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A high-amplitude anomaly in seismic signal, i.e. a bright-spot, which is the main direct hydrocarbon indicator, may also occur due to in-
terference between the reflected signals from the top and base of a thin bed (the tuning effect). In such settings the main problemis to dis-
tinguish amplitude anomalies associated with lithological changes or changes in gas saturation from anomalies originating from the
tuning effect. We provide a method of interpreting the composite seismic signal produced by the interference between reflections. Such
reflections occur along the top of the Cenomanian sandstone in the area of the Grobla—Rajsko—Rylowa 3-D seismic dataset (southern Po-
land). The non-standard method presented here is based on interpretation of seismic data which was rotated by 270°. The results of seis-
mic modelling were used to develop criteria for interpretation of such data. These criteria are based on the difference between
information carried by the peak-to-trough amplitude and that by the total amplitude of rotated seismic data. The difference was used to
define the transfer function and to remove the high-amplitude anomalies caused by the constructive interference between the reflected
signals from the top and bottom of the thinning stratum. The final outcome of the study was a map showing the seismic amplitude re-
sponse at the top Cenomanian reflector unaffected by the tuning effect. The map shows the extent of the area where high-amplitude
anomalies do not correspond with changes in thickness and petrophysical parameters within the top part of the Cenomanian. These anom-
alies are caused by a lateral increase in thickness of the Turonian and/or an increase in the velocity within the bottom part of the Senonian
(Coniacian) strata. The map can be used to determine precisely the boundaries of the Rajsko and Rylowa gas reservoirs as well as to lo-
cate the potential extension of the reservoir zone to the east of the Rylowa 6 borehole.
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INTRODUCTION the reflected signals from the top and base of a bed may also
lead to a decrease in amplitude, i.e. to destructive interference.

The character of interference depends on the shape of seismic

Analysis of direct hydrocarbon indicators (DHI), one of the
basic methods of identifying reservoirs based on seismic data,
can be very misleading when applied to thin-bedded strata. In
such settings, seismic records depend not only on the lithology
of reservoir strata, porosity and their gas saturation, but also on
the thickness of the reservoir strata. High-amplitude anomalies
in the seismic signal, which in many settings may be the main
indicators of natural-gas-saturated pore spaces in reservoir rock
(bright spots), may also originate from constructive interfer-
ence between the reflected signals from the top and base of a
thin bed, i.e. from the tuning effect. The interference between

wavelets, the relation of the stratum thickness to the seismic
wavelength, the relation between reflection coefficients associ-
ated with the top and base of the bed as well as on their polar-
ization. The additional result of interference is change in the
shape of the composite seismic signal (Widess, 1973; Kallweit
and Wood, 1982).

Therefore, whenever amplitude analysis is used as the main
hydrocarbon indicator or there is a possibility that the results of
quantitative analysis (seismic inversion, amplitude versus off-
set — AVO) may have been significantly affected by the stratal
geometry, it is necessary to assess the influence of signal inter-
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ference. The problem is particularly acute in areas where hy-
drocarbon reservoirs are formed by wedging beds or the thick-
ness of the hydrocarbon-saturated zone is below the resolution
of the seismic data. In such conditions, the composite seismic
signal produced by the interference between reflections leads
to an unreliable geological interpretation or even makes inter-
pretation impossible. Therefore, it is necessary to recognize the
representation of thinly bedded sequence on seismic data, and
to propose a method which would offer a more reliable seis-
mic-geological interpretation.

GEOLOGICAL SETTINGS AND HYDROCARBON
RESERVOIRS IN THE STUDY AREA

The study focuses on the Cenomanian succession, which is
a part of the Permo-Mesozoic sedimentary cover of the epi-
Variscan platform, i.e. the basement of the Miocene Carpathian
Foredeep Basin (Fig. 1A; Oszczypko and Slaczka, 1989;
Oszczypko et al., 2006). In the basement of the central part of
the basin, to the east of Krakow, this succession forms an ex-
tension of the Cretaceous Miechéw Synclinorium which dips
towards the south beneath the Carpathian thrust belt (Fig. 1B).
The Cenomanian succession comprises transgressive deposits
which gradually filled the varied morphology of the top Juras-
sic surface formed by Early Cimmerian deformation and by
subsequent erosion during the Early Cretaceous. The contem-
porary extent of the Cenomanian deposits (Fig. 1C) has mainly
a depositional character and reflects the pre-Cenomanian
palaeosurface (Jawor, 1973). In the axial parts of the sedimen-
tary basin, the palaesodepressions are filled by poorly cemented
glauconitic sandstones which are characterized by porosity of
over 25% and permeability reaching 9 darcy. Their thickness
locally reaches over 100 m. In the transition zone, where their
thickness ranges from 2 to 10 m, their porosity is between 10
and 15% with permeability of up to 1 darcy. In the marginal
zones, where the stratal thickness is less than 2.5 m, the sand-
stones gradually pass into conglomerates with a porosity of a
few percent and permeability ranging from 0 to several mD
(Florek et al., 2006). Each of the subsequent Late Cretaceous
transgressions had a slightly wider extent; Turonian carbonates
and Senonian (Coniacian—Maastrichtian) marly limestones
overlap the Lower Cenomanian, forming a seal for the reser-
voir rock. At the end of the Cretaceous, as a result of the wide-
spread inversion of the Mid-Polish Trough, the Cretaceous sea
withdrew from the study area. Following inversion-related up-
lift, the Upper Mesozoic succession was intensely eroded. Lo-
cally, fluvial erosion formed deep palaeovalleys (such as the
Szczurowa palaeovalley) incised into the Upper Cretaceous
strata and sometimes even reaching Jurassic strata. The Mio-
cene sea entered the foreland following emplacement of the
Carpathian thrust belt; it gradually filled depressions and
troughs with Badenian deposits and levelled the palaeosurface
(Florek et al., 2006; Oszczypko et al., 2006).

Three hydrocarbon accumulations have been discovered
and documented within the Jurassic and Cenomanian succes-
sions in the study area, related to structural traps and lateral li-
thology and sedimentary facies changes (Florek et al., 2002).

