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ABSTRACT 

High-precision earthquake relocations, moment tensors and short period focal mechanisms are applied to study structural features of the transitional from north-striking, down-to-the-east, range-bounding normal faults along the Sierran Range front near Lake Tahoe toand dextral faulting of the Northern Walker Lane. Thise study addresses the complex relationship between the distributed seismicity and local stress field from small magnitude earthquakes, and the major normal and dextral fault systems of the Lake Tahoe-Reno-Carson City area. The region accommodates as much as 9 mm/yr of dextral shear between the Sierran block and the Basin and Range proper, or ~20-25% of relative Pacific-North American plate motion. There is abundant seismicity north of Lake Tahoe, through Truckee, California, as opposedin contrast to a paucitylack of seismicity along the normal faults of the Tahoe area. High-precision relocations of ~6,000 earthquakes, ML 0.0 to ML 4.6, were computed using combined a HYPOINVERSE-HypoDD approach. Seismicity in the upper brittle crust images high-angle, often intersecting structures of limited lateral extent; there is little- to- no correlation between seismicity with and mapped faults. From 679 short-period mechanisms and moment tensor solutions, we find a 9:1 ratio of 9:1 between strike-slip andto normal motion. A stress field inversion shows E-W extension and high-angle orientations of the P and T-axes orientations within the Sierran block (footwall of the principle Tahoe normal faults) in a dominantly strike-slip regime.  Also, inversion results show that as events just north of Lake Tahoe and west of the Nevada border trend from west to east, their T-axis orientation rotates an ~30° counterclockwise rotation of the T-axis orientation from WNW to ENE, sweeping from west to east, just north of Lake Tahoe west of the Nevada border. The strike-slip dominated region north of Lake Tahoe abruptly transitions northeastward to a transtensional regime east of the Sierran front (i.e., in the hanging wall of the range block) in the Reno, NV, area. In addition, transtension is characterized by a more NW-SE trending extensional direction, east of the Sierran front. These results show distinct structural and stress field regimes in the transition between Sierran range-bounding normal faulting and northern Walker Lane dextral faulting.   Conjugate strike-slip faulting (intersecting dextral and sinistral structures) appears to limit the maximum magnitude in similar transition zones along the north eastern Sierra in the Lake Tahoe area, where the primary moment release is accommodated by major range bounding normal faults systems.  Linkage between Tahoe area normal faulting, through the abundant seismic in the N. Tahoe area and dextral faults of the Northern Walker Lane, and the potential for identifying potential foreshock sequences to major damaging earthquakes, underscores the importance of understanding this unique structural accommodation zone. 	Comment by Peggy Hellweg: This is  a terrible sentence. It has so many different things in it and not enough punctuation. In addition, there are 2 subjects: linkage and potential, so the verb "underscores" needs to be a plural verb: "underscore".	Comment by Peggy Hellweg: Seismic what? seismic is an adjective not a noun

INTRODUCTION

Over the past ~3 Ma the Lake Tahoe basin has evolved through repeated earthquakes on a series of north-trending, down-to-the-east normal faults (Dingler et al., 2009). Large-magnitude earthquakes in the Tahoe basin (M 7+) have a recurrence interval on the order of several thousand years (Maloney et al., 2013) with the most recent major event on the West Tahoe fault, ~4-5 Kya. (tThe Incline Village fault may have experienced a large earthquake, more recently, within 1Kya).  Near Truckee, California, northwest of the lake, Tahoe- area, east-dipping, range-bounding, dip-slip faults transition to NW-SE trending dextral faulting in the Northern Walker Lane tectonic regime (NWL; e.g., the recently identified NNW-striking Polaris fault zone; Hunter et al., 2011). This transition extends ~20 km N-S and ~40 km NE-SW and is characterized by persistent, small- magnitude earthquake activity. This is quite in contrast of to the general lack of seismicity directly associated with the larger normal faults.  Fortunately, a local, dense seismic network provides data for high-precision earthquake locations and well-constrained, short-period focal mechanisms. Although the NNW-striking Polaris fault extends NWL dextral faulting zones further south than previously recognized, we consider seismicity as far north as the southern extent of the Mohawk Valley fault, an area that includes the 1966 ML 5.9 left-lateral, strike slipstrike-slip Truckee, CA earthquake (Greensfelder, 1968). In other words, we consider the Polaris fault zone and associated NE-striking, sinistral faults north of the Truckee area to mark theas transitional to the mature NW-striking, dextral NWL faults.	Comment by Peggy Hellweg: Do you have a map that shows this? If so, please refer to it.	Comment by Peggy Hellweg: If you are going to include this sentence, you need a reference.	Comment by Peggy Hellweg: why can't you say "right-lateral"?	Comment by Peggy Hellweg: 	Comment by Peggy Hellweg: (a) you should decide if you are going to give states by their 2 letter abbreviation or write them out; above you wrote California. (b) When you have a city-state pair, you have to use a comma between the city and the state and a comma after the state: Truckee, CA, 

Although, many local earthquake sequences have been studied in and around Lake Tahoe (dePolo et al., 1997; Ichinose et al., 2000; Ichinose et al., 2003; Smith et al., 2004), this study addresses the distributed seismicity north of the Lake (map?). The earthquakes used in this study occur over a time period that includes two unprecedented near Moho-depth (~30 km) dike injection swarms: 1); ~1600 events in 2003 under North Lake Tahoe (Smith et al., 2004), and 2) ~2300 events from 2011 to 2012 beneath Sierraville, CA. These sequences have been interpreted to represent diking and rifting of the eastern Sierra Nevada microplate (Smith, 2013; Smith et al., in prep.), a process that would be a critical consideration in any tectonic interpretation. However, this study focuses on the upper-crustal seismogenic zone. 
[image: ]
Figure 1. Domains of the Walker Lane – eastern California shear zone discussed in this paper. Modified from Faulds and Henry (2008).






Many of deep events in the 2003-04 and 2011-12 sequences show reverse slip and therefore reflect magma emplacement processes and not driving stresses of upper crustal faulting that directly impacts hazard assessment. 	Comment by Peggy Hellweg: Reference?

TECTONIC AND GEOLOGIC SETTING

The Walker Lane (WL) is a NW-SE trending, predominantly dextral shear zone, of distributed deformation bounded to the west by the Sierra Nevada and to the east by  the central Basin and Range to the east (Figure 1). Secondary to the NW-oriented WL dextral faulting are distinct regions of NE-SW striking, sinistral faulting and distributed, normal faulting (Faulds and Henry, 2008). From gGeodetic and geologic studies find that, the WL accommodates ~20%–25% of relative Pacific–North American plate motion (Atwater and Stock, 1988; Thatcher et al., 1999; Dixon et al., 2000; Bennett et al., 2003; Hammond et al., 2011; Busby, 2013). WL development is driven by relative Pacific-North American plate interaction.   Structural features of the WL are therefore kinematically tied to the evolution of the San Andreas transform and the progression of the Mendocino Triple Junction (Unruh et al., 2003; Busby, 2012; Busby, 2013).  Cumulative dextral offsets of WL faults decrease northward from the southern WL to its northernmost extent in northeastern California (McQuarrie and Wernicke, 2005; Faulds et al., 2005; Wesnousky et al., 2012).	Comment by Peggy Hellweg: Where are these NE-SW striking, left lateral and normal faulting regions? Can you put them on the map, too?

