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Abstract

Field data frontYuma Proving Ground, Arizonaasused taest the feasibility of merging
commonmultichannel analysis of surface wavB$ASW) processing routines witmode
consistent sheawave refraction traveltime toography and synthetic modelitmoptimize and
constrain inversion resultShearwave firstarrival refraction tomographwas used to enhance
layermodel resolution ancefine the MASW layer model with independent badgve
information Shearwave tomogams suggested a higlelocity layer, not found in initiad s mo ot h 6
MASW velocity sectionshat were ged as initial models for tomographic inversibrcreasing
the stratification of théAASW layer modelfo generally match tomograstructure resulted ira
higherresolution MASW model constrained through joint analysis. frhugualanalysis of
shearwavevelocity (Vs) providedmultiplicity to the structural interpretation of the site.
ConstraineegparameterizatioMASW results, compressionalavetomographyVp:Vsratio), and
density well loggpopulated a 2Dnodelfor numerical modeling, which was manually updated
over several iterations to converge uporet s i taeidaband dispersion characteristics.
Further evaluation of the synthetic seismogrgange insight into the relationship between
acquisition geometrgoffset selectionand the associated dispersiamage character.
Furthermore, modeling gave a secondary measurement on depthspdeaf velocity structure,
and relative/p:Vsratios which formulated a final MASW profileThe gradual change of the earth
model, given an evolvingierarchyof constraint, is seen as the main finding of this thesis. The
calculated movement towards a highesolution inversion based gwint geophysical
measuements, analysis, and interpretatiengenders eonstrainegparameterizatiosolution

with highest confidence.



Acknowledgments
| thank Ridk Miller, Shelby Peterie, Brett Bennett, Benjamin Rickards, Joseph Kearns,
Owen Metheny, Anthony Wedel, Brett Weédand Joe Anderson for their work in acquiring the
data that this research was basedwsmy storiesriginated from the two acquisition phases and |

am grateful for their labors.

Special thanks gode Rick for making all this possible and bringingealthy mix of levity
and seriousness into the halls of Moore. | also tmaypkommittee membergulian Ivanoyand
Shelby Peterie for their time and thoughts throughoutangerat the KGS on my various
research projects, problems, and concerns. kthanfamily: Philip, Dee Ann, Lauren, and the
little man Gabriel (Schwenk) for their continual support during my tenure at KU. | also thank my
grandparents Glen and Dee, uncles and aunts Brett, Cathy, Bruce, and Johna (Butler) and note their
support duringny time at JCCC; your investment paid dividends. Lastly, | thank my fellow
Jayhawks, graduate and undergrad alike, for their support and help throughout my scholarly

career . I woul dnot have made it without al |



TABLE OF CONTENTS

AN = 13 I P i
ACKNOWLEDGMENTS. ... cer e e et aer e e e e e et e e et e e et s amr e e ean e e aeeeeennas v
I | o T L L N 1 ] P 1
1.1. REGIONAL ANDDCALGEOLOGY. . .etttetttttttttttttaaataaaaaeaaaaaaaaaaaasassaasaaaassenbbbbebbessbeseeeeeeeeenes 4
Y AN VAT AV 1 T | TS 3
2. DISPERSION IMAGING... ..ottt cer et e eer e e e e e e et e et e e et amr e e e aneeeens 11
2.1 IMAGINGVIETHODS ... uttttttttttiatteeeeteeetetettetaetaaaaaaaaaaaaaaaaasaassaasaaaaaanansanababbbbbebbeessenseeeeees 16
2.2. IMPLICATIONS WIPARPLICATION. 111t tutveeeeautrereesssrerseaseeeessssesesasseeesssssssssssssesssssssesssnssees 19
3. INVERSION THE O RY ... ittt cet et e e s en e e e e e e e et e e et e e e an e amneeeaaneeeanees 21
3. 1. FORWARIMODELING......cciutvireeitteeeestseeesaisseeesasssesesasaseesasasaesssssseesassesessassssessasseeesanns 21
3.2, LEASTSQUAREBPPROACH .. ettt itttteeeittteeeesteaeessteeeaatseeessssseseaassseeesssseeeesasseeeesnsseeessnsses 23
3.3. GLOBAL OBTOCHATIGAPPROACKH ....c . tttteetittteeeastteaassssteeeeassteeeessnseeesasssneeesssseeesanseeeeesnnes 25
3.4. FUNDAMENTAL VBIULTHMODECOMPLEXITY. .. uvvtieiiurieeeiitreeeesissesessisseeesssneesssnssesssnnssneeans 26
3.5. MODELSPACE ANBARAMETERIZATION. ....cvteiuttireesteeeessssenesasseeessssesessssessssnssesessnsseeeans 27
4. DATA ACQUISITIQN....ceiuuiiiiiiii et eee et e e e e e e s e e e e et s e e et e e et s e e aaen s e e et s aeanaees 32
5. PROCESSING METHODS ... .ot eer et e e s eer e et e e e e et e e e e e e et e amaeeeennaees 37
5.1, PRELIMINARMASWV. ... e et e e e e et e e e e e et e e e ee it e e eeanaaaaaaees 40
5.2. VSIARBIPPROACH. ... .t tiieitii e e ettt e ettt e e et s e e e e et s e e e e et e e e e eaaa e e e eeataaeeaentn e eeenennns 50
5.3. VP-TOMOGRAPHIARS).....coiiiiiiiiiiee et e e e e e e e e e e e e 55
6. CONSTRAINEHPARAMETERIZATIOMBMW DISCUSSION......ccoviiiiiiiiiceeece e 60
6.1. VSIARBINDMASWV ...t e e e e e e e e et e e e e et e eeeeaaaaas 60
T2 o1V = T N 64
6.3. P-WAVETOMOGRAPHM{ARS).....coiiiiiiiiiiice e 65
7. CONSTRAINED INVERBEIDNCLUSIQN. ... oot eme e e e 68
8. MODELING OF SITE RAETERISTICS. ... e e e eeas 70
8.1. MODELGENERATION. .. .ttttettttteessteereesuseeeaasseeeesassseeeaassesasssssseessnsseseesssseseesnsseeeesnsenesans 71
8.2. ACQUISITIOBFFECTS .tttteiutteeeeiiteeeeastiueeeassseeeeasteeessseeeessseeeeaasseeeesasseeeeansseeeeansseeessnnees 76
8.3. MODELINGIONCLUSIONS. ....ttttttttiniiieeeeeestteeressansaseeeaeseeeeesstssnaeeeeeeeeeesesrennnaareaaseees 81
LS TR o N I [ 10 0 N 83
10. REFERENGCES. ... oottt et e e e e et e et e e et e e e e e e et n e e e e e eaneeennnas 84
IO A I3 ) PP 90
L2, APPENDIX L. et e e e e e e e e 91
G T N o A0 G 1 P 93
N e A0 G Y P 94



TABLE OF FIGURES

HGURHA.:

HGURR:
HGURE:

HGURH:
HGURB:

HGURH:

HGURH':

HGURE:
HGURE:

HGURHDO:

HGURH1:

HGURHZ2:
HGURAS:

HGURHA4:

(A-C) LARGE TO SMAI4SCALE MAP SEQUENEETBEYUMA PROVINGGROUND TUNNEL
DETECTION SITE

PHYSIOGRAPHIC REGIORSHE AREA SOUTHIDRRTZITAZ(AFTEREASTMAN2007). 5

STRUCTURAL MAP WITEDEOGIC ®RLAY OF TNBRTH ANSOUTHIRIGOPEAKS AND THE
SOUTHERN EXTENT @EDOMEROCKMOUNTAINSAFTERBHERROD ANDBDSDAL1991). 6

GEOLOGIC LOG INTERPREON AFTHRCKARDER011).

LEF') DIAGRAM OF A PHASHIFTEDS/ REFLECTION AND EMANESCENT CRITIZALL
REFRACTHBWAVE INDUCED FROM INCIDENPOSTCRITICAL REFEESY WAVE LARGE

ARROWS DEPICT PAREHIGIOT™N, SMALL ARROWS AND FHRDICULAR LINES EGIV
PLANBNAVE PROPAGATION HIRION RGH'I) THE INTERFERENCE GE EVANESCENT

P-WAVE ANIS~PARTICLE MOTION AIETFREE SURFACE RRBBAYLEIGH WAVES 12
LEF) DISPLACEMENT COMPORESHOWN ASFAINCTION OF PERIQIRFONE POINT IN THE
SUBSURFACIRGH7) COMPONENT DISPLACEMERS A FUNCTIONDEPTH 13
REFERENCE SHGSATHER FROM THEIMA SITE WITHRAYLEIGAVAVE DISPERSION
HIGHLIGHTED 15
REFERENCE DISPERSIGRVE FROM TMEMA SITE 15

GRAPHICAL REPRESENDMDF THE-PMETHODWITH THE DATA TRAGBMED FROM THE
OFFSETIME DOMAIN TO THEDSVNESS VEME DOMAINYILMAZ 2001) 18

A FOURTRACE TRANSFORM BS(NEFT TO RIGHTFK METHODP-. METH®, AND
PHASESHIFT METHARFTERALMORO ET AI2003) 20

RESULTS AFTHRAL MORO ET AL(2003) WITH A SEQUENCE OSPERSION CURVES
CALCULATED FR@¥FGEOPHONE GATHERSHWIRE p\FK METHOPDB) P-_ METHODAND

