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Extraction of deep crustal reflections from shallow 

Vibroseis data using extended correlation 

David A. Okaya* and Craig M. JarchowS 

ABSTRACT 

Lower crustal seismic reflections can be extracted 
from shallow crustal seismic profiles through the appli- 
cation of extended correlation to uncorrelated Vibroseis 
seismic data. “Fixed-bandwidth” extended correlation 
shortens the correlation operator before crosscorrela- 
tion, producing reflections over an increased correlation 
time range, all with lowered bandwidth. “Self- 
truncating” extended correlation preserves the full 
bandwidth in the original seismic reflection times but 
loses bandwidth in a predictable manner at the ad- 
ditional (later) arrival times. Correlation wavelet shape 
and extra correlation time are directly related and can 
be calculated for specific acquisition parameters. Pre- 
correlation tapering is necessary to avoid undue wavelet 
distortion at extended correlation times. Seismic data 
collected in the Basin and Range province illustrate the 
application of the method; the results are verified with 
conventional correlations of long sweep records and 
with impulsive source data. 

INTRODUCTION 

Multichannel seismic reflection profiling techniques have 
been applied to study geologic and tectonic structures located 
below basin sediments down to lowermost crustal (Moho) 
depths. Academic profiling within the United States by groups 
such as COCORP, the Virginia Polytechnic Institute, Prince- 
ton, the University of Wyoming, the Colorado School of 
Mines, CALCRUST, and several branches of the U.S.G.S. has 
imaged crustal structures with ever-increasing spatial and tem- 
poral resolutions (see Barazangi and Brown, 1986a,b and 
Matthews and Smith, 1987, for reviews of recent work around 
the world). Seismic profiling in geologically diverse regions has 
brought earth scientists from many geologic and geophysical 
disciplines together in cooperative efforts to fully understand 

the origins and geometries of mid- and lower-crustal reflec- 
tions. 

Acquisition and processing of crustal-scale seismic profiles 
is as costly as or more costly than exploration-scale profiles. 
Alternatively. reprocessing of exploration-scale Vibroseis pro- 
files using the method of extended correlation can simulate 
crustal-scale profiling, revealing reflections at traveltimes 
greater than those of the original profiles. Regional explora- 
tion profiles can construct crustal transects at a fraction of the 
cost of separately collecting the deep data. In addition, dense 
grids of high-resolution profiles can image in three dimensions 
subbasement, middle or lower crustal, or Moho reflectors 
using a spatial resolution not yet readily obtainable in crustal- 
scale reflection efforts. 

The method of extended correlation has been only recently 
used to study tectonic problems on a regional or crustal scale. 
Two types of extended correlation methods exist. The first 

type, “fixed-bandwidth” extended correlation, was used by 
Oliver and Kaufman (1977) to convert 16 s profiles in Harde- 
man, Texas to 18 s profiles. Later application by Finckh et al. 
(1986) crcatcd 11 s crustal profiles from 4 s data. The second 
type of extended correlation, “self-truncating,” has been more 
widely used in recent years. Okaya (1986) extracted Moho 
reflections from 4 s industry profiles which were collected for 
geothermal exploration in Dixie Valley, Nevada. Wentworth 
et al. (1983) were able to extend shallow subbasin reflections 
to mid-crustal depths in the Great Valley, California. Trehu 
and Wheeler (1987) similarly extracted mid-crustal reflections 
from a subduction-melange complex near Morro Bay, coastal 
California. Applications by the CALCRUST crustal seismic 
reflection consortium include Okaya and Frost (1986) in the 
Mojave-Sonoran Desert, Okaya and Frost (1987) and Frost 
and Okaya (1986) in southwestern Arizona, Lawson (1987) 
and Spongberg and Henyey (1987) in the western Mojave 
Desert, and Severson (1987) in the Salton Trough. 

This paper examines the application of the extended corre- 
lation method and verities the results. Practical considerations 
and data examples from the Basin and Range province are 
presented. 
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EXTENDED CORRELATION 

Two types of extended correlation exist for extracting re- 
flected energy not produced by conventional Vibroseis corre- 
lation. The first type is performed by shortening the length of 
the crosscorrelation operator. This approach has the effect of 
narrowing the frequency band for all of the correlated wave- 
lets. hence the name “fixed-bandwidth” extended correlation, 
The second type allows for conventional Vibroseis correlation 
using the full frequency band for the duration of the original 
profile after which the correlation process continues with an 
ever-decreasing bandwidth. As discussed below, this process is 
analogous to scrolling, or “self-truncating,” the correlation op- 
erator out of the crosscorrelation computation. 

