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Abstract
Scattering Versus Intrinsic Attenuation in the N8arface:

Measurements from Permanent Down-hole Geophones
by
Maria-Daphne Mangriotis
Doctor of Philosophy in Civil and Environmental Emgering
University of California, Berkeley

Professor James Rector Ill, Chair

The study of attenuation, equivalently of the qualQ) factor, in the near-surface
has three main applications. Firstly, low Q vaJwelsich are fairly common in near-
surface materials, aside from decreasing seisnagnalso distort the waveforms;
treatment of this disturbance effect with invers@H@rs requires reliable Q estimates.
Secondly, attenuation is a seismic parameter winpinoves interpretation of
seismograms, as it is correlated with lithologimadperties. Thirdly, establishing near-
surface Q is important in assessing site effectstimmg ground motion events in
applications of earthquake modeling and seismitneeging design. In view of these
applications, theoretical treatments of attenuatsnwell as laboratory and field tests,
aim at estimating Q as a function of frequency stndin level. To determine the
applicability of using different types of Q measuemnts, laboratory vs. in-situ
measurements, to predict Q behavior across therdift frequency bands and strain-
levels of interest, it is necessary to model amhsse the attenuation mechanisms into
scattering (heterogeneity of elastic propertiesicagienergy to be redistributed in space)
and intrinsic (energy absorption due to conversmhneat) components. The objective of
the presented study was to separate scatteringsvgnsinsic attenuation in the near-
surface from a shallow VSP experiment conductdtien_awrence Livermore National
Laboratory (LLNL) facility using permanent down-keajeophones and a vertical impact
source. Given that the VSP array was above thertaéite, the Q characterization lies
within the vadose zone.

The first arrival of the vertically-incident trangted P-wave was used to estimate
the P-wave attenuation in the field data. Scaiteaittenuation estimates were
established for a selected range of elastic modglgh addressed both the effect of the
variance of the elastic properties (density andaig}), as well as the effect of the
structure of the variation, i.e. 1D versus 3D hegeneity, on scattering. The elastic
profiles were constructed from a superpositiomtdrival values determined from log
information (for the density profile) and first-ladearrivals (for the velocity profile) and
a high-frequency random component with variancgeagpical of sedimentary basins.
The results for the scattering Q estimates relatenhe-way transmission and multiple



reflections are in the order of 20 to 100, as olgdifrom 1D analytical and elastic finite-
difference models. Given the short propagatiohlpagths in the experiment, the results
show that attenuation due to lateral heterogeneitpn-significant. In addition, given
the experimental geometry of shallow VSP studigs,shown that the scattering
estimates are affected from the presence of thefigdd, local impedance, and
interference effects, which are termed ‘pseudo&@tdrs. The pseudo-Q factors result in
a biased estimate for scattering Q derived fron iate-domain and frequency-domain
methods. Hence, to accurately model the scatt@sngtrinsic components of
attenuation, the bias due to the pseudo-Q factassagcounted for.

The intrinsic attenuation was deduced from compar the field data Q
estimates, which contain scattering attenuatianinsic attenuation and effects from
pseudo-Q factors with the elastic synthetic Q estids. Results yield very low intrinsic
Q values, in the order of 4 to 15, for the low &ngh scattering attenuation estimates
respectively. The intrinsic attenuation is atttémlito the interaction of the free gas
present in the vadose zone with the compressioae¢ wvhich is the only known
mechanism that can lead to absorption at seismguéncies (White, 1975; Dutta and
Seriff, 1979). Visco-elastic modeling shows thatdagrom amplitude decay, an intrinsic
attenuation mechanism is required to produce tfsegaroadening observed in the field
data. For a typical set of conditions in the va&dnsne, analytical modeling shows that it
is possible for the effect of the free gas to aotdor the intrinsic ralues estimated for
the LLNL profile. It is anticipated that attenuatiwill be very high in vadose
environments similar to the LLNL profile, with imisic attenuation being the primary
loss mechanism. Further research is requiredt&blksh the Q filter characteristics due
to the free gas effect in the vadose zone andyigin approximation with standard
visco-elastic models, such as the SLS, is appr&pria
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Chapter 1

Introduction

The study of attenuation has two main objectiv@s. the one hand, as attenuation
results in seismic energy loss and distortion efwlaveform, the objective is to remove
its effect, in order to improve seismic imagingn the other hand, given that attenuation
depends on the soil and rock composition and strecf the subsurface, it can be used
to infer lithological properties, including Q colagons with permeability and use of the
ratio of the compressional (P-) to the shear (Srat@ (Q/Qs) as indicators of fluid
saturation (Nur, 1972; O’Connell and Budiansky, 4:99’'Connell and Budiansky,

1979). Whether the objective is to remove theudisng effect of attenuation, or to use
attenuation as a seismic parameter to improventieegretation of seismograms, the
common goal is to accurately measure and predext@tion.

Most studies in the near-surface suffer from loWN,S¢hich implies that the Q
factor is low as a result of i) the structural céexity characteristic of near-surface
materials, which causes scattering, and ii) thegaree of weak rocks and unconsolidated
sediments, which may behave inelastically. Therast in near-surface Q merits special
attention in oil and gas exploration, given tha& tiear-surface Q degenerates the imaging
of the deeper deposits of interest by absorbinggsrend distorting the waveform, and
interferes with the amplitude versus offset (AV@hhavior which is used in the inversion
of elastic parameters. In addition, since theizatibn that the local geology (first couple
of hundred meters) affects the ground response $toomg earthquakes, the near-surface
Q factor has been identified as one of the keyrpatars in site effect characterization.

In estimating attenuation, the Q values shouldeotfihe frequency content and
strain level of interest to the specific applicatiaVioreover, it is important to establish
the applicability of using different types of Q rseeement, laboratory vs. field
measurements, to predict Q behavior relevant tapipéication of interest and to check
the validity of mathematical models with physicaasurements. Therein lies the
importance of separating the mechanisms of atteruan order to establish the
frequency and strain-level dependence of attenuiaticss necessary to identify and
quantify the contribution of each attenuation medtra. The Q mechanisms are
separated into scattering and intrinsic attenuatmmponents, which are elastic and
inelastic attenuation mechanisms respectively.tt&wag attenuation is caused by
heterogeneities in the elastic properties of theerrad; strictly speaking it does not entail
any physical energy loss, but a redistributionrafrgy in space. On the other hand,
intrinsic attenuation, otherwise termed as absomptiescribes energy conversion to heat.

While many seismic studies have addressed the tdpittenuation, very few
studies have dealt with quantifying the relativatecibution of scattering and intrinsic
attenuation (Chapter 2). Moreover, what seem®ta puzzle for attenuation
measurement in the seismic frequency band is lioaigh several in-situ studies suggest
that the total attenuation is 2-10 times largenttiee calculated scattering attenuation,
most of the proposed absorption mechanisms, sueis@sus flow, matrix anelasticity
and intergranular friction, do not cause significabsorption attenuation at seismic
frequencies (Peacock and Hudson, 1990; Gist, 19544; 1994b). An absorption
mechanism due to the presence of free gas hagobeeosed, which could cause a



dramatic decrease inp@t seismic frequencies, but no change ér(\@hite, 1975; Dutta
and Seriff, 1979; Gist, 1994a). The effect of fitee gas on P-wave attenuation was
introduced to describe certain areas in a resergok where the saturation may vary due
heterogeneity of the reservoir rock (White, 1975).

The main objective of the dissertation study washteck whether intrinsic
attenuation may exist in the seismic frequency kardito quantify the relative
contribution of scattering vs. intrinsic attenuatiof P-waves in the near-surface. To
separate the two contributions, a shallow VSP expett was conducted at the Lawrence
Livermore National Laboratory (LLNL) facility using vertical impact source at the
surface and permanent 3-component down-hole resei&hot records included
multiple offset and azimuth shot locations, howetlis study focuses on the results
from zero-offset which isolate the attenuationied P-wave, itself theoretically free of
converted waves. Limitations for angle-dependé&enaation estimation along with
proposed future work are discussed in Chapter 8.

The results for vertical-incidence show evidencentfnsic attenuation, which is
attributed to the presence of the free gas in #tlose zone, defined as the zone above the
watertable. Given that the attenuation measuresrastin the seismic frequency band
and for low strain-level associated with experimraésburces, they cannot be used to
predict strong motion response (which is lower @iemacy band and higher strain-level)
nor can they be directly compared to high-frequdabgratory Q measurements.
However, the results may be applied to future sidissessing different types of Q
measurements and the methodologies may be appleaziiglto Q estimation studies and
applications of inverse-Q filtering which are iretbeismic experimental frequency band.
In addition, they provide important information fitie physics of attenuation in the
vadose environment, which owing to similaritieshwite reservoir environment, may be
applicable to oil and gas exploration. Lastly, tesults of this study point to biases in Q
estimation inherent to the geometry of Q estimatiotine near-surface, which typically
involve short source-receiver and receiver spadiatances. These biases are caused by
the presence of the non-negligible near-field,edéhces in the local impedance, and
interference phenomena from reflections originabegeath the medium of interest.
Hence, a substantial part of this study was deelictt addressing the biases due to these
factors, which are termed ‘pseudo-Q’ effects.

Chapter 2 of this dissertation contains the mathiealalefinitions of Q, along
with a brief description of the physical mechanisshattenuation and selected methods
of Q measurement in the time- and frequency-domaligs study started with an
extensive literature review of previous analytiedperimental and numerical work
related to seismic attenuation. Results of tiesdture review along with selected case
histories of near-surface Q estimation are presant€hapter 2 of this dissertation.

The description of the VSP experiment at LLNL canfdund in Chapter 3
including the site geology, instrumentation, datquasition and data processing.

To model the scattering component of attenuatiost)\f the profiles for the elastic
properties (density and velocity) had to be comséd (Chapter 3). The profiles
contained a deterministic component built from Elde log information and a random
high-frequency component with variance range tym€aedimentary basins. Given the
selected range of reflectivity profiles, upper doder limit scattering attenuation
estimates were developed using analytical modelsdattering in 1D media based on the



ODA approach (O’'Doherty and Anstey, 1971), andteldmite-difference synthetics.
Treatment of Qareringin 1D heterogeneous media is presented in Chédpter addition

to scattering attenuation, Chapter 4 also addreksdsias in Q measurement caused by
pseudo-Q factors, which include the effects fromrkar-field, local impedance and
interference phenomena. Given the gap in theatilee on near-field effects in shallow
seismic studies, Chapter 5 includes a detaileceptason of several parameter
estimation parameters that are affected by thefiddr along with the issues related to
near-field removal. Chapter 6 closes the scagiattenuation topic, by considering the
effects from random diffractions and refraction8 heterogeneous media. The results
show that given the short propagation pathlengththe experiment (~30m), attenuation
due to lateral heterogeneity is non-significant.

Chapter 7 addresses the intrinsic component afi@dteon deduced from
comparison of the effective attenuation (withouygegation of mechanism) measured in
the field data with the upper and lower scattedttgnuation measured in the elastic
synthetic data. TheQinsic values are in the order of 4-15, which shows ithaihsic
attenuation is very high in the vadose zone. dinisouraging that similar values of
Qintrinsic were estimated by White (1975) in his theoreticstment of the free gas
behavior in a reservoir environment. Moreoverptigh finite-difference elastic vs.
visco-elastic modeling, it is shown that an intiersttenuation mechanism is required to
cause the amount of pulse broadening present ifieldedata. Further research in
modeling of the vadose zone conditions in termtheffree gas effect is required to
determine the Qyinsic behavior as a function of frequency, hence toestte problem of
scattering vs. intrinsic attenuation uniquely, Iseewith tighter range estimates than
those presented in this study. Conclusions antduresearch questions are presented in
Chapter 8.
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Chapter 2
2.1  Definitions and Terminology

2.1.1 Attenuation Coefficient

The most commonly used measure of attenuatioreiattienuation coefficient,,
which is the exponential decay constant of the @&og# of a plane wave traveling in a
homogeneous medium. At two different distanceand x% with respective amplitudes
A(x1) and A(%), the attenuation is given by (Toks6z and JohnstéB1):

g=—21 |n{A(X1)} (2.1.1.1)
X=X A(X,)
with dimensions of inverse length.

212 Q

The dimensionless quality factor, Q, is an intenmioperty of rock, and itis a
ratio of stored energy to dissipated energy. Thiomship between the attenuation
coefficient and quality factor is given by:

1__ac (2.1.2.1)

2.2
Q ,_a¢
4rrf
where c is the velocity, arfds the frequency (Futterman, 1962).
For large Q, the following approximation is valiéufterman, 1962):

L_zt 2.1.2.2)
Q ca

For low-loss linear solids, an alternative defwmitican be formulated from the
stress-strain relations. For a sinusoidally vagystress, the strain response is also
sinusoidal. The stress and strain are relatetiéwappropriate elastic modulus M, and
the phase lag of strain behind stress. Allowing the modulu®é&complex, it can be
shown that (Toks6z and Johnston, 1981):

1_M,
—=—\=tang ~¢ (2.1.2.3)
Q Mg
Using equations (2.1.1.1) and (2.1.2.2) we defireevalue ofspatial Q (Aki and
Richards, 1980) given by the expression:

A(X) = —”—fx} 2.1.2.4
() A)exr{ 0 ( )

Expression 2.1.2.4 implies a propagating plane-wabkerefore, for a spherical
wave, geometrical spreading effects must be congpeds

2.1.3 Attenuation and Causality

In order to obey the principles of causality, ati@ion is a necessary and
sufficient condition for dispersion (Futterman, 296 The frequency-dependent velocity
c(w) can be expressed as (Aki and Richards, 1980):



_ 1 @«
c(a))—c(cq))[l (@) In(wﬂ (2.1.3.1)

wherewg is any fixed frequency.

