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Seismic exploration in complex terrains: A processing experience

in the Southern Apennines
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and Paolo Scandone**

ABSTRACT

We discuss a data-processing sequence adopled Lo re-
process a scismic line that crosses the Nalian southern
Apennines [rom the Tyrrhenian Sca to the Adriatic mar-
gin and investigate both the overthrust and foreland ar-
cas. We lirst determine the main causes of the very low
S/N ratio in the ficld data and then propose a process-
ing scquence aimed at exploiting the signal content, also
making use of a priori geological knowledge of this arca.
Our work indicates a combination of causes for the very
low quality of the seismic data. These include length of
the spread (about 20 km) that is unfavorable because of
the rapid variation in the near-surface geology, leclonic
complexity, crooked-line acquisition, and the rough to-
pography associated with oulcropping rocks character-
ized by highly variable velocities,

Bascd on the outcome of this data analysis, we present
a processing sequence driven by knowledge of the re-
gional tectonic setting and by knowledge of the shallow
subsurface geology. The main effort is in removing the
large, near-surface related noise components. The low
S/N ratio makes it impossible or nearly impossible o

successfully apply highly sophisticated technigues such
as depth migration or wave cquation datuming, Thus,
we used robust technigues specifically designed o solve
cach problem that degraded data quality. The most rele-
vant of these technigues were the removal of bad traces
where unacceptably low quality was detected by energy
and frequency decay criteria; estimation and correction
for static ume shilts attributable 1o near-surface condi-
tions; optimization of common midpoint (CMP) sorting
to aticnuate the deleterious effects of the crooked-line
acquisition; application of a weighted stacking technique
to maximize stack power and application of prestack f-x
deconvolution 1o attenuate uncorrclated noise.

The outcome of this processing sequence is compared
with the result of a more standard sequence that was pre-
viously applied 1o the same data and is also discussed in
terms of the possible geological model it might evidence.
The realization of a seismic section showing rather con-
tinuous and structured events down to 8 s which, depend-
ing on the interpretation, may be related 1o Moho dis-
continuity or 1o very deep sedimentary layers supporis
the efficacy of the processing approach we propose.

INTRODUCTION

Seismic exploration in complex terrains such as thrust belts
and complex tectonic regimes is hampered by several [actors
that ofien lead 1o poor-quality data. Diflferent processing ap-
proaches ofler possible ways to improve the quality of the final
seclions in overthrust areas. Wu et al. (1998) explore the ad-
vaniages of prestack migration from topography on the Husky
structural data set and propose an iterative procedure where
strong interaction between geophysicists and interpreters helps
optimize the velocity ficld for prestack migration from topogra-

phy. Zhu et al. (1998) claim that prestack depth migration from
a horizontal datum after 1omo-datuming, i.c., afier prestack
wave-equation datuming with near-surface velocity estimated
from turning-ray tomography, produces better images than di-
rect migration from lopography. They test the procedure on
real data from various complex areas, including the Husky
Structural data set, and conclude that their assumplion is par-
ticularly true when rough topography and strong near-surface
velocity variation exist concurrently. Unfortunately, both ap-
proaches tend to be inapplicable when the S/N ratio of the
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ficld data is very low; thus, technigues that are less noise sen-
sitive than prestack migration are needed. This is the case of
a regional scismic line that crosses the southern Apennines
{Figure 1) near important hydrocarbon discoveries.

As shown in Fgure 2, the structural domains investigated by
this line include the main overthrust and foreland areas. Exten-
sive hydrocarbon exploration in the foredeep basin and in the
thrust belt has led to a much greater foreground knowledpe
of the internal architecture of the southern Apennines (sce
Balduwe et al., 1982a.b; Mostardini and Merlini, 1986; Casnedi,
19884 b; Sclla et al., 1988; Cascro ct al,, 1991; I’ Andrea et al.,
1993; Roure and Sassi, 1995; La Bella et al., 199 Mauavelli
et al. 1993). The backbone of the mountain chain has a deep-
sealed compressional duplex system—a larget for oil explo-
ration, overlain by a thick pile of rootless nappes. The buried
duplex system is a stack of Mesozoic-Tertiary carbonate horses
detached from a shallow-water platform realm {Apulia Plat-
form) along ‘Triassic evaporites. The rootless nappes consist of
basin and platform Mesozoic-Tertiary sedimentary sequences
overlain unconformably by Miocene-Pleistocene thrust-sheet-
top deposits. Duplex breaching processes and out-of-sequence
thrust propagation have contributed (o produce a quite com-
plex structural architecture (e.g., huge informal stacks within
the roof units). Commercial seismic lines and well logs are a
[undamenial ool for deciphering Apennine structure. Never-
theless, because of the limited record length (usually 55 TWT)
of the seismic sections, the deep structures of the thrust belt
are relatively unknown and critical first-order structural ge-
ometnes are stll unresolved. For instance, we do not know

