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Abstract

Mapping formation boundaries and generating the distribution of rock and fluid properties are desirable
objectives for reservoir production and further exploration. To achieve the study’s objectives, Rock-physics analyses,
AVO analyses, Elastic Impedance and Extended Elastic Impedance inversion methods were applied for two main
lithologies include sandstone reservoir in Hugin Formation and the potential source rocks - high organic claystone in
Draupne Formation. The study shows that the Near-angle stack seismic data and Far stack seismic data would have
the best image for the Top Draupne organic-rich claystone (classified as AVO class IV) and the Top Hugin sandstone
(classified as AVO class II) respectively. The oil sand within the Hugin Formation and the high organic claystone
within the Draupne Formation were identified by applying the inversion based cross-plot method for the Near and Far
elastic impedance inversions. The Extended elastic impedance inversion method was applied to generate inversions at
specific chi (y) angle to relatively represent Vclay and porosity. Seismic attributes applied for these inversion volumes
at Hugin and Draupne Formation provide the distribution of rock-fluid properties and other geology information such
as depositional environments. In general, the study indicated the most suitable seismic data for mapping formation
boundaries and generated the distribution of rock and fluid properties using seismic inversion methods.

Keywords: AVO Classification, Elastic impedance, Extended elastic impedance, Inversion, Partial-angle
stacked seismic

west of Utsira High and bounded to the west side
by Sleipner Fault - a major boundary fault

1. Introduction

The study area, Volve field is located in

offshore Norway, North Sea. It is in the central
part of the North Sea, about 10 kilometers east
of Sleipner Vest field. The field is a dome-
shaped structure formed by the collapse of
adjacent salt ridges during the Jurassic period
which gave the field the dome-shaped structure
(Szydlik et al., 2007).

The study area is on the Theta Vest structure
within the Sleipner Terrace, in the southern
Viking Graben, an asymmetric half-graben
bounded to the west by the Graben Boundary
Fault zone (GBFZ), located along the northern
arm of the North Sea rift system (Jackson et al.,
2012). The Sleipner Terrane is located to the

(Zadeh et al., 2016) (figure 1).

The aim of this study is to test the usefulness
of angle-stack data in mapping formation
boundaries and generating the distribution of
rock and fluid properties in the sandstone
reservoir - Hugin Formation and the potential
source rock - Draupne Formation. Within the
Volve field, two other interesting lithologies are
Limestone/marls in Shetland Group and Salt in
Zechstein Group (figure 2).
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Figure 1: Location of the Volve field. A. showing the
geological setting and structural elements (modified from
Zadeh et al., 2016). B. The study area — Volve field
located on the footwall of South Viking Half-Graben
(modified from Jackson et al., 2012).
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estimation or exploration/production planning.
Using full-stack seismic data sometimes
encounter difficulties in interpreting horizons
due to abnormal lithology or fluid effects, which
reduce the data resolution, especially within the
sandstone reservoir. Due to the AVO effect,
which means amplitude change with offset
(angle), the same horizon would have higher
resolution and amplitude in the angle stack than
in the full stack seismic data. Thus, selecting
seismic data affect significantly the quality of
interpretation results. Besides, for reservoir
production and further exploration, generating
the distribution of rock and fluid properties are
essential objectives which can be achieved by
applied seismic inversion method.

Therefore, two specific objectives of this
study include selecting the best angle-stack
seismic data for mapping and post-stack volume
for inversion. For the first objective, the rock
physics analysis will be done by using well log
data to determine which elastic properties could
have the best contrast between different
formations, could differentiate between clean
sand and shale or could separate the oil sand
within the main reservoir interval. Thus,
predictions of seismic response based on rock-
physics analysis can be made and these
predictions will be cross-checked by AVO
analysis. The best seismic data for each
formation will be selected. The result of the rock
physics step will be used for the post-stack
inversion. The objective of this step is to invert
the seismic reflectivity data into impedance
volume by using an integration of well log and
seismic data. Two methods include Elastic
Impedance inversion and Extended Elastic
Impedance Inversion were applied. Using
inversion base cross-plot methods and surface
attribute of inversions volume, distribution
maps of rock and fluid properties will be
generated.