The Grobla field is located in the western part of the study area.
Hydrocarbons (oil and gas) are accumulated within the
Cenomanian sandstones and conglomerates, whose total thick-
ness decreases towards the west, and within the upper part of
the Malm carbonate succession (Fig. 1B, C). The reservoir is
sealed from the top by impermeable Turonian and Senonian de-
posits, and from the north and south by systems of faults. The
Rajsko field is located in the central part of the study area where
the Cenomanian sandstones have the greatest thickness. Here,
gas is accumulated in its top section which is over ten metres
thick. The reservoir is limited to the north-east and south-west
by faults (Fig. 1B, C). The Rylowa field is located in the south-
eastern part of the study area (Fig. 1B, C). The trap has an anti-
clinal form with its axis oriented along a NW-SE direction
(Jawor et al., 1997). As in the case of the Rajsko reservoir, it is
additionally limited by fault zones. The sandstone thickness
ranges between 37 and 59 m, while the maximum thickness of
the saturated zone documented by the Rylowa 5 borehole is
48.5 m. The thickness of the Cenomanian sandstone decreases
rapidly to a few metres towards the east of the field.

SEISMIC RESULTS

The area of research is covered by 3-D seismic surveys
(Grobla-Uscie Solne and Grobla Wschdd-Rylowa) that were
carried out by Geofizyka Krakéw Ltd. in 1993 and 1996. These
two surveys were re-processed to obtain a combined set of seis-
mic measurements (Fig. 1C). The geophysical investigation
over the subject area was not uniform in terms of location of
boreholes and scope of logging, nor as regards the technology
applied, that varied over the years of investigation.

Most boreholes are is located around the Grobla gas and oil
reservoir. Unfortunately they were drilled mainly in the 1960’s
and 1970’s when the scope of logging was limited. Boreholes
in the other parts of the project area were completed in recent
years and have provided a full set of downhole logging data.

The exact correlation of seismic records and geological logs
from the investigation boreholes was obtained based on syn-
thetic seismograms (system GeoGraphix, Landmark Graphics
Corp.) by using the recorded and corrected DT curves, and, for
the boreholes lacking acoustic profiles, the synthetic DTsyn.
curves. In addition, the density curves (RHOB), neutron poros-
ity curves (NTCN) were used as well as information on lithol-
ogy and saturation.

Once correlated to geological profiles, the seismic data
from the 3-D surveys at Grobla-Uscie Solne and Grobla
Wschdd-Rylowa enabled identification and correlation of
other seismic boundaries, of which the top of the Badenian
evaporites (Mb2), and of the Chalk (Cr), Turonian (Crct),
Cenomanian (Crc) and Jurassic (J3) were the most important
for further interpretation. A geologically interpreted seismic
section along an arbitrary profile 1 is shown in Figure 2. It tra-
verses the zone of Cenomanian truncation over Jurassic strata
(western part of the Grobla area), then the zone of thick
Cenomanian deposits with increased amplitudes at the Strzelce
Wielkie 1 and Grobla Wschdd boreholes and within the Rajsko
reservoir (central part), then continues across the Rylowa
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trench filled with Miocene deposits up to the Rylowa reservoir

Zz 2 p 2 (eastern part). The section shows fault zones intersecting with
E | ! ‘ both the Jurassic and Qretaceous o_leposits. _
o 3.2 ; The results of attribute a_naIyS|_s are normally the basis fqr
E oV i Vil %J selecting prospective areas; in particular the analysis of ampli-
T 2o ; N tude anomalies that are in many cases the main indicators of gas
3 Sy T Wi i saturation of the pore volumes. Saturation with gas, instead of
£ - - i | ﬁ with water, leads to apparent drop of seismic wave propagation
= 7 g 5 velocity (V) and density (p) that in consequence appears as
] S iSi = § % 59| high contrast in acoustic impedance (V p) of the adjoining
g 4 beds. Also, the reflection coefficient increases, hence the am-
. 8 ] plitude of wave reflected from the top of the zone saturated
I j . with gas (bright spot). In the research area only some of the
- , * Tl boreholes were located using seismic amplitude anomalies.
8 | ] il Unfortunately, not all exploratory boreholes, designed us-
| [ sy g i l i 1] j | = ing, data including reflection amplitude anomalies, proved the
gl i ' " g  presence of hydrocarbon reservoirs. Figure 3 shows a horizon
- i It - < map of instantaneous amplitude along the top of the Ceno-
o 2.8 i et g manian (Fig. 3A) as well as an arbitrary line 1 seismic section
"('; = "_ 3 =) < showing the same attribute (Fig. 3B). The presence of gas in the
5 * S n | 2 Rajsko (production the Rajsko 1 and 2 boreholes) and Rylowa
2O g | ' & (production the Rylowa 6, 5 and 3 boreholes) field corresponds
8- : 1 % with the presence of classic examples of bright spots on the ho-
] i ,' = rizon map as well as on the seismic section which display in-
$ S e - 2 stantaneous amplitude (Fig. 3B, anomalies 5 and 8). The ampli-
© 7 B harmgrmer 7 | | > tudeis, however, only locally increased in the Grobla oil reser-
o ol I IR LW B g voir (Fig. 3B, anomaly 1). During seismic data acquisition, pro-
5 %—wﬁ - " —~—1F | D S duction from this field had already ended (Karnkowski, 1999).
o . 1’ 'Ec_( s Anumber of instantaneous amplitude anomalies are also appar-
ey i \ | | 3 entoutside the area of proved HC accumulation, and the ampli-
] LT 1 © & tude strength is as high as those associated with the proven ac-
5+ $ i rr & cumulations. Without additional data, it is difficult to determine
. N 1 & their origin. The lack of gas saturation in boreholes (such as
& [ . g Grobla Wschod 3 and 4, Gorka 5 and Rylowa 10 boreholes) lo-
_ S S cated in areas associated with the amplitude anomalies disqual-
s, &l AN £ ifies them as bright spots, although the origin of strong ampli-
S T - > tude in relation to adjacent areas has not been satisfactorily ex-
2 i 1 - 8§ plained so far.
m_ oy % £ ‘_g” In or_der to determine the source of the anomalies based on
=1 il | = &  the relations between reflections from the top of the Jurassic
o y g «  and the top of the Cenomanian succession, three zones, i.e.
©*e Ty g LEL” western, central and eastern, visible on the Grobla—Rajsko—-Ry-
o i & lowa seismic line (Figs. 2 and 3B), have been analysed.
IERCIRRER T 8 S
23 I8 1 / WESTERN ZONE
% Oy : 5_ i . ﬁ |
8 % . I _r" A .i i This zone covers an area (anomaly no. 1 on Fig. 3B) where
8,9 e e the interference between the top and base of the Cenomanian
O ot iy s B B sandstone wedge (tuning zone) has the main influence on the
gl | UPEEE e )2 Jg > seismic amplitude. The extent of this zone is controlled strictly
" o TR 55 5 by the thickness of the Cenomanian succession and the parame-
S I | i( ity o I ters of the seismic signal. The dominant influence of reflection
o e ¥ | g B e coefficient values, associated with the top and base of the
. 8: g (IS Hepmjowe | 11 R Cenomanian succession in the tuning zone, is apparent on im-
g = 1 — | ages showing the calibration of seismic data with borehole data
ze E =) © 2 using synthetic seismograms from the Grobla 44 boreholes

