6.0 events on 21 February, 13 June,
and 23 December 2011 (Figure 1) [Quigley et al., 2016, and references therein]. Following the decay of the
aftershocks associated with the 23 December 2011 earthquake, seismicity in the region returned to a level
of relative quiescence (~1.8 events ML (GNS Science local magnitude) 2.0+ per day from June 2012 to
February 2016; this rate is still substantially higher than the ~0.2 events per day before the 2010 earthquake;
Figures 1b and 1c and S1 in the supporting information). From June 2012 to December 2014, there were no
earthquakes larger than ML 4.7, and from January 2015 up to the February 2016 event, there were no earth-
quakes larger than ML 4.0.

Although the 2016 earthquake did not cause significant damage or casualties, it generated significant shaking,
with measured peak ground accelerations of up to 36% g (http://info.geonet.org.nz/display/appdata/Strong-
Motion+Data). It also suggests that residual increased seismic rupture probability remains in the general
region of the Canterbury earthquake sequence, even years after the initial main shock and more than 4 years
since the occurrence of the last significant event.

Placing this recent earthquake into context requires us to look back on the Canterbury earthquake sequence,
revisit interpretations of kinematics, and reevaluate the implications for future seismotectonic activity in
the Christchurch vicinity described during or soon after the completion of the main sequence [e.g., Fry and
Gerstenberger, 2011; Sibson et al., 2011; Beavan et al., 2012; Ristau et al., 2013; Herman et al., 2014; Steacy
et al., 2014]. In this study, we explore the location of this recent event to assess whether it occurred in a seis-
mic gap along one of the previously active fault strands of the Canterbury sequence or, alternatively, if it
occurred on a distinctly separate, previously inactive structure. Earthquakes occurring in seismic gaps on
active structures are generally thought to be constrained in size and location by the dimensions of the gap
and the remaining slip deficit [e.g., McCann et al., 1979; Fialko, 2006]. In contrast, if significant subsequent
earthquakes occur on structures other than those associated with previously active faults, i.e., on faults that
have not yet hosted significant seismic activity, then the population of faults that could possibly host a later
earthquake is increased. Thus, the residual hazard after an earthquake sequence like the Canterbury sequence
could remain higher than previously anticipated and be partly controlled by regional stress conditions and
the number and size of available faults.
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2. Methods

To analyze the February 2016 event and its aftershocks in comparison with earlier seismicity in the Canterbury
Plains from 2010 to 2014, we determine earthquake fault parameters (strike, dip, rake, seismic moment/
magnitude, and centroid depth) for 11 earthquakes from January 2014 to March 2016. For consistency
with previous results, we implement the regional moment tensor (RMT) inversion technique described in
Herman et al. [2014] and references therein. This algorithm uses the Computer Programs in Seismology

Figure 1. Seismicity in the Canterbury earthquake sequence from September 2010 to April 2016. (a) Earthquakes ML 4.0
and larger, colored by rupture date and scaled by magnitude. The February 2016 event is indicated by a star. The mapped
area is outlined in the inset. (b) Local magnitude versus time, starting with the Mw 7.0 (ML 7.2) Darfield earthquake on
3 September 2010 through April 2016. Note the gap in significant earthquakes from 2013 to 2015. (c) Seismicity rate over
time. The black curve shows the seismicity rate (number of eventsML 2.0 and larger per day), and the red curve shows the
cumulative moment release of all recorded events following the Mw 7.0 Darfield main shock.
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software [Herrmann, 2013] to perform a grid search for the double-couple point source that best fits regional
broadband waveforms from seismic stations on South Island, New Zealand [Herrmann et al., 2011]. These
waveforms are processed by (a) deconvolving to ground velocity in m/s; (b) rotating to vertical, radial, and
transverse components; (c) truncating from 10 s before the P wave arrival to 120 s after the P wave arrival;
and (d) band-pass filtering typically from 0.02 to 0.0625Hz (50–16 s). The 14 February 2016 earthquake was
large enough that it required a longer period passband (0.01–0.05 Hz) to maintain a point source approxima-
tion. Synthetic waveforms are generated using a regional South Island, New Zealand, velocity structure and
are processed identically to the observed traces. This velocity model is the same as in our previous study and
was derived from surface wave dispersionmeasurements at the same regional seismic stations [Herman et al.,
2014]. We are able to determine RMT solutions for earthquakes as small asMw 3.6 and consistently determine
solutions for nearly all events Mw 4.5 and larger. Fault planes are interpreted for all 161 RMT solutions based
on the orientation of the nodal plane most closely aligned with nearby aftershock cluster orientations,
although fault planes for some events remain ambiguous, particularly in the complex deformation regions
near 172.4°E and 172.8°E (Figure 2) [Herman et al., 2014].