2.2  Selected Methods for Q Measurement

This section presents the methods for Q measuretimanivere considered in the
current study. For a more detailed descriptiodifiérent types of Q measurement, Tonn
(1991) offers an excellent review of available noelhy along with a comparison of the
methods for his synthetic models. Given that sshauthors (e.g. Badri and Mooney,
1987; Tarif and Bourbie, 1987) have experiencedration of extracted Q values from
different types of measurements, this dissertaiges both selected time and frequency
domain methods which are fairly common in the &tare, to compare Q results, and
establish which method is most appropriate givenggometry and inherent physics of
the experiment. For reasons which will be discdssaletail in Chapter 4, the most
stable method for Q measurement determined foisthidy was the peak amplitude
decay method.

2.2.1 Time-domain

Amplitude decay method. The ratio of amplitudestée different distances;and »
(or times {=xy/c and x/c) yields (Tonn, 1991):

_mrfAx A(X,) B

= I 2.2.1.1
o= n| 208 | @2ty
or equivalently,

_ A
Q—ﬂfAt{ln{A(Xl)}} (2.2.1.2)

wheref is the dominant frequencyx is the distance between the two receivers, and .
time difference between the first-break arrivalstla two receivers. This method
requires true amplitude recordings.

Rise time method. This method is based on theediggn of the traveling wavelet
consequent to attenuation. The method stems fharempirical relationship between
the rise timez, and attenuation (Gladwin and Stacey, 1974):

t
r=r,+c[Qdt (2.2.1.3)
0

For piecewise constant Q, we get:
T =T, +cQAt (2.2.1.4)
wherertg is the risetime if the source, t is the traveltiamel c is a constant.

Given that the constant c is source dependentivexagependent, and material
dependent (Gladwin and Stacey, 1974; Kjartanss@r9;1Blair and Spathis, 1982;
Muckelmann, 1985; Burkhardt et al., 1986), we dbuse rise times to measure Q.
However, we do use the rise times to separateitiperion caused by scattering, as
measured in the elastic synthetics, and the digpecaused by the intrinsic and
scattering attenuation mechanisms combined, asiséke field data and visco-elastic
synthetics.



2.2.2 Frequency-domain

Station spectral-ratio method. The station-ratidhrné can be used to determine Q
between two stations at distancesard % using their ratios of amplitude spectra/Sp,
in a selected frequency range (Jeng et al., 1988¢ slopem of the linear equation:

In[M} = c+nf (2.2.2.1)
S(x, f)

. Tt . . . :
is equal toE. The constant c in this case takes into accdunsource function,

receiver function, and geometric functions, hetigis, method does not require true
amplitude recordings (Jeng et al., 1999).

2.3 Literature Review

The study of attenuation is a broad subject inva\s8everal aspects of geophysical
analysis. This dissertation started with an extenigerature review covering the theory
and analytical derivations for attenuation, expenial field measurements, and
laboratory measurements of Q, as well as numamoaleling.

2.3.1 Theoretical Framework

Intrinsic Attenuation. The concept of attenuatioasvintroduced to describe the inelastic
behavior of Earth materials. The most common nreasiuattenuation is the attenuation
coefficient, introduced in Section 2.1.1. In tlodusion for a plane wave propagating in a
homogeneous medium, the amplitude is given by:

A(x,t) = Ay exp(ikx— at) (2.3.1.1)
whereo is the angular frequency akds the wavenumber. Attenuation is introduced
mathematically by allowing either the frequencyw@venumber to be complex. In the
latter case,

k=k;+ia (2.3.1.2)
whereq is the attenuation coefficient. The definition@follows as presented in
Section 2.1.1.

For the solution of the seismic wave equation lmaogeneous medium, the
main challenge was to describe mathematically dsspe in order to observe the
principle of causality. For the linear wave eqolatiFutterman (1962) showed that
absorption is a necessary and sufficient conditiorispersion, in other words
dispersion must occur to observe causality. Mogedwutterman (1962) derived the
attenuation-dispersion pair, showing that they plesthe Kramers-Kronig relations. In
addition, his derivations required’@o be zero at zero frequency, and remarked that
dispersion due to attenuation is not likely to beeryved in the field because of the
logarithmic dependence of phase velocity on frequetJsing a different approach,
Kjartansson (1979) formulated a constant Q modsldbes not violate causality, which
he accomplished by allowing the phase velocityaiaverge to zero in the long
wavelength limit. Both the Futterman (1962) andrigasson (1979) models are constant
Q models (the former above an arbitrary cutoff racyw,).

Several other investigators have derived the adtgondispersion relation by
relaxing the constant Q assumption. Some of th& mell-known models are the power



law model (Strick, 1967), Azimi’'s second and thinddel (Azimi et al., 1968), the Cole-
Cole model (Cole and Cole, 1941), and the Standahar Solid model (Ben-Menahem
and Singh, 1981). To judge which model is mostrayate to describe inelastic
attenuation, it is necessary to define the physiedhanism that results in attenuation,
and to quantify its frequency behavior, which cothldreafter be approximated with one
of the aforementioned models.

Scattering Attenuation. As noted by numerous asgthbe effects of inelasticity on the
propagating waveform of the medium itself can wee}l be indistinguishable from an
entirely separate phenomenon, scattering. Thé,da@ing composed of different rock
materials, lends itself to distinct boundaries ledireges in density and velocity, the
product of which is equal to the impedance. Asgiopagating wave encounters a
boundary with an impedance contrast, part of iy@yis transmitted through the new
medium, and part of it is reflected; this energstiianing depends on the impedance
contrast. At a fixed location, the seismogram rdsahe primary wave, which is
transmitted through each interface, plus the sumufiple reflections that arrive later in
the time record. Theoretically speaking, in a etbslastic medium, the volume integral
of energy is constant in time, hence the energgrosa at each location over an infinite
amount of time is also constant. However, fromgaespective of measuring a spatial Q
factor, as defined in expression 2.1.2.4 betweenstations over a finite amount of time,
the energy between the two stations would atteraiada if the medium were perfectly
elastic. For practical purposes, when trying tate the Q factor corresponding to a
specific wave type, such as the P-wave, it is comtombserve the amplitude decay of
the wave train corresponding to that particulaetgbwave. In the case of the P-wave,
Qpr is described by the amplitude decay in a time wimdontaining the propagating P-
wave, which is called the generalized primary. sTime window contains the primary
wave and short-period multiples, where the qualdlert-period denotes multiples
arriving within the duration of the propagating veéat. Multiples arriving later in the
record are termed the coda. Hence, the mathermptalalem that needs to be solved is
to determine the amplitude decay caused by saagtesihich includes the effect of
transmission and multiple scattering.

Several authors have mathematically derived thdiardp and phase
characteristics of the scattering filter, which &1D earth is termed the stratigraphic
filter. The analytical results pertinent to theremt experiment are discussed in detail in
Chapter 4. However, for completeness, the maitytica advances are presented here.
Backus (1962) analyzed scattering by averagingldstic moduli in the wave equation,
thus describing a 1D medium as an effectively arogpic medium. However, his results
are valid in the low-frequency wavefields. For fli2 problem, O’'Doherty and Anstey
(1971), as a result of mainly heuristic reasonprgyided a formula for the absolute
value of the time-harmonic transmissivity (harmasaerce) valid in the whole frequency
domain. Their results were derived separately agiBet al. (1985) using statistically-
averaged wavefields, and by Resnick et al. (1988)Wxrsin (1987) using the invariant
embedding method. The ODA solution was also ddriweShapiro and Zien (1993)
who used localization theory to compute the timevuaic transmissivity caused by 1D
velocity fluctuations; their result also allowed fwon-vertical incidence. Shapiro et al.
(1994) extended this result to include densitytfilations, for the time-harmonic
transmissivity as well as for the transient trarssivity (impulse source). Scattering in



3D media was addressed by Muller and Shapiro (28®é)used a hybrid Q factor to
guantify attenuation in an elastic anisotropic 3ddom medium

In another series of interesting papers (Burridgad.e1988; Burridge and Chang,
1989; de Hoop et al., 1991) an explicit expresfmwrthe transmissivity was obtained for
vertical incidence. However, an integro-differahBquation needs to be solved
numerically, which makes these results harder feément in geophysical applications.

2.3.2 Field Measurements

Most published field Q measurements do not dedl thi¢ problem of Q
separation into scattering and intrinsic mechanistesce their objective is to provide an
effective Q value. In the near-surface, Q valued@aw (e.g. Badri and Mooney, 1987,
Jeng et al., 1999), however, it is unclear whathraatsm causes these low values, or, in
light of the results of the current dissertatiohgther these values involve pseudo-Q
effects, such as the presence of the near-fiekt¢dsed in Chapter 5) which have not
been included in the analysis.

The study of attenuation from a VSP dataset orlciseot surveys is nearly ideal
and Q estimation has been done successfully ipdabe(Ganley and Kanasewich, 1980;
Jahnsen et al., 1985; Staisby and Worthington, 19B%wever, for VSP configurations
with short receiver separation, interference phesraarand local impedance effects bias
the attenuation estimates, and these have seldemauaglressed. For example, Xu and
Stewart (2006) when they encounter negative Q gadluéheir VSP dataset assume ‘poor
coupling’ which, however, may in fact be largelyedo local impedance and interference
factors.

Several researchers have conducted field expersnsintg either artificial
sources or strong-motion data (e.g. Ambercromt8871Del Pezzo et al., 1995). The
guestion of source type influence to Q measuremenits special interest, as it shows
directly the relation of Q to frequency and stra@ibbs et al. (1994) compared strong-
motion to active sourceddneasurements and observed constant frequegep@that
non-linear effects were limited. However, to ttesy there has been no published study
to compare Qbetween strong-motion and artificial sources. ddfrom comparison of
strong-motion to artificial sources, it would bsightful to compare at the same site Q
factors from different artificial sources, whethleey are source monopoles or pressure
sources, for different frequencies and strain kevéadri and Mooney (1999) repeated Q
measurements for explosive sources of differem s found a change in the Q values.
However, they did not find a systematic trend ef@asing strain (source size) with Q,
which suggests that changes in Q may have bededdtasource directivity effects, and
source frequency content.

An interesting study on scattering vs. intrinsieatiation was presented by Del
Pezzo et al. (1995), who compared coda-Q and di-eehve Q from strong-motion data
based on the approach of Wennerberg (1993). Itdumelinteresting to test this
approach in a near-surface environment using #iceitsource. However, we expect
several complications using this method in the 1seaface, such as interference with the
ground roll, and the fact that the P- and S- divemtes, as well as their coda, are not
necessarily time-separated. In addition, theteagjuestion of the S/N ratio in the coda,
which may not be large enough for an artificialreeu

Another promising possibility for measuring attetora is from ambient noise



interferometry, as attempted recently by Priet®@O0 The main limitation for

recovering the Green’s functions from cross-coti@teof noise sources is that the source
distribution is uniformly distributed in the volunseirrounding the receivers. However,
the implications for attenuation measurement frooss-correlation in the case of non-
uniform source distribution have not been assessed.

From the literature review, it appears that theeexpental setting of the current
dissertation and the main questions it answersadiner original. Firstly, the receiver
array lies entirely in the vadose zone, hencerttrasic attenuation values are expected
to be higher than in other field experiments withikar profiles but with a shallower
water tables. In addition, the configuration ‘suff from pseudo-Q effects that have not
been addressed in previous studies of Q in theswegéaice. This study attempts to
quantify the effects of scattering and intrinsi@a®well as the effects from pseudo-Q
factors with a systematic approach that includedetiog of the scattering by both
analytical and finite-difference solutions. By eatering upper and lower limits for the
scattering estimates, it establishes an intring@naation range, which is thereafter
applied in visco-elastic modeling. Hence from adelong standpoint, it is a rather
extensive study of attenuation which has not befopmed in past studies.

2.3.3 Laboratory Measurements

The current dissertation did not include any labmwsaresults, however, several
laboratory studies are mentioned here to addressiiin conclusions and trends
established from laboratory measurements.

Generally speaking, attenuation varies more tharséismic velocities as a result
of changes in the physical state of materials.e dttenuation of P- and S-waves depends
on the physical state of the rock and the saturatamditions. Hence, the anelastic
properties of the rocks supplement the elastic whiemring saturation conditions and
pore fluids by seismic techniques. (Toks6z etl#179).

Given that laboratory measurements are generaltierafultrasonic frequencies, in
order to extrapolate the results to seismic freqesn it is necessary to define the
mechanism involved in intrinsic attenuation alonthwhe pressure and frequency
dependence.