(G44; Fig. 4A) and Grobla 12 (G12; Fig. 4B). Apart from high
values of reflection coefficient values associated with the top and
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base of the Cenomanian, there are no other seismic reflectors
which could significantly influence the amplitude of the com-
posite signal and its envelope (instantaneous amplitude). There-
fore, the data can be analysed using plots of amplitude calibra-
tion and stratum thickness (Kallweit and Wood, 1982; Brown et
al., 1986). The plots correlate data recorded in the field with
model based on analytically calculated tuning curves. Figure 5
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sshows a calibration plot of composite amplitude (absolute value
summation of amplitudes) associated with the top of the
Cenomanian succession and the top of the Jurassic strata. Real
data were correlated with the tuning curve which was extracted
from a synthetic section (Pietsch and Marzec, 2003) and with the
tuning curve which was calculated based on an analytical solu-
tion (Marzec, 2009). The correlation shows that a high maxi-
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mum amplitude (tuning effect) is present when the thickness of
the Cenomanian stratum is 14 m. The zone of high amplitude is
apparent when the stratum thickness is up to about 20 m. Within
the zone, where isopachs have higher values, the weak ampli-
tude is strengthened due to tuning of the side-lobes of wavelets
(stratum thickness of 30 and 48 m). It can be assumed that above
a thickness of 55 m there is no detectable interference between
reflections from the top and base of the Cenomanian stratum.
The majority of the recorded amplitudes are located below the
calculated tuning curve. Thus, the presence of gas in the
Cenomanian succession can be ruled out, as the presence of gas,
which lowers acoustic impedance, would result in reflection co-
efficient values giving amplitudes significantly stronger than
those shown on the calculated tuning curves.

This is confirmed by borehole data as no gas was recorded
in the Grobla 12 borehole, while the Grobla 44, 45 and 54 bore-
holes were drilled in the zone of oil saturation which does not
cause such a significant decrease in acoustic impedance as does
natural gas. The 55 m isopach defines the boundary between
the western and central zones of the study area (Fig. 1C).

CENTRAL ZONE

The central zone covers the area where the influence of the
reflection coefficients associated with the base of the Ceno-
maniam succession on the amplitude of reflections from the top
of the Cenomanian is negligibly small. The amplitude of such
reflections depends on the impedance contrast along the inter-
face between the Turonian and the Cenomanian strata and on
the presence of thin beds (in relation to seismic wavelength) as-
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sociated with surfaces of acoustic impedance contrasts. Seis-
mic events generated along such bedding surfaces interfere
with events associated with the Turonian/Cenomanian bound-
ary, altering in various ways their amplitudes and shapes.

The Strzelce Wielkie 1 borehole is located between the
anomalous areas marked by numbers 2 and 3 on Figure 3B. No
high values of instantaneous amplitude were recorded near this
borehole (Fig. 3A). Basically, constant values of compressional
wave velocity were recorded within the Cenomanian strata in
this borehole (Fig. 4C; curves V_ac and V_inv). A high nega-
tive value of reflection coefficient is observed only at the top of
the succession, while a positive value is observed at its base.
This shows that the Cenomanian sandstone drilled by this bore-
hole is homogeneous in terms of velocity, which is supported
by the uniform values of porosity and clay content (Fig. 4C; li-
thology track). The sandstone is overlain by a thin bed (2 m
thick) of Turonian limestone. Despite the high velocities these
limestones do not have any significant influence on the ampli-
tude and shape of the reflected signal from the top of the
Cenomanian. The only detectable increase in seismic ampli-
tude due to interference is caused by a slight increase in the ve-
locity gradient within the approximately 20 m thick bottom part
of the Senonian succession. This may be due to the decrease in
clay content within the Coniacian marlstone (Fig. 4C). Due to
the fact that the Cenomanian sandstone is not saturated with gas
and there is no clear interference in this zone, the amplitude of
the Cenomanian event (Crc on Figs. 2, 3B and 4C) is weak in
this part of the seismic image. The Strzelce Wielkie 1 borehole
can be used as a reference for further analysis of borehole logs
and seismic data from the central zone of the study area.

composite amplitudes from Cenomanian and Jurassic top
amplitudes extracted from specified zone

amplitudes extracted close to boreholes (control points)
tuning curve calculated using eq. (Marzec, 2009)

tuning curve extracted from synthetic section

Bed thickness [m]

Fig. 5. Correlation of the composite amplitude curve with stratum thickness
and tuning curve calculated and estimated based on the synthetic section (after Marzec, 2009)
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As in the case of the Grobla Wschdd 3 and Grobla Wschdd
4 boreholes (GW4; Fig. 4D) is also located within an anoma-
lous area, and this area is marked number 4 (Fig. 3B). No sig-
nificant hydrocarbon accumulation was encountered in either
of these boreholes. A high-velocity bed, which is 10 m thick
(similar to the tuning thickness) and has reduced porosity, was
recorded in this borehole 20 m below the top of the Ceno-
manian (Fig. 4C). The reflection coefficients associated with
the top and base of this bed generate reflections which posi-
tively interfere with reflections from the top of the Ceno-
manian, increasing their amplitude and modifying the shapes of
wavelets. In this borehole, the thickness of the Turonian de-
creases to 1 m. Thus, the obvious cause of anomalous records
(false bright spot) is the presence of the reduced-porosity sand-
stone within the top part of the Cenomanian (Fig. 4D; SS and
SEIS. track). In addition to that, this bed generates reflections
that resemble a flat spot (horizontal and always positive reflex
on the contact between zones saturated by gas and water), an-
other reservoir indicator of possible hydrocarbon accumula-
tion. In parts of the seismic section (Figs. 2 and 4D) it is appar-
ent, however, that this reflection event is not horizontal, but re-
flects the shape of the Cenomanian top, with displacement on
the fault.