The Mina Deflection is a prominent structural feature of the Central WL. The 80-100 km right-step in NW-striking, dextral faulting, near the latitude of the Long Valley Caldera and Mono Lake basin (Oldow et al., 2001), is characterized by NE-striking, sinistral fault systems, marks transition from the the southern WL (SWL; sometimes referred to as the Eastern California Shear Zone) to the central (CWL) and northern Walker Lane (NWL) transition. 	Comment by Peggy Hellweg: Mark it on the map in fig 1.
[image: ]
Figure 2. Significant earthquakes in the Sierra- Great Basin boundary region.  Each event is labeled by year and sense of motion.   All M >= 4.9 events are strike slipstrike-slip other than the 1993 Eureka Valley earthquake ((Mw ???, bottom right).  Earthquakes are referenced listed in Table 3. The primary study area directly north of Lake Tahoe includesd the (what year!) Mw 4.9 Incline Village earthquake (Mw 4.9)s, a left-lateral strike slipstrike-slip event.  SWL: Southern Walker Lane; CWL: Central Walker Lane; NWL: Northern Walker Lane.  Dashed region markes the zone of east- dipping, western- evolving, normal fault systems (Surpless, 2002). 	Comment by Peggy Hellweg: You shold explain the "sense of motion" abbreviations, and if you are going to call them LL, RL here, then you should call them left-lateral and right-lateral in the text and not dextral and sinistral.	Comment by Peggy Hellweg: what does "western-evolving" mean?




CWL faults just to the east and adjacent toof the Wassuk Range normal fault zone (region within the dashed line in Figure 2) are a set of left-stepping, NW-striking, dextral faults (Figure 2; labeled “CWL RL-Faults”). The Mina Deflection isolates a westward evolving series of down-to-the-east normal faults, initiating with the Wassuk Range block (Figure 2; dashed region), that have evolved westward into the Tahoe basin, through several extensional episodes, since in the past ~15 Mya (Surpless, 2002). 	Comment by Peggy Hellweg: See comment 11


North of Long Valley Caldera, along the Sierran frontal fault system, structural transitions between left-stepping, range-bounding faults typically show abundant seismicity, whereas while the range-bounding faults themselves generally lack significant inter-seismic activity between mainshocks. These transitions, to includinge the Long Valley area, are characterized by high-angle conjugate, dextral-sinistral systems, consistent with the direction of local extension direction (i.e., ~E-W along the north striking Sierran range front; Ichinose et al., 2003). 

NOTABLE RECENT EARTHQUAKES ALONG THE SIERRA GREAT BASIN BOUNDARY

Figure 2 shows recent, notable, instrumental earthquakes (M >= 4.5) which have occurred along in the Sierra Great Basin boundary region, since 1966; event parameters are compiled in Table 1 (earthquakes associated with  recent, since 1980, Long Valley Caldera unrest since 1980 are not shown). To summarize Long Valley seismicity, three NNE striking left-lateral and one WNW striking right-lateral strike slipstrike-slip Mw >= 6.0 earthquakes occurred adjacent to and within Long Valley in May of 1980. The May 1980 sequence initiated with a left-lateral strike-slip event in the Sierran block south of the Long Valley Caldera and three M >= 6.0s associated with NE oriented structures (i.e., suggesting a significant component of sinistral motion) took place south of the Caldera in the Sierran block. Several of these events show exhibit CLVD source mechanisms (i.e., Compensated Linear Vector Diploe; non-double couple solutions), although NNE alignments of seismicity imply a component of sinistral motion. There have been numerous M >= 4.5 earthquakes associated with caldera unrest (see Hill, 2006 for a detailed summary of Long Valley area earthquakes).  	Comment by Peggy Hellweg: Please check and make sure this is consistent. I read 3 left lateral and  right lateral quake, then 1 left lateral and thre on the NE trending faults (which you just said were left lateral), so all 4 were left lateral?	Comment by Peggy Hellweg: references

Nearly all oOf the notable significant, recent earthquakes with reported mechanisms along the Sierran front north of Long Valley through North Tahoe with reported mechanisms show nearly all show left-lateral strike slipstrike-slip motion (Figure 2), in contrast to the prevailing dextral shear of the WL. These events occur in step overs and/or at the ends of the primary, range bounding faults. They include the 1979 ML 5.0 Diamond Valley, CA (Sommerville et al., 1980), the 1984 Mb 5.9 Round Valley, CA (Smith and Priestley, 1988), the 1990 Md 5.0 Lee Vining, CA (Horton et al., 2001), the 1994 Mw 5.9 Double Springs Flat, NV (Ichinose et al., 1998), and the 1998 Mw 4.9 Incline Village, NV, earthquakes (Figure 2; Table 1). All M >= 5.0 events within the Mina Deflection region show left-lateral, strike slipstrike-slip motion. These include the 1980 Md 5.0 Garfield Hills, NV (Latt, 1989), the 1997 Mw 5.3 Fish Lake Valley, CA (Ichinose et al., 2004), the 2004 Adobe Hills, NV (Ichinose, unpublished; three M >= 5.0), and the 2013 Mw 5.1 Columbus Marsh, NV NV,earthquakes (Figure 2; Table 1).  	Comment by Peggy Hellweg: Do you need to include the magnitudes here, since they are all listed in the table?
 