the location of the duplex-system trailing cdge in the subsur-
face or the depth of the sole thrust in correspondence Lo the
Tyrrhenian margin of the mountain chain. Furthermore, it is
unknown whether the basement is involved in the crustal short-
ening or how far the undeformed Apulia crust extends bencath
the thrust belt. So we designed and acquired a new regional
seismic reflection line that cuts across the entire Apenninic
chain to answer these questions,

The line was acquired in the ramework of the CROP project
{the ltalian deep-crust exploration project) with the parame-
ters illustrated in Table 1. The same line was also acquired with
an explosive enerpy source, using the same recording spread
as the Vibroses acguisition and thus allowing a quantitative
comparison of the two sources We were assigned Lo reprocess
the first T km of Vibroseis data starting from the Tyrrhenian
coast 1o the site of Flumara Venosa (from CMP 5-2600, Iig-
urc 1),

Rather than [ocus on cach step of the processing, our pa-
per emphasizes the key steps that noticeably improved data
quality. Thus, we first describe the most significant problems
affecting the field data and then present the adopled process-
ing solutions.

ANALYSIS OF DATA QUALITY

To elfectively deline an appropriale processing strategy, we
first performed a detailed analysis of the data to identily the dil-
ferent types of problems and noise w be addressed and atien-
uated by the subsequent processing phases. The data available
for this analysis were

1iG. 1. Location map that refers (o the area indicated in the upper [rame; some CMP locations along the line

are indicated.
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1) the entire set of the Vibroseis and dynamite field records
(stacked and correlated), observer's report, uphole data,
elevation map, source testing resulis, and stacking chart;

2) ageological map (scale 1:25000) detailing the ithological
units; and

3) a geological cross-section coincident with the path of the
seismic line,

Mear-surface conditions

As shown in Figure 3, the roughness of the topography and
the abrupt succession, within one spread length, of soft and
hard near-surface lithologies characterize the course of the seis-
mic line. These conditions require very carelul processing steps
such as static computation and velocity analysis; besides, un-
der such circumstances, conventional muting schemes of first
breaks are not applicable. Below the geological cross-section
of Figure 3, we have also plotied the estimated refractor veloci-
ties computed for datum static corrections. The subweathering
velocity is compared with the geology at the surface: the final
velocity model shows good correspondence between lithology
and velocity, resulting in optimal correlation when faults are
present. Within one spread length there may be several hun-
dred meters' difference in the elevation and more than 1000 m/s
ol near-surface velocity varation. These conditions severely
test many of the simplifying assumptions made by conventional
processing algorithms and methods

Maonie
Soprano

B e

Pliocene-Pleistocene thnst-sheet-top and
foredesp deposits

Sicilide Linit and Miocens thrst-sheet-top deposits
[Cilento Group) unconformably overlying the
Ligurian Linit

Shallow-water carbonates (Albumo-Cenvati Linit)

Mesozoic and subordinate Tertiary basinal deposits
[Lagonegro Linits)

Another consequence of the rough topography and the dif-
ficultics in accessibility for the Vibroseis trucks is the crooked
line acquisition of the seismic data. A typical example is shown
in Figure 4 in the area between Albanclla and Muro Lucano
located on the western side of the Apennine chain. Such high
tortuosity in many parts of the line causes conspicuous prob-
lems in common midpoint (CMP) sorting and degrades the
seismic image, particularly at shallow times. Thus, the slalom
line must be designed carefully to prevent degradation.

Incoherent noise contamination

Many Vibroseis shot gathers are dramatically contaminated
by incoherent noise that appears suddenly at large offsel
( =4000 m ). Such noise generally looks like uncorrelated noise
(white in the Vibroseis band), alfecting the whole trace record
length. In a few cases, the noise spectrum is colored, present-
ing a dominating [requency between 20 and 30 He. In any case,
both the noise power and the noise spectrum are, basically, ime
invariant. This noise might be from inadequate gain sellings
ol the seismic group recorder (SGR) floating-point amplifiers
and/or to other yet-lo-be-determined reasons. In some cases,
the occurrence in the spread of this peculiar noise coincides
with the transition to hard-surface rocks Thus, poor recciver
coupling may be a concurrent factor in signal degradation, al-
though a convincing surface-consistent pattern has been found
only along some segments of the entire line. We also lound that

