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1. Major Goalsand Activities of the Geodetic Project

This grant helped support the operation ad facilities for the continuous measurement of
strain changes in southern California’ d?ifHat ObservatoryRFO), between the San Jacinto and
San Andreas faults, and at Durmid HiiHL), near the southern end of the San Andrea$,f
and efectively within the fault zone. The USGS-supported instruments at these locations — a
single longbase strainmeter at DHL (augmented by an orthogonal PBO-sponsored strainmeter),
and three strainmeters and one longbase tiltmeter at PFO — measure crustal deformation in
Southern California for periods from seconds to ye&igure 1 shavs the locations of these
strainmeters, along with thewienes (as green dots) thatvedeen added by the Plate Bound-
ary Observatory (PBO) project as part of Earthscdherecording strainwer this wide range of
frequencies these measurementsvigi® a nearly unique bridge between seismology and
geodesy that is otherwise rarelyadable. Thisawad supported peer, network conneciiity,
instrument maintenance and operation, data recording, preliminary data-processing, and data dis-
tribution.
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Figure 1. Large earthquakes and fault ruptures in southern California, with locations of
laser strainmeters (purple), borehole strainmeters, and GRS dashed box is thAnza

gap”.

Over the last eight years a pattern of aseismic strain transients has beeedbsé¢ne
long-term strain data from the PFO LS’ Thesdransients follav some (lut not all) episodes
of strong shaking and Ige dynamic strain either from local earthquakes of magnitude around 5,
or larger regional shocksdWdowinski (2009) suggested that since, on the San Jacinto fault, the



transition from earthquakes to creep betbe seismogenic zone is relaty shallon, such creep
could well include unsteady deformation — which we belibe PFO measurements are record-
ing. We havealso observed transients, probably from skattceep &ents, on the DHL LSM’s.

2. Accomplishments

2.1. Operations

The primary activity throughout the period of the grant was sustaining high quality record-
ings at the field sitesyer the course of the yeane averaged 1-2 trips per month to both sites to
deal with immediate issues (the reason for the majority of responses) and for planestivpre
care. Tme in the lab was spent on repairs, data processingyvaluating and understanding the
recordings. Allof this paid of in very lov downtime (Table 1).

Table1l: Downtimeof LSM Channels

Site Comp. Channel 2006 2007 2008 2009 2010 2011 2012 2013 2014
PFO NS Main 47 11.5 6.5 14 4.4 3.9 2.4 0.3 0.4
Local Anch. 3.2 1.6 0.6 4.7 5.9 7.6 0.4 10.8 0.8
Remote Anch. 1.9 2.7 0.7 2.1 1.9 0.6 0.4 0.3 1.2
EW Main 5.1 45 1.6 2.1 3.3 3.3 3.2 0.7 0.1
Local Anch. 1.6 2.9 1.5 0.8 1.6 1.2 3.5 3.3 1.1
Remote Anch. 2.9 2.0 3.7 2.8 2.4 41 2.0 5.8 0.1
NW Main 2.7 55 1.3 15 13 34 35 1.7 1.8
Local Anch. 1.6 6.8 3.9 1.5 5.3 0.8 2.2 2.1 0.8
Remote Anch. 8.7 4.2 1.0 1.4 0.8 0.3 1.2 1.3 0.2
DHL NS Main 49 0.9 34 0.4 5.0 1.8 2.2 13 1.7
Local Anch. 2.8 0.8 2.6 0.4 8.7 0.5 0.6 1.2 0.9

Remote Anch. 2.5 02 11 1.1 4.7 3.8 01 6.5 11

All values are percent.

A secondary activity was helping to support otheestigators and other projects using the
PFO facility Table 2 provides a summary.

Table2: Other Investigationsat PFO

Univers. Bath T. Whitley Atmospheric ‘sprite’ monitoring

Caltech J.-PAmpuero Operation of a small, dense, seismic array to search
for tremor on the San Jacinto fault.