Some of the mechanisms that have been proposedieahatrix inelasticity,
including frictional dissipation due to relative tiam along the grain boundaries and
crack boundaries (Walsh, 1966), attenuation ddkuid flow, including relaxation due to
shear motions at pore-fluid boundaries (Walsh, 19689; Solomon, 1973), dissipation
in a fully saturated rock due to the relative motad the frame with respect to fluid
inclusions (Biot, 1956; Stoll and Bryan, 1970), stjog phenomena (Mavko and Nur,
1975; O’Conell and Budiansky, 1977), energy absbrhesystems undergoing phase
changes (Spetzler and Anderson, 1968), and padiatation effects such as gas pocket
squeezing (White, 1975). The latter mechanisnspeeially important in considering the
deduced intrinsic Q values from the current studigdussed in Chapter 7), given that the
medium sampled in the VSP well lies in the vadas®ez In addition, this mechanism is
potentially the only mechanism that when extragalab the seismic frequency band can
produce non-negligible attenuation (Gist, 1990).

Johnston et al. (1979) provide an excellent revaéthe main results from
laboratory experiments. These include:
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Frequency Dependence. Q may be frequency indepeadena wide frequency range
(102 — 10" Hz), especially for some dry rocks. Howevet: i§ proportional to
frequency in liquids, so that in highly porous aremeable rocks ®may have a
frequency dependent component.

Strain Amplitude. Attenuation appears to be indeleat of strain amplitude for low
strains such as those associated with seismic waves

Fluid Saturation. Attneuation for fluid-saturatextks is higher than for dry rocks and
depends on the degree of saturation, fluid type feequency in a complicated way. For
rocks fully saturated s greater than §

Pressure and Stress Dependence. Attenuation desnedh increasing confining
pressure. This is usually attributed to the clgsihcracks in the rock matrix.
Temperature Dependence. Q is generally indepermuafetetmperature.

11
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Chapter 3
Experimental Method

3.1 Site Geology

The Lawrence Livermore National Lab facility, loedtin Livermore, CA, is
underlain by over 100 m of unconsolidated, hetemegas alluvial sediments, consisting
of clays, silts, sands and gravels, which form clemfluvial structures of inter-bedded
paleostream channels. Depth to the water tableeetey than 33m in the southeast corner
of LLNL and about 10 m in its northwestern corn&@he complex stratigraphy of the site
results in a complex pattern of hydraulic conduttjwvhich has been modeled into a set
of distinct hydrostratigraphic units (Noyes et1#899). The hydrostratigraphic units also
show small-scale heterogeneities with a distinata®e velocity signature, as in the case
of a perched aquifer, which has an anomalously Rigiave velocity due to the
relationship between saturation and P-wave veldCtews et al., 2006). Figure 3.1.1
shows a hydrostratigraphic cross-section, whiclugtes the well used in the current VSP
study. The well description log (Figure 3.1.2) fois study indicates a geologic profile
of interbedded thin layers of loosely depositegejeand silty sands, silts, clays and
gravels, which is typical of the alluvial sedimeimshe area.

3.2 Instrumentation and Data Acquisition

The VSP was conducted in well W-19, which is lodatethe SE corner of the
Lawrence Livermore National Lab facility. Figur&3l shows the location of the well,
along with the location of two other VSP studiesMilligan et al. (1999) and Crews et
al. (2006) and a seismic surface study that wadwded by the author in 2005. The VSP
consists of a down-hole 3-component 28 Hz geoploray with 12 levels at 3.03 m (10
ft) spacing, with the bottom level at 42.4 m (180depth. The well was originally used
as a pump-and-treat well and contains a PVC cadiag cm (5”)diameter. The
geophones were grouted with a cement-bentoniteime effort to suppress tube
waves, and improve coupling. Two multi-azimuth &Ra sets were recorded in July
2006 and February 2007, with shot locations showFigure 3.2.1. The zero-offset data
were collected with a hammer shot, whereas fonthki-azimuth offset data an EWG-2
Bison elastic wave generator was used, which igvsho Figure 3.2.2. The shot
locations started from an offset of 3.03 m (1QdtB4.8 m (280 ft) with 3.03 m (10 ft)
spacing. The data was recorded on a 48 chanrega@gw with sample interval 0.1
milliseconds and total recording length 1 secon8Hke-Y format. To improve signal-
to-noise ratio, 3-5 stacks were used per shotilmtaivhich were recorded as separate
*files. No digital and analog filters were usedlire recording.
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Figure 3.1 2 Geologic log description for well 19.
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3.3 Data Processing

3.3.1 Channel Mapping

The seismic data was loaded onto Landmarks ProMaR.3 software for
processing. After loading the seismic geometrg, fitst breaks were picked to determine
the correspondence of channel number to receiveldeand their orientation into a
common axis frame. Thus, from the zero-offset d&a channels were mapped onto
their levels based on their first break times ba&ogstant at each level and increasing
with increasing depth. Next the vertical comporafregach level was determined, as the
one have the maximum energy in the zero-offsetsgatgiven the source radiation
pattern was maximum in the z-direction. Polarftifts were corrected so that, by
convention, a positive arrival past the first-breakresponded to a compression.

Crews et al. VSP Study

S

:_;i.‘
est)_fiey ¥

Figure 3.3.1 1The LLNL facility with locations dii¢ present VSP study (shown in blue),
and former seismic studies (shown in green).

3.3.2 Horizontal Rotations

The horizontal angle relative to a common axis &dar the two horizontal
components of each level was calculated by usstgpalocation of intermediate offset
(~ 13 m), which would contain adequate signal efRhwave in the horizontal
components. The direction parallel to azimuth veased the global x-axis and the
rotation perpendicular to the azimuth the globakys. The angles of the horizontal
receivers with the x- and y- axes were determireesket on a linear regression forced to
pass through the origin of the velocity time higtof the two horizontal components in
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an 11millisecond window past the first-break tinTde rotation into a global x- and y-
axis frame of the horizontal components yieldedxHeorizontal component’ and ‘y-
horizontal component’. The data rotation was coteplédy doing a deterministic rotation
of the x- and y- horizontal components to a diaciparallel to each source-well azimuth
(termed as the *horizontal strong component’, githenfact that it contains most of the
P-wave energy of the direct wave) and the diregberpendicular to the source-well
azimuth (termed the ‘horizontal weak componengj example of such a pair is shown
in Figure 3.3.2.1.

Figure 3.3.1 2ZEWG-2 Bison elastic wave generator.
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Figure 3.3.2 1 Example of deterministic horizomtdhtion yielding a horizontal ‘strong’
and horizontal ‘weak’ component, respectively ia threction parallel and perpendicular
to the azimuth.

3.3.3 Selection of down-going waves

To measure the attenuation in a profile, whethevéstical-incidence, or non-
vertical incidence, one needs to measure the attiemuof the down-going waveform
that is transmitted through each interface andesied by similarly transmitted down-
going multiples. Given the fact that the velod#nds to increase with depth, it is
possible that the first arrival is not this downrgpwaveform, but may instead be a head
wave, or a reflection from an interface beneathréoerding level. Thus, if we want to
isolate the down-going waveform recorded at eachiver, it is sufficient to select the
records with a positive vertical component pasffits¢-break arrival — positive as a
result of the convention used in the current stnbgreby in the zero-offset data, the
vertical component had a positive first-arrivalresponding to a compression - and
disregard all other records. Moreover, it makesseahat for a given receiver level, the
first arrival in the vertical component will be pibge for the short offsets, thus a down-
going waveform, and may become negative for thgdowoffsets, thus an upcoming
waveform, which was the case observed in the dBt&. result from this selection was
that in lieu of 2532 source-receiver level pairsoreled (211 source locations * 12
receiver level locations), only 711 source-recelegel pairs qualified. Nevertheless,
there was sufficient data to come up with the scay Q and intrinsic Q profiles and
also to draw conclusions on the angle dependenatesfuation.

3.3.4 Vertical Rotations

The last step of rotations was to rotate the dathe direction of the down-going
P-arrival, by using the horizontal ‘strong’ compahand the vertical component at each
receiver level and rotating the two componenthedirection of maximum velocity
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arrival in an 11 millisecond time window past tlivstfbreak arrival. The angle of
vertical rotation is given by a linear regressi@sgng through the origin of the particle
velocity amplitude time history on the horizontablavertical axes (Figure 3.3.4.1).

x 10"

VERTICAL COMPONENT

HORIZONTAL COMPONENT x 10

Figure 3.3.4 1Linear regression in 11 milliseconddew of vertical and horizontal
components for a source-receiver pair, to deternfae/ertical angle of rotation.

3.4  Zero-offset Shot Gather

The vertical component for the zero-offset shohgats shown in Figure 3.4.1.
Due to attenuation, the pulse of the first arrsladws broadens with increasing depth. On
average, 3 shot repetitions were recorded perisbation, where each ‘zero-offset’
source location corresponded to an offset of 180&intervals in azimuth. Figure 3.4.2
shows how the amplitude and frequency content as&® progressively as a result of
compaction of the material in the vicinity of theusce.
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Figure 3.4 1Zero-offset shot gather. Notice th@addening of the P-arrival with distance as a redudittenuation. The displayed
traces are scaled to their individual maximum value
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Generation of Synthetic Velocity and Density Logs

* Velocity Log

The first-breaks of the zero-offset data (Figure B. were picked to determine a
coarse interval P-wave velocity profile. The intdrvelocities were relatively low,
ranging from 680 m/sec (2250 ft/sec) in the fir€POm (30 ft) up to 1212 m/sec
(4000 ft/sec) at 42.4 m (140 ft) depth. The P-waslecity at the surface is 242
m/sec (800 ft/sec). The low velocities are duéhtounconsolidated and unsaturated
conditions of the profile. Superimposed on the fosguency interval values, were
two high-frequency components: a deterministic congmt obtained from quadratic
fitting of the interval values with the gamma randaesistivity logs (shown in Figure
3.5.1), and a high-frequency random componente S4wave model was created by
taking one half to one third of the P-wave velogitgfile, for either a sandy or clayey
layer.
* Density Log

To create the density profile, we used the log detson (Figure 3.1.2) to assign
background densities to the different layers. Wantadded two high frequency
components: one obtained from quadratic fittinghefinterval values with the
gamma ray log, which indicated a correlation of ganray with clay content, and a
second high-frequency random component.
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Figure 3.5.2 shows the VSP geometry and the sganiodel of the density and velocity
profiles for impedance variance,(D), equal to 0.0031. As discussed in Chaptehid, t
initial model was perturbed for difference valu¢<£g,(0) in order to estimate a range of
possible Qateringvalues.
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3.6  Conditioning the Amplitudes Prior to Q Measuesin

Aside from the attenuation mechanisms of intrirsid scattering Q which are to be
measured in this study, there are several additfantors that influence amplitude and
need to be accounted for so that they do not hm§tmeasurements. These factors are:

* Radiation Effects
The radiation effects come in two flavors: the reeeradiation and the source
radiation. By the previous discussion on the nemreiotations, both horizontal and
vertical, of the three-component receivers, theafof the radiation pattern of the
receiver has been accounted for. The remaindétiaw effect is for the source.
Should the source have been a pressure sourcey whidd imply that energy was
directed equally to all directions from the sourttereby rendering the correction for
the source radiation redundant. However, botltHercase of the hammer shot, as
well as for the case of the elastic wave genesadarce that were employed in this
experiment, the source is a source monopole iz-thieection, which implies to the
limit that the radiation is maximum in the z-diriect and zero in the horizontal

directions (for further discussion on source tygadsr to Aki and Richards, 1980).

The source radiation effect can be corrected uSmgjl’s law by a multiplication of

the velocity in the r-direction (the direction bt primary wave) by the cosine of the

take-off anglésource Which is equal to:

Osource = arCSi"(( Veource j Sinereoeiver ﬂ (341)

receiver

whereb,eceiver IS the angle of incidence at the receiver.

» Geometrical Spreading

Geometrical spreading refers to the phenomenonerigy spreading over a larger
area as a wave propagates from a point sourcehwddguires that the flux be
constant with increasing propagation distance twhthe energy conservation law.
The geometrical spreading term for seismic propagah a homogeneous medium

in three dimensions is 1/r, whereas for two dimemsit isL/~/r . For a 1D medium
an Ursin geometrical spreading correction (Urs8890) is applied for either 2D
propagation (which is equivalent to 3D with a Iswirce) or 3D propagation.

* Instrument Response

Ideally, based on the amplitude and phase chaistatsrof the receiver
specifications, the receiver response can be deddor its amplitude and phase
filtering effects. In the present study, only Hraplitude of the attenuation is
considered, and for higher frequencies than 28bithe instrument response
correction is not further discussed.

* Local Impedance

To compensate for differences in the local impeddretween the source and
receiver, the receiver response may be multipliethb transmission coefficient g1
between the medium of the receiver and the shof.(Pr. Serge Shapiro, personal
communication):

2preceiver C:r ecelver (342)

(Ioreceiver Creceiver + psourcecsource)
Application of expression (3.4.2) requires somesteration for what values should

rs
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be used for the densities and velocities, whicteddmn the source frequency
content, and hence are not necessarily the vatubs §&,y,z] location of the source
and receiver points. The local impedance corredggaevisited in Chapter 4 as a
‘pseudo-Q’ factor.

