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Abstract

Surface waves from quarry blasts within New Mexico are analyzed to determine
an accurate upper-crustal velocity model of the certral Rio Granderrift. The analysis
usesiterativ e least-squaresinversion of group velocity dispersion curves obtained by
multiple Iter analysison short period (1 to 5 seconds)Rayleigh wavesto resole the
upper four kilometers of the crust. It is found that velocities obtained in this study
are consisterly higher than those determined by previous work in the samegeologic
area. Additionally , the absenceof surface wave recordings at se\eral stations can be
attributed to attenuation of the surface wave energy by the complex structure and

geologyof the Rio Grande rift.
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|. Introduction

The purposeof this study is to provide an accuratevelocity model of the near surfacein
the certral Rio Grande Rift. Surfacewaves are rarely seenfrom sourceswithin New Mex-
ico, due to a lack of large earthquakes or other seismicewerts (such as nuclear or chemical
weaponstests). Becauseof the unique nature of the surfacewaves,we may be ableto deter-
mine an appropriate model that can be usedin earthquake location and other geoplysical
and geologicalendeaors. Here we useseismograph®f quarry blasts recordedby New Mex-
ico Ted's seismicnetwork (Figure 1). An interesting feature of the recordingsis that not
all seismicstations regularly recordedsurfacewaves from this source. An explanation for
the appearanceof surfacewavesat only someof the stations can be explainedby the local

geologyand structure of the Rio Grande Rift.

A. Structure and Geologyof Rio Grande Rift, New Mexico

The Rio Grande Rift formed between 32 and 27 million years ago during a period of
regional extension of the Rocky Mountains (Chapin, 1979). The crust evertually sagged,
allowing the lling in of mac ows and ash bodies with the alluvial deposits from wa-
ter transport systemssud asthe Rio Grande. The certral portion of the rift, extending
from Alamosa, Colorado,to Socorro, New Mexico, is a north-northeast seriesof en echelon
basins(an overlapping or stepped arrangemet) separatedby complextransversestructures
(Chapin, 1979). The locations of stations in our seismicnetwork can be grouped into three
categoriesfor the purposeof generalizinggeologicalfeatures: westernrift border near Los

Lunas, New Mexico, and western and easternrift border near Sacorro. Figure 1 shows a
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Figure 1: Geographic locations of New Mexico Ted seismic network with structure
of the Rio Grande Rift. Seismic stations (inverted triangles) and source
location (star) are in blue, while signifcart rift featuresin red (PFB=Puerco
Fault Belt, Luc=Lucero uplift, Lad=Ladron uplift, JHB=Joyita-Hubbell bend,
Man=Manzano uplift). Predominart rock types,denotedby badkground colors,
are given in Figure 2. From Woodward et al. (1975).
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tectonic map of the certral Rio Granderift alongwith the New Mexico Tedh seismicnetwork
station locations.

West of Los Lunas lies the Puerco Fault Belt, an areawith no geomorphicuplift and
extensionalfaulting related to the rift (Kelley, 1979). In the Colorado Plateau (the location
of our source,a quarry or mining operation) west of the fault belt, dips are low angle and
to the north, asopposedto in the fault belt itself, wherefaults are west-dipping, antithetic
(orientated opposite to an assaiated major fault) normal faults. On the westernedgeof the
rift nearSocorro, se\eral areasof uplift are presen. The triangular Ladron uplift, typi ed by
curved, low dipping normal faults, leadsinto the Lucero uplift, actually located within the
Colorado Plateau. The easternborder of the rift is represeted by a seriesof major uplifts,
of which the Manzanouplift is located betweenAlbuquerqueand Socorro; most of the uplift
is actually due to Laramide (late Cretaceousto Pliocene Rocky Mountain deformation)
processesather than Rio Granderifting (Kelley, 1979).

There are two featuresin the gradational transition betweenthe edgesof the rift and the
basinsin the certer, namely bendes(large, narrow at areasin a slope) and faults (Kelley,
1979). One of the larger bendhes(the Joyita-Hubbell bend) is locatedin closeproximity to
our easternrift stations, ranging between4 and 18 km wide, and 70 km in length. Faults
are also predominart in the Rio Grande Rift, most of which are parallel to the orientation
of the rift, with somesmall exceptionssud as west of the Puerco Fault Belt. The faults
are generatedin small, localizedrifting ewers, rather than a majority of the faults being
formed in one large rifting episale throughout the ertire valley, or having complemenmary
setsof faults on either side of the rift. The Rio Grande Rift can best be summarizedas a
geologicallycomplicated arrangemen of structures with little to no homogeneiy.
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Station | Seismometer | Latitude North | Longitude West | Elevation (m)
BAR Geoteth 34° 9.00' 10@ 37.67 2121
BMT Sprengnether| 34° 16.50' 107 15.61 1987
CAR Sprengnether| 33 57.15' 10 44.07 1658
LAZ Geoteth 34° 2412 107 8.36' 1878
LEM Sprengnether| 34° 9.93' 106 58.45' 1698
LPM Sprengnether| 34° 18.70' 108 37.91' 1737
MLM Sprengnether| 34° 48.85' 107 8.70' 2088
SBY Sprengnether| 33° 58.51" 107 10.84' 3230
SMC Sprengnether| 33 46.72' 107 1.16' 1560
WTX Sprengnether| 34° 4.33' 106’ 56.75' 1555