UcCsD M. Zumberge, J. Berger  Testing nev optical-fiber borehole seismometers.

UCsD M. Zumberge, PMyatt Testing a surdce fiber-optic strainmeter parallel to

one of the PFO strainmeters, and a vertical {ipsic
borehole strainmeter.

Tech. Uniers. Munich U. Schreiber Ring-laser seismometer recording.
Wash. Unvers. St. Louis R. Cowsik, T Madziwa- Testing a n& type of rotational seismometer.
Nussinov

LSM operations at PFO e keen supportedver the years by a range of agenci€ver
the last 15 years the majority of the support came from the WS@®Iing of geodetic and seis-
mic monitoring as part of NEHRRvith important additional contributions by SCEC, and by
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PFO/DHL Long—base Instruments Supported by USGS
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Figure 2. Time spans of data from PFO and DHL longbase instrumebidors refer to

anchoring (at the tavends): from worst to best, T for pier tilt, F for optical fiber anchor

for vacuum-pipe anchorThus, of the PFO LSM's, we g the most weight to the NWSE,
followed by the EW and the NS.

UCSD matching funds, though after 2008 the latter were greatly reduced becauseexsityni
budget cuts.Other users of the PFO facility alsovegrovided small amounts to help maintain it

2.2. Aseismic Strain Eventson the San Jacinto Fault

Unsteady (but slow) slip ariations on faults are plausible, butvlarot often been
obsened on strike-slip faults (other than surface creep), and it remains uncleawusirhmon
they are. To :2e them we need data that has:

A. Low noise at the relant long periods (see Section 1.1.1).

B. Proximityto the source, because the signal is dominated, not by radiated seismgy; ener
but by near-source terms that decayras(r ~ for strain).

C. Along time span: just as for earthquakes (and practicatty ®ther natural phenomenon)
large @ents are rarer than small ones, and may be infrequenvestathe funding cycle.

Only after instrumentation satisfying (A), namely continuous GPS, was operated near sub-
duction zones (B) for seral years (C) ws it seen that mgnzones hge dow dlip events
(SSES): in the last 20 years, SSHavemoved from unknaevn to rare to (at most) uncommon —
there are still manuninstrumented iggons. for strike-slip faults suchvents might be smaller
or less frequent, since the depths at which such behavior is expected correspond to a much
smaller area on a vertical plane than a shallowly dipping one. But it is also truewtsaicfe
faults have had the necessary instrumentation for long spans of time: for the San Andreas and
San Jacinto dults, only the regions around San Juan Bautista, Parkfield, and Anzawv(Agne
2007). Slev dip events hae keen observed in the first two, (Lindeal. 1996, Langbeiret al.
1996, Uhrhammeet al. 1999), both of which are unusual in being transitions from creeping to
locked parts of theaiult, with (perhaps) no large earthqgaak TheAnza area is more typical, in
having no surface creep, and a clear paleoseismic record of laagis;eand we beliee that the
LSM data provide good evidence for both triggered and (less definitely) spontaneous episodes of
slow dlip at seismogenic depths.

2.2.1. Triggered Events

We haveobsenred six similar episodes of rapid strain change at PFOwimigpmost of the
large regional, or smaller local, earthqaakisted in Table 1We can obserg these episodes and
see their similarity because PFO has been operating for a long time, and also because the most
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Table 3: Significant Ground Motion at PFO

Date Mag Dist Pk.Acc. (cnf/s) PkVel (cm/s) Name
(km) N U E N U E
1980:056 5.3 15 109 49 124 Horse Canyon
1992:114 6.1 44 Joshudree
1992:180 7.3 66 25 26 48 2.0 52 29 Landers
1999:289 7.1 111 26 21 35 Hector Mine

2001:304 5.0 21 132 109 120 23 12 3.6 Anza
2005:163 5.2 21 309 219 273 57 35 73 Anza
2010:094 7.2 185 13 14 13 37 24 24 EMayor
2010:188 54 25 182 99 107 3.7 19 22 Collingly
2013:070 4.7 15 44 109 60 1.2 1.0 1.7 ®roPk

