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Abstract

The Penobscot study area is located offshore Nova Scotia, Canada. There are two
wells, which penetrate the highest potentially commercial bodies in the Abenaki
Formation. In order to investigate the potential for locating additional hydrocarbon
reservoirs, well log data was used and the Penobscot 3D seismic dataset was analyzed
using Constrained Sparse Spike Inversion. From the well log data, low GR and SP
values are an indication of a permeable sand layer, which provides the target zone in
this study. Impedance — porosity crossplots gave the relationship between impedance
and porosity, where a low impedance sand layer is correlated with high porosity. It
was found that the target sand layer has low impedance, a feature recognizable from
the inversion results. The porosity of the whole sand layer calculated by the linear
function from the relationship between impedance and porosity. The calculation of
thickness of this sand layer from maps representing different impedance intervals
provided numeric evidence to show there is a low impedance sand layer in the well
L-30. The pore thickness map results indicate there is greater pore thickness in well
L-30 than B-41. It appears that the company drilled at the optimal location for the
initial (L-30) well, and tested the extent of potential reservoir rock with the second
(B-41) well. The potential reservoir is apparently fairly small, and restricted to the
area around L-30. There may or may not be value in testing another location across a
fault, but the rock behind the fault is likely not as high quality as at L-30 and the high-

quality regions are small in size and not connected.
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1. Introduction

Seismic inversion is a useful tool for exploration and development companies to
investigate potential hydrocarbon reservoir characteristics. There are different types
of inversions algorithms used, but all, when carried to interpretation, make a
transformation from seismic to geological information based on different calculation
methods, well log data, and seismic data (Veeken, & Silva, 2004). For this study, the
Penobscot 3D seismic data set has sufficiently good quality to be used for such an
investigation. This data set covers an area of 86.616 km?, offshore of Nova Scotia,
Canada, including the sites of two wells. Using the seismic data, and well log data,
the Constrained Sparse Spike Inversion (CSSI) was used. CSSI makes use of well
logs and seismic data to invert poststack seismic data into an acoustic impedance cube,

on which an interpretation of geological properties can be based.

This data set has already been studied by the Canada Nova Scotia Offshore Petroleum
Board (CNSOPB) and the Geological Survey of Canada (GSC). Penobscot 3D
seismic data is public domain data, and some other investigators have already
performed different types of inversion on it. Ahmad (2013) used Recursive Inversion
to interpret Penobscot 3D seismic data, with an impedance — porosity crossplot to get
some information about the lithology, and separate sand points from non-reservoir by
gamma ray values in the crossplot. In Sayers paper (2013), the Spectral Inversion
method improved vertical resolution, and increased the resolution of bed thickness.
In the present paper, the inversion method used is CSSI. This paper presents the low

impedance target sand layer quality, using the calculation of the thickness, porosity



and pore thickness of the sand layer and crossplots to compare properties of the whole
sand layer. The purpose of this study was to predict the properties of the whole target

layer, and find good locations for additional well locations.

2. Regional Geology

The Penobscot study area is located in the Scotian Basin, north of Sable Island,
offshore of Nova Scotia. The Scotian Basin covers 300,000 km? along the Nova Scotia
margin. It is subdivided into four sub-basins: Laurentian, Abenaki, Sable, and
Shelburne (Campbell, et al., 2015). The geological history of the Scotian Basin started
in the Middle Triassic Period. When the North American plate separated from the
African plate, after the break-up of Pangaea, it created interconnected rift basins,
including the Scotian Basin. During the Late Jurassic Period the Abenaki Formation
was deposited in the southwestern part of the Scotian Basin (Kidston, et al., 2005).
The Abenaki Formation is the formation being studied here, which is identified on
the stratigraphic column in Figure 2.1. The Abenaki Formation was deposited during
the spreading of the sea floor. In 1976, PetroCanada-Shell drilled two wells, L-30 and
B-41 into the Abenaki Formation. These wells penetrated the formation’s Misaine

and Baccaro members.