	[bookmark: RANGE!A1:J20]Year
	Date Time
	Lat
	Lon
	Depth
	Mag
	M
	Style
	Event

	1966
	09/12 1641
	39.4400
	-120.1600
	10.00
	5.9
	ML
	LL
	Truckee, CA

	1979
	10/04 2054
	38.2240
	-119.3480
	11.00
	5.0
	ML
	LL
	Diamond Valley, CA

	1984
	11/23 1808
	37.4547
	-118.6072
	10.99
	5.9
	Md
	LL
	Round Valley, CA

	1986
	07/20 1429
	37.5667
	-118.4382
	6.83
	5.9
	ML
	LL
	Chalfant, CA Foreshock

	1986
	07/21 1442
	37.5380
	-118.4428
	10.59
	6.3
	ML
	RL
	Chalfant, CA Mainshock

	1988
	09/19 0256
	38.4613
	-118.3418
	8.97
	5.0
	ML
	LL
	Garfield Hills, NV

	1990
	10/24 0615
	38.0523
	-119.1267
	12.56
	5.0
	Mw
	LL
	Lee Vining, CA

	1993
	05/17 2320
	37.1763
	-117.8323
	9.13
	6.1
	Mw
	N
	Eureka Valley, CA

	1994
	09/12 1223
	38.8083
	-119.6383
	8.50
	5.9
	Mw
	LL
	Double Springs Flat, NV

	1997
	11/02 0851
	37.8463
	-118.2152
	6.38
	5.3
	Mw
	LL
	Fish Lake Valley, NV

	1998
	10/30 0953
	39.3023
	-119.9793
	10.50
	4.9
	Mw
	LL
	Incline Village, NV

	2001
	08/10 2019
	39.8233
	-120.6459
	17.82
	5.3
	Mw
	RL
	Mohawk Valley, CA

	2004
	09/18 2302
	38.0037
	-118.6770
	4.98
	5.6
	Md
	LL
	Adobe Hills, CA

	2004
	09/18 2343
	38.0167
	-118.6582
	5.55
	5.4
	Md
	LL
	Adobe Hills, CA

	2004
	0920 1651
	38.0235
	-118.6446
	5.32
	5.0
	Md
	LL
	Adobe Hills, CA

	2008
	04/26 0640
	39.5233
	-119.9393
	2.83
	5.0
	Mw
	RL
	Reno, NV

	2011
	10/27 0637
	39.6086
	-119.4730
	15.64
	4.7
	Mw
	LL
	Sierraville, CA

	2013a
	02/13 0010
	38.0222
	-118.0553
	7.48
	5.1
	Mw
	LL
	Columbus Marsh, NV

	2013b
	05/24 0347
	40.1918
	-121.0718
	9.69
	5.7
	Mw
	RL
	Lake Almanor, CA




Table 1. Event parameters for regional earthquakes shown in Figure 2. Date Time: ‘mo/yr HrMin’; Depth: (km); M: Magnitude Type (ML: local magnitude; Mw: Moment Magnitude; Md: Duration Magnitude; Dominant Style of Motion:  LL: Left-lateral strike slipstrike-slip; RL: Right-lateral strike slipstrike-slip; Event: Geographic Reference



VanWormer and Ryall (1980) first reported that seismicity and moderate- sized events along the eastern Sierra tend to cluster at the ends of mapped faults, along the eastern Sierra. Within the North Tahoe transition zone, the 1948 M ~6.0 Verdi (not shown) and 1966 Truckee ML 5.9 occurred at the northeast and southwest terminius of the sinistral Dog Valley fault, respectively (Bell et al., 1976; Ryall et al., 1968). Southeast of the lake, persistent microseismicity and moderate earthquakes have occurred in the left-step between the Genoa and Antelope Valley range- bounding, normal faults (Figure 2). These include the left-lateral, strike -slip 1979 ML 5.0 Diamond Valley (Somerville et al., 1980) and 1994 Mw 5.9 Double Springs Flat earthquakes (Ichinose et al., 1998). 

Further north of Lake Tahoe, there three dextral and two notable sinistral M >= ~5.0 events have reported mechanisms (Figure 2; Table 1). These include the 1966 ML 5.9 left-lateral, strike- slip Truckee, CA earthquake (Greensfelder, 1968), and the more recent 2008 Mw 5.0 Reno, NV and 2013 Mw 5.7 Lake Almanor dextral slip events (Hardebeck, personnel communication). Although the 1986 Chalfant sequence did not occur along the Sierran front, it did take place where the White Mountains fault zone transitions from a primarily dextral slip system, to the south, to a down-to-the-west normal fault system to the north (Smith and Priestley, 2001), and as such, we consider the location to be a structural transition. The 1986 ML 6.3 Chalfant, CA mainshock was preceded by 24 hours by an ML 5.9 left-lateral, strike slipstrike-slip foreshock, 24 hours prior (Smith and Priestley, 2001). and tThe 1984 Mb 5.9 Round Valley left-lateral strike slipstrike-slip event occurred in a step-over along the east dipping Round Valley normal fault SE of Long Valley.   The 1984 Round Valley, the 1986 Chalfant, and 1994 Double Springs Flat sequences all exhibited conjugate strike slipstrike-slip faulting on near intersecting fault planes (Ichinose et al., 1998; Schweickert et al. 2004). This appears to be, a common characteristic of moderate sequences, recorded in the modern era. They are found to occur, at the ends or in the transition between major range bounding faults along the Sierra Great Basin boundary region.   It is therefore not surprising to see this style of faulting and focal mechanisms in the small magnitude earthquake data (representative of high-angle intersecting structures) in the North Tahoe-Truckee transition zone. 

SUMMARY OF THE GEOLOGY AND VOLCANISM OF THE LAKE TAHOE AREA

Volcanic rocks with ages between ~28 to 1 Ma (B.P?) have been mapped in the Tahoe basin (Cousens et al., 2008; Kortemeier, 2013); surface volcanics range from basaltic andesites to dacites. Miocene volcanics are associated with the ancestral arc, whereas more recent volcanics may be associated with rifting of the Sierran microplate with a direct upper mantle source (Smith et al., 2004; Busby, 2013; Smith, 2013; Smith et al., in prep.). Therefore, Sierra Nevada volcanism through the Neogene reflects a complex interaction of subduction driven arc volcanism, Basin and Range extension, and microplate rifting. With respect to observed (inferred???) rifting processes, the two recent upper mantle/lower crustal dike injection events illustrate show that volcanism is a component of present day deformation processes. These volcanic processes may initiate crustal pathways that facilitate development of weak high-angle structures reflected in the present-day seismicity. 

Cretaceous-aged granites of the Sierran batholith underlay and are intruded into Jurassic-aged roof pendant meta-sediments; these units are overlain by Quaternary alluvium and intruded by Miocene- to Pliocene-aged volcanic rocks (Saucedo et al., 2005). The Lake Tahoe basin has experienced two recent phases of glaciation, the ~60-120 ka Tahoe and ~13-25 ka Tioga events, resulting in prominent moraines, glacial lakes, and glacial features, best evidenced observed on the western portion of the basin (Blackwelder, 1931). Lake Tahoe itself was dammed during Tahoe-age glaciation, and lake levels may have risen as much as 90 feet above current levels (Birkeland, 1964; Morgan et al., 2008). The failure of the glacier-dam (i.e., Jökulhlaup) resulted in significant outwash and erosion downstream along the Truckee river drainage system.  