The double-difference hypocenter relocation software hypoDD [Waldhauser and Ellsworth, 2000] is used to deter-
mine relative locations of all 161 earthquakes with RMT solutions, from the September 2010 Darfield earthquake
to the most recent aftershock of the February 2016 event in March 2016. We picked 3833 P wave arrivals from
the vertical components of local strong motion and regional broadband stations and 1784 S wave arrivals from
the transverse components of regional broadband stations. Pwave picks are assigned a weight of 1.0, while S
wave picks are assigned a weight of 0.2, reflecting greater uncertainty in the shear wave arrival time. The loca-
tions used to initialize hypoDD are the GNS Science hypocenters. Multiple configurations of the hypoDD
event-linking and inversion schemes were used to test the robustness of the relative relocation solutions.

Static stress changes are computed by placing the earthquakes in an elastic half-space and using a code writ-
ten by the authors to apply the equations of Okada [1992]. We treat all of the sources as having finite fault
areas. The 2010 Darfield main shock geometry and slip distribution is defined by published finite fault models

Figure 2. (a) Relative relocation results. The grey dots indicate the GNS Science locations of the 161 earthquakes for which
we have computed regional moment tensor (RMT) solutions. The black dots are the relocated hypocenters of the 150 RMT
solutions from Herman et al. [2014]. The red dots are the relocated hypocenters of the 11 RMT solutions determined in this
study. (b) RMT solutions from Herman et al. [2014] in grey and solutions from this study in red. Solutions from this study
have been slightly enlarged to emphasize the focal mechanisms. The label numbers correspond to the labels in the text
and in Table 1. Events 3 and 5 occurred off the northern end of the mapped region.
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[e.g., Hayes, 2010; Beavan et al., 2012]. The aftershocks are converted from point source moment tensor
solutions to finite rectangular shear dislocation sources of equivalent moment with uniform slip. Empirical
relations between magnitude and fault dimensions appropriate for South Island, New Zealand, earthquakes
define the fault dimensions [Yen and Ma, 2011; Stirling et al., 2013], and slip is computed from the seismic
moment equation, assuming that the half-space has a shear modulus of 40GPa (and a Poisson’s ratio of
0.25). To compute Coulomb stress change (ΔCS) [Reasenberg and Simpson, 1992], shear and normal stresses
are resolved at the location of a target structure, onto the geometry of the structure, with a coefficient of fric-
tion of 0.5. At each location, the stress change value is the cumulative sum of the stress change contributions
from all of the preceding seismicity, beginning with the 3 September 2010 Darfield main shock. In particular,
ΔCS is resolved onto both nodal planes of the February 2016 Mw 5.7 event. The earthquake is placed at its
relocated epicenter (172.76°E, 43.50°S) at the centroid depth derived from the RMT analysis (9 km). This depth
is very similar to the relocated hypocenter depth (8 km); therefore, the choice of centroid or hypocenter
depth does not make a significant difference in the calculated ΔCS value for this event.