C) PHASE SHIFT METHGDLUMNL IS WITH £0-2-20-30) BANDPASS FILTERLUMN IS

THE SAME AS COLUMNWITH A NORMALIZATIGMCTORAND COLUMMNB IS WITH A
(0-3-50-70)BANDPASS FILTER 20

AQUALOCK GEOLOGIC SAMBLEYSTEM AT WORKTBIRY PGSITE 32

PHOTO OF THE WEIGHROP USED FERWAVE REFRACTION AMASWPROCESSING WITH
THETRIGOPEAKS IN THBACKGROUND 33

SHEARBLOCK SETUP FOR SHEAVE TOMOGRAPHWHE OPPOSITE DIRENTGHF INITIAL
MOTION IS NOT SHOWNTHE DIAGRAMHIS IS A SIMPLIFIGAY BOTHS, ANDS{SOURCES
WILL GENERATE BOHHARWAVE MODESOWEVER ONE IS DOMIN 34

Vi


file:///C:/Users/expostud1/Dropbox/Schwenk_Thesis_v3_3_1.docx%23_Toc361219907
file:///C:/Users/expostud1/Dropbox/Schwenk_Thesis_v3_3_1.docx%23_Toc361219907

HGURHELS:

HGURELG:

HGURHALT:
HGURHS:

HGURHDO:

RGURRO:

HAGURR1:

HGURR2:

HGURR3:

AGURR4:

HGURR5:
HGURR6:

AGURR7:

RGURES:
RAGURR9:
RGURBO:

PICTURE OF THEZIMINIVIB SYSTEM USEDYAR GNITH THREE DIFFERERIENTATIONS OF
THE HYDRAULIC MASSOP LERTSy; BOTTOM LEFIS/; RIGHY P-WAVE NOTE THE
WAFFLE PLATE USER BBEAR GENERATMONHE LOWER LEFT®EAND THATHE SURVEY
LINE IS PARALLELTHE LONG AXIS OF MHEIVIB 35

GENERALIZED WORKFLE®R A CONSTRAINEARAMETERIZATIONASW APPROACH
PRELIMINARYIRSTRUNMASWALLOWS NS JARS/JARSPLICATIQNHE RESULTS OF
WHICH MAY BE USED UPDATE THE LAYER HEOMF THE NEXT GENEBN MASW
INVERSIQNLATER SECTIONS WILECDSS THE ADDITION SYNTHETIC MODELIROR
ADDITIONAL CONSTRAIDN DISPERSION IRFEETATION AND LAYEFDEL REFINEMENT
ARROWS DEPICT UPDAVES! EACH ADDITIMENSTRAINT OR INFORMN 38

FOURA7 INCH TELEVISION SEUSED TO PICK DEERBEN CURVES 39

DISPERSION CURVE SHGAGOOD SIGNAL 80 Hz WITH VARIABHIM CONTAMINATION
ABOVE30 HZ SQUARES HHEIGHT SEVERAL INEIBS OF THE COMPETENGNAL BETWEEN
THE FUNDAMENTAL ANMHE HIGHERODE THE BOLD BLACK LINEGHLIGHTS A
QUESTIONABLE TRAJRYTFOR THE FUNDAMEN 42

LEFJ UNMUTED SHOT GATHR®&H) MUTED SHOT GATHER 43

UPPER UNMUTED RECORD WITFRGNG HIGHEWODE CONTAMINATIONMST 30 Hz
LOWER MUTED RECORD ABOVE ARPROXIMATE PHASEQ@ETY OAS50 M/S WITH

INCREASED BANDWIDT80 Hz 44
WELL LOG SUITE FORMIH.. LOGS INCLUDEEMPERATURBENSIT,YGAMMA, NEUTRON
AND RESISTIVITONDUCTIVITY 47
INITIAL FEWLAYERMASWNVERSION OF THP@ATANOTE THE LACK OF STIREATION
AND APPARENT SMOQRANSITION T8M. 49
REPRESENTATI®&FWAVE HAMMER SHOT GER OF REVERSED AHERTICALLY STACKED
POLARITIE®/ITH FIRSARRIVAL PICKS GREEN 50
S+WAVE REFRACTION T@RAM USINV/SIJARSAPPROACHNOTE THE HIGHELOCITY
LAYER AT APPROXIMAGEM. 51
CONSTRAINEAASWVSSECTIONNOTE THE INCORPORNTOE THEVLATOM. 52

RESULTS OF REPEATEDHWDDOLOGY FOR L3NBOTE THE SIMILAR STRURAL PATTERN
OF THE S+ ANDS,-METHODS AND ALSO THEMATCH OF TI82-VIBE VELOCITY VALUES 53

TOMOGRAM COMPARISOBRFLINE2. NOTE THE STRUCTURKMD A/ELOCITY AGREEMEN

BETWEEN THs- ANDS~METHODS 54
LINE2 VP-TOMOGRAPHY RESUINBWP.VSRATIO MAP 55
LINE3 VP-TOMOGRAM ANWP:VVSRATIO MAP 56
HRSTARRIVAL GAER WITB-LAYER REFRACTIONRPRETATION 57

vii


file:///C:/Users/expostud1/Dropbox/Schwenk_Thesis_v3_3_1.docx%23_Toc361219927
file:///C:/Users/expostud1/Dropbox/Schwenk_Thesis_v3_3_1.docx%23_Toc361219927

HGURE1:

HGURE2:

HGURES:

AGURB4:

HGURBS5:

HGURE6:

HGURB7:

HGURES:

HGURE9:

GRAPH OF A MOVINZD-POINT LEASSQUARES FIT OF THESFARRIVAL DATA GIVEN |
FIGURE29. NOTE THE OSCILLATION APPARENT VEL®CNOT INTERPRETETHNTHE
STANDARB-LAYER ASSESSMENT 58

HGURE DISPLAYING ®AROM274 BOREHOLE®/ITHPOISSO RATIO LINES IN WS
COLORB\FTERBOORE2007).NOTE THE LOWEREND CENTERERBEOR IN THE VICIKIT
OF0.3 (VP Vs1.87, THE GREEN L)NEITH MANY VALUES 8®L0.2 (VP Vs1.63, THE
LOWEST PINK L)NEPGATA AVERAGED ACRAYERS IS OVERLAIR EOMPARISON 67

LEF) SYNTHETIC SHOT GARTEE FINAL LAYER MOIRGH1) REFERENCE FIELD GRTFOR
THEYPGITENOTE THE RELATIVE BADF THE FIRSRRIVAL TREND 72

SYNTHETIC MODEL WITH EQALENT FINAL LINB AND LINE3 CONSTRAINED
PARAMETERIZATIMMSWRESULTS TO H/SFACE DEPTH 75

GRAPH OF PHASELOCITY VARIATIONTMV SPREAD LENGHML SUBSS HAVE A M
SOURCE OFFSWHERE SHORT REFERS/BM 65-GEOPHONE SPREAD ARRNG REFERS TO
A 178V 147-GEOPHONE SPREAD MAXIMUM DEVIATIQRERCENT DIFFEREISOENDER
6% FOR CORRESPONDINGRES8P LENGTHSTHE SLIGHT OVERESTION AT
HIGHFREQUENCY meL DATAN COMPARISON TO THHEORETICAL CURSEA RESULT OF
THE AUTOMATIC PIGKIROUTINE 76

DISPERSION CURVE C&RISON FOR THE FU47-GEOPHONE SPREAD TENA78 M
SPREADSYNTHETIC DATA TETLEIELD DATA TO RIGHNOTE THE HIGHERIPLITUDEM
ENERGY IN THE FIBADA 78

DISPERSION CHARAGITERPARISON FOR THEI®IZEBHS5-GEOPHONE SPREAD TENG3
M SPREADSYNTHETIC DATA TGTLEIELD DATA TO RIGHNOTE THE AMPLIFIEEM
INTERFERENCE AT EERCIES GREATER TRBMNZ ON THE FIELD DATA 78

SEQUENCE OF DISPERSEMRVE®REPARED FROM DIERERACQUISITION PMEAER
SUBSETSEF) MODEL DATARGHY) HELD DATA 79

MUTED GATHERS OF MEBDEL(LEFYAND FIELERIGH) DATANOTE THE IMPROVEMENT
OVERLL QUALITATIVE MATBETWEEN THE CUEYESDAL TRENDS 80

viii



1. Introduction

A site atthe Yuma Proving Ground (YPQ)earYuma, Arizonahas been designatéuke
Joint Tunnel Test Range (JTTRY usewith the Joint Capability Tehnology Demonstration
(JCTD) (ONDCP, 2009)The site is located in the Sonora Desert on the Joint Experimentation
Range Complex (JERC) in the North Cibola Range sector of YARfare1-B). Specifically, the
Exploration Servicesectionof the Kansas Geological Survey (KGS) was tasked for the
development and testing ahomalydetectionseismicmethodsand establishing baseline déba
future testingatthe JTTR

With the present political and societal pressurebaih domestic and foreidvorder
stability, a systematic and reliable means for tunnel detection and delineation is made necessary.
For the purposes of discovery, plans were made fogrtipgacement of tunnels at JERC with
funding for the JTTR and the JOTA moreperfectprocedurecan beoutlinedfor future
realworld applications ¥ preparing a sterile site for experimentataomd methodology
enhancemeniThe emplacement of foreign material and/or the disruption of native substrate will
be used to the adntage of geophysical response. The change in bulk composition and the
predominant material properties of dengjtyand elastienoduli (¢, k, etc.)will be associated to
anomalous changes in wan®deproperties Yp, V9 thatcorrespondo theexcitation of the
incident wave fieldDue to the unprecedented nature of this experimentation and its theoretical
developmen, t here i s a requisite need for extensi:

properties before the emplacement of tunnel features.