Frequencpmcorrelated time domain 

Both types of extended correlation can be explained by 
demonstrating the operations in the “frequency-uncorrelated 
time” domain. In this domain. the frequency content of an 
uncorrclated seismogram at each time point is displayed. For 
example. the uncorrelated seismic trace in Figure la is com- 
posed of three reflections (superposition of three reflected 
source sweeps). On an ,fit plot, the uncorrelated seismogram 
decomposes into three discrete events (Figure lb). (Through- 
out this paper. r denotes uncorrelated time and t denotes 
correlated time.) Each reflected sweep has tinite length on the 
$7 plot due to the finite sweep length r__,, and the start and 
end frequencies .j;, and ,j’,; its slope represents the rate of 
change of frequencies in the sweep (frequency gradient or 
sweep rate). 

The crosscorrelation process can be demonstrated on an f-r 
plot by creating a correlation “operator” identical to the 
source sweep: a finite line segment with slope f, -,fb)/rsweep 
and end points initially at (0, ,&) and (rswrrp ,,f,). Crosscorrela- 
tion is visualized by the horizontal translation of this oper- 
ator; strong correlation is found upon alignment of the oper- 
ator with an event. The corresponding Klauder wavelet in the 
crosscorrelated seismogram appears centered at a time repre- 
senting the amount of horizontal translation of the operator; 
essentially. this is the time of the start of the reflected sweep 
(Figure Ic). 

The decomposition into .1-r space of a representative un- 
correlated seismogram is shown in Figure 2a. Due to the finite 
recording time rcrcord, later arriving reflected events will not 
have complete sweeps preserved. Conventional correlation ex- 
tracts events with full sweeps recorded, but the correlation is 
terminated before partially recorded sweeps are processed. Be- 
cause the maximum correlation time tprofile is equal to the field 
listen time rlisren and since T,,,,,~ = r sweep + ‘listen 3 the corre- 
lated profile !ength is tproiile = rrecoro - r5weep. The correlated 
seismogram is shown in Figure 3a. . 

Fixed-bandwidth extended correlation 

Shortening the correlation operator (i.e., dropping the tail 
end of the sweep) by some length Ar allows conventional 
crosscorrelation to produce a correspondingly longer profile. 
Truncating the correlation operator by Ar for a linear up- 

sweep of frequency content ,f, to ,f, is equivalent to dropping 
the high frequencies of bandwidth Af= Ar(fi -fO)/~,,,,P. 
While the correlated data originally contained wavelets with 
frequency content j;, to j”,, the “fixed-bandwidth” extended 
correlation wavelets are composed off, tofmax where 

j;,, =f; - f1 -.” Ar. (1) 
r,,,,p 

The decrease in correlation bandwidth and the ability to 

I 1 
FIG. I. Frequency-uncorrclated time representation of seismic 
trace. (a) Uncorrelated seismic trace containing three reflected 
sweeps. (b) Frequency-uncorrelated time decomposition of 
seismic trace. (c) Crosscorrclatcd seismic trace. 

FIG 2. Frequency-uncorrelated time representation of cross- 
correlation and extended correlation. Shaded regions denote 
portions of uncorrelated data in .flr space extracted by corre- 
lation methods. time bars below f-r graph denote amount of 
correlation time relative to uncorrelated data. (a) Convention- 
al crosscorrelation; (b) fixed-bandwidth extended correlation; 
(c) self-truncated extended correlation. 
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FIG. 3. Correlated seismograms produced by correlation oper- 
ations shown in Figure 2. Conventionally correlated seismo- 
grams (a) have 2-octave (0) bandwidth; note loss of band- 
width in fixed 1.5-octave bandwidth (b) and self-truncating, 
decreasing to l-octave (c), extended correlation methods. 

extract deeper seismic reflected events is illustrated in Figure 
2b. A fixed-bandwidth correlation operator is smaller than the 
original operator used in Figure 2a. The shaded region indi- 
cates the portion off-r space which contributes to the extend- 
correlated seismogram. Note the loss of high frequencies but 
the inclusion of later arriving events in the correlation process 
(Figure 3b). 