Table 1: New Mexico Ted seismicnetwork stations.

B. New Mexico Tedh's SeismicNetwork

The seismicnetwork which recordedthe surfacewavesis operated by the New Mexico In-
stitute of Mining and Tednologyin conjunction with the Incorporated Researb Institutions
for Seismology(IRIS) and the United States GeologicSurvey (USGS). All of the stations
are one-commnert (vertical) with the exceptionof LEM, which is three-componert. Table
1 lists ead station in the network, alongwith seismometetype, latitude and longitude, and
elewation. The Geoted1 Johnson-Mathesonseismometershave a natural frequency of 0.8
second,while the SprengnetherS-13seismometerdhave a natural frequencyof 1.0 second.

The location of all the stations along with regional structure can be seenin Figure 1.



C. SeismicWaves: A General Description

There are two classesof seismicwaves that propagatethrough the earth: body waves,
termed P (primary) and S (secondaryor shear)waves,and surfacewaves, Rayleigh and Love
waves. P wavesare analogousto soundwaves,in that the direction of particle displacemen
is parallel to the direction of wave propagation; these waves are also referred to as longi-
tudinal waves. P waves can occur in both solidsand liquids (such asthe outer core of the
Earth). S waves,on the other hand, are transversewaves, where the particle displacemen
is perpendicular to the direction of propagation. Also called shearwaves, S waves cannot
travel through liquids. P waves are faster than S waves;in a Poissonsolid (a fairly good
appraximation for Earth rocks), P wavestravel P 3timesfasterthan Swaves(Shearer,1999).

Like body waves, surfacewaves also comein two distinct varieties. Surfacewaves are
di erent from body wavesin that they require a surfacefor their existence,and their ampli-
tudesdecreaseexponertially with depth. The rst of the two varietiesare Love waves,which
are formed by constructive interferenceof SH wavesin a layer; they also can be thought of
as a sum of body waves (Shearer,1999). Love waves have particle motion like SH-waves,
with displacemets only in the horizortal direction perpendicularto the direction of propa-
gation (Aki and Richards, 2002). The secondvariety, Rayleigh waves,which are the classof
surfacewaves dealt with in this paper, are slightly more complicated. They arise from the
interferenceof P and SV waves,which resultsin a retrogradeelliptical motion at the surface
in a vertical planethat is parallel to the direction of propagation (much like a wave on the
ocean). Rayleigh wavestravel at appraximately 90%the velocity of S waves. The horizontal
displacemen of a Rayleigh wave in a Poissonsolid half-space(a layer of constart velocity

and in nite thickness,with — = P 3, where is P-wave velocity and  is S-wave velocity) is



given by

Uy = ikeri(!t kxX)(ei(I' kx z) Cr ei(l’ ka)) (1)

and vertical displacemen is given by

u, = ikXAei(!t kXX)(r ei(r kx z) + Cei(r ka)) (2)

q
where Kk, is horizortal waverumber, ! is frequency A is amplitude, r °—'22 1,
r i 2
°—§ 1,C= 47? and ¢, is Rayleigh wave velocity,. At the surface(z=0),
2 a1

r =

Uy = (1 Cr )ksAsin(!t kyx) 3)

and

u; = (C+r )kyAcos(!t kyx) 4)

which correspndsto retrograde elliptical motion (Aster, 2000). A pictorial represetation

of all four typesof seismicwavescan be seenin Figure 3.