Figure 1. (A-C) Large to smaltscale map sequence ¢
the Yuma Proving Ground tunnel detectic
site.

A: Surveyed geophonéocations with line markers

(x2cm) (After Google, 2013

B: YPG sector mapAfter U.S. Army, 2010).

C: Arizona map apsOpenSource013).
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For adequate modelingethodrestraint, wave propagation must be understood to the
gredest degree possibbefore and after tunneling activitgs such, a baseline survey was
attained during two trips in the summer and fall of 2009; data were collected from Huly 10
through thel6" andfrom October 18 throughthe17". Thisresearch wafunded and designed to
process the data collected during these two wipsh encompassed a broad spectrum of

geophysicakources and sensdiBablel).

Table 1: List of the various source/receiver methods undertakdreal TR site (Miller et al., 201€).

# Receiver # Shot Shots per

Line # Eeceiver Source Stations Stations Station
123 45-HzV Weight Drop 340 180 3
4546 45-HzV Weight Drop 192 115 3
2.3 twin 40-Hz V Weight Drop 340 180 3
23 145-HzH Vibrator Sg 340 190 2
23 145-HzH Vibrator Sy 340 180 2
23 145-HzH | Vibrator Sy (reverse) 340 17 2
23 14 5-HzH | Vibrator Sy (reverse) 340 17 2
2.3 145-HzH Hammer/Block 340 17 G
Wells 7.13 | 3C Uphole Hammer/Block n'a 20 0

TOTAL =2,200

Theacquisitionstrategy allowedfor multiple seismictests of the aredroughtime, before
andafterthe emplacement of tunniglatureqseeAppendix ). Although it encompasses a small
portion of the data set collectadd processedhe portion reported on heiecentered upon the
multichannel analysis of surface waves (MASW). The techniquetiisgsoperty of
Rayleighwavedispersiorto garner ahearwave (Swave)velocity (Vs) profile, through standard
off-end shoting techniquesThemethodwas studied for enhancements to the standard-flamnk
that would bring about momgable, constrainedndhigherresolutionVsprofiles

The resulting 2BVsprofiles will be compared tshear and compressionavave
refraction andrelative density logas a correlation tool for model and inversion refinemEmese

comparisons shadivalidate the layer structure amtderval velocitiesas well as povide a relative

3



Vp:Vsratio. Furthermore, seismic modeling will be usedubstantiatehe geologic model with

the production and processingsyhthetic seismogramSynthetic comparisorghall compare the
relativematch between shot gathers within faedomainand look amatchingthe effects of the
domain transformations @kd to the MASW metid, as a means tostify dispersion and
acquisitionsubseinterpretationsThese additional anghrelatedneasurementsill be usedasa
priori informationto parameterizéhe inversion scheme. The use of multgg®physicamethods

to constrain the solution spa@dong with additional techniques to broaden both the applicability
and information conteriieyond standarttASW surveying will engendehigherresolution,

more constrained (witlomoee canfidenceqgtoeén@l)yesutso | ut i ons

1.1.Regional and Local Geology

Located within the basin and range province of the seegtern United States, the
regional geomorphology is denoted by uplifted regions bounded by normal faults in an extensional
regime.Theextension troughout the area is believed to have started duringatig Miocene
(Sherrodand Tosdal, 1991Tosdal, 1990 With respect to physiographic region, the area is
located within the Trigo Peaks Area, at the margin of the La Posa Piging2) (Eastman,
2007) The site is bounded to the North by the Dome Rock Mountains andwe stend
southwestby theNorthandSouthTrigo Peaks, respévely. The Tyson Wash to the
south-southeasand the Felipe Pass to temuth form the primary drainage for the ar€he relief
throughout the arid region transitions to dednopped lowlands by alluvial fan and bajada
formation along with colluvium deposits of grus, &the site lieoff thetail of alluvial fans

produced fran volcanic tuff formations to thevest.



Figure 2:

New Water'l\:
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Physiographic regions of the area south of Quartzite, AZ (After Eastman, 2007).

Sherrod and Tosdal (1991) undertook a structural study of the area, denoting general

geolog/ and rock agegHjgure3). The Dome Rock Mountains are composed of metasedimentary

rocks of theh J u r a s s theCrdtaepus BleCdy Mountains Formagion wh i ¢ h

wer e

overthrust by Jurassic metavolcanic ahatonic rocks by way of the Late Cretaceous Mule

Mountains thrust system (Sherrod and Tosdal, 1991; Tosdal, 1990). The Trigo Peaks are

composed of Jurassic granitic structural panels that are tilted to the northeast through normal

faulting in a generahortheast to southwesitensional regime (Tosdahd Sherrod1985). East

to northeasstriking tear faults have dextral strikéip offsets of up to several kilometers and

follow/modify the fabric of the Mule MountainEhrust (Sherrod and Tosdal, 1991 ;s@laland

Sherrod 1985). The granitic blocks are overlain by distally derived arkosic sandstone (Miocene to

Oligocene) and the Felipe Pass silicic tuff sequence sourced from the calderas of the Kofa

Mountains to theouth during the Miocene (Sherrod andsd@al, 1991). Between the Dome Rock

Mountains and the Trigo Pealed along the local drainage valleys, there are bands of Miocene

fanglomerates and Holocene to Pleistocene alluvium deposits (Sherrod and Tosdal, 1991).

5
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Figure 3:  Structural map with geologic overlay of the North and South Trigo Peaks and the southern extent of the

Dome Rock Mountains (after Sherrod and Tosdal, 1991).



The site is locatedt the edge of thiea Posa alluvial plain, with soil primarily
characteried by SM (USCS) classification and Superstiivositas (USDANRCS) texture
(McDonald et al., 200Miller et al., 2A.0b). Located between two natural drainage ditches, there
is a slight dip to the southeast with scattered vegetation. As characteratio/zfl plains, the
locality is denoted by a broad outwash basin with little elevation change across the site. Well
logging and sample retrieval generated a suite of geologicdagama, neutron, resistivity,
density,and temperatur@Davis and Culig, 209). The substrate contains large amounts of clay
and silt, with lesser amounts of coargefine-grained sand. Limited quantities of biotite and
chlorite, with larger granules of quartz and feldspar were documented (Miller etl@lh).2Bome
work was @ne to correlate the sedimentary units between wells; however, due to the highly
variable nature and sparse and intermittent sampling of the subsurface, the results were deemed
unreliable Neverthelesdigure4 relates the variable clegontent of the gdogic logs acrosdine

3.
Depth Well FT 10.5 Well FT 11 Well FT12A WellFT13 WellFT 14 Clay Content
g - 100-90%
E E - 90-80%
AR - 80-70 %
- 70-60%

Borehole Positions

40ft— -60-50%
A // [ s0- 0%

60 ft ] N Well FT11 |:|40n30%
Well FT 105 l:l -l

Line 2 E Unsampled

500 feet

100ft—

Figure 4. Geologic log interpretation after Rickards (2011).
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1.2. MASW Method

During the past several decades, Raylaigive dispersion has increasingly been used to
studyVs The multichannel analysaf surface waves (MASW3 usedor RayleighwaveVs
estimations (Miller et al., 1999dyIASW employsa linear line of low frequencye(g, <10Hz)
vertical geophones, with eéfnd/inline source acquisition, to record the local variation in
dispersion poperties Y9) of the neaisurface (€00 m). The shot gathers are then examined using
a spectral analysis to retrieve a phashkocity vs. frequencplot, which is interpreted for
dispersion curves. These curves are then inveaksiming a layereghrth nodel,to form
sequential 1BVsprofiles.

Drilling and seismiemethod comparisons haeenfirmedthe accuracy of the MASW
approachand its sensitivity to changesWs (Xia et al., 1999)Surfacewave investigations have
included: depth to bedrock (Castioak, 2009; Miller et al., 1999a), comparison with refraction
microtremor analysis (Anderson et al., 2007; Richwalski et al., 2007; Stephenson et al., 2005),
hydrophone acquisition (Kaufmann et al., 2005), pavement characterization (Ryden et al., 2004),
mapping of complex dipping structures (Xu and Butt, 2006), stratigraphic analysis (Watabe and
Sassa, 2008), and tirf@pse levee investigations (lvanov et al., 2005b; Ivanov et al. 22006
Hazard evaluations of anthropological voids and natural sinkhalesused/sanalysis to
delineate such structures through their anomalous signatures (Billington et al., 2006; Miller et al.,
2010y Xia et al., 2007p Furthermore, the relation betwe¥sand shear modulus emay be
exploited to assess the sensitivity of a site to ground motion (Anbazhagan and Sitharam, 2008;
Hunter et al., 2010; Parolai et al., 2006; Yilmaz et al., 2006). Others have studied dispangson

imaging (Dal Moro et al., 2008uputel et al.201Q Luo et al., 2008). Sensitivity testing has
8



included method resolution (Boiero and Socco,
al., 2007a) and repeatability (Beaty and Schmitt, 2003).

Care must be taken to limit inaccurate inversioarotinder or overparameterized
problem.The nonuniqueessinherent with thestratificationof a layer model may restrict vertical
1D resolutionf too coarse ocreate situations of inversion instabilityoo fine. In contrast to the
number and thickres of layersthe overall depth to the halfspaceafena subjective calibration
based orknowledge ofa siteand rules of thumldepth conversion ratiohn light of this,
multi-mode inversionl(uo etal., 200/ OG6 Nei I I and Mat 90Bpakda, 2005,
constrained inversion schemes (Renalier et al., 2010; Socco e0&). a20to limit inversion
nonuniqueness and instabilidthough some have worked to lessen model parameterization,
caution must be taken with standard MASW techniques.