» Interference Effects

Interference effects refer to the interference whihfirst arrival of multiple

reflections originating beneath the depth of treeieer of interest. As discussed by
Spencer et al. (1982), interference phenomena ddenthe amplitude responses in
cases of short receiver spacing, which applieeeégeometry of the current study.
The effect of interference on attenuation measungésris described in detail in
Chapter 4, where interference is classified asaudo-Q’ factor.

* Near-field Effect

Due to the short source-receiver distances invoindke current experiment, it is
shown that the near-field is non-negligible. More the presence of the near-field
biases the Q estimates, by causing the Q values tmderestimated. The near-field
effects on Q measurement, as well as other exaropjgamameter estimation bias due
to the near-field are dealt with in Chapter 5. @ba5 also addresses the issues with
near-field removal and modeling requirements t@antfor its effect.
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Chapter 4
Scattering in 1D Media

41 Theoretical Treatment

We present the estimates for the scattering compariettenuation by firstly
considering the effects from 1D heterogeneity, Whgca common approximation used
for a sedimentary basin. In their famous papeRderty and Anstey (1970) provided
an excellent presentation of the physical mechaoisscattering attenuation caused by
thin layering, which includes the effects from gamssion and multiple reflections.
Given the impedance series in a 1D profile (forwanablem), the computation of the
transmission loss is rather straightforward, anchigtured by the transmission
coefficient. The boundary conditions in the salntof the elastic seismic wave
propagation equation in a homogeneous medium rethét displacement and particle
velocity are continuous across the boundary, otiserthe boundary becomes un-welded.
Assuming the original velocity amplitude of the veas 1 and that the wave is split into a
reflected wave of velocity amplitudgeand transmitted wave of amplitude ¢ontinuity
across the boundary requires that:
1+r=1t (4.1.1)

Energy is equal to the square of the amplituddefdarticle velocity times a
factor, which is equal to the impedance (Y) anken as the product pV. Thus we
have:

pV1 PP =piVin/ + Vot (4.1.2)
Substitution of 1 +y=t, into and solving the energy relation feigives:
r = %Y (4.1.3)
Yi+Y,
where Y is the impedance of the ith layer. Siimilarly far
L (4.1.4)
Y +Y,
The ratio of reflected energy to transmitted enggiges the energy reflection coefficient:
Y,-Y,)
=) 4.15)
(Y. +Y;)
And similarly for the energy transmission coeffitie
=Y (4.1.6)
(Y. +Y,)
For n + 1 layers, the particle velocity transmiastoefficient after n interfaces is:
T, = 1+r 4.1.7
|‘| =115 +Y|+1 =[]@+x) (4.1.7)
The reverse journey being:
T, = AT ‘fi (4.1.8)
|_| Y|+1 1 )
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It is easy to verify that:
\4

2y 2.
_ [12 _Y+1n R 4
T =— =_n =T, (4.1.9)
|_| Y| +Yi+l I_l YI +Yi+l Yn+l
Hence,
—_ Yn+l
T =T, (4.1.10)
Y,

Expression (4.1.10) shows that the transmissidtelstical in either direction
apart from a scale factor which depends upon tbpesties of layers 1 and n+1.

To include the effects of multiple reflections, seal numerical algorithms have
been proposed as, for instance the reflectivityhoei{ Fuchs and Miiller, 1971) for a
point source, or e.g. the Thomson-Haskell metho@ folane wave. However, as the
number of layers increases, these algorithms bes@nyetime consuming, hence the
problem of wavefield propagation in a 1D mediummisre efficiently solved by different
averaging procedures. A seminal theory for thele/frequency domain was developed
by O’Doherty and Anstey (1971) to describe scattgdttenuation caused by thin
layering, which includes the effects from transimaissand multiple reflections. The
primary wave and short-period multiples, wheredhalifier short-period denotes
multiples arriving within the duration of the praing wavelet, form the generalized
primary. Multiples arriving later in the recorceatermed the coda. Through mostly
heuristic reasoning, O’'Doherty and Anstey (197@vpied a formula for the time-
harmonic transmissivity in the whole frequency domarheir result was later derived
by Banik et al. (1985) who used stochastic aveagirthe reflection coefficient series to
obtain the amplitude and phase of transmissivity.

Instead of using statistical averaging, which asssiam ensemble of realizations
(hence dissimilar to the geophysical reality which single realization), Shapiro and
Zien (1993) used localization theory to derive tihee-harmonic transmissivity for
vertical and non-vertical incidence caused by 1aity fluctuations; Shapiro et al.
(1994) extended this theory to include 1D dendugttiations. The squared slowness
and density functions are assumed to be statiaratyergodic. Ergodic means that
ensemble averaging can be replaced by spatial gwgran a single realization. The
transmissivity is derived for a medium of lengthwith depth dependent squared
slowness (1/g.e) and densitygue), imbedded between two homogeneous half-spaces of
equal density and velocity. The squared slownedsiansity are separated into constant
parts, 1/¢° and 1po, and fluctuating parts, andp, which are small fluctuations with
standard deviation®(g) (Shapiro et al., 1994):

2 =11 u@) (4.1.11)
Ctrue CO
Pre = Po (1+ (2)) (4.1.12)

For a plane time-harmonic wave, with circular freacy®, incident on the stack of

layers at anglé, the time-harmonic transmissivity can be expressed

T(w) Oexpla @)L +ig)L +ikx sind ) (4.1.13)
whereg(w)is the attenuation, agdw) is the phase caused by scattering. The attenuation
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is given by (Shapiro et al., 1994):

2
a(w,6) = C(0)—X 2C0S
41+ 4k?2a® cos$I
whereais the correlation length, ksic|, k=|o/co| and C(0) determined from the quantity
C defined as:

4C C
C=4C_ - L — 4.1.15
7 cogd codd ( )

Expression (4.1.15) contains the cross-correldtiostions G, = <p(z)p(z+£)>,
Con= <p(2)(z+E)> and G = <u(z)n(z+5)>.

Defining the quality factor Q a@™ :2% (Johnson and Toks6z, 1981), expression

(4.1.14)

(4.1.14) can be written as (Shapiro et al., 1994):
Q" =C(0) kacozs2 9
2(1+ 4k,a° cos$ I

As seen from the variograms of the density, veyoaitd impedance fluctuation
series for the LLNL profile (Figure 3.5.2) the s=riare not stationary (Figure 4.1.1).
However, Shapiro et al. (1994) showed for the cds®ticeable non-stationarity that
their theory was robust in modeling attenuatiorei@l series. The estimated correlation
lengthsa, were approximately 2, 0.5, and 1m from the dgnsilocity and impedance
series respectively (Figure 4.1.1). These vatessomparable to correlation lengths
established from well-log statistics by White (1390ho foundain the order of 1.5 to 3
m. Figure 4.1.2 showstas a function of frequency at vertical incider@é;reaches its
maximum value for normalized frequenks, equal to 0.5.

(4.1.16)

32



2 I R N S SN AN

2 Sr——a-—— -7 ”’\”’7”F;X”’\””\”’*
8 4 o o \ | | d | | |

~ M t ? ! f ! t ! ! '

£ 3r - *\*r**\****\****\**V**\****\****\*W*
] 2k /e __d___d___Jd___a___a___.>>~_|
<) [ | | | | | | | | |

L2 A
© \: L L | L | L L L L

> 10; 20 30 40 50 60 70 80 90 100 110
> a

‘c

s)

o

>

€

[

)

il

S

>

o

o

c

IS

k]

@

o

E

=

]

=)

o

s

>

Figure 4.1 1Variograms for the density, velocitg ampedance series of the modeled

series at LLNL suggesting non-stationarity. Dotiads show the approximate
correlation lengths equal to 2, 1 and 0.5 m as computed from the tienalocity and
impedance variograms respectively.

0.012

0.01r

IS IS
£ 0.008 £ 0.008
8 8
2 2
< <
S 0.006 3 0.006f &
w =
(8] (8]
=4 =4
=1 =1
3 0.004 9 0.004
4 4
0.002 - a=2m 0.002 —<—a=2m
——a=1m —v—a=1lm
_§ —&—a=0.5m (f —©—a=0.5m
o :

0 50 100 150 200 250
Frequency (Hz)

0.012

0.01r

0 0.5 1 15 2 2.5
Normalized frequency ka

Figure 4.1 2Reciprocal quality factor as a functdrrequency for the different
correlation lengths computed from the series at Llusing the Shapiro et al.(1994)
ODA derivations (left). The reciprocal quality facis also plotted as a function of

normalized frequency, which attains its maximunueadt k. = 0.5 (right).
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4.2  Verification of 1D Scattering Theory and Effectsrfr Pseudo-Q Factors

The attenuation predicted from the analytical soiuin expression (4.1.14) is
compared to the attenuation measured in elasite4tlifference synthetics computed
with the code E3D (Larsen et al., 2001). The testdmputed are for a 1D medium is
described by the elastic series shown in Figure23.50 make the comparison valid, the
synthetics should honor the following condition$ieh are assumed in the Shapiro et al.
(1994) derivations:

l. the incident wave should be a plane wave.

Il. the local impedance in the vicinity of the sourod aeceiver should be equal.

Il the material beneath each receiver should be aunstis ensures that no

multiple reflections originating beneath the reeeinterfere with the
generalized primary.

Condition | implies that for a point source, theisie-receiver distance approaches
infinity. Should this distance be finite, but @laly large, a spherical divergence
correction is sufficient to correct the amplitudesspreading, hence provide reliable
estimates for Q, which themselves assume a plapagating wave. However, as
discussed in detail in Chapter 5, for small souszmeiver distances, the near-field may be
non-negligible and consequently bias the attennagtimates.

Figure 4.2.1 shows the effect of the near-fielthim peak amplitude of the first arrival
for the finite-difference elastic synthetics comgalifor the LLNL profile shown in Figure
1. To quantify the effect of the near-field, wenswlered two scenarios: a) one with the
dimensions of the LLNL experiment, and b) one veittemote source, which was
modeled by adding a 1 km homogeneous layer oveeftertivity series. The input
source function was a 120Hz Gaussian monopole .fofceapproximate finite-difference
synthetics for a plane wave, we used the geometrthé remote source which has a
negligible near-field term, and applied a sphertttaérgence correction factor to account
for spreading of the far-field term.
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Figure 4.2 1Near-field effects: Peak amplitude geafathe first arrival versus depth for
the elastic synthetics computed for a remote soamdefor a source in the near-field
using 2D and 3D finite-differences.

To compensate for differences in the local impeddretween the source and
receiver, the receiver response may be multipliethb transmission coefficient g1
between the medium of the receiver and the shof.(Br. Serge Shapiro, personal
communication):

210receivercreceiver (421)
(Ioreceiver Creceiver + psourcecsource)

Application of expression (4.2.1) requires somesateration for what values
should be used for the densities and velocitiéthel source and receiver are embedded
in thin layers and the seismic signal is boundefilegquency, then the density and
velocity values may not correspond to the exagp@rites of the thin layers. For
example, embedding a receiver in an infinitely tlaiyer of very high impedance would
have a minimal effect in the receiver responseafsource function containing low and
intermediate frequencies, and a large effect foigh-frequency source function. A
heuristic approach is to use Backus-averaged inmpedaBackus, 1962) at the source
and receiver locations in expression (4.2.1), whthlength of the Backus-averaging
window increasing as a function of the source genéguency. To satisfy condition Il in
our synthetics, we embedded the source and redaeileyers of thickness greater than 3
wavelengths computed for a center frequency of ¥20H

rs
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Condition 11l was implemented by considering focleaeceiver level a separate
model with constant properties beneath its deptju(E 4.2.2: Model with no
interference). The synthetics for the continucerges were also computed, which
include the effect of multiple reflections origimeg beneath the receivers (Figure 4.2.2:
Model with interference). The synthetics for the interference’ and ‘with
interference’ models are shown in Figure 4.2.3r gredominantly cyclic sequences, the
multiples constituting the downgoing wave are ojijeds sign to those present in the
upcoming wave. Consequently, the interferenceceffae to multiples originating
beneath the receiver is primarily destructive.

1500 T T 1500

1000F -~ ——--F------ v 1000~ - ---f------ GREEEEE

Depth (m)

NO INTERFERENCE WITH INTERFERENCE
) ! i ; ! i
81%00 1500 2000 2500 81%00 1500 2000 2500
Impedance (g/cc x m/s) Impedance (g/cc x m/s)

Figure 4.2 2 Impedance series used to model tleviesaresponse with no interference
effects (left) and with interference effects (rightn both cases, the near-field effect is
suppressed by considering a remote source overyiliign homogeneous overburden.
The shot location is shown by arrow and the reecdoeation by an inverted triangle.
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Figure 4.2 3Shot-gather for the elastic finite-elifince synthetics computed for the model with terference (left) and with
interference (right) for the series at LLNL. Thausce function was a 120Hz Gaussian. The intentsrgghenomena are seen through
the upcoming waves interfering with the first-aaliyright). In the display each trace is scaledgonaximum value.
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Figure 4.2.4 shows the peak amplitude decay ofitstearrival for the two
models, and verifies that for the ‘with interferenmodel the amplitude decay is more
pronounced. The peak amplitudes for Q predictedXpyession (4.1.16) and using
expression (2.2.1.2) fér= 120 Hz,a=1m, and a peak amplitude of 1 at 12 m depth, are
plotted for comparison. Figure 4.2.5 shows thatgpectra from the ‘with interference’
model fluctuate across the frequency band as i @sthe predominantly destructive,
but also constructive, interference. Space-dorfiléening suppresses the interference
effect, however, as shown in Figure 4.2.6, applyirggspectral ratio method (Chapter 2)
even for the space-domain filtered data, yieldy vereliable Q estimates.

