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SUMMARY

We present parsimonious refraction interferometry whederssely populated refraction data
set can be obtained from several reciprocal and infill shttega. The assumptions are that
the first arrivals consist of head waves and direct wavesagpair of reciprocal shot gathers
and several infill shot gathers are recorded over the linetefést. Refraction traveltimes from
these shot gathers are picked and spawned rty?) refraction traveltimes generated by
N virtual sources, wheréVv is the number of geophones in the 2D survey. This enormous
increase in the number of traveltime picks and associatgsl pmpared to the many fewer
traveltimes from the reciprocal and infill shot gatherspwal for increased model resolution
and a better condition number with the system of normal égusitA significant benefit is that
the suggested survey and the associated traveltime pigkfagless time consuming than that

for a standard refraction survey with a dense distributibsoairces.

1 INTRODUCTION

Refraction tomography is an important imaging tool in equitke studies (Stein and Wyession, 2003), crustal-mantging (Prodehl and
Mooney, 2012), exploration geophysics (Bishop et al., 1¥8&az, 2001), and engineering seismology (Yilmaz, 20Fsx 2D engineering

seismology, receivers are deployed along a line and comimatingathers (CSGs) are recorded for source positions attsdlpositions on
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Figure 1. Two-layer model where the black medium is faster than thdawper; the reciprocal sources arefaandD and are associated with the dashed red
ray. The dashed blue raypath is associated with the viréfiedation ray that is excited by the virtual source (blug)staC and terminates d3. The refraction

traveltimes associated with the reciprocal shots (greerresh stars) can be decomposed into the virtual refractaneliime generated by the blue star.

the line. To save costs, a parsimonious survey is carriedvbete sources are located only at each end of the receieinifigure 1.

The first breaks are picked from each shot gather and thdtimags are inverted by a simple formula that assumes a ldymedium with

an unknown dip angle for each interface. These two shot gatire denoted as a pair of reciprocal shot gathers. We adtgrire several
short-offset infill shot gathers that can be used to find treg-p#set traveltimes. Therefore, parsimonious surveys significantly reduce
acquisition costs and survey efforts, but at the cost of§emsness resolution and certainty in the estimate of thewgtidéice model.

For a 2D survey, we now show that two reciprocal shot gathedssaveral short-offset infill shot gathers can be deconthose
many virtual-shot gathers that have many more traveltimkspavailable for inversion. In some cases, the virtual-gathers give as much
refraction information as a full survey witN shots, where a shot is located at each ofhgeophone locations. The result is a tomogram
with a much denser ray coverage and better slowness resotdgmpared to that from the original data. We call this pdoce parsimonious
interferometry because it uses a stationary-phase plinpmlecompose the reciprocal traveltimes into many Mitiaaeltimes associated
with shorter raypaths. Unlike the original pair of recipmbshots, the virtual-shot locations are at all of the irtegieophone locations.

The next section describes the theory of parsimoniousatidrainterferometry. It is a special case of Fermat's ifgermetric traveltime
principle (Schuster, 2005) and closure phase (Schustér, 044) that allows for the decomposition of long raypaihd traveltimes into,
respectively, shorter raypaths and traveltimes. Instéaddy-wave traveltimes we now apply it to head-wave traneds. Section 3 presents

the results of applying parsimonious interferometry tchbsynthetic data and field data. The field data are from 2D gareenducted next
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to the Gulf of Agaba, near King Abdullah University of Scierend Technology (KAUST), and over a basin in East Africa. fied section

presents a summary and conclusions.

2 THEORY

Assume two reciprocal sources and the irregularly layerediom in Figure 1, where head waves propagate along thddnéebetween
the upper and lower layers. There can be lateral velocitiatians in the upper medium and there & eevenly spaced geophones on the

recording surface between the two sources. The head-waxatime from the source & to the geophone & is defined as

TAC = TAz + To'x + TeC, (1)
and the reciprocal traveltime froid to B is

TDB = TDz + Tge' + Tu'B, 2

wherer,,,+ is the traveltime fronx to x’ along the refraction ray, and reciprocity says: = 7,/,.. The traveltimes-ac andrp s are denoted

as a pair of reciprocal traveltimes.

2.1 Virtual-Traveltime Equation

To create virtual sources and receivers within the arrayiguie 1, we assume that there is a postcritical distancedmstwthe geophone
positionsC andB and both traveltimesac andrpp are associated with the same refractor. Subtracting thgroeal traveltimerap =

Taw' + Ture + Tzp from the sumrac + 7p s gives the virtual traveltimércs:

0TcB = TAc +TDB — TAD,

= TAx' + Ta'zx + Taec + [TDa: + T +Ta:/B] — TAg! — Ta'z — TxD,

= TCx + Tex + Ta'B- (3)

d7cp is denoted as an interferometric stationary traveltimabse the reciprocal raypathe’z D, marked by the dashed red ray in Figure 1,
cancels the phase associated with the common raypaths phitpke Az’zC and greenDzz’ B rays. The result is the virtual traveltime
dtcp associated with the much shorter raypéthz’ B denoted by the dashed blue ray. Equivalentiy, s is the traveltime of a virtual
refraction excited by a virtual source @t and recorded aB. This natural redatuming operation is the key principleartyng seismic
interferometry (Snieder, 2004; Wapenaar, 2004).