Both, the Rajsko 1 borehole (R1; Fig. 4E) and the Rajsko 2
borehole are located within the anomalous area marked num-
ber 5 (Fig. 3B). In both these boreholes, feasible gas accumula-
tions were encountered in the upper part of the Cenomanian
succession (Fig. 4E; SW track and velocity drop — track: V_ac
V_inv). Below, as in the Grobla Wschdd 4 borehole, much
thicker (37 mthick) strata of higher velocity and lower porosity
occur due to the presence of calcite cement in the sandstone
layer (Fig. 4E; lithology track). The presence of gas results in a
significantly higher negative value of reflection coefficient as-
sociated with the top of the Cenomanian. The presence of gas
also produces a positive reflection coefficient associated with
the gas/water interface which increases the impedance contrast
along the top of the reduced-porosity bed (Fig. 4E; SW track,
Rc track, NTCN track). Thus, there is an increase in seismic
amplitude greater than in the case of the Grobla Wschdd 4
borehole (Fig. 4D) and there is a real flat spot (Fig. 2) which
here is flat-lying (Fig. 4E; SS track and SEIS. track). The
high-velocity stratum at the base of the Senonian has a thick-
ness which is slightly larger than the tuning thickness. Thus,
positive reflection coefficients along the top of this bed further
increase the amplitude of reflection events associated with the
top of the Cenomanian. Here, there are two strata (in the Grobla
Wschod 4 borehole; Fig. 4D) there is a system of three beds,
while in the Strzelce Wielkie 1 borehole (Fig. 4C) there is one
bed, the mutual thickness relationships of which alter the am-
plitude and shape of the reflections originating from the de-
crease in acoustic impedance along the top of the Cenomanian
succession.

EASTERN ZONE

In this area, the Cenomanian sandstones not only form a
thinning wedge, but there is also an erosional incision associ-
ated with the Szczurowa palaeovalley that is filled with Mio-
cene siliciclastics of the Carpathian Foredeep. Thus, the inter-

ference at the top of the Cenomanian is additionally affected by
the influence of the reflected signal from the base of the Mio-
cene succession (Fig. 2).

The Rylowa 5 borehole (Ryl5; Fig. 4F) is located within the
anomalous area marked number 8 (Fig. 3B). Almost the entire
Cenomanian reservoir is saturated with gas (45 m), therefore
there is no flat spot, i.e. reflection events related to the contact
between gas and water. The presence of gas increases the re-
flection coefficient values at the top and base of the Ceno-
manian, and results in the presence in seismic data of the classic
bright spot (Fig. 4F; SS track i SEIS. track).

Above the Cenomanian, the high-velocity Turonian
(4500 m/s) and Senonian (4000 m/s) beds are covered by low
velocity Miocene deposits (Fig. 4F; lithology track, V_ac and
V_inv, Rc). Along the top boundaries of the Turonian and the
Senonian successions, a strong positive double reflection is vis-
ible. The superposition of the positive events from the Turonian
and the Senonian strata and of the negative one from the top of
the Cenomanian results in an additional increase in the seismic
amplitude and in modification of the shape of the composite
signal (Fig. 4F).

In the Rylowa 3 borehole (Ryl3; Fig. 4G) the structural and
stratigraphic situation is similar to that in the Rylowa 5 bore-
hole. However, the thickness of the Turonian limestone in the
Rylowa 3 borehole is significantly larger, which makes the
event from the base of the saturated zone visible (flat spot;
Fig. 4G). The thickness of the Cenomanian sandstones is much
smaller (41 m), while the base of the saturated zone generates a
clear flat spot which is apparent both on the synthetic section
(Fig. 4G) and in the seismic data from the area to the west of the
borehole (Figs. 2 and 3). The thickness of the saturated zone in
this borehole is similar to the tuning thickness (20 m).

The Rylowa 10 borehole is located outside the Rylowa field
(Fig. 3A). No gas was recorded in this borehole, although an-
omalously high values of reflected signal from the top
Cenomanian reflector are observed. This is due to the fact that
the Cenomanian sandstone wedges towards the east. Thus,
here, the reflected signals from the top of the Cenomanian stra-
tum and the top of the Jurassic interfere (tuning zone) in a simi-
lar way as in borehole Grobla 44 (G44; Fig. 4A).

The analysis of seismic amplitude anomalies from borehole
data indicates on two main reasons for their occurrences:

— the presence of gas accumulations in the Cenomanian

strata,

— positive interference of the event from the top of Ceno-
manian and the events from boundaries that form thin-
bedded configurations with the top of the Cenomanian.

The positioning of boreholes in the research area, particu-
larly the ones executed in recent years, has been based on am-
plitude anomalies (Fig. 3). A number of these showed that the
selected location was wrong (among others Fig. 4A-D, H).

It has become apparent that the reservoir seismic interpre-
tation, based on analysis of anomalously enhanced amplitude,
needs to be preceded by identification of the zones where geo-
metric enhancing of the amplitude is significant (zones of tun-
ing). The question arises whether this type of identification
can be achieved entirely on seismic data without borehole in-
formation?
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THE CONCEPT OF THE INTERPRETATION
PROCEDURE

For traditional structural interpretation of seismic data the
zero-phase seismic section is normally used (Figs. 2 and 6). An
alternative approach involves rotating zero-phase seismic data
by 270° or 90° and reversing its polarity (Zeng and Backus,
20053, b) which is followed by determining the peak-to-trough
amplitude and total amplitude based on such data. Peak-to-
trough amplitude A, (JA1] +|A2] in Fig. 6) is a function of signal
envelope, while total amplitude (A1 + A2 in Fig. 6) is a measure
of the shape of the signal and its shift in phase. If the reflected
signal is free from interference, its value is zero. Positive and
negative values indicate interference due to the presence of ad-
ditional seismic reflectors below or above the interface ana-
lysed. Lateral changes in the value of this parameter along the
seismic interface may indicate changes in stratal thicknesses.

Figure 7 shows a synthetic section rotated by 270° and cal-
culated using a Ricker-type signal for a schematic model of a
thinning wedge. The most significant features of the model are:

— reverse reflection coefficient on the top and base of the
strata;

— “wedge” shape of the strata, that allows simulation of
the seismic image from a thin layer (interfered signal) as
well as from a thick one.