San Fele
amtiform

Sub-Apenninic Hills

Tertiary and subordinate Mesozoic basinal deposits
{Sannio,Serra Palazzo and Daunia Units)
Platform (Southem Apennine Duplex Sysiem)

Undeformed carbonates and evaporites of the
Apulia Platiorm

- Dreformed carbonates and evaporites of the Apulia

underhying the Mesoroic-Tertiary foreland deposits |
and the Apenninic thrust sheets |

- Upper portion of the undeformed Apulia crust

Fig. 2. Schematic geological section across the southern Apennines along the trace of the seismic line, Drilling resulis for hydro-
carbon exploration have provided important data for constraining the base-of-Pliocene/Pleistocene isobaths in the foreland arca,
the internal architecture of the rool units of the thrust belt, and the top of the buried duplex system in the right half of the figure
The decp structures of the mountain chain beneath Monte Soprano and Monte Alburno, on the contrary, have never been direetly
explored since the maximum depth of the wells in the arca slightly exceeds 4000 m. Therefore, the geological section in this part of

the profile is based on the interpretation of the seismic line
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the noise content in the Vibroscis and explosive data increases
signilicantly in arecas ol intense leclonic siress, which may be
the cause of diffused wavelield scattering. This is particularly
evident in some segments of the line, such as the one paralleling
a regional normal fault that scparates the Alburno carbonate
massil from the Scle coastal plain (Figure 5) and in areas of
overthrusting. [Data of better quality were recorded in areas of
lower structural complexity (Figure 6).

The poor guality of significant amounts of the data foreed us
Lo find & technigue able to automatically detect traces where the
quality is below a predefined threshold. To this end we used two
quality indicators; average amplitude variation with time and
frequency variation with time. A good trace should exhibit both
amplitude decay and frequency decay with lime. A bad trace is
one that manifests a constant status of amplitude and frequency
content with time. The rms amplitudes and frequency spectra
were compuied in time gates of about (L5 5, sliding along the
time axis of the data. After a few tests, suitable thresholds for
rms amplitude and peak frequency variations were selected,
and all the ficld traces were assessed f(or these attributes, De-
pending on the resulting good or bad nature of each trace, an
appropriate code was inserted in a location of its header. Traces

of uncertain nature, i.e., with contrasting indications from the
two indicators, or with characieristics very close 1o the limits
were llageed with a distinet code that enabled separate sorling
and visual inspection 1o define their final status

Figure 7 shows the percentage of bad traces with respect (o
the total number of traces in each common source gather. The
surface lithologies at the source location are also shown. The
few arcas with (0% bad traces were inaceessible o the Vibroseis
trucks; thus, no data were recorded. The ithology at the source
location does not show a convincing relation with the occur-
rence of bad traces. Stronger correlations can be established
with the structural complexity of the near surface. The higher
oecurrence of bad traces between sources 500 and 750 15 asso-
clated with the position of a regional fault (see also Figure 3).
The percentage of bad traces remains constantly high (40%
as an approximate average) along the whole Apennine chain
and starts decreasing in correspondence with the transition 10
less perturbed areas ol the foreland basin (area of the Sub-
Apcnninic Hills, Figure 2). Figure 8 shows the strong depen-
dence of data gquality on source o receiver offsel. At offsets
greater than 4000 m, more than 30% of the data is classificd
as bad,

Table 1. Acyuisition paramcters of the CROP 04 line.

RECORDING DATA GEOPHONES

Record length 25s Matural frequency 10 Hz

Sampling interval 4 ms Damping 63 %

Channels 240 Geophones/group 24

Filter L.C. 8 Hz 18 DB/OCT Pattern configuration Linear

Filter H.C. 88.8 Hz 48 DB/OCT Geophone distance 35m
Pattern length 80m

VIBROSEIS PATTERN SPREAD

Mumber of vibrators 5 Type Split spread

Vibrator distance 11m Number of groups 240

Move-up em Group interval 80 m

Number of sweep/V.P. 12 Minimum offset 360 m

Physical array length 110m Maximum offset +/-9880 m

Sweep type linear

Sweep frequency 8 - 40 Hz - e _

Sweep length 40s il N ,.,r;u 4 il

S.P. position on half station GEOPHONE PATTERN DIAGRAM

S.P. interval 80m rm. H3sm

Coverage 120 fold o At |

DYNAMITE PATTERN bl L

Total charge size 100 kg .| "m] [, ‘E: L fm

Average hole depth 30m w| l..““...“.

