UC San Diego
Scripps Institution of Oceanography Technical Report

Title
Long-Base Laser Strainmeters: A Review

Permalink
https://escholarship.org/uc/item/21z72167|

Authors

Agnew, Duncan Carr
Wyatt, Frank K.

Publication Date
2003-01-06

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/21z72167
https://escholarship.org
http://www.cdlib.org/

Long-Base Laser Strainmeters: A Reiew

Duncan Carr Agnew
Frank K. Wyatt
Institute of Geopysics and Planetary $ics
Scripps Institution of Oceanograph
University of California, San Digo

Scripps Institution of Oceanographechnical Report

6 January 2003



-2-

Abstract

This document rgews the historydesign, and use of the long-base laser strainmeters
developed at IGPP/SIO since 1970: the longest-running and most skaiplkes of such
instruments. W describe the principles of operation, limitations on dynamic range the
frequeng response, and major sources of erawng with the design and construction
methods usedWe dso provide results on reliability of operation and the methods used to
produce final high-quality data from what is recorded in the field: both based on close to
100 instrument-years ofxperience. W describe the setting of the awlong-running
instruments in California, at Fan Flat Obseratory and at Durmid Hill; for both loca-
tions we summarize results on long-term strain, tidal strains, ammlg strain‘évents’:

the last almost all related to earthgesksince the results of these high-quality measure-
ments hge sown few departures from steady strain accumulation with time.
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1. Introduction

This review ams to pravide information about long-base strain measurements, for
potential users of such datayigg them some insight into twothe data are produced.
We havegone into considerable detail because this class of measurements is pursued by
few (in the United States, just oursed), so that the basic principles are not widely
known. Someof the material is n@sed from Agner (1986), which can be consulted for
a broader oerview of different types of strain and tilt measurement; in presenting results
from long-base strainmeters wevhdocused on more recent results.

1.1. TheRole of Long-Base Deafrmation Measurements

We begn with an averview of how longbase strain measurements fit in with the
more common methods for measuring deformation: GPS and borehole kbragibase
strain (and tilt) measurementsvieaapabilities not otherwisevailable, so that we should
use these sensors if we are serious about studying deformdtimmgbase strainmeters
(or tiltmeters) should usually be a part ofglar clusters of GPS and borehole strain-
meters, in rgions for which the aim is to measure transient signasawide frequeng
range.

There is nothing unusual in long-base instrumengsgaboth superior capabilities
and higher costs: better performance usually comes at a higher @iea. a finite bud-
get and may goals, we do not ant to werspend on high-quality sensors when other
ones wuld do; lut equally we do not ant to be too economical: if what we install can-
not measure the phenomenon of interest, weldvhave been better dfspending the
mone/ someavhere else.

Given that long-base measurementsidndower noise than other sensors in the
period range from months to anfeg/ears, are there phenomena present which can justify
their use? An uneguvocal answer is not yet possible, simply because warknsients
have been measuredwhile it might be that all transients\yeime constants shorter and
longer than this period range, it seems wljik And if aseismic transient deformations
have the same size-frequencelation that seismic ones do, we will see ynamore of
them if we use instruments withwer noise.

To gopreciate the unique capabilities of long-base sensors, drth wemembering
that all deformation measurements are ofedéntial displacement: long-base strain-
meters measurever baselines of 0.1-1 km, borehole sensorer baselines 1T to 10
times as long, and GPSa baselines 10 to £dimes as long.For each system, the lim-
its to performance come less from design details (though these are important) than from
the ewironment in which the system operates: for borehole instruments a drilled hole at
depth, for long-base sensors the acefof the Earth (it in a controlled setting); for GPS
and InSAR also the sate and in the atmosphere.

What performance do theseveonmental diferences translate intoPor periods
of days and less, the long-baserimnment is more stable than the GPS one, and the
borehole one more stable yéthe two types of strainmeters thusugaroise levels much
lower than GPS.GPS can pnade data at these frequenciesf these recordings are so
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noisy as to be uninteresting.here is onexxeption, namely at the times of dar coseis-

mic offsets (and strong shakingAt such times the borehole veronment may not be
very stable: not uncommonly the ¢gr dynamic strains cause readjustments in pore pres-
sure, something which the short baselength of borehole sensas thak ery suscep-
tible to. Long-base systemsyaaging over more of the wlume, are less fadcted (Eans

and Watt 1984), and GPS measuremenendess.

At periods of years to decades the stability situationversed, partly from the
ervironment, and partly from instrument desighhe atmospheric changes thateaf
GPS matter less because the atmosphere is more statdgesl oer long times: the
mean air pressure, temperature, ardew\apor \ary less from year to year than from
day to day But at such periods a borehole is not necessarily a stabterenent: lydro-
logic fluctuations can induce pore-pressure chanBesehole sensors also depend on the
long-term stability of materials: not just inside the instrument (which can be controlled
during manudcture) it also the bonding material (less easily controlled), and the
recently-drilled stressed rock nearby (not controlldd)ng-base strainmeters, &kPS,
measure electromagnetic radiation whose stability is tied to atomic standards: something
far less susceptible to long-term driftike borehole strainmeters, thelso hare an inter
face to an uncontrollable material, namely the rseaface materials;ut the need for sta-
bility is mitigated by the much longer baselength.

Deformation Detection Levels: Strainmeters vs GPS Positioning
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The tie to atomic standards neaskGPS the bestay to measure secular deforma-
tion, though this is also possible with long-base strainmeters: while the shorter base-
lengths of strainmeters decrease stabilitys can be compensated for by the more-
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controlled emironment of the end points.

How this all works out for instrument performance is summarizedrigure 1,
which shavs estimated noise for GPSvép a typical scale for dult-induced motions),
long-base strain, and borehole strairhe two curves for GPS and longbase strain were
derived using the method of Agme (1992); the borehole strain cenoomes from the
compilation included in the documentation for the Plate Boundary Giieey\(PBO).
That the tvo drainmeter curgs agree at the higher frequencies implies that tiereift
estimates are of the same quantity: ground nofgeperiods of (say) a week, long-base
strainmeters sho fluctuations about 100 times smaller than a GPS basetinklwThis
figure shavs that longbase strainmeter measurements are a better match to GPS in terms
of covering a wide range of frequencies withawethods of comparable sengity.

1.2. History of Long-Base Strainmeter Dgelopment

In this section we outline the w@opment history of long-base laser strainmeters,
as we hee pursued it. The first step as talen by Beger and Lobeng (1969, 1970), in
demonstrating that it & indeed possible to makrain measurements/er hundreds of
meters with an optical interferometeFhis was done in a prototype instrument installed
at Camp Elliot, near UCSOF{gure 2); but it was realized\een from the outset that this
was ot a particularly good location to measure tectonic strain changes.net step,
starting in 1971, w&s to construct three instruments at a place with flat topogrega
sonable proximity to acte faults, and no sediment\a: Pifon Flat Obseratory (PFO),
the setting of which we describe in more detail in sectionFdure 2 also shws the
site location.

The initial measurements at PFO wled strain rates that by the standards of the
time appeared to be reasonablat with the accumulation of aveyears of data it
became clear that much of the apparent signal in the long-base strairadataused by
motions of the end-piers of the strainmetersgdamonoliths set about 2 m deep in the
ground). Thdirst step vas to measure the tilts of these end-piers, a correction tet be
in 1974. This produced some imprement for tw of the instruments, i none on the
NWSE strainmeterHigure 16).

This result led in turn to the construction of the firgptical anchor’ (Wyatt et al.
1982), using an auxiliary interferometer to record the lateral displacementaxfeserfd-
monuments relate © points at depth (about 25 mjnstallation of one anchor at the NW
end of the NWSE LSM (all that fundingownld allov at the time) preided some
improvement, lut of course to get the full imprement we had to anchor both endshe
other was subsequently done, and produced, starting in about 1984, a much more stable
record.

We rext investigated using optical fibers as the light path for the anchors, rather
than eacuated pipes; this greatly simplifies the construction of such anchors (drilling
especially), and mas them much cheaper toilol and operateWe pursued this wer the
next several years, with initial results summarized in Zungeeet al. (1988), and later
results in Zumbeye and Watt (1998). Our conclusion is that fibers can be used for this
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purpose—and using them is certainly better than not anchoringthéir temperature
sensitvity limits them to being used in a f#ifential mode, which is ko they are
employed for the lateral anchoring of horizontal strain measuremehigase 16 shaws,
installation of a fiber anchor at the south (least stable) end of the NS strainmeter defi-
nitely improved its performance (there as, agin, not enough funds to anchor both
ends). Unfortunate)ythe aging of fibers also me& them inadequate for use in the most
precise measurements; for our current (2002) installations veerdaated to an eacu-

ated light-path for the anchors (Section 2.5).

Regionol Setting
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Once we had anchored theotvend-monuments of the NWSE LSM, its perfor
mance improed to the level that the ngt most important noise source became apparent:
the long-term frequencdrift of the laser systems used in these instrumeAs.we
describe in Section 2.4.2, lasers used at PFO were originally stabilized with reference to a
physical length standard; these laboratory standards turned out to be less stable than the
Earth. W nodified the system so that we could monitor the biehaf these standards
with reference to an atomically-stabilized reference laser; more recentlywwexdted
an atomically-stabilized laser to the NWSE strainmet®&Yith these combined
improvements (in place by 1987) the stability of the NWSE laser strainmeter reached a
level not seen, soar as we knw, in any aher continuous strain measuremekithile
these measurements were interrupted by a weaksishfire which swept through PFO in
July 1994, this did not damageyaaf the critical fcilities—though it destgeed much
signal cabling, and the LSMacguum pipes.The Unversity of California preided funds
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for reluilding; reconstruction of the strainmeterasadone piecemeal to ensure that there
was dways one instrument running, with priority going to the NWSE LSM.

The net stage in strainmeter ddopment took place at a welocation, Durmid
Hill (DHL), described more fully in Section 6.2 he initial impetus tewards work in this
area, at the southern end of the San Andmaas tame with a study in 1988 (Joreesl.
1991) of what monitoring @as needed for this area, which has a radigtihigh probabil-
ity of producing a lage earthquak We huilt a fiberoptic \ertical strainmeter to study
the stability of the local neaurface material, and found that iaw feasible to use long-
base instruments anchored to depth in this area (Zgmlzerd Watt 1998). In January
1991 we proposed the construction of a long-base strainmeter; construgjaonobe
year later the final optics components were installed in February 1994, and the instru-
ment has run since then, though the optical-fiber anchors were not installed and operating
until December 1994The main changes in the instrument were in theuum system
and counting electronics, and automated beam-steering: these changes combined to pro-
duce a much leermaintenance system than the instruments at PFO had been, and we
have been retrofitting the impr@ments to the PFO systems.

We had originally planned that by 1997 wewd be meing the DHL strainmeter
to a site in the Los Angeles area, toyide data on possible aseismic strain in a quite dif-
ferent (compressional) tectonicvenonment from the strié-slip settings of DHL and
PFO. In1996, the Southern California EarthgaaBenter SCEQ submitted proposals to
NSF and to the &ck Foundation to fund a substantial densification (axghasion) of
continuousGPS networks in southern California, focused on the Los Angeles area: the
SCIGN project. Theproposal to the Eck Foundation, which as funded, included full
support for the construction and installation, and initial operation, of at least one long-
base strainmeter in the Los Angeles area to complemestCiGN array Construction
on this instrument, e to the Glendale Freay in Verdugo Cayon, bgan in 2001, and
was completed in September 2002.

In 1999 we were also funded (by the Department of gynérough the Umnersity
of Nevada) to install a long-base strainmeter in the south adit of the Exploragsty T
Fecility of the proposed radioagg waste repository in ifcca Mountain, Neada. This
was darted in 2000 and &6 also completed in mid-2002; in this case much of the con-
struction has been done by contract personnel according to schedules set by DOE.

2. Principlesof Operation

In this section we discuss, in some detail, trey w1 which the long-base laser
strainmeter wrks. We begn with a general xplanation of the basic measurement
method, optical interferometrgnce this is not something most gegpitists vwork with.

We then describe the details of the implementation of this to the laser strainmeter; we
provide a detailed description because an understanding of these details is needed to
appreciate what the instrument performance can be, in terms of dynamic range and fre-
gueny response—which is what we addresstneWe then discuss three sources of
error:
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. Variations in the optical path lengtfihese are straightfoawd to reduce, W they
govern the need parameters foracuum system.