The values of peak-to-trough amplitude A, and total ampli-
tude of reversed polarity f;, which were calculated for the re-
flections from the top of the stratum, were summarized with the
amplitude Ay (Fig. 8A) which is based only on the value of the
reflection coefficient Rc. The attribute defined in such a way
may serve as an indicator of the interference effect related to a

<>

Ricker 0 deg. Ricker 270 deg.

Fig. 6. Principle of calculating peak-to-trough
amplitude (A,,) as well as total amplitude based
on seismic data rotated by 270°

Rc - reflection coefficient, A1 — peak amplitude (+), A2
—trough amplitude (=), Al + A2 —total amplitude, |A1|
+ |A2| — peak-to-trough amplitude (total absolute ampli-
tude)

[ V,
amplitude nt
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I
!amplitud!e
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V2 = 2000 m/s|
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V3 = 3000 m/s|

Fig. 7. Principle of seismic horizon picking based on synthetic data
rotated by 270° which was generated based on the schematic model
of the thinning stratum

lateral thinning of beds studied. Therefore the attribute can be
applied to determine the transfer function which is used for re-
moving the effects of the increase in amplitude due to interfer-
ence.

If we assume, after Brown et al. (1986), that the effect of the
geometric amplification may be added to amplitudes which re-
sult from the reflection coefficient, the transfer function for the
amplitude horizon map Ay, can be defined as:

Am(x! y) = Ad(X1 y) + F(X, y) [l]

where: Ay, — peak-to-trough amplitude of the reflections from a seismic in-
terface; F — transfer function; Ay — peak-to-trough amplitude of reflections
which is based only on a reflection coefficient (expected amplitude); X, y —
coordinates or inline/cross-line.

Based on the modelling results (Fig. 7), approximation of
the transfer function F can be defined in the following way:

fi=fi-a-b=(-1)(A1+A2)-a-b [2]

where: f; — total amplitude of reversed polarity; a — scaling coefficient
based on modelling data depends on reflection coefficient ratio from the
top and the base of the strata, as well as on the shape of the source signal; b
— control coefficient based on time thickness limiting the function to the
tuning zone.

F max _ A, max— A, [3]
f, max  (=1)(Almax+ A2max)

a=

p [ Al= A2_isochron ' [4]
A — B_isochron

where: A1-A2_isochron — time thickness between horizon Al and horizon
A2 (Fig. 7); A-B_isochron — time thickness between zero-crossing picked
boundary A and B (Fig. 7); n — taper factor.
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Fig. 8. Schematic drawing showing the principle of removing
the tuning effect based on model data

A —comparing the transfer function f, and peak-to-trough amplitude A,, de-
termined for the reflections along the top of the wedging stratum (Fig. 6)
with the amplitude A, based on reflection coefficient values; B — compar-
ing peak-to-trough amplitude before [A,] and after [A (est)] application of
the transfer function f; with a plot of the net pay parameter

For constant values of reflection coefficients associated
with the top and the base of the stratum and for the signal re-
sembling the Ricker-type wavelet, the value of scaling coeffi-
cient a is 1.33 in the zone of high maximum amplitude due to
the tuning effect, and it is independent of the seismic velocity
associated with a wedging bed (Marzec, 2004).

Application of the above procedure and a smoothing filter
results in the A (est) attribute which represents peak-to-trough
amplitude without the tuning effect in the zone of the wedging
bed (Fig. 8B). The attribute does not reconstruct the amplitude
value related to the reflection coefficient below the resolution
limit; however, it is a good approximation of the seismic net
pay (Connolly, 2007).

CRITERIA OF CLASSIFICATION AND
INTERPRETATION OF AMPLITUDE ANOMALIES
BASED ON THE RESULTS OF 2-D MODELLING

In order to determine the origin of the amplitude anomalies
observed on real seismic data, the interpretation flow devel-
oped was tested developed using theoretical models approxi-

mating subsurface geology. Seismic-geological models were
based on the arbitrary profile 1, for which phase correction was
made by applying a shaping filter operator which was deter-
mined by correlating seismic traces with the distribution of re-
flection coefficient values from borehole-log data (Marzec,
2009).

Seismic-geological models were prepared using borehole
velocity data (Fig. 4), results of seismic inversion (Pietsch et al.,
2005) and the geometry of seismic reflectors seen on seismic
arbitrary line 1 extracted from 3-D volume (Fig. 3). Synthetic
seismic data was generated using the Struct application from
GeoGraphix (Landmark Halliburton) software by applying a
vertical incidence algorithm which simulates post-stack, mi-
grated seismic data. The signal extracted from recorded seismic
data was used to generate synthetic data. A 270° phase rotation
of the synthetic data was made and applied which was followed
by picking the positive (C1) and negative (C2) phases of reflec-
tions from the top of the Cenomanian. Synthetic data showing
instantaneous amplitude were also generated. The synthetic
sections were used to determine the peak-to-trough amplitude
(Cm) of the seismic event generated at the top of the Ceno-
manian (Crc) and various options of the transfer function for
this event.

WESTERN ZONE

The model (Fig. 9A) covers an area where the Cenomanian
forms a thinning wedge (anomalies no. 1 and 2 in Fig. 3B). Its
thickness is the greatest in the Strzelce Wielkie 1 borehole,
while in the Grobla 12 borehole it reaches about 30 m, and in
the area of the Grobla 38 borehole the Cenomanian is approxi-
mately 1 m thick. Thus, the profile shows the transition from
the thick bed to the thin bed already below the resolution of
seismic data. The constant seismic velocity used for the Ceno-
manian was equal to the lowest velocity measured for the
Cenomanian rocks in boreholes located in this area. The syn-
thetic seismic profile (Fig. 9B) shows a clear increase in the
amplitude due to thinning of the Cenomanian stratum where re-
flections from the top and base of the bed start to interfere (tun-
ing zone, CDP 200-470). The peak-to-trough amplitude plot
for the top of the Cenomanian (Cm in Fig. 9C) shows that the
highest amplitude values of reflection from the Cenomanian
top Crc are associated with a bed thickness ranging between 10
and 25 m (between CDP 200 and 500). The transfer function f;,
calculated using the synthetic data, has positive values [param-
eter a = 1.34 (formula 3) and n = 3 (formula 4)]. This indicates
the dominant influence of reflections from the top and base of
the Cenomanian on the shape and amplitude of the composite
seismic response.