3. Data and Method

3.1 Penobscot Seismic Data

Figure 3.1. The base map of the Penobscot 3D seismic data, including two wells
location. The green arbitrary line cross over well L-30 and B-41.

The data used in this project were the Penobscot 3D post-stack seismic data. It
includes a 3D seismic survey, and logs from the two wells, B-41 and L-30, drilled in
1976 by PetroCanada-Shell. The 3D survey is nominally 7.2 km by 12.03 km,
covering an area of 86.6 km?. The total study area map is shown in Figure 3.1. The
study area includes the Inline Ranges 1000 to 1600, Crossline Ranges 1000 to 1481,
and Z ranges 0 to 6000 ms with the sample rate at 4 ms. The well log data includes
density, sonic, gamma ray, spontaneous potential, neutron porosity, and resistivity

logs.



3.2 Method

‘ Geological Characteristics ‘ ‘ Horizons ‘ ‘ Well Log Data ‘ ‘ Seismic Data ‘

| | |
l l
‘ Stratigraphy Analysis ‘

‘ Earth Model ‘ ‘ Wavelet Estimation ‘

Constrained S
onstrainec spare QC Parameters
Spike Inversion

Trace Merging

Inversion Result

Figure 3.2. Inversion workflow for this research.

Acoustic impedance is one of several rock properties. The use of inversion methods
provides the interpreter with rock properties instead of reflection character. This
allows for details of the data’s geological information to be inferred. This study uses
a recursive inversion method, based on sparse impulse deconvolution (Wang & Lu,
2011). Applied to Penobscot 3D seismic data, it includes three main processes: first,
calculate reflection coefficients to get a synthetic seismogram, secondly, work out the
broad band impedance model constrained by well log data, and the low frequency
model will be exported after using a low pass filter, last, the absolute impedance
inversion result is produced after merging the low frequency model and the bandpass
inversion model. This method creates an acoustic impedance cube, which describes
the acoustic impedance of the rocks. This method allows for the recovery of low
frequency information. It transforms seismic data to a pseudo-acoustic impedance log

at every trace. The workflow chart of this method is shown in Figure 3.2. Figure 3.3
4



shows three horizons tracked in this study, tracked horizons cross well L-30 and B-
41shown in section view (Figure 3.4) and map view (Figure 3.5), which are used to

help guide the inversion.

XOeTUST XmE I XCETZRT

Figure 3.3. Section view of seismic data for inline 1079, three horizons tracked in this
study are shown in this section. The blue line is Horizon 1, the green one is Horizon
2, the yellow line stands for Horizon 3.
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Figure 3.4. Tracked three horizons, this is the section view connecting well L-30 and
B-41. Two orange lines identify well locations. Three blue lines present three
horizons used in the study. Original Seismic traces are shown on this section.

From the inversion results, some porosities of the study area will be analyzed, by
calculating porosity of the whole sand layer from the crossplot, which show the
relationship between acoustic impedance and porosity as a linear function, and
calculate out the thickness and pore thickness of a whole sand layer. Results that

provide details will be presented in the following paragraphs.
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Figure 3.5. Three horizons used in this study in map view. The color blue to yellow
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Horizon 2, and Horizon 3.



3.2.1 Synthetic Seismograms

A synthetic seismogram is a basic tool for correlating geological data from well logs
with seismic data. Here Ricker wavelet was first assumed, and the reflection
coefficient series is determined from the sonic and density logs. The synthetic
seismogram is the result of the convolution of the reflection coefficient series and the
wavelet. This is expressed mathematically in Equation 1, where t is time in seconds,
R is the reflection coefficient, W is the wavelet, N is the noise, and S is the synthetic.
Finding suitable reflection coefficients and seismic wavelets are important parameters

for seismic well ties.

