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Abstract
The 2015 MW 7.1 earthquake on the Charlie-Gibbs transform fault along the Mid-Atlantic Ridge is the latest in a series of seven large earthquakes since 1923. We propose that these earthquakes form a pair of quasi-repeating sequences with the largest magnitudes and longest repeat times for such sequences observed to date. We model teleseismic body waves and find that the 2015 earthquake ruptured a distinct segment of the transform from the previous 1998 earthquake. The two events display similarities to earthquakes in 1974 and 1967 respectively. We observe large oceanic transform earthquakes to exhibit characteristic slip behavior, initiating with small slip near the ridge, and propagating unilaterally to significant slip asperities nearer the center of the transform. These slip distributions combined with apparent segmentation support multimode slip behavior with fault slip accommodated both seismically during large earthquakes and aseismically in between.
1 Introduction
	Oceanic transform faults are the least understood type of plate boundary, but recent work using improved data has revealed characteristic behaviors of the earthquakes that rupture them. McGuire et al. [2005] first observed quasi-repeating sequences on fast-slipping Pacific transforms, and this behavior has since been identified on the Blanco [Braunmiller and Nábělek, 2008], Heezen [Sykes and Ekström, 2012], and Gofar-Discovery [McGuire, 2008; Boettcher and McGuire, 2009; Wolfson-Schwehr et al., 2014] fault systems. The maximum magnitude of these sequences (M5.4-6.4) scales with fault slip rate [Boettcher and McGuire, 2009], and multiple cycles have been observed due to fast fault slip rates (6-14 cm/yr) and short repeat times (4-14 years).
	The global average of seismic coupling on oceanic transform faults is only ~15% [Boettcher and Jordan, 2004]. The spatial distribution of the remaining aseismic slip is unclear. Thermal structure is considered the primary control on the brittle to ductile transition along oceanic transforms, supported by observation (e.g. Bergman and Solomon [1988], Engeln et al. [1986], Abercrombie and Ekström [2001]), laboratory experiments [Boettcher et al., 2007], and modeling [Behn et al., 2007]. Early hypotheses that seismic slip is limited to shallow, narrow seismogenic depth ranges [Brune, 1968] are inconsistent with the observed distribution of earthquake centroid depths [Abercrombie and Ekström, 2001; McGuire et al., 2012]. 
	On 13 February 2015 a MW 7.1 strike-slip earthquake ruptured the Charlie-Gibbs transform fault. It is the first major Mid-Atlantic Ridge earthquake in 20 years, but the seventh large earthquake on the northern transform of the Charlie-Gibbs in almost a century (Figure 1). The preceding earthquake in 1998 (MW 6.8) initiated ~120km west of the 2015 earthquake. The epicenters of the 2015 and 1998 earthquakes are near epicenters of earthquakes in 1974 and 1967, respectively [Kanamori and Stewart, 1976; Bergman and Solomon, 1988]. We investigate whether rupture characteristics are similar between the four most recent earthquakes, and discuss whether the older earthquakes support the existence of two distinct quasi-repeating sequences on the Charlie-Gibbs transform. This would be the first observation of large (M~7) quasi-repeating earthquakes on oceanic transforms.
	Boettcher and Jordan [2004] found maximum magnitude (MC) and repeat time (tR) of earthquakes on oceanic transforms to be proportional to the fault slip rate (V) where MC ~ V-3/8 and tR ~ V-9/8 [Boettcher and McGuire, 2009]. A deeper inferred limit to brittle failure along slower slipping faults produces a larger seismogenic zone and larger magnitude earthquakes. The scaling relations of Boettcher and McGuire [2009] predict that the slow-slipping (2.24 cm/yr) Charlie-Gibbs fault [DeMets et al., 1990], offsetting relatively old lithosphere (22 Ma), would host larger repeating earthquakes (M~7) with longer repeat times (~30 years) than faster moving Pacific transforms.  