The result is analogous to the case where there is one wedg-
ing stratum (Fig. 8A, B). The peak-to-trough amplitude in the
tuning zone is reduced to the level characteristic for the large-
thickness stratum. Due to the large difference between reflec-
tion coefficients at the top and the base of the thinning bed
(Fig. 4A), high negative amplitude values Cd(fs; Fig. 9C) are
associated with a bed thickness smaller than 3-4 m. This is due
to a decrease in the influence of interference between reflec-
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tions, associated with the opposite-sign reflection coefficients,
on the composite seismic signal. Simultaneously, there is an in-
crease in the influence of interference between reflections asso-
ciated with reflection coefficients of the same polarization
(strata overlying the Cenomanian). This thickness can be con-
sidered as critical for detecting the Cenomanian strata on the
seismic data in the western zone. In the case of the real seismic
data (Fig. 9D, E), reduction of the maximum amplitude values
Cd(f3) (anomalous area no. 1 between boreholes G54 and G12)
to the same or lower levels as those associated with the “thick”
bed is also observed, as on synthetic data. The observed nega-
tive amplitude values indicate that the Cenomanian thickness is
below the detection limit (in the vicinity of borehole G54,
Cenomanian thickness — 3 m). The amplitude values observed
may also be a result of a decrease in reflection coefficient along
the top the Cenomanian (between boreholes G44 and G59).
The decrease in reflection coefficient is a result of increasing
acoustic impedance of the Cenomanian deposits (reduction in
porosity or change in sedimentary facies). Nevertheless, in this
zone the significant amplitude decrease Cd(f3) should be linked
to the reduced total thickness of the porous sandstone associ-
ated with low acoustic impedance (reduced net pay). Outside
the tuning zone, i.e. to the east of borehole G12, application of
function f; did not change the values of peak-to-trough ampli-
tude. Its non-zero, positive values are good indicators of the
tuning zone associated with wedging of the Cenomanian sand-
stones.

CENTRAL ZONE

The model of the anomalous area, located between the
Strzelce Wielkie 1 and Grobla Wschdd 1 boreholes (Fig. 3B,
anomaly no. 3), from which no borehole data was available,
was constrained by assumption of the stratified nature of the
Cenomanian and its overburden. The seismic anomaly on the
time section (Fig. 10E) was assumed to be a result of data dis-
tortion produced by an increase in thickness of the high-veloc-
ity bed present above the Cenomanian. Its thickness increases
to the critical value of about 9 m in accordance with the Widess
criterion (1973). This can be simulated by increasing the veloc-
ity gradient in the bottom part of the Senonian succession (Fig.
4C-E) and increasing the thickness of the Turonian (Fig.
4F-H). The synthetic section (Fig. 10B) shows an increase in
the amplitude without altering the wavelet shape. The increase
in the instantaneous amplitude resembles a bright spot. Nega-
tive values of the transfer function (f, = f; - a) clearly indicate
that the high-amplitude anomaly is a result of interference be-
tween the reflections associated with the top of the
Cenomanian and the top of its high-velocity overburden. As a
result of applying the transfer function, there is an increase, in-
stead of a decrease, in the peak-to-trough amplitude [Cd(f,) in
Fig. 10C]. The same result is observed on the real seismic data
(Fig. 9D, E). Both the seismic records (Fig. 10E) and the values
of peak-to-trough amplitude before and after applying the
transfer function (Fig. 10D) support good correlation of the
seismic record with the synthetic data as well as correct choice
of the model. The high negative values of the transfer function
indicate that the origin of the high amplitudes, observed along

the top of the thick Cenomanian succession, is associated with
the strata overlying it.

The model of the central part of the local Cenomanian Ba-
sin (anomalies no. 4 and 5 in Fig. 3B) is based on data from the
Grobla Wschod 4 and Rajsko 2, 1 and 3 boreholes. It covers the
area of the Rajsko field as well as the area located immediately
to the west of the elevated zone near the Grobla Wschdd 4
borehole (GW4) where no hydrocarbon saturation was as-
sumed (Fig. 11A).

The model assumes the presence of a high-velocity bed
above the top of the Cenomanian which is consistent with the
borehole data (Fig. 4D, E). The synthetic data (Fig. 11B) indi-
cate a clear increase in the amplitude in the reservoir zone. A
smaller increase in the amplitude is also apparent in the area of
borehole GW4. There are no noticeable differences in the
shape of the signal between these two zones. The highest val-
ues of peak-to-trough amplitude Cm are associated with the
reservoir zone (Fig. 11C). In this zone, the transfer function f,
has positive values ranging from the maximum, where the
gas-bearing zone has the largest thickness, to 0 where the
gas-bearing zone has a thickness of 3 m. In the area of borehole
GW4, the function f, has negative values which are close to
zero. In the area of borehole GW4, the peak-to-trough ampli-
tude C virtually does not change when the function is applied.
In the area of the Rajsko reservoir (Fig. 11C, CDP ca. 450 to ca.
900), after applying the transfer function, the peak-to-trough
amplitude Cd(f,) is reduced although the values observed are
still higher than those in the area of borehole GW4 (Fig. 11D).
In structural settings resembling the model presented here, the
thickness of the gas-saturated zone of 4-5 m is the minimum
thickness which allows unambiguous detection of the gas-bear-
ing stratum. Seismic data show very similar records from the
area of the Rajsko field and borehole GW4 (Fig. 11E). Analysis
of the peak-to-trough amplitude plots (Fig. 11C) shows that the
transfer function has positive high values within the area of the
reservoir. As in the case of the anomalous area no. 3 (Fig. 10),
the negative values of transfer function should be linked to the
dominant influence of the geometry of the overlying strata.