S@) =Ww(t) *R(t) + N(¢) (1)
Seismic data is recorded and displayed in time, but log data is in depth. The purpose
of the synthetic seismogram is to obtain a reliable time-depth relationship to use for
comparing log data to seismic data. The synthetic seismograms for wells L-30 and B-
41 are shown in Figures 3.6 and 3.7, using the initial Ricker wavelet with center
frequency 25Hz. Included in these figures are the initial Ricker wavelet, synthetic
seismogram, and the acoustic impedance log. Acoustic impedance (Al) is the product
of the density (p) and the velocity (v) in one layer. Given the same formation in an
adjacent layer one compare the reflection coefficient at the interface. It is expressed

mathematically in Equation 2:

_ AL-AL
T AL+AL

JAL = pv (2)
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Figure 3.6. Well L-30 located in the inline 1177, in this section, the first panel is the
Ricker wavelet, the second panel contains seismic traces near well L-30, and the third
panel contains the synthetic seismogram for well L-30. Two red lines represent wave
crest before “stretch and squeeze” note that they are not aligned. The purple line
shows for the L-30 well location.
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Figure 3.7. Well B-41 located in the inline 1329, in this section, the first panel is the
Ricker wavelet, the second panel contains seismic traces near well B-41, and the third
panel contains the synthetic seismogram for well B-41. Two red lines represent wave
crest before “stretch and squeeze” they are not aligned. The purple line shows for the
B-41 well location.

We can see from Figure 3.6 and 3.7 that the initial well-tie from a simple wavelet is

fairly good, enabling us to proceed to the next step, in which we obtain higher-

resolution wavelets and improved well-ties.
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3.2.2 Wavelet Estimation and Seismic Well Tie

In order to obtain a reliable synthetic seismogram, it is necessary to obtain a correct
time-depth relationship, applying application of a static time shift representing
shallow (unlogged) velocities, then “stretch and squeeze” the synthetic data
(effectively modifying the sonic log to seismic frequencies) to best match the seismic
data near the well. A window of time near the target zone, 1000 ms — 2800 ms, was
chosen for this exercise. Figures 3.8 and 3.9 show the final seismic well tie results
from well L-30 and well B-41 using a non-Ricker wavelet found to obtain the best fit.
These figures are comprised of a total of three panels showing the wavelet (after
wavelet estimation for each well), seismic traces near the wells, and the synthetic
seismogram. The resulting seismic synthetic correlation is 77% and 65% for wells L-
30 and B-41, respectively. However, correlation is not an absolute factor proving the
seismic well tie is correct, but it is a prerequisite for judging whether or not the well

tie is good before the inversion is performed.

The seismic well tie matched the synthetic data to the seismic data, confirming that a
correct time-depth relationship was found after minor adjustments. In Figures 3.6 and
3.7, the seismic traces do not align perfectly between the synthetics and the actual
recorded data, but after a very minor “stretch” they align (Figures 3.8 and 3.9)

perfectly.

11
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wavelet for well L-30 after wavelet estimation, the second panel contains seismic
traces near well L-30, and the third panel contains synthetic seismogram for well L-
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which is the step to find the time — depth relationship, and determine the seismic
welltie for well L-30. The purple line shows for the well L-30 location.
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41. Two red lines represent wave crest after “stretch and squeeze”. They are aligning,
which is the step to find the time — depth relationship, and determine the seismic
welltie for well B-41. The purple line shows the well B-41 location.
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A wavelet represents a match factor link between seismic record and the based model
in the inversion. High precision wavelet extraction is an important factor for inversion,
after modifying the time — depth relation, and I can extract a suitable wavelet for each
well (Wang & Lu, 2011). After the seismic well tie and wavelet estimation of the two
wells were completed, the average wavelet of the two were obtained and used for the
CSSI process. A small difference between these two wavelets permit an assumption

that the average wavelet is reliable as shown in Figure 3.10.
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o

Figure 3.10. Average wavelet after wavelet estimation of wells L-30 and B-41. The
green wavelet is the wavelet for the well L-30 after the wavelet estimation, the red
wavelet is the wavelet for the well B-41 after the wavelet estimation, and the blue one
is the average wavelet.

