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Abstract
This grant provides partial support for the operation a tacilities that measure
strain changes in Southern California”™dinFlat ObservatoryPFO), between the
San Jacinto and San Andreas faults, and at Durmid BHL), near the southern
end of the San Andreas fault—andeefively within the fault zone.The USGS
sponsored instruments at these locations—a single longbase strainmeter at DHL, and
three strainmeters and one tiltmeter at PFO—measure crustal deformation in South-
ern California for periods from seconds to yeahs.the period ceered by this
report we hae doserved seeral significant strainwents.

Report

1. Introduction

This grant helps to support the operation ab facilities for the continuous measurement
of strain changes in Southern CaliforniadrirHat ObservatoryRFO), between the San Jacinto
and San Andreas faults, and at Durmid HilH(), near the southern end of the San Andreas
fault—and efectively within the fault zone. Other operational support for PFO is provided by
SCECand for DHL by the Plate Boundary Observatory project, with matching funds for both
sites from Scripps Institution of Oceanograph

Long-Base Instruments Supported

Site Component Local End Remote End Length (m)
Lat Long Lat Long

PFO NS -116.460182 33.612370 -116.460213 33.605770 732

PFO EW -116.451797 33.612316 -116.459679 33.612370 716

PFO NWSE -116.459572 33.612198 -116.454033 33.607521 730

PFO EWtilt -116.45847 33.61214 -116.45183 33.61049 505

DHL N5°E -115.788235 33.389865 -115.788665 33.394577 524

The instruments at these locationsqtiongbase strainmeters at DHL, three strainmeters amd tw
titmeters at PFO) measure crustal deformation in Southern California for periods from seconds to years.
By recording strain wer this wide range of frequencies these measurements provide a nearly unique
bridge between seismology and geodesy that is raveikalale. AtPFO, intercomparison of results from
mary types of sensorsggs the best recordsvailable. Anaccurate record of strain and tilt changes in the
area near the observatories provides a better understanding of the mechanics of faulting, useful both for
studies of the seismig/cle in Southern California and for comparison with other types of measurements
of crustal deformation.
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This avard provides funding primarily for operation of the obsgovies including support for
power distribution, data recording, preliminary data-processing, and datawdistriball basic actities,
but all needed if the observatories are to operate and provide recordifggsDHL—which nav has two
longbase strainmeters—the operational costs for tihecoeponent, DHM, are a@red eclusively by
PBO.) Rart of the support is to ger the creation of well-edited versions of the data, under the supervi-
sion of the Pls.

In the absence of a significant geophysis@hg it is in the nature of this kind of data collection
that there may not be somethingwm® report in the datavery year; havever, even without events, the
accumulation of data canveml nav information. Thigeport gives examples of both kinds of results.

Historical Earthquakes and Current Deformation Monitoring
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2. Background on Strainmeter Sites

Figure 1 shovs where PFO and DHL are relaito aeas of strain release: that is, large historic
earthquaks, and also relat o other deformation monitoring: continuous GPS (SCIGN and the PBO)
and borehole strain (USGS and PB®)gure 2 shavs areas of strain accumulation: the estimated shear
strain rate inferred from the geodetigacities from the SCEC Crustal Motion Map (CMM). Both obser
vatories are in areas with considerable strain change, either way.
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2.1. PFO: Local Seismotectonics and Deformation, and Site History

Figure 3 shavs an expanded wie around PFQ, including velocities of geodetic sites relatio
PFO, from the SCEC Crustal Motion Map. As expected in this region of strike-slip faults, the predomi-
nant motion is simple shear; the local velocity gradient 452107’ yr?, agrees with the expected defor
mation from the tw nearest actie faults. Theclosest is the San Jacinto fault zone, 14 km SWFdl
The geological slip rate is about 10 mm/yr; paleoseismic data skasurface ruptures since about AD
1000 (aerage interval 150-200 yr); the lasteat was in about AD 1760 (Rockwell, pers. commun.),
implying a slip deficit of at least 3 m. That this section of the fault lacked a historic earthquake, and so
could be rgarded as a seismic “slipap” was one reason wWPFOwas located where it @s. Thisrea-
soning remains valid, and there argvrreasons to find thistilt interesting: the section nearest PFO pro-
duced nowolcanic tremor in response to the 2002 Denali earthej(@kmberget al. 2008) and the 2009
Gulf of California earthquak Brown et al. 2009), and accelerated aseismic strains following the 2005
Anza earthquake.

PFO is also relately close to the San Andreaaufit zone (25 km NE), and again this nearby sec-
tion is also ‘overdue’, with an accumulated slip deficit of 8 m since the last large séptearound AD
1700; the werage recurrence time is about 200 years.

Figure 4 shavs a site plan for PFO, named for Pinyon Flat, gddlat area of shallowly weathered
granodiorite. (Therés about 3 m of decomposed material underlain by about 20 m of competent grus,
grading into unweathered and relaly unfractured material belo about 70 m; Fletcheet al., 1990;
Radzevicius anda®is, 1999.)



PFO: Regional Setting
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Obsenations at PFO lgen in the early 1970's, with the original construction of the three longbase
strainmeters. Betweel®79 and 1990 we made nyaimprovements (notably in anchoring the ends of
some of the instruments) added additional systems (such as borehole sensors and longbase tiltmeters) and
performed a number of tests to comparéediint measurement methods. Since 1991 a major part of our
work at PFO has been making the operations more reliable and less @mtig of this ongoing
improvement is done within the limits of operationaldgets; we also ka made instrument upgrades
and impreements (Section 2.5), with support from non-operational fukdsecent example (supported
by NSF) is the complete reconstruction of the EW long-base strainmeter (2002 through 2088) to ha
optical anchors.