Equation 3 can be used to gener@gV) virtual-shot gathers of head-wave traveltimes, where tmelrer of reciprocal geophone pairs

with postcritical separation is assumed to be nearly equéie numberN of geophones in the survey. Each virtual-shot gather wil, o
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average, contai® (V) virtual traveltimes to creat®(N?) virtual refraction traveltimes from tH&\ traveltimes picked from two reciprocal
shot gathers. This abundance of new traveltimes can be asedett for the subsurface velocity model with much greasgrdensity and
better model resolution than inverted from the originabdst.

Equation 3 satisfies Fermat's interferometric principleh(@ter, 2005) because the subtractionqf (red dashed ray) fromac+7p5
(solid green and purple rays) gives the same valugref; for all postcritical, i.e. stationary, locations of the igocal sources. Equation 3

is also a special case of the closure phase condition dedusgSchuster et al., 2014).

2.2 Condition Number, Illumination Area, and Slowness Uncertainty

The resolution properties associated with the virtualdiéme equations are now compared to those from the rez@ptaveltime equations.
These properties are 1) condition number of the normal @nst2) the enhancement of illumination with virtual-te#time equations, and

3) the slowness uncertainty associated with errors in itienve picking.

Condition Number. As Appendix | shows, the extra traveltime equations geeeray equation 3 act as a preconditioner that reduces the
condition number of the normal matrix.” L] by a factor of 3, wherd. is the raypath matrix associated with the traveltime equati The
dense set of virtual traveltimes does not create new infdaomabout the subsurface because itis created by addingpéntichcting traveltime
equations from the reciprocal data. However, the syntletamples in the next section suggest that the enhancedrfadesillumination

and smaller condition number in the virtdaf L matrix can significantly reduce the size of the null spacetsmis.

Illumination Zones and Spatial Resolution.

Figure 2a shows that a reciprocal pair of shot gathers canrige to gaps in the illumination zones of the direct arg\alid refractions.
For refractions, these gaps can be caused by the inabilgtickofar-offset traveltimes as indicated by the truncateskg lines in Figure 2a.
This problem can be partly remedied if the later-arrivingedi waves and refractions can be picked, as illustratedhéydashed lines in
Figure 2b. In practice, however, such picking is not an easl.t

A large illumination zone does not necessarily mean a goatladpesolution limitdz. Here,dx is the minimum width of a slowness
box whose velocity can be resolved from the data. For virtlzahdx depends on the midpoint position and minimum offset betwaeen
reciprocal pair of geophones. As an example, the pair ofathsirtical lines at A and B in Figure 2a indicates the redptwoefraction
traveltimes with minimum offsefz = |x4 — x| that are pickable from the leftgoing and rightgoing refiaas. This means that picking
later refraction arrivals in Figure 2b will lead to wider suioface illumination, but the estimated velocity model st suffer from poor

resolution as demonstrated by the wide double-sided bleckvalf both the first-arrival and later-arrival refraatidimes can be picked
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almost everywhere between the two reciprocal shots, thesphtial resolutiodz is equal to the spacing between adjacent geophones. This

assumes that the typical wavelength of the arrivals is mhohter than a geophone spacing.

Slowness Variance.

Traveltime picking is prone to random errors, and so theavaeX.? of these data errors give rise to an uncertainty in the estitna
slowness model, denoted by the slowness variarfcen the i*" cell. Appendix Il shows that the slowness variance assediatith the
reciprocal data is proportional tﬁ while that for the virtual data is proportional 'iéﬁ Thus, the variance of the virtual slowness can be

much less than that for the reciprocal datd’iis large and there is only weak correlation in the data errors

2.3 Consistency Test

A consistency test is now described which checks the vglafithe assumption that the recorded refraction arrivadlaose of head waves.

Assume head wave arrivals in Figure 3a so that

TBC = Tp'c +Tc'B — TB/CY, 4

is the traveltime of a virtual head wave excitedBaind recorded as a 1st-arrival@t However, this might not be a head-wave traveltime
if the source aftA is far from the receivers and there is a velocity gradiergdity increasing in depth. As an example, Figure 3b shows a
diving wave recorded as a 1st-arrivall3f C, andD when there is a strong velocity gradient that linearly iases in depth. Diving waves
violate the head-wave assumption underlying equation Aesoasulting traveltimeégc is that of an unphysical diving wave betweBrand
C (see the dotted black ray in Figure 3b).

Therefore, traveltimes from recorded shot gathers musested for consistency with the head-wave assumption. Weopeoa con-
sistency test identical to that given in (Dong et al., 2006gre the traveltimes of a common geophone pair gather (CRG) egual one

another if they are for head waves. As an example, the head-traveltimes in Figures 4a-c are transformed by

TBC = TAC — TAB, ©)

into the traveltimes s for the traces in Figures 4d. If the difference between theseltimes is greater than the picking uncertainty for

different positions ofA on the leftside oB then they should be rejected as head-wave traveltimesiatsbavith the same refractor.
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a) Reciprocal Src-Rec Pair at B" and C’ Induce Head Waves at Short Offsets
A B’ B C b D

-

b) Reciprocal Src-Rec Pair at A and D Induce Diving Waves at Long Offsets
A B B C C D

Figure 3. Virtual traveltimes created with a) short-off$kc = T/ +Trcr — T/ ¢ and b) long-offsel’ s = Tac +Tpp — Tac Virtual traveltimes.
The long-offset (short-offset) sources generate divingesghead waves) as first arrivals so tiglc # Tc. The black solid ray corresponds to the virtual

raypath associated with eith&z - or Tz .