S.P. interval variable T T P T Rl

CCNEI'EIQE 4 fold 'ulul. T Tiﬂ‘m. a
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The results of this analysis were also stored ina database that
can be used for further studies on possible cause-and-effect
relations between data quality and seismic parameters (eg,,
lortuosity of the line, type of cnergy source, source-receiver
offset, ete. ) or between data quality and geological character-
istics (c.g., surface lithology at the source andfor at the re-
ceiver, local tectonic setting, elc.). The outcome of this spe-
cific study, not detailed in this paper, is useful for planning
seismic acquisilion in nearby arcas or in zoncs with similar
characteristics.

PROCESSING SEQUENCE

‘The processing sequence applied 1o the data is depicted in
Figure 9. Instead of describing cach step in sequential order,
we discuss groups of processing operations, not necessarily ol
lowing a data flow order. The processing steps in cach group
have the common aim of solving a specific problem detected
in the previous data analysis We focus our discussion on the
following groups of processing steps:

L) moise attenuation operations applicd throughout the whole
processing sequence, bul we atlempled w0 remove the
largest noise componenis as carly as possible;

2) removal of static ume shifts because of near-surface con-
ditions, which implies the application of two dilferent
methods of refraction statics computation and a tech-
nique of surface-consisient residual statics;

ELEVATION {m)

3) optimization of CMP sorting and stacking to attenuate
the deleterious effects of crooked-line acquisition; and

4) model-driven velocity analysis 1o exploit the a priori ge-
ological knowledge of the arca.

For the other processing operations, not as essential to achiev-
ing the final result as those listed above, we mention only the
pertinent set-up parameters (Figure 9).

(CROP 04 = CWF distribation {sources 0= 00}
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FiG. 4. An example of the crooked-line acquisition. Note the
relevant dispersion of the actual CMIP locations,
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(Lagonegre Link)
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Basinal carbonates and maris
(Craumia Lind)

loiturbidiies and claysiones

FiG. 3. Geological cross-section of the shallow formations along the seismic profile, The graph below the section shows the refractor
velocity estimated for the computation of the static corrections, Note the correlation between lithology and velocity changes.
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G, 5. A common-source gather (source 530) located in an area ol inlense tectonic stress and parallel w a
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Fii. 6. A common-source gather located in the foreland arca near CMP 2600 (source 1579). Dala quality is better
than the example in Figure 5.
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Moise attenuation

Based on the trace classification conducted in the data anal-
ysis phase, the traces where the quality, as defined by the ampli-
tude and the frequency indicators, fell below a given threshold
were removed immediately [rom the data set. This led to reject-
ing about 30% of the ficld traces. In some arcas we removed
up to 70% of the data (Figure 7). This was in the zones of
high tectonic disturbance and complex near-surface geology—
particularly al high source-receiver offsels,

Common-olfset gathers, which mimic the (lime-shifted) re-
Aector geometry of the normal-incidence single (old gather,
were considered the most appropriate domain in which to ap-
ply fx deconvolution. In fact, this kind of data grouping allows
easy evaluation of the effectiveness of the operation and an
important guality control check on the hazard of creating lalse

Apennine Chain

. S

events by enhancing correlated noise, The fx deconvolution
was performed on common-offset gathers afier applying static
corrections o the final (flat) datum and after filling the gaps
of missing traces with null traces. An amplitude trace equal-
izalion was also applied belore f~x deconvolution to prevent
artifacts that result from unbalanced data. Offset bins of 160 m
were selecied so that, in nominal conditions, iwo traces of each
source record belonged 1o the same common-offset gather. The
total split spread active cable length (20 km) and the complex-
ity of the area suggested sorting out the positive offsets and
the negative oncs; thus, we obtained a wotal of 120 common-
offset sections. Figure 10 shows the gather at a constant offset of
3000 m before and after applying the f-x filter. The filter param-
elers {20 traces correlation in time gates of 0.4 5, six traces filter
length) were carefully selected 1o avoid introducing cxcessive
coherency in the data. The same parameters were adopied for

N

Foreland Basin

“Bad” Traces (%)

20%
]

&

m s

Source
Station

100 200 300 400 500 600 700 BOO 900 10001100 1200 1300 1400 1500 1600

el Basinal besrigenous deposits and lime reseciments
(Cilarto Group and Siclide Link)

d ab & b ab f ga
Shaslcresveater platform carbonales:

) (Ao Cenat i)
e Palagic imsstones, mdclarites, calcurbiciies and siicecus dystones.
(Lagonagrs Lint