Additionally, both deterministicandstochastic nver si on schemes depen
i maging of a sit e 0 DonhinBapstormatiorand the fimite windowing ofi st i ¢
the xt spaceintroduces possible dispersion misinterpretation due tdrsphézakageLyon,
2009, inadequate sampling of lefkequency Rayleigh waves, higherode(HM) contamination
and insufficient resolution of dispersion characterigiicavenumber and phase velocity)
Adopting new methods afomaintransformation may lsen these effects (lvanov et al., 2010;
Luo et al., 2008)In the end, only a strenuous examination of dispersion characteristics and
sitedependent offsetelection effects can lead to proper dispersion interpretation.

The inversion andispersionimaging techniques of the relatively new methety on
several subjective processing decisions that may result in inac¥sregémations. The use af
priori information from other geophysical methods or geologic and borehole studies are suggested

to limit such ambiguities of classical MASW routines. In the same lightarical modelingf

9



synthetic datanay help reduce the uncertaimtfydispersioAimage interpretationinversion
instability, and model parameterizatio@urrent research seeks incrementadular
improvements of the MASW technique. Assimilating these various singular adaptations is
proposed to further the methodology of MASW by engendering a cooitraineaoutinewhich

provides higheresolution, higheconfidence velocity models
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2. Dispersion Imaging

MASW uses the property of dispersion to image the-sedace. When compared to
contemporary spectral analysis of surface waves (SABMAZarian and Stoko&984),more
accurate phaseelocity information requires a multichannel approéeark et al., 1999).
Gathers are analyzed for Rayleiglave dispersion to solve the inverse problem-ofese
velocity. Interpretation of the dispersion image (overtone image) is imperative for proper inversion
and accurate resultingsmodels. The resotion and quality of the overtone imaf@T) is a
function of the analysis used to extract velocity information. The purpose of this section is to
discuss the procedure of sevenahgingmethods, compare their capabilities, and discuss possible
implications to ongoing researciihe phase shift method developed, and currently used, at the
Kansas Geological Survey (KGS), outperforstendardnethod because of its versatilignd
resolution(Park et al., 199&8al Moroet al., 2003)

Dispersion is definedb@ her i ff (2002) as #fAvariation of

Dispersive wavemay include:

Guided or channel wavdsinducedwhen a wave guide traps seismic energy

Lamb wave$ High-stiffness contrast, trapped (guidedves

Love wave$ Freesurface exdation with horizontal shear motiony(S

Rayleigh waesi Freesurface excitation with retrograde elliptical motiog XS

Stonedy waved Solid-Solid boundarexcitation

Sholte waves Solid-Liquid boundaryexcitation

11



This thesigliscusesRayleigh waes which propagate as the interference eflRd
Sv-waves along the free surfag@gure5; Stein and Wysession, 2003; X008 Xu et al., 206).
Postcritical § waves incident on the free surface (XY plan&ggise to critically refracted
P-waves and phasshifted reflected gwaves.The simultaneous existence of these wave modes

gives rise to the Rayleigh wave.

Sy
Y {} p
el
X @ X
————

Wave Propagation

Figure 5: Left) Diagram ofa phaseshifted Sweflection and anvanescentritically refractedP-waveinduced from
an incidentpostcritical reflected Sv wavéarge arrows depict particle motion, small arrows and
perpendicular lines give plarveave propagation directioRight) Theinterference of the evanescent
P-waveand S-particle motion athe free surface produce Rayleighves.

Using the equations after Stein and Wysession (2808)Rayleighwave motion for a
Poisson solid halfspace mag modekd (Figure 6). As the waves are coupled to thesaith
boundaryinvestigation depth is a function of frequency (wavelength) and attenuation. At roughly
one fifth of a wavelength, the motion becomes purely vertical. Below this, the motion converts to a

progradeelliptical motion as the attenuation vector changes sign.
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Figure 6: Left) Displacementomponents shown as a 1.8
function of periodor one point in the sub
surface Right) Componendisplacements )
as a function of depth.

Assuming a media with distinct velocity layeringspiersiorresults as the various
frequencies of Rayleigh waves travel within different velocity horizons of the subsukfaseen
on shot gatherghe variable phase velocities of individwedvelengthsesult in surfacevave
dispersion(Figure7). Through domain transforms, phase velocity may be extracted from standard
shot gathers to produce the overtone im@&ggure8). Curvilinear maxima are most usually
studied for the appaméfundamentaimode Rayleighwave curve (Socco et al., 20185
discussed in tar chapters, the compressiomave velocity(Vp) component of the Rayleigh

wave has a relatively small effect on the Rayleigive phase velocitywhencompared tahe Vs
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compnent This dominant character allows us to obtaWsanodel throughdeterministic

inversion givenapicked dispersion curve

The proper identification of the fundamental medaive, and its separation from
harmonic higher modes, is of particular net&t. Resolution of thevertoneimage is a result of
bothtransformatiortechnique and survey parameétation(Park et al., 1998). As a dispersion
curve is generated over a selected range of geophones, the dispersion curve can be seen as a
lateraly avemgedmeasuref thevelocity structure Horizontal modefesolution is therefore a
function of the spread length, with longer lengths resulting in increased averaginglonide
spreadsnay limitfinal lateral resolutionresearch shows that highmreitoneresolution and the
separation of harmonic modes ahievedwith longer spreads (lvanov et al., 3)Xu et al.,

2006 Dal Moro et al., 2003). Some sites nraguire areduction invsmodelresolutionto
guarantee aadequatejuality threshold and @rall clarity of the dispersion curienage In the
presence ofiM excitation, he tradeoff between overtonenage and model resolution is critical
Considering this, optimal dispersion curve generation will give the greatest resolution over the
largest ange of offsetsurvey parameteraind geologisetting Appendix llreiterates the

variables and equations listed in the following sections.
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Figure 7. Reference shot gather from the Yuma site with Rayleighie digpersion highlighted.
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Figure 8: Reference dispersion curve from the Yuma site.
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2.1.Imaging Methods

2.1.1. fk

Thef-k method uses Fourianalysisto applya 2Dtransformatiorfrom thex-t to theks-¥

domain(eq. 12).

1)
joXe’ 01 Q Ak (2)

The first step is to apply the Fourier transform in tithéo(result in angular frequency )

vs. offset ). The next step involves a Fourier transform in the spatialain(offsef), which

results in spatial wavenumbd). The phase velocity is then interpreted from the relation of

frequency divided by wavenumber. This method is clear and straightforwardy&Qw lacks

resolution of phase velocity, aras suchhas limitations in distinguishing higher modes. In

general, the method is more suited to SASW and passive methods that deal wittlear@nrays

that often require more processing than common MiAssirveys (Socco et al., 2010). Other issues

of this method are the dense spatial samplagiiredto prevent spatial aliasing and the need for

long receiver arrays for proper wavenumber resolution (Foti et al., 2002).
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2.1.2. pU

McMechan and Yedlin (1981) §it proposed the slastack or slownessau @-0) method

(eq. 35).
, ET AROAd1O® njoh A nmBMm (3)
31 BICGYAE ht odd Tt oMo Qe (4)
YR h YR it Q At (5)

Here,dataarefirst coordinately transformed with a linear mewet (tY 2), whose
applicationtransformghe timeaxis (t) by a specift slownesgr)j ), theinverseof velocity (v)
(eq. 3) Amplitudes are then stacked across offge(eq. 4) the process iepeated for a range of
phase velocities that are concurrent with thegikecific Rayleighwave dispersionn relation to
the p-Utransform, eflection hyperbolas map onto ellipses, and linear events map onto points. In a
layered earth, the dispersiohsurface waves will result in a series of points inghddomain.
Transformed to the frequency doméag. 5) the moving maxima along frequency may be
interpreted as the dispersion curve (McMechan and Yedlin, 1981). The sensitivity of this method
is largely a function of thetepsizeused fory, n, andx (Park et al., 1999). Whege f, and their
step value are arbitrary and set by the user, the geogpanmgs a survey parameter that may
affect the quality of the dispersion cur#gure9 shows a graphical representation of the

transform
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Figure 9: Graphical representation of thdo m e, twithahe data transformed from the offsiahe domain to the
slowness vs. time doma(iYilmaz, 2001)

2.1.3. Phase Shift

The phase shift method was pioneered at the KGS, mainly through thei@hkon B.

Park. The technique can be thought of as a particular implementationpefithethod €q. 69)

(Park et al., 1998).

Y e oadQ A (6)
Y ah 0 ch 0 ch 7)
Y ah Q oah Mk EADVA] 1o (8)
00 | = 9
w1 M6 Q P sﬁAoo (9)

0 ah

Q —

Dah s

The (@0) dataarefirst transformed to the frequency doméan. 6). At this point, the wave
field may be thought of as a tvapectum system of amplitude and phase (eq. 7)s Téads to
equation 8, where thghase spectrums expresseds a function of Rayleigivavephasevelocity
(), or theassociatesvavenumber’Q). Next, a operatiorreminiscent of alantstackis applied
acrosffsetnormalized amplitudest a particular frequencgndassuming a particular

Rayleighwave velocitythat corresponds to a phasi@ft acioss offse{%9 (eq. 9. The dispersion
18



curve is a result of thghasecorrectionvalues measured across moving, maxirrgiatked
amplitudeof w1 %o, which are transformed t@ FA through the relation ofd> 1 %o
Due to the separation afefquencies at the initial transformation, this method is considered more
accurate than the standgrddmethod which loses resolution along the frequency axis
Where thep-Umethod may suffer frortoss of resolutionvith HM interference or
superpositomg, t he phase method offers fiperfect r es
(1998) mentions, the algorithm still retains thellimitation of phase velocity resolution, but has
proven effective across a multitude of applicatigkdditionally, the normalization factor may

help to reduce spectral leakage &tid interference.