	Seismic behavior of most oceanic transform faults is characterized by global catalogs with poor completeness offshore. What is known about seismic slip along oceanic transforms comes primarily from large magnitude earthquakes. Abercrombie and Ekström [2001] showed that the 1994 MW 7.0 Romanche earthquake began near the ridge and propagated at high velocity toward the center of the transform fault where the main slip occurred. The 2003 MW 7.6 Carlsberg Ridge earthquake also ruptured unilaterally away from the ridge, but along a fracture zone [Antolik et al., 2006]. These slip inversions show main slip asperities separated from the hypocenter by areas of low slip that are interpreted as creeping or aseismic in the interseismic period. The 2015 Charlie-Gibbs earthquake provides an opportunity to see whether unilateral, heterogeneous slip is common to major oceanic strike-slip earthquakes.  
	Variation in seismic coupling of oceanic transforms along strike is evident in the distribution of microseismicity. McGuire et al. [2012] interpreted areas of heightened microseismicity between repeating earthquakes as “rupture barriers.” Factors including damage zone porosity [Roland et al., 2012; Froment et al., 2014], enhanced fluid circulation [Roland et al., 2010], and fault geometry [Wolfson-Schwehr et al., 2014] have been proposed to control this along-strike variability in seismic coupling. 
	We use teleseismic body wave modeling to determine whether seismic behavior on the slow-slipping Charlie-Gibbs transform fault is consistent with observations on the fast-slipping oceanic transform faults in the Pacific.
2 The Charlie-Gibbs Transform Fault and Seismicity
[bookmark: _Toc290350003]	The Charlie-Gibbs transform on the north Mid-Atlantic Ridge consists of two parallel, right-lateral transforms separated by an intra-transform spreading (ITS) ridge [Fleming et al., 1970; Vogt and Avery, 1974; Lilwall and Kirk, 1985], Figure 1. The 2015 and other earthquakes discussed here, occurred on the longer (220km) northern transform [Burr and Solomon, 1978]. The fault trace from bathymetry data has a width of ~2km and a strike of 95º [Searle, 1981; GEBCO]. Sediment obscures bathymetric features in this area [Whittaker et al., 2013], limiting the resolution of structural complexity within the northern transform.
	The northern Charlie-Gibbs transform fault has hosted seven M≥6.25 earthquakes over the past 100 years, Figure 1 and Table S1 in Supporting Information. Records of large earthquakes on the Charlie-Gibbs fault go back to the 1920s due to historic seismic stations in Europe and North America. Magnitude estimates of the 1923, 1941, and 1954 earthquakes from the Pasadena vertical Benioff long-period seismograph were similar, as were the Rayleigh wave recordings of the 1941, 1954, and 1967 earthquakes [Kanamori and Stewart, 1976]. Given the limited historic recordings and the known disparity between mb, MS, and MW estimates for oceanic transform earthquakes, we follow Kanamori and Stewart [1976] and assume that the magnitudes and rupture dimensions are similar for all seven earthquakes. We focus our analysis on comparing only the best-recorded events (1967, 1974, 1998, 2015); the earlier earthquakes are consistent with these sequences extending almost 100 years.
	The relative errors of earthquake epicenters on the Charlie-Gibbs transform are expected to be on the order of 10-15km in latitude, and less in longitude (~5km) due to even station distribution on either side of the Atlantic [Bergman and Solomon, 1988]. The absolute location uncertainty is larger [Pan et al., 2001], up to 50km for oceanic earthquakes [Cronin and Sverdrup, 2001]. Here we make the reasonable assumption that all M≥6 strike-slip earthquakes occurred on the Charlie-Gibbs transform fault.
