
RESEARCH ARTICLE
10.1002/2014GC005436

Low-frequency earthquakes reveal punctuated slow slip
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Abstract We present the first evidence of low-frequency earthquakes (LFEs) associated with the deep
extension of the transpressional Alpine Fault beneath the central Southern Alps of New Zealand. Our data-
base comprises a temporally continuous 36 month-long catalog of 8760 LFEs within 14 families. To generate
this catalog, we first identify 14 primary template LFEs within known periods of seismic tremor and use
these templates to detect similar events in an iterative stacking and cross-correlation routine. The hypo-
centres of 12 of the 14 LFE families lie within 10 km of the inferred location of the Alpine Fault at depths of
approximately 20–30 km, in a zone of high P-wave attenuation, low P-wave speeds, and high seismic reflec-
tivity. The LFE catalog consists of persistent, discrete events punctuated by swarm-like bursts of activity
associated with previously and newly identified tremor periods. The magnitudes of the LFEs range between
ML – 0.8 and ML 1.8, with an average of ML 0.5. We find that the frequency-magnitude distribution of the
LFE catalog both as a whole and within individual families is not consistent with a power law, but that indi-
vidual families’ frequency-amplitude distributions approximate an exponential relationship, suggestive of a
characteristic length-scale of failure. We interpret this LFE activity to represent quasi-continuous slip on the
deep extent of the Alpine Fault, with LFEs highlighting asperities within an otherwise steadily creeping
region of the fault.

1. Introduction

The original recognition of nonvolcanic tremor in southwest Japan [Obara, 2002], and subsequent studies in
several locations worldwide [e.g., Rogers and Dragert, 2003; Nadeau and Dolenc, 2005; Wech et al., 2012]
have revealed seismic deformation occurring under temperature and pressure (depth) conditions previously
thought to preclude seismogenesis. Tremor has previously been demonstrated to be a superposition of
multiple low-frequency earthquakes (LFEs) in a swarm-like manner [Shelly et al., 2007; Ide et al., 2007]. The
spatiotemporal persistence of LFEs and tremor [e.g., Rogers and Dragert, 2003; Frank et al., 2013] and their
response to small stresses [Peng et al., 2009; Thomas et al., 2009; Fry et al., 2011] provide a means of examin-
ing the state of stress at depth and mechanisms of stress transfer from the deep crustal roots of faults to
their shallow seismogenic zones [Wech and Creager, 2011].

The constituent LFEs of tremor bursts have occasionally distinct, often emergent, P and S phases. Waveform
cross-correlation techniques [e.g., Ide et al., 2007; Shelly et al., 2007; Brown et al., 2008, 2013] for identification
of repeating LFEs provide a means of detecting multiple similar events. These similar events can then be
stacked to improve signal-to-noise ratios (SNRs). Picking both P and S phases of these stacked LFEs allows LFE
families to be located more accurately than the tremor signals themselves. Tremor is often otherwise located
by cross-correlating a long (2–5 min) waveform packet [e.g., Wech and Creager, 2008]. Not only does locating
the constituent LFEs of tremor allow for more robust hypocentre locations, but it also allows for tremor fronts
to be tracked in high spatiotemporal definition by identifying individual LFE family activity during tremor
[e.g., Shelly, 2010]. Emergent phase arrivals of LFEs have also been shown to provide sufficient constraints for
the calculation of LFE focal mechanisms [Ide et al., 2007; Bostock et al., 2012; Royer and Bostock, 2013].

Tremor has been documented at both subduction and strike-slip plate boundaries, including the transpres-
sive Alpine Fault in South Island, New Zealand. Using data recorded by the Southern Alps Microearthquake
Borehole Array (SAMBA) [Boese et al., 2012], Wech et al. [2012, 2013] documented tremor occurring south of
Mt. Cook and attributed this phenomenon to deep slow slip on the Alpine Fault. However, due to large
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depth uncertainties, ambiguity remains over the relationship of the tremor to the Alpine Fault, with the pos-
sibility that tremor occurs not only on the deep extent of the Alpine Fault but also on the northern extent
of the subducted Australian plate [Sutherland et al., 2006; Cox and Sutherland, 2007; Boese et al., 2013] or on
other undocumented structures at depth. This ambiguity may be overcome using refined source locations,
made possible through accurate hypocentre locations of LFEs embedded within the tremor.

The Alpine Fault is a transpressive margin of dextral-reverse sense at the boundary of the Australian and
Pacific Plates (Figure 1). Geological investigations [e.g., Norris and Cooper, 2000; Sutherland et al., 2006] find
a C. 23 mm/yr long-term fault-parallel Quaternary slip rate, approximately half the contemporary fault-
parallel component of Australia-Pacific motion of 35–40 mm/yr [Beavan et al., 2002]. Uplift rates on the
Alpine Fault are greatest (5–8 mm/yr [Beavan et al., 2002; Houli�e and Stern, 2012]) in the area of highest
topographic relief surrounding the Mt. Cook massif [Little et al., 2007].