D. Obsenation of SurfaceWaveson Local Array

Around the end of August 2001, we begannoticing surfacewaveson recordsfrom everts
located within New Mexico. Upon further investigation, it was discoveredthat theseewerts
were a recent occurrence,as the earliest recording we could nd seemedto be from July
30, 2001. Archived paper recordswere analyzedfor previous evens that might have been
recordedby the RISTRA network (a two-year study (July 1999-Mg 2001)of the Rio Grande
Rift using a large, linear array of portable, broadband seismometerdrom Texasto Utah);
no ewerts were found. From August 2001to August 2002, more everts were seen;everts
are easilyidenti able by their characteristic pattern and shape (seeFigure 4). A total of 20
ewverts have beenselectedfor analysisin this study.
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E. Previous SeismicStudies

Se\eral studies have beenconductedin the certral Rio Grande Rift near Sccorro, New
Mexico, to determinethe velocity structure of the area. Toppozadaand Sanford(1976)used
a 1967 nuclear test blast (GASBUGGY) at the Nevada test site to determine the crustal
structure of certral New Mexico from P wavesrefracting from the Conrad and Mohorovicic
discortinuities. The Conrad discortinuity is a boundary at 17 to 20 kilometers deep in
the crust where P-wave velocities increasefrom 6.1 km/sec to 6.4-6.7 km/sec, while the
Mohorovicic discortinuity (or Moho) is the border betweenthe crust and marntle, approxi-
mately 35 km below the surfaceunder cortinental crust. The P-wave velocities at the Moho
increasefrom 6.7 to 7.2 km/sec in the lower crust to 7.6 to 8.6 km/sec in the upper man-
tle. Thesechangesin velocity can be imagedvery well by seismicmethods, and provide for
an optimal layer for seismicwavesto refract from. Toppozadaand Sanford's analysiswas
doneto upper mantle depths, and does not have the ability to resole the relatively thin
layers (0.5-1.0km thick) we are interestedin; they useda constart velocity for the rst 19
kilometers of crust. Rinehart (1979) determined crustal structure using S-waves generated
by microearthqualkesthat re ect from the mid-crust magmabody underneath Sccorro, New
Mexico (Sanfordet al., 1977). Much like the previousstudy, Rinehart (1979)was concerned
with structure down to the Conrad discortinuity (where the magmabody is located), and
not with resolution nearthe surface. Also in 1979,Keller et al. resoled the regional crustal
structure from surfacewave dispersion, a processthat closelyemulates the procedureused
in this paper. The data weretaken from se\eral nuclear and chemical explosionsin Nevada,
Arizona, and New Mexico. Howewer, the data were all of longer periods (5 to 40 seconds)

than those investigatedin this paper (1 to 3.5 seconds),and thus provided information at

13
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Figure 5: Velocity model determined by a refraction study. The numbers refer to P-wave
velocity in that sectionof the model. From Jurdy and Brocher (1980).

depthsto 50 kilometers, but had poor resolution nearthe surface.Jurdy and Brocher (1980)
reported a shallowv refraction study of the Rio Grande Rift near Sacorro from a Vibroseis
survey. Vibroseisis a trademarked name for a technique that usesan arti cial sourcethat
shales the ground, sweepingover a given frequencyrangeto produce seismicwaves. The
study useda 24-fold common depth point refraction method with 48 seismometergroups
with 133 meter spacingin the Socorro survey. Their study is more applicableto this paper
becauseit imagedthe upper 4 to 5 kilometers of crust. The velocity model of Jurdy and

Brocher (1980) (Figure 5) proved to be a good starting structure for my researé.
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1. Data

A. Time SeriesRepresetations

The surfacewavesof interest recordedby the New Mexico Tedt seismicnetwork were rst
noted on the recordsof station MLM, found to be located about 90 kilometers southeast
of the source(Figure 1). These surfacewaves have a distinct pattern and shape that is
easily distinguished on both digital and analogrecords;the rst evert (July 30, 2001)can
be seenin Figure 6. The surfacewaves have a nearly constart period of two seconds,and
a waveform that tapersat either end. With the exceptionof someewerts recordedin June
2002,the surfacewaves have lower amplitudes than the P wave arrivals; this is in cortrast
to teleseismqlarge earthquakesfrom great distances),in which the surfacewavesgenerally
have greater amplitudes than body waves. It was found that with subsequeh ewens, other
stations exhibited high-quality recordingsof the surfacewaves,namely BMT (located 140
km from the sourceat an azimuth of 165°), LAZ ( 115km, 16(°) and SMC ( 200km, 163);
all of thesestations are locatedon the westsideof the rift. In general,stationslocatedon the
easternside of the rift recordedsurfacewave arrivals much more poorly than those located
within the rift or to the west of the rift. Figures7 to 15 show the best and worst examples
of surfacewaves from ead station, excluding instanceswhere the surfacewaves could not

be detected (either not presen or obscuredby noise).

B. Location of the Source
The rst stepin analyzing a seismicewen is to determine the location of the source.
This is done by comparing the arrival times of P and S waves at ead station, and using

a method much like triangulation to determine a latitude and longitude for the epicener.