. Changes in the laser frequgncThe stability we need remains avdiepmental
issue, at least for a reasonable pritde gve some general background on lasers,
for a better appreciation of the problems.

. Motion of the end pointsThis has turned out to be the single biggest source of
noise at long periods, and magigng it (using ‘optical anchors) a major source of
construction cost.

Intensity |,

B
|:| ; | ML A J min

6 Path length difference A
D

Figure 3

2.1. BasicMeasurement Method: Interferometry

The optical system used in the long-base strainmeters is an interferontetér
depends on theavenature of light. Figure 3shavs a schematicersion (Born and \bf
1980) of a Michelson interferometeA beam of light from a source S is sent to a beam-
splitter B, where it is dided equally and goes to daweflectors M and M. The
returned beams meet and interfere at B, the interferedyegeing (in part) to a detector
D. If the source is monochromatic with intenditythe electric field of the beam incident
at B from S will be the real part & = aé** with | = 255" If the optical path lengths
BM, B and BMgB are /A, and AR respectrely, then the electric field of the interfering
beams will be

5 = % agei(wHkAL) + g(et+kAg+0) g

where© is a phase shift introduced by the multiple reflections and transmissions and
k = 2z/4 is the vavenumber of the light.The intensity seen by D %ZCZ’; or
lc =2 1[1 + cosk(Ar—AL) + O)] 1)

which will vary with the path length dérence/\ = Ag — A, as shavn on the right-hand
side ofFigure 3 Equation (1) implies that the intensity shoubthy sinusoidally between
zero and some maximumalue: the well-knen interference fringes.In fact
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imperfections in the optics mean that some scattering occurs, so that the intamnsgy v
from I, tO - the ratio of this dierence to what auld be possible in an ideal system
is called the depth of modulatioff. this depth &ceeds a minimumalue, measuring the
light to dark transitions (fringes) will allo us o detect m@ements of either arm of the
interferometer For the long-base strainmeténe arm to M (local) is fixed on an optics
table; the measurement is maderdghe longer remote arm, todyiwhose meements are
measured.

All this assumes perfectly monochromatic light; in practice the light will be a mix
of frequencies.It is easy to see that for the fringes to be visible the maximum intensity
for light at one frequernycshould not coincide with the minimum for another frequenc
this means that thegument of the cosine in (1) should be nearly constHirihe range
of wavenumbers in the light source A, this impliesAkA < z. The coherence length
L is 2z/Ak; in terms of this quantity we gét << L/2. A more &act analysis of fringe
visibility (Born and Wlf 1980) shavs that for a source with a Gaussian line shape the
fringe visibility will be 80% of its maximumalue forA < 0.25L. In terms of bandwidth
(the usual specification) this means that< c/4/\, which for a one-kilometer instrument
would mean a laser bandwidth of less than about 0.1 M¥tg.unless the interferometer
arms are nearly equal in length, the source mua haarrov bandwidth (that is, a long
coherence length)This means using a laser (of a rather special kind) as a light source.
The main measurement of the laser strainmeterAhagual to the instrument length,
which is hundreds of meter&or the optical anchor system (Section 3.3) the path lengths
of the two ams are made more nearly equal, so the laser candaorter coherence
length, and less stability

Parallel digital output

Quarter—
P; G )
MW — UL fringe =5
Combi d/D:)—D— logic B D/A RC
ombine = Converter analog |  _ Analog
beam Pq Cq and =4 lowpass output to
\DMDM =— (18/16 -
Up,/down == bits) filter datalogger
q counter
Ah (T=500s
‘E T or 0.8 s)
Manual counter
setting
Figure 4

2.2. Recordingof the Signal

The interferometer system, in its simplest form, generates changes of intensity in
the combined output light beam as the optical path length chakggs.e 4 shavs, in
block-diagram form, the strainmeter electronics, whichveds these intensity changes
into a recorded change in strain.

The first step is actually tak in the optical system: one half of the beam sent to
the local reflector has its phase retarded BBy §9that half of the combined beam is in
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guadrature with the other halEach half is then sent to a separate photodetegtan(P

P,) so that the mailable input is tvo intensity signals, separated by’90'hese can be
thought of as the in-phase and quadrature part of a single couwgileed intensity; as the
simple sletch inFigure 4shows, the result of changes in length is toventhis signal in a
circle, with the direction of rotation determining if the path length to the remote mirror is
increasing or decreasingd complete rotation of the signal by 36@round the origin
corresponds to a full-fringe change in optical path length; In practice, becauderaiglif
depths of modulations of the tmbeams and imperfect phase retardation, this Lissajous
pattern is not anxact circle; It unless it is badly distorted its rotation can still be mea-
sured.

Because these in-phase and quadrature signalsacamith a high frequeryc(see
the net section) thg each are simply digitized with a single-bit system: a pair of com-
parators, Cand G,. The four possible outputs of theseoteystems then define, as st
in Figure 4, four quadrants of the complentensity; at this beel, the signal has been dig-
itized to the nearest quartiinge! These tw one-bit outputs are then fed into some
simple hardwired logic circuits which output a +osignal to a digital countefThe out-
put of this counter represents the strain change.

The fringe counting electronics is capable of operating at frequencies ueral se
MHz, but for digital recording at reasonable speeds some filtering of the signal is neces-
sary to &oid aliasing. The output of the fringe counter therefore is used tedai dgi-
tal-to-analog coverter, whose output is passed through a single-poMpéss filter and
then redigitized.The standardtectonic” recording system uses a filter with a time con-
stant of about 500 seconds; we also operate channels with shorter time constants, and dif-
ferent @ins, for recording seismicawves: the @in is just a function of which bits from
the counter are fed to the A-to-D, and the time constant just depends on the filter

2.2.1. DynamicRange and Fequency Response

We ae nav in a position (finally!) to discuss the capabilities and limitations of an
optical interferometer for recording earth strais in seismic recording, the st sig-
nals come from seismicawes, and it is useful to remember that the peak strain from a
plane vave with displacement amplitudd and wavdength S is d/S; if we put this in
terms of the wvefrequeny and phase @locity V we can find that the peak strain rate is
amax/V, where a5, IS the maximum acceleration associated with tla@exGombeg
and Agnev 1996).

Dynamic Range. This includes both the \eer limit of what can be resadd, and
peak alues; the latter has to be discussed in terms of both strain and straifRinsttef
all, a change in pathlength fdifence/A (a full fringe at the detector) corresponds to a
change in baselength @12, since the light path mek a roundtrip to the mirrordzor an
instrument of baselengtB, this means that one quarfenge count corresponds to a

1 This system in part reflects whaasvpossible when the strainmeters were fingit.b
Direct digitization, to more bits at the same speed,uspuassible, and could pvide res-
olution to a small fraction of a fringe—dbthe current resolution limit is more than ade-
quate.
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linear strain ofi/8B. For A = 6.328x 10 'm and B = 500 m, (the parameters we will use
throughout this discussion) each count is thus82x 10°%° of strain change As with

ary other digital system, whatrésolution’ this corresponds to depends on the sample
rate; for 10 Hz sampling this corresponds to weqrospectral density 6f214 dB relatre

to 1e2Hz™*, which is well belev ground noise xcept perhaps ale 1 Hz.

In terms of the upper limit, for strain-ratesvienough for the counter not to mis-
count, the dynamic range of the optics and electronics is infinite: though the counter may
“wrap around’ (from all bits on to all bits &f as the number of bits it can hold is
exceeded, it will not lose track of the upydo counts. Though when the counter wraps
around there will be an apparentset in the analogaoltage, such déets will cancel out
for a transient signal—so while &ny lage transient will be distorted, the strain change
across it will be correctly measurewvith a 16-bit D-to-A, the limit for no distortion is
close to 10 in strain; of course, unless the analog signal is digitized at least at the same
level as the A-to-D conerter, the final recorded signal could be limited by the range of
this digitizer For a 1-Hz P-wave this amount of strain @uld correspond to a 5 mm dis-
placement. br suficiently large strains, of course, the optics will no longer be in adjust-
ment; we beliee the current systemauld cease to ark for strains much alve 2x 10°7°.

Rate limits and Frequency Response. The electronics of the photodetector are
bandlimited at about 1 Mhz, which corresponds to a strain rate of abdst'1@nore
rapid strains can cause the Lissajous pattern to become so small that the system does not
count the fringes accuratelysing the rule of thumb ake, this would correspond to an
acceleration of 2—-3 & which is strong shakingThe actual limit from local shaking
would be set by vibration of the optics, which will cause the aim of the beams to become
incorrect, so that fringes will not be formet¢h practice, the strainmetersveagven
accurate records for all teleseisms argiaieal earthquads; Tble 1 (updated from ytt
1988) shwvs that the cases in which the recordiregswnot accurate were either moderate
earthquaks \ery nearbyor large hut still local events. Aswe note in Section 7.3.1, in
such eents GPS and INSAR record the coseismieat$ quite well.

Table 1. Earthquakes Miscounted, Pilon Flat Obsewatory

Earthqualke Date Mag R, km Amax, M/
Horse Cagon 1975:214 4.8 18 0.78
Buck Ridge 1980:056 51 19 1.40
Anza 1982:166 4.8 24 0.53
N. Palm Springs 1986:189 6.2 45
Joshua Tee 1992:114 6.1 43
Landers 1992:180 7.3 66 0.48
Anza 2001:304 51 19

!Pawer failure at site, still dfat time of Big Bear eent.
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The actual frequencresponse of the signal as recorded v&mgby whateser ana-
log filter is applied to the output of the D-to-A eerter, and may be adjusted to be what-
eve is aitable for the recording systentdowever, there is also an intrinsic limit, since
for high-frequeng waves, the vavdength of the recorded emgr becomes comparable to
the length of the instrument, and hence spatially aliased.

PFO NWSE M, Strain Tides vs Time
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2.2.2. Linearity and Calibration

The strainmeters can bery precisely calibratedThe \alue of 4 is knovn to
within 10°, and the baselengtB can easily be determined to within 1@Qsing sur
veying methods: though it is probably not meaningful teedd more accurately than
103, because the cross-section of the piers is aboWiB10The number of datalogger
counts per fringe can be measured tova fiarts in 16 by manually setting the fringe
counter to a &lue and comparing this with thalue recorded on the datalogger; the only
reason for a change with time in thiswid be a drift in the D-to-A coerter. The time
constant of the lepass filter can be measured by fitting apamential to the recorded
response of the filter to a step, which can determine the time constant to withitb 1% (
seconds for the standardmMpass filter; this corresponds to an uncertainty in phase of
.004° at tidal frequencies)Figure 5showvs the estimated Mtide at PFO wer the last
two decades; the lack ofaviation shavs that the calibration, and the tidesyéaot var-
ied significantly (about a 1% uel) over this time. (The borehole strainmeter results
reported by Haret al. (1982) for the same location did sh@me significant secular
changes in the tides).

Obviously, the interferometer and counting electronics, being digital, are intrinsi-
cally linear Agnew (1982) ekamined the tidal signals from the NWSE laser strainmeter
at PFO and found a nonlinear,Mde of amplitude not more thanx610*2, or .05% as
large as the Mtide of 1.2 x 10" which would imply a squaring nonlinearity of 1 part in
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1000, which could easily be present in the analog filter (tige leapacitors used for the
tidal filter can be slightly nonlinear).

2.3. Error Sources I: Fath Length

In Section 2.1\, and Ay are theoptical path lengths; if light tneels through a
medium of refractie index n, thenAg = nlg, wherel; is the plysical length. Minimiz-
ing the efect of \varying n plays a lage role in the strainmeter desigAt standard tem-
perature and pressure, the temperaturdicft of air is not much wrse than for Iver,
but the sensitiity to pressure changes (which are harder to shiedthsf) means that an
open-air system will g large spurious signals unless both arrasg/wtogether The sim-
plest solution is to gulate the pressure by holding it near zero; this also reduces the tem-
perature sensitity and nearly eliminates bending and distortion of the light beam by
temperature gradientd/echanical mcuum pumps can easily reachdl P

It is thus the case that a longbase strainmeter interferometerdasrisv one long
one in a pipe in which pressure ispt lov but which is eposed to temperature, and the
short air paths at the interferometer and retrorefleatbich are at (fluctuating) atmo-
spheric pressure,ub temperature controlledBecause sliding couplings (omore
recently bellows) are used to compensate for thpamsion of the pipe, the lengths of all
these paths may be &kto be constantt should also be noted that the length of air path
that matters in producing changes in the interference pattern is et in length
between the interferometer arms; this is designed to be small.