As an example, a seismic profile collected using a 12-60 Hz, 
12 s linear upsweep and a 16 s record length would produce a 
4 s correlated profile. Decreasing the 12 s pilot sweep to a 6 s 
correlation operator would produce a 10 s correlated profile. 
The frequency content of the correlated wavelets would be 
12-36 Hz throughout the profile. In selected regions of the 
cnntinentaLcr~ust,~this two-way traveltime is sufficient to image 
thecrust:mantIe boundary (Mohorovicic discontinuity). 

A drawback of fixed-bandwidth extended correlation is the 
loss of resolution at shallow traveltimes. Shallow basin sedi- 
ment reflections are generally better imaged with the full band 
of sweep frequencies. Extending the correlation using the 
fixed-bandwidth method may reveal deeper reflections but at 
the expense of the resolution of these shallow reflections. 

Self-truncating extended correlation 

A second type of extended correlation can preserve the full 
frequency band for the original profile and gradually lose 
bandwidth with extra correlation time Rather than truncate 
the correlation operator before crosscorrelation, “self- 
truncating” extended correlation allows the correlation oper- 
ator to truncate on its own, using as much of the operator 
length as is possible during correlation of deeper reflections. 
This approach can be visualized as the correlation operator 
“scrolling” past the end of the uncorrelated data; the portion 
of the correlation operator for which there is no uncorrelated 
data does not contribute to the computation of the correlated 
seismogram. 

Self-truncating extended correlation is illustrated in Figure 
2c. For correlation times greater than tprofile , diminishing por- 
tions of the correlation sweep is necessary for extracting exist- 
ing signal. The frequency content of the added wavelets drops 
in a predictable manner. For linear upsweep data, the upper 
frequency drops as Af = AT (rl -fo)/r,,,,, , so that 

The corresponding correlated wavelets become broader in 
time with more pronounced side lobes (Figure 3~). In theory, 
the extended correlation can continue until t = T~,,,,~, where 
fkaX =,f, ; however, the extremely narrow-band correlation 
wavelets would make reflections uninterpretable. 

For the recorrelation example discussed in the previous sec- 
tion (12-60 Hz. 12 s sweep recorded for 16 s to produce con- 
ventional 4 s profiles), the full band of 12-60 Hz would be 
preserved to 4 s for self-truncating extended correlation data. 
At extended correlation times of 6, 8, 10, and 12 s, the fre- 
quency content of the respective wavelets would be 12-52, 
12 44, 12-36, and I2 28 Hz. These bandwidths describe well- 
defined correlation wavelets at lower crustal travel- 
times/depths. 

CONSIDERATIONS 

Criteria for application 

Extended correlation can be performed on Vibroseis data 
only if the original, uncorrelated field data are available. A less 
stringent requirement is that only upsweep data should be 
correlated for larger traveltimes. During extended correlation, 
the frequencies present in the tail end of the sweep are lost. 
For upsweeps. high frequencies are lost. For downsweeps, 
lower frequencies are lost. Seismic reflections from the mid- to 
lower crust, in general, contain lower frequencies due to at- 
tenuation. Extended correlation of downsweep~ da&. removes- 
the reflected !ow--frequency cne rgy; recorre!ation of upsweep 
data preserves the lower frequency data. 

A second reason for using upsweep data is the presence of 
harmonic distortion “ghosts” in downsweep data (see Seriff 
and Kim, 1970). The time window in whch harmonic ghosts 
appear is determined by the parameters of the sweep. Stan- 
dard field practice is to adjust downsweep parameters in order 
to cause the harmonic distortion ghosts to appear at large 
traveltimes, below any region of interest at the time of acqui- 
sition. Recorrelating shallow industry Vibroseis downsweep 
data to larger traveltimes may simply expose the portion of 
the seismic data which is severely contaminated by harmonic 
distortion ghosts. A few extra seconds of correlated time may 
be recoverable; however, significant increases in correlated 
time may not. 