Figure 1. SAMBA network used in this study to detect LFEs with background microseismicity of Boese et al. [2012] plotted as black crosses.
The two southernmost SAMBA stations (MTBA and SOLU) were not active during the period analyzed but may provide future constraints
on LFEs south of the current LFE family hypocentres. Inset: Tectonic setting of South Island New Zealand, with earthquakes seen to trigger
increased LFE generation indicated by numbered circles. Background seismicity MW� 3.0 from the Geonet catalog for the period 26 March
2009–2 April 2012 plotted as black crosses.
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Despite high deformation rates, seismicity rates for moderate magnitude (Mw 3–5) earthquakes are lower
around Mt. Cook than on the northern extent of the Alpine Fault or the Fiordland Seismic Zone. Seismicity
in the central Southern Alps is concentrated in areas of high resistivity gradients [Boese et al., 2012]. Boese
et al. [2012] suggested that outside the seismically active shallow regions, the material is either too hot, too
fluid-saturated, or too weak to produce detectable seismicity.

The well-documented quasiperiodic record of ground-breaking Alpine Fault earthquakes with a mean recur-
rence interval of C. 330 years [Berryman et al., 2012] and the inferred year of the last great earthquake on
the Alpine Fault (1717 6 5 C.E.) [Sutherland et al., 2007] suggest that the Alpine Fault is late in its average
seismic cycle of Mw 7–8 earthquakes, and as such poses substantial hazard to southern New Zealand
[Sutherland et al., 2012]. By studying LFEs, we may gain some understanding of how stress transfer on the
deep extent of the Alpine Fault behaves prior to a major earthquake.

Here we provide the first documentation of LFEs occurring beneath the Southern Alps. Using manually
identified LFE templates and the match-filter detection technique employed by Shelly et al. [2007], we
detect similar LFEs within known tremor periods and throughout the 36 month seismic record of 26 March
2009–2 April 2012. We analyze the interevent times and frequency-magnitude characteristics of the result-
ing LFE catalog and demonstrate a near-constant background rate of LFE generation punctuated by distinct
rate increases on scales of minutes to hours corresponding with tremor, and of days to weeks following
large (Mw� 5.9) regional earthquakes.

2. Methodology

2.1. LFE Identification and Detection
In this study, LFE candidates are first identified by manual inspection of tremor waveforms detected by
Wech et al. [2012]. We recognize LFEs by their distinctive earthquake-like, near-impulsive arrivals within oth-
erwise emergent tremor waveforms. We require an LFE to have been recorded on at least five stations in
order to undergo further analysis. All candidates considered here have S-picks (estimates of S-wave arrival
times) at all stations used. The frequency content of LFE candidates is then checked to confirm their differ-
ence from ‘‘typical’’ earthquakes: as in other studies [e.g., Shelly et al., 2007], our LFEs have peak SNR at fre-
quencies of 2–8 Hz.

We compute preliminary locations using the 1D velocity model described by Boese et al. [2012] (modified
after O’Keefe [2008]) and used subsequently by Boese et al. [2013] to locate deep seismicity in the region.
We compute hypocentre locations and uncertainties for all candidate events using the Gaussian analytic
method in NonLinLoc [Lomax et al., 2000] and model parameters calculated by Boese et al. [2012] for local
seismicity, namely a typical model error of 0.075 s in traveltime residuals, a correlation length of 8.0 km
(equal to the average station spacing). This method does not include uncertainties in the velocity model
which may be large here. As such, hypocentral uncertainties shown here should be considered minimum
uncertainties. We do not recalculate velocity model errors as we do not have enough hypocentres within

Table 1. Locations of LFE Familiesa

Family ID Latitude Longitude Depth Mean ML Detections

55115 243.67 169.91 25 6 2 0.3 419
55200 243.56 169.93 27 6 3 0.3 258
55432 243.64 170.06 25 6 3 0.4 486
61100 243.64 169.93 24 6 2 0.4 362
30441 243.68 170.14 27 6 2 0.4 426
60905 243.64 170.00 21 6 3 0.3 308
61044 243.77 169.98 22 6 3 0.9 1726
61220 243.71 170.02 2013

24 0.5 346
37575 243.67 170.01 23 6 2 0.4 1456
63877 243.67 169.94 2615

23 0.4 269
59966 243.67 169.98 23 6 3 0.4 372
60070 243.64 170.00 1812

23 0.3 324
54905 243.71 170.04 2013

25 0.5 509
17208 243.52 170.06 28 6 2 0.4 577

aMean ML values for each LFE family. Overall mean ML for all detected events is 0.5 over the 8760 cataloged events.
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our dataset. As noted by Wech et al. [2012] for the tremor signals within which these LFEs are detected,
depths are anticorrelated to both deep (� 50–100 km) [Boese et al., 2013] and shallow (0–12 km) seismicity
[Boese et al., 2012].