EASTERN ZONE

In terms of its structure and stratigraphy, the model of the
Rylowa gas field (Fig. 12A) is the most complex. Here, the
Cenomanian forms a thinning wedge which in relation to the
seismic signal can be classified as an initially “thick” bed grad-
ually changing into a thin bed. The same applies to the saturated
zone. The thickness of the Turonian, which overlies the satu-
rated zone, also changes from 7 m in Rylowa 5 borehole to15 m
in Rylowa 3 borehole. The thicknesses of the overlying Creta-
ceous strata also change depending on the degree of their ero-
sion. In the model, Miocene deposits filling the Szczurowa
palaeovalley, deeply incised in its Cretaceous substratum, seal
the reservoir from the west. The synthetic section shows high
amplitude reflections (Fig. 12B) which are associated both with
the reservoir and the western side of the palaeovalley. The plot
of the peak-to-trough amplitude Cm, associated with reflec-
tions from the top of the Cenomanian, makes the interpretation
easier and more accurate. In this part of the reservoir, where the
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Fig. 10. Criteria for interpretation of the amplitude map for the top of the Cenomanian boundary in the area
of increased thickness of the Turonian based on model data (central part of the Grobla—Rajsko-Rylowa area)

A - seismic-geological model; B — synthetic data rotated by 270° (wiggle traces) and data displaying instantaneous am-
plitude (colour); C — peak-to-trough amplitude plot before (Cm) and after applying the transfer function Cd(f,) for the top
Cenomanian reflector (Crc) based on synthetic data; D — peak-to-trough amplitude plot before (Cm) and after applying
the transfer function Cd(f,) for the top Cenomanian reflector (Crc) based on real data; E — part of seismic section arbitrary
line 1 which corresponds to the seismic-geological model (Fig. 9A) after phase rotation by 270°
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Fig. 11. Criteria for interpretation of the amplitude map for the top of the Cenomanian boundary in the area
of the Rajsko reservoir and in the area of the Grobla Wschéd 4 borehole based on model data
(central part of the Grobla—Rajsko-Rylowa area)

A - seismic-geological model; B — synthetic data rotated by 270° (wiggle traces) and data displaying instantaneous amplitude (col-
our); C — peak-to-trough amplitude plot before (Cm) and after applying the transfer function Cd(f,) for the top Cenomanian reflec-
tor (Crc) based on synthetic data; D — peak-to-trough amplitude plot before (Cm) and after applying the transfer function Cd(f,) for
the top Cenomanian reflector (Crc) based on real data; E — part of seismic section arbitrary line 1 which corresponds to the seis-
mic-geological model (Fig. 10A) after phase rotation by 270°
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Fig. 12. Criteria for interpretation of the amplitude map for the top of the Cenomanian in the area
of the Rylowa reservoir and the Szczurowa palaeovalley based on model data (eastern part
of the Grobla—Rajsko-Rylowa area)

A — seismic-geological model; B — synthetic data rotated by 270° (wiggle traces) and data displaying instantaneous am-
plitude (colour); C — peak-to-trough amplitude plot before (Cm) and after applying the transfer function Cd(f;) for the
top Cenomanian reflector (Crc) based on synthetic data; D — peak-to-trough amplitude plot before (Cm) and after apply-
ing the transfer function Cd(f;) for the top Cenomanian reflector (Crc) based on real data; E — part of seismic section arbi-
trary line 1 which corresponds to the seismic-geological model (Fig. 11A) after phase rotation by 270°
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thickness of the gas-bearing zone is greater than the resolution
of the seismic data, the increase in the amplitude coincides with
the increase of the Turonian thickness. The increase in the am-
plitude Cm in the area of the Rylowa 5 borehole and on the op-
posite side of the palaeovalley can be explained by the tuning
effect due to the palaeovalley incision and the associated sud-
den reduction in thickness of the Cretaceous succession. The
tuning effect, which is a result of interference between the re-
flected signals from the top and bottom of the gas-saturated
zone, is observed in the palaeovalley area and to the east of the
Rylowa 3 borehole where the reflections from the water/gas in-
terface are superimposed on reflections from the top and bot-
tom of the Cenomanian and the top of the Turonian.

The transfer function f; applied to the synthetic data signifi-
cantly lowers the amplitude of signal associated with a thin-bed
reservoir or a thin zone of gas saturation. As a result, the error
in estimating the reservoir boundaries based on the amplitude
strength Cd(fs) is reduced. The results of modelling indicate
that interpretation of seismic data from the area of the Rylowa
reservoir as well as other potential reservoirs of similar struc-
tural character may be difficult because the interpretation crite-
ria have a local character.

Based on the analogy with the results of the model data, it
can be assumed that the high amplitude, observed in zone no. 7
(Fig. 12D, E) and associated with the western margin of the
palaeovalley, is caused by the pinch-out of the high velocity
Turonin and Senonian deposits. Because of this, the interfer-
ence of the event from the base of the Miocene (positive
events) and the top of the Cenomanian (negative event).

The maximum value of the peak-to-trough amplitude in this
zone is significantly lower than in the similar settings on the
other side of the palaeovalley, which is associated with the
Rylowa reservoir (Figs. 3B and 12D, E; anomaly no. 8).

ANALYSIS AND INTERPRETATION MAP
OF THE AMPLITUDE ALONG THE TOP
OF THE CENOMANIAN

The criteria for seismic interpretation, developed using re-
sults of seismic modelling and borehole data, were applied in
analysis of the top of the Cenomanian seismic horizon inter-
preted across the entire 3-D volume. The results of the analy-
sis are shown as four horizon maps. The peak-to-trough am-
plitude map for the top of the Cenomanian (Fig. 13), con-
structed using rotated seismic data, shows an image of anoma-
lous areas which resemble the one shown on the instantaneous
amplitude map (Fig. 3A). Despite applying smoothing filters,
it is associated with a wider dynamic range. An example of
this could be the area of the Rylowa reservoir where the in-
stantaneous amplitude map shows an extensive high-ampli-
tude anomaly which continues from the Rylowa 4 borehole
towards the north-west to the Rylowa 5 borehole. The map of
peak-to-trough amplitude shows that this zone is clearly non-
uniform in terms of amplitude with a clear maximum to the
north-east of the Rylowa 3 borehole. Apart from zones associ-
ated with the strongest anomalies of the Rajsko and Rylowa
fields, there are a number of more or less extensive anomalies
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Peak-to-trough amplitude
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Fig. 13. Peak-to-trough amplitude map Cm for the top of the Cenomanian
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Fig. 14. Map showing the transfer function values f, with the zero-amplitude contour line

with variable strength of the maximum amplitude. Their ori-
gin is revealed by the transfer function f, map (Fig. 14) based
on the total amplitude values (Fig. 6) along the top of the
Cenomanian. Based on the modelling results, the positive f,
values (warm colours) indicate the presence of a boundary
with high positive reflection coefficient ratio within the inter-
ference zone beneath the Crc.