PRINCIPLE FAULTS IN THE LAKE TAHOE AREA

Detailed studies of Lake Tahoe basin fault systems have been conducted over the past 15 years. Schweickert et al. (1999) produced a preliminary fault map showing the complexity of basin faulting based on surface mapping and basin bathymetry (Gardner et al. 1999). More recently data from high-resolution seismic CHIRP, airborne-based Light Detection and Ranging (LiDAR) imagery, multibeam bathymetry, and deep- and shallow-water sediment cores have been synthesized combined to image fault structures and estimate the slip rates of the three major normal fault zones in the Tahoe basin (Kent et al., 2005; Brothers et al., 2009; Dingler et al., 2009; Smith et al., 2013; Maloney et al., 2013; Schmauder, 2013). The recent studies suggest a relativelymore simpleistic structural framework for the Tahoe basin, isolating most late Quaternary deformation on three major down-to-the-east normal faults (Figure 3).  LiDAR imagery has been used to identify a new fault zone, the NW-SE striking, right-lateral Polaris fault, extending north of Truckee, CA (Hunter et al., 2011). The Polaris is recognized to beas a right-lateral structure striking to the NNW, with a minimum length of 35 km, adjacent to the Sierran Range front. The Polaris fault zone represents 
[image: ]
Figure 3. (a) Generalized map of the Tahoe/Truckee region faults on shaded relief map. Solid black lines are faults; dashed black lines are inferred faults. Black balls represent mark the downthrown side of normal fault; black arrows represent sense of strike-slip motion. MVFZ – Mohawk Valley fault zone; DGFZ – Dog Valley fault zone; PF – Polaris fault; MRFZ – Mount Rose fault zone; IVF – Incline Village fault; SLNTF – Stateline-North Tahoe fault; TSFFZ – Tahoe-Sierra frontal fault zone; WTDPF – West Tahoe-Dollar Point fault; GF – Genoa fault; AVFZ – Antelope Valley fault zone; LT – Lake Tahoe. (b) Simplified plate boundary map showing the San Andreas fault (SAF), and Walker Lane belt (WLB; dashed line). Modified from Brothers et al. (2009).




a through-going structure, linking the dextral Mohawk Valley Fault zone to the northwest (Sawyer et al., 2013; Gold et al., 2014), possibly as far south as the Dollar Point segment of the West Tahoe fault near Tahoe City, CA.

Primary faults of the Tahoe basin, the West Tahoe, the Stateline–North Tahoe, and the Incline Village, all display down-to-the-east offsets with vertical slip rates of 0.4–0.8 mm/yr, 0.35–0.6 mm/yr, and 0.18–0.30 mm/yr, respectively (Kent et al., 2005; Brothers et al., 2009; Dingler et al., 2009). This extensional component of Walker Lane deformation, based on geologic and geodetic studies, is transferred from the western Basin and Range onto the eastern flank of the Sierra Nevada (Henry and Perkins, 2001). The Tahoe basin faults are oriented, from west to east, in a right-stepping en echelon geometry, in the footwall of the west- tilted Carson Range block.  The Carson Range block is bounded on east by the Genoa fault, ~25 km east of from the West Tahoe fault. The sub-parallel Stateline–North Tahoe and Incline Village faults, in the northeast basin translate to a more northeasterly strike at their northeastern extent with, corresponding ESE dip directions; they show similar minimum lengths of ~40 km (Schweickert et al., 2004; Brothers et al., 2009; Schmauder, 2013). These faults are located ~7 km and ~10 km to the east of the strike of the West Tahoe fault. The West Tahoe fault, the primary and westernmost of the basin’s principle normal faults, trends N-S, bounding the Sierran range front (minimum length ~55 km). In an opposite sense to the Stateline-North Tahoe and Incline Village faults, the West Tahoe strikes more northwesterly at its northern extent. Numerous scarps along the West Tahoe fault, many imaged by underwater techniques, show a steeply east-dipping structure. Howle et al. (2012) interpreted recent LiDAR datasuggest as showing offset moraines and other back-tilted features indicating the location numerous, closely spaced faults of thea Sierran frontal fault system west of the West Tahoe fault along numerous, closely spaced, faults based on the alignment of offset moraines and other back-tilted features, interpreted from recent LiDAR data. This controversial interpretation (Maloney et al., 2013; Schmauder, 2013) places an almost three-fold increase in the slip rate across this Sierran frontal fault system, as compared to the contribution from the West Tahoe fault. 

DATA AND METHODS

Earthquakes from the Nevada Seismological Laboratory (NSL) historical catalog are shown in Figure 4; however, only data recorded since 2000 (when digital network coverage was dramatically improved) are used to develop high-precision locations and short-period focal mechanisms. From January 2000 through December 2013, 6,047 upper-crustal earthquakes, ranging in magnitude between ML ~0.0 to ML 4.6, have beenoccurred located in the study area; we focus on the earthquakes in the upper brittle crust and do not revisit the ~30 km depth 2003 volcanic swarm under north Lake Tahoe (Smith et al., 2004) or the similar 2011-12 Sierraville, CA swarm. The 6,047 earthquake locations were developed from a dense local network in the Lake Tahoe-Reno-Carson City area comprised of both single-channel analog short-period and 3-component digital broadband, short-period, and strong motion seismograph seismic stations (smaller events are typically recorded on a subset of the seismic network; Figure 5). For this study, 679 focal mechanisms were computed with an Antelope (network processing software) implementation of the USGS HASH routine.	Comment by Peggy Hellweg: reference???

[image: ]
Figure 4. Earthquake locations of events from 1857 to 2013 on shaded relief map. Events are colored and scaled according to magnitude. Thick black line represents outline of study area. Quaternary fault and fold database for the United States shown by thin black lines (USGS et al., 2006).


[image: ]
Figure 5. Nevada Seismic Network seismometer locations in the Tahoe/Truckee region on shaded relief map. 

Several programs were applied in developing high-precision locations and a suitable 1-D velocity model. Various initial models and layer intervals (adapted from existing 1-D models used in the Tahoe area) were used with application VELEST (Kissling et al., 
1994) to establish an improved 1-D model (Table 2). The VELEST 1-D model and vertical datum and station residuals developed with HYPOINVERSE (Klein, 1978) were used to build a modified event location and travel time database for input to HypoDD  (Waldhauser and Ellsworth, 2000). HypoDD utility ‘ph2dt’ associates station-event pairs with unique event identifiers derived from the NSL DataScope database for double-difference locations. Waveform cross-correlation times were computed for station-event pairs and applied in a final set of HypoDD relocations including both phase and cross-correlation times. Adjusted locations and travel times were determined from vertical datum and stations residual corrections in initial HYPOINVERSE runs.

P-wave first-motion focal mechanisms were determined with USGS application HASH (Hardebeck & Shearer, 2002). Moment tensor solutions for Mw ≥ 3.5 events were calculated with software package MTINV (Ichinose et al., 2003). We determine the stress field at specified grid points from moment tensors and short-period focal mechanisms using USGS Spatial and Temporal Stress Inversion (SATSI) software (Hardebeck & Michael, 2006). 