3 NUMERICAL RESULTS

Parsimonious interferometry will be tested for traveltengenerated for three synthetic models and three seisnicsiieleys. One of the
synthetic models is a three-layered velocity model wittoeiy gradient, the second is a complicated velocity modebeted from a field
data tomogram, and the third has a strong velocity gradleattincreases with depth to demonstrate the diving wavelgmbin each
synthetic case the traveltimes were generated using a-fliffezence solution to the eikonal equation (Qin et al92Pand inverted by the
multiscale gradient method described in (Nemeth et al.7)19Bhe field examples are for refraction data recorded rreaGulf of Agaba,

over a wadi near KAUST, and over a deep basin in East Africa.

3.1 ThreeLayer Synthetic Model

The three-layer model shown in Figure 5a contains 3 laykesfitst one has a constant velocity of 400 m/s, the secondase horizontal
velocity gradient of 0.2 m/s/m, while the third layer has &ieal velocity gradient of 4 m/s/m with a minimum velocitghae of 2600 m/s. A
finite-difference solution (Qin et al., 1992) to the 2D eikbequation is used to compute 240 shot gathers of firstedtraveltimes (Figure

6a), where the source and receiver points are located evergrbthe surface.
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Figure 4. Virtual traveltimesrp ¢ created by computing a)4/c — 74/, b) TaAc — Tap, and ¢)rg ¢ — 7/ g. If the input traveltimes are those of head

waves, then the output d) traveltimg - will be that of a virtual head wave recorded@@t The common geophone pair gather (CPG) of virtual tracescin a

share the same pair of geophone8aandC, but have different source locations.

The two reciprocal shot gathers contain 480 first-arrivaléftimes, where one source is (@ 0) and the other is at1200,0) in
addition to 5 infill shot gathers with only near-offset tra¢Eigure 6b) are inverted by traveltime tomography to getr#itiprocal tomogram
in Figure 5b. In this case there is a poor correspondenceeletihe reciprocal tomogram and the actual velocity modelcBmparison,
Figure 5c shows the standard tomogram inverted fronutheal traveltimes generated by exciting shots at each of the 2dphgmes. As
expected, the standard tomogram mostly agrees with thalaelocity model.

Equation 3 is then used to compute the virtual traveltimesfthe 480 traveltimes associated with the two reciprocat gathers. To
account for the fact that the direct-wave traveltimes cawdt be generated at long offsets, the direct-wave traveltimere picked from
5 infill CSGs with the shots evenly located at 200 m intervadsadeen the endpoints of the receiver line. These direcevieawveltimes
were then interpolated to other source locations to fill mnfissing direct-wave traveltimes in the other CSGs. Theltréesthe creation of
O(57,000) virtual traveltimes computed for virtual shots at each efgleophones (Figure 6c). These virtual traveltimes aratiedéo give
the virtual tomogram shown in Figure 5d. This tomogram agjwei¢h the standard tomogram, which is not surprising bezéljsthe virtual

traveltimes match the true traveltimes as shown in Figudeartl 7a, (2) there are few diving waves in the model, and @gtfs a dense
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a) Velocity Model b) Reciprocal+Infill Tomogram
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Figure5. a) Three-layer model, b) reciprocal tomogram inverted ftbenthe two reciprocal and 5 infill shot gathers, c) standantogram inverted from the
57,600 actual traveltimes in 240 shot gathers, with a sheaett geophone location. d) Virtual tomogram inverted f@(57, 000) virtual traveltimes created

from reciprocal and 5 infill traveltimes.

illumination in the subsurface from the virtual rays. Thessults could have been predicted by determining whethaobthe traveltimes

in the CPGs are flat. Figure 8a shows that the CPG traveltinosfiyragree with one another for the same CPG.

3.2 Agaba Synthetic Model

Parsimonious interferometry is also tested on the Agabecitglmodel in Figure 9a, which is based on a tomogram conapfrtan data
recorded near the Gulf of Agaba. In this example, first artheeveltimes of 120 shot gathers each has 120 receiveroarputed by a finite-
difference solution to the eikonal equation (Figure 10ard;lthe shot and receiver intervals are 5 m. The input datsistoof traveltimes
from two reciprocal shot gathers (240 traveltimes) and 8l islfiot gathers with the shots evenly located at 60 m intsrizgtween the
endpoints of the receiver line; each shot gather has 30afésmt receivers (Figure 10b). Both the reciprocal andlidiiect-wave traveltimes
were inverted to give the Figure 9b tomogram. As expectecktisea poor correspondence between this tomogram and tbeityainodel.