Seismic profiles with basement reflections which appear to 
be truncated at the bottom of a stacked profile are prime 
candidates for recorrelation. Depending on their dip and 
orientation, these reflections may be extended well beyond the 
original bottom of the profile. In contrast, the presence of 
lower-crustal and Moho reflections cannot necessarily be pre- 
dicted based on the quality of the original profiles. 

Correlation wavelet bandwidth 

The bandwidth of wavelets produced by extended corre- 
lation is dependent on the frequency content of the correlation 
operator. For a given initial sweep frequency f, and a desired 
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wavelet of some bandwidth R measured in octaves, the upper 
frequency of the correlation operator is,fmax = 2of,. For self- 
truncating extended correlation, the time at which this band- 
width is obtained is 

t mar = 
t 

j; - 2y; 
nrofilc + Lveen -7-T’ 

.JI -Jo 

In the previous example (12-60 Hz, 12 s sweep recorded for 16 
s to produce conventional 4 s profiles), self-truncating ex- 
tended correlation to preserve at least two-octave wavelets 
(124X Hz) indicates recorrelation from 4.00 to 7.00 s. For 1.5 
octave wavelets, recorrelation can continue to 10.51 s; one- 
octave wavelets would be created by recorrelating to 13.00 s. 

For fixed-bandwidth extended correlation, correlation 
wavelets of a desired bandwidth R can be constructed 
throughout the entire seismic data by shortening the pilot 

sweep from length rsweep to rEweep C(f, - 2of0)/(S, -fdl. 
The effect of bandwidth on correlation wavelet shape is 

important for interpretation of the resulting data. Correlation 
wavelets of lower bandwidth have more pronounced side 
lobes; wavelets containing less than one octave bandwidth 
appear multicyclic (Figure 3~). These lower bandwidth wave- 
lets may suffice in order to simply detect deep reflections; 
however, larger bandwidth reflections are required if wave- 
form or amplitude analysis is to be performed. 

Precorrelation tapering 

Examination of the amplitudes of uncorrelated seismic data 
prior to correlation reveals an abrupt truncation in ampli- 
tudes at the end of the recorded data. For conventional seis- 
mic correlation, this truncation is permissible since the Vibros- 
eis correlation never crosses this point. Self-truncating 
extended correlation correlates through and is directly affected 
by this truncation; correlation wavelets display a second-order 
waveform distortion. This distortion can be removed by taper- 
ing the end of the uncorrelated data prior to crosscorrelation. 

The shortened correlation operator of fixed-bandwidth cor- 
relation does not cross the end of the recorded data. Rather, 
the shortened operator can have an abrupt termination of 
amplitudes, which, unless tapered, will create a similar second- 
order waveform distortion. 

VERIFICATION I: SIMULATION OF EXPLORATION- 
SCALE DATA 

Uncorrelated deep crustal data can be used to check the 
validity of the extended correlation method. Conventional 
seismic correlation of the data reveals the presence of deep 
reflections. Subsequently, the listen period of the uncorrelated 
data (6 s or more) can be shortened to exploration-scale listen 
times (336 s). Extended correlation can then be performed in 
an attempt to extract the known deeper events. 

Deep crustal prohles across the western Basin and Range 
province were acquired by the Consortium for Crustal Reflec- 
tion Profiling (COCORP) in 1984 (Hauge et al., 1987). Un- 
correlated field data were collected using a 96-channel off-end 
spread at 100 m group intervals, an 8-32 Hz (2.0 octave band- 
width), 30 s upsweep with an additional 20 s listen time (50 s 
record time). The upper 12 s of conventional seismic corre- 

lation is shown in Figure 4a. Prominent Moho reflections 
exist at 9910 s (Klemperer et al., 1986). 

The acquisition of shallow data was simulated by truncating 
the uncorrelated data to produce a 34 s “record time.” Con- 
ventional correlation using the original 30 s sweep would pro- 
duce 4 s field gathers. 

As a test of fixed-bandwidth extended correlation, the orig- 
inal 30 s correlation sweep was shortened to 22 s in order to 
extend the “shallow” data from 4 s to 12 s of correlated time
(Figure 4b). The bandwidth for the entire field gather is 8-25.6 
Hz (1.68 octave bandwidth). A cosine-squared taper was ap- 
plied to the shortened correlation sweep prior to crosscorrela- 
tion. Deep events were extracted by this type of extended 
correlation. 