Once LFE candidates are confirmed, they are then used as primary templates in the detection of similar
events by correlation. We scan with fourteen primary template LFEs (Table 1) through the SAMBA wave-
forms recorded between 26 March 2009 and 2 April 2012. To construct templates, we use a 6 s long window
beginning approximately 0.5 s before the S-pick to ensure that we span both the S-phase arrival and its
coda for each channel at each station (Figure 2). Templates are correlated on all three channels at each sta-
tion, yielding a minimum of 15 channels per template upon which detection is based. We do not correlate
P arrivals as these are less evident at most stations than the S arrivals for our primary template LFEs.

In constructing the primary templates, we impose an implicit a priori constraint on LFE hypocentre locations
by incorporating station-specific delay times. Delay terms are required to cope with large ranges in source-
receiver distances throughout the network (4–60 km epicentrally), which in some cases exceed the 6 s tem-
plate window length. We have found longer windows to increase the risk of correlations being dominated
by non-LFE-derived noise and also increase the risk of cycle-skipping when LFEs occur close together
in time.

To detect similar events, we cross correlate each of the primary templates through the dataset at 0.01 s
intervals. Both the template and dataset are band passed at 2–8 Hz. We detect new LFEs when the network
correlation sum exceeds a threshold based on the Mean Absolute Deviation (MAD) value, a statistic that is
robust to outliers expected to arise from real event detections [Shelly et al., 2007]. We set our detection
threshold at 8 times MAD based on synthetic testing outlined in section 2.3. Detections for a single tem-
plate are constrained to have an 8 s gap between them to reduce the risk of cycle skipping.

Following an initial detection run, we then stack the best 10% of primary detections to generate a higher-
SNR secondary template (Figure 2) in a similar fashion to the iterative stacking and cross-correlation routine

Figure 2. S-wave window for a LFE detected on the SAMBA network and plotted here on all three components of SAMBA station LABE. Times are relative to the start of the window
used in correlation for detection of similar events, this begins between 0.5 and 1 s before the S-arrival (red line). From left to right are plotted the primary (prestack) template; the same
template after a stack of approximately 1000 waveforms (middle); and a final detection of a discrete (outside of tremor) ML 0.5 LFE (right). Note that the primary template is padded by
2 s prior to the beginning of the search window to highlight the change from background noise to LFE. A second LFE with S-arrival between 5 and 6 s is also cut from this plot but
included in the primary template. All plots are band passed 2–8 Hz as this frequency band contains the highest amplitudes above background noise for our LFE detections. The red line
marks the S-phase arrival in all plots. SNR improves after stacking, allowing for more accurate phase picks of both S and P (not shown here as P arrivals are not correlated for at any stage
in our method). Note the change in S-pick before and after stacking. This is likely due to noise in the initial manually detected primary template (left) obscuring the true phase arrival
and highlights the importance of stacking before locating LFEs.
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Figure 3. Hypocentre locations of 14 LFE families identified in this study, with uncertainties plotted as blue cloud of probability density function. Local seismicity [Boese et al., 2012,
2014], deep seismicity [Boese et al., 2013], and previously identified tremor [Wech et al., 2012, 2013] are plotted as in the legend. Cross sections projected onto gray lines in map view.
GPS modeled fault shown on lower cross section after Lamb and Smith [2013]. Low Qp region (at 30 km depth in map plot as shown by dashed line in fault perpendicular cross section)
shaded in cyan after Eberhart-Phillips et al. [2008]. All colored triangles indicate stations on which LFEs have been detected. Note the vertical contraction in both cross sections.
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of Shelly and Hardebeck [2010]. During stacking, the template length is extended to 15 s to include both P
and S arrivals. At this stage, the stacked waveforms are retained for location analysis. After stacking, P
phases often become clearer, in some cases allowing for hypocentre refinement using more phase picks
than we are able to achieve with the corresponding primary templates. The secondary template is then
recut to 6 s surrounding the S arrival and used in a further cross-correlation detection routine.

In general, the process of iteratively stacking and cross correlating increases the number of detections. We
repeat this iterative routine until there is less than a 10% change in detections (either greater or fewer
detections), or until the fifth iteration. Once the final stack has been generated, we reevaluate the P and S
picks and recompute the hypocentre locations (Figure 3). All final templates are located with P-picks at two
or more stations and S-picks at every station.

Some SAMBA stations have encountered problems with noise introduced by solar controllers (LABE, Figure 4)
[Boese et al., 2012; Boese, 2012]. Although the correlation detection routine does not initially detect this noise,
any spikes present within a detection will be incorporated in the following, stacked, template. This results in
the next correlation routine correlating the spike rather than the LFE. To combat this, we have manually
scanned each record and removed channels for time periods showing spiking (< 6 months data removed at
each of LABE and POCR). As we require at least five stations for a detection, weaker templates with initial
picks on only five station do exhibit fewer detections when we have data loss. Despiking routines were not
used as they were found to reduce initial detections and introduced other noise into the stacked templates.