2.2.Ilmplications with Application

Of those studiedhe phaseshift method gives the highest resolution dispersiove
images.Thef-k method lacks resolution and the abitiblyaccurately separate harmonic modes;
alsq it is not dependable when surgegreundersampledn time or spaceWhile thep-U met h o d
makes improvements ovek analysis, it maylack resolutiorin phase velocityt specific
frequences Dal Moro et al. (20033tudied the effect of a short spread length on each method
(Figure10), anddemonstrated the effects of normalizatand bandpaddtering onthe overtone
image(Figurell). A short spread resulted gpatialaliasing of thé-k method, while filtering and
normalization had a lesser effem the phase shift methad compared to the conventiopél
method Dal Moroet al. (2003oncluded that the phase shift method proved most insensitive to
survey design and processig the most robust across broad survey configurations and
processing routineshe phaseshift method ighe first choice in digersion analysidt should be

noted that other techniques exist that were not studied &igreSPAQ
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Figure 11: Results afteDal Moro et al. (2003) with a sequence of disgen curves calculated from 2fophone
gathers witithea) f-k method, b) pdmethod, and c¢) phase shift method. Column 1 is aif®2-20-30)
bandpass filter, column 2 is the same as column 1 with a normalization factor, and column 3 is with a
(0-3-50-70) bandpass filter.
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3. Inversion Theory

Sheriff (2002) describes inversionhas A[ d]
subsurface that i sThepoeniaus sedian describved Hbdurietahagysisd at a. 0
wasused o assess a sit e 0 anddevetoparelaionship beowvben freguence r i st
and phase velocityrorward modelings then implementt which can be thought of as the
opposite of inversiortp transforma layeredearthvelocity model(Vs Vp, density(} ), and
thickness (h)into a dispersion curv&hisforward problems the basis fotheinversionandties
the model parameters, spécdlly Vs to the phasevelocity data through wave thearinverse
methodaminimize the difference between tlaarthmodelgeneratedurve and tht of the
experimentatiatathroughanupdateof the modelspaceparameter$Vs). This process is looped to
iteratively minimize the dataismatchuntil an acceptablmodel converges to site characteristics.
The following sections discuss, in more detail, the methots®edlASW inversion schemeé\s a

clerical notematrices are indicated in bo&hdvariables intalic.

3.1.Forward Modeling

The equations of motion for a Rayleigh wave have long been known. Texts such as Ewing,
Jardetzky, and Press (1957) have fundamental equations, and their derivations, for the motion of
the Rayleigh wave. The advancement of cotapailed to the development of software code that
allowedfor the modeling of such wave processes. Early work by Thomson (1950) and Haskell
(1953) centered on the formulation of matrix expressions of the elastodynamic equations and their
implementationas o d e , known as t he (popagaomnsatiiglhe tremaférr i X me
matrix method idased on the assumption dagered earth modelimiting factors, such as
numerical overflow and precision limits hamperedithigal implementatiorof Raleigh-wave

motionnumerical modelingToday, thetransfer matrixaumerical solutions to wavequation
21



motionarewidely utilized.
Schwab and Knopoff (12J developed a particular code that reduttedaforementioned

computational problems and resulted indasbrwardcalculation of the Rayleiglvave

dispersion curve. Particularly, they implemented preci®sa normalization and a
layerreduction scheme into their formulation of the wave equations. This code is used for the
forward modeling of surfae@avedispersion curvem the SurfSeis program. The objective
function, in its linear, implicit form is:

"0"Qho Rk AL gh m Nx EA GA pheresti (10)

where'Q is the frequencydg gis the Rayleighwave phase velocity at frequenty ; "Iy

0 B is theSwave velocity vectgmwherevs; is the sheawave velocity of théth layer
andnis the number of layers}, 0 b B is the compression&-wave velocity
vector, with® being theP-wave velocity of théth layer;z  ” R B R is the density
vector, with” being the density of thi¢h layer; andi  "QRQEB FQ is the thickness
vector, with"Q beingthe thickness of thigh layer (Xia et al. 1999). If given an ingutvs, v, and
} model, along witrarangeof frequencies’@, one can calculate tiikayleighwave phase
velocities(cy kfrom the roots of equatiorD1 The rootof equation 1@re found using the
bisection method to find the phase velocitigs: (Press et al., 1992). Thisquess involves
bounding the equation about zero and continuously halving the interval distance, using subsequent

end members for further calculation, until a certain amenable threshold is reRepedting this

search for various frequencjessulsin a set of dispersion point'?sgfq gthat together may be

compared to thexperimental arve for minimization
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3.2.Least-Squares Approach

Xia et al. (1999) wrote the code that SurfSeis uses to invert dispersion curVeshisr
work forms much of the following computationadptanation(Xia et al., 2008) Theinversion
follows the basic theory @tleastsquarespproachThe method appliesweighted,damped
leastsquares method to reduce the error betweenaloaelatedorwardmodelandtheobserved
data. In particular, theevenbergMarquardt (LM) methods usedo hamper nossingularity and
to ensure convergence of the model. The technique also applies singular value decomposition
(SVD) in order to limit computing costd allow fluid variability of the damping factaith
convergence

The ron-linear problenis linearizal throughTaylor series expansion, by looking at small
perturbations of the system, and setting up a fuifference numerical calculation (Lourakis,
2005; Xia et al., 1999). This leads to the applicatibaquationl 1:

&e  Y'H (11)
whereYH "H = e andis the difference between the observed @8tand the forward
model responsg) to the initialSwave velocity estimates (), whichis minimized, Ye is the
stepwise adjustment of thefimil estimation;€ is the Jacobian mat: The elements of the

Jacobian matrix are the firstder partial derivatives oﬂ-z with respect t&-wave velocitie le)

(eg. 12).
T WO
- 12
& T Dw (12)
TheJ acobian is calculated using Riddersdo met
finite-di f f er ence evaluation employing Nevill ebs a
Nevill eds al gor it hm -dfferenceadprivdtives ands ehch stepesize, ac al i

higherorder extrapolation is checked against those of leweerfor optimization(Press et al.,
23



1992).
For adampedweighted leassquares inversionhe objective function becomes:

W A0 HE N A0 FHE | moOA (13)

where £ £ is the L,-norm length of a vector, is the damping factor, and is a weighting

matrix. The weighting matrix is a function of changes in Raylsighe phase velocities with
respecto frequencyhangeas denoted by the Jacobian; this is a representation of the resolution of
such frequencies and therefore the basis for such weigbtiagt al., 1999)Transforming the
weighting matrix to

R BEE (14)

where’E is a diagoal matrix the objective functiomay be represented terms of the LM
method as

e AA | £ A'H (15
where’A 'EE'H 'E "HandE is the identity matriXXia et al., 1999; Zhdanov, 2002). Using

singular value decomposition ftite modekpace’A the objective functiomaybe minimized
while adjustinghe damping factor without recalculating the inverse matrix in equafion

3o 18 flUHT G0 ¢ H (16)
where matrixA is decomposed @& i f1; wherefi 0 b F8 b is composed dhe
eigenvectors thapan Al'A wheref] 6 o I8 [ is the matrix of eigenvectotbat span
‘AA, and where is thediagonal monotonically increasing matrix of twguare roaof the
eigenvalus of WA and A A (Gavin, 2011; Pujol, 2007)

The LM method allows for a combination of steepest decenGandsiarNewton

convergence by changing the damping factor from |fdgeb) to small(UY 0) values,
respedwely. The convergence starts with high value§)asing steepest decent to constrain

movement, and then redudé# converge quickly upon a solutitma GaussiatNewton sense
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This implementation minimizes the objective function while remaining robust.

3.3. Global or Stochastic Approach

Other inversion approaches use stochastic inversion to conduct global searches of the
solution space (Socco and Boiero, 2008; Ryden and Park, 2006; Wathelet et al., 2004). These
schemes are generally used to reduceiskeassociated with local minima and the nomnqueness
problem of the notinear Rayleighwave problem. The computational cost and the subjective
control on the search range, step sequargeglarizationand misfit criteria make them
impractical for mag applications and limit their robustness. These approaches may also lack any
greater rationalization of the layarodel when using static layeg and/or underparameterizing
the problem. Socco and Boiero (2008) developed an optimized Monte Carlo schemasth
capable of limiting the effects of inversion controls with the ability to search outside the original
search space (velocity) and allowing varying layer thickness. When using-gk#vah methods,
choosing a proper layenodel is compounded withéhexponential rise in computational costs
seen with increasing stratification. Stochastic inversion may better define the minimum(s) within
the search range, but they do not intrinsically protect against global minimization of an incorrect or
underparameteed model space.

In preliminary investigations, the ability to quickly test and compare differing
parametessets, particularly the number of layers, across an entire survey area is essential.
Globalsearch methods are frequently commended for theiuptimsh of multiple models that
converge to site characteristics. The multiplicity is seen as a greater sampling and more complete
mapping of the solution space. The issue with such reasoning is when, in the end, a singular model
must be decided upon. Ifdua sample formulates the final interpretation, few applications allow

such variance outside of error estimatibarthermore, @lyingonly on error minimization may
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lead to solution variability unrelated to site characteristics. The decoupling of parnaatein
from fitness estimation@vhether quantitative or qualitativejakesrelativenoise hresholds
uncertaintyand pocessingnethodamore critical.As the solution complexity and variance

increases within global searches, sonetricoutside of mnimizing RMS error is needed.