Peak ground motion (absolute value) from earthquakes that caused strong shaking at PFO: blanks
indicate that information is not readilyailable.
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Figure 3: Areal strain and tevcomponents of shear at PFO, showing the postseismie-beha
iors of the LSM$ and BSM’s dter the 2013 Toro Peak earthgeaklashed black line).
Only the BSM data (calibrated using Hodgkinsb®l., 2013) are detrended; in the detided
records $and S variations hae been remwed from the BSM areal strain and from all the
LSM data. The lower right panel shows the individual LSM records.

recent decades Y been more seismically aed. From 1938 through 1996 the Anzagren
experienced six shocks withdl > 4.5 and only one withM >5. 0, for 1997-2014 there kia been
another six shocks withl > 4.5 and three withM >5. O(Felzer and Kilb 2009).

We kegn (Figure 3) with the most recent aseismigeat, which folloved what we call the
“Toro PeaK earthquale, on March 11, 2013 (2013:070:16:58),4. 7,9 km deep and 12 km



south of PFO (15 km total distance). While the LSMsst fringe lock for about a minute during

the high accelerations, thehow all other strain changes, including a rapid postseismic change.
Combining the NS and EW LSM records to formotef the strains usually computed for the
BSM’'s showed fairly good agreement between these and the strains recorded by the PBO BSM
(B084) at PFO, which is within the regionvered by the LSMs. Thestrain changes agree best

for the gl shear (the shear parallel to a NWSE-striking fault) and the areal si&atimough not

so well for theg2 drains, something that may reflect calibration errors in the BSM. Except in
the lower right panel the strains figure 3 are all derred from combinations of sensorgor

shear this reduces common-mode noise in the BSM'’s, though combining thes loB&
increases the apparent noiserdhat of an individual sensor.
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Figure 4: Fault-parallel shear from Anza BS#)’using the fully-corrected PBO time series.

Seismic data femined by the USGS and Caltech) showed no signs of trexrowere
ary fluctuations seen on continuous GPS data: not surprising, since the strained)lsemvf
uniform over 20 km, would gven displacements less than 2-3 mm. Additional data come from
the other PBO BSM'in the Anza region (located irigure 3); we omit BO88 and B946, which
had shown unstable behar. Figure 4 shavs estimatedyl grain for the remaining sensors:
some, but not all, shwthe same decaying postseismic signal seen at PFO.

We @an rule out instrument misbehavior: the NS and EW LsSM'AFFO hare o dements
in common, and the BSM is completely independent of the ESME can also rule out weather
effects, since the weather was benign, with no rain gelair pressure changes. These olesbrv
strain changes ka © be in he ground. We know (Evans and Wyatt 1984) thaydirological
changes at the NW corner of PFO cause displacements of all three LSMugrgis;Hchanges
are unlikely to displace the W and N ends in equal and oppoaite and the NW end not at all
—and it is een more unlikely that such a localized source could produce the same strains at the
BSM, 400 m aay and 150 m deep. Indeed, the agreement of the PFO $8Nh the BSM
implies that the scale of the strain must be considerably greater than the LSM baselength of 720
m, and it is difficult to see oa hydrologic change of this scale couldvhain such relatvely
impermeable rocks, a time constant as short asvavieeks. Finallybroad-scale ydrological
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change would affect the water table at PF@, o change was seen either in thregewlevel
monitoring wells or in pore-pressure data from the B084 borehole.

Further evidence agnst some sort of local response to shaking is provided by the Collins
Valley earthquale, three months after the EMC shock (Table 1) This produced peak accelerations
and \elocities (a proxy for strain) comparable to othenés at PFO, but did not create a compa-
rable responsd-{gure 5). Avouacet al. (2014) hae wsed BSM and seismicity data to argue that
deep slip was triggered by thigeat. Comparisonsvith the LSM data for this and otheveats
will be valuable; we are providing their group with early LSM data not yet in the IRIS DMC.
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Figure 5: Responses of the three PFO LSM0 aght earthquakes, four local and four
regional (Table 1). The EW LSM was being rebuilt at the time of the 2001 earthquake.