For a path of length/\ through a medium with indeof refractionn, the number of
waves o a wavdength 1 will be

2N

N=—n
A
The inde of refraction of air at the laseravdength is (Owens 1967)
Ty P
nN=1+ny— =
Po T

wheren, =2.76x 104, P andT are the pressure and absolute temperaturePgrachd

T, are standard temperature and pressu@l@x 10° Pa aad 298 K). If we defines to

be the ratio between the path lendthand the strainmeter lengt, we find that the
dependence of strain on temperature and pressure is

dé' _ n ToP dé' = sn To

dar " °T2P, P ° TP,

For the air path, the mean temperature asyvnearlyT,, and the mean pressure about
0.86P,. The path length diérence is about 1 cm, go=1.4x 10°. The pressure and

temperature sensiities are then

de _ 1 de _ oy
7 =~ 1.5x 101K 5 =4 4x10Me/Pa

The spectrum of atmospheric pressurenshthat the pressurefefts may be rgdected;
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even the semidiurnal atmospheric tides, with an amplitude of abcuP&0produce an
apparent strain of less than™10 The temperature fluctuations of the air path (in the
temperature-controlled enduildings) hae a durnal \ariation of about .25 K, so that
these also should not conuitle significant apparent strain.

For the \acuum paths is 1, P is about 1 B and T varies between 275 and 300 K.
The temperature and pressure dependence of strain is then

dg — 11 dS _ —9
e 10¢/K ) =2.8x107¢/Pa

The air temperature typically has a diurnatigtion of 5 K, though the temperature of the
vacuum pipe may ary by more than this because of insolatibtowever, increased pipe
temperatures also lead to more rapid assing, which can result in increased pressures.
For the system n@ in use (no pumping), the direct temperatureafprobably is domi-
nant; as the time since the last pumpdaoncreases, we see an increasing amount of daily
cycling of the strain (though much less than the tides).

A small portion of the optical path is in the glass wwdoused at the end of the
vacuum pipe. In addition, two of the strainmeters at PFOJsaa pism at the center to
allow the vacuum pipe to folle the terrain. The temperature fefcts in this case arise
both from a change in ingef refraction of the glass and from an actual change in path
length caused by thermakmansion. Ifthe coeficient of thermal gpansion is«, the
apparent strain is

0 onQ
—_ + I
S~ 57
For the glass usedy=1.515,0 =7.1x 10° K™ andg—_? =1.3x10° K™, The length
of the prism (or of both of the wind) is about 5 cm, so the cbeient is
de _ 10
aT - 3.4x 10 elK

The end windw temperature fluctuates by about .25 K, producing an apparent strain of
101° the prisms, though insulated, are not temperature controlled, and prohabip v
temperature by seral degyrees, producing an apparent diurnal strain 6f.1This rela-

tively large efect has encouraged us not to include prisms in our more recent instruments.

2.4. Error Sources II: Laser Frequency

Obviously, a mre element of the optical system describedvali® the laser; and
since these (especially stabilized lasers) aegnagopt generallydmiliar to geopissicists,
we a@in bagin with some background to nakiear what is needed for crustal deforma-
tion interferometry We ae then in a position to describe thefetiént laser systems we
have wsed, and are using.
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2.4.1. Backgound on Stabilized Lasers

We reed a laser which produces light that is as monochromatic as pogsible (
small, orL large) and whose frequendoes not change with timelhe second require-
ment comes from the appearance of the prokliiah equation (1); a change kncannot
be distinguished from a change/in If we use a Michelson interferometer with oneefiix
arm, strain in the other arm and fractional changesawdength (or frequeng of the
light used are numerically egualent, so that \&vdength stability must be £10°8 yr™
or better Stability is usually gven in frequeng, and for a helium-neon laser 1 MHz fre-
gueng change corresponds to a fractional freqyetitange (apparent change in strain)
of 2.1x107°.

Cavity modes

(dashed if unexcited) Lasing gain curve

Gain

i— — —i Threshold

Frequency
Figure 6

The laser umversally used for the best frequenstability is a HeNe gs laser
which is a tube filled with anxeited plasma and with highly refleati mrrors sealed on
each end.These mirrors form an optical ity resonatar The eccitation causes the Ne
atoms to be in an waerted population distriltion, with more in a high-engy than in a
lower-enegy state. Stimulated emission can then ¢aflace: a light vave of frequeny
corresponding to the transition eggrcan cause an atom to lose @yeby radiating
exactly in phase with the incidentawe Thus, a light vavewith the correct frequerc
will be coherently amplified as it passes through the tdidee mirrors reflect the light
back and forth, with some amplification on each pass until a steady state is reEuhed.
mirrors transmit a small fraction of the resonant light, and it is this light thatyemer
from the laser

The wavdength range wer which stimulated emission tek place is, for an indi-
vidual atom, ery narrev: Ak/k can be 10" or less, which for the visible Ne line with
A =632.8nm would gve a oherence length of 6000km—more than adequatdiow-
eve, in practice the range of frequencies emitted can be much bro&deratoms in the
tube are not at resubhave a mnge of elocities relatte  it. A light wave with fre-
queng dlightly different from the transition frequenavill interact with those atoms
whose motion causes a Doppler shift that esathe light appear to Y& the transition
frequeng. Because theelocity distritution is Maxwell-Boltzmann, aves with increas-
ingly different frequencies will seevier atoms with the correcelocity and will be less
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amplified as thg pass through the tuberigure 6 shavs the @in cune, or amount of
amplification \ersus vavdength. Dopplebroadening means that lasing canetgace
over a wavdength range of about@n, orAk/k = 3x10°. Outside this range there are
too fav atoms (and hence too little amplification) teeccome losses: the laser is bglo
the @in threshold and will not lase.

At a gven moment the \avdength of light emitted by the laser is determined by
the distance between the end mirroiidie wavdength must correspond to a resonant
mode of the optical edty formed by these mirrorslf it does not, the multiply reflected
waves will not interfere constructely and there will not be sustained amplificatiorhe
approximate condition for resonancelis 2\./N, where/\. is the optical caty length
andN an integyer, each \alue of N corresponding to a dédrent longitudinal modeWhile
the caity has losses, ging each of its resonances a finite bandwidth, this bandwidth is
much less than the Doppler widthyigig a gain cune for the caity which is a series of
unit spikes at the resonantawdengths (also slvan schematically ifrigure 6). In mary
lasers, there ares®al modes whose avdengths &ll inside the gin cune; the output of
these deices is a mix of frequencies, with a coherence length of 0.1 to Tonget a
long coherence length the laser must be made smble frequency, with only one mode
excited. (Inthe laser literature ‘multimode’ often refers to the trans& structure of the
light beam; the modes considered here are longitudifidle spacing between modes is
%12/ so that forA, sufiiciently small (less than about 15 cm) there will only be one
mode e&cited; the frequencies of the others wdllfbelov the threshold Ml of the gain
cune.

A single-frequeng laser is sdiciently monochromatic to be used in long-base
interferometry but the wavdength of the emitted light depends directly Apand thus
will shift with changes in the pisical separation between the mirrors or the refracti
index of the path between theniThese can bothavy a lot (10° or more), the only
restriction being pnaded by the width of theajn cune; once the mode avdength
moves too far from the center of theag cunre, the laser will stop lasing in that mode.
The wavdength must therefore be stabilized in somsywhav best to do this has been
much studied since lasers werevdeped (Baird and Hanes 1974), and it remains an
active field. Almostall techniques lett depend oM\, but add a feedback loop that
varies the plsical length of the acdty to keep the emitted awvdength ‘locled’ to some
particular behaor. A wide range of methods set the lock point using the shape of the
gan curwe, for kample by adjusting tawmodes on either side of the cerp haveequal
strength, with only one mode being used in the interferometew(Bi®81). The lasers
we currently use are of this type, theotwnodes being orthogonally polarized:he
resulting stability while much better than that of a ‘free-running’ lagernonetheless
affected by shifts in theadn cune, which alters as the tube ages and as changes in the
pressure andag composition occur

The most stable lasers use a passaturated absorption cell placed within the
optical caity, in series with the gin cell which contains the plasm@he absorption cell
is filled with a @s chosen to ka an asorption line at a avdength within the gin
curve; this absorption line, lik the laser gin, will be Doppler broadenedub the
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absorption will be less at the peak of the absorptionegigving an enhanced laser out-

put at this frequenyc The gas used in the absorption cell, being purely passan be
chosen for the insensitty of its spectral peak to pressure or magnetic fields, rather than
its lasing €ficiengy; and, because the cell does not contain a hot plasma, its properties
will be more stable with timeWhat has become the standard system uses a HeNe laser
radiating at 632.8 nm, with an iodine absorption cell (Layer 19B6hg-term compar

isons between iodine lasers (Chartier 1983wsstabilities of 3x 1071° s over 6 years,

far better than is needed for crustal deformation measurements.

2.4.2. Laseraused in Laser Strainmeters

The lasers used at PFO were originally stabilized with reference tysacah
length standard: a quartzalbry-Perot caty in a tightly-controlled ewironment. As
noted abwe, this was still—surprisingly—less stable than the Earth in the long term.
Working with Dr. Mark Zumbege, we installed an iodine-stabilized reference laser at
PFO, and used optical fibers to send the light from each strainmeter laser to the location
of the reference lasee muld then monitor the frequeypof the lasers (ééctively the
length of the caties) by observing the beat frequgrat the combined light sources.

This system pneed to be adequate bt had tvo defects: it required considerable
effort for the frequent comparisons (visits to the site), and the originéy-caabilization
scheme required a substantial amount of attention, both because of the amount of sophis-
ticated electronics wolved and its ageFor the DHL strainmeter we needed a laser with
adequate stability on itsam, and so empieed a polarization-stabilized laser which has
proven to be dable enough and reasonably reliable; we ang @so using them in the
NWSE and NS strainmeters, and will also be installing them in auemiastruments.
We ontinue to use an iodine system for occasional checks of the stability of these sys-
tems.

2.5. Error Sources lll: End Point Motions

The lagest source of noise inyagood deformation-measuring instruments isvho
it is attached to the earth: afaitilt problem, not least because it must be done in the field
rather than in a laboratoryThis location also means it is much messaad much less
amenable to quantita® dscussion, than the errors discussed in theipus sections.
We there mak anly a fev general comments, and then describe the system-effteal
anchor—that is used for the long-base strainmeters.

While the surdice of the earth is accessible at loost, it is not, unfortunatelyas
stable as is neede@his is not to say that it is decoupled from deeper motions: seismic,
tidal, and geodetic measurements made at thacgudiearly reflect motion at deptihe
difficulty with surface installations is not that signals from deeper motions are ahsent, b
that these signals are masgkby other motions of the nesurface layers.Very com-
monly, strain or tilt measurements made near theas@rfsher a correlation with raindll;
such meteorological noise has been olextim a wide range of setting®ne probable
cause is deformations caused layyng groundwater pressure; another possibility is the
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Durmid Hill: End—Monument Displacements
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Figure 7

inflation of waterfilled cracks (Eans and Watt 1984). Shallov installations are proba-
bly more afected by local motion of thegelith caused by wetting and drying.

Such motions can easily causgylassignals in neasurface deformation measure-
ments. Br example, a relatie notion of 0.1 mm yr* at one end of a 10-m instrument
would give an apparent deformation of 8102 s%; this is much lager than tectonic
rates, it the soil creep causing itowld be too shw to be measurable by geomorphologi-
cal methods.Measurements at PFO patt 1982) shwed that lage monuments (1 fror
greater) at depths of 2-3 m wenl .02 - 0.1 mm yi* horizontally; the horizontal displace-
ments inferred from tiltmeters at a depth of 4.5 m were 0.002 - 0.01 tm The
motion was episodic, being correlated with the infrequent ralisasurements at PFO of
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the \ertical shifts of monuments 2 m deepwstamilar rates of motion (Watt 1989).

Figure 7 shawvs a similar results for aevy different setting, namely Durmid Hill,
which is described in Section 6.27he neaisurface materials are barely-indurated Pleis-
tocene sediments, certainlgry different from the batholith at PFQrigure 7 shaws the
displacements of twend-monuments, each monument being measured by paivs of
fiber-optics anchors (see balp This figure also shws the diferential displacements
between the tov ends, and the same for dwpairs of unanchored monuments; of course
both of these are just strain measurements, and sotgles. Thewo monuments asso-
ciated with the NS system Ve otal motions approaching 1 mm; these argspally
anchored by the steel borehole casings, and in temperature-controlledrouader
vaults. The" unanchored monuments consist of inclined andrtical rods dsien to 6 m
depth, isolated from the material around them to 1.5 m, and inside-eonditioned
building. Therelatve dsplacement between theseotwarks has been much more rapid,
and of the same magnitude.