Strong positive anomalies (transition between red and
brown) indicate interference between the reflections from the
top Jurassic reflector and the top of the Cenomanian stratum
where its thickness is less than 25 m. Such conditions are pres-
ent in the zone of the pinch-out of the Cenomanian stratum in
the western and southeastern part of the dataset as well as lo-
cally along the along the axis of Szczurowa palaeovalley. In the
central part of the study area the positive and close-to-zero f,
values (marked yellow) are locally present across limited areas.
These areas usually do not correspond to locally higher
peak-to-trough amplitudes. The only exceptions are the areas
of the Rajsko field and the Grobla Wschod 2 and 3 boreholes.
In the majority of the study area, negative values of the transfer
function (green) are observed, and the values decrease towards
the east. The results of seismic modelling (Fig. 10) and bore-
hole observations (Fig. 4) indicate that this effect is due to an
increase in the thickness of the Turonian or an increase in the
seismic velocity within the bottom part of the Senonian succes-
sion. In this area within the top part of the Cenomanian, only a
gas-saturated zone could be present characterized by a thick-

ness much smaller than the total thickness of the high-velocity
formations overlying the Cenomanian. Where the gas-bearing
zone is thicker, the geometrical relations between the strata
counterbalance each other, and the values of the transfer func-
tion approach zero (Fig. 11B, C). Therefore, areas associated
with transfer function values lower than —1600 (Fig. 14) were
excluded from further analysis (Fig. 15, areas marked grey).
The value of f, = =1600 is present where the thickness of the
gas-bearing zone is about 1 m in the model of the Rajsko field
(Fig. 11A).

The map showing expected amplitude Cd(f,) (Fig. 16) is
the final result of the interpretation procedure carried out. As a
result of applying the transfer function f,, the amplitude anom-
alies in the central part of the study area are reduced or re-
moved. The only exception is the amplitude anomaly associ-
ated with the Rajsko reservoir. In the thinning part of the
Cenomanian succession near Grobla, the level of the maxi-
mum amplitude values is comparable with those from the area
of the “thick” Cenomanian. The level of maximum ampli-
tudes within the pinch-out zone of the Cenomanian in the
Grobla zone more less corresponds to the level of average am-
plitude of the “thick” Cenomanian. It indicates the lack of fea-
sible gas accumulations. This result supports the conclusions
drawn from the analysis of the tuning curve (Fig. 5). Areas as-
sociated with negative values of amplitude indicate an in-
crease in the seismic velocity within the Cenomanian rocks.
This is supported by correlation with areas of higher inverse
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Fig. 15. Reinterpretation of the map showing the transfer function values f, for determination of the boundaries of the area where high
values of peak-to-trough amplitude Cm correspond with the increase in thickness of the Turonian and/or increased velocity
in the bottom part of the Senonian
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Fig. 16. Peak-to-trough amplitude map Cd(f,) for the top of the Cenomanian after removing the tuning effect,
and boundaries of the area determined based on distribution of the transfer function f, (Fig. 14)
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velocity (Marzec, 2009). After the removal of the high ampli-
tude, associated with the interference with the reflections
from the top of the Jurassic, the anomaly in the Rylowa reser-
voir area is more restricted and better corresponds with the
reservoir boundaries (Karnkowski, 1999). It is limited to the
north and south-east by tectonic boundaries, therefore no tun-
ing effect is observed here. Other anomalies, such as those to
the east and north of the Rylowa 2 borehole, were removed.
From the exploration point of view, only the high amplitude
anomaly located to the east of producing borehole Rylowa 6 is
a prospective one. Here, the situation is similar to that in the
Rylowa 3 borehole and the area to the east of it.

CONCLUSIONS

A need arose to develop an interpretative procedure to enable
distinguishing amplitude anomalies related to saturation with gas
from those related to positive signal interference reflected from
thin-bedded strata (tuning zones). The procedure addresses a
significant problem in the seismic interpretation of reservoirs,
because the interpretation is mainly based on analysis of direct
hydrocarbon indicators (DHI), that are mostly derived from am-
plitude anomalies characteristic of gas saturated zones.

The presence of such anomalies at the top of Canomanian
sandstone within the Grobla, Rajsko and Rylowa oil and gas
reservoirs was the reason for undertaking the research. The
proposed method of identification and removing of the effect
of amplitude amplified by interference of top and floor of the
pinching-out bed is based on seismic data rotated by 270 de-
grees. Criteria for interpretation of rotated data were further de-
veloped from seismic modelling, and are established on the dif-
ference carried by peak-to-trough amplitude and total ampli-
tude of the rotated seismic events. This difference allowed def-
inition of the transfer function and, further, for removal of the
effect of amplitude amplification within zones of tuning. The
final product of the procedure developed is a chart showing the
amplitude of seismic events from the top of the Cenomanian

cleared of geometrical amplification related to the tuning phe-
nomenon.

The method, and the criteria defined by modelling, were ap-
plied in analysis of the seismic event from the top of the
Cenomanian provided in the 3-D Grobla-Uscie Solne and
Grobla Wschdd-Rylowa survey and facilitated:

— more reliable contouring of the Rajsko and Rylowa res-

ervoirs;

— extension of the reservoir zone at Rylowa east of the
Rylowa 6 borehole;

— discarding the hypothesis of gas saturation within the
zone of Cenomanian sandstone pinch-out over Jurassic
beds (western and southeastern parts of the study area).
The amplitude variations recorded within this zone are
caused by changes of petrophysical parameters observ-
able along transition from porous sandstone facies into
an less porous and into an almost impermeable con-
glomerate;

— recognition of the non-reservoir origin of amplitude
anomalies recorded across the greater larger part of the
study area e.g.: between the Strzelce Wielkie 1-Grobla
Wschdd 1 and 3-Grobla Wschdéd 4 boreholes, as well as
along the erosional trough of the Szczurowa palaeo-
valley. The anomalies are caused by thickness variations
of high velocity intercalations both in overlying strata
and in the Cenomanian

The interpretative procedure developed is mathematically
uncomplicated and provides surprisingly good results. It tests
utilization of changes of the signal within the tuning zone in re-
moving the anomalies related to geometrical amplification
from the amplitude maps. It can be used directly for reservoir
identification as part of the existing system of seismic interpre-
tation.
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