To explore what parts of the Canterbury Plains remain positively loaded, we also determine the cumulative
ΔCS in the region from the 156 earthquakes from September 2010 up to (but not including) the February
2016Mw 5.7 event and consider the additionalΔCS generated by the February 2016 event and its aftershocks.
This regional ΔCS is computed at a depth of 10 km, the mean depth of our RMT centroids. We resolve the
ΔCS onto three different fault orientations representing the dominant kinematic styles of the 2010–2013
Canterbury earthquakes: E-W right-lateral strike slip, NW-SE left-lateral strike slip, and NE-SW reverse faulting.
The ΔCS distributions resolved onto right-lateral strike-slip and the conjugate left-lateral strike-slip faults are
very similar, except for the details of the location and amplitude of stress change in close proximity to the
earthquakes of the Canterbury sequence (Figure S2). These three fault orientations are also consistent with
nearby structures imaged in reflection seismic surveys (Figure 3) [e.g., Barnes et al., 2016]. With constraints
on the kinematics and locations of faults in the Canterbury Plains from earthquakes and fault mapping, we
can use ΔCS resolved onto these known target orientations to identify structures and areas that may have
been loaded by the Canterbury sequence. This approach differs from studies that resolve the ΔCS on optimally
oriented planes, which may not reflect existing structures [e.g., Steacy et al., 2014]. We focus on the eastern end
of the Canterbury sequence near Christchurch, because the ΔCS near themain shock rupture and in the broader
Canterbury Plains region is dominated by the main shock and has been discussed in Herman et al. [2014].

Figure 3. Coulomb stress change (ΔCS) in the Canterbury Plains generated by all 161 earthquakes in the RMT catalog from
this study, resolved at 10 km depth. The 2010 Darfield main shock slip is the Beavan et al. [2012] solution, which is based
on geodetic observations. Using a different slip model [e.g., Hayes, 2010] changes the details of the ΔCS distribution near
the fault but not the general pattern (Figure S2). The white symbols are the earthquakes with the same kinematics as
the target faults. Note that many of the white symbols occur in blue regions because they have reduced the nearby ΔCS
as a result of their rupture. The transparent dark symbols are the earthquakes with different mechanisms in the sequence.
The solid lines are the mapped faults interpreted to have the same kinematics as the target faults, and the dotted lines
are interpreted as normal faults but may accommodate oblique or strike-slip deformation (fault data courtesy of NIWA
[Barnes et al., 2016]). The star indicates the location of the 14 February 2016 Mw 5.7 earthquake, and an outline of
Christchurch city is shown for reference. (a) ΔCS resolved onto right-lateral strike-slip faults with a strike of 80°, like one of
the nodal planes of the February 2016 event. This pattern is nearly the same as the ΔCS resolved onto left-lateral strike-slip
faults with a strike of 150° (Figure S2). (b) ΔCS resolved onto reverse-faulting earthquakes with a strike of 40°.
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Finally, we explore the sensitivity of the ΔCS computation to variations in coefficient of friction (0.2–0.8),
target fault depth (5–15 km), and main shock slip model (Figure S2) [Hayes, 2010; Beavan et al., 2012].

3. Results

Relocation of the earthquake hypocenters provides us with an internally consistent catalog and does not
significantly alter the general pattern of seismicity from the initial GNS Science locations (Figure 2a). Themost
noticeable change in the relocated catalog is that the earthquakes near Christchurch exhibit slightly greater
levels of clustering, highlighting the primary structures hosting seismicity throughout the sequence. One
area that might be expected to have some improved spatial coherence indicative of internal structure is
the stepover feature near 172.4°E, which has been an area of intense and sustained activity throughout
the Canterbury sequence [Herman et al., 2014]. However, our relocated hypocenters do not appear to align
in any systematic manner in the stepover region; this result suggests that whatever the internal structure
is, the fault segments are short and spaced closer together than our phase arrival picks can resolve
(<2 km). This interpretation is consistent with the relocations performed by Syracuse et al. [2013], in
which they found hypocenters in the stepover clustered into three N-S oriented, vertically dipping planes
~2 km apart.