2.2. Magnitude Calculation
For each detected event at each station and channel, we band pass at 2–8 Hz the 6 s window in which the
detection was made. We then remove the instrument response to estimate ground velocity and find the

Figure 4. LFE detections (red) within tremor identified by [Wech et al., 2012] on eight SAMBA stations. Plot start time is 20 August 2010,
04:41:40.00 UTC. Amplitudes are normalized and data band passed 2–8 Hz. Tremor is discontinuous within the plot window, with the main
tremor burst highlighted by [Wech et al., 2012] between 43 and 50 min in this plot containing many LFE detections. Obvious spikes in time
series recorded on LABE are due to solar-controller defects, the effect of these spikes is discussed in the text.
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minimum and maximum amplitudes and the time between them to give the peak ground velocity (PGV) and
frequency. The peak-to-trough velocity amplitude is then converted to a Wood-Anderson amplitude at the
specific frequency determined. Band passing and using a single amplitude at a single frequency mitigates the
effects of low-frequency amplification of microseismic noise when simulating Wood-Anderson responses for
an unfiltered time series [Havskov and Ottem€oller, 2010]. This amplitude is finally converted to ML using the
coefficients derived for local earthquakes by Boese et al. [2012] recorded with SAMBA. We found this routine
to give magnitudes within 60.2 of the published magnitudes of local seismicity [Boese et al., 2012]. For tem-
plate LFE events, the automated routine gives the same amplitudes and magnitudes as manual picking.

We remove spuriously large and small single-channel magnitudes (ML > 2:0;ML < 24:0), which often cor-
respond, respectively, to detections within the coda of large earthquakes or periods of solar controller-
induced spiking [Boese, 2012], and magnitudes determined on the vertical component. We are always left
with more than three magnitude estimates for each event (average 16 channels used). A final event magni-
tude is given by the mean of all single-channel magnitude estimates for each event. Single-event PGVs are
given by the median of the single-channel PGVs for that event. We do not attempt to correct for source-
station distance in this calculation.

Figure 5. (bottom) LFE detection rates and (top) magnitudes with time. Magnitude of completeness variations with time (10 day running average) plotted as a red line in the top plot.
The apparent gap in detections between September and October 2011 is due to data corruption due to spikes as discussed in the text. Gray bars indicate the date of certain major
regional earthquakes as discussed in the text (section 4.2). Black arrows indicate tremor periods identified by Wech et al. [2012]. A simple linear fit corresponding to 8.5 LFE detections
per day is plotted as a red-dashed line. We identify a possible new tremor period outside of the time period analyzed by Wech et al. [2012] as a spike in LFE generation (highlighted by a
red arrow); this has been confirmed as tremor by applying standard tremor waveform envelope cross correlation techniques and observing similar tremor locations to the LFE source
region. We also see rate increases after the regional events indicated here, suggesting LFE and tremor triggering or modulation: tremor was active both before and after the Dusky
Sound Mw 7.8 [Beavan et al., 2010] (15 July 2009) earthquake.
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2.3. Event Verification
To determine an appropriate MAD
multiplier for our detection thresh-
old, we have undertaken synthetic
testing following the method of
Rawlinson [2011]. This involves
seeding a day of random noise with
copies of real LFE templates at ran-
dom locations and with random
SNRs before applying the same
cross-correlation algorithm used in
detection.

This testing shows that using a
threshold of 8 3 MAD will give
between 0 and 3 false detections
per day per template (mean of 0.2
for days of high noise, such as after
large regional earthquakes, and
mean of 0.01 for quiet days without
large earthquakes) and detect 70–

90% of all actual LFEs above a SNR of 0.2, depending on the template and noise conditions. Testing reveals
that a complete (100% positive detections) catalog is achieved at approximately SNR50.8 throughout the
time period analyzed. By empirically determining the daily noise levels, we determine an average magni-
tude of completeness (Mc) of 0.6. This Mc is strongly time varying, however, with fluctuating noise levels
resulting in completeness values varying between 20.5 and 12.0 (Figure 5). The implications of this time
varying Mc are discussed later.

We do expect a higher false detection rate during the aftershock sequences of large regional earthquakes.
However, of the 1400 tests run at 8 3 MAD throughout a day of phase-randomized data containing the
amplitude information from the Dusky Sound earthquake and its aftershocks, in 1176 (84%) of tests we
made 0 false detections and 196 (14%) of tests contained 1 false detection. The maximum false detections
per template per day is 3, at a threshold of 8 3 MAD. This maximum false detection rate was found in 2
(0.1%) test runs through high-noise conditions. For further details of the synthetic testing, see the Support-
ing information.