2. Methodology
2.1 Rock-physics and AVO analysis

The relationship between petrophysical data
and elastic properties were established by
analyzing Rock physics of the formation. By
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using well log data including P-wave velocity
(Vp), S-wave velocity Vs and Density — p, the
acoustic impedance and near/far—angle elastic
impedance were computed by using the
following formulas:

- Acoustic Impedance (Aki and Richards,
1980):

Al = p*Vp (1)
- Reflection coefficient (normal incidence) :
A2 - All @)

T AIZ + Al
- Elastic Impedance at specific angle o

(Connolly, 1999):

El(e) = Vp? VsP p¢ (3)
Where,

a =1+ tan?(e),b = —8Ksin?(e),c =1 —

2

4Ksin?(e), K = % , p: Density; Vp: P-wave
velocity; Vs: S-wave velocity, All and AI2:
Acoustic impedance of upper and lower
layer respectively.

Well base cross plot analysis for lithology
and fluid determination were generated to
predict seismic response at interested formation
boundaries.

Using offset gather seismic data, AVO
analysis was applied to cross-check these
predictions. According to Amplitude versus
Offset (AVO) classification after Rutherford
and Williams (1989), extended by Castagna and
Smith (1994), and Ross and Kinman (1995),
four classes of AVO can be recognized (figure
3). Therefore, we can determine which angle-
stack seismic data is better for mapping the
interested formation horizons.
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Figure 3: AVO Classification on Cross-plot of A. The
intercept versus gradient, B. Reflection coefficient vs.
Angle of incidence (CGG, 2019).

Bulletin of Earth Sciences of Thailand

2.2 Elastic impedance inversion

Elastic properties are the link between the
geology information (well log data) and
geophysics information (seismic reflectivity
data). The reflectivity data can be calculated
from the elastic properties using Shuey’s
equation (Shuey, 1985):

R(e) = R(0) + Gsin?(e)+ Ftan?(e) sin?(e) (4)

Where,
__ 1Avp  2vs? (ZAVS Ap)
T2 Vp Vsz \ Vs p/’
1AVp
2 vp’
1(AVp . A
R(0) =3 (32 +2).
2\vp  p

Ate=0°, R(e) = R(0) which is the Acoustic
impedance, combination of P-wave velocity Vp
and density p.

In the other way, the Elastic Impedance can
be generated from Seismic reflectivity data
using Inversion method. This technique requires
an initial low-frequency model of elastic
impedance computed from the well log data.
From the low-frequency model, the seismic
reflectivity data was inverted into elastic
impedance volume.

The inversion results were QC by blind well
test method. The rock-physics results from well-
based cross-plots were applied for Inversion-
based cross-plots for lithology and fluid
determination.

2.3 Extended elastic impedance inversion

Although Elastic impedance inversion is a
very useful method, it still has some limitation
includes restriction of incident angle (o) and for
different angles (o), the dimensionality varies
and the numerical results do not scale correctly
(Whitcombe, 2002). To overcome these
difficulties, the extended elastic impedance
concept was introduced by Whitcombe et al.
(2002). The angle range was extended from e =
(0° to 30°) to x = (-90° to +90°). The Extended
Elastic Impedance equation for specific chi (y)
angle (Whitcombe, et al., 2002):
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|4 c0S y+sin Vi —8ksin cos y—4ksin (5)
EE1<1)=Vmp{(V—P)( s A

PO 50 £o

EEI(y)= AI**GI*™*
() (6)

Where,
X: project angle
Vp?
T Vs?
Vro, Vso and po: Normalization constants of

P-wave velocity, S-wave velocity and
density; Al & GI: Intercept and Gradient

From the well data, the EEI was computed
from Vp, Vs and p with chi (y) angle ranges
from -90° to 90°. The results were cross
correlated with @, Vsh & Sw to optimize the
best chi (y) angles for those properties. The EEI
Reflectivity volumes at best chi (y) angles were
generated from Al as GI. Inversion of these
volumes could relatively represent rock
properties: @, Vsh, Sw. Surface attribute
method was applied to inversion results to
generate the relative lithology and fluid
properties distribution.
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3. RESULTS AND INTERPRETATION
3.1 Rock-physics

The well log, impedance properties and
seismic response prediction of these formation
boundaries were summarized in figure 4 and
table 1.