A primary motivation for this relocation exercise was to obtain a location for the 14 February 2016 Mw 5.7
event and its aftershocks consistent with and relative to previous events. The U.S. Geological Survey places
its epicenter on the east (oceanside) of the NE-SW trend of reverse earthquakes offshore of Christchurch
primarily associated with the 23 December 2011 event, while the GNS Science location for the event is
immediately west (landside) of the reverse faulting structures. Our relocation is consistent with the GNS
Science epicenter, placing the event closer to the intersection of the strike-slip faulting beneath southern
Christchurch and the reverse faulting east of Christchurch (Figure 2a). The relocated epicenter of the
February 2016 event is distinctly offset ~3 km west of the trend of reverse faulting aftershocks.

The 150 regional moment tensor (RMT) solutions for earthquakes in the Canterbury Plains from September
2010 to November 2013 (grey focal mechanisms in Figure 2b) [Herman et al., 2014] were dominated by
strike-slip faulting (W-E right lateral or NW-SE left lateral) and also included many oblique-reverse to reverse
mechanisms, particularly at the eastern end of the sequence. Most of these events were consistent with a
subhorizontal P axis oriented at ~115° [Sibson et al., 2011; Holt et al., 2013]. Here we have determined RMT
solutions where possible, for any earthquake reported by GNS Science as M 4.0 or larger (http://www.
geonet.org.nz) from January 2014 to April 2016. We found 11 events with waveforms suitable for RMT inver-
sion, including the 14 February 2016 Mw 5.7 event and 10 more earthquakes with RMT magnitudes ranging
from Mw 3.7 to 4.1 (Figure 2b and Table 1).

Six of these 11 earthquakes occurred prior to February 2016. These six events include three strike-slip earth-
quakes near the step over zone described in Herman et al. [2014], with magnitudes Mw 3.9 (January 2014;
event 1 in Figure 2b and Table 1), 4.0 (December 2014; event 4), and 3.8 (January 2016; event 6). An Mw 3.7
strike-slip event (event 2) occurred in March 2014 under southern Christchurch, and an isolated Mw 3.9
reverse-faulting earthquake (event 3) occurred in September 2014 near the coast, north of Christchurch

Table 1. Regional Moment Tensor Solutions for the Nine Events From December 2013 to March 2016a

Label Origin Time Longitude Latitude Depth (km) Strike Dip Rake Magnitude

1 10/01/2014 02:33:54 172.386 �43.565 13 180 70 �10 3.9
2 29/03/2014 21:25:25 172.746 �43.595 12 185 70 40 3.7
3 12/09/2014 00:18:11 172.785 �43.152 11 20 50 75 3.9
4 12/12/2014 13:37:04 172.366 �43.639 7 0 85 �35 4.0
5 11/05/2015 18:54:25 172.068 �43.141 14 170 65 0 3.7
6 27/01/2016 23:24:42 172.517 �43.539 8 175 60 25 3.8
7 14/02/2016 00:13:43 172.762 �43.503 9 155 65 5 5.7
8 14/02/2016 05:27:49 172.818 �43.550 11 180 75 20 3.9
9 18/02/2016 06:17:42 172.757 �43.479 5 210 40 85 3.9
10 28/02/2016 14:32:40 172.635 �43.564 6 150 65 0 3.9
11 12/03/2016 10:01:31 172.799 �43.490 7 150 45 75 3.9

aThe event labels correspond to those described in the text and in Figure 2b.

Geophysical Research Letters 10.1002/2016GL069528

HERMAN AND FURLONG FEBRUARY 2016 CHRISTCHURCH EARTHQUAKE 7507

http://www.geonet.org.nz
http://www.geonet.org.nz


(northeast of the region shown in Figure 2b). AnMw 3.7 strike-slip earthquake (event 5) occurred in May 2015
in the foothills of the Southern Alps, northwest of the main Canterbury sequence and associated with a
cluster of seismicity that was active during the earlier sequence (north of the region shown in Figure 2b).
These earthquakes have focal mechanisms that resemble the mechanisms of the earlier events in the
Canterbury sequence: they are dominantly strike slip and also include oblique and reverse mechanisms.