3.4. Fundamental vs. Multi-Mode Complexity

The standard approach of surface wave methods is to solve the inverse problem through the
minimization of the fundamentahode curve $occo et al., 201Xia et al., 1999)The
forwardmodel waveform equations of moti@me solvedpecificallyfor thefundamentaimode
Rayleigh waveResearch later proved the usefulness of inclubilginformation during the
inversion (uo et al., 2007; Maraschini et al., 2010; Xia et al., 208&hermodes were shown to
increase the depth of investigation and the model resolution of the inverse problem, while
stabilizing the inversion by limiting the solution spathkis improvement comes at the cost of a
moredifficult interpretation.

Authors have showthat fundamentaiode inversion may be imperfect due to mode
superposition andliM contamination. The effectsf higher modes on dispersion characteristics
particularly the idea of an apparent curve, must be consie@d Nei | | and Mat suok.
Tokimatau et al., 1992)Due to the sampling of the Rayletglave, which is a function of both
acquisition parameters and dispersion imaging, individual modes may be masked, hidden, or
skewed. This can create an apparent curve that may jump from mode to modbeafoaguency
axis rather than following the true fundamesnteddetrend This brings into question not ortlye
phasevelocity picks, but alstheirmode assignmeniowever, muting in the-xdomain has been
shown to reduce HM interference at high fregcies (Ilvanov et al., 2005a). Moreoveme

methods implicitly solve for an apparent curve which negates the need for mode assignment (Lai
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and Rix 1998). This strategy, however, only guards agamsinterpreteamodes and provides no
constrainfor theinherenteffects of theransformationAn ill-posed acquisition scheme could
controlthe dispersion character and result in inaccurate results

To confidently incorporatelM data into the inversion schentlee processamust
accurately identify modaumberHM superpositiorand empirically test the effects of acquisition
on dispersiofcurve characteristics. An initial processing schesnggested bivanov et al.
(2008), is to vary the source offset and the spread length to gain an understandingaobitice
of thephasevelocity curve found usinglifferent parameter set&eneral practice assumbsit a
long initial spread gives the highasisolution, mosaccurate curvéespecially at low
frequencies)Departures from this spread length are maded@ase the lateral resolution of the
survey, but must be assessed for inaccurate sampling of the RaybighAlso, as the method
averages thevave fieldover the entire spread length, there is no inheregttavaeparate local

heterogeneity from samply effects.

3.5. Model Space and Parameterization

Xia et al. (1999) analyzed the Jacobian matrix and the effégffbfzbA T A on the
phase velocity solutiofor a givensyntheticmodel Theyfound thathe ratio of percentage change
in phasevelocity to percentage change for each variable tb.5& 0.64, 0.4and0.13
respectivelyThis comparison shows empirical evidence of the sensitivity of Rayleayle phase
velocity toVsstructure. It also restates the importance of the layer msqkstifically layer
thicknesqi ), to Vsinversion.Considered small, and within known values for most sites, the
divergenceseen withivVpand density variatiowere deemed minimal. For sites where such values
are not known to 25%as suggesteith Xia et al.(1999, such generalizatiamaynot be

acceptablelvanov et al. (20099emonstrated thatsinversion may not always be insensitive to
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density; the research revealed thatdbasity gradientrather than a bulk shifils importantto

achieve accurate results for some si@bess havestudiedthe significanceof theinitial layer

model(layer: number, velocity, thicknessnd depth to halfspagen inversion result@Casto et

a., 2009; Renalier et al., 201Wathelet et al., 2004k-or all considerecandwhereveravailable,

a priori information should be used to constrain the inveraiond i mpr ove t he met h
reliability.

The 1D-inversion scheme results in interval velocities that correspond to a layer model for
each dispersicourve midpoint. This layer model may be entirggneralized to best fit the initial
dispersion properties of a site,lmmore constrained through evaluatioregdriori information.

The initial Vslayer modeimay be guided bthe asymptotic values of tla@parentundamental
dispersion curvewhich ae approximately 90%f theVsof the first and halfspace laye&erving

as an initial smooth case, a less parameterized, feyer(<10) model may converge to the
experimental dispersion curve, while limiting the instability of the inversion. Depaftaraghis
initial model may be affected by borehole data, or other geophysical methods, that dictate a
particular stratigraphic sequence. With MASW, the lack of filghuency content may limit the
confidence of the uppermost velocity interval(s). Sirhylahe further stratification of basal layers
may destabilize the inversion as deeper structures are sampled by longer wavelengths which smear
the velocity field. The adoption of a more parameterized layer model, especially within regions
that have limitd or no dispersiomurve data may result in a profile not representative of the true
Vsstructure.

A proper balance between model smoothness, inversion stability, and vertical resolution is
not always intuitive. To limit such ambiguity, the incorpavatof refraction tomographg

suggestdas a means to constrain the layer model of MASW. This allows a more discretized
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model whose layers may not have direct frequency to depth constraint using the general
half-wavelength association of the dispersiorveuo depth (Song et al., 1989), yet are upheld by

tomographic inversion results.

3.5.1. Refraction Tomography and Joint Analysis

The inverse refraction traveltime problem (IRTP) poses several dilemmas due to
nonuniqueness. lvanov et al. (B0 discussed the atinuous multidimensional valley that
defines the topology of the IRTP solution space. The occurrence of local minima and
hidderilow-velocity layers make the IRTP difficult to properly invert, and leads to an infinite
number of possible solutions thatseaably fit the traveltime data (Ackermann et al., 1986;
Healy, 1963). The parameterization of the geologic model, from which the inverse problem
initially precedes, ismperativeas it will drive the convergence of a deterministic inversion
scheme (lvanoet al., 20@b; Palmer, 2010)vanov et al. (2006b) suggested the use of a reference
model, derived from MASW, to properly constrain the convergentgpoéfraction tomography
(i.e., the joint analysis of refractiomsth surface waves (JARS)yhe inclision ofa priori
information is needed to accurately account for IRTP nonuniqueness.

Authors have documented the benefit of incorporating refractiosafacewave
methods $WM) data into parallel processing routines. The similar acquisition techrodjties
two approaches produce dymlrpose and cosffective surveys. Neasurface refraction studies
havebeencombinedwith SWM to reach more stable and constraiNadnversions. Dal Moro
(2008) used a MukDbjective Evolutionary Algorithm (MOEA) tintly invert Pwave
refraction and Rayleigiwvavedispersion curves with priori fixed Poissod mtios. Foti et al.
(2003) used a constrained inversion scheme that usedv®refraction results to parameterize the

inverseVsproblem. Schuler (2008) us¢he method after Dal Moro to separately and jointly invert
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Rayleigh and Love waves with Bnd Swave refractions. Piatti et al. (2012) discussed a
leastsquares joint inversion ofRave first arrivals and Rayleiglvave dispersion that reached
greater acuracy for lowvelocity layergLVL) than Dal Moro for synthetic data. Joint inversions,
although more statistically precise, necessitate rigorous computational development essential to
constraining the added degrees of freedom. The regularization gadtisiga priori information
needed to properly formulate joint inversion schemes act as fundamental limitations on their
robustness and ease of use.

Whereseverabpapers discuss constrained layewdel inversion, they often reduce
nearsurface stratigrdpy to a linearly smooth or seveflalyer problem. This is often a function of
the limitations of common refraction theory (eigcreasing velocity with depjhstochastic
inversionds computational <costs, olethamapel i ef
adequately formulate many analysis functions, highsolution models are often needed for
various applications (e.gnodeling). The degree of smoothing may be compounded when SWM
seek to delineate increasingly deeper strata with the inole$ipassive data (Di Giulio et al.,

2012; Louie, 2001). Increasing the depth to the half space, while keeping the layer
parameterization constant, may result in an-@u@plification of theultra nearsurface.

Most applications intergate many 1Bprofiles into a 2Bmodel space. In contrast, many
researclgroups especiallythose usingtochastic approaches, implicitly use a single 1D profile to
confer their conclusions. Although this is a correct representation of the initial results, few
red-world appicationsrelyon1Be st i mati ons, but rather seek to
to 2D. Socco et al. (2009) and then Bergamo et al. (2012) used a laterally constrained inversion
that mitigates the decoupling of AZBaging with many 1Bprofiles. Their nversion routine

simultaneously solves a setddD dispersion curves, constraining A&teral variation and
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improving structural imaging. Thegiso displayed results in a ZBshion using nointerpolated
sets of 1Bprofiles. When incorporating tomograpimetrods, which intrinsically use 20rids, a

direct SWM comparison would benefit from the use of interpolated imaging.
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4. Data Acquisition

The YPG JTTR site was developed to advance the research of currenidetectibn
methods. Terovide adequateontrd on the experimental testing séismictunnel detection, a
baseline survey was conducted beforestin@lacemendf a tunnel at the sit®ata acquisition was
approached with the intent of diversificatj@iving the broadest possible data set for future
comparisonA multitude of seismic source and receiver methodologies were used to garner a
well-balanced dataset for comparison stusbe(Tabld). Different sources imparted varying
amounts of energy with different frequency signaturestamiinantwave modepropagation.
Severahatural frequencgeophones were uséaloptimizethe samplingf certain wave modes
(surfaces waves, reflection, diffraction, shear vs. compressional, etc.). Thalg38ocured a
geologicinvestigation through drilling and wedbg analysis. Due to the dry and unconsolidated
nature of the predominantly firgrained substrate, sonic drilling methods were used along with an

AquaLock sampler to optimize sample retrievaldure 12).