	Relative earthquake location errors are small enough to resolve two distinct sequences: the western sequence events in 1941, 1967, and 1998, and eastern sequence events in 1923, 1954, 1974, and 2015. The average epicentral separation between the two sequences (130km) is much larger than the average separation among earthquakes of the west sequence (35km) and east (24km) sequence. Since 1976, there have been few earthquakes in between the west and east sequences relative to the active spreading ridges, Figure 1. Excluding 60-day time periods centered on each of the 1998 and 2015 mainshocks, only 11 events (mb≤4.7) occurred within the center of the transform between 1976 and 2015. All locations are from ANSS Comprehensive Catalog (ComCat) unless otherwise stated [ComCat, 2016].
	Two large strike-slip earthquakes on the northern Charlie-Gibbs fault in 1967 (MS 6.5) and 1974 (MS 6.9) [Kanamori and Stewart, 1976] were sufficiently recorded to determine slip behavior and distribution. Both earthquakes began with small slip near a ridge, the 1967 (west) and the 1974 (east), and ruptured toward the center of the transform [Bergman and Solomon, 1988; Kanamori and Stewart, 1976]. These earthquakes provide a comparison for the more recent, better-recorded 1998 (west) and 2015 (east) Charlie-Gibbs earthquakes. 
	The epicenter of the 1967 earthquake is located at the western end of the transform and began with a small pulse of slip 6-7 seconds before the main rupture [Kanamori and Stewart, 1976]. The delay between the initial slip and main slip pulses was longer on western stations, implying unilateral eastward rupture. The main slip began 15-20km east of the initial slip with a poorly constrained centroid depth of 10km [Bergman and Solomon, 1988]. Several peaks of discrete slip were identified, but late oscillations in the seismograms may be attributed to water phases [Bergman and Solomon, 1988; Wiens, 1989]. 
	The larger magnitude 1974 earthquake had a mb 5.0 foreshock only 8.5 minutes before and located near the mainshock hypocenter [Kanamori and Stewart, 1976]. The majority of the slip during the 1974 event was located around 10km depth, 30km to the west of the small pulse of initial slip near the ITS ridge [Bergman and Solomon, 1988]. The aftershock sequence of this earthquake outlines a segment ~70km in length.  
3 Modeling the 1998 and 2015 Earthquakes
3.1 The 1998 MW 6.8 Earthquake
	The 1998 earthquake was located near the 1967 epicenter and had recorded foreshocks and aftershocks (M≥4.0). Most of the seismicity occurred near, or to the east of the mainshock, Figure 1, but four earthquakes (mb 4.1-MW 5.4) occurred within a period of seven hours, two days before the mainshock, and close to the Global Centroid Moment Tensor catalog (gCMT) centroid of the 2015 MW 7.1 Charlie-Gibbs earthquake [Ekström et al., 2012]. Two aftershocks were recorded, both in the first 24 hours, both mb 4.2, and both slightly west of the 1998 hypocenter. 
	We calculate a double couple moment tensor for this earthquake following Aderhold and Abercrombie [2015], and Maggi et al. [2000]. Recorded body waves are obtained from stations at teleseismic distances of 30-90º [IRIS DMC]; we rotate the horizontals to obtain the SH component. Picks are first calculated following Crotwell et al. [1999] and then we manually repick to ensure that we do not miss the low amplitude initial arrivals of these strike-slip earthquakes [Schramm and Stein, 2009]. We calculate synthetics using the MT5 inversion code [McCaffrey et al., 1991]. The 1D source structure consists of 4km of water (Vp 1.5km/s) and a 7km crust (Vp 6.5km/s) overlying oceanic mantle (Vp 8.1km/s), with the IASPEI 91 velocity model for global travel times [Kennett and Engdahl, 1991]. SH waves are downweighted to 0.25 to account for their larger amplitude relative to P waves.
	The strike of the best fitting moment tensor (strike/dip/rake of 99º/88º/180º), Figure 2, is similar to the northern transform fault trace on the seafloor (95º) and is within ~2º of the gCMT mechanism. We find no significant differences (<5% increase in variance from best-fit solution) in fit by fixing the centroid depth between 2 and 11km below the seafloor, Figure 2. We cannot confidently resolve any directivity in the 1998 earthquake; the hypocenter is ≤ 10km from the gCMT centroid, and a simple point source yields an excellent fit to the seismograms. Pro et al. [2007] reported slight directivity to the east for the 1998 event, and a shallow centroid depth of 3km, consistent with our more conservative conclusions.