In general, due to the high contrast in
Density and Sonic values, Top of Limestone on
Shetland Group and Salt in Zechstein Group
have high contrast on both Al, Near and Far EI.
They would be high positive amplitude
reflectors (peak) on all seismic data and their
amplitude would decrease with angle (the near-
angle stack data have higher amplitude than the
far one).

The Top Draupne Formation in the Near EI
has the best contrast at the boundaries while the
Far EI has the best contrast at the boundaries of
the Hugin sandstone. Therefore, the near stack
seismic data and far stack seismic data would
have the best image for the Top Draupne
organic-rich claystone and the Hugin sandstone
respectively.
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Figure 4: Depth (x-axis) vs. Al & Near/Far EI (y-axis) against clay volume (Vclay) in A. Shetland Limestone and Top
Draupne high organic claystone; B. Oil sand in Hugin Formation; C. Wet sand in Hugin Formation; D. Salt formation -

Zechstein Group.
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Table 1: Well logs and Acoustic/Elastic Impedance at Formation boundaries

Well log Acoustic ET:;:li‘c Far Elastic Seismic Resbonse
Formation signatures at the | Impedance Impedance sesp
Impedance Prediction
top (AD) (ED
(ED
Limestone/marl | Increase: Density Strqgg Str(??g Meflt{um High positive amplitude
- Shetland Decrease: GR, DT, positive positive positive reflector on all seismic data,
Grou; Neutron contrast. contrast. contrast. and decreases with angle
P R=0.12 R=0.14 R =0.08 ge-

High organic . Very strong | Very strong | Medium High negative amplitude
claystone gleclr;raosz’ GR, DT, negative negative negative reflector (trough) on Near
-Top Draupne Decrease: Densi contrast. contrast. contrast. stack data. Lower amplitude
Formation ’ ty R=-0.20 R=-0.20 R =-0.08 trough on Far stack data.
Oil Reservoir Increase: Resistivit Weak Weak Strong Low negative amplitude
sandstone Decreasé' GR. DT Y negative negative negative reflector on Near stack data.
-Hugin Densit "7 77 | contrast. contrast. contrast. Stronger negative amplitude
Formation enstty R=-0.05 R=-0.05 R=-0.11 reflector on Far stack data.

Very low negative
Wet Reservoir Increase: N/A gga(l): very i\lv(e)a(llr very Moderate amplitude or Zero crossing
sandstone ) . . negative on Near stack data.

. Decrease: GR, DT, | negative negative .
- Hugin . contrast. Moderate-Weak  negative
. Density contrast. contrast. _ .
Formation _ _ R =-0.08 amplitude reflector on Far
R=-0.02 R=-0.03

stack data.
Salt formation Increase: Densit Very strong | Very strong | Very strong | High positive amplitude
~ Zechstein & Resis £ivi t Y positive positive positive reflector on all seismic data.
Grou Decrease: G}Ill & DT contrast. contrast. contrast. Amplitude decreases with

P ecreasc: R = 0.40 R = 0.40 R=0.27 angle.
3.2 AVO analysis

The above prediction was tested by doing
seismic well-tie and AVO analysis. The results
show that all predictions are a good match with
the actual seismic response. In general, the top
of Limestone/marl formation-Shetland Group
and Salt formation- Zechstein Group are high
positive amplitude reflectors (peak) on all
seismic data and classified as AVO Class I.

The top of organic-rich claystone in Top
Draupne is negative amplitude reflector (trough)
and the reflector in the near stack data have
higher amplitude and continuity than those in
the far stack, which is AVO Class IV. The Hugin
sandstone formation top was imaged as a trough
(negative) and when compared to near stack
data, the reflector in the far stack data have
higher amplitude and continuity, which is AVO
class II (figure 5 and 6).