Figure 12 AquaLock geologic sampling system at work on the YPG site.
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Although six lines were acquired, this thesis focuses on the two lines that had the full
complement of source and receiver pairs, line 2 and line 3 (see Figuredmphessionalvave
survey was conducted for MASW and refraction analysis, while severahshearsurveys were
acquired to garner a suite ¥6tomograms. The#ave survey used a bungassisted
drop-weight sourceRigure13) in conjunction with a fixed spread of 4.5 Hz vertical geophones
spaced at 1.2 m, with three impacts at each station. The surveys used the Geometrics distributed
Geode system, with |ine tap unit (a&dquidijoni mpl em

vehicle.

Figure 13: Photo of the weight drop used fomRave refraction and MASW processing with the Trigo Peaks in the
background.

33



For comparison, sheavave surveys were designed with concurrent stations daaate
proximal to the MASW line. Horizontal 14 Hz geophoddisection of sensitivitywere orientated
perpendicular to the line with the source energy vector similarly orientated-fea% recording
an in-line sensoiand energy souragereused for theS,-wave modgFigurel14). Hammer blows
were struck three times in both directions every 24 stations using a shear block; vertically stacking
both polarizations at each station sought to enharweav® energy and de&uctively counteract

spurious Pwvave energy (Helbig, 1986).

Map View

/ Oscillation of particle motion
7/

Initial Motion | <<t==> / Shear Block
Sv

Survey Line Trajectory

/

Shear Geophone with Sensitivity to
oscillation SH

Cross Section

R || Surface
SH\Q‘ Sv}% P\NN

Figure 14: Shearblock setup for sheawave tomographyl'he opposite direction of initial motion is not shown in the
diagram.This is a simplification, both\Sand $ sources will generate both sheeave modes; however
one is dominant.
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Similarly, both $- and $-modes were recorded using an Industrial Vehicles International
Minivib and a waffle plate; however, the density of source locations was increased t@ every

stations Figurel5).

Figure 15: Picture of the IVI Minivib system used at YR@th three different orientationsf the hydraulic mass
top left) §i-; bottom left) S-; right) P-wave Note the waffle plate used for shear generaticthe lower
left imageand thathe survey line is parallel to the long axis of the Minivib.

The vibroseis data weggven least confidende light of the common issues found in
interpreting correlad firstarrivals. Theyareincluded to add multiplicity, strengthen the
confidence of the sheavave refraction results and, therethe MASW Vsmodels. Svave

hammer data and polarization comparisons helped to determinplmee firstarrival signatues.
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Different modes of the seismic wavefield may illuminate the subsurface distinctly. As
Rayleigh waves intrinsically rely on the interference gf&hd Pwaves, there is likely to be some
disagreement between the MASW calculated shear wave veledttyahd Si tomography
velocity profiles. The degree to which anisotropy causes a disassociatiorVsfuitwdiles is not
directly measured here and was assumed to be negligible. The use of separat®aeave
propagation, along with two geophysical methiczhould allow for independent assessment of site
stratigraphy and velocityAs it relates to refining the MASW layer mogdtse velocity structure

calculated from the refraction suryegther than absolute values, is of primary interest
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5. Processing M¢hods

The various processes listed aboveting, offset selection, dispersion interpretation,
inversion convergence and instability, refraction regularization, nonuniqueness and/starting
referencanodels, must be formed into one cohesive roytingure16). Each round of processing
conveys additional information which gugidispersionnterpretation, layemodelrefinement
andcomplimentaryinversionof refraction and surfaeeave methods

The irtegration oMASW and refraction tomography incorporaitayermodel refinement
and inversion constraint (reference model), while producing multiplicity $onodel
comparisonWhereclassicaMASW assumssstratigraphic sequences based on regional ggolog
or default layer scheméRenalier et al., 2010; Xia al., 1999) a constrainegharameterization
approach uses independent measurements and data driven methods to toaktyairmodel
inversion schemeRefraction methods refine the referenedocity model (i.epreliminary
MASW) usingnon-Rayleigh wae seismic data (i.e., body waves) and an unrelated inversion
schemausing the JARS methodology (Ilvanov et al., 2008le resulting tomograms are
interpreted for structurgdatterns talefinea morestratifiedparameterization of the
Rayleighwaveinversion, which compliments bodwave informatior{optimizedconstrained
parameterizatioMASW). Although there is some degree of dependence built into this system
based on the use of reference modetiependentiatasourcesiltimately drive the convergence.
TheconstraineeparameterizatioMASW routineprogresesfrom a smoothlessstratified

solutionto a constrainegdhigherresolutionvVsmodel| with refractionrtomographyenhancement
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Figure 16: Generalized workflow for aconstraineeparameterizationMASW approach Preliminary, firstrun
MASW allows aVs-JARSJARSapplication, the results @fhich may be used to update the layer model
of the next generation MASW inversion. Later sections wiltulis the addition of synthetic modeling for
additional constraint on dispersion interpretation and fayedel refinementArrows depict updates with
each additive constraint or information.
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Proprietary software, developed at the KGS, was used foroaépsing steps.

KGSSeisUtilities was used for initial geometry assignment, sorting, and first arrival picking.

SurfSeis was used for overtone analysis, dispersiove picking, and/sinversion. TomoSeis

was used to invert the firstrrival data for velaty models. In house modeling software (FFDM)

was used to produce synthetic seismograms and layer models (Zeng et al., 2011). Golden

SoftwaredsE Surfer 8E and FFDMGUI were used a
All dispersion curves were picked using a 4¢ghil.CD television(TV). The

high-definition, highresolution screens allowed an unparalleled picking environ(Renire17).

A simple comparison between manual picks made on the TV and a 19 inch laptop showed clear

separation irpoint density, curve smoothness, and curvilinear trend. Quite simply, this is a product

KANSAS
GEOLOGICAL

SURVLEY

The University of Kansas

GEOLOGICAL
SURVEY

The University of Kansas

Figure 17: Four 47 inch television setup used to pick dispersion curves.
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of pixilation, or discretization, and an ability to increase pomterage and better defittee

dispersion curve over an arc length. Furthermore, the relative change from one pixel to another is
reduced allowing for greater picking control and reduced sensitivity to minor adjustments in the
curve. This scheme is someathrrational for many applications; however, the ability to more
confidently follow trends across noise/amplitude irregularities, HM contamination, and within the

phasevelocity resolution band is worth noting.

5.1. Preliminary MASW

The first round of testingesolves an initialclassical MASWs t udy of the siteos

structure using conservative layering and inversion parameters. These parameters typically

include a smooth, relatively few layer (i.e., <10 layfia et al., 1999model to restrict inveisn

instability and improve convergend@f great importance is the offset selectibatcontrols the

sampling of the Rayleigh wave and eventual overtone image. Dispersion interpretagnded

by analysisof offsetrange samplingffects, xt domainmuting, and lateral changes in dispersion
characterMoreover, arve analysishould dictate a relative depth of investigation and layer
structureassuming a depth conversion ratio (Song et al., 1@&Rjitional information from well

logs, etcmaybe u®d to constrain the layer model if available; density values are used here.

preliminary, smooth MASW solution will guide further refinement using refraction methods.

5.1.1. Offset Selection

Initial processing focused on searching the geophone array &mpmopriate parameter set
(offset range in the-k domain)thatmaximized lateral resolutigadequately sampled low
frequencies, and reduced transformation effiectse frequency vs. phase velocity domain

minimum offset of 1.2 m and a maximum offeé 78 mwas determined to be optimal for the site
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This correlates to a 65 geophone spread with a 1.2 smieceoffset Common rules of thumb
would dictate this source offset as detrimetddbng wavelength, low frequency sampling of

Rayleigh waveslue to the nedlield effect (Park et al., 199%u et al., 2006)At close offsets,

sweptfrequency shot gathers would contain erratic linear inconsistencies at low frequencies that

still behave nosinearly.
Rayleigh wavegan only be treated as planawes past a certain offset dependent on

velocity structure and distance from the soRiehart et al., 1970However, past studies at

locations near the site have suggested the use of small source offsets are necessary for proper

sampling of the Raylelgwave (lvanov et al., 2008). Through parameter analysis, thdialear
disruption was deemed limited and marginal in comparison to the benefit of-sepdation, an
expansion of bandwidth to higher frequencies, and overall dispersion coherencyraquossdy.

The relatively longer length of the line (78m) acts to prevent thefreddueffect through statistical

averaging across offséh comparison,dnger offsets and shorter spreads lead to the degradation

of the fundamental mode akM interferene (see Chapter 8). Without additional data control,
t here wasno6t any offsetbpearfic dhangegin thesoyertdn@images @.8.,e
neafrfar-field effecs, HM interferencgwere not related to velocity heterogeneity (lateral and

vertical) raher than spatial samplingithin the xt domain

5.1.2. Higher-Mode Contamination & Muting

UnderstandingdM contamination andsingmuting in the xt domainto interpretits
effects are an integral part of dispersioterpretation duringffset selectiomndcurve pickingIn
relation to sectiol.4, highermodes may be a valuable addition to Rayleigtve inversior{Luo
etal.,200/; OO Nei || and Mat s uoHoweyer, @ dfferent comtext, tleey

may be equayl adverse to the method. Of particular concetiNs contamination (Boore, 1969).
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HM contamination encompasses all mgienomena that restrict the signature or strength of the
fundamentaimode. This usually manifests as a stramgplitudeHM trend that sirts above a
cer t aoffireqbeoadIC| as si cal -otfefx tfsr eugsuee nébccyubt as t he t he
observable frequency of aff mode. A these transitions, the fundamentzbde amplitude and/or
coherency across frequency is denigrated as tinengode(s) is excited.