We recognized the 2013 postseismic strains as being similar to those we haddbsern
the 2005 Anza earthquaknd the 2010 ElI Mayor Cucapah (EMC) earthquaR helatter was
particularly interesting, since for aWeéhours after the mainshock the LS3whowed postseismic
strain changes roughly consistent with afterslip on the EMC-relatéq but then the strain rate
changed dramaticallyven changing sign on the NS LSM, to the same pattern seen in 2005 and
2013.

In the 2005, 2010, and 2018eats there was relatly little change on the NWSE strain-
meter Since for a long time this was the only fully-anchored LSMy(re 1) it has been the one
we put the most weight on, especially for longer-term changes. Looking back, we see that pat-
tern of postseismic strains after Anza earthg@sak 2005 and 2013, and after the EMC earth-
guale in 2010, also occurred after the 1992 Joshua Tree, 1999 Hector Mine, and 2001 Anza
earthquakesFigure 5 shavs all these, along with twtimes that the pattern was not obsetv
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after the 2010 Collins Mley earthquale (see abwe), and after the 1992 Landers earthquak
which produced a much largéut very different, postseismic response.

So we find a repeated pattern of strain change at PFO after either moderate local shocks or
larger and more distant oneBor the reasons gen above we rule out purely local deformation,
leaving, as the most likely source, aseismic slip on the San Jacinto fault.

We @an use the PFO data to estimate the slip location. Slipyadgpacific location on the
fault will produce particular ratios between observed strainengibsened ratios we can find
possible source regions, and with enough ratios limit this to one part aiuthe Moreformally,
given any st of N obsered strain changes, we scale them to creatid-aimensional unit &c-
tor bah, which preserves the ratiod\Ve @an likewise associate a unit responstor bbh(bx)
with slip (of a specified rake) atyafocationbx on the &ult. Themisfit betweerbah andbbh is
the angle between them which ive@n by the dot producbah [bbh, which is one for a zero
angle. Requiringhis dot product to be more than some amouwvisgihe region on theallt
plane for which the slip would satisfy the data.

To goply this to slip on the San Jacinto fault in the Anza area, we assume right-lateral slip
on a plane dipping at 82%e estimate the net changes for the 2005, 2010 EMC, and 2013 earth-
guales from the data iRigure 5; acceptable regions are those with an angle between emit v
tors of 15° or less. Only small regions on thalf can produce strain changes with the oleskrv
ratios; since the ratios are simjltire acceptable ggons are in much the same place — though the
slip in 2005 and 2013 is less constrained in depth than that in ZBiEOlocations are mostly at
the SE end of the seismicity gap near the town of Anza.

By taking the slip location to be the point that maximizes the prdshictbbh, we an
estimate the moment release. If we assume identical locations for the 2005 and 2010 sources,
each has a moment of8lx 10'’N-m, or M,,ee5. 5,and produce displacements of only 1.6 mm
horizontal and 2.0 mm vertical on the nearest continuous GPS stdfidhe. 2005 gent is 20
km deep (its best-fitting location) its momeniMg,ee5. 9.

2.2.2. Long-Term Strain Changes at PFO

To <t these strain episodes into comt&igure 6 shavs data from all three LSM’at FFO
from the start of 1999 to the end of 2014. The postseismic responseBifiore 7 (except of
course for the 1992 Joshua Tree shock) are highlighted in pink.

In looking at the longeterm strains we rely most heavily on the NWSE LSM (red trace),
as the most well-anchored. In late 2010 this showedrlg Bbrupt shift to compressional strain,
in an episode lasting for almost a ydaghlighted in green ifFigure 6. At the same time, the
EW LSM, which generally shows the expected long-term extension, also went into compression.
Analyzing this as we did the postseismic signals, we camdond a possible range of sources
on the fault; this is stlvan (black polygon) irFigure 3, a ©urce SE of, and possibly deeper than,
that of the postseismic strains.