In this case the input data consists of 120 traveltimes ih eaciprocal shot gather and 277 traveltimes from the irffiltggathers, which

gives a total of 517 traveltimes.
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Figure 6. a) The actual trvaeltime picks, b) two reciprocal and 5 irsfilbt gathers used as input to the proposed method, c) theliraveltimes calculated

from equation 3, and d) the difference between the actuattandirtual traveltime picks.

The traveltimes of th@20? = 14,400 actual traveltimes are inverted to give the standard Peitgléomogram in Figure 9c. This
tomogram shows a much better correspondence with the aetlaogity model than seen in the reciprocal tomogram.
Equation 3 was then used to compuite 400 virtual traveltimes. Some of these traveltimes are not joiayly related to refraction times

because the receiver-receiver offset is not at a postatitiffset. Such non-physical traveltimes are identifiedatgudden change in the
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a) Histogram of Traveltime Differences
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Figure 7. The histogram of the difference between true and virtuakltanes of the a) three-layer, b) Agaba, and c) gradienthstit models. The differences

in both a) and b) are less than 5 ms, while in c) it is as high4s.1.
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Figure 8. Consistency test results for the a) three-layer, b) Agahdcagradient synthetic models.

slope at short offsets, as illustrated in Figure 11. Thegdysical traveltimes are easily identiffednd eliminated, but they leave a gap in
the arrival times of the direct waves. To fill in this gap, welirded the direct-wave traveltimes from the 5 infill CSGshaatshot interval
of 60 m. These direct-wave traveltimes were then interpdiab other source locations to fill in the missing direct-evénaveltimes in the
other virtual CSGs, and the result id shown in Figure 10cufed 0d shows the difference between the true and the viraadltimes. The
difference in traveltimes values are very small except ttearcross-over distance. Figure 7b shows the histogramgof&il0d.

All of the virtual traveltimes and additional direct-wavere then inverted to give the Figure 9d virtual tomogram.rélea very good
agreement between the standard and virtual tomogramshughgomewhat surprising because some refraction arrivalassociated with

diving waves. Figure 8b shows that the CPG traveltimes mpasftee with one another for the same CPG.

3.3 Linear Velocity Gradient M odel

Traveltimes associated with pure diving waves cannot usat&m 3 to generate traveltimes of virtual head waves. Toalstrate this point,
we used the linear-velocity-gradient model of Figure 12atzalate the first arrival traveltimes for 126 shot gatheith\wshot interval of 8
m. The calculated traveltimes are shown in Figure 13a. Timpntbe two reciprocal shots at x=0 and x=2 km (Figure 13b)cmeverted
by equation 3 to virtual traveltimes for virtual shots at gvgridpoint along the surface (Figure 13c). The differenbetween the actual
and virtual traveltimes range between 0 and -1.4 s as showigire 7c. This is consistent with the disagreement betvileernraveltime
matrices in Figure 13a and Figure 13c. The reason, of coigseat the diving waves violate the head-wave assumptiguré 8c shows

that the CPG traveltimes disagree with one another, as teghéar diving waves.

* The unphysical traveltimes can be visually identified bynitiging sudden changes in slope. The unphysical traveliiman automatically be eliminated

by the consistency test.
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a) Velocity Model b) Reciprocal+Infill Tomogram
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Figure9. a) Agaba velocity model, b) tomogram inverted from the twapwcal and some additional direct-wave traveltimesta)dard tomogram inverted
from the 14, 400 actual traveltimes in 240 shot gathers, with a shot at eaoptgme location. d) Virtual tomogram inverted from virtaedd interpolated

direct-wave traveltimes. The Agaba model is based on efoltn a seismic survey near the Gulf of Agaba.

34 AgabaField Data

A seismic survey was carried out near the Gulf of Agaba (Haeafal., 2014), where 120 vertical-component geophoneg weployed
at 2.5 m intervals along a line. A 90-kg accelerated-weighpdvas used for a source at every geophone position to rd@ffdcommon
shot gathers. A typical shot gather is shown in Figure 14dmaore than 14,000 first-arrival traveltimes were pickeadrftbe 14,400 traces
in the CSGs (Figure 15c. The signal-to-noise ratio was &xweko traveltimes could be picked at almost every trace/edfied by the
densely-populated traveltime matrix in Figure 15c.

A source at each end of the line was used to form two reciprsival gathers. The first-arrival traveltimes were picked ased to
compute more than4, 000 virtual traveltimes from equation 3. As in the synthetic myde, some of these traveltimes are not physically
related to refraction times because the receiver-recefi&et is not at a post-critical offset. These unphysicaléttimes are easily identified
and eliminated, but they leave a gap in the arrival times efdinect waves. To fill in this gap, we included the direct-eiénaveltimes from
5 infill CSGs with a shot interval of 50 m (Figure 15a).