The 14 February Mw 5.7 earthquake (event 7) occurred offshore east of Christchurch, near the region where
the E-W trending right-lateral strike-slip structure under southern Christchurch (associated with the February
2011 event), the NW-SE left-lateral strike-slip structure extending onto Banks Peninsula to the south (asso-
ciated with the June 2011 event), and the NE-SW trending reverse structure offshore east of Christchurch
(associated with the December 2011 events) all intersect. The mechanism for this event is dominantly strike
slip, with an orientation compatible with either of the conjugate strike-slip trends. Interpreting its fault plane
is difficult because there is no clear surface evidence for the fault orientation, aftershocks do not clearly align
with either nodal plane, and the event does not appear to fall on an extension of any of the previously
ruptured structures. In particular, because the Mw 5.7 epicenter does not lie on a previously active trend of
activity and has a strike-slip focal mechanism distinctly different from the nearby reverse-faulting earth-
quakes, we interpret that it occurred on a separate structure from the ones that have already hosted seismicity
in the Canterbury sequence. Four of its aftershocks were large enough for RMT inversion (Figure 2b). The
14 FebruaryMw 3.9 earthquake (event 8) 5 h following the main shock was a strike-slip event to the southeast
of the main shock, and the 18 FebruaryMw 4.0 earthquake (event 9) was a reverse-faulting event north of the
main shock. Ten days later, on 28 February, an Mw 3.9 strike-slip faulting earthquake (event 10) occurred
beneath western Christchurch. The most recent event for which we determined an RMT occurred on 12
March and was an Mw 3.9 reverse-faulting earthquake (event 11) offshore east of Christchurch. This earth-
quake had an unusual focal mechanism rotated nearly 90° from the orientation of other reverse-faulting
earthquakes in this offshore segment.

The Coulomb stress change (ΔCS) resolved onto either nodal plane of the 14 February 2016 earthquake
indicates that the event occurred in a region where previous events had reduced the stress levels. In general,
the ΔCS is negative near locations where earthquakes have already occurred (Figure 3); however, it should be
noted that the stress changes in the vicinity of previous ruptures vary from positive to negative over relatively
short distances. Therefore, either nodal plane, small changes to the event location, dimensions or complex-
ities of the source fault slip, or changes in frictional or elastic parameters may place the event into a ΔCS state
of the opposite sign (Figure S2). This lack of resolvability of the ΔCS sign is common for events that occur very
close to the source of stress change, especially for complex or multiple sources (e.g., foreshocks and after-
shocks of the 2014 Mw 8.2 Iquique earthquake [Hayes et al., 2014; Herman et al., 2016]). Likewise, during
the Canterbury sequence, much of the seismicity occurred near the rupture zone of one of the main events
(the 2010 Mw 7.0 Darfield and 2011 Mw ~6.0 Christchurch earthquakes), and as a consequence, half of the
Canterbury earthquakes occur in areas where the cumulative ΔCS from the preceding seismicity was
negative [Bebbington et al., 2016]. However, we find that all of the main Christchurch aftershocks (besides
the February 2016 Mw 5.7 event) had positive cumulative ΔCS resolved onto their interpreted fault planes.
These observations suggest that, although the capability to resolve ΔCS near the Canterbury earthquakes
is not currently sufficient to understand the near-rupture aftershock activity,ΔCS appears to be an appropriate
tool for anticipating earthquakes away from the rupture zones.