0.95F
0.9- b '\ _
- ©

0.85r- = B

Peak Amplitude

—A— Model with interference

0.75) —— Model with interference - mixed traces
—6— Model with no interference -
—8—ODA formula

0.7 \ \
10 15 20 25 30 35 40

Depth (m)

Figure 4.2 4 Peak amplitude decay versus deptthéoelastic finite-difference models

with interference and no interference. For conyuarj the peak amplitudes computed

from the Shapiro et al. (1994) ODA derivations l@ted, which agree with the model
with no interference synthetics.
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Figure 4.2 5 Effect of interference in the ampléwgpectra: model with interference (top), modehwiterference after space-domain
filtering (middle) and model with no interferendsoftom). The interference phenomena result irtdattons in the spectra (top).
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Figure 4.2 6 To compute the Q factor using the tspkratio method, the slope m of the line is uselich corresponds tleg—t . The

effect of interference is shown, which results @myunstable Q estimates.
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This result is consistent with the findings of Spamnet al. (1982) who observed
that for small receiver separations, the variapihtthe spectra caused by the impedance
series local to the receiver is too large to extmaganingful attenuation values
characteristic of the medium between the receiv@mnsequently, Spencer et al. (1982)
recommended using a minimum receiver separationlwémsures the attenuation
approaches its mean value; they also showed thheioase of thin layering and large
attenuation this minimum separation increases@er50 and a layer thickness of 1.5 m,
they suggested that a 60 m separation should ggalkbnable Q estimates. The
implication for the LLNL experiment, where the re@s separation is small (~3 m), is
that interval Q values on the receiver separatiatesmay not be meaningful. However,
given the presence of thin layering suggested fogmnformation (in the order of 0.2m)
and the presence of large attenuation observdteifigld data (Figure 3.4.2), the interval
Q values may be meaningful for separations in tdercof 10 m.

As shown from above, the near-field, local impedar=and interference
phenomena affect the attenuation estimates defigedboth time-domain and
frequency-domain methods. Given that these fact@ ot related to the transmissivity
of the medium between the receivers, they aredteas pseudo-Q factors. Itis also
important to note that none of the conditions laiié met in the experimental geometry at
LLNL, therefore, in our study we made a distinctlmetween Q.axeringcorresponding to
the transmissivity of the medium between the remsivand Ghparent-scatteriig0rresponding
to the combined effect of QeringdNd the pseudo-Q factors. Aside from small
fluctuations, the synthetics for the ‘no interfexehmodel agree well with the analytical
model, yielding Qatering COMputed from (2.2.1.2), on the order of 100. ¢tent was
verified that the theoretical formulation of Shapat al. (1994) captures the attenuation
in the elastic synthetic data, if the syntheticadraconditions I-lll. On the other hand, in
the presence of local impedance and interfererfeetsf(Figure 4.2.4), the Q values are
underestimated, and the measurggh£nt-scaterinis ON the order of 40. The presence of
the near-field causes further apparent attenuatoihresults in €parent-scatterin@n the
order of 10 (Figure 4.2.1).

4.3  Effect of Variance on 1D Scattering

As discussed previously, the reflectivity seriastfe LLNL profile was not
known. Although the low-frequency profile could inéerred from the log description
and seismic data, an assumption for the level@high-frequency fluctuations was
introduced. The approach followed was to constiuethigh-frequency variations based
on a reasonable variance range determined foragblegical setting at LLNL, thereby
predicting minimum and maximum scattering atteraraéstimates. Typical variances
range from 0.004 to 0.009, however, for near-serfaaterials perhaps higher variances
may be expected. Hence, in the modelg£Erange from 0.0031 to 0.0186 was
considered. Figure 4.3.1 shows the impedancessanié peak amplitude decay
computed from the elastic finite-difference synitefor a plane wave. The measured
Qapparent-scattering@Nge was in the order of 10 to 5, for the lowa apper variances
respectively. As predicted from equation (4.1.58)the variance increases, the Q factor
decreases, hence the peak amplitude decay is mmreymced. In addition, the observed
fluctuations of peak amplitude with depth increasth increasing variance, as the
interference and local impedance effects become maminent. This suggests that
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there is an additional benefit of using the peakléode decay method to separate
scattering vs. intrinsic attenuation: in the abgeoican intrinsic attenuation mechanism,
for short receiver separations, fluctuations sha@darge, however, if intrinsic
attenuation is present, the peak amplitude decasechould be smooth. This point is
revisited in Chapter 7 which addresses intrindieratation. Lastly, it is concluded that
the amplitude decay method is more stable for @ratibn with prominent interference
effects than frequency-domain methods such asrspeatio, given that time-domain
methods of Q measurement smooth out the effedffefrent frequencies, therefore, they
are less affected by zeros in the spectrum reguitom destructive interference at
discrete frequencies.
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Figure 4.3 1Impedance series (left) and peak angditlecay of the first arrival versus depth (riglanputed from elastic finite-
differences using the LLNL profiles with a varian€&.(0), range of 0.0031 to 0.0186. Higher varianseilits in higher amplitude
attenuation and more pronounced fluctuations inlgnae due to interference phenomena.
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Chapter 5

The Effect of the Near-field on Shallow Seismic&és

Seismic studies in the near-surface typically iregbath lengths that are on the
order of a wavelength. For such short path lengths shown that the near-field is
strongly present in the recorded waveforms, theedtgcting parameter estimation.
Several authors have analyzed the effects of taefredd in specific problems,
attempting to either mitigate these effects, abéncase of cylindrical beamformers in
seismic surface wave velocity estimation (ZywickdaRix, 2005), or revise the
description of the problem to include the effedtthe near-field, as in the case of shear
wave splitting (Favier et al. 2004), the signatofr@n air gun array (Ziolkowski et al.,
1982), and virtual refractions due to the violatadrihe far-field approximation (Mikesell
et al., 2008). Starting with the traditional defioin of the near-field as “all positions
within a small fraction of a wavelength from thaisme” (Aki and Richards, 1980), this
chapter firstly shows that the near-field is indaedssue in shallow seismic studies.
Using the solution of the elastic wave equatioa iromogeneous medium for a source
monopole, which is the appropriate descriptiondiorelastic impact source, the
contribution of the near-field to the total solutiis estimated.

Motivated by the many geophysical techniques télgton the far-field
approximation, such as Kirchhoff migration and Qasw@ement, the issues involved in
near-field suppression and removal are analyzesl stilown that methods such as time-
domain or polarization filtering are inadequateriear-field removal in realistic media.
Given this, the task at hand becomes that of iraratpng the near-field effects in
parameter estimation in the near surface. It sbdished that accurate representation of
the near-field requires 3D elastic modeling.

The effects of the near-field in shallow seismigd&s which are analyzed in this
chapter are Q measurement, rotation of 3-compaesrdors, and migration.

Contrary to reflection studies, which involve 2-wappagation, the VSP
geometry involves 1-way propagation and, thus,patar estimation is more likely to be
impacted by the presence of the near-field. Thearmental study is an example of
biased Q estimates when one does properly accoutitd near-field.

In relation to the effect of the near-field in rod@ of 3-component sensors, it is
shown that the direction of maximum energy of th& farrival does not coincide with
the direction of the P-wave given by Snell’'s lavhieh itself assumes plane waves. This
suggests that in order to accurately rotate ther8ponent sensors the near-field effect
must be taken into account.

With respect to migration, a number of investigatioave reported on the issues
regarding shallow seismic data. These include &traktcomplexities with strong lateral
velocity variations, steep dips, wide aperturesl, @vherent noise such as ground roll or
air waves (Bradford et al., 2002; Bradford et2006; Pasasa et al., 1998). In the face of
these issues, these studies establish the advasftRgestack Depth Migration over
Poststack Migration. Nevertheless, to the bestyknowledge, the effect of the near-
field in migration has not yet been assessed. iBcetid, migration results of synthetic
data for a shallow scatterer are presented, whoalpare migration of the total field to
migration of the far-field using Kirchhoff Migratio For short source-target-receiver
distances, it is shown that Kirchhoff Migratiorafected by the near-field, a result that
is consistent with the fact that Kirchhoff Migratiaises a far-field approximation
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(Yilmaz, 1987). Hence, migration in the near-fietdy be more efficient with elastic
Reverse-Time schemes, should they incorporate s@ascriptions for a monopole
source. This assertion merits further study.

5.1 The Near-Field for a Monopole Source

One of the common sources used in shallow seisinilies is an elastic impact
source, such as a hammer or weight-drop, descnitagkdematically by a monopole in the
z-direction. Such a point source F(t) = G g(t),®constant and g the time-dependent
source function, acting in the z-direction in afaanded homogeneous elastic solid,
results in a displacement (White, 1965):

r

Geosd | 2%
U = t'gt-t)dt'+—g|t—— 5.1.1
e rrj g(t-t’) g[ VPJ (5.1.1)
Vo
U,=0 (5.1.2)
_Gsiné 1
U t'gt-tdt'+—qg|t-— 5.1.3
*= r! g(t-t) g( Vsj (5.1.3)

Ve
Here,U, Uy, andU, are the displacement components in spherical auatess (Figure
5.1.1) whileV, anst are the primary and shear wave velocities,aisthe density. The
integral terms, which die off as 1/rare referred to as the “near-field” terms tadate
that they are important only at close distances. tfEBhms proportional to 1/r, on the other
hand, are called the “far-field” terms as they daaé the solution at far distances from
the source. If we let

g'(t) = [ g(t)ct 15
g"®) = g' ) (5.1.5)
the first_integral in expression (1) becomes

i _ L L T U R T O A N

jt gt - t)dt——g (t ij 9 (t Vsj+g (t ij g (t VJ (5.1.6)

r/\p

As shown in White (1965), substitution of (6) irpressions (1) and (3) gives

_GeceosA| 1 r 2 r
U, = —g|t-—— [+—g'|t-——
4mp |V, V, ) 1V, 0

V
2 I r 2 | r 2 1] r
+ = t— | — t—|—— t— 5.1.7
do (gl e
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Figure 5.1 1Displacement components at point Ry4x,) shown in spherical
coordinates for a point source at the origin, whgch monopole in the positive z-
direction.

As seen in expressions (5.1.7) and (5.1.8), théidlt in the r- andp-components
arrives, respectively, at the primary and shearemalocity. It has, moreover, the same
waveform as the force. The near-field, on the ottaerd, arrives in both components with
the P-wave velocity and has durationgA#f/V, +T, where T is the duration of the source
function. The near-field waveform has two comporghbth being integrals of the force
function and, consequently, of lower frequency ttrenfar-field.

To calculate the relative contribution of the n&ald to the total solution as a
function of distance, using (5.1.7) and (5.1.8),geeerate the synthetic velocity
seismograms for a homogeneous medium with progafte3000 m/sVs=1500 m/s, and
p=2.1g/cc, and a 100-Hz Gaussian source monopolbédiorce function in the z-
direction (Figure 5.1.2). Figure 5.1.3 shows thande-components of the total and
near-field responses as a function of distanceexfp®ected, the near-field dies off faster
with distance than the far-field, resulting in an\al frequency spectrum that transitions
from lower to higher frequency as distance incregBbegure 5.1.4).
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Figure 5.1 2Acquisition geometry which shows thredion of the monopole source z-
and the r- ang- components of the receiver that correspond, céisedy, to the P-wave
and S-wave displacement directions.

The effect of the near-field on an arrival spectigrthe opposite of what would
be expected by attenuation. Attenuation describesass of seismic energy of a
propagating seismic plane wave in a medium. lbramonly measured by the
attenuation coefficient, defined as the exponential decay constant chthglitudeA of
a plane wave traveling a distance a homogeneous medium (Toks6z and Johnston,
1981):

AX)=Ae ™ (5.1.9)
The Q (quality) factor is defined as:

1_av

-2 (5.1.10)
Q if

whereV is the phase velocity arids the frequency. Since the attenuation is astastia
with a particular mode of wave propagation, setrepual toV, and measuring the
amplitude decay of the P-wave arrival with distaryeelds the spatial Q factor for a P-
wave.