Inverting the traveltimes by a multiscale tomography mdtfldemeth et al., 1997) gives the tomograms shown in Figuses 15d,
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a) True Traveltimes b) Input Traveltimes
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Figure 10. a) The actual traveltimes, b) two reciprocal and 5 infill sgathers used as input to the proposed method, c) the viranaltimes calculated from

equation 3, and d) the difference between the actual andriuahtraveltimes.

and 15f, respectively. It is clear that there is a mostly Bgneagreement between the virtual and standard tomogsaown in Figures 15d
and 15f, respectively. In the standard tomogram, the shgeifort required 1.5 days to conduct, and more than a daffat eas needed
for picking (14, 400) traveltimes. For the virtual tomogram, it is estimated tkeas than 1 hour of shooting time would be needed and less
than 30 minutes of picking time for the reciprocal and inféiveltimes. Moreover, the 5 shot gathers recorded for tteedivave traveltimes
would not require much more effort to record, because onéysirike of the weight-drop source is needed to record siftsét traces with

adequate SNR. The subsequent generation ab{fie, 000) virtual traveltimes is automatically done by the computeless than a second.
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Figure 11. Ray diagram showing the dashed unphysical rays suchrihat = 7pp + 74’ — Tp 4 is an unphysical virtual traveltime which does not
correspond to a physical head wave. In comparisgry = Tpp + Tac — Tpa corresponds to the virtual traveltimes of a physical headevadong the

dotted black rays. The zone of unphysical virtual travedsnis between the origin & and the sudden change in the traveltime slope.

Figure 16a shows that the differences between the virtubatual traveltimes are well below the estimated pickimgresf 4 ms in
the data.

The consistency test results for the recorded Agaba datdeaieted in Figure 17a. For specified location8BoandC (see ray diagram
in upper right), the thin black line represents the travedsz for all actual shot locations to the left &. Here, the locatiorC is always
at location #120 ani is progressively moved to its left to give rise to larger glimesrzc.

Most of the recorded traveltimes; ¢ to the left are flat to within a quarter of the dominant per}p‘ﬂ and therefore indicate passage of
the consistency test. However, the traveltimes associgtadhe bumps are rejected. This plot is for one locatio@ofind so the traveltimes
for other locations ofC should also be tested for consistency with the head-wavergstion.

It is tempting to apply the consistency test to the virtual#ltimes7;;, not just the recorded traveltimes;. However, this will not be
useful as shown in the following exercise. Assume a recgdreaurce a$ to the left of A and a reciprocal source to the far righfa{Figure
1). The receiver locations between these two sources dremt)eft to right, A, B andC. Recorded traveltimes, from two reciprocal shots

ats andD, are used to compute the virtual traveltimgsfor all interior locations associated withandj indices. These virtual traveltimes
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Velocity Model

X (km)

Figure 12. Model with velocity linearly increasing in depth.
are used to generate the CPG traveltifge: in equation 5. Plugging equation 4 into equation 5 we get
TBC = TAC — TAB,
= Ts¢ +7TpaA—TsD — [TsB + TDA — TsD),
= Tsc — TsB, (6)
which is true for any postcritical locatioA to the left of B. Even if the recorded reciprocal traveltimes are those fdnd waves, the

virtual CPG timersc Will appear to be a head-wave time because it is the same for any virtuatedocationA to the left of B. Thus, the

consistency test cannot be appliedsiotual traveltimes to distinguish head-wave arrivals from divimayes.

3.5 Wadi Qadid Field Data

A seismic survey was carried out near KAUST (Jadoon et all60vhere 117 vertical-component geophones were deplay@d m
intervals along a line. A 90-kg accelerated-weight drop used for a source at every geophone position to collect 1difremn shot gathers.
A typical shot gather is shown in Figure 14b, and more thafd@®first-arrival traveltimes were picked from the 13,68&&s in the CSGs.
The signal-to-noise ratio was excellent so traveltimedd:be picked at almost every trace, as verified by the dersetyHated traveltime
matrix in Figure 18c.

A source at each end of the line was used to form two reciprslval gathers. The first-arrival traveltimes were picked ased to
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a) True Traveltimes b) Input Traveltimes
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Figure13. a) True, b) reciprocal, and c) virtual traveltimes. d) Thiéedénce between the true and virtual traveltimes.

computel3, 689 virtual traveltimes from equation 3. As in the synthetic e, some of these traveltimes are not physically related t
refraction times because the receiver-receiver offsebisaha post-critical offset. These unphysical traveltiraes easily identified and
eliminated, but they leave a gap in the arrival times of threadiwaves. To fill in this gap, we included the direct-waavéitimes from 5
CSGs with a shot interval of 40 m (Figure 18a).

Similar to the Agaba tomograms, the virtual and standardiéaadograms in Figures 18d and 18f mostly agree with one @mnotthis

is not too surprising because the virtual and standard Itianes are within 1/4 T of one another, as illustrated in Féggli6b. Most of the
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CSG # 1, Gulf 0quaba CSG # 1, Wadi Qadid CSG # 1, East Africa

Time (s)
Time (s)

0.0 s
X (m) X (m)

Figure 14. Typical common shot gathers recorded at the a) Aqaba, b) Qadid, and c) East Africa field sites.

recorded traveltimes passed the consistency test, as shdvigure 17b. Similar to the Agaba results, the Figure 18hagram computed

from the Wadi reciprocal data largely disagrees with thelgdtruth” tomogram in Figure 18d.

3.6 East AfricaField Data

Parsimonious interferometry is now applied to a data sesisting of strong diving waves. In this case, the survey idlcated over a deep
basin where the two reciprocal shots at the end of the linsgparated by 690 m , and there are 139 vertical-componephgaes evenly
distributed along the line at 5 m intervals. The standardesuis conducted with an accelerated weight drop sourcesddat 10 m intervals
along the line. A typical shot gather is shown in Figure 14c.