3. Observations

The 14 LFE families in our catalog occur within a cross-sectional area of � 21 3 36 km and depth extent of
15 km, taking into account the uncertainties in locations in NonLinLoc [Lomax et al., 2000]. The hypocentres
appear anticorrelated in depth with ‘‘typical’’ seismicity, lying beneath the seismogenic zone (0–12 km,
Boese et al. [2012]). Twelve of the 14 families lie on or near the Alpine Fault inferred from GPS measure-
ments [Lamb and Smith, 2013], coincident with deep reflectors [Okaya et al., 2007] within a zone of low seis-
mic velocities [Smith et al., 1995; Stern et al., 2001] and high P-wave attenuation (low Qp) [Eberhart-Phillips
et al., 2008] (Figure 3). The other two families appear to be separated from the main cluster of families and
lie to the south-west of the inferred Alpine Fault. LFEs also occur at markedly shallower depths than deep
subcrustal earthquakes [Boese et al., 2013], suggesting a different process of seismogenesis.

LFEs are ubiquitous throughout the record, occurring at a relatively constant long term rate of 8.5 per day
(Figure 5), rather than being confined to tremor periods. They are nevertheless clustered, with 50% of detec-
tions having interevent times of less than 1000 s, and 11% having interevent times less than 8 s (Figure 6).
The clustering of interevent times close to 0 s is typical of LFE swarms coinciding with tremor periods identi-
fied by Wech et al. [2012] and with newly identified tremor periods verified here by eye and found to be
located near the LFE source region using the WECC method [Wech, 2010] (Figure 4).

Tremor periods previously identified by Wech et al. [2012] correspond to abrupt increases in LFE detection
rates (Figures 4 and 7). We are able to identify all but three of the 19 tremor bursts Wech et al. [2012]
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recognized, reinforcing the idea of tremor being composed of LFE swarms. LFEs account for roughly 12–
24% of the previously detected tremor, depending on whether phase delays due to traveltimes are included
or not. This estimate does not include the effects of scattering or multiples and should be considered a min-
imum value. Two of the three tremor periods not identified here were located at least 15 km from our tem-
plate locations and at least 10 km from the nearest detecting station. One location for tremor not detected
by LFEs, however, lies near to the region of LFE detections. For the tremor episode on 3 August 2011, two
distinct tremor locations were calculated by Wech et al. [2012] within 5 min of each other, one within the
LFE source region and one � 15 km southwest of the LFEs. We suggest that the tremor location within the
LFE source region may be an artifact and the second location (to the southwest) is more likely. Attempts to
pick LFEs within these three bursts of tremor have not yet proven fruitful, with fewer than five stations
showing detections. An ongoing southern extension of the SAMBA may yield greater template coverage for
future studies.

One of the strengths of the iterative cross correlation and stacking method is our ability to identify LFEs
within noisy time series, and in particular within aftershock sequences and during the mainshock coda of
large regional earthquakes (Figure 8). Following five large regional earthquakes during the study period
(Dusky Sound 15 July 2009, Mw7.8 [Beavan et al., 2010]; Darfield (Canterbury) 3 September 2010, Mw7.1
[Quigley et al., 2012]; Christchurch 21 February 2011, Mw6.2 [Holden, 2011]; Christchurch 13 June 2011,
Mw6.0 [Holden, 2011], and Christchurch 23 December 2011 Mw5.9 [Bannister and Gledhill, 2012], dates in
UTC), we observe distinct increases in LFE rate above the expected increase in false detections (see section
2.3). After each earthquake, we see a decay toward the background rate, but the duration of the decay after
each earthquake is different. Reliable magnitude estimation within aftershock sequences remains problem-
atic, with high LFE magnitudes within the aftershock sequences assessed here often corresponding to
earthquake contamination.

Figure 7. LFE detections for a representative tremor period (onset marked by black star) previously detected by Wech et al. [2012] at UTC 20 August 2010, 04:46–05:57. (top) LFE magni-
tudes with time, (middle) cumulative LFE detections, and (bottom) LFE detections per hour. Tremor periods observed through LFE detection display a sharp spike in LFE detections at
tremor onset (5–15 detections per 10 min) without major variation in magnitudes or change in background detection rate.
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Each LFE family analyzed shows a slightly different temporal evolution during known tremor periods and in
response to large regional earthquakes (Figure 9). Nevertheless, the range of magnitudes and average mag-
nitudes of each family are quite similar. Family ID:61044 has the largest mean magnitude (ML 0.9) and high-
est number of detections (1726; Table 1) suggesting that detection rate and magnitude are correlated;
however, this is not the case because, for instance, family ID:37575 has a similarly high number of detec-
tions (1456), but a much lower mean magnitude (ML 0.4). Basic analysis shows no trend in our small dataset
between family mean ML and number of detections. In general, the cumulative detections of each family
are quite consistent, with only two families containing more than 1000 events.