Figure 8

Our solution to the problem of endpoint motion is another optical system (another
interferometer) to tie the sade measurements to depth: herfoptical anchor’ (Wyatt
et al. 1982). Thisis, efectively, a diear strainmetermeasuring along tw equally
inclined boreholes, both lying in the sanmertical plane as the anchored strainmeter and
intersecting at a point on the sagé. If,as shan in cartoon form irFigure 8 B, andB,
are the distances from the point of intersection to the bottoms of théoles, 8 the
angle of dip of the holes, argithe horizontal motion of the point of intersection in the
plane of the holes, simple geometryegi s=2(B; — B,)cosd. To measureB; — B,,
retroreflectors cemented at the bottom of each hole and a beamsplitter at the top form a
Michelson interferometer

Optical anchor response, and range. Because the interferometer arms in the opti-
cal anchor are of nearly equal length, an unstabilized multimode laser can be used as the
source. Thdringe-counting system is the same as for the main interfergraeteso has
the same frequegcresponse (flat toery high frequencies) and dynamic range {10
strain without wrapping, which euld be a displacement of 0.5 mmlhe limit on the
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physical displacement is probablyseal mm.

Optical anchor stability. The long-term stability of the anchor depends on fae-
tors:

1. Changesn the optical path lengthThe first anchors (at PFO) used amaoceiated
path; lut this was so dificult to construct that we turned instead to optical fibers,
which require neither a lge nor a straight holeln the terms used in Section 2.3,
this means that the entire path is glass, so that the analysis for the center prism
applies, with the length being the fdifence between the twerms. Thiscan be
made small, bt avoiding temperature &fcts then requires that both armeeri-
ence the same temperature changesen the symmetrical design of the optical
anchor this is roughly true.A bigger problem with the fibers is that the irRd#
refractionn varies with time as the fiber ages; and the rateaofation is not the
same een for adjacent sections of the same fibAnchors using fibers thus drift
somevhat with time;Figure 9shaws the diferences between the avgetups shan
for each end-monument Figure 7, and shavs rates of up to 8 10°m/yr, which
for a 500-m strainmeter auld give a $rain rate of 4 10°8yr™: close enough to
mary tectonic rates that we Y come to belige that, except in areas of high strain
rate, an eacuated-pipe system is necessary

Durmid Hill: Fiber—Anchor Differences
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2. Thecoupling of the bottom of the anchor to the groulde ement the remote
relectors in with gpansve gout, hut in the end he stable this is can be sivo
only by the end resultAs Section 7.1 shws, fully-anchored strainmeters sho
excellent long-term stability

3. Construction Details

In this section we discuss some of the construction details needed to actually real-
ize the systems described in theywas section, with a special emphasis on particular
design choices which i@ o be made.
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3.1. Ptlysical, Vacuum System

The plysical design of the strainmeter is dominated by #wium pipe connecting
the two end tuildings: these components dominate the weight (abeut®kg). Except
in the first (Camp Elliott) instrument, th@aauum pipe has been made from aluminum
sections 24long, with flanges and O-ringaglets between each sectiofRor ease of
adjustment the interferometer optics and remote retroreflector are not imdheny
Because of this, gnmotion of the end of thevecuated pipe changes the proportion of
the path in air and inacuum, and therefore the optical path length, with 1 mm of motion
causing an apparent strain of 0.4 rifemperature changes cause the aluminum pipe to
expand and contract up to 0.6 o diminate this problem, theacuum pipe is anchored
in the middle, and joints are put at each end thapkhe end of thevacuated path a con-
stant distance from the opticé prism at the midpoint of the pipe alls a break in the
optical path, so that the pipe need not be in a single straight se€henoptics at each
end are inside hedy-insulated boes in small akconditioned hildings.

One byproduct of anchoring the strainmeter endpoints, unanticipated and at first
not appreciated by us, is a much immavacuum systemWith unanchored endpoints,
the ends of theacuum pipe needed to be sealed with a fedback, telescopically-sliding
(and, as it turns outjeéaky”) joint, so as not to introduce stresses in the ground close to
the ends.Deep-anchor referencing of the endpoints eliminates the need not to stress the
ground, so we can instead use a pasisllows system cemented to the groufdhe first
full implementation of this, at DHL, sked that the acuum in the main light path could
be maintained at an acceptableelg< 10 Pa) for months without pumping; the three
instruments at PFO hadways required continuous pumping with dar mechanical
pumps. Nohaving to run the pumps mak the strainmeter a muchwer-power system,
reduces the electricity bill, and nmedcthe data lgely resistant to the ingable paver
failures, since the entire instrument can be run on backup uninterruptiiode phis is a
substantial impreement. (Gven this finding, we installed similar beliss systems into
the NWSE LSM at PFO after the fire, with the desired beneficial resiilie \acuum in
both strainmeters deades at a rate that depends on temperature, suggesting that out-
gassing is the cause; the rates deduced at aboBitilBn?, which is reasonable for an
unbaled metal system.

3.2. Power and Electrical

We aurrently estimate the peer consumption of the strainmeter at around 1200 W
Of this, the lagest part (about 900 W total) is for the eemtional air conditioners on the
two end huildings, which preide the first stage of thermal control for the strainmeters;
the actual optics table and end monument areilgaasulated, and will hee a gcond-
stage actie emperature control (about 40 WJhe three lasers for thearous interfer
ometers use about 90,\Ahd the strainmeter electronics about 50 We datalogger (a
PC) and telemetry account for the remaining 1Q0IWthe older systems, the continu-
ously-running acuum pumps accounted for another 1.5, Idfectively doubling the
power requirements,ut with the impreed vacuum system these pumps are run only a
few days each yeasdt times selected to be when there are no other problems.
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We follow standard procedures for grounding our equipment (tying all grounds to a
single point) and for isolation from per-line spikes. W\ havenot had significant prob-
lems from lightning at PFO, despitegtgar thunderstorms in the summe3ccasionally
some electronics is damaged by nearby esrikhough it is notable that a nearly direct hit
in November 2001, which damaged nyafacilities, did not dect the strainmetersOf
course, the denhole components (and much of the uphole measurements) are optical
systems, and so notf@fted by lightning; wen a drect hit on the enduildings would not
affect the davnhole reflectors.

3.3. Optical Anchors

The plysical layout of the optical anchor is, at each end of the instrumemt, tw
boreholes, inclined at 3drom the \ertical, both in the ertical plane aligned with the
azimuth of the strainmeter axig'hese holes need to intersect at a point directly in-line
with the main strainmeter beam, and as close as possible to the main beam-splitter (or
retroreflector) this turns about to be about 0.3waya The casings for the boreholes
extend into the cement columns which form the end-points for the strainmétethe
intersection just abwe the optics table which is secured on these coluniteflectors
mounted near the bottom of the boreholeseesvthe fiducial reference points for the
instrument.

Proper orientation and alignment of theotloreholes are essential to the operation
of the instrument, and a challenge to driflor the first installations at PFO we used a
water-well, top-head-dxie dill rig, positioned abwe each strainmeterault and loclkd at
30° from vertical. Theholes were drilled to 23 m with an 16.5 cm air rotary percussion
drill; to maintain straight holes the hammer basamolloved by a 6.4 m stabilized drill
rod, made by welding three steel bars in a spiral along a standard drill section so that the
overall diameter vas 16.5 cm.Profiles of these holes shied nearly uniform cumature,
with a deviation of less than 5 cm from the straight line connecting the end pdihts.
final clear aperture, necessary for the laser to illuminate the center of both remote reflec-
tors, was 3.5 cm, barely lger than the beam diameter (2 cnMore recentlyin Los
Angeles, we contracted with Malcolm Drilling, who used a track-mounted double-head
rotary drilling rig (Klemm 860). This equipment ws much more suited for the task,
though it laclked a means to stabilize the drill bit,ittWthis system we achied ade-
guately straight holes for anchoring to depths of 14 and 21 m, as planned for that installa-
tion.

Each of the boreholes is cased with PVC pipe, with a 1.2 m stainless steel anchor
ing assembly threaded onto the end of the casife assemblies are cemented into
place using non-shrink grouRubber pads are attached to the bottom of the anchors to
reduce axial loading caused by borehole rebound and deformation of the cdiment.
cementing grout is pumped through checltves in the bottom of the stainless steel
assemblies and up the outside of the PVC casings until it reaches #oe surf

Near the upper end of the stainless anchoring assemlipered and threaded
insert seres as the mating sade to guide and secure the retroreflector housligs
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housing is attached, by stainless steel bad)do the end of a long stainless stesiuum
pipe. Thebellows are required both to isolate the reflector housing fromabewn pipe
mechanically and to alo compensating pressure on both sides of the reflettoe last
stage of assemblyvnlves lawvering the acuum-pipe assembly into place and twisting it
until the davnhole reflector housing is securéhe \acuum pipe is left supported at the
surface, assuring that the reflector housings, though still coupled through thesballe
not subjected toxeessve longitudinal forces from the weight of the tubing or from ther
moelastic stresses.

We measure the monument displacement usingi(@@ Michelson interferometer;
because the twoptical paths for each anchor arery nearly equal, this system does not
require a laser with particularly high frequgrgtability. The frequeng stability of an
inexpensie He-Ne laser &k/k = 107°) gives a maximum error of only % 10° m for a
representate path length diferent of 5 mm.

To reduce possible errors, the pressure in the ancwmrun pipes is leered by
connecting each pair of pipes to the maacwm system of the laser strainmeter
Because of the chokingfett of this connection, the pressure in the optical anchor v
uum paths can be as great as &6-Fhough this is more than adequate to eliminate tem-
perature diferentials in the tw paths as a source of errddoweve, pressure dierentials
of only 1 Ry would correspond to a displacement of B0 ® m, which is roughly the limit
of resolution of the instrumentMaintaining the absolute pressure el0 Pa limits the
magnitude of the diérential pressures to an acceptablelle

4. Operations

4.1. Reliability

Because our data-editing procedures (Section 5) include creating files which
describe all edits, it is not diiult to state the reliability of the complete systehable 2
gives the statistics of 2495 days of data from DHL (a more modern system, run without
mary changes), from 1994 through 200The total davn time is about 5.5%,ub about
half of this is in ery long interruptions; the maximunayg is 17.56 daysThe mawy
shorter @ps require an g€ient edits-handling systenubdo not pose arreal problems;
Section 5 describes the editing procedures weviollo

4.2. Required Maintenance

What do we hee o do to get this reliability what causes theags in the data, and
what can we do to impve the situation?The laser strainmeter requires senguiar vis-
its as the optical alignment gradually drifts from proper adjustmEmé. principal cause
for this, misalignment of the beam to the distant reflecsosomething we can and do
automatically correct to a lge dgree, lnt there are limitations to what can be done as
some of the adjustments are coupled (non-orthogonal), making simple fedback controls
inappropriate.
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Table 2: Statistics of Edits ér DHL
Gap length #gaps  %of series % series OK

hr if not fixed
0-1 145 0.13 94.54
1-2 71 0.17 94.67
2-3 34 0.14 94.84
3-5 40 0.27 94.98
5-12 42 0.52 95.25
12-24 11 0.30 95.78
24-48 7 0.34 96.08
>48 18 3.58 96.42

Frequency of visits. For the ng-generation instruments we anticipate the need to

visit at least eery other month (6 times a year), after the initial gtlvn period. We
currently attend to the instruments aboudrg two to three weeks, with theulk of these
interventions being handled by on-site personrite biggest sources of dataps, in
roughly decreasing order of importance, are:

Power failures. Disruption of the paer has preen to be the greatest source of trouble

for the laser strainmeters, often requiring visits to reaeibws control systems.
One of the more ditult issues actually stems from the automated {asam
steering: this control system, while trying to impeahe alignment, can actually
make aroneous unrecerable adjustments depending omhibe paver is lost and
restored. Alsopecause the frequencontrol circuitry for the laser has a limited
control range, it often needs to stayfair about an hour to equilibrate before being
reactvated.