3.2 The 2015 MW 7.1 Earthquake
	The 2015 earthquake is located near the 1974 earthquake, Figure 1. Two foreshocks (mb 5.3 and 4.9) occurred in the 10 minutes before the 2015 earthquake. The sparse aftershock sequence consisted of 12 events within 30 days (mb 5.2-4.3) extending west of the hypocenter.
	The 2015 earthquake is large enough to invert for the slip distribution; the gCMT centroid ~60km to the west of the epicenter suggesting directivity [Smith and Ekström, 1997]. The best-fit, point-source centroid is 12km below the seafloor (range of 11-14km for <5% increase in variance from best-fit solution), Figure 2. A line source mechanism (98º/75º/175º) improves the fit to body waves with directivity of 4km/s at an azimuth of 278º, Figure 2. The strike matches the trace of the northern transform [Searle, 1981], and is similar to the gCMT mechanism. 
	Since we must balance the resolution with the length of the source time function in our line source model, we model the greater complexity of the 2015 rupture by performing a finite fault inversion following the approach of Antolik et al. [2000] and Aderhold and Abercrombie [2015]. The initial fault model is 50km in width and extends 250km along the northern transform to the west of the hypocenter and 50km east along the fracture zone. The fault is divided into subfaults 3km along strike by 2km in depth. We test rupture velocities of 1-7km/s and hypocenter depths of 10 and 15km. First we use only P waves to calculate optimal picks for SH waves for each rupture velocity, then include SH waves but at a lower weight (0.1). This encourages fit to the higher frequency content of the P waves with the added complexity of a finite fault model. All significant slip is to the west of the hypocenter, and initiating at a depth of 10km showed slight improvement in fit over 15km. 
	The source time function of the line source attempts to fit the separation of the three peaks in the beginning of the seismogram on stations to the east of the earthquake [GNI, NIL] while smoothing them in the stations to the west [OTAV, FDF], but this is accomplished better in the finite fault model. Limiting slip to the north-south oriented nodal plane decreases variance reduction by at least 5% for all rupture velocities, with observably worse fit to the waveforms. Limiting the rupture to propagate unilaterally east from the hypocenter (rather than west) at 3km/s decreases the variance reduction by over 20%. Our modeling shows that the 2015 earthquake initiated near the ITS ridge and propagated westward along the northern transform, toward its center.  
	To investigate which slip asperities in our model are required to fit the data, we restrict the size of the fault plane until the fit is significantly reduced both quantitatively (variance reduction), and qualitatively through visible deterioration in fit to the waveforms. Our resolution is limited to fault areas that slipped at least 1 m. For instance, the small patch of slip 100km to the west of the 2015 hypocenter is needed to fit the small arrival that is not fit in the restricted line source model [see stations OTAV, MPG] and is near the 1m resolution limit. We reduce the fault extent to a length of 125km extending unilaterally to the west and a width of 22km, Figure 3. This preferred model has an average slip of 2m and peak slip of 10m. The fit is similar for rupture velocities of 1-4km/s, indicating that the 2015 earthquake rupture extended from a minimum of 30km to a maximum of 120km from the hypocenter assuming a source time function that includes the second subevent. We prefer the model at a common rupture velocity of 3km/s where the slip asperities overlap with the two areas of aftershocks within 60km and at 100km from the mainshock hypocenter, inset Figure 3. Quantitative fits are nearly identical between fault widths of 22km and 10km, however we see a slight worsening in fit to P waves at KIV and COLA. Additional modeling tests are available in Figures S1-3 of the Supporting Information.