The LFEs we have detected do not exhibit a simple Gutenberg-Richter power law scaling, as plots of
the logarithm of the cumulative frequency against magnitude (Figure 10) are not well fit by a linear
gradient above the Mc. The implications of this are discussed below. However, PGV amplitudes do
approximately follow an exponential law for individual LFE families as reported previously by Shelly
and Hardebeck [2010] for the San Andreas fault. We see evidence for two main forms of this expo-
nential relation, with five families showing similar gradients to family ID:61220 (Figure 10) and the
other nine families exhibit a shallower gradient similar to family ID:37575.

For the two LFE families with much higher numbers of detections than average, the majority of events
occur closely spaced in time (Figure 9). For family ID:61044, 30% of the 1726 detections were made
following the Darfield earthquake. This family showed a muted response to the Dusky Sound earth-
quake in 2009 but more pronounced responses to the Christchurch earthquakes following the Darfield
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earthquake. Family ID:37575 produced nearly 20% of its constituent LFEs within a month of the 13
June 2011 Christchurch earthquake, and shows a marked increase in activity after this earthquake. This
family showed a decreased rate of detection after the Darfield earthquake, in contrast to family
ID:61044.

LFE detections made within aftershock sequences do not appear to be ‘‘typical’’ aftershocks. Extensive
detection testing within synthetic aftershock sequences has shown that although our false detection rate
increases, this increase is unable to account for the overall detection rate increases observed. We have also
confirmed by manual assessment for a day of data within the aftershocks of the Darfield earthquake that
LFE detections are not made at the same time, or crucially, with the same station-delays as aftershocks. Fur-
thermore LFE decay patterns after triggering events do not follow the same aftershock decay pattern as the
typical earthquake aftershocks of these events: rather, we observe spikes in LFE detections concurrent with
the mainshock and subsequent large events with periods of relative quiescence between (Figure 8).

4. Discussion

4.1. LFE Family Locations
Tremor and LFEs detected at plate boundaries have been interpreted to be the seismic manifestation of
slow shear slip [e.g., Ide et al., 2007; Wech and Creager, 2007; Shelly, 2010; Rubin and Armbruster, 2013]. In

Figure 9. Normalized detections for each family with previously detected tremor events [Wech et al., 2012] indicated by arrows and large regional earthquakes seen to elicit an LFE
response indicated by solid black vertical lines. Red arrow indicates a newly identified tremor period defined by a spike in LFE generation. Individual families respond differently to differ-
ent tremor events and earthquakes. Notably, the family with the most detections (Family ID:61044, 1726 detections) responds most strongly to the Darfield earthquake and also shows a
strong response to the two Christchurch earthquakes.
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this case, the consistency in
the locations of LFEs with the
location of the deep extent of
the Alpine Fault inferred by
other means (GPS inversion
[Lamb and Smith, 2013], seis-
mic reflection [Okaya et al.,
2007] and velocity models
[Stern et al., 2001; Smith et al.,
1995]), and the contemporane-
ous detection of tremor and
LFEs suggests that the LFEs
represent slow shear slip on
the deep extent of the Alpine
Fault. However, without reli-
able focal mechanisms, and
given the small number of LFE
families detected to date, we
cannot yet unequivocally relate
the LFEs detected in this study
to shear slip. We are hopeful
that the improved azimuthal
coverage provided by the
recent southern SAMBA exten-
sion (stations SOLU and MTBA
in Figure 1) and ongoing
research into seismic velocity
structure beneath the Southern
Alps will improve LFE location
uncertainties, particularly in
depth, and enable focal mech-
anism parameters to be eval-
uated in the future.

We hypothesize that these
LFEs are generated on asper-
ities within an otherwise aseis-
mic, creeping region of the
Alpine Fault, following the
model of Ide [2008]. Due to low
SNR values of the LFEs, and
corresponding low single-
channel correlations (average
0.5), we have not yet been able
to reliably relocate the LFEs
within individual families. How-
ever, because we do not detect
the same event with more
than one template, we infer

that the scatter of hypocentres within an individual LFE family is smaller than the average distance between
different families.

Twelve of the 14 LFE locations in this region are clustered in space, near the inferred change in dip from a
steep (45–608) stably sliding fault updip of the LFE generation region, to a shallower dip (15–208) partially
locked zone [Lamb and Smith, 2013]. We hypothesize that this transition allows for near-constant slip while

Figure 10. Cumulative frequency-magnitude (top) and frequency-amplitude (PGV) (bottom)
relations for all LFEs (solid line and crosses), family ID:37575 (dotted line and stars) and family
ID:61220 (dashed line and circles). (top) Red line shows the frequency-magnitude relation for
the complete part of the catalog (LFEs with ML � Mc for days with Mc � 0:6) which follows a
similar relationship to the full catalog (black). PGV amplitudes scale approximately linearly with
the logarithm of frequency, with each family having a different scaling parameter. Individual
family scaling parameters have two dominant forms exemplified by families ID:37575 and
ID:61220. The sum of these two forms is evident as a spike in occurrence at low PGV ampli-
tudes in the plot of all LFE detections due to the amplitude relation of families similar to family
ID:37575, followed by a change in gradient due to families more similar to family 61220.
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having enough asperities to generate LFEs. The remaining two locations may be indicative of a more
steeply dipping strand of the Alpine Fault as discussed by Norris and Toy [2014], but further events are
required to substantiate this.