For providing pover during paver outages we use an Uninterruptibleveo Sup-
ply (UPS). Most outages areevy brief (seconds to minutes) and argeced by
the UPS pwer. (Note it used to be the case that theuwum pumps were running
continuously; with the motors for these being welydred ary battery-supplied
backup, the acuum vas lost with gery powver outage.This is no longer the case.)
Given the inescapable peer demands of the LSM (starting with the HeNe lasers:
40 W each) and the capacity ofaxflable UPS3, we are generally limited to pro-
viding only a couple of hours of p@r backup.After an hour or so, the system
will fail and often adjustments are be needed toveecérom this (see
Improvements belw). Ironically, in the course of multiyear operations one not-
uncommon reason for p@r outages has been theldre of the uninterruptible
power supplies.

Datalogger. While not formally *part of the strainmetérthis is a contribtor to the data

ggps—actually a major oneThis is not an uncommorxgerience: it seems to also
be true for the global seismic netxk.

Laser. The laser we used is a limitedadability state-of-the-art system, which we use

near the limit of its capabilitiesThis requires wrking with the manuw#cturer to
maintain the needed performanc®everal advancements he keen made in the
last year and more are planndgiefore we adopted the commercial equipment we
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were maintaining ourvan systems which, in such limited numbers, wexg/ \diffi-
cult to support.

Air-conditioning. Traditionally failure of airconditioners has been a problerive
require thg run continuouslyand the usually derelop problems after a feyears
of use. Temperature control is essential to (Belp the optics well aligned and (2)
reduce thermal contamination of the recordingsilure of a unit, or wrse yet,
undetected, gradual giadation of thermal control has often meant losing days of
recordings. Ounew installations feature side-by-side units for ease in swieh-o

Electronics. Most of the circuitry is homemadeé&some of the circuitry dates from the
early 1970s and still arks well. We havehad some problems with agingyttour
new installations will use all me circuitry and circuit boards.

Environment/physical plant. Extreme weather conditions canygically disturb the
instrument; so wuld vandalism, though saaf this has not been a problerAt
times floods, lightning, fires, and smdaveled to time-consuming problem&Ve
hope we hee learned from this; the design of theansystems incorporates mgan
new features. Gien the size of the instrument, it is ntably exposed to the ele-
ments.

What would improve matters? Certainlyreliable telemetryduplicate systems and
spare parts on hand, and capable local assistanceyadeikents. €lemetry allavs us
to knav about problems quicklyand having alternatve cwmponents \ailable for imme-
diate use often helps identify and remedy instrument problems: in this respect, the main
laser the dataloggeiand the air conditioners stand out.

4.3. Longeity and Preventive Maintenance

Since we hee keen operating the instruments at PFO for about 30 years,wse ha
plenty of information about longiy of components.First of all, nothing rcept the
anchor is inaccessible, and this consists of oauum pipe and a glass reflectohich
will last a \ery long time. The main acuum system has a lifetime of at least 25 years
(how long the PFO systems ran before the fire), especially since wegerdmaced the
sliding end-joints with bells (though these last probablyveaa $orter lifetime than
the rest of the system)he electronics has at least a 30-year life—we are still using most
of the original systemsThe shortestdied component of the strainmeter proper is the
lasers: these last about 3—5 years (typical for hard-sealed tuliespther items which
need rgular replacement are the dataloggers $,@nd air conditionersyery couple of
years or so.

These lifetimes suggest that the primary need in maintenanmglel Wwe replacing
the laser at gular interals (sayevery two years) since theaflure is gradual and di€ult
to detect at first.Falure of the air conditioner and datalogger isviolns, so on-site
spares, used as neededwd be adequate in this case.
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5. DataProcessing

Geoplysicists who are used toonking with seismic and GPS data tend to be puz-
zled by the emphasis laid, in dealing with strainmeter records, on the importance of dis-
tinguishing between vaand processed datéSince we hae worked with all three data
types (one of us kang for 18 years distrilted data from the Project ADseismic net-
work) we may perhaps be well-placed tdeofsome gplanations. Certain)yit neve
seemed necessary to process th& dlata before distrilition; whereas it does seerary
important to do this for continuous strainmeter and tiltmeter dataecdp kisers from
being misled.Why is this?

One simple reason is that seismic data are, in between eagkquakch is most
of the time) not of much interest; the user can focus on only a small section,yand an
problems outside this will not faict the interpretation.This is something of a special
case of a more general statement about seismic data: there is a well-dgfectdton,
based on 100 years of studying earthguecords (and interpreting them using elastic-
wave theory) as to what the data ought to looledikwhich is enough to decide if the
recorded data are imdt probably all righf.Somavhat the same thing is true fow&PS
data: the GPS system is so tightly engineered to produce a specific signal that it is
straightforvard to decide if recorded phase and pseudorange datal@®not. And
there is, besides, magsiredundang in going from rav GPS data to (say) a daily posi-
tion, which also maés it relatvely easy to judge the correctness of dadéugs. Thus,
GPS processing is mosomething that can be (and is) completely automated.

By contrast, for strain data our prioxpectations are much weakespecially for
long-term behaor or aseismicents. Ifwe are to get reliable results, it is important not
to be misled by instrumental problemsit lgiven the technical dffculty of the measure-
ments, great care is often needed if we are to be sure that some fluctuation is in the Earth
rather than the instrumenfhese same issues arise when looking for temporal fluctua-
tions in GPS time series, for which close attention must be paid to possible system
changes or reference-framariation; in both cases part of thefatifilty also is that the
most interesting signals are ofteery close to the noisevd. (Indeed,sometimes the
most important result from strainmeter records is the absence of a signal—in which case
the aim of processing is to nalkhe resulting bound on a theoretical model as tight as
possible.) Brt of not haing strong prior gpectations about strain data is that we cannot
be sure when there might be (or in retrospect turn outu® lbeen) a significant fluctua-
tion in a strain record—so in a quite literal sensefyepoint counts.

These reasonxplain the importance of processing strain data as part of interpret-
ing them. So it should be no surprise that wegli@her groups concerned with produc-
ing long time series of strain dataybakvdoped tirly elaborate systems for processing
raw strain data. We describe ours briefly here, with reference to thevdlwart shavn in
Figure 10. This chart may seem a bit comypleve would emphasize that the procedures

2t is notable that when such priotpeectations are nowailable, as with the first lunar
seismic records, the resultas/ uncertainty wer whether the unusual seismograms
recorded might hae reflected instrumental problems (L. Knofygfers. commun.).
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Metadata
(e.g., logbooks)

Editing
(interactive)

Predicted
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Calibration

Correction data
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Figure 10

have keen deeloped with the aim of utilizing the data for research, which has encouraged
us to try to get the most information possible (includiegyvsmall signals) from the
recorded data—in&tably, not a simple task.

Predicted
results

The upper part oFigure 10 shavs the procedure for an indlilual data series: we
first remave @& much ‘predictable” enegy as possible, whether from a true prediction (as
for the tides) or from an auxiliary series (as thepa@ssure correction toaterlevel in a
well). Theresulting series is then edited using an interagtiogram which displays the
data (rav or as aited) and allws it to be flagged as bad, andset to remee jumps.
This editing is of course a matter of judgement#+o automatic system can do as well.
Obviously, this judgement is aided byerience; it is also helped byamining supple-
mentary information, notably records ofvepnmental data (rain, sun, temperaturefor)
the same time, and also what werédnaalled “‘metadata’ — the whole range of records
of what was done to the instrument when, which we record on forms and in notebooks.
This last catgory of information is of course the mostfaifilt to transmit to a lagrer
group of users.

The result of the editing process is information about which parts of the time series
to discard and what fslets to add to it; this editing information could alsot(Boes not
for us) include time-a&rying scaling.When the editing information is combined with the
raw data, we hee deaned dataThe dashed line ifigure 10 expresses a kind of feed-
back which plays a role in the process: not infrequentily after the data ha lkeen
edited can subtle problems be identified which call for further edifiie next steps,
shawn in the laver part ofFigure 10, are to combine the data series as needed to produce
a final estimate; for >ample, the final strain time series from the laser strainmeter
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requires the cleaned strain to be combined withdptical anchor series and a correction
for laser frequenc Figure 11 shows this process for some recent data from DHL: in
Figure 11lathe rav and cleaned strain; iRigure 11b the strain, the correction series, the
final combined series, and theeSidual’ series (the final series with predicted agpyer
again remaed).
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It is sometimes gued that because laser strainmeters use interferqrinejrgan-
not monitor long-term deformation, because if the fringe count is lost there could be an
unknavn amount of strain (analogous to a GR8e slip). This is not a problem in prac-
tice; if the fringes are lost from (say) awer failure there is little ambiguity about\Wwdo
interpolate across a shoramg—and asTable 2 showvs, most gps are shortFigure 1
shaws the reason for this lack of ambiguity: faps up to 10s, the &pected vander of
the strain is less than P9 and so it is no dffcult to estimate the amount offsét to this
level; obviously, longer @gps are a challenge, though still @gure 11 shows) not a
major contrilution to the uncertainty in the long-term series.

Because the distnithion of data outages includes a wide range of time ialeand
possible dkets, it does not appear possible to automate the data-editing procedure easily
There are certainly ays in which a rough edit could be done by assigning limits to the
range of data (and its time detive), especially by wrking with data from which the
tide has been remed. However, without considerable programmingfat it does not
seem lilely that an automated editing system can do as well as an intergstem; the
person using the interae# s/stem can look ahead bynying amounts andxamine a
range of information that euld not be wailable to an automated packag@ny simple
system wuld thus not eliminate thefeft required, bt merely mak a ough \ersion
available earlier Snce, to this point, the primary aim has been to produce the highest-
quality results, we hee ot invested in deeloping a system for approximate editing.

6. Locationsof Observations: Seismotectonic Backgound

In this section we describe the settings of the langbase strainmeter installa-
tions. For each one we include a figure (efjgure 12) showing the rgion around the
strainmeters withelocities from a preliminaryersion of the SCEC Crustal Motion Map,
Version 3 (arrvs; we hae amitted confidence limits, i the errors are typically 1
mm/yr); and also the locations of SCIGN sites (triangles with naniBeause this pre-
liminary version of the CMM included data only up to late 1999, some of the SCIGN
sites do not yet @ vdocities associated with them, since there is not enough data.
constant glocity has been subtracted from all the resultsvahim male it easier to see
ary pattern.

6.1. Tectonic Setting of Pion Flat Obsewatory

PFOis in the rgion of strile-slip faults that gtends south from therans\erse
Ranges into northern Baja Californid profile of these &locities, along a line perpen-
dicular to the local strislip faults, shws that the deformation field arour&Ois close
to simple sheawith a \elocity gradient of 24x 107 yr™. This is in accord with the
expected deformation from the dwdosest actie faults: the San Jacintadlt zone (14
km SW ofPFO) and the San Andreaauiilt zone (25 km NE).

The San Jacintoafilt near Anza (closest ©FO has a slip rate of about 11-12
mm/yr; as the top panel &igure 1shaws, this section has not had aglrearthquak in
historic time. Pdeoseismic studies stathe last lage earthquak an this part of thedult
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was about 250 years ago (Petersen aneskidusy, 1994), gving a slip deficit of around
3 m. The most recent formal estimate of a 30-yeagdararthquadk probability for this
part of the &ult (WGCER1995) is about 20%The lack of a knan laige earthquak on
this part of thedult, and the high asfity the rest of it has sk in this centuryare a
large part of the reason wiPFOwas aiginally placed where it as.

The site forPFOwas chosen partly as a location near thiotoverdue’ faults,
and also because the size of the instruments planned requirgd #daarea not cered
by alluvium. The flat area is Pyon Flat: part of the southern California batholith (mid-
Cretaceous granodiorite)The top meter of material at the site is nearly fully decom-
posed; belw this level the weathered rock grades to highly competent grus at about 3 m,
which has decomposed in sitbrom 3-25 m the material grades from grus to grus with
corestones and finally to jointed granodiorite; borehole logging/shioat ‘basement’
velocities (5.4 km/s for P and 3 km/s for S) are reached at about 70 m, implying that there
is little deeper weatheringThe dgree of fracturing in this deeper material is/lcom-
pared to batholith rocks closer to the San Jaceniti {Fletcheet al., 1990; Radzeicius
and RMis, 1999).

Figure 13 is a sketch map of PFO, shong the main long-base instruments: three
strainmeters and oviltmeters; other labels refer to measurements discussed. b&lar
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PFO: Long—Base Instrumentation
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website, www-pfo.ucsd.edu/, includes a more detailed map and other information.