To correct for the curvature of the wavefront réaglfrom a point source, it is
common to apply a spherical divergence factor goaneasuring attenuation. If the
source is a monopole, however, the spherical dererg correction recovers the
amplitude loss of only the far-field term. Therefpthe attenuation values obtained from
propagation distances in the near field using éndiéld corrections are severely
underestimated. To demonstrate this, we consiiensogeneous elastic medium, where
the attenuation is zero by definition, and measiueeamplitude in the time-domain of the
seismograms after spherical divergence correcliba.result is an apparent loss of
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amplitude (Figure 5.1.5). In particular, for thedebparameters given above, the near-
field constitutes approximately more than 30% a@%h lrespectively, of the total
amplitude at distances of 50m and 150m. Clearlyewiiotal propagation distances are
short, it is necessary to account for or removeeffext of the near-field prior to
measuring attenuation.
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Figure 5.1 3 Synthetic velocity seismograms congbite the geometry shown in Figure
5.1.2 for a 100Hz Gaussian source monopole. Theumegroperties are ¥3000m/s,
V<=1500m/sp=2.1g/cc. The display shows the total, near-, amdiéld terms of the r-

component (top) and thecomponent (bottom) with no scaling between theetsa
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frequency of the total field with distance resudtinom the near-field attenuation with
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Given that the near-field spectrum has lower fregyehan the far-field
spectrum, it seems reasonable to assume that éindielel could be removed through
time-domain filtering. Indeed, differentiation aagdplication of a zero-phase 75-80-190-
200 Butterworth filter results in suppression o tiear-field, which improves the
attenuation measurements computed from the aveedgeity amplitudes in a
homogeneous medium (Figure 5.1.5).
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Figure 5.1 5Average amplitude in the time domaitheftotal solution, and far-field
solutions as a function of distance, computed @fHz Gaussian source monopole in a
homogeneous medium with propertigs3000m/sVs=1500m/sp=2.1g/cc measured
after spherical divergence.

A second potential for near-field removal is patation filtering. As shown in
equations (5.1.7) and (5.1.8), the near-field agpprtional in the r- ang-components.
To remove the near-field, we define:

Gcecosf | 1 r 2 r
u..=U —-2cot#)U, = —g|t— |-——g|t— 5.1.11
hybrid r ( ) 4 4mp {sz g{ VpJ VSZ g( Vsj} ( )

Here, the subscript hybrid indicates the very faat the new displacement time
series contains both the r- apdcomponents of displacement. If the distancergela
enough for the P- and S-wave arrivals to be tinpassted, so that the far-field S-wave
does not interfere with the far-field P-wave, théq,iq contains only (i) the far-field P-
wave as the P-arrival, and (ii) a scaled S-wavechvarrives later in the record and thus
does not interfere with the first lobe (Figure 6)1.
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Figure 5.1 6 Comparison between the velocity r-coment of the total and far-fields vs.

the ‘*hybrid’ component.

We evaluated whether the construction of the hyboithponent can be applied to
3-component sensors for a 1D medium. We modelbdeadayer medium (Figure 5.1.7)
and computed the synthetic solution for two geometi(i) a source embedded in the
near-field and (ii) a source in the far-field butiwidentical angles of incidence to the
first plane boundary. The source used was a 10G#&irssian monopole force in the z-
direction. The synthetics were computed using Déi@ite-difference code E3D (Larsen
et al., 2001) both for the acoustic as well agtierelastic model.
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V,=3000m/s  V,=1500m/s
V,=3900m/s  V,=2000m/s 3m
Vp=3600m/s V,=1900m/s

Figure 5.1 7 Model parameters for the syntheticepaed for a close and remote source
(asterisks).

For the acoustic medium, the hybrid component caotd for the source in the
near-field has the same waveform as the r-compdnettte source in the far-field
(Figure 5.1.8). In the acoustic case, therefors, possible to remove the near-field using
3-component data. In general, the near-field sigeas identical for an acoustic and an
elastic homogeneous medium in the time interval tdf/Vs. The difference, however, is
that, in the acoustic medium, the near-field displaent will monotonically increase
with time after the point r/y+ T; this corresponds to the limit\0 in expression
(5.1.1). In this sense, the solution for a foraopole in an acoustic medium is a-
physical; yet, it may be used for the purposes ad@ling the near-field.

For a 1D elastic medium, the hybrid component dm#semove the near-field
correctly (Figure 5.1.9). A plausible explanatisrthat the initial P-wave is subsequently
converted to S-wave reflections and refractionsciviziontain both converted near- as
well as far-field terms, causing interference witia P-wave that is measured in the first
lobe of the r-component. Even though our explanagaot mathematically founded in
this paper, our results demonstrate that in réalsédia a polarization filter may not be
effective in removing the near-field.
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Figure 5.1 8 Synthetic acoustic velocity seismogréon the shot location close to the
receiver (left) and the remote source (right). Aftetation of the V-z and V-x
components to the r- amdcomponent, the *hybrid’ component is computedther
source in the near-field (bottom left) which has #ame waveform over its first lobe as
the r-component of the source in the far field (@t right).
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Figure 5.1 9 Synthetic elastic velocity seismogsdan the shot location close to the
receiver (left) and the remote source (right). Aftagation of the V-z and V-x
components to the r- amdcomponent, the ‘hybrid’ component computed forgbarce
in the near-field (bottom left) does not match tfemmponent of the source in the far

field (bottom right).

5.2  The Near-field in Realistic Media: Implications@Measurement

As already discussed, the presence of the nedrdaises the attenuation values
to be underestimated. It also masks the Q behasiarfunction of frequency via an
apparent loss of amplitude of the lower frequenaigls distance. Given the short offsets
involved in this study, along with the fact thabpr agation is 1-way for a VSP
geometry, we expect the effect of the near-fieldgamon-negligible.

The results show that the near-field by itself esusn apparent amplitude loss of
comparable order to the effects of scattering atrthsic attenuation (Figure 4.2.1). If
not accounted for, the near-field bias would resuf® values as low as 3, in lieu of them
being in the order of 50 and 10, respectively tiar scattering and intrinsic Q values. To
attenuate the near-field, we attempted time-dorfilééming which, though, had no
significant impact on amplitude measurements dfegithe recorded waveforms or the
elastic synthetics. The question is what this tdoenain filtering does to the Q values
and whether or not it can suppress the near-fietéalistic media.
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The effect of differentiating and low-cut filteririgas three consequences: i)
increasing the center frequency of the data, maeng the Q effect of the low
frequencies, and iii) possibly removing the neatefi Increasing the center frequency
results in a decrease of amplitude as a functiatisthnce for a constant Q. If Q is
frequency dependent, then the Q values derived loarrcut filtered data may be smaller
or larger compared to the Q values for the ungliedata, depending on the behavior of
Q as a function of frequency, and consequentlyebalt is, respectively, a decrease or
increase of amplitude with distance. To check Wwhetime-domain filtering indeed
suppresses the near-field, we compared the amestafithe elastic synthetic data for the
remote source and the source in the near-field aftplication of the same filter. We
found that the Q values for the synthetics of #raate source were overall much larger
than the Q values for the synthetics of the sourdbe near-field. This implies that the
near-field occupies a similar frequency band adahdéield, when scattering occurs, and
that its suppression through time-domain filterimgot possible. Though we have not
yet established the description of a physical meisina our data processing results
suggest that the combination of scattering, amhgit attenuation possibly distorts the
near-field spectrum such that it may not occupglgdhe low frequencies as it
propagates through a heterogeneous medium.

With respect to the dimension of propagation, 2Dating fails to capture the
full effect of the near-field, even with applicatiof the appropriate 2D spreading
correction term (Figure 4.2.1). Bleistein (1986)ag 2D to 2.5D correction factors which
would be adequate to equate the 2D and 3D syntb@ltitions in a 1D heterogeneous
medium. His method, however, is based on a fad-&gproximation which cannot be
applied to modeling in the near-field.

Our conclusion is that attenuation measuremerntsemear-surface require
compensation for the near-field while the numermoadeling of the near-field should be
in 3D. Moreover, in order to capture the effedtstrinsic attenuation on the total field,
it is worthwhile to do 3D viscoelastic modelingdaio assess the effect of different
intrinsic attenuation models (e.g. Voigt Q modegrislard Linear Solid) in the
attenuation of the near-field. The implicationvidcoelasticity on the near-field requires
further study.

53 Rotation in the Near-field

Rotation of 3-component down-hole geophones talitext P-wave is commonly
achieved by searching the direction of maximum gyeast the first-break time using a
linear regression of the vertical and horizontahponents (Figure 5.3.1). Based on this
rotation, thep-component, being perpendicular to the directiomakimum energy (r-
component), contains minimum (theoretically zemgrgy past the first-break time. This
is correct, however, only if the data does not amnany near-field. If, on the other hand,
the near-field is non-negligible, the energy phstfirst-break time is not minimum (i.e.,
non-zero even theoretically) in thecomponent, as follows from equation (5.1.3).
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Figure 5.3 1The concept of the deterministic anfli@cidence (left) vs. the angle
computed through linear regression through tharmfigm the V-z and V-x components

(right)

The presence of the near-field leads, therefora,discrepancy between the
deterministic rotation angles derived from raytmagiwhich obeys Snell’s law, and the
angles calculated from linear regression of thézlbotal and vertical components.
Figure 5.3.2 shows the deviation of the determimisttation angles from the angles
computed by a linear regression between the veemmhorizontal components of the
source-receiver plane in a homogeneous mediumeifrbeis higher the shorter the
distance to the source, where the near-field iatgreand the larger the angle of
incidence, which implies a lower amplitude in theomponent relative to the
component.
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Figure 5.3 2 Deviation of the deterministic ahgtmﬁ the angle computed through linear
regression as a function of angle of incidencedistince. The minimum distance
computed was 30.3m.

Figure 5.3.3 shows the same result but for thersmgsams differentiated and
low-cut, which, as previously discussed, suppressesaear-field, minimizing,
consequently, the error between the deterministation and a rotation based on linear
regression between the source-receiver plane coemp@rSuch a discrepancy was noted
also in the field data from our VSP experiment;eesqlly, from the receivers closest to
the surface, thus, containing more near-field.
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Figure 5.3 3 Deviation of the deterministic anglteni the angle computed through linear
regression as a function of angle of incidencedistince, after differentiation and low-
cut filtering. The minimum distance computed was38Q The error is less than 0.35

degrees.

5.4  Effect of the Near-field on Migration

Some of the known issues of migration in the neafase include lateral velocity
variations, wide apertures, steep dips, and coherse (such as the air wave and
surface waves). We study also the effect of the-fiela by comparing the migration
results for a point scatterer using the total feshdi far-field solutions given by
expressions (5.3.1)-(5.3.3). Through the concepnaéxploding reflector, we
constructed the z-component that would be recoatléioe surface for a 100-Hz Gaussian
force monopole from a point scatterer in a homogesenedium with ¥=3000m/s,
V&=1500m/s, an@g=2.1g/cc. We migrated the solution for the totaldiand the far-field
only, for two scatterer depths: 7.5m and 15m. BodsKirchhoff time migration of the
total field for the 7.5m scatterer results in apragimately 2ms delay relative to that of
the far-field (Figure 5.4.1). This result is coerg with the fact that Kirchhoff migration
uses a far-field approximation (Yilmaz, 1987), amthus expected to produce better
imaging results where the near-field is negligiblggure 16 shows the same results for
the deeper scatterer at 15m; however, the improneiméhe migration results is more
subtle between migration of the total and far-feldiven that the near-field has been
further attenuated.

Finally, we computed the synthetic solution usibpge3astic finite-differences, by
modeling the scatterer as a 9m edge box with ttieempedance of the homogeneous
medium. The ground-roll and direct waves were rezdahrough subtraction of the
traces computed for the equivalent homogeneous Imeidere 5.4.2 shows the
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migration results for the 7.5m and 15m scatterettde In addition to the presence of the
near-field, the poor imaging results using KircHrafgration are further affected by the
interference of the P-to-S converted wave withRheave reflection. Elastic Reverse-
Time migration schemes may handle such interfereare possibly solve issues of
migration in the near-field, should they includdescription for the source radiation of a
monopole, which requires further study. Lastlyatcount for intrinsic attenuation
effects, migration should include intrinsic attetioia, which is another topic meriting
further study.
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Figure 5.4 1 Migration results for the point scadteat 7.5m (top) and 15m (bottom) in a

homogeneous medium wit=3000m/sVs=1500m/sp=2.1g/cc and a 100Hz Gaussian
source monopole. Kirchhoff migration of the tdiald results (left) results in a time

delay relative to migration of the far-field (right The delay is more pronounced for the
shallow scatterer (~2ms). Dashed line indicatesz#ro-offset reflection arrival time.
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Figure 5.4 2 Migration results for elastic finitéfdrence synthetics computed for the

box scatterer at 7.5m depth (top) and 15 m depitidin) in a homogeneous medium

with V,=3000m/s Vs=1500m/s, p=2.1g/cc and a 100Hz Gaussian source monopole.
Dashed line shows the expected time and laterahéxf the migrated scatterer.

55 Summary

Motivated by the fact that most seismic studietheanear-surface involve travel
paths comparable to a seismic wavelength, we damad@shat the presence of the near-
field in shallow seismic studies is non-negligibl&is is important as most investigators
have extrapolated seismic reflection processinglémper targets to the near surface,
without, though, incorporating the near-field irithprocessing approaches. We show
that time-domain filtering and polarization filteg methods fail to remove the near-field
in realistic media. Hence, we conclude that paramettimation in shallow seismic
studies has to account for the presence of thefieddr To this regard, we show that
modeling of the near-field should be in 3D, and,thraaddition, to include the effects of
intrinsic attenuation, the modeling should be vidastic.