2.2. DHL: Local Seismotectonics and Deformation, and Site History

The southern termination of the San Andreas fault is marked by changes in batie symbear
ance and seismicityThe surface trace, which is extremely obvious as far south as Salt Ergate(2),
becomes less omus further south, and is not visible at Bombay Beach. At Bombay Beach the seismic-
ity also changes—omore properlythe seismicity appears, since to the north the San Andreas is nearly
aseismic, while to the south, the seismicity forms a broad zone trending about 15° more southerly than the
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SAF. Relocated epicenters (Sheaeeal. 2006) shav numerous streaks of seismicity roughly orthogonal
to the trend of the zone, suggesting psixe aoss-aulting, which is present in other areas nearby (Hud-
nutet al. 1989). Atthe southern end of the Salton Sea this pattern is obscured bgryharge number

of earthquakes induced by local geothermal power extraction, theaglnehis region precisely-located
seismicity delineates faults along and across the trend of the zone (Lohman and McGuireTBR07).
broad pattern of seismicity extends further to the south, forming thddgr&eismic Zone (BSZ), which
eventually merges into earthquakes that are more clearly lineated along the Impatial (Fheterm

“ Brawley Seismic Zone'is usually applied to the whole trend from Bombay Beach south to the Imperial
fault; for clarity we call that part of the trend north of tlwdcanic centers associated with the geothermal
plants, the Salton Seismic Zonésjven the obliquity of the BSZ to the local direction of plate motion, it
is reasonable to takhis to be a region of transtensional motion, combining strike-slip with some amount
of spreading.

Of course, this section of the San Andreas fault is of great interest because it is, so farvas,is kno
the “most overdue’ for a great earthquak Currentevidence suggests that the last large slignewas
around AD 1690.Given a dip rate of 24 mm/yr (Meade and Hager 2005, Mdfegf2005), there is an
accumulated slip deficit of 8 m. The seismicityefeto low magnitudes) of this part of the San Andreas



Durmid Hill Region: Crustal Motion, Seismicity
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Figure 5. The San Andreas Fault (brown) and its transition into thevBBya(Salton) Seismic Zone,
at Bombay Beach. Black and green arrows and triangles are GPS stations and interskisitigs v
(green for continuous GPS). Red shows the USGS and PBO laser strainmeters. Small filled triangles
are other points with existing GPS dateismicity is for 1981-2005, magnitude 1 andwebérom
the LSH catalog of relocated earthquakes, 1981-2005 (Stetate2007).

is very lav, though the geomorphic expression of the faultxiseenely clear Geodetic measurements
shaw nearly pure shear; from Salt Creek north theneeHaen small amounts of creep (1-2 mm/yr), along
with creep triggered at the times of large earthgagkllenet al. 1972; Louieet al. 1985; Williams et al.

1988; Sieh and Williams 1990; Lyons and Sandwell 2003). The most re@nination of deformation

in this region (Fialk 2006) used INSAR and GPS data to conclude that this section of the SAF had a cur
rent slip rate around 25 mm/yhough fitting the data required that the Salton trough regiea &auch

higher shear modulus than the area to the east, am@neounterintuitie result; see also Fay and
Humphreg/s (2005). Comparisons of EDM and GPS (Johnsbral. 1994; Andersoret al. 2003) shav

that the rates of deformationvealeen steady\er the last seeral decades, with the exception of local
deformations related to the geothermal plants at the southern end of the Salton Seismic Zone; these results
also shwv that this region is undgoing local dilatation, something not easily explained by dislocation
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models.

The southernmost section of the fault runs throughge Jayentle topographic uplift known as Bur
mid Hill (Figure 7); the local geology (Babcock 1969; gmann 1991) is interbedded claystones and
siltstones, much deformed and only weakly cemented togelihd©88 this section of the San Andreas
was identified as having the xiehighest probability (after Parkfield) of producing an earthguakhe
next 30 years; a subsequent study (Josiest. 1991) suggested that more monitoring was needéis
led to the construction of a north-south long-base strainnvetéch has been operating since late 1994.
This site was also chosen for the first of the PBO long-base strainmeters, built at right angles to the origi-
nal north-south instrument to provide fullerverage (including independent corroboration of aseismic
events); this has been operating since May 2085ontinuous GPS site was installed next to the DHL
strainmeter in 1996, and a site across the Salton Sea in M@@. recentlythe PBO has installed a
number of additional continuous GPS sites in 2005 and 2006; and also a second set of laser strainmeters
at Salton City (SCS, on the west side of the Salton Sea), operating since OctobeC2@6measure-
ments along this section of the fault wergloe in 1970 by Caltech, ending in the early 1990's; Prof.
Roger Bilham installed me creepmeters in 2004, and these are currently in operation (Bihaan
2004).

2.3. Other Longbase Strainmeter Installations

The first DHL installation, which allowed us to apply newer systems, leduasd® construction
of additional sensors elsbere. TheSCIGN network, while primarily deted to GPS, also supported
construction of a single-component instrument in Glendale, at the northern edge of the Los Angeles basin:
site GVS, also shown iRigure 1. This instrument has operated since fall 2004tially, SCIGN pro-
vided operational support; subsequenti$F has done so as part of their supporiitieg geodetic net-
works relevant to the EarthScope project: this strainmeter i part of the Plate Boundary Obsatary
(PBO). (NSFhas not supported PFO operations since 1993, and not bekdhin support for DHL).

At the same time as GVS was built, we were building, with DOE funds, a strainmeter (YMS) in the
exploratory tunnel at Yucca Mountain, Mla; this vas part of the characterization of this location for
radioactve waste disposal. This instrument als@&eoperation in fall 2002; in early 2007, in response
to substantial decreases in DOE funding, the tunmasl elosed, and this instrument shuivdo Because



Durmid Hill: Strainmeters, Creepmeters, Faults
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Figure 7: Detail of the Durmid Hill rgion. Purplecircles are locations of creepmeters; the scale run-
ning along the fault is discussed in Section 3.1.1.1. Green vgaydiine. Figure 8 shaws the site
details.

tunnel access was limited, DOE funds supported thelajanent of remote control systems; wevéa
since installed these into all the earlier instruments as funding has allowed.