RESULTS

As sShown in Figures 6-10, earthquake location quality is improved in each step of the relocation process (see Appendix A for details on event relocations). The seismicity distribution from the raw NSL catalog (Figure 6) is diffuse and there is poor definition of subsurface structures. After incorporating vertical datum and station corrections (Figures 7 and 8), the seismicity distribution is more tightly clustered and subsurface alignments (geologic structures) are more apparent. A total of 5,890 events (97.4%) were relocated with HypoDD.  Applying only phase data, following adjustments for vertical datum and station residuals, in HypoDD locations further improved local alignments of seismicity (Figure 9); cross-correlations for thein final locations tightens the event distribution considerably; and clear subsurface alignments delineating active structures are more easily imaged (Figure 10).  

	Depth (km) 
to top of layer
	P velocity 
(km/s)
	Depth (km) 
to top of layer
	P velocity 
(km/s)

	0.0
	3.1
	14.0
	6.4

	1.0
	3.6
	18.0
	6.5

	3.0
	4.2
	20.0
	6.6

	5.0
	5.0
	25.0
	7.0

	7.0
	5.7
	30.0
	7.2

	10.0
	6.1
	40.0
	7.7



Table 2. 1-D velocity model calculated by the application VELEST used in earthquake relocation routine process.
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Figure 6. Hypocenters of preliminary earthquake locations from the NSL catalog between 2000 and 2013 on shaded relief map. Events are colored and scaled according to magnitude. Thick black line represents outlines of the study area. Quaternary fault and fold database for the United States shown by thin black lines (USGS et al., 2006). 	Comment by Peggy Hellweg: None of the maps show hypocenters, since there is no way to show depth.

Given the complexity of faulting in the North Tahoe–Truckee area it is not surprising that most of the seismicity does not align withon mapped structures. For example, one cluster of events located near the northern termination of the Dollar Point segment of the West Tahoe fault images a high-angle strike-slip (preferred right-lateral) fault; this sequence is located in the footwall block of the West Tahoe fault. However, another cluster of events, near Incline Village, NV, defines two parallel northeast trending structures linked by an intersecting ‘conjugate’ NW-trending alignment of activity (Figure 11).  Consistent with the seismicity north of the Lake, these clusters are in the footwall block of North Tahoe normal faults (i.e., footwall of the Sierra Microplate). This distribution is evident near Incline Village, Nevada, where the Stateline–North Tahoe and Incline Village faults trend to the northeast while the seismicity remains west of the fault traces, in map view, and will clearly be more distant from the east-dipping range-bounding faults at depth. Events to the north, in the Truckee area, are diffusely distributed and also display little correspondence with mapped structures. 
[image: ]
Figure 7. Hypocenters of vertical datum corrected relocations using HYPOINVERSE on shaded relief map. Events are colored and scaled according to magnitude. Thick black line represents outline of study area. 


[image: ]
Figure 8. Hypocenters of datum and station corrected relocations using HYPOINVERSE on shaded relief map. Events are colored and scaled according to magnitude. Thick black line represents outline of study area. 
[image: ]
Figure 9. Relocated hypocenters with vertical datum and station corrections applied using HypoDD with phase data only. Events are colored and scaled according to magnitude. Thick black line represents outline of study.
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Figure 10. Relocated hypocenters of vertical datum and station corrections using HypoDD phase and cross-correlation times. Events are colored and scaled according to magnitude. Thick black line represents the outline of study area. Quaternary fault and fold database for the United States shown by thin black lines (USGS et al., 2006).
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Figure 11. E-W Cross section of final locations (Figure 10), view to the north.	Comment by Peggy Hellweg: Does this show all the events in the study area? might it make sense to have several EW cross-sections?
There is little to no association of seismicity with the Polaris fault, and, in fact, clusters of activity occur on either side of the fault, with implied orientations more consistent with the NE striking Dog Valley fault zone (i.e., source of the 1966 ML 5.9 Truckee earthquake).  This activity could be considered remnant aftershocks of the 1966 earthquake. 

In cross section, final HypoDD relocations tend to cluster vertically rather than along dipping planes (Figure 11), although dipping structures can be identified in the relocation set. A vertical distribution of seismicity within the clusters could reflect depth errors in the relocation process; depth control is an inherent challenge in earthquake locations. Some of the vertical extent seen in many of the sequences is undoubtedly due to location uncertainty; however the vertical extent of most clusters exceeds the individual event depth error (EZ) estimates.  Additionally, many structures do show clear azimuthal alignments, preferentially NW or NE, consistent with the orientation of focal mechanisms and implied by the stress field.  Also, the preponderance of high-angle focal mechanisms would imply high-angle structures.  In the E-W cross-section (Figure 11), the majority of earthquakes are located between 5-18 km.  Therefore, 18 km is a well-constrained depth for the base of the upper-crustal seismogenic zone in the North Tahoe area. There is also an apparent gap in seismicity at approximately longitude -120.1° for earthquakes less shallower than 10 km depth; this reflects the depth range of earthquake clustering just west of the California–Nevada border and specifically the relatively deep cluster of activity near the north end of the West Tahoe fault, and activity further north. 	Comment by Peggy Hellweg: this is hard to say if you happen not to have chosen the right strike perpendicular to the dipping fault. This is why it might be better to show several cross sections? Or in different directions, etc.	Comment by Peggy Hellweg: But in a dd inversion, while the absolute depths may not be particularly good, the relative depths should be excellent. What are the location uncertainties?	Comment by Peggy Hellweg: does this mean focal mechanisms with vertically dipping fault planes? If so, why not say that? If not, what is a "high-angle" focal mechanism?

[image: ]
Figure 12. Histogram plots of horizontal (top) and vertical (bottom) errors in absolute hypocenter locations. (A) Initial location errors (B) Datum corrected event location errors (C) Vertical datum and station corrections applied. 

Relative to initial location error estimates, vertical datum and station corrections significantly improve locations (Figure 12). The average horizontal error (EH) is 0.44 km and average vertical error (EZ) is 1.36 km (from the pre-VELEST model). After the vertical datum correction and applying the current velocity model, EH increases slightly to 0.49 km and EZ reduces to 1.33 km. However, in applying the VELEST determined model, EH is unchanged (0.49 km) while EZ decreases to 1.08 km. Applying station corrections with the local velocity model resulted in an EH of 0.45 km and EZ of 1.27 km; using VELEST determined model, EH reduces to 0.43 km and EZ to 0.98 km. Additionally, RMS travel-time residuals, for initial event locations, are on average ~0.10-0.13 seconds. The average RMS value for events after the datum correction reduces to 0.074 sec, applying the initial velocity model. Using the VELEST 1-D model, average RMS values for datum and residual corrected travel-times reduce slightly to 0.073 sec. Depth constraints are consistently more uncertain than epicentral controls, and these results show that our VELEST-determined velocity model reduces overall location uncertainty and is an improvement, albeit slight, over the Sierra Great Basin boundary model (Figure 13). 	Comment by Peggy Hellweg: Why don't you put these numbers into a table. 