As the optimal spread was rolled down the line, there were changes in HM excitation, and
strength(amplitude)of the fundamental mod&igure18). Althoughthere issporadidoss of
amplitude, the dispersive signature is interpretable to 86rHnany overtone imageghe
fundamentaimode curve reaches an asymptotic value at approximately 200 m/s, which assuming

a 90% correlation, estimates a fitayer velocity of 222 m/s.

Phase Velocity (m/sec)

Frequency (Hz)

Figure 18 Dispersion curve showing good signal to 80 Hz withiableHM contamination above 30 Hz. Squares
highlight several instances of the competing signal between the fundamental and thenbidgefhe
bold blackline highlights agquestionable trajectory for the fundamental.

The dispersiort u r v e drequemdy @ils oscillated between two interpretable pathways
across all lines (e.grigure18). As many curves did not have higimplitudehigh frequencies
(>40 Hz), there was a need to assess whether the dispersion characteristics were related to

sitewide geology or an anomalous lateral change in velocity.
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In the presence ¢iM contamination, Ivanov et al. (2005a) suggested mutixig
signatureson x-t domain gather@~igure19) to increase the signal strength, bandwidth, and
interpretability of the fundamental modeidure20). Linear muting increased the interpretable
bandwidth of the fundamentathode curve toward higher frequenciest also adversely affected
the lowfrequency trend. Comparison between the muted anditedimvertone imagérings

confidence t hat cutvdpopgties(ickigorals) werenot@ resulh alateral

change in velocity.
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Figure 19: Left) Unmuted shot gather. Right) Muted shot gather.
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Figure 20: Upper) Unmuted record with strg highermode contamination pasd8iz. Lower) Muted recordbove
an approximate phase velocity of 450 mvith increased bandwidth to 80 Hz.

Instead, it is related to a general velocity trend across the line with relative changes in the
excitation of hignermodes resultingni variable cubff frequencies. It is also noted that the
fundamental frequencies bal®@0 Hz become less reliable as certain frequency data traveling near
the velocities of the highdrequency higher modes are partially mut€lis agrees with the

original research conducted by Ivanov et al. (2005a) where a disruption-bElguency data was

noticedwith high-frequency gainsThus,the muting technique acts as a teaged sword in
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extending highefrequency data, while constrictitige lower.

Although muting allows for a more aggressive picking scheme beyond strong fundamental

signatures, inverting a line using tlagproachwould create processing challenges. To limit
uncertainty, the user would need to combine theflegquency d& from unmuted gathers, while
appending highefrequency picks from the muted record (Ilvanov et al., 2D0%so, there is
some disagreement between the records for the interméaigteency phase velocities, so the
crossover frequency may need to bedtuated with each midpointluting was used
intermittentlyacross the linéo constrainthe dispersiorcurve interpretationat high frequencies
where HM contamination resulted in low amplitud€kis procedureltimately ensure proper
inversion, espeally for the high frequencies of thitra near surfacewhile limiting possible
errors seen with lovirequencyinterference

Anin-dept h anal dispersorcbafactex is secessaryte properly invert

Rayleigh waves fo¥s Avoiding or restraimg HM contaminationvith muting andan optimal

offset ranggrevents erroneous inversion of curves that do not follow true fundamental signatures.

Extending curves to reachyasptoticvelocities ensurappropriate fundamental inversion of the
uppermost satigraphic layersHigh-confidence picking routines lead to mocearateVs

estimations with layer models that converge to true velatigyacteristics of a site.

5.1.3. Layer Modeland Inversion

With an initial interpretation of dispersion character,iethal continuego
parameterization of the layer model arglnversion. Peliminary MASW sectiongapplied7-layer
models to |Iimit inversion instabilityThand
conservativgparameterization ensured fast convergeto measured curves and restdct

instability. A Vp:Vsratio of 1.87( Poi ssonds ratio of Vpasd) was
45
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Poissonds rati o val ueTheaadclintate gnd megligilule rddalf ofthen e i n v
area, along with iniéil assessment of the refraction data, confirm minimal subsurface satukation.
depth conversion ratio of approximately 35 percent generated an initial model and established the
depth to the halfspace.

Wishing to incorporate accurate density values inbegssing, boreholegging was
undertaken at all the wells drilled on Eeégure21). However, as the Aqladck sampler system
was used, the local substrate was subjected to water floddiagonic sampler worksith water
above the cuttinghoe that act® create a vacuum seal to extract samples. When retrieving a
sample, some of this water is transferred to the sample, and some is transferred into the casing.
This resulted in a water flood of the borehole vaéith extraction phasas a detailed log of the
drilling progress was not kept, specifically when eaeli was completeandhow much water
waso | sr wdll,theporesaturation at the time of the density loggaannotbe estimated
Thereforethe density values maype skewed fronthe material properties of the si#s such,
individual wells were not tied to proximal se
was smoothed along the depth axis using-atd0.6 m moving average filter. fese smoothed
well values were then averaged at each depth increment to obtain a mean density profile for each

line.

46



*AIAnoNpuog/AlANSISal pue ‘uosinau ‘ewweb ‘Alsuap ‘ainjeladwa) :apnjawsbo "TT ||om Jo) auns Boj |9\ TZ 24nbi4

47

__“as__._a_.,.
wmdnED
. TRl
= 7]
[
I {1 H
| SR ﬁ
06 ..rl _u u A 06
7
M,
Y
\
08 M el o8
L 1 | |
7 Y < ) !
7 iy o
= H S
_“. ; ._w\ = 2 ¢ f
i 14
e ufln_N — F _-— A 0%
Ve ;! Pd
~ ST 3
£ £1 [
2 i | C %
: ) = Y
[ 4
~= 4
o e
L ,._ﬂ\ M l./ \_ or
| /|
i 3 .
:\ ! 13
A FHH
{ [ < /
e L ) R/
. 3 I AR
; th
VRN ﬂu N%
o1 v _/ h.. ot
[ EoE | N
Fa M,
] izt
e — : L] =l e




This treatment sought to limit the possibility of local wagaturation effects on the borehole
density; however, it assumes that éhastic properties are relatively equivalent across the site and

the stratigraphic layering is consistent with the negligible changes in surface elevation.

Inversion was initially guided by a smooth convergence of the misfit function to a
reasonable matdbetween the calculated and picked curves. Stopping RMS error was somewhat
inconsequential as solutions were manually stopped as convergence reached an asymptotic trend
and a reasonable curve match. Careful attention guarded against large fluctuatsradues for
individual layers that corresponded taal changes in curve charac®rRMS error. This
procedure kept the inversion from converging to unrealistic models that conform to theigoa
topology of the misfit functionlThe inversion keepsé¢h Poi ssond6s r ati oVsconst a

values@andVpas sumi ng a Rvibhicangemenbes r at i 0)

5.1.4. Preliminary MASW Results

The above parameterization formulated an initial inversion scheme for the Yuma site. Due
to the variability of the fundamentanergy, the inversion results disregard the upper 3
Velocities values above this depth have limited or no frequency to-pklggty data to constrain
the inversion. Although the layer model takes this uppermost section into consideration, the lack o
data constraint limits the confidence of these measurements and ultimately results in an averaging
of the wave field beyond the intrinsic sampling of the Raylewglve. This treatment ensures the
results are representative of the data. This is espeiradlyrtant with the interpolation of 1D
midpoints into 2D gridsThetomographionet hods a s s u me logetcdverageasay s 0 ,
rays bend at velocity transition&s initial constraints will work with refraction resuliisat were
limited to such depthsll models arshown to 12 m below the surfatater sections will include

MASW results that extend to deeper strata (Sleapter 3. To facilitate viewing, all models have
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an approximate 4:1 vertical exaggeration; all profiles are shown frvn(EEw-high station

number). The 2D interpolated results are pictured belowigufe22).

Depth (m)

1 ! o,
2100 2120 2140 2160 2180 2200 2220 2240 2260 2280 2300
Station Number

250 350 450 550 650 750

Figure 22 Initial, few-layer MASW inversion of the YPG data. Note the lack of stratification ancuagy smooth
transition to 9 m.

As expected, the | ow number of | ayers prod
1D velocity estimate. Intrinsically, a smooth model creates layers that cover wider sections of the
curve. Any fluctuations of the cuewvill be linearly approximated by a reduced number of layers,
thereby restraining the possiblsoscillation with iterative convergendgloving away from a

sparse layer model, care must be taken to adequately constrain increased stratification.
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5.2.Vs-JARS Approach

Next, the preliminarfASW Vsprofile (Figure22) is used as a reference model and refined with
a complimentary refraction inversion usifgfirst-arrivaltomographyThis scheme allows body
wave information to update a smogprameterized velocity function that constrains the
nonunique refraction solution spaddée model was rgridded using Surfer, to obtain a 1.2 m by
1.2 m cell size following the JARS implementat{gwanov et al., 2006bPolarized shot gathers

were vertically stacked to enhance sh&ave arrivals Eigure23).

Figure 23: Representative,Swave hammer shot gathef reversed and vertically stacked pdias, with
first-arrival picks (in green).

After an initial search for smoothing and iteration val@és profile was attained using
first-order horizontal regularizatigifrigure24). Regularization coefficientsere selected that
allowed for stable conversion to a realistic model that agreed with relative velocity values found
during previous geophysical surveys in the area. Incorrect coefficients resulted in unrealistically
high velociy values(>50% deviatiorfrom MASW), velocity discontinuities produced by
irregular ray coverage, and neonvergence. By relying on the initial MASW model to steer

conversion, and applying reasonable horizontal smoothing parameters, a more realistic model is
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