6.2. Tectonic setting of the Durmid Hill Laser Strainmeter

DHL is also in the rgion of strile-slip faults, and nd to the most acte d these
faults, the San AndredsThe southern section of the San AndreaslfFruns from San
Gorgonio Rass to the Salton Sea near Bombay Beach, where it meets the notteern e
sion of the Bravley Seismic Zone; DHL is located near this intersectiém.mary ways
this fault sgment is quite enigmatidis geomorphic gpression isxremely clear so it is
certainly actre in some way; trenching near Indio has founddence for four lage slip
events between 1000 and 1700 AD (Sieh 1986yingi an aerage recurrence time of
some 220 years; it has beeren300 years since the lastemt. Theseismicity is lov but
geodetic measurements shtotal motion across this gment of the dult of about 25
mm/yr (that is, 2—3 times the total rate of contraction across the Los Angeles Basin and a
slip deficit currently greater than 7 m) and it is an area ofeaairface ault creep.The
strains wer the faults are predominately shetlrough there are complications (as noted
by Johnsoret al. (1994)) around the Bvdey Seismic Zone and to the east of it, includ-
ing a rgion of pure dilatation.

The southern limit of geomorphixgression of the San Andreas is on thgédar
gentle topographic uplift kmen as Durmid Hill; The local geology (Babcock 1969;
Burgmann 1991) is interbedded claystones and siltstones, only weakly cemented.together
Northeast of thedult the bedding is relagly undistorted and the topograplgentle;
southwest of thealult the strata are intensely folded and sheaféda: fold axes hae an
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avaage trend about 2Gaway from the local strik o the San Andreas (N47W/). The
surface trace of the San Andreasillt is clearly visible on Durmid Hill, suggesting that
there is significant shear on treuft plane.Most recentlythis part of thedult has shon
triggered slip folloving several lamge earthquads. Therealso is ongoing creep of 1-4
mm/yr, which Sieh and \llliams (1990) shw has been going on for at least the last 300
years (their nearest location to Durmid Hill, at Salt Creekwskdo2 mm/yr ger the last

70 years).

Figure 15 shavs some details of thegmn, with the strainmeter installation in an
inset. Theonly fully-anchored system is the NS instrumenit, Wwe hae dso operated a
“ portable’ | ong-base strainmeter atawifferent azimuths there to study possible distor
tions of the strain tide by thadlt zone; Section 7.2 discusses the results.

7. SomeResults

In this section we describe some of the results thet been obtained with the
long-base strainmeters at PFO and DH\e kegn with the longest-term records, which
bear on the stability of the instruments and tkter to which the are afected by ldro-
logic changesWe then discuss tidal results, primarily from DHLlutkalso from PFO; the
PFO results indicate that the tides obedrthere are close to theoretical modeidter



-34-

DHL: Strainmeters and San Andreas

|
\
\\\ DHL: Site Detail
33.43 N 33.396
A A A 33395
33.42 e -
33.393 R
A NE-SW .
33.41 » 33302
\\ 33.391 (past) NS
33.40 S 33.390 \ .
& 33.389|
< 33388 "
33.39 < ~ —115.792 —115.787
o
33.38 v
K) ¢ i
33.37 €, N \
T N
33.36 e o
‘‘‘‘ \
33.35 —
—-115.84 —-115.80 -115.76 -115.72

Figure 15

this we turn to transients, some associated with eartequakd others not.

7.1. Long-termstability

In this section we discuss the mostese test of ap strain measurement: tosta-
ble it is aver the long term (months to yearsl). is in this area, we feel, that long-base
instruments hae $iown the best performance, prding complete ceerage of the strain
spectrum out to the longest-term secular strains.

7.1.1. PFO

What males PFO unique in the measurement of crustal deformation are the fiv
surface long-baseline sensors there: three strainmeters andltmeters. V¢ have
learned much from operating these instruments: first,thanake gopod measurements of
deformation, and second, Wmaemarkably stable the rates of deformation generally are
when thg can be measuredver baselines of hundreds of meterSigure 16 shaws all
the data that we ke mllected from the three strainmeters, from thgitieing of cor
rected measurements up to about a year d¢pis panel also shes, on the same strain
scale, results from fed GPS obseations @er an EW 14-km baseline with one end at
PFO(G. Anderson, pers. comm., 1999.clear secular trend issiglent in the GPS data,
but even the most recent of that data, using state-of-the art equipment and processing, has
a atter &ir abae that shavn by the strainmetersThe two lower panels in this figure
shav the much higher resolution that is possible; strainmeters can easilyerésobkarth
tides, (laver right) as well as seismicawes and small coseismic fifets (less than IY).
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We haveoutlined the history of our delopments in Section 1.2 ab® the pro-
gression from yelle to orange, to blue and red, sh® the impreements in strain mea-
surement made by adding end-point anchors and stabilizing the lasers \Wtiethese
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combined impragements (in place by 1987) the stability of the NWSE laser strainmeter
reached a legl not seen, sodr as we kna, in any aher continuous strain measurement.
Most impressiely, the pre-Landers strain rate from this instrument agrees with the
20-year merage strain rate found using the Geodolite measurements of the US Geological
Sunwey Qrustal Strain group (J. C. Gage, pers. comm.).

The NWSE instrument is thus able to capture the actual secular strain accumulation
over relatively short spans of time: while this is aveee test of ap system to measures
crustal strain continuouslyt is the test we stve o satisfy, snce an instrument which
shavs what the Earth is doing at periods of years is, as certainly as can\bgingran
accurate record at all periods shorter than this.

Thanks to these impvements, we can detect interesting gemital signals that
would hare been &r belav the original noise kel. Thelargest such signal is just visible
as a small'bump” on the NWSE strain record iRigure 16 between 1992.5 and 1995.
Figure 17 shaws this on anxpanded scale, along with data from the EW long fluid tilt-
meter (LFT) (at present the only other well-anchored instrument).

This “bump’ is a bng-term postseismic strain from the Landers earthgudke
coseismic dket from this earthquakhas been remwd from both records; the apparent
offset at the time of this shock is actually rapid aseismic strain accumulation, which
began immediately after thevent. Thedeformation rate decreased with time: for the first
six months postseismic strain accumulatiomswoughly proportional to the log of the
elapsed time.However, in late 1992 the strain rate actuallyeesed sign.This reversal
lasted until 1995, to about the point at which the immediate post-seismic strains had been
completely receered. In 1996, the rate returned to approximately its pre-eartleuak
vaue, though with time it has become clear that the post-Landers rate is noticeably
higher The data from the EW LFT is somikat noisier than the strainmetbut still an
extremely stable recordin late 1990 one endault of this instrument flooded, destnog
the optical anchor; we replaced this with ateasion originally hilt for testing of end-
monument anchoring using optical fibef@he fiber anchor is not as good as the original
vacuum-path systemKeeping this in mind, the series st in Figure 17 suggests
changes in tilt rate: from mid-1987 through mid-1992 therall tilt is near zero (0.02
uradlyr). Afterthe Landers earthquakve e a ery similar signature to what the strain-
meter shars: an immediate postseismic response whiclwssloaverses, and then returns
to close to the long-term rate, though because of therldiuctuations in this series, all
this is somehat less clear than on the strainmeter

Because the instrumentsviearo dements in common, we can rule out internal
instrumental problems as the source of these sigialsther possibility vwuld be some
effect “local” to Finyon Flat, such as a poroelastic strain change of the type seen (at
much lager amplitudes) close to the Landers ruptufe. evaluate this, we xamine
hydrological records fromPFQ The second panel dfigure 17 includes vater heights
recorded in three boreholesR#O (drilled in 1982-83; their locations are st in Fig-
ure 13). All three shw tidal responses; tgedlso shav long-term vaterlevel changes,
notably a relatiely abrupt increase in 1993, in response to the high seasonalllrainf
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PFO: Deformation and Water—Table, pre— and post—Landers
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1992-93. Thidncrease in the ater table coincides roughly with the strain and tivere

sal, ut a close look shws the strain neersal precedes theatertable change; certainly

the rapid rise in ater table does not createygrarallel behwior in strain or tilt. There

does not, therefore, seem to bey awidence for a link between pore-pressure (as
reflected by the ater table) and strain change&dditionally, a local increase in pore
pressure wuld create xension, not contractionEvans and Watt (1984) discussed the
effects of watertable changes in producing localized deformation, and concluded that the
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effect of this on strain measurementsuld in mary cases diminish with increasing base-
line length; this appears to be borne out by the response of the long-baseline strainmeter

to the lage ecursion in the \ater table.
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7.1.2. DHL

For DHL, the longest-term measurements arenshm Figure 18, namely the data
from the NS (fully-anchored) strainmetdrom the time the anchors dem running.
Comparing this to the data without the correctionvgted by the anchorg={gure 7)
indicates that the anchors do atcalent job of recording end-point motions: the-cor
rected signal is free of spurious fluctuations, including songe leain-related \ents
early in 1995.Indeed, the corrections change the sign of the secular rate fronve@siti
negaive.

The strain record is dominated by a secular trefitting a slope wer the span
shavn by the solid line gies a cular strain rate of —0.31e/yr. We havetwo other esti-
mates of secular rate to compare thisTbe best estimate from fitting a uniform strain to
the nearby geodetic statiorfsiqure 14) gives a iate of —0.4%0.09 ue/yr; We havealso
computed the strain for a dislocation model of the San Andaedisand Bravley Seis-
mic Zone, using a deep slip rate at 25 mmissuming a locking depth of 11 km for
both gves a iate of —0.27uelyr. We onclude the strainmeter is successfully recording
the secular strain,ven in the poorly consolidated material around Durmid Hilb be
able to measure a secular strain rate, and also to get the high resolution of a strainmeter at
shorter periods, is something that, so &s we knw, cannot be done using yamther
technique.

There is also an annualate visible in parts of the strain record; a fit for thigegi
an amplitude of 35#) with a phase of 37relative o January 1.A similar fit to the air
temperature ges an annual gcle of amplitude 10°C, and phase of —199:8123° dif-
ferent from the phase of the stram/hether this gcle comes from genuine thermoelastic
deformation, or (quite possibly) incomplete correction of end-motion by the fiber
anchors, we do not kmo Compared to another neassurface strain record Xeept the
long-base instruments from PFO), it is small.

If we remaore the secular rate and annugtle we get the residual seriesFogure
19. For lamge parts of this record, the strain fluctuations seen on this record are compara-
ble to what we hae dosened at PFO, on hard rock well outside thalf zone.We w@n-
clude that, gien an instrument capable of measuring the full range of strain changes,
which we hae, the strain fluctuations are, most of the time, ngdarButin the last tvo
years we hee ®en a number ofxeeptions to thatmost of the timé, w hich we discuss
in the section bels on aseismic strain\ents.

7.2. Tidal and seismic measuwrments

We havelooked for tidal anomalies at both PFO and DHL by comparing the mea-
sured tides with thosexpected theoretically: the theoretical tides can be computed with
considerable accurathanks to thexstence of good models of the global ocean tides.

The first question, which can be answered only by spectral methodsy iswdilo
we can measure the tide®/e analyzed 74.5 months of data from the DHL NS strain-
meter; for the portable instrument wevbal5.9 months in the EW azimuth, and 23.1
months in the NE-SW azimuthThe data from the portable instrumentwha \ery lage
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daily ¢ycle, caused (we think) by temperature Goets of the system, and thermoelas-
tic deformations of the ground around theul. We havebeen able to renve nmost of
this efect with a slavly-modulated sinusoid with a frequgnof 1 cycle/day A spectral
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analysis of the data from the three DHL instrumektgure 20—which plots the resid-

ual after the tidal analysis) shis that in the tidal bands the portable instrument has about
3 times the noise &l of the permanent systeniut for both types of instrument the sig-
nal-to-noise leel of the lagest tides (M and Q) is alequate for our purpose3he per
manent DHL instrument (the NS) is entirelyried (at a f&v meters depth for the end
vaults, and about 0.5 m for th@suum pipe) has aew lov noise level: low enough, in

fact, that the spectral Vel in the semidiurnal tidal bands is limited by the presence of
small unmodelled tides (deee-3 harmonics).

Table 3 gves the results for the lgest usable tides (those near ogeleday are
contaminated by thermalfetts, and their modelling is complicated by the core reso-
nance). ThePFO tidal obsemtions are from the cross-spectral analysis in Agne
(1979).