There is a 9:1 ratio in strike-slip to normal solutions for the 679 (period 2000-2013) short-period mechanisms (Figure 14).  A composite P-T diagram (Figure 15) shows overall E-W extension with predominantly shallow T-axies plunge angles. In contrast, there is a broad, generally N-S, distribution in P-axes the orientations of the P-axes and more variation in their plunge angles. Based on the distribution of P-axes in the composite P-T diagram, events tend to cluster either as strike-slip or normal with relatively fewer oblique mechanisms. In interpreting a distribution of focal mechanisms, one must take into account that some mechanisms are less well constrained than others possibly due to incorrect P-wave polarities and to depth errors impacting assumed takeoff angles from the source.	Comment by Peggy Hellweg: The map only shows 146 mechanisms. Where are the others?
[image: ]
Figure 13. P-wave velocity profile for the two 1-D models. These include the prior model used along the Sierra Great Basin region and the VELEST model. 
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Figure 14. Short-period focal mechanism solutions for 146 small toevents with M < 5.0 events in the Tahoe/Truckee region. Events are sized according to magnitude and colored by depth. Quaternary fault and fold database for the United States shown by thin black lines (USGS et al., 2006).	Comment by Peggy Hellweg: I think you should turn the depth scale "upside down" with 18 km at the bottom and 0 km at the top. Is this depth relative to ground surface or depth relative to geoid datum? Please clarify	Comment by Peggy Hellweg: Why are there suddenly so many more faults than on previous maps?
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Figure 15. Composite P- and T-axes diagram of the 679 focal mechanisms used in the SATSI stress inversion. 
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Figure 16. Moment tensor solutions for 17 events with M ≥ 3.5 in the Tahoe/Truckee region. Solutions are scaled according to magnitude and numbers are associated with event IDs, Table 23. Quaternary fault and fold database for the United States shown by thin black lines (USGS et al., 2006). Dashed black lines references epicenter for some overlapping solutions.

Figure 16 shows all moment tensor solutions developed for the Lake Tahoe area since 1994, and Table 3 lists the event parameters. Five new solutions for events Mw ≥ 3.5 were determined for 2000-2013. Most event listeds in Table 3 are from Ichinose et al. 
 (2003); also included is the 1966 Mw 5.9 Truckee earthquake (Greensfelder, 1968), the largest historical earthquake in the study area (the short mechanism is from Greensfelder, 1968). Events in Table 3, since 2002, have been added to the compilation of Ichinose et al. (2003). Not surprisingly, moment tensor solutions are similar to local short-period mechanisms. Of the 17 moment tensor solutions, most are strike-slip, which is consistent with the distribution of short period mechanisms. The two largest events, the 1966 Mw 5.9 Truckee and 1994 Mw 5.9 Double Springs Flat earthquakes show NE striking, left-lateral, strike slipstrike-slip motion based on aftershock studies (Greensfelder, 1968; Ichinose et al, 1988). Moment tensors and short-period focal mechanisms for the 2008 West Reno, Mogul, earthquake sequence (mainshock Mw 5.0) are being compiled in a separate study. 

We use a subset of first-motion focal mechanisms and moment tensor solutions within and bordering the North Tahoe study area to estimate the local stress field. P- and T-axeis orientations from the SATSI stress inversion are shown in Figure 17, and are underlain by the 95% confidence limits per axes for each grid point. Most grid points north of Lake Tahoe and into the Truckee area illustrate are consistent with a dominantly strike-slip stress regime.  To the east and northeast, in and around urban Reno, relatively higher ratios of normal to strike slipstrike-slip mechanisms are present. 	Comment by Peggy Hellweg: In the maps, it would be helpful to have Truckee and Reno marked, since you refer to them quite often.



	
EV
	Date
(yyyymmdd)
	
HrMin
	
Lat 
(°)
	
Lon 
(°)
	
Z (km)
	
Mw
	
S1 (°)
	
D1 (°)
	
R1 (°)

	1
	19660912
	1641
	39.44
	-120.16
	10
	5.90
	44
	80
	-10

	2
	19940912
	1223
	38.81
	-119.64
	8
	5.81
	134
	73
	-157

	3
	19941118
	2050
	39.17
	-119.69
	14
	4.17
	230
	78
	-7

	4
	19951115
	2033
	39.65
	-120.01
	10
	4.38
	194
	70
	-70

	5
	19961202
	2332
	40.01
	-119.62
	12
	4.00
	164
	75
	-128

	6
	19980115
	1512
	39.44
	-120.17
	9
	3.80
	223
	89
	-47

	7
	19980217
	2208
	39.84
	-120.48
	12
	4.04
	111
	88
	170

	8
	19981030
	0953
	39.30
	-119.99
	11
	4.78
	125
	83
	-169

	9
	19990105
	1155
	39.76
	-120.66
	10
	3.37
	94
	84
	-173

	10
	20001202
	1534
	39.37
	-120.46
	6
	4.37
	344
	34
	-178

	11
	20001202
	1535
	39.44
	-120.40
	10
	4.26
	355
	43
	-135

	12
	20060529
	1038
	39.37
	-120.46
	12
	3.63
	4
	36
	-134

	13
	20080128
	2218
	39.31
	-119.97
	9
	3.49
	284
	85
	172

	14
	20091223
	0459
	39.32
	-119.98
	13
	3.50
	272
	69
	173

	15
	20111027
	0637
	39.61
	-120.47
	6
	4.63
	319
	59
	169

	16
	20111030
	1325
	39.61
	-120.47
	10
	3.71
	317
	66
	167

	17
	20120623
	0351
	39.33
	-119.99
	10
	3.98
	279
	71
	178



Table 3. Information for 17 moment tensor solutions. EV, event ID number; Date, year/month/day; HrMin, hour/min; Lat, latitude; Lon, longitude; Z, depth; Mw, moment magnitude; S1, D1, R1, strike/dip/rake for nodal plane 1. Data are from Tsai and Aki (1970) and Ichinose et al. (2003). 	Comment by Peggy Hellweg: What data are from Tsai and Aki, and Ichinose?
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Figure 17. Damped stress inversion results. Red arrows show the trends of the P-axes and blue the trends of the T-axes are labeled blue. Arrow length indicates style of faulting; i.e., plunge angle (0.05° bin spacing). Wedges show the 95% confidence interval for P- and T-axes. USGS Quaternary faults shown in thin black lines (USGS et al., 2006).

There is a component of normal motion north of Truckee toward the Mohawk Valley fault zone, however these grid points include fewer and less well-constrained mechanisms (due primarily to poor station coverage). The presence of both strike-slip and increased numbers of normal mechanisms (i.e., variability in P-axis plunge) east of the Sierran front defines a local transtensional stress regime, with a more NW oriented T-axes; this is juxtaposed to the dominantly strike-slip stress regime directly in the North Tahoe–Truckee transition zone and the major normal faulting of the major faults in the system of Tahoe basin.	Comment by Peggy Hellweg: Also mark on maps	Comment by Peggy Hellweg: increased over what? do you mean "comparable numbers of strike-slip and normal mechansims"?
 