3.2.3 Inversion

The spectrum of the seismic data, shown in Figure 3.11, shows the frequency range
of the seismic data to lie between 8 Hz and 40 Hz, so building a low frequency model
is a necessary step for inversion to recover the low frequency component, i.e. that
below 8 Hz (Wang & Lu, 2011). There are three steps to building a low frequency
model. The first step is to create a framework based on the horizons previously
tracked. The second step generates a broadband model based on the Al calculated
from well logs, propagated throughout the volume, following the tracked horizons.
Figure 3.12 shows the broadband model section cross the two wells, this section view

14



is different from the inline view and the crossline view, being an arbitrary line
between wells L-30 and B-41 (the green line shown in Figure 3.1). In the final step,
the broadband model is filtered using a low pass filter (8Hz) yielding the low

frequency model (shown later in Figure 3.17 (a)).

[ ——

T 127 e RE RE LD RS Bo
587 iosl 15 G digi Jipd diga Ti 04

8Hz

v

e A

40Hz

v

Figure 3.11. Frequency range of Penobscot 3D seismic data, shown on the arbitrarily
line section view (Figure 3.1), blue colors have higher spectral content than red colors.

After the broadband model is built, the inversion process itself is started. Seismic data,
estimated wavelet, estimated horizons, the trace gate, QC wells, QC time gate, and

QC traces were all inputs for the process.

15
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Figure 3.12. Broadband model of Penobscot 3D seismic data in the arbitrary line,
intersecting the two wells (Figure 3.1).

The most important factor in this inversion process is the testing of sensitive QC
parameters (Figure 3.13): Contrast Misfit P-impedance Uncertainty, Seismic Misfit
Signal to Noise Ratio, Merge Cutoff Frequency, and Wavelet Scale Factor Seismic.
Seismic Misfit Signal to Noise Ratio controls the weight of seismic data; it is used to
constrain the similarity between inversion results and seismic data. If the signal to
noise ratio is high, then the correlation between synthetic and seismic data is also high.
Contrast Misfit P-impedance Uncertainty controls the sparsity of the reflection
coefficient sequence. If it is small, the reflection coefficient sequence is sparser. The
wavelet for inversion is the average wavelet from two wells’ wavelet estimations.
Since the inversion time gate is different from the wavelet estimation time gate, it is

important to set the Wavelet Scale Factor Seismic to a suitable value.
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Figure 3.13. QC parameters setting.

For each iteration process, a test result can be analyzed based on the QC parameter
values chosen. After selecting the optimal values for each QC parameter, initial
results can be generated, showing the initial inversion result in the section view

(Figure 3.14), and in 3D view (Figure 3.15).

The inversion process uses the low frequency model based on log data, combining
that with the seismic-inversion results, because seismic data lacks a low frequency
result, the low frequency result of the impedance inversion is neither stable nor
reliable. The Merge Cutoff Frequency is used to decide the transition between the log-
based low frequency model and the seismic-based inversion result. Choosing a
suitable value for the cutoff frequency is an iterative process. The filters used in this

study, with a transition at 8§ Hz, are shown in Figure 3.16.
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Figure 3.14. Initial inversion result of Penobscot 3D seismic data shown in the
arbitrary line (Figure 3.1(b)) section view.

JASON

Figure 3.15. Initial inversion result of Penobscot 3D seismic data shown in 3D view.
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Amplitude

Figure 3.16. Filters used in this research. The red curve is the low pass filter (§Hz)
for the low frequency model and the light blue curve is the bandpass filter (8-40Hz)
for the initial inversion result, the solid blue color is the spectrum of the Penobscot
seismic data.