4 Results and Discussion 
4.1 Repeating Earthquake Sequences and Fault Segmentation
	With limited station coverage and high location uncertainty of oceanic transform earthquakes at the time, Kanamori and Stewart [1976] proposed that the 1923, 1941, 1954, 1967, and 1974 Charlie-Gibbs earthquakes ruptured distinct fault segments of similar length (~70km), adding up to rupture of the full extent of the transform to a seismogenic width of ~10km. With improved station coverage recording two additional earthquakes, we present evidence contrary to this where similarities in the ruptures indicate at least partially overlapping rupture zones, and our body wave modeling indicates earthquake centroid depths near or below 10km. 
	The Blanco, Gofar, and Heezen transform faults in the Pacific have quasi-periodic forecastable events. With their relatively fast spreading rates (6-14cm/yr) multiple earthquake cycles have been observed since 1976 (McGuire et al., 2005; Boettcher and McGuire, 2009). Although these smaller quasi-repeating events have overlapping ruptures, their slip distributions may not be identical and some are classified as doublets [McGuire, 2008]. 
	The northern segment of the Charlie-Gibbs transform is slower slipping (2.24 cm/yr), longer (220km), and hosts larger magnitude earthquakes (M~7) than transform faults in the Pacific. Our modeling indicates that the 2015 and 1998 earthquakes had at least partially overlapping ruptures with the 1974 and 1967 earthquakes, respectively. The nearly 100 year instrumental catalog is consistent with the existence of two separate, quasi-periodic earthquake sequences on the same transform with repeat times of 28 years (±4 years) on the west and 31 years (±10 years) on the east. These observations of two quasi-repeating rupture patches on the Charlie-Gibbs fault show that slow slipping faults may behave similarly to faster slipping faults, and both slow and fast oceanic transform faults can be fit by the scaling relationships proposed by Boettcher and McGuire [2009].
	Uncertainties prevent us from resolving whether the two quasi-repeating sequences abut one another, or are separated by some form of rupture barrier similar to those observed on Pacific faults (e.g. Sykes and Ekström [2012], Braunmiller and Nábělek [2008], and Wolfson-Schwehr et al. [2014]). Small (M<6) earthquakes occur near the ridge-transform intersections of the northern Charlie-Gibbs fault, but the center has not hosted an event larger than mb 4.7 outside of the 1998 and 2015 mainshocks and their foreshock and aftershock sequences. It is unlikely that earthquakes of M>5.5 since 1976 would consistently be missing as the gCMT catalog is complete down to MW 5.4 (±0.05) and the ISC is to mb 4.3 (±0.2) in this area [Woessner and Wiemer, 2005]. There is no obvious structural feature separating the east and west repeating sequences on the north Charlie-Gibbs fault, however compositional or porosity differences have also been inferred to limit through-going ruptures [McGuire et al., 2012; Roland et al., 2012; Froment et al., 2014].
4.2 Earthquake Rupture Characteristics
	Our finite fault inversions of the 2015 earthquake show unilateral westward rupture between 1 to 4km/s. At our preferred velocity of 3km/s, there is a well-resolved major slip asperity at 20-50km and a more ambiguous small asperity 90-100km west of the hypocenter. Preliminary back projection [Trabant et al., 2012] and the SCARDEC model [Vallée et al., 2011] are consistent with our results. As for other large earthquakes [Abercrombie and Ekström, 2001], the teleseismic body waves are insufficient to constrain whether there is no slip, or low slip in between the asperities. Hjörleifsdóttir et al. [2009] showed that low slip occurred over parts of the 1998 M8.1 Antarctic earthquake, which was unresolved by modeling teleseismic body waves [Henry et al., 2000].