15
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Figure 6: The rst recording of the surfacewaveson the local network, station MLM, July
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As an exampleto show the basic principle of the procedure,imagine a three station seismic
network that recordsP and S arrivals at given times. Assumingthat the Earth is a Poisson
solid, where P wavestravel 1.73times faster than S waves,you can determine a distanceto

the epicener by usingthe time di erence betweenP and Sarrivals. You canthen draw circles
around ead station, usingthe epicerral distanceasthe radius, and the location wherethe
circlesfrom the three stations intersectis the epicerer of the evert (seeFigure 16). Every
station that recordedP and/or S arrivals were used, including seismographghat did not
record surfacewave arrivals. A program calculatesthe location of the sourceand the origin

time usingan assumedrelocity model for the travel paths of the wavesalongwith uncertainty
values. The location of the sourcefor the waveswas determinedto be 105kilometers WNW

of Albuquerque, New Mexico (Figure 1), and, from aerial photographs, ascertainedto be
the site of a quarry operation (Figure 17). Interestingly, all of the locations determined by
the programsusing the assumedvelocity model pinpointed the location 9.5 km south of the
true source(Figure 18) which can be interpreted as meaningthe model has velcocities that

are slightly slower than the true velocity of the area.

C. Signalto NoiseRatio

For reliable model valuesto be determined from our surface waves, the best possible
ewerts should be used,and any instancewherenoiseis a signi cant factor in the time series
should be rejected. For ead ewvert in which somesurfacewave energy can be seenin the
trace, an analysisof signaland noisehas beendone. Each trace is rst Butterworth Itered
from 0.2to 1.25Hz (0.8to 10seconds)o emphasizehe periods at which surfacewave energy

is present. A Butterworth Iter is chosenbecausdt is maximally at, meaningthe response
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A 11:083 11:144 B1sec 488km
B 11:158 11274 1159sec 92.72 km
G 11:200 11:346 146B64sec 11712 km

Times are given in M:S; approximately, 8%(S-F)=Distance

Figure 16: Example of determining epicener location from P and S arrival times.
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has zeroslope at frequenciesnear! =0 and! =1 Hz (Pollock, 1999). For a bandpasslter,

the gain is equalto zeroat both ! =0 and! =1 Hz, asopposedto a low-pass Iter, where
the gainis oneat ! =0 Hz. The trace is then divided into two parts: a represetativ e noise
sectionbeforethe arrival of the rst P wave energy and the ertire surfacewave train after
the S wave arrival (it has been surmisedthat some surfacewave information at stations
closeto the source(MLM) is overshadaved by the tail of the S wave train). Eacd of the
two signalsis Fourier transformed, and plotted over the frequencyrange of the surfacewave
section's maximum amplitude. Each amplitude spectrum is separately averagedover this
interval, and a ratio is computed. The processfor one trace can be seenin Figures 19 to
23. The stations that passedthe signal to noisetest, i.e. recording a signal above noise
amplitude, are listed in Figure 24. This processprovides a good tool in determining which
events should be discardedin later analysis;signalto noiseratios for all everts can be seen
in Figure 25. The di erencesin signalto noisecuto levelsfrom station to station can be
attributed to di erent badkground noiselevels at eat station, asan increasein noiselevels

can greatly a ect signalto noiseratios.
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Figure 21: 40 secondsectionof Figure 20 cortaining the surfacewave energy Comparetime
axis to original trace (Figure 19).
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Figure 22: 40 secondsectionof Figure 20 cortaining the noise. Comparetime axisto original
trace.
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Figure 23: Fourier transform of both recordsshowvn in Figures 21 and 22. Surfacewave
amplitude spectrum sectionis given by the solid line, and the noise amplitude
spectrum by the dashedline. Amplitudes are comparedfor a rangeof maximum
amplitudes of the surfacewaves,in this case,0.55to 0.75Hz.
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Figure 24: All ewerts with indication whether eat station recordedsurfacewaves, did not
record surfacewaves, or was not functioning. Also given is the percenage of
surfacewave recordingsover all working ewerts.
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Figure 25: Signal to noise ratios for all stations which were functioning for ead ewen.
Recordings belonv the cuto level (indicated by a thick mageria bar) were
rejected.
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[11. Methods

A. Multiple Filter Analysis

The Multiple Filter Analysistechnique, or MFT, was rst deweloped by Dziewonski et al.
(1969). They adaptedan earlier technique deweloped by Landismanet al. (1969), which was
then termed "moving window analysis," which is a proper description of the procedure. The
procedureis alsotermed "frequency-time anlysis,"” or FTAN, by Levshinet al. (1972) and
Keilis-Borok (1989). The multiple Iter technique is designedto provide an easygraphical
assessmenof peak group velocities for a range of periods, and allow the userto determine
an appropriate dispersion curve for eat trace with great ease. The dispersion curve can
then be usedfor velocity inversion. A dispersioncurve is a plot of group velocity vs. period,
and has marny applications in physics. Two properties of waves are its group and phase
velocities. The phasevelocity (which we do not dealwith here)is the speedat which a point
on the wave propagates;it is equalto