The reciprocal traveltimes are picked and used to gendrateittual traveltimes. The comparison between the recgdravirtual, and
standard traveltimes is depicted along the left column gifé 19. Unlike the Agaba or Wadi Qadid data, there are raieediscrepancies
between the virtual and standard traveltimes (Figure THwse discrepancies are manifested in the noticeableniliasties between the
standard and virtual tomograms in the right column. Theaedsr these discrepancies is revealed by the consistentyetgults illustrated

in Figure 17c¢, which shows strong violations of the headewvassumption.

4 CONCLUSIONS

The theory of parsimonious interferometry is presentedref@edense set of virtual refraction traveltimes is computeth refraction
traveltimes picked from a pair of reciprocal and a couplenéiflishot gathers. In theory, a virtual-shot gather of tttwees can be computed
for a virtual shot at each of the geophones in the 2D recipmgaey. This means tha@(N?) of virtual traveltimes can be created from
virtual shots placed at each of té geophones. An advantage of virtual data is that it acts as@opditioner td.” L, which reduces the

condition number by a factor of three compared to that of &ugprocal data. The accompanying increase in ray coveejees the size
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b) Reciprocal+Infill Tomogram
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Figure 15. Gulf of Agaba traveltime picks for the a) reciprocal, c) stard, and e) virtual field data. The corresponding tomograrason the righthand

column of figures.

of the null space solutions to the traveltime equations.dditéon the slowness variance associated with virtual databe less than that

obtained from reciprocal data.

Tests with synthetic data and field data validate that imearsf virtual refraction traveltimes can give tomogramattblosely resemble

those computed from traveltimes recorded in a dense sufuég first arrivals are mostly head-wave arrivals, notisgrdiving waves, then
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a) Histogram of Traveltime Differences
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Figure 16. The histogram of the differences between the true and Vittageltimes obtained from a) Agaba, b) Wadi Qadid, and dtEdrica data. The

differences in both a) and b) are less than 5 ms, while in e)asihigh as 120 ms.



Parsimonious Refraction Interferometry 21

a) CPG of Aqaba b) CPG of Wadi ¢) CPG of East Africa
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Figure 17. Consistency test results for the a) Wadi Qadid, b) Agaba ,Grieast Africa data. The East Africa data in c) fail the cotesisy test while it

is passed at both Wadi Qadid, and Agaba data. In all of theefigguhe input data were traveltimes picked from the stanslarcey where there is a dense

distribution of shots.

dense 2D refraction surveys might be replaced by inexpemsisiprocal surveys with as few as two shots placed at eatbfehe line and

several infill shot gathers.

Some opportunities presented by parsimonious interfetrgrimelude the following.

(i) The virtual traveltimes can be used to design narrowipighkvindows for an autopicker to pick first-arrival travetiés from the dense
survey data. For example, the Agaba data only used 240 tiraegbicks to automatically generat¥14, 000) virtual traveltimes.

(i) More efficient surveys can be carried out because a recg survey that includes several infill shot gathers arehrass time

consuming than a standard survey.

(iii) Traveltimes from refractions can be used to estima#tics (Yilmaz, 2001). The problem is that land surveys hana@rse spacing
between recording stations and so prevent an estimate shiew velocity model. Can an inexpensive source truckrigva short-offset
land streamer be used to quickly obtain short-offset recigrgathers? If so, the virtual traveltimes can be inveitegive a detailed estimate
of the shallow velocity distribution. A source is requiredath the front and back of the land streamer.

(iv) Refraction surveys in environmentally sensitive sjtguch as archaelogical surveys, might use a parsimoniousyso minimize the

number of sources.

Some limitations of parsimonious interferometry are tH®faing.

(i) The virtual traveltimes can have three times the varaoicthe recorded traveltimes for random uncorrelated pgkirrors.

(ii) The first arrivals are assumed to be mostly head waveghwis strictly not true for velocities that strongly incesawith depth.
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Figure 18. Wadi Qadid traveltime picks for the a) reciprocal, c) staddand e) virtual traveltimes. The corresponding tomograne on the righthand column

of figures.

Surprisingly, our tests suggest that parsimonious tonpiyrdas some tolerance to traveltimes associated with gliwiaves. We don'’t

always expect this type of tolerance for wide-offset reffats from the deep part of a basin or crust.

(i) First-arrivals with low signal-to-noise ratios (SNRwill contain large picking errors at far-offset tracefie$e large picking errors

are expected to propagate to all source-receiver offseteimirtual data.

(iv) If the reciprocal pair of shots is too far apart then thil lead to poor lateral resolution and gaps in the illumioa of the subsurface.
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Figure 19. East Africa traveltime picks for the a) reciprocal, c) stamtj and e) virtual traveltimes. The corresponding tommgrare on the righthand column

of figures.

This problem can be partly mitigated by picking later dir@etl refraction arrivals, or by conducting additional recgal surveys with shorter
offsets across the survey area.

(v) Out-of-the-plane refractions in the reciprocal survelf degrade the accuracy of the virtual refractions.