Basirad ime ressdiments, sandstones and mans

M (Sarrio and Sems Paiszzo Uits)
il Basinal carbonates and mars

(Demuria Linkt)

Fic, 7. Classification of Vibroscis trace quality along the profile based on amplitude and on frequency versus lime indicators, The

largest number of bad traces, between stations 500 and 730, corr
Stations with null percentage of bad traces indicate the absence of

r.;::Punds to the arca of the most intense ectonie deformation.
ih

roseis data, not good data quality.
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another f~x deconvolution applied on the data of the weighted
stack section at the end of the proposed sequence,

Amnother operation effective in reducing noise is the weighted
stack, where the weights are the local estimates ol the $/N ra-
tio. The computation of the local, Le., sample-by-sample and
trace-by-trace, /N ratio of the data is carried out by means
ol singular value decomposition (SVD) or, aliernatively, by
correlating adjacent traces (Grion and Mazzouti, 1998), These
weights were computed on NMO-corrected CMP gathers alter
linal velocity analysis and residual statics application by esti-
mating the data coherence within a small sliding time-space
window. The window dimensions arc three or five traces by a
time length chosen to contain at least one wavelet. Figure 11
shows the original CMP (left) and the pertinent weights (right)
computed with a method based on the sum of the zero lag val-
ues of the crosscorrelation between three adjacent traces and
with a window time length of 112 ms. Higher weights are as-
signed to data samples showing a more pronounced spatial
continuity, while noisy zones are penalized. These cocflicients
may be used direetly 1o weight the data samples, as done in this
case, or may be processed further (eg., smoothed or gained)
o produce the final stacking weights. Similar weights were
also obtained with a more CPU-demanding method based on
the SV technigue. Since the results were very similar, the
crosscorrelation method, twice as [ast as the SVD method, was
preferred.

Remaoval of static time shifts

The computation of static corrections required a lot of man-
power. First-break picking was carried out manually on both
the Vibroscis and the dynamite data. First-break picking of
Vibroseis data s known to be troublesome, mainly because ol
the precursory evenis that parallel the true first break. In this
case the picking was made more difficult by the noise that of-
ten ohscured the lirst breaks To render this operation more
reliable, we mcluded the (low-fold) explosive data that show
much cleancr first breaks and guided the picking in the adja-
cent Vibroseis gathers. Attempts to operate with two refrac-
tors were [rustrated by the insufficient coverage of first breaks,

100%

PROCESSING SEQUENCE OF THE CROP-iM LINE
Agropeli-Vemosa Segment
Band Pass Filter (4-5/35-40 Hz)

Predictive Deconvoluthon (64 ms gap/200 ms operator, 0.3-4.1 5, 3.9-10 5)

AL (windows 2 1)

NAO Corrections
NMO Data

Ioverse NMO
Update of the Velocity Ficld
Final SMO Corrections

FX Deconvolution (20 rmaces, Filter 6 troces, 0.4 5)
Drisplay
FiG. 9. Flow chart of the processing sequence, The ste

marked by a shaded box are discussed in detail in the text. The
relevant set-up paramelers of the other steps are indicated.

0%
Bl
T0%
B0%

% Killed Traces
§

0% 9 .
8.5 A5

B AvERAGE ON THE WHOLE PEOFILE

2520 30 40 50 80 T0 B0 U]
2025 35 45 55 LK 75 a5 85

15 B8 5.5 A5 3.5
20 80 -0 80 <50 40 -30

Offset [km]
FiG, 8, Classification of Vibroseis trace quality versus source-receiver offset. The percentage of bad traces inereases with increasing
source-receiver offset. For offsets greater than £4000 m, the percentage of bad traces exceeds 30%.
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especially al the far offsct where accurate picking was rarcly The velocily for the first layer of the model was recon-
possible because of noise contamination, Thus, we worked with structed by interpolating the information derived from uphole
a single refractor. On average, reliable breaks were picked up times. As a consequence of the near-surface complexity and
Lo 3000 m, the crooked-line acquisition, the near-surface velocity-depth
CMP
5 150 300 440 565