The last step is Trace Merging, which merges the low frequency band information
with the seismic bandwidth information. Figure 3.17 shows the low frequency model
after using the low pass filter (§Hz), the inversion result after using the bandpass filter
(8-40Hz), and the final merged result. The 3D view for the final inversion result is
shown in Figure 3.18. The comparison of the merged result (Figure 3.17 (c¢)) with
initial inversion result (Figure 3.14) demonstrates the value of filtering and merging;

the final inversion result is clearer and more reliable.
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Figure 3.17. (a) Low frequency model after using low pass filter. (b) Initial inversion
result after using bandpass filter. (c) Final inversion result after merging (a) and (b).
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4. Seismic Results and Comparison with Log Data

Gamma Ray (GR) logs and Spontaneous Potential (SP) logs are used to identify the
potentially commercial zone at the well locations in this study (Dewan, 1983). Figure
4.1 shows the final inversion result in section view, with GR logs superimposed; there
are depths with low GR values observed in well L-30 and B-41, illustrating the
presence of a sand layer that could contain hydrocarbons. Figure 4.2 shows both the
SP curves and GR curves, and the low values of SP (clean sand) are located at the low
values of GR, suggesting high permeability. For these reasons, the layer of low GR
and SP is identified and chosen as the target layer for this study. The inversion results
show that the acoustic impedance is also low (the yellow region between the two
black lines in Figure 4.1), implying high porosity and/or hydrocarbon content,
suggesting it may have properties of a potentially commercial zone (Wang, et al.,
2006). The next step is to examine the inversion volume to identify regions where
there is a well-developed continuous sand layer worth further exploration; we do this

through identification of low-impedance “bodies” and mapping them.

Body Checking is useful to obtain “bodies” of low impedance. This study limited
body checking to the layer of low impedance identified in Figure 4.1 located between
two black lines. For this purpose, various cutoff values for low impedance were
investigated. The lowest impedance found within the target layer is 7.9x10°
kg/m**m/s. We obtained five relative thickness maps for five different impedance

ranges as detailed in Appendix I.
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Figure 4.2. Low GR and SP values indicate a sand layer. (a) GR, SP, Neutron
Porosity, and impedance curves for the well L-30. (b) GR, SP, Neutron Porosity, and
impedance curves for well B-41. The red square area is the target sand layer.
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These thickness maps show thickness as Two-Way travel Time (TWT). Using
thickness values in time units for the two well positions where both true thickness and
TWT are known, calculations were performed to convert the thickness into depth
units. The average velocity for this sand layer is 3933.5 m/s. Using Equation 3, where
H, is the thickness for the n'" impedance interval map, TWT is the thickness time
(two-way travel time) read from the map, and v is the average velocity (3933.5 m/s),

layer thickness was obtained.

H, = * U 3)
Every thickness map for each time unit gives a result of thickness in depth, all results
for each map are shown in Figure 4.3 below. The five thickness maps, which use the
same color scale, illustrate that the sand layer near well B-41 does not contain the
very lowest impedance values, but the target sand layer near well L-30 shows very

low impedance.

The thickness of low-impedance zones is of interest, but it would be more interesting
to know the total pore volume within this thickness. Because we have well logs we
can calibrate the acoustic impedance to porosity for the sand layer. The relationship
between Acoustic Impedance (Al) and Neutron Porosity are shown in Figure 4.4 as a
crossplot and log presentations for both wells shown in Figure 4.2. The log data of
well L-30 used for the crossplot is between 2698.09 m to 2756.76 m, and the log data
of well B-41 used for the crossplot is between 2696.57 m to 2734.06 m, which only

includes the target sand layer.

24



Thickness depth
(a) - b

10

15

-z

20

x
e sl 17

30

35

40

45

55

Figure 4.3. The thickness map (depth unit) of different impedance ranges, the lower
limit of impedance is 7.9x10° kg/m**m/s, but the upper limit numbers are different:
(a) 8.2x10° kg/m**m/s (b) 8.4x10° kg/m**m/s (c) 8.6x10° kg/m**m/s (d) 8.8x10°
kg/m**m/s (e) 9.0x10° kg/m**m/s. These five maps use one color scale.