The PBO plan included fevrew laser strainmeters (PBO construction funds could only be used for
new installations). Thdirst PBO LSM was the second component at DHL, mentionedeabithe sec-
ond and third instruments are at a site (SCS) directly across the Salton Sea frori@iée §) to pro-
vide additional data from the Saltomotligh; these lgan operation in September 2006. The fourth and
fifth systems were installed close to the San Andreas, in Cholame (just south of Parkfieldgaand be
operation in August 2008.

3. Recent Strainmeter M easurements of Earthquake-Related Phenomena

We row show what the instruments at PFO and DHL are capable of, wding examples of spe-
cific cases. As appropriate, we include comparisons with other deformation sensors.
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Durmid Hill Facility

33,395 R

33.394°

33.393"

33.392"

33.391°
33.390"
33-389B7““““‘{““““‘{“‘ “Y/“/“““,‘T““““‘V““““‘T““““‘V““““‘
116793 -116792°  -115791°  -115790°  -115789°  -115788" -116787°  -116786°  -115.785°
Figure8

3.1. Long-term Strain Changesat DHL

Figure 9 shavs the complete dataset from theotfully-anchored strainmeters at DHLThe
(nearly) NS instrument (the one supported by this request) has a long-term rate gief@r2@mpara-
ble to strain rates estimated by interpolating GPS stagtmtities; so we conclude that this strainmeter is
recording the secular strain; we be#ighe same of the newer PBO instrument, although its higher rate
implies that there is some amount of dilatation at this $eets of the NS strain record sh@an anual
cycle, with an amplitude of 35snand a phase of 37° relaé o January 1. (The local air temperature has
an annual cycle of 10.7°C, phase —199.8%¢ b not yet knav whether this cycle (which is only some-
times apparent) comes from thermoelastic deformation, or (quite possibly) incomplete correction of end-
motion by the fiber anchors; certaindpmpared to another neasurface strain record the annual cycle is
small.

Figure 10 focuses on the NS instrument for 4 years, and for context shows local sejstréeity
measured at Ferrum (data yided by Dr Roger Bilham with NEHRP funding), and motiomepa 10-km
GPS baseline from DHL across the San Andreas Fault (see below).

These data shoseveal interesting combinations ofents and nonagents: we see seral aseis-
mic strain gents. Someof these coincide with creep signals, implying widespread slippagedideast
10 km of the fault); others do not, and there are also crespiseunaccompanied by aseismic strain.
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Long—base Strain at Durmid Hill
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Figure 9
These last f& years also included a seismic swarm, in early 2009, that caused serious concern about
short-term hazardWe row dscuss these in more detail.

3.2. 2008: Transientson the Southern San Andreas Fault

On the creeping section of the San Andreas fault between Parkfield and Hotliktes been
known for some time that creep at the sgd often occurs inevents” with relatively rapid slip; see, for
example, Goulty and Gilman (1978), &wset al. (1981) and Wesson (1988Near San Juan Bautista,
se/eral creep eents between 1992 and 1998vhaeren associated with large aseismic strain changes,
assumed to be caused by slip on redhtishallon portions of the San Andreas fault (Gladveiral. 1994;
Lindeet al. 1996; Uhrhammeet al. 1999).

The southernmost San Andreas has small amounts of ongoing creep, andareepiggered by
large local earthquads. Thelaser strainmeters at Durmid Hill (DHL) v& detected a number of rapid
aseismic strain changes which we badieae caused by local creewents. Thefirst of these s
observed in early 1997, though only on the one instrument then operating.

The first unequwiocal records of rapid aseismic strain change at DHL were in 1'8@@guvocal”
because at that time we were operating, with NSF support, a second long-base instrument, installed tem-
porarily to measure earth tideAs these systems shared nothing except the datalogger andwiee\pe
were confident that thesgeats were not instrumental arsets. Unfortunatelyhere were no creepmeter
measurements on the San Andreas fault in this area during the times ofvidmtsgaefield check for
cracking along the fault trace sked no clear evidence of surface fault slip. INSAR data for thiment
of the fault (D. Sandwell, pers. commursiggests ongoing creep, but also indicates that this creep stops
someavhat north of the DHL siteBuried slip of the amount we infer would not produce a measurable
INSAR signal. These earlier aseismic changes clustered around the time of the 1999 Hector Mine earth-
guale, ending with a large strain change associated with the shaking from this $t®aso obsered
an additional sl event in mid-2003 and tevmore in early 2006.
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Recent Long—base Strain at Durmid Hill
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Figure 11 showvs 2.4 years of data from some of the sensors along the fault, to the end, of May
2008. Theop panel shows the long-term records from the lager strainmeters at DHLT he long-term
rate on the NS instrument is —0.3E/yr; the ne&v EW system shows a rate of 0.4&/yr (both instru-
ments are actually 5° counterclockwise to the directiomengito be at 45° to the local fault sk
These rates are consistent with the shepe&ed from a dislocation model, thoughytHike the geodetic
results, require a local dilatation as well. The next panelshdata from the Uwersity of Colorado
creepmeters (Bilharat al 2004), whose locations are showrFigure 7 (FE, SC [offscale], and DU); the
FE and DU records ka keen corrected for short-term temperature effects, but the annual cycle has not
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been remeed. Bothinstruments sh@ ongoing creep at rates of 1-2 mm/with some left-lateral creep

at times of heay rains (rain is shown in the bottom panel). The Durmid creepmeter shavsdap

events in early 2006; and both creepmetersnsian arupt signal beginning on 2008:104 (R. Bilham,

pers. commun.), which was also very clear on the strainmeters, and which we describe in the next section.