This provides motivation to examine stress changes in the regions farther from the already ruptured areas.
The particular distribution of positive ΔCS depends on the target fault orientation, i.e., the style of faulting
in the subsurface (Figure 3). Unlike the areas near the Canterbury earthquakes, these ΔCS regions tend to
be robust with respect to changes in source or modeling parameters (Figure S2). One of the key areas of
concern is under the city of Christchurch: whether potential fault structures here are strike slip or reverse
(although few are mapped; Figure 3) [Barnes et al., 2016], they appear to have been positively loaded.
Similarly, the region east of the offshore structures has been positively loaded for structures with any of
the kinematics observed in the Christchurch sequence. The main difference lies to the north: if the target
structures north of the offshore events are strike slip, they have reduced ΔCS (Figure 3a), whereas reverse
structures in this region have increased ΔCS (Figure 3b). Finally, adding the recent events does very little to
change the general patterns of ΔCS, except in very close proximity to the event epicenter (within ~3 km).
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Although ΔCS is not a predictive tool in the sense that it can tell us where and when the next significant
earthquake will occur, it does suggest that Christchurch and the nearby vicinity should be considered as
locations for possible continuing aftershock activity.

4. Discussion

A question about this sequence, that has been asked since the main shock ruptured on 3 September 2010,
is when the sequence will finish [e.g., Quigley et al., 2016]. Fitting the seismicity in the 150 days after the
2010 Darfield main shock with an Omori decay law [e.g., Utsu et al., 1995] yields a decay exponent of ~0.9,
and extrapolating this Omori fit, the seismicity rate returns to its pre-Darfield rate (~0.2 events per day)
20–30 years after the Darfield earthquake. However, the large 2011 Christchurch earthquake sequences, as
well as the occurrence of several moderate to large earthquakes near Christchurch in 2012 and 2013, and
now this Mw 5.7 event, complicate this simple decay scenario and suggest that the time frame for the com-
pletion of this intraplate earthquake sequence may be significantly longer [e.g., Reyners et al., 2013]. This is
consistent with aftershock duration-loading rate relationships: at the relatively slow deformation rate in
the Canterbury Plains (16 nstrain/yr of maximum compression [Wallace et al., 2007]), a longer aftershock
period is expected (as compared to aftershocks in plate boundary settings [Stein and Liu, 2009]). One possible
mechanism for such sustained activity is that there are numerous, relatively small structures in the Canterbury
Plains that have been brought closer to failure by the preceding seismicity, and some of these loaded faults
eventually fail in earthquakes.

The locations and mechanisms of the Canterbury earthquakes, including the recent February 2016 event, are
consistent with this proposedmechanism: the earthquakes highlight a complex network of faults, suggesting
that we should not think of the subsurface as containing only a few dominant structures but rather as densely
populated with faults with multiple orientations, all of which can potentially slip in an earthquake. This inter-
pretation of the subsurface structures from seismicity is also consistent with seismic reflection surveys in the
Canterbury Plains that have imaged dense sets of faults both onshore [e.g., Dorn et al., 2010] and offshore
(Figure 3) [e.g., Barnes et al., 2011, 2016]. The seismically imaged faults have strikes ranging from E-W to
NE-SW, and there is likely another set of faults to accommodate left-lateral strike slip on NW-SE faults, as in
the June 2011 event. Although some of these imaged segments appear to be relatively short (~5 km), empiri-
cal relations betweenmagnitude and fault size suggest that aMw 5.7 earthquake rupture area in South Island,
New Zealand, has dimensions of 5 km by 5 km [Yen and Ma, 2011].

As the Coulomb stress change analysis demonstrates, the stress changes in the Canterbury Plains are signifi-
cant and vary over relatively short spatial scales (Figure 3). Although the details of the Coulomb stress change
cannot be precisely resolved because of the uncertainties inherent in the earthquake source characterization,
event locations, and elastic properties, it seems likely that complex stress perturbations in a region containing
many faults with diverse orientations would bring some of these faults closer to failure. In particular, although
a structure might lie in a region where right-lateral strike-slip faulting is inhibited by stress changes from
the Canterbury sequence, if it is a reverse fault, its kinematics might be favored by the stress changes. So
although the sequence seems to be returning to relative quiescence, similar small to moderate earthquakes
on nearby unmapped faults should be considered as a continuing hazard even when all of the primary struc-
tures, e.g., the Darfield fault, have apparently ruptured.
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