Organic
claystone

contact

Figure 5: Seismic synthetics and actual near/far stack
seismic data along the Oil well 15/9-F1B (Top) and Wet
well 15/9-F1A (Bottom).
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Figure 6: AVO Analysis results for A. Top Limestone —
Shetland Group, B. Top high organic claystone — Draupne
Formation, C. Top reservoir sandstone -Hugin Formation,
D. Top Salt formation — Zechstein Group.

3.3 Elastic impedance inversion

Five important steps in post-stack inversion
include Wavelet extraction, Seismic-well tie,
Low frequency modeling, Inversion analysis
and Inversion generation. Wavelets were
extracted statistically using both seismic and
well data. By using these wavelets, the seismic
synthetic of each well was generated and the
seismic-well ties were done to calibrate
checkshot data and correlate all wells. The
correlation coefficients of each well are
generally good since they range from 0.7 to 0.9.
Since the seismic is band-limited, low frequency
information (0-5 Hz) information is missing.
Therefore, low frequency model generated from
well log data is very important for the inversion
study. Four main horizons were used for
modeling include Top Shetland Group, Top
Draupne Formation, Top Hugin Formation, Top
Sleipner formation (Hugin Base). Two models
using near and far elastic impedance from well
data were generated for near and far elastic
impedance inversion. Inversion Analysis was
done to test the inversion parameters before
actual application by calculating the correlation
coefficient between the inversion elastic
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impedance against the computed one from well
data. The analysis shows that at all wells, the
correlation coefficient is generally good since it
ranges from 0.8 to 0.9. A blind-well test was
applied to show the quality of inversion results.
Since the colored inversion showed better
results in all area when comparing to the model-
based inversion, the colored inversion method
was chosen for further application. The results
of Near and Far elastic impedance inversion
generated by the colored inversion method were
shown in figure 7.

- _Far Elastic Impeda n.c..e_lm;a:sion,.(gmls)jig[gq‘cl)w

Draupne Fm _

j‘t‘—,: Base Hugi

F1172 i

Figure 7: Elastic inversion results. A. Far Elastic
Impedance Inversion; B. Near Elastic Impedance
Inversion (blind well test at FIB — Display on Xline
10211).

On well log data, by cross plotting the
computed Near EI and Far EI (as x-y axis)
against Water saturation or Vclay (as color), the
oil zone can be identified from the wet zone and
high organic zone can be identified from other
zones. Polygons that defined oil zone and high
organic zone on well-log cross-plot were
applied on the inversion cross-plot between
Near and Far EI inversion. The display of the
zones on seismic for the data within the
polygons can be used to predict the distribution
of oil sand in the Hugin formation and source
rock — high organic claystone in the Draupne
formation (figure 8).
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G

Bulletin of Earth Sciences of Thailand

‘Comelaton betiween torget snd =1 arves - Velay

1
Correlation

* Avg. correlation = 0.8
s Optimal chi (x) = 51°

E 5388 388m
st oo oo

Correlton between trget and EE1 axves -Porosty

3 T = Correlation o Sw and EEl + Optimal chi (x) = 24°
between 74 7§ between an]
i Vclay and EEI i @ and EEI SR | R —

Avg. correlation =

s E Optimal chi (x) = 6°
01 Thehigherthe 5 ol The higher the
& m_apedance —the o impedance — the

: higher the Vclay lower the Porosity

Coreaton between target and 1 curves - Witer Sauraton

.4 Correlation between + Avg. correlation = 0.4

-0.85

TP A

VA
N
O

Coefficient
t o

N
.