As another measure of long-term deformation, and to look fpwvary recent changes, we pro-
cessed GPS data from the 5 stations (PBO and SCIGN) closest to DHL, starting in early 2006 when the
site at P505Kigure 5) began producing data; such a local network iglely immune to various common-
mode noise sources. The third and fourth panels from the tejgwfe 11 shav two of the results.Rela-
tive o P505 (which mees anly 6 mm/yr in a North-America reference frame), DHLGve82 mm/yr
fault-parallel and -0.8 mm/yratlt-normal, with no obvious fluctuations. The baseline from P505 to
SLMS (across the Salton Sea) has only 5 mm/yr meark-parallel motion.However, the line from P505
to P504, which is entirely on the east side of the San Andreass sito apparent transientdiening
sometime in the summer of 200R&.is not clear what to ma&kof this; while it begins before the rains of
late 2007, there does appear to be an anryedd present in these datiterestingly this GPS transient
approximately coincides with a change in the long-term rate of strain on the DHL EW strainmeter seen in
late summer; we observed a simil@mporaryrate decrease at the start of 2006, whids &lso coinci-
dent with tw aseismic slip eents. Sincethe strainmeter data V& been unaffected by raiall at other
times, we are fairly confident that the 2007 change in rate was not caused by the summer rains.

As the right-hand side dfigure 11 shows, we hae sen periods of clustering of creepesets.
Since creepmeter dataaw &ailable for this period, we can say that thesenés are indeed correlated
with fault creep; what is surprising is that the slipolmed must extend as far south as the strainmeters
(for reasons to be discussed below) and as far north as the Ferrum creepdstterce of wer 10 km.

The top panel ofFigure 12 shows the strainmeter data for these periods ofviligtiat wo
expanded time scales: at the top, for the fays irvolved in each episode; and belthis, for some of
the few-minute intervals that contain the larger cregmts. Thesaecords gie vay high resolution,
both in strain and in time, of these aseismic strain changes; in terms of time resolution, much finer than
the data collected by Goulty and Gilman (1978), Kéhgl. (1975), Lindeet al. (1996) or Uhrhammest
al. (1999).

What these detailed records shs that these indidual events are neither similar nor simple:
while coarse temporal sampling would reakem look like deps, a finer resolution she a variety of
behaiors. Asdescribed in the next section, this range al/dorms can be used to explore the spatial
and temporal behavior of thesesats, which may seevas aalogs to deeper slipvents that occur when
sliding is neither unstable (leading to earth@sgkor completely stable (leading to steady sliplich
episodic slip has been observed in varidalw earthquakes$’at subduction zones (ldet al. 2007;
Shelly et al. 2007); the strainmeter records pide nearfield data that is novadable for deeper slip
episodes.

3.2.1. Source-Time Functionsfor Slow Slip Events

Because the strainmeter data are observed close to the sourbeahéeld’ term in the elasto-
dynamic equations dominates; since this behauasi-staticallyan nvesion for source properties can
be much more direct. The first step is to get the Green function for observed seaidigiat a point on
the fault plane.Figure 13 shawvs this computed for an elastic halfspace; the coordinate system is that
used inFigure 7. Naturally the response is largest for slip closest to the strainmeters (0 km) and dies
awgy to the NW What is of more interest is that there are a number of sign changes, so thairtfpleg
changes of opposite sign on theot#rainmeters can come from slipep only certain areas on thadit.
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Southern San Andreas Deformation
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More generallyif we consider the ratio of strain change orotinstruments from one sample to thetne
each time point for a particulavent will allow dlip only in particular rgions. Asthe e/ent progresses,
these regions will change in shape and locatibne problem is then to infer a range of possible solu-
tions, ideally as restricte a ange as possible, from these tingeying regions. Thisis likely to require
additional restrictions, for example that the slipping region remain as compact as possible; this would be
analogous to finding a source with minimum moment, xdremal problem that Johnsah al. (1994)
developed for coseismic slip. Applying a similar constraint to theerision here is more complex, since it
involves a 2-d geometrical minimization; andee with this constraint the solution is unlikely to be
unique.

As an elementaryxample,Figure 13 shavs that for very shalle dip, the ratio of strains is posi-

tive for slip NW of the =3 km point, and gaive aly between -3 and -1 km. Since most of the signals
in Figure 12 shawv opposite signs, this means that the slip, if slalloust hae keen in this rgion—as
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Figure 12: The top tvo panels sha two periods during which the Durmid Hill strainmeters recorded
aseismic creepvents (data lavpassed with a corner frequgmaf .005 Hz). The bottom panels sho
details of the larger creepants for the period 2008:104-105; for all of these the time scale is in min-
utes, and the dataveleen lowpassed with a corner frequen€0.07 Hz to remae nicroseisms.

well as 10 km way at the Ferrum creepmeteHoweve, the small gent at 2008:105:10:22 (fourth bot-
tom panel oFigure 12) must hae been NW of -3 km (gress likely SE of -1 kn).

Some additional constraints on the slip model aadable from the creepmeter data (although the
timing is less certain, and the data are sampled ety 40 minutes) and also from the absence of a sig-
nal on the long-base strainmeters at SCS, on the other side of the Salton Sea; these SCS data limit the
total moment release in thesesets.