Self-truncating extended correlation was performed on the 
simulated field gathers in order to preserve the full bandwidth 
in the upper portion of the correlated data (Figure 4~). Due to 
the long sweep length and the resulting small frequency gradi- 
ent, 0.8 Hz is lost from the upper frequency for each extra 
second of recorrelated time At 4 s, the full 8-32 Hz bandwidth 
is preserved; at 6, 8, IO, and 12 s, the bandwidth drops to 
g-30.4, g-28.8, 8 ~27.2. and 8- 25.6 Hz (1.93 to 1.68 octave 
bandwidth), respectively. A cosine-squared taper was applied 
to the end of the uncorrelated data prior to correlation. 

Deep reflections arc similar in all three types of correlation 
(Figures 4a 4~). Both types of extended correlation are able to 
extract deep reflections as imaged by the original crustal-scale 
data. Due to the small sweep frequency gradient (0.8 Hz/s), the 
frequency contents of the field gathers in Figure 4 are nearly 
identical. producing gathers of similar appearance. 

VERIFICATION II: INDEPENDENT IMAGING OF 
DEEP EVENTS 

Other seismic work in the western Basin and Range prov- 
ince provides verification of the deep events extracted from the 
COCORP field gather. Extended correlation of exploration 
profiles adjacent to the COCORP data extracts similar deep 
events. Large-scale explosive-source field gathers image these 
events directly. 

High-resolution seismic reflection profiles were collected in 
Dixie Valley, Nevada. for geothermal exploration. These data 
were collected using the following field parameters: 96- 
channel symmetric split spread at 33 m group intervals; a 
12-60 Hz, I2 s upsweep recorded for a total of 16 s to produce 
4 s correlated data. Okaya (1986) applied self-truncating ex- 
tended correlation to the four seismic profiles in order to ex- 
tract crustal seismic events. 

Figure 5b displays an extended-correlation exploration field 
gather which was collected approximately 10 km southwest of 
the COCORP field gather shown in Figures 4 and 5a. This 
exploration field gather was recorrelated to 12 s; bandwidth 
drops from 12-60 Hz at 4 s to 12-28 Hz at 12 s. Local struc- 
tural variation in the geothermal basin accounts for some of 
the differences between the exploration and COCORP field 
gathers; however, similar events can be identified. Middle and 
lower crustal events are visible between 7-10 s. The abrupt 
termination of reflections at 10 s was interpreted by Klem- 
pcrer et al. (1986) and Okaya (1986) to be due to the crust- 
mantle transition. 
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a b 

FIG. 4. Extended correlation of simulated exploration-scale seismic data produced from crustal-scale data. Listen time
of uncorrelated crustal-scale field gather was truncated from 30 s to 4 s, after which extended correlation was applied. 
(a) Conventional correlation of original crustal-scale COCORP field gather. (b) Fixed-bandwidth extended correlation 
of truncated field gather. (c) Self-truncating extended correlation of truncated field gather. Extended-correlation gath- 
ers look similar to original gather. 
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a b C 

8 
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FIG. 5. Independent imaging of deep crustal events. (a) COCORP field gather of Figure 4a. Array width is 10 km. (b) 
Exploration-scale field gather after self-truncating extended correlation. Array width is 3 km. (c) Explosive source shot 
record within array width of 20 km. Reflections from base of the crust are visible between 9-10 s. 



Vibroseis Extended Correlation 561 

A reflection-spread piggyback data set was collected in 
Dixie Valley during the PASSCAL (Program for Array Seis- 
mic Studies of the Continental Lithosphere) northwestern 
Nevada seismic experiment, This experiment used explosive 
sources of up to 2700 kg recorded into receivers offset to 300 
km (Catchings et al., 1986). The piggyback receiver array used 
tive multichannel recording units to record 384 channels in 
two adjacent deployments (Jarchow et al., 1986). A shot lo- 
cated in Dixie Valley within the multichannel spreads reveals 
crustal penetration with the explosive source (Figure 5~). 
Middle crustal and very strong Moho (10 s) reflections are 
present. 