(5)

!
K

where! is the frequencyof the wave (2 times the number of cyclesper second)and k
is the waverumber (wavelengthsper unit length) (Ingard, 1988). The group velocity is the

speedat which a padet of energypropagates,equalto

_a
U—@ (6)

In basicterms, a signalis Itered in the frequencydomain over a speci ed frequencyrange,
and the times of maximum energy are noted and cornverted to group velocity by dividing
the known distancebetweensourceand receier by the travel time of the peak of maximum
energy The mathematical form of the multiple lter technique can take seeral di erent

forms depending on the author, but all have the samefundamertal structure. Dziewonski
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et al. (1969) de ne the window function for certer frequency! ,, for the n™ column as

Ho(l)=e (o) 7)

The parameter cortrols the "resolution” of the window, i.e., its width in the frequency
domain. Levshinet al. (1972) found that the optimum value of for a signal with law of
modulation ! (t) (the amourt of departure from certer frequencyduring manipulation of the

carrier signal) is

_ A

= S (8)
2 G

opt

If the lower (!,.,) and upper (! ,.n) limits of the lter are known, can be obtained from

thoselimits and the value of BAND, which Dziewonski et al. (1969) de ne asthe \relativ e

bandwidth,"
BAND = 1 'I—” = !IU?” 1 9)
. n . n
and
Hn(! n) Hn(! n)
= In =In 10
Hn(! I;n) Hn(! u;n) ( )
where is a parameterde ning the decg of the lter. is then
~ BAND? (11)
From Herrmann (2002), a dispersedsurfacewave signal can be de ned as
141 -
s(t) = o A1)t kg (12)
1

where is the phaseshift and k is the waverumber. The lItered signal g(t) results from

applying H(! ) for somecerter frequencyto the dispersedsignal:
z 1

g(t) = Zi ) A(DH ()T kg (13)
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Figure 26: A dispersioncurve determinedby Dziewonski et al. (1969)

The ervelope of this resulting function can be found by taking the Hilb ert transform of the
Itered trace. The peaksof the envelopesare then taken asdata for the dispersionplot, with
relative amplitudes depicted as cortour maps. This is doneover a speci ed frequencyrange
to producethe dispersioncurvesthat we are interestedin. An examplefrom Dziewonski et

al. (1969)is givenin Figure 26.
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B. DispersionCurve Inversion

As descriked earlier, the dispersion curves are obtained from the data using the MFT.
For ead trace, limits are chosenfor both the period and group velocity ranges,along with
an appropriate value for  (which cortrols the width of the Iter window). An example
of the resulting plot is given in Figure 27. It is up to the userto determine which points
(represeted in the plot by squares)correspnd to the most reasonabledispersion curve, a
processthat introduceshuman error.

There were two methods implemerted to obtain reasonabledispersion curveswhile also
using all of the available data. First, a dispersion curve was picked for eat event at eah
station, and then all of the dispersioncurvesfor a particular station wereaveragedto produce
a represetativ e curve for that station. The secondmethod wasto rst stad all of the traces
in the time domain for a given station; that stadked seismogramwasthen usedto determine
onedispersioncurve for that station. Both methods worked equally well and producedvery
similar dispersion curvesand subsequenvelocity models. The secondmethod was lesstime
consuming,as dispersion curve picking is very time consuming.

With the dispersion curvesin hand, we can now proceedwith velocity modeling. The
starting velocity model usedin this study is adapted from Jurdy and Brocher (1980), who
conducted a seismicrefraction study in the Socorro area. The suite of programs used for
the data inversion is Dr. Robert Herrmann's Computer Programs in Seismology;these
programs have beenin dewelopmen since 1985, and the version usedin this paper (3.15)
wasreleasedrFebruary of 2002. The nal model dependsgreatly on the starting model. It is
important to chooseappropriate thicknessedor eat of the layers, and alsoto divide eah
layer with the samevelocity into seweral parts, to allow for high-resolution velocity tting.
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Dispersion curve from MFT of July 7, 2002, MLM ewert. The vertical axis is
group velocity (U, in km/sec) incorrectly labeled by the program as the
title. Hotter colors indicate a higher amplitude of energy at a particular
period and group velocity combination. Black squares represeh chosen
peaks after a two dimensional seartv over the group velocity-period
grid. The time seriesis shovn on the right.
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To determine the speci c thicknesseso usein the analysis, se\eral starting models were
tested (seeFigure 28). The samedispersion curve was inverted using ead of the di erent
starting models, obtaining a new velocity model. This nal velocity model wasthen usedto
produce a syrthetic dispersion curve using Herrmann's padckage of programs. The original
dispersion curve and the computed dispersion curve were then compared,and the velocity
model arrangemen that producedthe most similar set of original and computed dispersion

curveswas used. This initial velocity model is listed in Table 2.