3.3. 2009: An Earthquake Swarm near the Southern San Andreas Fault

In 2009 there was seismic activity in thgimn just south of Bombay Beach: enough activity that it
warranted a conference-call meeting of the California Eartheudkediction Evaluation Council
(CEPEC). Figure 14 and Figure 15 summarize activity in this gion in time and spaceFigure 14
shaws the time history since the start of the raky zooming on more recent periods. In each frame,
colored symbols identify temporal clusters (red for magnitudes &5), which are seen in the data
throughout this periodThe start of digital recording around 1980 greatly increased the detection thresh-
old (and the location accurg¢ since then, there fia keen eight clusters. As this figure afidure 15
shaws, those before 1990 were relaly small (in terms of maximum magnitude) and were located rela-
tively far south of the end of the San Andreas. Since 1999 theeckhan four clusters, with locations
that hae, over time, migrated north.
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Strains from Fault Slip
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Figure 13: Contours of the Green function for strain from right-lateral strike-slip on a vertical plane
coincident with the fault trace. Red is posiiblue ngaive; amounts are 10 strain for 1 cm of slip
over a patch 100 m square.

The most recent of these clustergdmewith a swarm of earthquakes on March 21, 20@h
March 23 there was a magnitude 4v@rg at the northernmost edge of what had been observed pre
ously, which was followed by considerable aftershockwiyti thanks to the addition of meseismic sta-
tions in this area in 2008, this could be followed in detail. The large size of the mainshock (the largest in
50 years), and its proximity to the San Andreas, caused the concern that resulted in the meeting of
CEPEC, which suggested issuing an earthguakisory, snce the computations of Agweand Jones
(1991) showed a short-term probability of 5% that this might be a foreshock gz &km Andreas earth-
guake.

An important source of reassurance during this seismacrsvinot for the first time) was that the
laser strainmeters at DHL did not shevidence for ap substantially unusual deformation—which, as the
previous section has shown, are very sewwsiid dip on the San Andreasdlt. Figure 16, greatly
expanded and annotated in some detailwshine data around the time of theasm. TheNS instrument
optics were thnan out of alignment by the largesteat but quickly recentered by remote contrdi.
showvs a continuation of steady secular strain accumulation, with no obvious effect from the seismicity
The EW instrument had sufferedvper problems earlier (for reasons unrelated to the shaking, as sho
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by relative times); fixing this accidentally misaligned the optics of one optical ansbdne data from
this instrument is noisy for about three day$owever, when this problem was fixed, the secular rate
returned to its previousvel.
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Durmid Hill strain during Bombay Beach swarm
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3.4. Long-term Strain Changes at PFO

Figure 17 shaws the long-term signals for thdwWSE strainmeter aPFQ, which was, for most of
the time shan, the only well-anchored onéThe NS strainmeter was anchored at one end between 1988
and 1994, and again from 1997 on; BW instrument has been anchored since 2004 ‘bump” after
1992.5 is postseismic strain from the Landers earthquake; the apparent offset at the edstlacjualy
rapid aseismic strain change, starting immediately afterviy@,eand for the first six months increasing
roughly as the log of the elapsed time. In late 1992 the strain vatse@ sign; this lasted until 1995; the
strain-rate then returned to approximately its pre-eartrgwalue, though perhaps being savhat
highet Data (not shown) from the long-base tiltmetePBO though noisiershows very similar post-
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Landers behavior — so this signal is not from just one instruniRetords from monitoring wells at
PFQ, one of which is shown ifigure 17, showed a large change in early 1993 aftenfyaains; this did

not induce ay response in the long-base strainmeter or tiltmetding out the possibility that the post-
seismic signals were caused by local pore-pressure changes, though their cause remainsToeclear
1999 Hector Mine ent caused a much smaller and briefer immediate postseismic skdmakver, fol-
lowing the Hector Mine shock, the strain rate slowly decreased and by 2004dmadeaggsed, only to
change abruptlyto a late near zero following the 2005 Anza earthgyakhich also produced pro-
nounced short-term and intermediate-term aseismic signals.

The post-2001 changesvealeen quite dramatic, especially compared with the rather steady accu-
mulation seen for the previous 13 years. While we do na¢ harell-constrained model for thesana-
tions, the results are consistent with slip on faults neariglythe/ do not correlate with anfundamental
instrumental modifications or changes in operation.
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Figure 18: Strain as measured by the thieeO strainmeters from 2005 through the presdrdr
each, the underlying pale color shows the data with the tides present, andriyiagline the data
after the tides hae been remued. Thebottom frame shows the daily rainfall.

Figure 18 is an expanded weof the more recent data, shing the time series for all three of the
PFO strainmeters. Th&W instrument has been fully anchored during this interval, though it remains
someavhat noisier than thBw, probably because the end points arevabgiound. TheNS instrument is
anchored only at one end (other @ties have had a higher priority for the funding agencies) and is there-
fore the most susceptible to rain-related noise — the secular rate is probably not ddéreeetare also
variations known to be caused by instrumental effects: for example, the decaying transients on the EW
strain in 2007.2 and 2008.0, and on KwWSE at 2007.4, are caused by readjustment of thudt vempera-
tures following extensie power outages or air-conditioner failures.

However, there are some correlated signals that we \eeliedicate aseismic slip variations on
nearby &ults. The2005 Anza earthquakwas followed by transients lastingvesal days on all three
instruments, and then by a 6-month signal with opposite sign oNSf@d EW sensors, and a much
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smaller variation on thRWSE this is the signature that would be expected from slip on the San Jacinto
fault. It should be noted that these three instruments hadements in commonA somewvhat similar
variation, with theNS and EW systems showing opposite signals, started at tiginiieg of 2009;
although this looks somewhat dilan anual \ariation, the period is shorter than this, and weaknbno
changes to the instruments that would suddenhg hade them more temperature sewsiti

LSM Data for El—Mayor/Cucapah Earthquake (1)
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Figure 19

3.5. 2010: Strain Changes From the EI-Mayor Cucapah Earthquake

Although it falls just outside the time range of this report, we felt it appropriate to present data
from the EI-Mayor/Cucapah earthqeakf April 4, 2010 (hereafter the EMC earthgaglocated in Baja
California in the Cucapah mountains that bound the Mexicdley/to the West. Arelatively fresh scarp
found by Mueller and Rockwell (1995) along the western side of the mountains, called the Laguna Salada
fault, is generally assumed to be associated with a large earthfuadnitude 7.2) in February 1892; the
intensity reports are at least consistent with such a location (Hough and Elliot 206dyer 118 years
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LSM Data for El—Mayor/Cucapah Earthquake (2)
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later, the EMC earthquak(magnitude 7.2) was also caused by rupture of a fault in the mountains, though
the surface rupture is separate from the one that has been associated with the 1892 shock.