	The 2015 earthquake began with small slip near the ITS ridge, with the later main slip asperity rupturing at a distance away nearer the center of the transform. This pattern of behavior is similar to that of the 1967 and 1974 earthquakes [Bergman and Solomon, 1988], and also the 1994 Romanche transform earthquake [Abercrombie and Ekström, 2001]. We hypothesize that initiation near a ridge and main slip nearer the center of the transform may be typical rupture behavior for oceanic transform earthquakes. Three of the earthquakes in one of the quasi-repeating sequences on the Gofar transform (25 March 1997 MW 5.6, 17 June 2002 MW 6.0, 4 August 2007 MW 6.1) exhibit similar behavior. They appear to have lengthy, unilateral ruptures lasting over 3 times longer than expected for their magnitude [gCMT, 2016; Duputel et al., 2013], and have gCMT centroids westward of their hypocenters by 25km, 25km, and 37km, respectively. Global coverage is still coarse and more detailed coverage of these faults is needed to confirm the extension of this behavior to smaller magnitude earthquakes.
4.3 Seismic and Aseismic Slip
	Globally only about ~15% of slip on ocean transform faults is accommodated seismically [Boettcher and Jordan, 2004]. Assuming a simple half-space cooling model, seismic rupture of the Charlie-Gibbs transform is possible to a depth of 10-15km at the ridge intersections and 15-20km in the center. Our centroid depths, and fault inversion are consistent with seismic slip throughout a seismogenic zone with the depth controlled by the 600-800ºC isotherm [Boettcher et al., 2007; Warren and Hirth, 2006]. The depth of the isotherms along-strike is different when rheological complexity beyond a simple half space is included, but the seismogenic area is equivalent [Roland et al., 2010]. 
	Using fault area above the 600ºC isotherm and a time period of 26 years that includes only one of the large, quasi-repeating earthquakes, Boettcher and Jordan [2004] calculated the seismic coupling for the northern Charlie-Gibbs fault to be 22%. Using a similar approach, we calculate that the seven M6+ earthquakes on the northern Charlie-Gibbs fault account for 88% of the expected fault motion over the last 92 years. This maximum estimate uses a time period bookended by large earthquakes, but the moment of the earlier earthquakes may be underestimated. Adding 15 years to account for time between large events decreases the seismic component of fault motion to 75%; using fault area above the 800ºC isotherm would decrease this further. Also, the isotherm depths may be underestimated if the northern and southern Charlie-Gibbs transforms are not fully thermally decoupled [Wolfson-Schwehr et al., 2015]. Otherwise, the high coupling of this transform could be an exception, with 15% coupling still appropriate for a global average. There were only 6 other M≥5.5 earthquakes since 1975 (all M≤5.7), so the contribution of earthquakes outside of the repeating sequences is negligible.
	We propose that the remainder of the fault slip budget is accommodated by heterogeneous aseismic slip along strike, in the area between the two sequences as well as the area of low slip between the hypocenter and the large slip asperity of the 2015 earthquake. Areas of low co-seismic rupture could have multimode behavior, with fault motion accommodated partially by aseismic motion in the interseismic period and partially by propagating seismic rupture during large ruptures. 
The maximum slip of up to ~10 meters within the asperities ruptured by the 2015 earthquake is much higher than the deficit built up in one repeat cycle. This suggests that although the quasi-repeating earthquakes overlap, the areas of high slip may be in complementary locations. The M6 sequence of earthquakes at Parkfield, California behaves similarly [Custódio and Archuleta, 2007]. This section of the San Andreas fault is characterized by a combination of aseismic slip and repeating large and small earthquakes [Bakun et al., 2005; Maurer and Johnson, 2014; Jolivet et al., 2015]. It may not be a coincidence that serpentine is present in both the fault zone at Parkfield, and within oceanic transform faults [Moore and Rymer, 2007; Proctor et al., 2014]. Serpentine is observed to be velocity weakening at fast loading velocities and velocity strengthening under slow loading velocities, allowing for both stable slip and the propagation of unstable slip [Reinen, et al., 1991].