In Figure 6 we hare dso highlighted tw other times of possibly anomalous compression
on the NWSE LSM; anomalous becauseept for a year following the Landers earthquake, this
instrument showed steady extension from 1985 through 1999 erydong period of maed
steadiness. Thmost interesting of these owepisodes is the one thatdaa in early 2004, and
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Figure 6: The last fifteen years of LSM data at PFO, with earthgsifilom Table 1: HM for
Hector Mine, Az for Anza (2001 and 2005) EMC for ElI Mayor Cucupah, CV for Collins
Valley, TP for Toro Peak. Shaded regionswstiomes of postseismic strain (pink) and possi-
ble anomalous strain (green).

ended at the time of the Anza earthquak2005. Atentatve location is tantalizingly close to

the aftershock zone of thivemt; the slip amount would be, very roughtpmparable toM,,

between 5% and 6. From this one example it not possible to establish a causal connection, but it
does suggest that such relationships may exist on strike-slip fault segments and merits further
investigation — which can only be done with more data.

We @n also estimate a time series of strain in the broader Anza area using local CGPS sta-
tions (PBO and other; sdégure 7); this shows a somewhat earliend different, yeatong
postseismic response to the EMé&rd, with no dilatation.However, the GPS is\&eraging wver
a large area, and so is less semsitd a locally-induced strain than the LS8/&e. Unfortunately
signals with this long a time constant cannot be reliablyveeed from the BSM data.

2.3. Resultsof DHL M easurements

DHL is deliberately very close to theverdue’ section of the San Andreas fault, and also
close to where this section meets the northetension of the Braley Seismic Zone. The seis-
micity of this part of the San Andreas isry low, though the geomorphic expression of theltf
is extremely clear Agan, geodetic measurements shoearly pure sheawith total motion of
about 25 mm/yrand there is known swate creep, often triggered at the times ofdar
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Strain from Anza Subnet: Detrended to EMC
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Figure 7: Daily strains computed from the displacements of continuous GPS stations DSSC,
P479, P484, P490, P741, P742, and PINgure 3 shavs the region ogered. Secular
trends before the EMC earthqeakas been remed; in uelyr, these trends are0. 13for
NS strain, 0.14 for EW strain, 0.01 for NWSE strain, and 0.005 for areal strain. The line
shows a one-month robust smoothing.

earthquaks; we discuss examples of this beldDHL is on a large, gentle topographic uplift
knovn as Durmid Hill; the local geology is interbedded claystones and siltstones, much
deformed and only weakly cemented together.

The first impetus twards work in the area came with the 1988 identification of this section
of the San Andreas as having the next-highest probability (after Parkfield) of producing an earth-
guale in the next 30 years; a subsequent study (Jeinals 1991) suggested that more monitor
ing was needed. In 1991 we proposed a single LSM, whigimh&anchored operation in early
1994, and has been anchored since late 18%kcond LSM orthogonal to the firsiaw funded
by PBO, and has been operating since 2005.

Figure 8 shavs the complete dataset from theotWully-anchored strainmeters at DHL.
The (nearly) NS instrument (the one supported by this request) has a long-term rate of strain
comparable to those estimated by interpolating GPS statiogities; so we conclude that this
strainmeter is recording the secular strain; we beliee same of the newer (EW) PBO instru-
ment, although its higher rate implies that there is steady dilatation at this site.