Figure 19 andFigure 20 show the time series from the s laser strainmeters installed around
the Salton Trough: three BFQ, and two each atSCSandDHL.! The data irFigure 20 run to the end of
day 123 (May 4), 30 days after the earthquake.

Figure 19 shawvs the time immediately before and after tkené All the strainmeters recorded
without interruption during the mainshock; but the records cannot be used to find the cosdgahic of
because of the equaent of a GPS‘¢tycle slip’. The strains from the largest seismiaves ae lage
enough that the laser beam is no longer pointed accurately at the far end; when this happens the interfer
ence pattern disappears and strain is not measiated, the fringe-detection electronics takeswa fain-
utes to receer. We haveabout a 5 to 10 minute interval during which we do neehakeliable measure

! The instruments at DHL are actually oriented 5° counterclockwise from the cardinal direc-
tions, but for simplicity we refer to them 8S andEw.
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of strain; in the plots we ka %t the offset to be zero across this gap so that we can besbodier
changes. Sincenuch more information on coseismic beloa is available from seismic, GPS, and
INSAR, the loss of this information while unfortunate, is radalf We do havereliable estimates of co-
seismic offsets from thEW longbase tiltmeter aFQ, and from the more distant strainmeters in Los
Angeles and Cholame.

After this interruption the strainmeterssgia ontinuous record ofven small deformations.The
plot shows the result of Wpassing the original 1-Hz data (filter corner at 100 s) to ventiee seismic
coda. Wherthis is done these records shonmediate, relately smooth, strain changes at rates much
higher than are observed atyasther time. Such postseismic motions, if caused by afterslip onatl, f
provide important constraints on the laws/gming fault slip (Larson and Miyazaki 2008; Fukuetaal.
2009).

The data irFigure 19 andFigure 20 suggest, h@ever, a nore compl& picture than simple after
slip on the ault that caused the EMC earthqeaKable 1 gves the predicted coseismic strains, and some
ratios between them, for a simple uniform-slip mod&dr the strains agCS these ratios are in reason-
able agreement with what is obsedv Inparticular the model predicts that the ratio between EW M8d
strains is small, something that the data also demonstrate, as the signaleow dtrain data is ery
small. Amore detailed xamination of theEw/NS ratio as a function of position along the fault\wko
that the smaller values of this ratio occartfier south on the fault, which would imply that the afterslip
may be more in the geon of the epicenter than at the northern termination of the rupture. As usual, the
postseismic deformations are much too large to be caused by the observed aftershocks.

Table 1: Model Coseismic Strains

NS EW NW EW/NS NWI/NS
Model Coseismic Strains

SCS 314 46.4 — 0.15 —
DHL 355 -40.8 — -0.12 —
PFO 94 310 557 3.3 5.9

We therefore assume, as a first approximation, thaBtt® NSdata inFigure 19 and Figure 20
represent the time history of afterslip on the fault that caused the mainshtiek. were the only process
at work, we would expect all the other strainmeter records to loelgléded \ersions of this time series;
that these records do not lookdithis suggests other sources of strain were triggered by the mainshock.

Looking first at theDHL data, we see a much larger andtér response on thes, even though the
model predicts similar responses for 8@SandDHL NS strains. Theatio of EW to NSresponse is also
much lager than predicted by the model. And, we obseeyaal small steps in these series that are not
seen elsewhere (one largeert is identified in the figure). Our tentagi explanation for all this is that the
instruments are recording, not just strains from the EMC earthquake, but also signals from aseismic slip
induced on the San Andreas fault, which is only 1.5 lwayaat the closest.We haveobsered similar
slip events onDHL strainmeters, without accompanying seismiengs, in 1997, 1999, 2003, 2006, and
2008; the last was the g@st episode of aseismic strain so far observed, and was also recorded on nearby
creepmeters. Furthesis dscussed earlieseismic swarms ha accurred nearlyyon the northern end of
the Brawlg seismic zone, but none of these has been associated wistgaificant strain change.

The idea that the strain signalsDitL were caused in part by nesurface slip on the San Andreas
fault is supported by results from Prof. Bilhaafeepmeter array; the instrument at Salt Creek, 9 km NW
of DHL, showed a fev mm of aeep coincident with the EMC earthqeakTriggered surface creep has
been observed on the San Andreas and other faults of the SedtgghTbefore; the Superstition Hills
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fault, site of a large creepvent in 2006 (Vei et al. 2009) showed large surface creep triggered by the
EMC earthquak. Triggered creep is thus quite plausible as an explanation of the signals Beien lait

that does not makthem awy less interesting, since therovide a level of resolution in time and signal
level not achieed by any of the other datavailable.

Even more interesting are the signals freBARQ which is closest to the San Jacindwilt. All three
strainmeters there start by showing postseismic strains that are roughly consistent, in size and shape, with
their source being afterslip from the EMC fault: the signals are of the same signganaiatheNWSE
and theEW than on theNS. Howevae, as Figure 20 makes especially cleathe strains eer the first month
after this earthquakdo rot fit this pattern at all: instead, ths andEW show trends of about the same
size lut opposite sign, while theWSE shawvs less change; we also obsesv/sgnificant change in trend
on the long fluid tiltmeter Sip on the San Jacinto faultould produce exactly this pattern: foraenple,
the NWSE, being parallel to thisdult, is the least sensiéi © dip on it. Although the trends on tiRFO
instruments seem to be decreasing in ratey #ne doing so only with a long time constant; as we
described abee, a smilar pattern followed the 2005 Anza earthgealf these strains indicates triggered
deep-slip on the San Jacinto fault, such slip is continuing at the time of this writing.