5 150 300 440 3635

FiG, 10, Common-offset (3000 m) gather relative to the western area (CMPs 5-565) with static corrections to the Aat datum (a)
before and (b) after fx deconvolution,
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model is estimated through in-house developed codes based
on the WIM (Zana, 1996) and GRM (Palmer, 1980) methods.
(iRM was applied on explosive shots integrated with an appro-
priate sclection of Vibroseis records where explosive-source
data were too sparse. The phase matching of the explosive and
Vibroscis data was accomplished by calibrating the picking
procedure at locations where both sources had been used.
Where the first arrivals of the forward and reverse dynamite
shots did not overlap sufficiently, the WIM method was
applied on Vibroseis data and the results were merged. Statics
were caleulated o a Moating datum designed by smoothing
the wpography. A variable replacement velocity was used
to account for the rapid lateral variations of the near-surface
lithology. A lesson we learned is that the design of the floating
datum should be calibrated with the spread extension length,
In this specific case, given the rather long spread, a heavy
smoothing of the topography was needed 1o deline a suitable
fMoating datum. The linal (lat) datum was set at an elevation
of 400 m above sea level, which is the average elevation of the
profile, resulting in a static range from — 200 1w + 100 ms. (For
an example of the static trend, see the elevation and siatic
profdiles at the top of Figure 16.)

The correspondence between the refractor velocily varation
and the changes in the shallow lithology is noticeable (-
ure 3). Also note that the repetition of lithological units along
the line nicely matches the refractor velocity valucs (c.g., the
scgments indicated by e, the terrigenous deposits, and d, the

Mask of CMP 100

.||I|'I'I !
1_‘| ||E|| "

ﬁ|-|‘|

|H“1'| ||

Ll |r| |||I. |"|||
b ....w

7.8 0 5.7

Offset [km]

Offset [km)

Fii. 11. NMO-corrected CMP gather with residual statics ap-
plied (left) and d,.nrn,.ﬂmmdmf stacking weights (right) com-
puted by means of crosscorrelation. The value of the weights
15 given by the excursion of the wavelets. Tighest weights are
located along coherent reflections. Poor data-quality zones are
highlighted by corresponding low-amplitude weights.

Alburno—Cervati carbonates). This charactenstic helped de-
termine the optimal static corrections for the Monte Soprano
are¢a. In this zone, where the shol repetition rate 15 very low be-
cause of accessibility problems, the refracior velocities directly
estimated from the first breaks (dotted line, Figure 3) are unre-
liable and arc not comparable with those oblained [or the same
lithology in other parts of the line (4000-4500 m/s). Thus, [or
this specific section, static corrections were determined by trial
and error and by visually inspecting the resulis. Each static com-
putation test was condueted using a different relractor velocity,
including those pertaining to the same lithology along the line.

The good correlation between the refractor-derived model
and the geological elements indicates good reliability in our
refractor velocity estimates. In addition, the effectiveness of
the datum static corrections we applied is evident on compar-
ing the constant-velocity stacks before and alter application
{Figure 12},

Residual time shifts were further corrected by means of
surface-consistent  residual  statics computed on NMO-
correcled CMP gathers. These were caleulated along time gates
centered on the major seismic events, with a temporal width
=1 & In general, we imposed at least three time gates [or cach
CMP location and let the algorithm search for the solution that
simultaneously maximized the power of the stack of all the time
windows considered. The maximum allowed time shift at cach
station was 30 ms.

Optimization of CMP sorting

The high tortuosity of the line significantly degrades the stack
quality, especially for the shallow reflections, To limit this nega-
tive elfect as much as possible, we tested three different eriteria
for CMP sorting, as illustrated in Figure 13, Minimum curva-
ture, the method used in the previous processing sequence, fa-
vors the CMP distribution that minimizes the curvature of the
line. Results of this sorting procedure are shown in Figure 13a,
where we present a supergather that is the sum of live adjacent
CMPs in the arca between the Albanclla and Alburno Moun-
Lains {CMP 617). With maximum density, the line follows the
zones of the profile where the CMPs are more densely spaced.
Figure 13b illustrates the results of this CMP gathering with
the same supergather. Finally, in short offsets the resulting ling
follows a path through the zones more densely populated by
CMPs composed of traces with source-receiver oflset up 1o a
given value. Figure 13c shows the results of this technigue up 1o
a maximum offset of 2.5 km (about one-fourth of the spread ).

Figure 13 reveals that the shori-offset method yields the
optimum S/N results. In fact, with this method the shapes of
the reflections are more distinguishable and approach a quasi-
hyperbolic move-out {e.g., the reflections at (L.6-0.8 s5). The
same observations were reached on examining the resulis in
other segments of the line. Only in limited segmenis of the
line, between CMPs 1271-1390 and 1470-1490, did the maxi-
mum densily criterion produce the best resulis. Thus, with the
exception of these two segments where we used the maximum
density method, we gathered all the CMPs of the line [ollowing
the short-olfset criterion.