Table 3: Obsewed and Theoretical Tides

Place Az. Tde Obsered Theory

Amp err Phase err  Amp Phase
DHL -43 M, 16.4708 0.0085 -4.96 0.03 13.7155 -3.1236
DHL -4.3 O, 44212 0.0121 11.19 0.16 4.3469 4.9305
DHL -94.3 M, 5.0219 0.0489 31.70 0.56 6.6415 22.3274

DHL -94.3 O 5.0505 0.1948 -8.73 221 6.3839 -3.3321
DHL -139.3 M, 6.7977  0.0405 190 0.34 6.8216 11.7112
DHL -139.3 O, 42731 0.1282 18.07 1.72 5.7399 141774

PFO (6 M, 12.2429 0.0245 -0.90 0.11 12.3181 -0.0447

PFO (6 O, 3.5873  0.0359 8.58 0.57 4.3971 8.2523
PFO 90 M, 53376 0.0107 20.03 0.11 7.6044 17.0608
PFO 90 O 5.0800 0.0254 -8.93 0.29 6.4301 -6.3205

PFO 138 M, 12.6341 0.0253 0.06 0.11 13.1770 -1.2025
PFO 138 (o)) 47298 0.0236 -11.40 0.29 4.9176 -10.2501

Amplitudes are 10 strain (etension positie), phases in dgees relatie © the tidal potential, lags getive. Errors
are estimated from the spectrum of noiS&eoretical tides include ocean loading from the CSR3.0 ocean model, (and
for M, the model of Stock for the Gulf of California), using the continental-structure Green functianef. F

It is clear from this table that the theoretical and olexkiides are in closer agree-
ment at PFO than at DHL;ub because of the d&rent azimuths of measurement the
results are not easy to comparB get a better interpretation, we use the approach of
Berger and Beaumont (1976) and Hetrl. (1996) to compare the obsed/tidal strain
tensore® with the ‘theoretical’ tidal tensore’, the latter being the tides predicted for a
spherical elastic Earthubincluding the ‘load tides’ induced in the Earth by the ocean
tides.

These tw tensors are related through the fourth-order strain-strain coupling tensor
C. (King et al., 1976), defined by® = C.e’. Given tidal strains along three thfrent
azimuths we can find the complete matrix of components for this teAdeast-squares
fit of the lagest tidal componentswgs the matrix components—though we should note
that the misfit significantly xzeeds the errors in the obsedvtides. We havetried a
range of ocean-load modelsjtlihe diferences between these appear to be too small to
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be a possible solution to this misflacreasing the errors tovgi a easonablealue of 32
for the misfit indicates that the errors in the componen@, @fre about 1% at PFO, and
1-5% at DHL.

The actual glues of the matrix components o depend on he we parameterize
the straine® ande' (unless these strains are the sameQyig the identity matrix).The
most useful parameterization, for interpreting the results in ternautfdistortion, is to
parameterized both strains as the tensor components for the 1-axis parallelaidtfhe f
since then the components arteasion perpendicular to thauit, ectension parallel to
the fault, and &ult-parallel antiplane sheaFor this parameterization, the coupling matri-
ces are

7 0.896 -0.038 -0.168 0.841 0.357 -0.077g
Co(PFO)=[] 0.040 0.757 0.084[] Co(DHL) = 0.198 0.473 -0.2947(2)
[10.039 -0.065 1.070Y [b.098 -0.285 1.436Y

Noting that for “no distortion’ C, would be the identity matrix, we see that the strains
within the fault zone (at DHL) are significantly more distorted than those outside it (at
PFO); note that at PFO some distortionxpexted from topographwhile the topogra-

phy at DHL is so subdued that wexmect \ery little distortion from this causeThe dis-
tortions in the &ult zone can be up to actor of two, and often more than 25%: certainly
large enough that thisfetct would need to be tak into account in interpreting other pre-
cise geodetic data.

2—dimensional Inhomogeneity Semi—infinite crack
Xy X2
X
Al 1y X3 3
Ho
)
B
X4 X4
Figure 21

The result at DHL also illustrates thefaifilty of modelling the strain-strain cou-
pling with a simple modelFigure 21 shavs two smple models: one, a twwdimensional
model of an inhomogeneity with a f#ifent shear modulus; and the offeesemi-infinite
crack in a halfspace: the latter might be thought to be more reasonagnl¢hgi location
of DHL near the end of the mapped San Andreas (though of coursauthedne does
continue). Bothmodels vould gve enhanced dult-parallel shearas dosened (the (3,3)
component ofC,). Theproblem with both models is that an appliedlf-parallel &ten-
sional stress wuld, assuming isotropic elastigityot itself be modified nor couple into
the other tw components of strain: so the second @ C, would be (0, 1, 0)—which is
far from being the caseThat the inhomogeneity is not dwdimensional also gues that
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a more compl& model will be needed, either of thauit zone, or of the elastic inhomo-
geneity of the Saltonrdugh (or probably both).

Strain records of Balleny eq, 1998:084:03:12:30 (A 121°, My 7.9)
7, Shear Strain Areal Strain

Time, minutes from origin

Figure 2

Elastic inhomogeneity shouldfa€t seismic \aves s well as tides, though the
comparison is more di€ult because we do notvea good a model for theétheoreti-
cal” signal. Also,we need to look at awes with a long-enough awvdength that we
would expect the strain field to be (nominally) uniformepthe distance between these
locations; we should see the kind of amplification implied by the tidal redtilisre 22
shavs some strain seismograms recorded while we were operating orthogonal compo-
nents at DHL; we shw these, not in the original componentst Bs shear straip and
areal straire,. The shear component si® an amplification of both the phase and the
subsequent suate vaves, as well as what we think are basiverberations at DHL asso-
ciated with the body aves. Theareal strain shes cross-coupling from sheas it has a
small amount of th& wave wsible, which should in theory be zero.

7.3. Otherstrain events

In this section we r@ew some obserations of various other types ofstrain
events’. Someare related to earthques either the well-understood coseismisetk or
the more mysterious postseismic ones; and some are not—whiels thakn truly enig-
matic, aseismic,vents. We havenot yet obsered ary clear preseismic strain changes.

7.3.1. Earthquake-related: coseismic

The recording of coseismicfeéts using strainmeters has a long, and sdrae
checlered, history: a great mameasured déets were probablyn retrospect, nonlinear
effects on the instrumentBoth longbase and borehole sensongehance 1970, shon
that properly installed systemsvgi®mseismic dsets in agreement with elastic disloca-
tion theory; see Watt (1988) for the results from PFO through 1982ter results fqr
e.g. the 1987 Whittier Nawes (Linde and Johnston 1989) and 1994 Northridggute
16) earthqualks hae poduced similar results; as noted iable 1, most of the more
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recent and nearbyents hae been so lage that the strainmeters did noteian accurate
measurement.

One recentxxeption vas the second Ige earthquak dose toPFOIn a decade: the
Hector Mine gent, anM,, 7.1 shock 110 kmveay, on 1999:289:09:47 (day 289.4076).
Figure 1shows the location and s@ce rupture, to the east of the 1992 Landesste

Table 4: Hector Mine Coseismic Offsets

What NSStrain  EWStrain  NWSEStrain  SWNEStrain
PFO Obs 289 167 161
PFO Theory 412 =72 113
DHL Obs 1200 11200
DHL Theory 35 -43

Theory for a source at 34.39 116.27W, 13 km deep, pure right-lateral slip with stak
N29°W, dip 77°, momentb x 10 N-m. Unitsare10° strain.

While the e&cellent geodetic a@rage of the Hector earthquakneans that the
coseismic strain and tilt fsets recorded @&FO cannot be xpected to hee much impor
tance for determining the actual earthquakechanism, these fsets do preide a
(severe) test of the ability of the sensors to record the complete strain history dugeg lar
dynamic strains.

As noted in Section 2.1.1 alm so long as the alignment of the laser beam is not
interrupted and the fringe-counter rate is nateeded, the system can maintain lock dur
ing rapid strain changeslable 4 shaws that tvo of the three LSMS & PFOhave dfsets
in reasonable agreement with the predictions of a source model basgtboalrgeismo-
grams. The&eW LSM does not: a consequence of poor alignment of the beam at the time
of the earthquak a problem to be remedied by installing automated beam steering (Sec-
tion 9). This earthqua was thus within the range of what can be recorded reliably—
which in turn means that the instruments at DHL—at 140 km, more distant from the epi-
center—should hee gven reliable measures of the coseismitsef. Infact the ofsets
recorded at DHL areery much lager than aything seen aPFQ we eplain this as
caused by triggered slip on the nearby San Andias fFieldexamination of the San
Andreas &ult immediately after the Hector shock wledl surfce slip of 3-6 mm from
Salt Creek SE to about thie2 km” point in Figure 15 (D. Yule, pers. commun., 1999);
INSAR interferograms (D. Sandwell, pers. commura)so shwed eidence of
widespread triggered slip, @aig not &tending quite asal south as DHL.There is thus
good independentvalence for the laye anomalous coseismic strains at DHIvihg
been caused by locahdlt slip. The Hector earthquakdso triggered seismicity at the
northern end of the Bwdey seismic zone, most especially an earthguakarm from 1
to 12 hours after the Hectovemt, with 14 shocks of magnitude 2 and adoHough and
Kanamori (pers. communbave shown that these earthquedk were probably aftershocks
of a magnitude 4.6 earthguakvhich happened at the time of adli of the seismic
enegy from the Hector shockA dislocation model of this earthquakassuming a stk
slip fault plane coincident with the aftershocks, and a moment corresponding to magni-
tude 4.6, wuld produce a coseismic strain change ofelanhDHL—not enough to
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explain the lage ofset shavn. Asshavn in the n&t section, the postseismic strains at
DHL were also lage for this gent; agin, most likely a reflection of slip on the nearby
San Andreas.
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Figure 23

We tink it is very important to note that strainmeter measurements of coseismic
offsets are much less importantinthan thg were @en 15 years ago, since the ahce
of GPS and InNSAR methods means that therewsaxaealth of geodetic measurements
in the nearfield of anearthquale, which will hae much more weight in gnestimate of
coseismic &ult slip than more distant strainmeter measuremertiss will certainly be
true for aly future earthquads also, with thexeeption of smaller\ents: for these, the
lower noise of strainmeters (of whiclee type) will allow detection of coseismic fsets
which will not afect GPS.

7.3.2. Earthquake-related: Postseismic

In the preious section we h& described the long-term postseismic motion from
the Landers earthquakhere we discuss postseismiteets on shorter time scales, for
which we hae dosenations from a lager number of earthquesk.

One case of postseismic motion (or perhaps the lack ofai$) far the Elmore
Ranch and Superstition Hillwents, which occurred 12 hours apart in late 1987 (Agne
and Watt 1989). The PFO data for this pair ofents shaved no obious postseismic
deformation (at the &l of 10% of the coseismic fsfet) from the firsteent: a constraint
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on possible mechanisms for triggering of the secongetagarthquak For the Supersti-
tion Hills mainshock, the data from the NWSE strainmetemsHoout 1.5ne strain
change—about 10% of the coseismitsef— in the first 5000 seconds after the earth-
quale, with smaller changewve the net 6 hours, including a small step .14 r¥) just
after 328:13.5, at the time of &) 4.8 aftershock.The slip at the suatce increased sub-
stantially wer the next few days (Kahleet al., 1988); this can be reconciled with the PFO
results by supposing that it reflects progtamn of deeper slip through unconsolidated
material to the susice; the lv modulus of the werlying material means that slip in it
does not produce significant deformation in tuefield.

Hector Earthquake at PFO and DHL
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The net event to cause postseismic motiorasvthe 1992 Landers earthgaak
Wyatt et al. (1994) describe the resultslere we note only tw points. Thefirst is the
extent to which the strainmeter data were important f@uating short-term hazard.
The day after the Landers earthgediegan with an early-morning telephone call from
Dr. Lucile Jones of the/SGSto Dr. Agnew (at home), asking about the strain data from
PFQ In the preious 24 hours aftershocks of the Big Beaent had &tended asdr
south as the San Andreaault, leading to concern that rupture on trailtf might be
imminent. Aninspection of the telemetered recordsvebd that a strain change of
unprecedented rapidityas in fict in progress, with the amount of change in theipus
day being about what we normally see in a yeater that day we were ask to send
PFOstrain data to a meeting of the California Earthguiediction Exaluation Council,
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meeting in eme@engy session, since th®FO strain records were the best clue as to
whether or not some instability might bevdeping. Somehectic data editing culmi-
nated in an\eluation that the rate of postseismic strain, while still rapik decreasing.