Some tremor depths estimated by Wech et al. [2012] exceed those of the LFEs reported here. It is possible
our analysis misses deep tremor due to low SNR values, but during all deep tremor periods identified by
Wech et al. [2012] we see active LFE generation at shallower levels. We thus suggest that the discrepancies
in estimates of depths reflect the large uncertainties due to tremor-source geometry and network limita-
tions Wech et al. [2012] pointed out.

Tremor and LFEs are often interpreted to be associated with fluids, either in relation to fluid migration or
high fluid pressure resulting in reduced normal stress and allowing for shear slip [e.g., Shelly et al., 2006;
Thomas et al., 2009; Bostock et al., 2012; Wech et al., 2012]. If the LFEs documented here do indicate deep
slip on the Alpine fault as we hypothesize, then the low Qp and low seismic velocity that characterize the
source region (Figure 3) may in some manner be associated with fault weakening. Eberhart-Phillips et al.
[2008] interpreted the region of low Qp here to be the downdip extension of the Alpine Fault beneath South
Island, and the high attenuation itself to mark the presence of metamorphic fluids. This is compatible with
the interpretation of Stern et al. [2001] who concluded that the low seismic velocities correspond to
increased fluid pressures and associated fault weakness.

The 14 LFE templates and their subsequent detections are unlikely to represent all the tremor on the Alpine
Fault in this region; instead they represent the strongest LFE signals detected with a suboptimal seismic net-
work. The recent extension of SAMBA southward should allow future studies of LFEs and tremor to be made
with lower magnitudes of completeness, greater spatial coverage and improved hypocentral resolution.

As noted by other authors [e.g., Boese et al., 2012; Wech et al., 2012; Boese et al., 2013], there is a distinct
change in the pattern of seismicity along strike on the Alpine Fault. Of particular relevance to this study is
the lack of LFE detections north-east of Mt. Cook. This change is coincident with the abrupt change in shal-
low seismicity noted by Boese et al. [2012] and in deep seismicity [Boese et al., 2013] (Figure 3). However, as
we have only looked for LFE templates within known tremor periods, also seen to locate south-west of Mt.
Cook, the lack of LFE locations away from tremor locations is unsurprising. We therefore cannot rule out LFE
generation north-east of the current LFE source region, but suggest that if LFEs are generated to the north-
east they do not generate tremor as demonstrated by Wech et al. [2012].

Seismic [e.g., Okaya et al., 2007] and geological [e.g., Little et al., 2005] evidence suggests that the geometry
of the Alpine Fault changes in the region beneath Mt. Cook from a listric fault south of Mt. Cook to a near-
vertical structure in the north. This change in geometry may be associated with the termination of a par-
tially subducted remnant passive margin attached to the Australian plate and extending south-westward
beneath the plate boundary [Sutherland et al., 2000]. Boese et al. [2013] considered that the partially sub-
ducted remnant passive margin may explain the transition in deep seismicity beneath South Island. The
similarity in termination points for deep earthquakes, tremor generating LFEs, and the proposed remnant
passive margin suggests a common control.

4.2. Interevent Timing and Magnitudes
We observe tremor beneath the central Southern Alps to be a superposition of multiple LFEs occurring with
small interevent times in a swarm-like manner, as demonstrated by Shelly et al. [2007]. However, a large por-
tion of the catalog presented here exhibits discrete behavior, with large interevent times that are not
tremor-like. As our catalog is largely composed of events near or at the limit of our detection and outside
our network (Figure 3), we cannot be certain that those discrete events within the catalog are not related to
smaller events, or events outside our detection region.

Our observations of near-constant LFE generation rate suggest that LFEs represent quasi-continuous punc-
tuated creep on the deep extent of the Alpine Fault, and provide the first evidence of such slip on the deep
extent of the Alpine Fault. With magnitudes apparently at or near our detection threshold (Mc0.6) and deep
hypocentres, the lack of geodetically detectable slow slip is unsurprising. Detection of slow slip is also hin-
dered by the constancy of LFE generation and hence slow slip, with brief swarms (tremor events) lasting 5–
120 min suggesting similarly brief slip rate increases. Abrupt LFE detection rate increases coincident with
large regional earthquakes may be indicative of triggering by transient or static stress shifts [Boese et al.,
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2014]. A full investigation of LFE triggering characteristics in the Southern Alps is the subject of ongoing
research and beyond the scope of this paper. However, initial analysis of the apparently triggered LFE rate
increases shows that LFE decay rates following regional earthquakes do not follow the same decay pattern
as ‘‘typical’’ aftershocks generated in the brittle crust by the same events.