The stress field north of Lake Tahoe at approximately at latitude 39.3° N latitude suggests a counterclockwise rotation in orientations of the T-axeis between events on both sides of a point orientation approximately centered slightly west of the California–Nevada border. This rotation can clearly be seen in the distribution of short-period focal mechanisms (Figure 14). In other words, to the west, the T-axis is oriented ESE and rotates ~30 degrees to WSW just west of the NV border. As discussed above, the change in the orientation of the T-axis over a short distance could possibly result from crustal block rotation north of Lake Tahoe that is coincident with the change to a more northeasterly strike of the Stateline–North Tahoe and Incline Village faults at their northern extent in the NE quadrant of the Tahoe basin. Based on the stress field observations, this would suggest a component of left-lateral slip at the north ends of the Stateline-North Tahoe and Incline Village faults, although there has been no evidence from fault studies. Overall, the T-axis is generally oriented E-W across the study area, which is consistent with down-to-the-east normal faulting on range bounding faults. As mentioned above, an E-W T-axis will also drive conjugate strike-slip geometry on high-angle, NW oriented, dextral and NE striking, sinistral faults. The rotation in the T-axis orientation north of Lake Tahoe occurs between latitudes 39.2° N to 39.35° N over a distance of 10 km (between three lateral grid points) with generally consistent focal mechanism solutions within each grid point. Another change in T-axis orientation occurs northeast of Truckee, CA through the Mount Rose fault zone near Reno, where it rotates to a more NW-SE orientation. Since the T-axis rotation is still apparent in a highly damped inversion (i.e., highly smoothed version – not shown) it is not likely an artifact.	Comment by Peggy Hellweg: You need to give this value in degrees and minutes, so readers can find it on the map in Fig 14	Comment by Peggy Hellweg: In the abstract you say WNW and ENE. YOu need to be consistent.

The largest variance in stress axis orientation is observed in the P-axis at grid points represented by both normal and strike-slip solutions (i.e., dominantly transtensional), where the P-axis plunge varies from vertical to horizontal. The range of P-axies orientations is broad, but generally follows a ~N-S trend (see composite P-T diagram, Figure 15). In contrast, the variance in T-axies orientations is less, except for some grid points located near the southern extent of the Mohawk Valley fault and those near the northern extent of the West Tahoe fault. Of the 679 mechanisms used in the inversion, 240 were located within the dominant strike-slip regime in the North Tahoe area, 214 in the Mount Rose-Reno area, with the remaining 225 mechanisms outside of these areas. 	Comment by Peggy Hellweg: Do you mean variance or variation?	Comment by Peggy Hellweg: see comment 33

DISCUSSION 

The lack of seismicity observed along the major Tahoe normal faults as compared to the abundance of microseismicity to the north could reflect the different behavior in continuous normal faults versus distributed conjugate strike-slip fault systems within structural accommodation zones along the Sierran front.   The concentrations of seismicity in structural transitions (e.g., N. Tahoe and Double Springs Flat) may reflect inter-seismic strain accumulation along the primary, range-bounding, primary normal faults and/or deformation at the ends of these fault systems. 

As the normal faults through Lake Tahoe have evolved into their current right-stepping, en echelon geometry, this has created a widening, or “fanning open”, of the basin northeastward. At the northern termination of the basin, the West Tahoe fault is oriented more NW whereas the Stateline–North Tahoe and Incline Village faults rotate to a more NE orientation. This geometry would tend to extend and laterally open the northern basin. This may preferentially opened up fracture networks at depth allowing the development of conjugate, strike-slip faulting to dominate seismic activity in the footwall block of the normal faults at the northern end of the basin. This may also be a contributing mechanism for emplacement of young volcanic rocks in the North Tahoe area, where extension is accommodated on high-angle structures.

Relocated events align along high-angle, conjugate NW-SE oriented dextral and NE-SW oriented sinistral sets within the concentrations of seismicity north of Incline Village, NV. Northwest of Lake Tahoe, extending to well within the Sierran block west of the Polaris fault, earthquake clusters tend to show WSW-ENE alignments. It is interesting that earthquake activity occurs adjacent to and generally at a high-angle to the Polaris fault zone; these clusters may be associated with stress accumulation on the Polaris fault or may be remnant aftershocks of the 1966 ML 5.9 Truckee earthquake. 	Comment by Peggy Hellweg: does "high-angle" mean the same thing in each case in this paragraph? vertical faults? Or activity essentially perpendicular to the reference fault?

Results of the SATSI stress inversion results provide compelling evidence for that the current deformation regime is to be partitioned between strike-slip and transtensional domains extending from the Sierran block (i.e., footwall of the Lake Tahoe normal faults – strike-slip) eastward into the Basin and Range (i.e., east of the Sierran Microplate - transtensional). Figure 17 shows distinct regions of dominantly strike-slip faulting on vertical structures and combined normal and strike-slip faulting defining transtension regimes. The variation in T-axes orientations, from the stress field inversion, is also apparent in the distribution of focal mechanism solutions, providing confidence in the stress inversion results. 

The close proximity of the Polaris fault to the West Tahoe fault could revealmay have significant seismic hazard implications for the North Tahoe–Truckee region. There is an ~3 km right step between the northern termination of the West Tahoe fault and the southern termination of the Polaris fault. A large magnitude event on the Polaris fault could trigger an event on the West Tahoe fault and vice versa. Wesnousky (2006) shows that earthquake ruptures along strike-slip faults will more easily propagate across a step of less than 3–4 km. Although that study focused explicitly on strike-slip faults north of the Lake, it is possible that an large displacement event with large displacement on the Polaris fault could transfer stress and potentially trigger the West Tahoe normal fault.
	
CONCLUSIONS

The earthquake relocation process applied in this study successfully reduced hypocenter uncertainties. The final relocations of the 5,890 relocated events, using including adjusted phase and cross-correlation times, are more tightly clustered and reveal distinct, limited length, typically high-angle, and often intersecting, fault structures throughout the study region. In cross section, and using interactive 3-D visualization tools, seismicity tends to align along vertical structures and is concentrated between depths of approximately 5 to 18 km (beneath the surface? below the geoid?) in the North Tahoe-Truckee transition. Dipping structures imaged in event relocations suggest that there is reasonable control on hypocentral depths in this study. The depth bottom of the upper crustal seismogenic zone, through the North Tahoe–Truckee region, is fairly well constrained in this analysis at 18 km. 

Focal mechanism results show 9:1 ratio between strike-slip and normal solutions. Fault planes from normal solutions tend to strike N-S, consistent with the major range front faults and local E-W oriented T-axis. Combined with high-precision locations, strike-slip mechanism nodal planes align along both NE and NW trending structures showing conjugate fault geometry in strike-slip dominated earthquake clusters, particularly in the North Tahoe area. 