~—

Low correl
wide range
angle

5 8 5 s b
B8 a3 & B

TrerT

15/5-198T2 (nax 0698253 @65 deg) ISP
LS/SFIA (nak 0837727 ©90deg) I

55+
{x=435053.55m, y=6478560.36m) Elevation: kb=54.9m, surface=0m, SRD: Om (same as surface)

SIS
(x=435054.47m, y=6478555. 71m) Elevation: kb=54.9m, surface =0m, SRD: Om (same as surfad

EEI_Poro_6Chi_Run01

[rvo (m) [ P-Impedance_trans EEI_Vdlay_ChiS1_Run01 vd 15000 Tt 200 Do o inmeadunOl wd
ffrom 15000 (m/s)*(g/cc] 16000 6000 (m/fs) 15000 o dec 2.5
[ i | | E*‘ ‘ ‘ ‘ :%(M) p t:;:;r 04 D r‘l[:c X
2060 | | T Al EEI|(519) Vclay Porpsity
1 EEI (67)
3
<l —2 _:E'
i i il ==
1l [ ’ Py 2960 |
2980 - I \ g ;F
i Z
< s <
= =20 £ i
iy k
3000 | ||| TEE ‘
pe
3000
A = Pas
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Using the same method in the elastic
impedance inversion, the EEI inversion at chi
() angles 51° and 6° were then generated. Since
the correlation coefficient between EEI
Inversion at ¥y=51° and Vclay is 0.8 (high
positive value), the higher the amplitude of the
inversion the higher the Vclay value. In a
reverse way, since the correlation coefficient
between EEI Inversion at y=6° and Vclay is -
0.85 (high negative value), the higher the
amplitude of the inversion the lower the porosity
value. The RMS surface attribute was applied to
the inversion volume to generate the distribution
map of Vclay and O at interested zones.

Since this method does not give the absolute
value of Vclay or porosity, these attribute maps
only relatively represent the distribution of
Vclay or porosity. Results were combined in
figure 10 and 11, property values at each well

were plotted on the same attribute map as a
crosscheck.

On figure 10 — The Hugin Formation, the red
polygon defines the oil zone within the high
structures, where most wells are located. The
relative porosity map (figure 10C) show that the
porosity increases toward the Southeast. The
relative Vclay map (figure 10D) shows that
Vclay decreases toward the Southeast. Since the
Hugin Formation was deposited in a mouth-bar
setting — shallow marine environment (Statoil,
1993), the porosity and Vclay trend would
indicate that the clastic material was carried and
deposited from the Southeast (High porosity —
low Vclay) to the Northwest (Low porosity —
High Vclay). Within the oil zone, the eastern
side with greater thickness, higher porosity and
lower Vclay value is a good place for further
production. There is a possible structure toward
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the Southeast with low Vclay and high porosity.
However, due to limited data, the possibility is
unclear.

On figure 11 — The Draupne Formation, the
relative Vclay map shows the distribution of the
high organic claystone — source rock. The high
organic claystone is not equally distributed
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across the area. It is thinner in the high structure
area and become thicker in the low structure
area. Since this formation was deposited in a
marine environment with restricted bottom
circulation (Statoil, 1993), the pre-existing
structure may have affected significantly the
Vclay distribution.
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Figure 10: Relative Vclay and Porosity distribution map of Hugin Formation. A. Depth structural map , B. Isochore
(thickness) map — The hotter the color (red-yellow), the greater the thickness, C. EEI Inversion (y=6°) surface attribute
map — relative porosity distribution map (The hotter the color — yellow and red, the lower the EEI, the higher the
porosity), D. EEI Inversion (y=51°) surface attribute map — relative Vclay distribution map (The hotter the color, the
lower the EEI, the lower the Vclay). The red and blue polygon define the oil zone and the potential structure respectively.
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4. Regional application discussion

Besides the study results, there are some
interesting points that need to be considered
before applying this study method to other areas.

e Rock-physics study can predict correctly
how seismic would respond at formation
boundaries. In the study area, two conditions
that support this method are the great thickness
of each formation and the great differences of
elastic properties (density and velocity) between
two adjacent formations. In this case, the study
lithology consists of a thick layer of Carbonate,
Organic claystone, Stack sandstone and Salt.
This method may not be useful for areas with
thin reservoirs (lower than the seismic
resolution) or interbedded formations.
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Figure 11: Relative Vclay distribution map of Draupne
Formation. A. Depth structural map, B. Isochore
(thickness) map — The hotter the color (red-yellow), the
greater the thickness; C. EEI Inversion (y=51°) surface
attribute map — relative Vclay distribution map (The
purple color represents higher EEI, and therefore higher
Vclay values- source beds).