We are not aware of LFE catalog completeness being computed before. Shelly and Hardebeck [2010] pro-
vided some indication of completeness by demonstrating the level at which LFE size stops following an
exponential law, but this approach requires the assumption that LFEs follow an exponential law. Rather
than imposing this condition (or indeed assuming a G-R law), we have estimated the completeness empiri-
cally based on the SNR values required for 100% detections in synthetic testing (section 2.3). Analysis of the
magnitude-frequency characteristics above this level shows no relationship between magnitude and recur-
rence interval. This is again likely to be a characteristic of our swarm-dominated catalog.

The fact that Mc varies from day to day does not preclude analysis of the frequency-magnitude characteris-
tics of the LFE dataset as a whole. Events of ML� 0.6 occurring on the subset of days for days on which
Mc� 0.6 exhibit the same frequency-magnitude characteristics as the full catalog (Figure 10). If LFEs scaled
in a similar fashion to ‘‘typical’’ repeating earthquakes, we might expect a linear relationship between the
logarithm of cumulative frequency and magnitude, but this is not the case. Rather, individual families are
well-fit by an exponential model above Mc and below a maximum magnitude value. This maximum magni-
tude may be an indication of the limit of fault (asperity) size as identified on a global scale for ‘‘typical’’
earthquakes by Kagan [2002].

The approximately exponential distribution of LFE amplitudes seen here is consistent with the San Andreas
LFE amplitude distributions shown by Shelly and Hardebeck [2010], albeit here at much higher amplitudes,
and with the observations of Watanabe et al. [2007] of amplitude-duration distributions in nonvolcanic
tremor. This exponential distribution is also consistent with tremor amplitude-duration characteristics in vol-
canic settings [e.g., Benoit et al., 2003]. Such an exponential relationship in tremor implies that the source
has a characteristic scale. In volcanic settings, this can be attributed to constraints imparted by the mag-
matic plumbing system [e.g., Aki and Koyanagi, 1981; Benoit et al., 2003]. Watanabe et al. [2007] argued that
a characteristic length scale for the nonvolcanic tremor source process, possibly the length of fluid-filled
cracks, is required to describe the exponential relationship found in tremor properties in southwest Japan.

The source process for nonvolcanic tremor and LFEs remains poorly understood. The exponential
frequency-magnitude relationships seen here may be related to a characteristic length scale for individual
LFE families. This characteristic length scale is likely to be related to the asperity size, the limit of which may
be inferred from the cut-off magnitude. If this is the case, then LFE magnitude could be used to directly
monitor the amount of slip at the deep extent of faults. However, the frequency-magnitude characteristics
could also be related to some process required to slow earthquake rupture in the generation of these
‘‘slow’’ earthquakes [Kaproth and Marone, 2013], related to the damping term described by Ide [2008].

5. Conclusions

We have presented the first evidence of LFEs associated with the Alpine Fault in New Zealand’s South
Island. Our results demonstrate that tremor occurring on or near the Alpine Fault is composed of LFE
swarms, but that LFEs also occur quasi-continuously without generating extended-duration tremor. LFEs in
our catalog exhibit a range of interevent times dominated by short interevent times coincident with swarms
(tremor) while also containing many temporally isolated events. We interpret that these discrete events
indicate that the deep extent of the Alpine Fault is undergoing quasi-continuous creep punctuated by rate
increases manifesting as tremor.

We have located 14 LFE families and found that 12 of these 14 families lie within � 10 km of the Alpine
Fault inferred from GPS measurements [Lamb and Smith, 2013], within an area of high seismic reflectivity
[Okaya et al., 2007], anticorrelated in depth with both shallow [Boese et al., 2012] and deep [Boese et al.,
2013] seismicity in the region. We conclude that LFEs (and therefore tremor) in the Southern Alps are the
manifestation of slow shear slip on the plate interface. Furthermore, 12 of 14 LFE families lie within a zone
of low Qp which we interpret to be a sign of fluid-weakened rock, thereby allowing for ongoing slow slip on
an otherwise locked region of the Alpine Fault. We suggest that these fluids may be generated as the

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005436

CHAMBERLAIN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 14



products of metamorphism of a partially subducted passive margin which terminates beneath Mt. Cook.
This also may explain the lack of LFEs and tremor north-east along strike from our LFE families.

The LFE magnitudes we compute do not scale according to a power law, but instead appear to scale
according to an exponential law suggestive of a characteristic length scale in LFE source generation. We
interpret this to be indicative of constant slip patch sizes for individual LFE families associated with the size
of asperities upon which LFEs nucleate in an otherwise stably sliding region of the Alpine Fault.

Further study using data from the forthcoming SAMBA extension south of the current LFE source region
will further constrain the extent of LFE generation and lead to a more representative view of slip occurring
at depth on the Alpine Fault.
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