(vi) The recorded first-arrival traveltimes must satisfg ttonsistency assumption, which is difficult if only two y@cical shot gathers

are recorded. One possibility is to examine these two recgrgathers for evidence of head waves, where first arfals the same slope



24  Hanafy and Schuster
for a large range of source-receiver offsets. Diving wavéghirbe recognized by the slopk/dx continuously decreasing with increasing
offset. Alternatively, one can record some extra shotséririterior over a portion of the line and test the traveltifiem these shot gathers

for consistency.

5 APPENDIX I: CONDITION NUMBER OF [L7L]

We will derive the formulas for the condition numberof the [L.” L] associated with the reciprocal and virtual-traveltimeaiguns. The

traveltimes are for the refractions in the Figure 20 slowmasdel. By definition, the 1-norm condition number is

R(LTL) = (LTI ([T,

{maa; Y [L7 Ll Hmaz; 3~ L7 LI ) ™

5.1 k" for Reciprocal Data

Assume the two-layer model in Figure 20, where the secorel lags lateral heterogeneities with an unknown slowregs each of the
square boxes. The slowness of the top layer is homogenedus assumed to be known, the thickness of this top layer skalswn, and
each box has a width é¢f The goal is to estimate the condition numbeflof L] associated with the reciprocal refraction traveltimesnehe
a source is located at each end of the model.

The traveltime equations for a shot at position 0 in Figura 0d one at X=5 can be representedy= t, where

1 00 0 O t

I 1 0 0 0 to

I 1 1 0 0 ts
S1

I 1 1 1 o0 ty
S2

A A A ts

Ls = ss | = =t, (8)

00 0 0 ! t
S4

00 0 [ 1 to
S5

00 [ 1 1 ts

01 1 1 1 iy

A A A is
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a) Actual Common Shot Raypaths: srec @ 0
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b) Virtual Common Shot Raypaths: src @ 1
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¢) Virtual Common Shot Raypaths: src @ 2
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source and the sources at 1 and 2 are virtual sources gaehéatea reciprocal pair of shot gathers.

25

Figure 20. Raypaths for a common shot gather with the source at posiad®, b) 1, and c¢) 2. Here, it is assumed that the source atquoBiis an actual
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wheret; (t;) is the traveltime for a rightgoing (leftgoing) refractiatong a horizontal raypath. The traveltimesind¢; are considered to be
the recorded traveltimes after subtracting the upgoingdamehgoing traveltimes in the top layer, which are assumdztonown.

TheL matrix can be decomposed into

Lo
L = , )
Lo
where
- 1 0 0 0 O | - 0 0 0 0 1 |
11 0 0 O 0 0 0 1 0
Lo=1Q=1l|1 1 1 0 0|;L=1Q|¢ 010 0] (10)
1 1 1 1 0 01 0 0 O
1 1 1 1 1 1 0 0 0 O

where the inverse tQ) is the backward difference matrix (Schuster, 1988)

Q'=|0 -1 1 0 0] (11)

6 5 4 3 2

L'L] = |4 5 6 5 4 | (12)

and its inverse is

0.5625 —0.5 0 0 0.0625

05 10 -05 0 0
_ 1
L = 5 0 —05 10 -05 0 : (13)
0 0 -05 10 —05

0.0625 0 0 —-0.5 0.5625
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In general the normal matrf.” L] for 2NV reciprocal equations is the Toeplitz matrix
N+1 N N-1 3 2
N N+1 N N -1 3
N -1 N N+1 N
N—-2 N-1 N N+1
L] = 2 ;
N +1 N N -1
3 N N +1 N
2 3 N-—1 N N+1
(14)
which is defined as
N+1—-(j—1i) i<j
[LL]i; =17 (15)
N+1—-(i—j) i>7.
Therefore, for even values éf, the 1-norm of the normal matrix for reciprocal data is
N N
maz; Y |[LTL]; = > [L7L] x .
i=1 i=1
N/2 N
= POOIN2+1+id+ Y [BN/2+1-i]},
i=1 i=N/2+4+1
2
S EARC (16)

4
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The inverse matrix for equation 14 is

a -05 0 0 0 B
—0.5 1 -05 0 o 0 0
0 —0.5 1 —0.5 0 0
_ 1
[LTL} t= l_2 ’
—0.5 1 -05 0
0 0 0 —0.5 1 —0.5
B 0 0 0 -0.5  «
17
wherea = 22842 and3 = — 2l 4 950D for N > 3. The 1-norm of this inverse is
o 2
T —
maz; » [[L'L]; = ik (18)
=1
Substituting equations 16 and 18 into equation 7 gives theition number for the reciprocal traveltimes equations:
T recip 3N2
r(LTL) = 5 +2N, (19)

so thatk(L7'L)"*“"? grows quadratically with the number of unknowis

52 k¥ for Virtua Data

We will now derive the condition number”* = N?/2 + N for the LY L from virtual data, which is about 3 times smaller than that fo
reciprocal data. This suggests that there will be many falmvness models that satisfy the noisy virtual data contptrehe reciprocal

data.