In terms of attenuation measurements in the nedaer) we show that, if not
accounted for, the near-field underestimates time@surements and distorts the Q
behavior as a function of frequency. Moreover, @hegtion with VSP geometry is more
affected by the near-field, than it is in reflectistudies, as it involves 1-way propagation.
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To demonstrate the near-field bias in attenuati@present results from a VSP
experiment conducted at LLNL, where the near-feddses an apparent attenuation of an
order comparable to the combined effects of séagend intrinsic Q. In addition, we
show that the presence of the near-field measuar8&component data produces an error
in the rotation angles, which may be minimized tigio differentiation and low-cut

filtering of the seismic data prior to rotationng&ily, we present migration results for a
shallow scatterer using Kirchhoff migration andstbat the presence of the near-field
causes a delay in the migrated sections. In ligttie result, we suggest further study of
migration in the near-surface with viscoelastic &se-Time migration methods.
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Chapter 6
Scattering in 3D Media

6.1 Theoretical Treatment

From forward modeling, it is well known that lateh@terogeneity affects
amplitude versus offset (AVO) behavior, hence ppepssing of lateral heterogeneity
effects on amplitudes is often necessary prior¥@Anversion used in lithological
analysis and direct detection of hydrocarbons @ex., 2007). In addition to AVO
behavior, as suggested by Gist (1994) and Mulldr&mapiro (2004), lateral
heterogeneity also affects amplitudes at vertioeidence. Therefore, in establishing
accurate scattering versus intrinsic attenuatidmeses, in this study we also considered
the effects of 3D heterogeneities.

Miller and Shapiro (2004) used a hybrid Q factoguantify attenuation in an
elastic anisotropic 3D random medium. The hybrithQor contains one component
caused by 1D scattering {§) and a second component caused by random ditfregti
and refractions (). The derivation of & is described in detail in Shapiro and Hubral
(1999) and is similar to the theory presented bgpBb et al. (1994). The derivation of
Quifr is based on the Rytov approximation (Rytov etl#1§9), which takes into account
random diffraction and refraction, but neglectsksaattering caused by 1D scattering.
Diffraction and refraction of randomly distributbdterogeneities result in a random
focusing and defocusing of wave energy, and, caresgty result in amplitude
fluctuations with increasing propagation distan@égller and Shapiro, 2004). Shapiro
and Kneib (1993) showed that the relationship bebhntbe variance of log-amplitude

variations,csxz, and the coefficient of scattering attenuatmnpf a plane wave is :

0.2

a=—% 6.1.1
] (6.1.1)

where L is the propagation distance.
2

2 2
For the case of a Gaussian correlation funcep(r)) = o exp{———y——z—zl, where
a,

2
a,
astands for the correlation lengths, wih=a, =a, anda, =3, and g}, is the variance
of the squared slowness fluctuations, the log-annbdi variations are in 3D:

g)z( = gnzﬁﬁ k3aD3D(1_m)j (6.1.2)
4 a, 2D
and in 2D:
NTY o g [ 1 ; j
0' 0——k Dl 1-—\v1+4D°-1 6.1.3
e RN (6.1.3)

where D :% (Maller and Shapiro, 2004).
(kap)

To account for the scattering and random diffracaad refraction effects, Muller
and Shapiro (2004) suggested t%rid is a linear combination of the tw@ ™" factors,

such thatQ s = Qp + Qg » Which they verified numerically. Equations (@)jland
(6.1.3) imply that the importance of random diftians depends on the
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parametey=a,/a;.

6.2 Verification of 3D Scattering Theory

For the LLNL experiment, the computed vertical etation lengtha,, was in the
order of 1 m, which implies that the effect of randdiffractions is small. Figure 6.2.1

shows the 2D and 3Q;; factors computed for the LLNL series with varian€g(0),

equal to 0.0186 for a range gfvalues. The maximur®;,; factor considered, computed

for the maximum variance, assuming 3D heterogemityfor y equal to 0.2, yields

-1

L < 0.005, whereaQy, is greater than 0.07. In the absence of gectitatisiata, we

cannot formally justify g range, yet we found it unlikely that should be less than 0.2.

C,,=0.0186 b
—©—2D ||

Reciprocal Quality Factor
o
o
.

Frequency (Hz)

Figure 6.2 1Reciprocal quality factors versus fesgry caused by 2D and 3D

-1

Reciprocal Quality Factor

C,=0.0186 || ¥ 3D

: h=5v
:h=10v ||

Frequency (Hz)

heterogeneitiesQ,; ) (left). Reciprocal quality factors versus freqag caused by 3D
heterogeneities as a function of horizontal toigaltcorrelation length ratio (right). For
comparison, the reciprocal quality factor due tateing in 1D Q) is also plotted.
The results are shown for the LLNL profile with iaarce, G¢(0), equal to 0.0186.

Muller and Shapiro (2004) also suggested that @véime case of smak, , there
may be an additional vertical correlation lengtattborresponds to larger

inhomogeneities, hence the attenuation from randifinactions may be larger if the
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larger g value is the correlation length contributing teeattation. To verify that indeed

the effects from random diffractions were not lartyen theQy; factors predicted fog,

=1 m, we also ran elastic finite-difference sytitteewith 2D heterogeneity. To construct
the 2D model, we used the 1D model, and appliethdam component laterally, which
after smoothing with a 5 m Gaussian in the horizbdirection, yielded vertical and
horizontal variance approximately 0.019, aneéqual to 0.2. We found that the vertical
incidence Q estimates were similar for the 1D abdrbdels. Therefore, we concluded
that given the small vertical and horizontal catien lengths, and short propagation

pathlengths, lateral heterogeneity has a negligifiext in the measured attenuation at
LLNL.
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Chapter 7
Intrinsic Attenuation

7.1  Deducing Intrinsic Attenuation
From the estimates ofLarent-scattering?hich combine the Lueringand pseudo-Q
effects, we approximated;fnsic Using the expression:
1 1 1

= - (7.1.2)
antrinsic indd Qapparmt—scattering
Should an inverse filter for the pseudo-Q effe&sapplied to the field data and
elastic finite-difference synthetics, this wouldué in the familiar expression (Spencer et
al., 1982):
1 1 1

ant rinsic QtotaJ Qscalteri ng

(7.1.2)

There is an inherent difficulty in obtaining an @nse filter for the pseudo-Q
effects. Firstly, in realistic media, neither mé-domain filter nor a polarization filter
can adequately remove or suppress the near-figldgi@r 5). Secondly, the local
impedance correction (equation 4.2.1) requires doeeistic manipulation to establish
the effective local impedance value which is a fiomcof the center frequency of the
source. Lastly, the interference effects requiteee comparison of synthetics ‘with
interference’ and ‘no interference’ models, whiolthe case of a large receiver array
would require numerous forward models, or an arytreatment of interference
effects by combining transmissivity and reflecinvéstimates. The latter can be
accomplished by approximating the recorded wawkfslthe sum of two components:
(a) the transmitted generalized primary in the medoverlying the receiver (medium A)
plus (b) the reflected generalized primary in thediam beneath the receiver up to a
maximum depth for which the two-way traveltime dgube duration of the generalized
primary (medium B), which would then be convolved(a) (Prof. Dr. Serge Shapiro,
personal communication). Hence, to remove interfee effects, one would have to
subtract (b) from the total recorded wavefield (Feg7.1.1).
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Figure 7.1 1Sketch showing the recorded wavefielttributions: wavefield transmitted
through overburden (1-way) corresponding to trassimity of medium A (k) plus
wavefield transmitted through overburden and letlected from the interfaces in
medium B (2-way) corresponding to reflectivity oédium B (R;) Hence to remove

interference effects, one must subtractRg from the recorded wavefield., where *
stands for convolution in the time-domain.

In view of the challenges involved in computingiaverse filter for the pseudo-Q
effects, the most practical solution was to use3belastic synthetics, which contain
both the scattering as well as pseudo-Q factordauear-field, local impedance, and
interference effects, and use equation (7.1.1tionate Qwinsic: Table 1 summarizes the
Q estimates using the peak amplitude decay methqudssion 2.2.1.2) for a center
frequency of 120 Hz. For the low and high variarargge of impedance profiles
considered, we found intervalhsic values between 4 and 15. We then computed
visco-elastic finite-difference synthetics for fbgv and high variance profiles, with input
Qintrinsic Values as shown in Table 7.1.1. For the low agll ariance models, we
approximated the Rinsic profile with two interval values which increasedwdepth.

We also considered a model with mixed variance,ahamith G,.(0)=0.0186 at depths <
25 m and G(0)=0.0031 at depths > 25 m, which allowed fa#Ric to be continuous in
the profile. Visco-elastic synthetics were genetatgh the E3D code (Larsen et al.,
2001) which uses a standard linear solid (SLS) wiingle relaxation mechanism for
which the center frequency is specified (in ouredas.~ 120 Hz). A description of the
SLS visco-elasticity used in E3D can be found im&tsson et al. (1994).

Figure 7.1.2 shows the peak amplitudes of the dimsval in the field data, elastic
and visco-elastic synthetics. The first observatsothe non-uniqueness of the visco-
elastic models that match the field peak amplittwlwe. The second observation is that
in the presence of intrinsic attenuation, the flations in peak amplitude become less
pronounced in the synthetics. Given that the fpddk amplitude decay curve has a
smooth appearance, this implies that an intringenaation mechanism is at work,
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whereas a larger attenuation due to scatteringa(f@riance larger than the variance
range we considered) would result in a jigsaw afgreze of the curve caused by
interference phenomena. This suggests the adwanfdwaving small receiver
separations in modeling scattering versus intriaiienuation effects.

Table 7.1 1Summary of Q estimates.

Variance Depth Intervgl Qscatterin Qapparer-scatterin Qintrinsic Qtield
C,(0)=0.0031 z<25m 100 11 4 3
C,(0)=0.0031| 25m<z<4A8 100 7 7 3.5
C,¢(0)=0.0186 z<25m 20 6 6 3
C,(0)=0.0186| 25m<z<4A8 20 5 15 3.5
C,¢(0)=0.0186 z<25m 20 6 6.5 3
C,(0)=0.0031| 25m<z<48 100 7 7 35
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—%— Elastic Syrthetics C,,c= 0.0186 |
—¥— Visco-elastic Synthetics C,,.= 0.0031 |
—%— Visco-elastic Synthetics C .= 0.0186 |,
—8— \iisco-elastic Synthetics (C,,. mixed) :,
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Figure 7.1 2 Peak amplitude decay of the firstvatversus depth, for the field data,
elastic and visco-elastic finite-difference synit®t Given that several visco-elastic
models for can match the field curve, this suggéstshon-uniqueness of our solution in
terms of peak amplitude decay.
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Another argument supporting the existence of istdmttenuation stems from the
pulse broadening observed in the field data. Palsadening occurs because of
dispersion caused both by scattering and intriageanuation. Dispersion due to
scattering occurs as a result of the frequency-utdgr® phase term in the expression for
the transmissivity (equation 4.1.13). For a lin@ave equation, absorption is a
necessary and sufficient condition for the preseriabspersion (Futterman, 1962). The
relationship between dispersion and Q is seenpnession (2.1.3.1).

To assess the pulse broadening caused by scatéerihigtrinsic attenuation, we
compared the rise time at 12 m depth and 42 m deytte field data, and the elastic and
visco-elastic synthetics. As shown in Figure 7.1o8the elastic synthetics the rise times
do not show a significant increase in rise timehbor the lowest and highest variance
range considered. However, in the field ddte rise times increase by a factor > 1.5
over 30 m. The rise times in the visco-elastiadat the model with variance 0.0031
show a similar rise time increase as the field.d&tawever, it is rather speculative to
select a visco-elastic model on the basis of matchse times, given that we do not
know if the intrinsic attenuation mechanism shdwdthave like the SLS model.

o

w
[¢2)
T
1

o

w
i
T
I

o
o

NG
[ee]
T
1

O Field Data

v X Elastic Synthetics C,.=0.0031

X Elastic Synthetics C,.=0.0186 ]

X V Visco-elastic Synthetics C,20.0031
X V Visco-elastic Synthetics C,,=0.0186

Rise Time at 42 m Depth (msec)
> o i
o
|

INg
s
T

NG
N
T

2 L L L L L L L L L
2 2.05 21 215 22 2.25 23 2.35 24 2.45 25

Rise Time at 12 m Depth (msec)

Figure 7.1 3 Comparison of rise times at 12 m depth42 m depth, between the field
data for selected traces with high S/N ratio, tlhstec synthetics and the visco-elastic
synthetics. As shown, none of the elastic modefsiclered can capture the pulse
broadening evident in the field data. This implies presence of an intrinsic attenuation
mechanism which would cause additional dispersion.