The program used for the inversion processusesiterativ e least-squaresnversion (Her-
rmann, 2002, pers. comm.). A mathematical explanation of the procedureis given below,
adapted from a paper by Lines and Treitel (1984). Inversionis usedto determine model
parameters, sud as velocity, from a t of a model to obsened data (in this case,group
velocity data). To simplify matters, we will assumethat we are dealingwith a linear system,
wheredata are alinear function of the model parameters. The purposeof linear least-squares
inversionis to \minimize the sum of the squaresof the errors betweenthe model response
and the obsenations” (Lines and Treitel, 1984). We can de ne the obsenations (our group

velocities) as a column vector of n frequencyor period measuremets:
U ©bs = [uPbs, ygbs: :::: yobs| (14)
group velocities obtained from our structured model as
umod = [yjnod. ygnod. ... ymod (15)
and nally, the starting model, a function of the shearvelocities in p layers:
=[ 1 2025 pl (16)

We must start with initial estimatesof the model and model response,represeted by o
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Figure 28: Someexamplesof initial velocity models (velocities with various combinations
of layer thicknessesand depths) used to test for the optimal thickness
distribution.  Listed is thickness in km and S-wave velocity in km/sec.
HS denotesthe terminating in nite half-space.
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Depth (km) | V, (km/sec) | Vs (km/sec) | Density (gm/cc)
0.25 2.1 1.21 2.6
0.75 2.8 1.62 2.6
1.25 2.8 1.62 2.6
1.75 2.8 1.62 2.6
2.25 2.8 1.62 2.6
2.75 4.7 2.71 2.6
3.25 4.7 2.71 2.6
3.75 6.1 3.52 2.6
4.50 6.1 3.52 2.6
5.75 6.1 3.52 2.6
7.25 6.1 3.52 2.6
8.75 6.1 3.52 2.6

Table 2: Starting velocity model usedin the calculations. The model usesvelocities obtained
by Jurdy and Brocher (1980) applied to the best- tting thicknessmodel dervied
from the modelsshavn in Figure 28.
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for the model, wherej=1...p, and U™ for the model response. Sincewe are dealing with

linear systems,we can represei a small changein U™ asa Taylor expansion:

@ (i jo) (17)
j=1

This can alsobe represetted in matrix notation as

ymed = ygod + 7 (18)
where = o is the changein the model from the initial valuesand Z is the matrix of
partial derivatives:

19

@ (19)

We cande ne an error vector asthe di erence betweenthe group velocities from our model
and the obsened group velocity data:

e= Uobs Umod

(20)
Substituting our matrix notation for U™ |eadsto:
e= Uos (ymod 4+ 7 ) (21)
and, separatingterms,
e+Z =U°s ypo (22)

We cande ne the term U°S U™ the di erence betweenour obsenations and the initial

model response,as the discrepancyvector g, so

e=g Z (23)
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We wish to minimize the cumulative squarederror (e’ e), which we will term S, with

respectto , the changein the model from initial values. We have

S=e'e=(g Z2)(g 2) (24)
The minimization statesthat
@
— =0 25
@ (25)

which, by expansionof the product represetation of S, leadsto

@
o 'z'z g'z  TZ'g+g'g)=0 (26)

Taking the derivativesof all the terms with respectto  givesus
Z2'z Z'g=0 (27)

or (if ZTZ 6 0)

=2'g(z'2) * (28)

Theterm Z7(Z7Z) ! iscalledthe least-squaresnverseof Z, or Z, *. In terms of our original

parameters,
|
@J_mod @J_mod' 1 @J_mod
Z 1_ J i ] 29
L @i @ @j (29)
and
@J_mod @J_mod! 1 @J_mod
(i 5 g S— (U uged) (30)

@ @ @i
Using least-squaresnversion, a program readsin the dispersioncurvesand producesa ve-
locity model basedon the information. The programitself hasmany parameterswhich must
be set, sud as smoothing, velocity xing, variances,mode processing,and layer weighting:
| usedthe default valuesgiven in the examplesdone by the author of the programs. The

information gainedfrom the multiple lter analysisprovided reliable data to depths of four
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Figure 29: Velocity model obtained by averaging dispersion curvesat a particular station.
\Starting" represets velocity model givenin Table 2.

kilometers below the surface;this relatesto the wavelength ( ) of the surfacewavesin our

data set, asreliable information canbe gainedto a depth of 5. The resulting velocity models

from the two methods of obtaining dispersion curves noted earlier are shovn in Figures 29

and 30.