As discussed previously, virtual refraction traveltimas de created from the reciprocal traveltimes. Thus, theaalitraveltime equa-
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tions for the raypaths depicted in Figure 1b for a virtualrselat position 1 are given by

_00000_ s1
01 000 So
Lis=l{o 1 1 0 0 53
01 110 sS4
01 1 1 1 ss

th

ts

=t1, (20)

wheret; is the vector of virtual traveltimes. In this cabe can be decomposed into the product of the summa@janatrix in equation 10

and the column-mask matrixl; :

Li=IQM:i=I1Q| o 0 1 0

(21)

The role of the column-mask matrM; is to mask column$l, 2, ... i) of Q.

In general, forV unknown slowness cellgy virtual-shot gathers can be created similar to those showrigure 20. The picked

traveltimes give rise to the overdetermined system of égjusit

QM, to
(2h41 t1
l s =
QMN_1 t3N—1

(22)

The above system of equations lead to Ne< N normal equations

LTL L”

N—-1
P> MiQ QM;]s
i=0

= =0

N—-1
1> MiQ"ts,

(23)



30 Hanafy and Schuster

where[L”L] is the symmetric matrix

N N -1 N —2

N—-1 2(N—-1) 2(N-2)

N—-2 2(N-2) 3(N-2)

N—-3 2(N-3) 3(N-3)

2(N—-2) N-2

(24

which is also classified as a bisymmetric matrix (Tao and ¥as@002), where one symmetry axis is along the matrix dialgamd the other

is along the axis that intersects the bottom left and topt i§the matrix. In this case

[L"L)i; =i(N —j+1) fori<j; [L"L]ij =j(N—i+1) fori>j. (25)

Therefore, the formula for the 1-norm fiE”L] is

N

N
ILTL|| = maz; Y [LTL]; > LL]y,

i=1 i=1

N

N
2
Z.N N .
= l2 Z(E+1) —+ l2 E E(N—Z+1),

= N
=1 i=5+1
N
2
) a N Z
1+ l E , 2,
1 =1

1 (N+1)(1+ —), (26)

I
i)
W]z
Jr
=
1o

<
1

= 1

where the maximum column sum isjat= N/2 for N an even number.

To determing|[L” L] ~!||, we need the analytic inverse of equation 24:

N—-1
L~ = 17Dy MiQTQmy 27)

i=0
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where
2 1
N+1 T N+1 0 0 0
1 2 1
T N+1 N+1 T N+1 0 0
1 2 1
0 T N+1  N4+I T N+1 0
1 2 1
[LTL}*l _ 1 0 0 T N+1 N+1 TN+l
l2
1 2
0 0 T N+1 N+1
1
i 0 0 0 by
Thus, the 1-norm ofL” L]~ is
al 4172
Tri—1) _ ) Tyi1—=1  _
ILTLI L = mar, 3L = g
i=

Inserting equations 26 and 29 into the definition of the Ismoondition number gives

R(ILTL)™ = (L L] L L)),

= N(1+ %).

Therefore, the ratio of the condition numbers in equatidhard 19 is

K'P 3N +4
guirt - N +2 ’

r =

31

(28)

(29)

(30)

(31)

wherer — 3 for large N. This says that for the larg® the condition number of the reciprocal data is three timesse/than that for the

virtual data.

Figure 21 illustrates this fact by plotting the conditiommioers associated with the reciprocal (red stars) and Viftpeen stars) shot

gathers. Thus, the traveltime misfit function for recipidcaveltimes will be more characterized by contours asgedi with long narrow

valleys. Unlike virtual-traveltime tomography, recipepc¢omography will suffer from a greater range of velocity dets that can explain

nearly the same data.
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Figure 21. Condition number vs N computed from the 1-norm prody@@”L]|| - ||[LTL])~1||, where[LTL]] is the N x N normal matrix numerically

computed by a MATLAB code. The red (green) stars denote tineliton numbers numerically computed for the reciprocait@al) data associated with
the checkerboard model in Figure 20. The blue lines, conadpwith equations 30 and 19, are in perfect agreement with dineenically computed condition

numbers.

6 APPENDIX I1: SLOWNESS VARIANCE

(Menke, 1984) shows that the variance of the slowréss thei*” cell is equal toz? [LTL]™" if the data errors are uncorrelated zero-mean

random variables with variance®. Therefore, the diagonal component of equation 28 is thealislowness?:

£ 2
—2
7T ENFT (32)
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whereX? = 3%:2 is the variance of the virtual ddtaFor largeN, 52 can be significantly less than slowness variamg@associated with the

reciprocal data:
R (33)

which follows from the diagonal component of the reciprdogérse matrix in equation 17.

However, the formula in equation 32 that relates data vaeao slowness variance assumes that the data are uncedreddtich is not
true for the virtual traveltimes computed with equation Bislis because the random errors in the virtual traveltimesarrelated with one
another even though the traveltime errors in the reciprivaaéltimes are uncorrelated. For example, define then@ptraveltime error as
7,; associated with thé” source ang'" receiver, where the "bar” indicates a traveltime pickingerin this case the reciprocal-traveltime
errors are uncorrelated, i.e<, 7i; 7,r j» >o< 6;,70;,7, but the virtual-traveltime errors 07cpdTop >=< 72 > 0 are correlated, where

B’ is to the left of B for the virtual-traveltime erroré7;;. Here,< > represents the averaging operation over the random vasiabl
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