7.2  The Effect of the Free Gas o Q

After finding low Qnrinsic Values, the evident question was to identify figgacal
cause. To our knowledge, the only absorption mashathat is non-negligible at
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seismic frequencies is absorption due to the poesehfree gas. White (1975), and

Dutta and Seriff (1979) showed that segregated gtsalf free gas cause high pressure
gradients which cause fluid flow in response toghepagation of a compressional wave.
This loss of energy at these local spots is averager the total volume and results in
large attenuation of the compressional wave. @rother hand, this mechanism does not
affect the energy of shear waves.

For a water-table at 48 m, we developed capillaeggure curves, and estimated
that water saturation in the vadose zone at LLNfiegafrom 25-35% in the units
predominantly containing sand, and 65-80% in thiesysredominantly containing clay.
These saturation estimates are sensitive to walbde-fluctuations in response to seasonal
changes and the operation of pump-and-treat wellsa vicinity of the well. Modeling
of the intrinsic attenuation due to the presenceesf gas in the vadose zone is outside
the scope of this dissertation. However, we carsidvery worthwhile should future
research, via analytical modeling and laboratosyits, study the Qiinsic behavior as a
function of frequency in relation to saturationyqsity, pore size distribution and gas
compressibility among many factors. Moreoverh#g absorption mechanism is similar
in the vadose zone as it is in reservoir envirortsighere may be an additional benefit to
studying attenuation in the vadose zone which cbaldpplicable to oil and gas
exploration. Lastly, to verify the cause of absionp we suggest that{yalues are
compared to Qvalues in the vadose zone, given that the formanaffected by the
presence of free gas.
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Chapter 8
Conclusions and Future Work

8.1 Overview

A review of the experimental studies of near-swgf@creveals that the Q factor
for P-waves (@) is very low in the upper couple of hundred meteXks a result, shallow
seismic studies offer suffer from low S/N due temy loss, and signal distortion, which
are both manifestations of the Q filtering effedVhether the motivation is to restore the
signal properties by designing an inverse Q fikbich will compensate the Q effects, or
to use Q as a geophysical parameter to enrichroawledge of the subsurface properties,
the key question is to measure Q accurately andidotify the physical mechanisms that
give rise to it. The interest in near-surface @ pamarily applications in both near-
surface site characterization for earthquake erging design, as well as for
groundwater exploration. On the other hand, given exploration of oil and gas
deposits relies on near-surface seismic experimgr@sear-surface attenuation
phenomena are coupled to the imaging results awdadlect the AVO inversion and
simultaneous inversion of velocity and attenuatiata targeted to the analysis of the
deeper strata. Hence the near-surface Q problefgi®at concern to the oil and gas
industry.

To study attenuation, research efforts have beeredaout in both field and
laboratory environments. Given the fact that fighdl laboratory Q measurements are
different in firstly scale, secondly experimentaduency band, and thirdly strain level, it
is essential to establish Q as a function of fragyend strain level and to quantify the
physical mechanisms that give rise to Q. TherefQrprediction requires separate
modeling of the elastic and inelastic component® ofvhich are QateringdNd Qhtrinsic.

This dissertation study, which is based on a shall&P experiment at LLNL, offers two
important contributions to the near-surface Q probl Firstly, it provides estimates on
the scattering component of attenuation basedd#teaministic and probabilistic
analysis of the elastic properties, and throughpaomon of these estimates with the field
data, gives a range of expected intrinsic atteanatalues. This analysis involves both
field measurement, analytical and finite differemeedeling. Aside from offering results
for the particular case study, this methodolog@dafeparation can be applied to similar
sites for @ as well as @measurement. Secondly, given the short propagatio
pathlenghts, and small receiver spacing, whichrdrerent in a shallow VSP
configuration, this dissertation quantifies thesef of the near-field, local impedance
and interference phenomena, which bias Q measutendrare thus treated as pseudo-Q
effects. Moreover, given the lack of previous doeated research in near-field effects
on shallow seismic studies, a significant portibthés dissertation deals with i) the
effects of the near-field on parameter estimatiothe near-surface, such as attenuation,
migration and rotation of 3-component sensorghg)challenges in near-field removal
and consequent requirements of near-field modétiragcount for the near-field effects.
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8.2 Conclusions for Attenuation

This dissertation study summarizes the attenuaésults from a shallow VSP
experiment conducted at the LLNL facility using p@nent downhole receivers and a
vertical impact source. Our efforts concentrated@parating scattering versus intrinsic
mechanisms for the transmitted P-wave at vertiwatience, which is theoretically free
of converted waves. The maximum receiver depth4fas, whereas the depth to the
water table was approximately 48 m. Therefore ntedium sampled from the
downgoing wave lied entirely within the vadose zone

We expected high scattering attenuation lossesaltiee complex stratigraphy of
the profile, characteristic of fluvial sedimentaigposits with pronounced 1D and 3D
heterogeneity, and high intrinsic attenuation less®a result of the interaction of the free
gas with the compressional wave. Indeed, the medsifective @ values (after
correction for spherical divergence) were in theéeorof 3. The approach to separate the
relative contributions from the two mechanisms weasonsider the maximum and
minimum scattering attenuation expected in thigtgpgeologic environment and to
deduce the minimum and maximum intrinsic attenuatiaues, respectively.

We considered 1D scattering for profiles with vada range £(0), 0.0031 to
0.0186. We verified that, in the absence of therfield, local impedance and
interference effects, the analytical results bagethe Shapiro et al. (1994) theory agree
with the attenuation measured in elastic syntheWés showed that for the LLNL
experimental geometry, where both the propagatathlenghts and the receiver spacing
are short, the effects of local impedance, interfee and the presence of the near-field
bias the attenuation measurements. Given that flaesors are not related to the
transmissivity of the medium between the receivitisy were treated as pseudo-Q
factors. In the absence of an efficient pseuddt€r fa practical solution to compensate
for these effects is to incorporate them in théteoag attenuation estimates and to
deduce Quinsic Values by comparinggd 1o Qupparent-scatterinfOM elastic finite-difference
synthetics. With respect to the methods of Q messant in the case of small receiver
separation, we concluded that the amplitude decathhaod yields more stable Q results
than frequency-domain methods such as spectral-rati

To conclude the modeling of scattering, we alscsm®red 3D heterogeneity
effects, which we found to be non-significant, bfsttim our analytical and finite-
difference results. This result was expected gthanthe vertical and horizontal
correlation lengths, and the propagation pathlemgtte very short.

The results for gparentscatteringvere in the order of 5 to 11, whereas the deduced
Qintrinsic Values were in the order of 5 to 15. From vislastc modeling using a single
SLS mechanism, we matched the peak amplitude droag of the field data with both
high-scattering low-intrinsic and low-scatteringlwintrinsic attenuation models.
Hence, from the perspective of peak amplitude demarysolution is not unique.
However, even this range of scattering and intciagienuation estimates is sufficient to
show that both scattering and intrinsic attenuagi@equally important in the vadose
zone. Moreover, from consideration of the risestiimwhich we used exclusively to
quantify the effect of dispersion from the scattgrand intrinsic attenuation mechanisms,
we found that intrinsic attenuation is requirectzount for the pulse broadening
observed in the field data.

Given that typical attenuation mechanisms of aligmmpsuch as viscous flow,
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matrix anelasticity and intergranular friction, dot cause significant absorption
attenuation at seismic frequencies, we attributedabsorption present in the vadose
zone to the interaction of the free gas with thepessional wave, which creates fluid
flow resulting in energy loss. The effect of freesgvas studied by White (1975) and
Dutta and Seriff (1979) to describe the reservouimmnment during production of a
field, where gas may come out of solution and eréatributed pockets of gas. Itis also
encouraging that for his numerical example for isdion equal to 80% and for arbitrary
choice of geometry and medium properties, Whit& §)®btains Quinsic values in the
order of 10, which is in the same magnitude agitRiced Qyinsic values found in this
experiment. However, to apply his theory direttiyfhe vadose zone conditions, it is
necessary to assess the pore size distributiorgayagressibility, normal stress and fluid
conditions, among many factors, to obtain the giigwor filter characteristics in the
vadoze zone.

8.3 Conclusions for the Near-Field Effects in I&iva Seismic Studies

Motivated by the fact that most seismic studiethennear-surface involve travel
paths comparable to a seismic wavelength, we damad@shat the presence of the near-
field in shallow seismic studies is non-negligibl&is is important as most investigators
have extrapolated seismic reflection processingléaper targets to the near surface,
without, though, incorporating the near-field irithprocessing approaches.

It was shown that time-domain filtering and polatian filtering methods fail to
remove the near-field in realistic media. Hence caeclude that parameter estimation in
shallow seismic studies has to account for thegmess of the near-field. To this regard, it
was shown that modeling of the near-field shouldhl@D, and that, in addition, to
include the effects of intrinsic attenuation, thedaling should be viscoelastic.

In terms of attenuation measurements in the nadac) it was shown that, if not
accounted for, the near-field underestimates time@surements and distorts the Q
behavior as a function of frequency. Moreover, @hegtion with VSP geometry is more
affected by the near-field, than it is in reflectistudies, as it involves 1-way propagation.
The current results from the VSO experiment at LLddmonstrate the near-field bias in
attenuation, where the near-field causes an appattemuation of an order comparable
to the combined effects of scattering and intrirggic

In addition, it was shown that the presence ofriar-field measured in 3-
component data produces an error in the rotatigiteapwhich may be minimized
through differentiation and low-cut filtering ofelseismic data prior to rotation.

Finally, migration results presented for a shalkmatterer using Kirchhoff
migration and show that the presence of the ne#d-auses a delay in the migrated
sections. In light of this result, we suggest fartbtudy of migration in the near-surface
with viscoelastic Reverse-Time migration methods.

8.4 Limitations and Future Work

The main limitation regarding the current analydisear-surface Q, involves the
modeling of the elastic profiles, which is linkexthe QcareringeStimates. As discussed
previously, the density and velocity series werknanvn. Hence the modeling consisted
of a deterministic low frequency component (intémeadues) computed from the density
log and first-break times (for the velocity projilend a high-frequency random
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component. To establish more exact constraintisarelastic properties, which translates
to a narrower range of Qeringvalues, it is advisable to repeat a similar typstody in a
borehole with better known properties, as wouldhgecase, for example, of a borehole
with an available sonic log, and neutron density Itn addition, it would be beneficial
for near-surface Q studies to incorporate stasistidformation concerning the near-
surface, which is sparse compared to studies dttiestical properties of deeper
deposits. Such studies of the statistical propestiould provide valuable information for
both 1D and 3D structure, including critical coastts for the vertical and horizontal
correlation lengths, and variance ranges typicéhefear-surface. In the absence of
both high-frequency log measurements and statisticayses for near-surface materials,
this study provided a ‘reasonable’ range of exgkstattering attenuation estimates,
which resulted in a range for the estimates ofrisic attenuation.

The intrinsic component of attenuation was attedub the presence of free gas
interacting with the compressional wave. White7®@)Qand Dutta and Seriff (1979)
provide a framework to model the attenuation duthéopresence of a free gas, which
includes several assumptions pertaining to the gégrof the pore space, the saturation,
gas compressibility and stress conditions, amongyrfectors. Should future studies
apply this theory to the vadose zone conditionsiay be possible to obtain the
absorption filter characteristics in the vadoseezamcluding the frequency-dependence
of the attenuation and phase. Having the chaiatitsrof the absorption filter, it may be
possible to match the field data with a unique nhadstead of estimating a range of
scattering and intrinsic Q values. This analysitirn, will also determine what visco-
elastic mechanism is most appropriate to be imptéaakin visco-elastic finite difference
modeling.

Moreover, it is expected that, should the presefideee gas be indeed
responsible for absorption in the vadose zone vatgnt studies of Qwill show no
evidence of an absorption mechanism. This hyp@tlagaits validation. In addition,
given that the scattering mechanisms are commaneleet P- and S-waves and that the
intrinsic mechanisms are most probably differemnttii@ two types of body waves, it may
be possible to use correlation betweera@d ¢ estimates to solve the separation of
scattering and intrinsic attenuation as an oveerdanhed problem.

Last, but not least, the current analysis ef¥@s carried out for a particular geometry
and source characteristics, i.e., for a source paledan the z-direction, using vertical
incidence, etc. It would be worthwhile for futistidies to test Q results:

a) as a function of frequency. This could be accosmgd for example by using
strike plates of different diameter which would oba the frequency content of
the source.

b) as a function of strain level. To this end, theeQults can be compared from a
hammer source vs. a larger weight drop source @m & strong-motion
recordings where those are available.

c) in relation to the source directivity. Direct coangon between a source
monopole in the z-direction and pressure sourcddvghow the near-field effect.

d) in relation to the location of the source, wheth& above or below the receiver
array. This would result in a direct comparisonha interference effects, as
those are different depending on the directionroppgation. Moreover, as
pointed out by Spencer (1982), if a large reflecdgresent beneath the array, the
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reflected wave can also be analyzed for Q estimatial interference effects may
in fact be suppressed.

as a function of angle of incidence. This is irdlaechallenging problem, given
that the incident wave is converted to P- and &amitted waves at each
interface, hence thegRive Value measured contains the characteristics ¢f bot
Qrand Q. To this end, a comparison between acoustictielasd visco-elastic
models to field measurements at non-vertical inttgenvould be a good starting
point.
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