C. Error Cheding

In doing the velocity analysis, it is important to make surethat the valuescomputedin

all stepsof the processare reliable. Two experimerts were conductedto double-hedk the
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Figure 30: Velocity model obtained by staking ead trace at a station, and then calculating
onedispersioncurve. \Starting” represets velocity model givenin Table 2.
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calculationsderived from Herrmann's programsin both the MFT and the velocity inversion
steps. First, a rudimentary MATLAB function was programmedthat closely parallels the
processused in the multiple Iter analysis. The program rst generatesa Butterworth
Iter of a user-de ned width; the width is analogousto the usedin Herrmann's MFT
procedure. The lter is appliedto the time series,then the Hilbert transform of the Itered
trace is computed, which calculatesthe envelope of the time series. The maximum of this
envelope is found, and the appropriate group velocity is calculated by taking the distance
from sourceto receiver and dividing it by the travel time of this maximum value. The period
for the given data point is obtained from the certer frequencyof the lter applied to the
original trace. A seriesof thesecalculationsat di erent periods resultsin a dispersioncurve.
This resulting curve is comparedto MFT dispersion curves for various valuesof . The
comparisonof theseplots can be seenin Figure 31. It canbe seenthat the most appropriate
for our data is the maximum possiblevalue of 200.

Another chedk was run to make surethe velocity models computed from the dispersion
curveswereaccurate. Another suite of programsincludedin Herrmann'sComputer Programs
in Seismologyproducesa synthetic seismogramfrom a given velocity model. The velocity
model computedfrom a given dispersioncurve is usedin the synthetic programsto seeif the
samedispersioncurve is reproduced. This procedureassistsin determining the appropriate
thicknesseof the starting velocity model, asthis is an integral part of computing a correct
result. A starting dispersioncurve, resulting velocity model, and subsequendispersioncurve

can be seenin Figures32to 34.
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Figure 31: Author's MATLAB program (blue line) and Herrmann's MFT determinations
(best t isredline, =200) of dispersioncurvesfrom July 7, 2002event at BMT.
The author's MATLAB curve is assumedto be \true."
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Figure 32: Dispersioncurve obtained from stacking of all MLM data.
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Figure 33: Velocity model obtained by inverting dispersion curve given in Figure 32.
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Figure 34: Dispersioncurve obtained by using velocity model given in Figure 33to generate
syrthetic seismogramsand computing their dispersioncurve.
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Material P-wave velocity (km/sec)
Alluvium (sand) 0.6-1.85
Basalt 5.41
Gneiss 6.71
Limestone 5.67-6.4
Rhyolite 2.89
Sandstone 1.4-4.3
Shale 2.9-4.4
Siltstone 2.0-3.8

Table 3: Typical P-wave velocities for typesof rock found in the seismicwave travel paths.
From Press,1966.

IV. Conclusions

The analysisof the surfacewave data leadsto someconclusionsabout the velocity struc-
ture betweenthe sourceand the receier. If we look at a comparisonbetweenthe velocity
model provided by Jurdy and Brocher (1980) and that obtained in this study (Figure 35),
we can seethat the velocities obtained using surfacewave data are consisterly higher for
depthslessthan 4 km. This may be dueto the fact that, in the travel path, there are areasof
higher velocity material, sud asbasalt (New Mexico Bureau of Mines & Mineral Resources,
1982), as opposedto low velocity sedimens that dominate the local Sccorro area surveyed
by Jurdy and Brocher (1980) (typical seismicvelocities through di erent rock classi cations
are givenin Table 3).

Another interesting result of the overall higher velocities hearkens badk to the original
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Figure 35: Comparisonof starting velocity model from Jurdy and Brocher (1980) (purple)
and velocity model obtained in this study (cyan).

52



SMC, October 14, 2001

Origin time: 20:15:07.340

Rayleigh wave arrival: 20:17:16.600

t:  129.3seconds

Original Location | RevisedLocation

Distance 191.7km 200.5km
VRay! 1.48km/sec 1.55km/sec
1.64km/sec 1.72km/sec

Table 4: Example shaving comparisonof the velocity models.

sourcelocations. As statedin SectionlI-B, the locationswereconsistetly south of the actual
sourcelocation. Indeed, an erroneouslyslov velocity model would produce locations that
wereslightly closerto the receiwer than the true source. The higher velocity model obtained
herewould indeedcorrect theseerrors. As an example,considerthe October 14,2001 evert
recordedat station SMC, illustrated in Table 4. Using the origin time determined by the
ewvert location program, we can determinethe travel time (t) of the Rayleigh waves. With
a known distanceto the two sourcelocations, we can determine a Rayleigh wave velocity,
and an approximate S-wave velocity from the relation = 1:1Vgay. From Figure 35, we
canseethat both S-wave velocities correspnd to their respective velocity modelsa depth of