P-axes are distributed within a general N-S trend with a highly varying plunge angles, while T-axes are oriented predominantly E-W and generally have horizontal plunges. From the stress inversion, the local T-axeis also displays local variations, rotating about 30 degrees counterclockwise from a WNW trend to ENE over a horizontal distance of 10 km just north of Lake Tahoe and west of the California–Nevada state line. The stress field inversion isolates regimes of distinctly strike-slip and transtensional deformation along the Sierra Nevada-Great Basin boundary region. 

The majority of seismicity analyzed in this study is located within the area around Truckee, CA, determined from the stress inversion to be dominated by strike-slip faulting dominated area, determined from the stress inversion, around Truckee, CA. However, the potential for a large magnitude earthquake is more likely to be associated with the major normal faults that trend through Lake Tahoe. These normal faults are longer in length and more continuous compared with the strike-slip faults and could therefore lead to a larger magnitude event.   Considering the potential linkage between NWL dextral faults and major range bound faults in the Tahoe area, such as the  (i.e., newly discovered Polaris fault), as well as the considerable seismicity in the North Tahoe structural transition zone, it is important to monitor small magnitude earthquake activity that may immediately precede a major earthquake in the Tahoe-Reno-Carson City area.  
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APPENDIX A: Event Relocation

NSL utilizes the Antelope network software system (product of Boulder Real Time Technologies, Boulder, Colorado) for routine event processing, building the regional earthquake catalog, and managing station metadata. Locations and magnitudes are available from the USGS Advanced National Seismic System (ANSS) composite catalog (http://ncedc.org/anss/catalog-search.htmlhttp://	quake.geo.berkeley.edu/anss/catalog-search.html). The NSL local archive includes event origin times, analyst reviewed P- and S-wave arrival times, and all continuous waveform data. The locations of pre-2000 earthquakes are generally consistent with the spatial distribution of post-2000 activity; since they were developed under an analog network, with fewer stations than post-2000 activity, they are not included in the HypoDD relocation process.  Moment tensors for earthquakes larger than ML ~3.5 have been developed from NSL and CISN (California Integrated Seismic Network) broadband records and software applications MTINV (Ichinose, 2008). Upgrades and new installations impact the continuity of seismic monitoring, however, network geometry and performance, in and around Tahoe, has been fairly consistent since 2000.	Comment by Peggy Hellweg: Cite the NCEDC:
"NCEDC (2014), Northern California Earthquake Data Center. UC Berkeley Seismological Laboratory. Dataset. doi:10.7932/NCEDC." 
Acknowledge the NCEDC:
"Waveform data, metadata, or data products for this study were accessed through the Northern California Earthquake Data Center (NCEDC), doi:10.7932/NCEDC." 


	Software application VELEST iteratively solves for the coupled hypocenter-velocity model by incorporating local travel-times from earthquake locations and known surface blasts. We used 400 earthquakes, ML ≥ 1.65, recorded on the same stations to provide good geographic coverage and to represent the ‘highest-quality’ NSL catalog locations, to develop a North Tahoe area specific velocity model. We apply a layer thickness of 1 km between 0-10 km depth, 2 km between 10-20 km depth, and 5 km between 20-40 km depth for the input velocity model layer structure. The best model was determined from the lowest RMS-misfit between the calculated and observed source-receiver travel times (resulting 1-D model, Table 2). The VELEST process is a trade-off between hypocenter locations and model velocities. Local minima can result in several acceptable velocity models and confidence in the model can best be achieved by increasing the number of iterations.  The final model was evaluated by comparing VELEST output to the reduction in horizontal and vertical errors, event travel time residuals, and tightening of event distributions with respect to a the model used at NSL for earthquakes locations along the Sierra Great Basin boundary (Smith and Priestly, 2001).

For vertical datum corrections (above mean sea level), we assume an average P-wave velocity of 3.0 km/s and adjust P- and S-wave travel times accordingly; this a reasonable velocity to account for alluvium and fractured/weathered volcanic rocks in the North Tahoe area (Saucedo et al., 2005).  Station travel-time residuals were taken as the average P- and S-wave travel-time residual for events with 10 or more P-wave arrivals from HYPOINVERSE, datum- corrected output. Horizontal and vertical location errors and RMS residuals were compiled to assess improvements in location quality in each step of the relocation process. The decrease in average event spacing (for nearby events) was also used as a measure of the overall improvement in relative relocations. This is a valid assessment for location quality considering the tendency for earthquakes to cluster in the North Tahoe-Truckee area. HYPOINVERSE was rerun applying the datum and station residuals before applying HypoDD.  HypoDD minimizes travel-time residuals for nearby events recorded at common stations, solving for inter-event spacing, hypocenters, and origin times using a weighted, least-squares approach (LSQR, Paige and Saunders, 1982). The algorithm is most successful when the inter-event spacing is much smaller than the source receiver distance and scale length of velocity heterogeneities, souch that the source-receiver ray paths are similar. 

P-wave first-motion polarities were manually identified for events with a minimum of 20-25 defining phases for developing short period focal mechanisms. These were determined interactively during event analysis. Focal mechanisms were developed from the reviewed catalog locations rather than final event locations. Although applying the final relocations and resulting take-off angles would improve the quality of the focal mechanisms, this would require additional processing and, we feel, would not substantially impact the stress inversion results.

[bookmark: _GoBack]Moment tensor inversions are performed on long period (~10-50 s period) surface waves; earthquakes smaller than ML 3.5 typically do not provide sufficient signal-to-noise in this band. The implementation of MTINV at NSL generates a Standing Order for Data (SOD) request from the IRIS Data Center and the NCEDC for waveform data in a desired time window. Response files to correct trace amplitudes are also downloaded from the respective data centers, eliminating the need to locally maintain station response histories or a comprehensive set of regional waveforms. Source-receiver Green’s functions are computed ‘on-the-fly’ using the Western US velocity and attenuation model of Ritsema and Lay (1995) and the wavenumber integration method of (Zeng and Anderson, (1995). A grid search finds the ‘best fit’ double-couple and non-double couple components from the filtered waveforms, moment tensor elements, and Green’s functions for a fixed range of source depths and travel-time adjustments. NSL MT solutions are routinely consistent with solutions developed by CISN and NEIC (National Earthquake Information Center, Golden, Colorado) for Nevada and eastern California earthquakes.

The stress inversion (USGS SATSI software) solves for the least complex stress field for a gridded distribution of mechanisms. This method simultaneously inverts for stress axis orientations in subareas (defined grid locations) while minimizing the change in stress orientations between adjacent grid points, controlled by a damping parameter. A grid spacing of 0.05° was applied in the SATSI inversion for the North Tahoe area. This grid spacing is reasonable given large number of focal mechanisms (679).   A minimum of 3 focal mechanisms per grid point is required. 
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