This reduced the immediate concern, though not the intereswirthese strains were
evdving. Asshavn in Figure 25 belaw, they did indeed slav down with time: for the six
months after the earthquakhe accumulated strairasied roughly as the lagithm of the
elapsed time.Our other note wuld be that the borehole strain data, both at PFO (as
shavn in Wyatt et al. 1994) and at PUBS, in the western M@aksert (Johnstost al.

1994), shwed much higher rates of postseismic deformation in the short term, perhaps
reflecting lydrological readjustments folng the lage dynamic strains.

Finally, we describe the postseismic response for the Hector Mine earéhquak
obsered on the strainmeters§Simple plots of the & data Figure 23, left) are not ery
enlightening, since this is dominated by the dynamic strains and fdetspfand (once
these are renvad) the tides.The right panel of this figure shs the strains with these
signals remeed: the seismic engy by lonvpass filtering with a corner period of 60 sec-
onds, and the tides somleat imperfectly because of problems in modeling thermal
effects with such a short span of dakr a useful sense of scale, note the coseisnfic of
set (0.5 re) from theM 5.7 aftershock abou#3hours after the mainshock.

Landers Earthquake at PFO Hector Earthquake at PFO
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Clearly the rapid postseismic deformationwhpwhile small relatie © the coseis-
mic offset, represents as much or more moment release than the afterahbeltss per
haps most notable about this postseismic strain is the absence (on this short time scale;
Figure 25 suggests a delayed response) of @sponse from the EW strainmeter—also
true for the aftershockAn examination of the response RFO to slip along diferent
parts of the mapped rupture si®that a null response for EW straiowld be seen for
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slip on the southernmost part of the rupture plaiierslip confined to this area cannot
be the whole storyhoweve, dnce this wuld gve a hrger signal on the NS than the
NWSE.

Figure 24 andFigure 25 shawv the deformation from the Hector earthqeakPFO
over somavhat longer times, in both cases with another record for comparisbigune
24, the same earthqualkst DHL, and inFigure 25 a dfferent earthquak (Landers) at
PFQ Note that in comparing these figures whtigure 23, the ofsets in the hours after
the earthquak tend to be reduced in the longer time series because ofath@which
the less-frequent sampling of these data (for our long time series) combines with the edit-
ing of the series; also, the detiding ideliént (and more &dctive for the longer series).

What is clear from these figures is that the postseismic deformation pattern is quite
compl, and cannot bexplained by simple decaying afterslip on one part of #udt.f
For example, the EW instrument, which st® no immediate response, doegibeto
shav a definite signal within a day—though with a sign opposite to whaitlgv be
expected for afterslip on the rupture plan®imilar complaity is also implied by the
record from the NS instrument, whiclveeses sign after 2 days—aig, the rate after this
is not consistent with afterslip on the ruptufdone of this resembles the uniformly
monotonic decay seen in the Landers postseismic signals—and tliesendés prade
reassurance that this signal is not just some kind of local responsgaf Fiat (the site,
not the instruments) to strain changes or strong shaking.

Finally, Figure 16 shavs the strain wer the longest time, for the one strainmeter
we believe is reliable wer these long timesClearly, there is no lage response; indeed,
unlike the Landers shock, the Hector earthgqudies not seem to @ had ary signifi-
cant efect on the strain.Only additional data will she if this remains trueer even
longer times.At this point it seems clear that either rapidkirelaxation or some kind of
triggered slip on othematilts will be necessary tx@ain these complesignals.

7.3.3. Aseismic

The least understood strain signals are the rapidadeismic) strain changes seen
at DHL; we hae reve seen such\ents at PFO.The first aseismicvents were on days
42 and 60 of 1997, when the NS instrument recorded+8v ne, multiday exponentials
(Al and A2 in Bble 5). Examination of the arious auxiliary records collected at DHL
shaved no other disturbance; in particuldwere were no meteorologicaleats that could
have cused apparent strain&iven the absence of suitorresponding change at PFO, we
could only deduce that the sourcasacloser to DHL.We were naturally inclined to
believe that this strain &s caused by locahdilt slip; unfortunatelycreepmeter measure-
ments are no longer being made on this part of the San Andreas.

The neat, and \ery clear gent of this type came on days 198 and 199 of 1999, with
three abrupt strain changes (B.1, B.2, and B.3) the left-hand pdfiguoé 26 shaws the
first one. These eents were obserd on both strainmeters, which share only line/gro
and a datalogger: \ggn this independence, and the lack oy aisturbance on the mgn
other instrument-related channels recorded, these strain changes cannot be instrumental
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Table 5:; Strain Events at Durmid Hill

Event Time Offset Time Secular

(ne) constant  change

NS NE-SW

Al 1997:042:11 22 T 10 days (rate change)
A2 1997:060:10:49 17 T 1.5days no
B.1 1999:198:18:47 43 21 2-4min rate change
B.2 1999:198:21:24 10 1 min
B.3 1999:199:12:31 4 1 min (overall (B8O re)

Cl1 1999:289:09:46  [1200 [M1200 abrupt  rate change
(Hector Mine Eq.) 20 60 12hr rate change

D.1 1999:293:10:10 7 -58 [b0sec rate change
E.l 1999:305:13:22 10 9 [RO0sec rate change
F1 1999:321:18:01 4 0 [0 sec rate change
G.1 1999:331:18:00 -8 -61 [l min ratechange

tPortable strainmeter (moNE-SW) not operating until 1997:184.
artifacts. Theseevents had durations of up to 10 minutes, and amplitudes of up to 40
nanostrain, with predominatelyktensional strain changeUnfortunately there are no
creep measurements on tlailf here; a field check for cracking along thelf trace,
shaved no clearddence of sudce ault slip. We dd find a zone of tension cracking
just of the fault (Figure 15), but beliesze this was more likely related to desiccation dur
ing the summerInSAR data for this ggnent of thedult (D. Sandwell, pers. commun.)
suggests ongoing creepytbalso indicates that this creep stops sehat north of the
DHL site. Buried slip of the amount we inferould not produce a measurable INSAR
signal.

Strain Event B.1 Strain Event G
60 60
50 50
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Figure 26

The ratio of strain on the twdrainmeters has not been the same for therert
events; this ratio pwerfully constrains possible locations for slip—yded that we
make the reasonable (though restne)i assumption that what we are seeing is strain
caused by aseismic slip on the adjacanttf and that this slip is, kkthe geological slip,
horizontal. Theslip cannot all be locatedaf from the instruments, since a sourae f
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awgy would give the same avdorm on both sensors—not what is obsstv W& com-
puted the response of the strainmeters to slip f#rdiit points along thedlt trace (sim-
plified as a single plane, shin in Figure 15) assuming a small dislocation patch in a
halfspace, and alang for the &ct that the strainmeters actually measuremntial dis-
placement. Gien these responses, we can then ask where alonguhefane a source
of slip would give the obsergd ratio of strains, and also posgti(extensional) strain
along both azimuthsWe found that the diérent eents must occur in limited, andifly
shallav, regons of the &ult plane (at around the 1-km pointkgure 15.) Assuming
this location the obseed strain gies the moment releasevent B.1 had a moment of
3x 10" to 3x 10 N-m; the equivalent moment magnitude i1 2.9-3.6. Gien the
somevhat diferent time histories of strain on theawomponents, thevent must hae
involved slip propagting along thedult. Thisalso would imply that diferent eents
would hare dfferent time signatures as féifent sgments of thedult slipped; agigure
26 shaws, such ariation is in &ct the caseAs shavn in Figure 18, dl of these aseismic
evelts brackt the time of the Hector Mine earthqea999:289:09:46M,, 7.1, 140 km
NNE of DHL); though we wuld not vant to claim ay association, we ha& ®en none
since the end of 1999.

Observed Strain from Train

“[mis]Calculated”" Strain from Train

S—bound freight, ~400m, 3 locos, 25 m/s
Data bandpassed from 10 to 200 s

4x108 kg point load

Elastic halfspace ,
u = 2x10° Pa

NS

NS

1079 extension

INVERTED

-3 1 1

-3 ! 1 ! 1 .: 1

15.0 16.0 17.0 18.0 19.0 -3 =2 =1 0 1 2
Time (minutes of 1999:202:00) Distance (km S of DHL NS azimith)
Figure 27

7.3.4. Localloads: “The Change in Strain comes Brtly fr om the Train’’

Given that our aim is to understand the local elastic structure using the response of
the strainmeters to kmm signals, we wuld also be remiss if wailed to mention one
case in which such understanding has/gacdusive, namely the response of the strain-
meters to lage \ertical loads applied nearbyrhe loads in question are those created by
trains going past the site on the Unicaciic Railroad, whose track is sko in Figure
15. This is a major freight route between Los Angeles and the southern US, so there is
extensve traffic. Eachpassing train produces a smalit leasily detectable signal on the
strainmeters; the lefthand panelFofure 27 shavs an @ample.

The simplest model for this is Boussines@gfoblem, with a wertical point load
applied to a halfspaceThe righthand panel ofigure 27 shawvs the response of the
strainmeters to a point load as function of distance along the tracks; this calculation is
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done for the dferential displacement along each azimutle x-axis (distance) has been
scaled to match the time axis from the measured speed of the train, and the signal scaled
to match in amplitude (the resulting train weight is quite reasonabled.problem is that

the modelled signal has the correct formt the wrong sign.The Boussinesq solution
gives extensional strain around a point loadutlve obsere compression. Otourse the

trains are not a point loadytthe &pected signal is just the amiution of the point-load
response with the mass distrilon along the train; since this igeeywhere positrte sich

a convolution will not be able to change the sigAnd, ary polarity error in the instru-

ment or recorder is ruled out by the agreement with the theoretical Tilesmplication

of these data is that @nical load causes displacemeniag from the load, rather than
towards it as in the elastic halfspacéle kelieve that this can bexplained by elastic lay-

ering in which the shear modulus increases rapidly with depth, which is reasonable for
this area.

8. Future Improvements

The discussion alve has mentioned a number of impgements we hee nmade in
the never installations, and which we arewoetrofitting to the older onesThe most
notable is certainly the anchoring, and the (unanticipated) wrapent in the gcuum
system which it madgs possible.This was a major change; others are more incremental;
for example, the tw most recent instruments Y&improved thermal control, partly from
better insulation of the end enclosures, partly from adding of a second (inner) stage of
control, to mak the temperatureariations around the end optioges less.

Perhaps the most important future impment will be to introduce more auto-
matic, and remote, controls, to minimize the number of visits required to the instrument.
We have already implemented an automated system for steering the laser beam on the
main interferometethough as with all such fedback systems there is a limitwonmach
the system can be perturbed before the controbkelrsof function properly To deal with
such situations we need to introduce remote conirbe design for our meest datalog-
ger includes a system for adjustingrious parts of the system remotely; such remote
operation is n& very much the norm for mgrsmall astronomical obseatories, and will
definitely male the instruments easier to operate and increase the data @furourse,
visits would still need to be awed for those times whenxteeme emironmental eiects
cause masee failures: floods or lightning strds do happen.

There are othemore radical changes which might impeothe system, it which
would require anxensve cevdopment efort. Mostof the cost of the laser strainmeter
comes in the pysical plant (pipes, anchors, andildings) not in the actual measuring
system—so animprovements in the latter could be retrofitted at a redhtismall cost.
We haveconsidered tw, either of which wuld greatly simplify the editing described in
Section 5. The first would be to double the number of interferometric measurements
made between the endpoints by adding a second interferometer to the remote end, making
the system symmetrical and piding two votes on hw the distance between the end
points has changedAs with the redundarycprovided by multiple GPS satellites, this
would male it much easier to deal with possiblgcte slips.
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A more dificult task would be to ma& an asolute measurement of the distance
between the endsEven the best caentional EDM', such as the Mekneter have
errors of 0.1 mm2x 107" over 500 m), too lage to be really usefullt would be possible
to install a purposethlt system of somghat higher accurge but a potentially much
more paverful approach wuld be to use aaviable-frequeng laser (such as a tunable
diode) as for a second b coaxial) interferometer: counting fringes while scanning
between tw known frequencies can\g an absolute measure of length, potentially to the
10°® level. Occasionameasurements of this type, combined with the routine high accu-
ragy of the rggular measurement,ould create a system of unparalleled stability and pre-
cision for measuring crustal deformation.
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