Mudel-driven velocity analysis

Also, the determination of the optimal stacking velocity ficld
required much manpower. Although the quality of the data at
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b)

FiG. 12, Static correction results: (a) CVS (5500 m/s) in the area between the Albanclla and Alburno Mountains before ﬂggli}ring
the static corrections; (b) the same CVS as in (a) but with the statics 1o the final datum (400 m above sea level) applied.
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this phase was considerably improved with respect to the orig-
mal data, there were still arcas where the velocity picking was
difficult. The lateral surface veloaity variation and the low S/N
ratio prompted us to proceed with a global preliminary anal-
ysis of the velocity field. Constant-velocity stacks (CVS) for
the whole line with velocity intervals of 250 to 500 m/s were

CHTeet (m)

Time (ms}

ajl

L
rﬂlnﬂllilh.lf_
Ill‘lli!i*lﬂ (s
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bj
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Fi. 13, Resulis from the optimization of the CMP gathering,
Three different gathering criteria are compared on a super
CMP (sum of five adjacent CMPs): (a) minimum curvature
{applicd in the previous processing sequence); (b) maximum
density; and (c) short offsets. The white arrow points o the re-
flections that beecome particularly evident when the short-offset
criterion is used.

produced and carefully studi :d 1o determine the initial veloc-
ity field. This was then refined on CMP velocity spectra for
a more detailed defimition. The resulting stack was compared
with the CVS, and the procedure was iterated until the result
was considered satisfactory, Even the slightest evidence of lai-
eral coherence that appeared or disappeared during these iter-
ations was discussed with interpreters and compared with the
available geological data of the arca. In some part of the ling,
the geological data (outcrops, published borehole data) made it
puossible o define plausible models of the subsurface that were
used as soft consirainis 1o guide the velocity analysis A further
revision of the veloaty ficld using velocily spectra analysis was
also performed after the residual statics application.

DISCUSSION OF THE RESULTS

Owr final results in terms of stacked time section are com-
pared with the outcome of a processing sequence that had
already been applied. Table 2 shows this standard sequence,
It dilfers from the one we propose in many aspects:

1) there was no measurement-based removal of low-guality
traces;

the refraction statics were computed directly 1o the flat
datum and with a constant replacement velocity, while
the picking of first breaks was performed on vibroseis
data only;

3) the CMP sorting was carmied out using the less effective
minimum curvature method; and

attempls 1o enhance the coherency of the data involved
CMP-consistent residual statics (trim statics) and post-
stack dip enhancement techniques.

2

4

L

Table 2. Standard prntﬁslolzg l:cqumm applicd to the CROP
ne.

AGC  (windows: 256-2(M8 ms)

Refraction Statics  (single refracior, constant replacement
velocity, Aat datum, 400 m above sca
level)

(five traces, Chebyshev weights: (0164,
(1L.584, 1, 0.584, 0.164)

Predictive Deconvolution
windows:  1-from (0.0 10 305

2-from 3.0 1o 10,0 5
prediction distance 56 ms
operator length 300 ms
white light 1%
Sorting to CMP Gathers (minimum curvature criterion)
Velocity analysis

Acrray Simulation

velocity inerement 100 m/s
NMO
CMP-Consistent Rcﬁidull Statics
traces
windows: l-frnm (Lo 6.0 %
2-lrom 601w 12.0s
maximum shift 24 ms
Stack
Radial Predictive Filter (1% traces)
Time-Variant Filler
time (s) L.C. (Hz, DB/OCT) H.C.
1.0 O34 45/48
3.0 824 /48
f.0} 724 3548
25.0 w24 348
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CMP
500 575 650 725 790

FiG. 14, Companson of the final results in the Controne arca: (a) final stack section from the previous processing sequence; (b)
final stack section with the sequence used in this work.



Seismic Exploration in Complex Terrains 1415

CMmpP
L1660 1730 1810 1880 1960

L

(-]

b)

FiG. 15. Comparison of the final results in the San Fele arca: (a) final stack section from the previous processing sequence; (b) final
stack section produced with the sequence used in this work.
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Thus, apart [rom the array simulation filter, there was no
carly atlempt o remove the large amount of noise affecting
the data, and the statics and CMP sorting were performed dil-
ferently. Attempts to recover some coherence in the data were
made in extremis by means ol posistack coherency enhance-
ment lechnigues.