2009 Baja California Earthquake
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3.6. Instrument Comparison: Longbase and Borehole Strainmeters

As an example of the sort of instrument comparison possibPleGave shev some results from the
PBO borehole strainmeters and the longbase laser strainmétguse 21 presents a representegiyear
of data from theeBO BSMat PFQ garting 13 months after it was installeBachBSM has four sensors,
three measuring internal strain at angles of 60°, and a fourth (redundant sensorg t iglatkangled
pair for instrument alidation. W haveremoved a dope and best-fitting exponential from ea@8Mm
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channel, since at the longest periods (and at this stage of the installation) these veeddsimgirates

about 100 times the tectonic rate; wedidso remaed the best-fitting air-pressure response, which for
theseBSM's is aubstantial. Thelot also shows data from the three laser strainmeters, which surround the
BSM location. TheNS laser instrument is not anchored to depth at one end, and so is noisier than the
other two. Itis clear that for periods longer than a week or two 8i's havebetter stability; tha8SM

data also she a rumber of gents, some correlated between different sensors, which, not being visible on
the LSM’s, cannot be coming from the earth on the scale of 1 km. This plot also spans the time of a pro-
longed San Andreas fault aseismic-slip episode detected tHihdongbase strainmeters in 2008; the
absence of a signal BEOconfirms that the slip was not widespread.

Another comparison between borehole and longbase stesiprevided by an ¥ 6.9 earthquad
in the Gulf of California (610 kmveay) on 2009:215. The size, proximjtgnd radiation pattern of this
evat produced dynamic strains of abat10® peak to peak. Strains this large are redyirare, with
only three other examples in the lasefiears; these were the first large dynamic strains since the instal-
lation of thePBO BSMs in the Anza area. Most of the AnBsM's showed offsets from this earthquak
Figure 21 shovs theBSM andLSM data fromPFQ, lowpassed to reduce the size of the surfaaeesy
though the mainshock and an aftershock are still visiNiene of the threeSM’s show any dff sets; for
the best of th&eSM records (the&lW-SE) the upper limit on a possible step is¥Gstrain, a fev percent of
the offsets seen in tleSM data.

Since theBSM at PFOis embedded in the rock bounded by tis’s, these data imply that the
BSM offsets are of very local origin, which brings into question tligets seen at other locationsocal-
ized tydrological changes, which are often triggered by large dynamic strains, might be a source, though
the pore-pressure record at B®M shavs no changes (to within 5 Theseecordings imply that co-
seismic and postseismic strain data filB8M’s subject to large dynamic strains must be used only with
some caution.

4. Instrument and Site lmprovements

With NSF instrumentation-support during this grant period we hade a humber of upgrades to
the laser strainmeters at PFO and DHL, in order toermedher quality deformation datavalable to
researchers from sites that, because of their long time higtode a particularly valuable baseline.
Many of these upgradesvalved installing, at these older instruments, imenoents that had been\ai
oped in the course of building newer systems, particularly the ongcat Yountain, for which we had
much more seere restrictions on access than usuat,ddso a budget that permitted some degreeva-de
opment work.

4.1. Instrument | mprovements

4.1.1. Strainmeter Datalogger/Controller

We introduced seeral special-purpose controller/dataloggers at PFO. The first unit, servicing 128
signal-channels, permitted recording andvaciinterrogation of all the lav-frequeny instruments at the
site. We aubsequently introduced 32-channel systems at each of the three strainmeters at PFO; these sys-
tem provides recording and network-interrogation of signals, and also remote control of the following:

Laser-beam steering. This control system, included in the dataloggeeps laser beam optimally
aligned wer the half-mile length of the instruments.

Laser Control. With this we can remotely monitor the frequgstability and laser performance
(the best warning of incipient degradation), and also more quickly relock the laser when needed.
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Automated Vacuum Control. Together with a new-pumping system (discussed)rthis system
provides the means to bring the system back up wiermmwer restored follwing an outage,

without ary loss of \acuum. Thisalso gves us emote operation and diagnosis of trecwum
pumps and valving.

4.1.2. Conversion to Continuous Vacuum Pumping

Beginning in late 2006, we augmented the vacuum-pumping housing and hardware to ivelude lo
capacity pumps meant to run continuousWith the control alves for this tied to the datalogger/con-
troller, the end-to-endacuum pipe can be maintained at veny loressures and isolated duringwey

failures (when the pumps do not operate), and sustained at operational vaeelsrarigl such time as
the power is restored.

4.1.3. Improved Temperature Control

Despite first-order immunity to temperature changes, at thendise levels nav being achiged
with the strainmeters some thermal effects weigemt. Heat-pumpir conditioners are only meant to do
a fair job of regulating temperature, and, of course, do not run durimgrpmutages.To improve m this
we added acte thermal-control systems for the optics tables, using pairs of thermoelectric modules
(TEM) mounted in the walls of the instrument enclosures, and controlled by a programmable micropro-
cessor This system provides mimportant advantages:

. The actve oontrol isolates the temperature inside from that outside as agagstiem can-
not, making the inside temperature immune from (saneple) fluctuations when the end
building is visited. Figure 22 shovs an example, for the westrainmeter in Glendale: once

the controller is on, the rms temperature variation on the optics table is reduced to only
0.02°C.