1 km: a good approximation for theseRayleigh waves. The velocity model deweloped here
can be applied to local seismicactivity, instanceswherethe P and S wavestravel at shallov

depths, and be usedto provide for more accuratelocations.
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Quite possiblythe most interesting aspect of the surfacewavesis the fact that not every
station recordedthe waves. Figure 36 displays the sourcelocation and shavs the percenage
of recordedevents at ead station (seealso Figure 24). The absenceof surface waves at
certain stations can be attributed to the di erences in structure among station locations.
The stations that are located on the eastern side of the Rio Grande (BAR, CAR, and
LPM) are generallythe worst at recording the surfacewaves. This probably is due to the
structure of the Rio Grande rift: its numerous faults and other heterogeneities,sud as
low-velocity sedimens that dominate the near-surfaceof the rift (Figure 36), would cause
excessie scattering of the surfacewaves, especially since most of the featuresare in close
proximity to the surface,whereone nds most of the surfacewave energy Previous studies
have investigated surfacewave scattering through inhomogeneitieg(seePollitz, 1994). The
scattering e ects for the paths to the easternstations may be great enoughto bring the
amplitudes of the surfacewavesfor a majority of the events below the noise.

The scattering theory can be extendedby noting the fact that the station closestto the
source(MLM) consistely hasthe best surfacewaves. The stations on the west side of the
rift, lessa ected by faulting and sedimen deposits, shov better examplesof surfacewaves
in general. The exceptionis LEM, located near a tall peak. The three-commnert LEM
station, located on the anks of PolvaderaMountain, showns absolutely no surfacewaves at
any time. The surfacewave travel path from the sourceto LEM is directly through Polvadera
Mountain, an areaof intensefaulting resulting from the formation of the mountain. Howe\er,
while LAZ doesnot have a direct surfacewave travel path through its closestpeak (Ladron
Mountain), WTX is located within Socorro Peak, and recordssurfacewave evens 33% of
the time. Situated at the peak of South Baldy, SBY, while only recording one ewvert, was
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Figure 36: Percertage of everts (seeFigure 24) recordedat eat of the seismicnetwork
stations.
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not functioning for all but two of the events (resulting in a 50%recordingrate). A decision
regardingthe e ect of South Baldy on SBY is inhibited by the lack of recordedewers while
the station was working properly. Thus, the conclusionthat mountains lying in the travel
paths exhibit a great enoughin uence on the surfacewavesasto scatter them below noise
levels does not seemto be valid. Consequetly, the complete absenceof surfacewaves at

LEM remainsa mystery.
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VI. Appendix

A. MATLAB DispersionCurve Program

The following is the MATLAB script written to compute the dispersion curves seen
in Figure 19. The load_sac program referencedin the code is a function written by Dr.
Rick Aster at New Mexico Ted to corvert SAC (SeismicAnalysis Code) data les for use
in MATLAB, saving all the amplitude and header le information (suc as latitude and
longitude of the sourceand recei\er).

function [f,g] = jagdispcurve(filename,min per, step per, maxger)

%usage: [time,group _velocity]=jagdispcurve(fil e, minimumperiod, period _step,
maximunperiod)

% makesure that you use periods in the input! i invert them to frequency
for you at no extra charge!

% by JamesAllen

[a,b]=load _sac(filename);

distance=a.dist;

begincut=a.b;

origintime=a.o;

endcut=a.e;

delta=a.delta;

points=a.npts;

time=begincut:a.delta:en  dcut;

=1,
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%loop from minper to maxper by stepper

for i=minper:stepper:(maxpe r-st eppe),

x=1/i;

y=1/(i+stepper);

[c,d]=butter(1,[y x]/((1/delta)/2));
filtered=filter(c,d,b);

% Using Hilbert Transform ->
hilby=hilbert(filtered);

pickfromhere=abs(hilby(6 :le ngth(tim e)-2 00));
maxhilby=max(pickfromher e);
[val,index]=min(abs(pick  fro mhee-maxhil by));
%<- Using Hilbert Transform
timeforu=time(index);

u=distance/timeforu;

z=((A/x)+(1/y))/2;

f()=z;

9()=u;

h(j)=time(index);

k(j)=max(abs(filtered));

=+

end
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B. Group Velacity Data for All Events
For ead station, the following set of gures shows all the calculated group velocity, the
averagegroup velocities (with onestandard deviation uncertairties), and a table showing all

the valuesusedin the plots.
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