We present the comparison between the results of the two
processing sequences in two areas of the whole profile. One is
located at the beginning of the line, beiween CMPs 500 and
T, close o the Controne arca. The new stack section of this
area has continuous and structured events at imes down o 8 s
{(Figure 14b); such events were not clearly discernible in the
previous version (Figure 14a). Depending on the interpreta-
tion, these refleciors may be related 1o the Moho discontinuity
or to very deep sedimentary layers The other area, close Lo
the San Fele arca (CMPs 1720-1960), cuts across a thick anti-
formal stack of Lagonegro imbricates within the roof units of
the duplex system (San Fele antiform). This is the most diffi-
cult segment of the prolile and, as shown in Figure 154, origi-
nally had a very low useful scismic reflection response. This has
been clearly improved, and the final stack now presenis many

events (at least in the upper part of the section) down 1o 4 5
{Figure 15b),

The new processing sequence produced similar improve-
ments in the other segments of the line, Greal care was taken in
checking the reliability of the results. In fact, since the quality
of the raw lield data was so poor, we were constantly wor-
ried about the possibility of creating false events by intro-
ducing processing artifacts or by enhancing a particular kind
of noise, To avoid this most unwanted outcome, we checked
the result of each processing siep to verily that nothing ex-
traordinary had happened and that the intermediate results
were in accordance with the plausible geological models of
the area. Also, where possible, surface-consistenl operations
were applied, and no attempt was made Lo artificially or overly
force the data coherency. Finally, the multichannel opera-
tions that are designed o attenuate random noise and that
implicitly improve the continuity of reflections, eg. fx de-
convolution, were carmied out after a carcful choice of the
paramelers,

As [ar as quality is concerned, the reprocessed seismic sec-
tion s comparable with the best commercial ines in the region

cup
E G
1000 _E_
800 = 100
800 | 50
400 o
00 | B0
] 1100
2 2
4 5 4
-
] ]
8 L3
10 10

Fii. 16, Final stack of the western segment of the profile (from CMPs 5 1o 790). The Fraphs for elevation, statics 1o the linal datum,
1

and stack [old are also shown. The reflection-ree body between 2 and 4 5 at the le

end of the section and between 0 and 2 5 al

the right end corresponds o a thick sequence (=5000 m) of shallow-water Mesozoic-Tertiary carbonates {Alburno-Cervati unit)
tectonically overlain (see two marked synforms) by the Sialide nappe and by the thrust-sheet-top deposits unconformably covering
the Ligurian Nappe. The package of strong reflectors which deepens from 2 s (right end) 1o 4 5 {lul[rcnd} has been interpreted in
Figure 2 as a stack of basinal deposits sandwiched between the Alburno-Cervat nappe and the buried duplex system of Apulia
carbonates. Note the package of northeast-climbing (aint reflectors in the right side of the section between 6 and 8 5; the geological
interpretation of these reflectors (lectonic structures involved in the orogenic transport according Lo our interpretation) has strongly
influenced the overall geometrical reconstruction of the thrust belt sketched in Figure 2.
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Nevertheless, records suitable for interpretation do not usually
exceed 5-6 % in commercial lines, while continuous and well-
structured events are recognizable in the new stack section
down o 85 (see Fgure 16). This dilference is substantial for fix-
ing the depth of the sole-thrust and for constructing a balanced
geological section. Figure 2 15 asimplificd cross-section derived
from a preliminary interpretation of the seismic section. A key
point is represented by the presence of a well-organized pack-
age of refleciors beneath the Alburno Mountains at a depth
of 68 § (sce right end of the section in Figure 16). The ge-
ometry of these reflectors suggests a very deep (20225 km)
sole-thrust of the Apenninic chain in the area. Ongoing work,
including horizon depth migration and section balancing, is
being addressed 1o better undersiand the real geometry and
the geological meaning of these events.

CONCLUSIONS

The organization of this project in two distinet phases ol
data analysis and data processing, though requiring a significant
amount of both manpower and CPLU time, has been the basis
for the successful improvement of the data quality. Another key
factor has been the constant interaction beiween geophysicisis,
responsible for reprocessing the data, and geologists with an
accurate geologic knowledge of the area. This cooperation has
been particularly fruitful in the data analysis phase, in checking
the consistency of the refractor velocities with surface geology,
and in the velocity analysis/interpretation.

Mo single phase of this processing sequence can be consid-
cred the key to the success of this project. Rather, the whole
process produced a significant improvement in the final re-
sults. The project ok aboul one year and was carried out by a
team that included senior geophysicists and geologists and two
full-ume research fellows. The most time-demanding phases of
the project were the preliminary analysis of the data quality,
the statics computation, and the velocity analysis.

‘This work has not only improved the quality and inter-
pretability of this specilic data set, but its resulis may also serve
as the basis for the future acguisition and processing of scismic
data in nearby areas or in regions with similar characteristics,
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