The seismic data presented in Figure 5 contirm the presence 
of the lower crustal reflections extracted in Figure 4 and sug- 
gest that the three types of acquisition were capable of record- 
ing the deep events. The COCORP deep crustal Vibroseis 
sources and the PASSCAL explosive shots both directly 
imaged the deep crust. The exploration-style acquisition tech- 
nique. involving large multichannel. short-offset receiver 
arrays and vibrator sources tuned for the upper crustal basins, 

a 

was able to penetrate to lower crustal depths and record the 
returning signal. Each of the three types of acquisition, despite 
dittrences in field costs, could have been selectively chosen to 
image the crust. 

LOWER CRLSTAL REFLECTIONS-CDP PROFILE 

A reconnaissance seismic profile was collected by Exxon 
U.S.A., in the southern Basin and Range province. southeast- 
ern California. A portion of the recorrelated and restacked 
profile is shown in Figure 6a. These data were acquired using 
an X-36 Hz. 11 s upsweep with a j5 s recording time A 
well-developed alluvial basin is present in the upper portion of 
the seismic section (&2 s). Reflections between 2 and 6 s, if 
present. are obscured by source-related seismic noise (see field 
gathers in Figure 6b). Lower crustal reflections occur between 
6 and 9 s; the coherent reflections at 9 s are interpreted to be 
at the base of the continental crust (Moho boundary). This 
lower crustal pattern of discontinuous reflectivity is seen in 

FIG. 6. (a) CDP stack after self-truncating extended correlation. Lower crustal events at 6 to 9 s are beneath a shallow 
alluvial basin. (b) Field gathers reveal deep events. Middle crustal reflections (336 s) are obscured by source-surface 
wave contamination. 
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other seismic profiles in the southern Basin and Range prov- 
ince (Okaya and Frost, 1987). 

Examination of the recorrelated field gathers confirms the 
existence of crustal reflection and suggests that these events 
are not spurious energy. Two adjacent field gathers from this 
portion of the seismic profile are shown in Figure 6. The 
presence of crustal events in consecutive field gathers collected 
over several kilometers suggests the lateral continuity of the 
events. Changes in the seismic character of these events in the 
field gathers are due to the changes in source-receiver imaging 
positions brought about by conventional roll-along acqui- 
sition techniques. Possible middle crustal events are obscured 
by source-surface wave energy; receiver offsets are too limiting 
to receive uncontaminated events. 

DISCUSSION AND SUMMARY 

The ability of extended correlation to reveal deeper reflec- 
tions from exploration-scale data suggests that deep events 
from the mid- to lower crust and from the Moho boundary 
are contained in much shallow, uncorrelated Vibroseis data. 
These events are not intentionally recorded; acquisition pa- 
rameters and conditions in the field were conducive to pre- 
serving these events. A lack of deep events in recorrelated data 
can be attributed to either (I) poor data acquistion (i.e., insuf- 
ficient source energy), (2) poor signal-to-noise conditions at 
later traveltimes, or (3) the lack of geologic or petrophysical 
interfaces to cause reflections. Such a lack of events is not 
attributable to some function of the extended correlation 
method. 

Postcorrelation processing of extended-correlation field 
gathers is no more complicated than the processing of regular 

seismic data. Conventional steps such as common-midpoint 
sorting, normal-moveout correction, and stacking can be ap- 
plied in a manner similar to those applied to the original 
shallow profile. Due to the relatively short offsets used in 
regular exploration-style acquisition, normal-moveout correc- 
tion is often insensitive to even moderate changes in stacking 
velocity at lower crustal traveltimes. As a result, any stacking 
velocity within this range produces the same stacked data. 
These stacking velocities cannot be used for accurate interval- 
velocity or depth-conversion calculations. 

Extended correlation is capable of extracting middle and 
lower crustal reflections from exploration-scale Vibroseis pro- 
files. This method provides the ability to produce significantly 
more information for regional or tectonic studies at a minor 
cost. Fixed-bandwidth or self-truncating extended correlation 
can be applied to seismic data if uncorrelated field data are 
available. Better data quality results from upsweep sources 
and tapering of the uncorrelated data (self-truncating) or the 
correlation sweep (fixed-bandwidth). Increased correlation 
times result, but reflections have lower bandwidth. 
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