Both strainmeters shooffsets from aseismicvents, these usually last less than an hour
The 1999 eents were also recorded on a temporary (NSF-sponsored) LSM then running at DHL,
S0 we are sure these were not instrumental artefacts; we alse liedievents in 2003 to be real.
Section 1.4.5 discusses more recent aseisvaite

Having two instruments at this location is essentialdbdating that gents shav true earth
deformation and to constraining possible sourokg.ecent &ample is the went on the PBO
(EW) system at the start of 2018ince this appears only on that system we are sure that it is not
tectonic, but rather comes from rainfall that causedewto run near the instrument; some
regrading has eliminated this problem.
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Durmid Hill Laser Strainmeter Data
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Figure 8: Data from the NS USGS (l\er) and EW PBO (upper) LSKl' Traces are shn
with and without tides. Red lines are times of major earthegiaRurple line is time of
swarm in 2008, which was not accompanied byamomalous strain.

Figure 9 is an attempt to isolate the longerm changes through three stages of process-
ing. Thefirst is to remwee dl the sudden strain changes just referred to. The second is ®oanak
parabolic fit to the data; it is clear that a linear fit would not match the strain-rate changes seen.
And the third is to isolate and rere sasonal cycles using the STL methodelgped by
Clevelandet al. (1990).

The seasonalycle is dominated by an annual sinusoid with amplitude 3#ith a maxi-
mum on day 102; this is nearly in quadrature with the ground temperature at a depth of 1.2 m,
which has an amplitude of 4.23° and is largest on day ¥@&.do not yet knav whether this
cycle comes from thermoelastic deformation, or (quite possibly) incomplete correction of end-
motion by the fiber anchors; certainlgompared to an other neaisurface strain record the
annual cycle is small.

Once the annual cycle is rewsd, it is not clear if ay of the series irFigure 9 display
significant changes. The one definite change, which is quiteuttifto explain, is the secular
change in strain rate, which appears teehdecreased by a factor of more than between 1994
and the present. Unfortunately the time-sp&ar avhich dense GPS werage is ®ailable is
much shorter; only since 2006Veathere beenwen five gations within 20 km.
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Seasonal Adjustment with STL: DHL NS
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Figure 9: Long-term strain on the DHL NS strainmeiater (1) remeing all aseismic tran-
sients; (2) remaing a parabolic fit (a rate change that is linear in time, shown by the dashed
line). Thisgives the top trace; the seasonal component is plotted next, and then the residual
after removing this.The two bottom traces shwo this residual decomposed into long-term
and short-term fluctuations.

Figure 10 and Figure 11 shov the most recent set of rapid aseismic strains obdeav
DHL: 15 events in all between day 248 and day 32flis notable that the ratio of strain change
in these eents on the tw drainmeters is quiteariable. Thisimplies that the source gmns
must be different, and if tgeare in fact close to each other there are onlyvalfecations on the
San Andreas fault where theould be located, all fairly shailo

Fortunately in this case we V& alditional information from a creepmeter operated by
Prof. Roger Bilham on the San Andreas fault neaBymparing data from this with the LSM
data Figure 11) shows that while the creeprents begin at the same time as the strain changes,
they have much longer time constants, something strongly suggesti diffusion from the
source region to the surface.

There may hee been seismicity related to this, since the Southern California Seismic Net-
work reported a shale® magnitude 1.0 went about 1 km from the strainmeter on
2014:329:19:35:11 (No25) at 33.393°N 115.781°Wdepth 0.9 km. However, this event no
longer appears in the SCSN or SCEC Data Center catalogs; it neapelesm a mis-association.
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Durmid Hill LSM: Recent Aseismic Events
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Figure 10: Most recent series of aseismiceigts at DHL, September through Mmber
2015. Indvidual events shown by blue linesNote the wide variability of relate anounts
of strain offset.

Figure 8 suggests that theseeats may be associated with a rate change lasting into early
2015, with both the NS and EW instruments having lower rates than b&¥tleout further data
(past the end of this funding period) it would be difficult to decide.
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Figure 11: Expanded vier of two aseismic gents on 2014:248. Left panel shows the
strains along with data from a creepmeter that crosses the San Arairitds Km avay
(data courtesy of Prof. Roger Bilham). Theotvight panels sha the strain from the ta
events on an expanded time scale.
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