5 Conclusions
	We analyze the seismicity along the Charlie-Gibbs transform fault, and model the most recent earthquakes. We find that:
1. The 2015 and 1974 earthquakes on the northern Charlie-Gibbs fault comprise a quasi-repeating rupture, with evidence for an additional sequence to the west with the 1998 and 1967 ruptures. These would be the largest magnitude and longest repeat time sequences observed to date on an oceanic transform fault. The maximum magnitude and repeat times of these earthquakes follow scaling relations proposed by Boettcher and McGuire [2009], based on observations of faster slipping transforms in the Pacific.
2. The 2015 Charlie-Gibbs earthquake began with small slip near the ridge then ruptured unilaterally toward the center of the transform where the larger slip asperities are located. This slip distribution is similar to that of the 1974 Charlie-Gibbs earthquake, and also to the only other modeled Atlantic oceanic transform earthquake, the 1994 Romanche earthquake. The consistency suggests that this pattern of rupture is characteristic of earthquakes on slow oceanic transforms.
3. The Charlie-Gibbs transform has a higher seismic coupling than the global average for oceanic transform faults. Some aseismic slip is still needed to accommodate the expected motion of the fault. This aseismic slip could occur between the two quasi-repeating sequences, near the ridge end points of the transform, and also within areas of low co-seismic slip between asperities in large earthquake ruptures.
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Figure 1. Earthquakes along the northern Charlie-Gibbs transform fault (TF). Top map shows seismicity occurring after 1976 overlaying lithospheric age [Müller et al., 2008], bottom map shows seismicity up to 1976 overlaying bathymetry [GEBCO] and the middle is a plot of all earthquakes by longitude and time. Longitudes are from ComCat; magnitudes are from ISC-GEM/Pasadena (MS: 1923, 6.5; 1941, 6.25; 1954, 6.5), Kanamori and Stewart [1976] (MW from M0: 1967, 7.0; 1974, 7.0), and ComCat (MW: 1998, 6.8; 2015, 7.1). Orange and blue circles correspond to events that are in the east and west sequences. In the upper map, foreshocks (purple) and aftershocks (green) within 30 days of the 1998 earthquake are identified, as wells as foreshocks (yellow) and aftershocks (red) of the 2015 earthquake and the 1974 earthquake in the lower map. Fracture zones are dashed white lines [Matthews et al., 2011]; note that the ISC appears to be 30km to the west of the plate boundaries, plotted as solid white lines [Bird, 2003]. 
[image: ]
Figure 2. Line source model of the 2015 MW 7.1 earthquake (top) and point source model of the 1998 MW 6.8 earthquake (bottom). Directivity of the 2015 model is 4km/s at an azimuth of 278º (westward). Recorded data are solid lines (P waves, black and SH waves, red), and synthetics are dashed lines. Letters next to each seismogram correspond to station locations on the focal sphere. Stations VSL and MA2 were not included in the 2015 inversion. Seismograms have different scales between the two events. The center inset shows depth testing, with lower variance corresponding to better fit. Best-fit centroid depths are 10km (2-11km) and 12km (11-14km) for the 1998 and 2015 respectively. 

[image: ]
Figure 3. Finite fault model of the 2015 MW 7.1 earthquake. Top plot shows the slip distribution of the 2015 earthquake (dashed rectangle) relative to its hypocenter (orange star) as well as the 1998 hypocenter and acceptable centroid depths (blue star with bars) and slip of the 1998 earthquake (blue circle) assuming circular rupture with 1.5m average slip. The hypocenters of the 1974 and 1967 earthquakes are indicated with 30km rupture lengths in the inferred rupture directions from Kanamori and Stewart [1976]. The 2015 finite fault model has a rupture velocity of 3km/s, 125km fault length, and 22km width. White fault area does not have slip greater than the 1m resolution. Inset plot shows variance of models run with larger (red triangles; length 150km, width 30km) and smaller (blue filled circles; length 125km, width 10km) faults than the preferred model (black open circles; length 125km, width 22km). Recorded seismograms (60 seconds) are plotted in black and synthetics in red, with station names and azimuth noted. 
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