e The inversion study included a blind
well test. All wells in the study area are located
within the small oil production area (7 km?), and
all wells are close to each other with distances
between wells range from 300 to 1000 meter.
This could be a reason for good blind-test
results. Since there are no available wells
outside the production area to be tested, the
result is questionable outside the production
area.

e This study shows that Extended elastic
impedance inversion method can relatively
represent Vclay and porosity. However, this
method wasn’t useful for Water saturation. The
oil in the study area is medium oil with a specific
gravity at 15° between 0.88-0.9 g/cc (ResLab,
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2008 and Statoil, 1997). This oil specific gravity
is close to water specific gravity (1 g/cc). This
makes the acoustic impedance of wet sand close
to the oil sand, so this method cannot
differentiate oil sand from wet sand effectively.

e In Cuulong basin (Vietnam), the
sandstone reservoirs in the Lower Miocene is at
the same depth with the Hugin Formation in the
study area (2700-3000 meters) with the similar
porosity (0.15-0.25). However, the Cuulong
reservoirs are interbedded sandstone, with a
total net reservoir that can achieve 100 meters
but the net sand reservoir thickness is smaller
than 10 meters. This characteristic is
significantly different from Hugin Formation
with thick stack sandstone, deposited in a
mouth-bar  setting -  shallow  marine
environment. Interbedded sand with thin layers
(lower than seismic resolution) could create the
thin-bed tuning effect which harms real signal
amplitude. Since our inversion method quality
depended significantly on seismic amplitude,
the Cuulong basin reservoir must account for the
thin-bed tuning problem before applying the
method. The Oligocene source rock in Cuulong
basin and the source rock in Draupne Formation
have similar lithology (high organic claystone)
with a great thickness. Therefore, the study
method can be applied to map the distribution of
source bed in Cuulong basin.

5. Conclusions

The study in Volve Field, Offshore Norway,
North Sea was completed using rock physics
analysis, AVO analysis, elastic and extended
elastic impedance inversion. The main study
objective was mapping the distribution of
reservoir and hydrocarbon in the Hugin
Formation. Another objective was mapping the
distribution of the potential source rock in
Draupne Formation. The conclusions are
summarized below:

e From the well-logs and rock-physics
analysis, Top of Limestone in Shetland Group
and Salt in Zechstein Group have high contrast
on both Near and Far Elastic Impedance (EI).
The Top Draupne Formation in the Near EI has
the best contrast at the boundaries while the Far
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EI has the best contrast at the boundaries of the
Hugin sandstone.

e The AVO analysis showed that the
seismic responses predicted from rock-physics
analysis match with the seismic data. The top of
Limestone in Shetland Group and Salt
formation- Zechstein Group are high positive
amplitude reflectors (peak) with AVO Type 1.
The top of organic-rich claystone in Top
Draupne is a negative amplitude reflector
(trough) with AVO type IV. The Hugin
sandstone formation top was imaged as a
negative amplitude reflector (trough) with AVO
type II.

e The Near and Far Elastic Impedance
Post-Stack Inversions were completed on the
Hugin Formation (reservoir) and the Draupne
Formation (source rock). Cross-plots between
Near EI and Far El inversion were generated and
analyzed to identify the oil sand zone within
Hugin Formation and the high organic claystone
within the Draupne Formation.

e The extended elastic impedance (EEI)
inversion method was applied to represent the
rock and fluid properties (Vclay, Porosity and
water saturation). The result showed that the
EEI inversion (¥=51°) and EEI inversion (y=6°)
respectively can relatively represent the Vclay
and porosity. The higher the amplitude of the
EEI (x=51°) inversion the higher the Vclay and
the higher the amplitude of the EEI (3=6°)
inversion the lower the porosity value.
However, this method cannot represent the
water saturation since the specific gravity of oil
is quite close to that of water. Distribution maps
of Vclay and porosity can be generated by
surface attribute of the inversion volumes.
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