. This control runs on separate batteries, and so continues to function througheutgie

ures, maintaining fully regulated temperatures.
GVS: South—end Temperatures

M\M Room Temperature
‘ (air—conditioned)
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1 1 1 1 1 1 1 1 1
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In response to maintenance needs: the heat-pump systems used to control temperature in the strain-
meter end buildings were onenage 12 years old, well past their nominal 7-year lifetime (at which point
they al begin to hae troubles); because we function with only wtgack-up units, the irreparablailure
of several in-use air conditioners in 2007, left us in a precarious situatimpurchased 6 e systems
(which include programmable-control), one for each end of three of the four strainmeters, and retrofitted
the buildings for their installation.



-27-

4.1.4. Optical Anchor pathlength modulators.

We alded micro-displacement forcing systems to all the optical anchors to modulate the optical-
fringe signal gery few minutes: the only way to provide the information needed for the electronics to
track the signals as the optical alignment varies with time.

4.1.5. High Dynamic Range Fringe Counters

Our older electronics were all designed to operate with a 12-bit recdrderarge digitizing step
size associated with these systems meant that we had very limited dynamic range, and signals from local
or lamge regional earthquakes sometimes saturated the recording systemwldedaleggers use 16-bit
digitizers (with correspondingly smaller step-size),waiim us to reduce this problem by installingme
high-dynamic range counters, all with means for remote control, so we can reset parameters during opera-
tion.

4.1.6. Uninterruptible Power Supplies

We purchased fig UPS’s with remote-control capabilities, and which can send diagnostic signals
to the dataloggein order to protect the recordings against short power outages. Short power failures are
very common,; at PFO we fa a $andby-generator for longer ones (the existing less-than reliable genera-
tor, installed in the mid 1978 in currently being replaced under USGS/ARRA support). The combina-
tion of the tvo systems provides full protection for power loss.

With the aailability of modular UPS systems to maintain power to the optics and electronics, auto-
mated and battery-peered instrument temperature regulation, and self-sustaining vacwels, lihe
strainmeters are moable to continue recording unperturbed through all baereled power outages,
greatly improving the long-term observations.

PFO Long—fluid Tiltmeter: 2008:066—2008:300
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Figure 23

4.2. Tiltmeter Reconstruction

In the 19805 we @nstructed tw long-base tiltmeters at PFO, with USGS and NSF suppbese
have gven excellent records, for example shiag the same post-Landers transient in tilt fhigure 17
shaws in strain. Unfortunately a svee lightning storm in mid-2004 destroyed much of their electronics.
Rehuilding was slowed by highgariority tasks and the 18-month illness of the technician namstlifir
with the system; it over the last fev years these wa been reconstructedr-igure 23 shavs early data
from the rebuilt EW instrument.
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5. DataHandling

Over the last fer years there has been increasing interest in the accessibility of the longbase strain-
meter data. In the past, wevedandled data from PFO and DHL as is usual for a research project: data
were made\ailable to the community through publication of the scientific results, and by direct collabo-
ration with other researchers who might be interested in them; for PFO data examples include Abercrom-
bie et al. (1995), Gombeay and Agnev (1996) Hartet al. (1996), and Elkhourgt al. (2006). Inaddition,
we hae made results\ailable as promptly as possible whegaesomething has happened to raise the
possibility of aseismic deformations leading to large earthquakexdorpde, the Landers earthquake, or
swarms near Durmid Hill. However, we havenot routinely provided final data for general use; neither
PFO nor DHL was funded at avk that could support this.

There is nav much more of an expectation that data should be, as much as possilbdd|ea
online with little delay: a valuable goal, but not without costs. The cost of providing strainmeter data in
usable form is relately high (compared to seismic or GPS data) because these data avelyalafa-
miliar to most solid-earth geopsicists, relatiely unstructured (compared with, say GPS RINEX), and
relatively difficult to interpret because we knao little about aseismic sources of strain and there are so
mary possible sources of nois&etting the most science from the data requires a fair degramibaf-
ity with the sensor.

Improving data access requiresyéstment in three areas: (1) upgrading the hardwdatalogging
and telemetry) to makthe rav data promptly and routinelyailable, (2) improving the softare for data
handling, and (3) upgrades to equipment to értak data as trouble-free as possible. As described in the
previous section, we kia keen able to use other funds to makogress in all three areas.

Most of the research community is best sdnby downloadable files of final dataguéarly
updated. Br research purposes we updated data only occasionally (in part because of the personnel
issues described al®); to provide regular updates at an acceptalid & effort has required additional
software deelopment to process thewadata, assemble it into files for editinggamize the edits, and
produce the final results—also mundang, ot simple (indeed, still beingorked on). All of this ded-
opment was supported by the PBO, for which there is a clear expectatigulailseupdated dataAt
this time both the PFO and DHL data are being processed using these packages, so that all data are being
handled in the same way.

With other funding we hee fpent considerable effort to help build a community of users for strain
data, co-teaching in wvworkshops aganized by UMV CO in 2008 and 2009, and documenting and
making &ailable our processing softwarkttp://igppweb.ucsd.edu/ agnew/piasd ).

Data from the laser strainmeters at PFO and DHL ane bsing made ailable to the research
community by preiding files to the NCEDC in the same formats as PBO; that is, as fully-corrected and
edited data in the XML format used by PBO, with a lagasfno more than six months; we are also pro-
viding, every two weeks, up-to-the-moment preliminarily edited-versions of the sighsiésare commit-
ted to making older datav@lable on request.

In addition, plots of na data continue to bevailable in real time through the RoadNet system; see
http://mercali.ucsd.edu/waveform.cgi?n=n&level=0&mode=sta&db0=db_pfo ; click on
channel3, for the main strainmeter signals at each site; for the NS LSM at DHL, the station name is
DHLZ; for the NS LSM at PF®FO4 for the EW LSM,PFO5 and for the NW LSM,PFO& (None of
these are ’'corrected’ strain.)
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