From the crossplot, we see the strong clear trend of Al as a function of porosity and
impedance in the sands (yellow points). The line through the yellow points uses a
linear function to describe the relationship between Al and porosity, which is
expressed mathematically in Equation 4:

porosity(@) = 0.508364 — 2.52513 « 1078 x Al 4)
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Figure 4.4. The relationship between impedance and porosity. The log data used in
the crossplot are shown in the red squares (Figure 4.2). The color stands for the GR
values. Square points represent well L-30 log data, and triangle points represent well
B-41 log data. The red line through these yellow points indicates the linear function
of porosity and impedance.
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Figure 4.7. The porosity of the middle of the layer is shown in map view. Two black
points are well locations.
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Porosity of the target sand layer is calculated, the results shown in section view
(Figure 4.5) and 3D view (Figure 4.6). In this sand layer, the yellow part stands for
high porosity. The porosity in the middle of the layer is shown in map view (Figure

4.7).

According to thickness and porosity, another important result, pore thickness, can be
calculated. Figure 4.8 shows pore thickness of the sand layer for different impedance

ranges.
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Figure 4.8. The pore thickness map in meters, calculated based on the five thickness
maps (Figure 4.3) and the porosity map (Figure 4.7). The lower limit of impedance is
7.9%10% kg/m**m/s, but the upper limit numbers are different: (a) 8.2x10° kg/m>**m/s
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kg/m**m/s. These five maps use one color scale.
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S. Discussion
This study applied porosity analysis to the Penobscot seismic data. The methods
integrated well log data, inversion data, an Al — porosity crossplot, and calculating

thickness, porosity, and pore thickness of the target sand layer.

Gamma Ray (GR) log and Spontaneous Potential (SP) log help to identify sands and
carbonates, which is a permeable zone and contains oil and gas. A layer of permeable
sand was identified from the GR and SP logs, and tracked through the seismic volume.
For rock properties identification, inversion is a good technique for geophysicists. In
this study CSSI is used for Penobscot 3D seismic data, and shows the low impedance
layer in yellow, which matches the sand layer found by GR and SP logs. Log data
helps to calibrate the inversion results, and the phenomenon is strong evidence to

indicate the sand layer is a target zone for this study.

The inversion allowed thickness estimates of the highest-porosity (lowest-impedance)
portion of this layer, through the seismic volume. But the thickness maps use the
thickness unit of TWT, which does not directly present the thickness of the sand layer,
so converting to depth is helpful. From five thickness maps, there is low impedance

sand in well L-30.

The relationship between Al and porosity was found from the crossplot (Figure 4.4),
high porosity is a factor to predict that the sand layer is a good place to store oil or
gas. A least—squares fit to the scatter of points in the crossplot was found, calculating
the porosity of the sand layer by the linear function. The location of well L-30 has

higher porosity than well B-41, therefore L-30 is a better location to explore.
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In order to have more information about the sand layer, the pore thickness was
calculated. Porosity and thickness were applied to calculate pore thickness, which
directly presents the potential of the sand layer. A greater pore thickness value in well
L-30, illustrate that there is more pore space to store oil and gas. If a company wants
to do more to verify this reservoir, more wells should be drilled to collect more log
data. Because CSSI results are constrained by wells, more known wells in the study

area give better inversion results.

6. Conclusion

Integrated analysis of the well logs, CSSI inversion result, thickness maps, and the Al
— porosity crossplot, provide identification of a potentially commercial zone. In well
L-30, there is a sand layer from 2698 m to 2756 m, and from 2697m to 2733 m in
well B-41. These layers have low GR and SP values, which match the low impedance
layer from inversion. Based on the inversion result, properties of the whole layer, not
only in these two well locations can be calculated: porosity, thickness, and pore
thickness of the sand layer. These maps show the values of the whole sand layer, using
just two well log datasets. CSSI inversion gives good results in the Penobscot study
area. Geophysicists can learn a great deal about a large area by using inversion

methods.

Thickness maps, porosity maps, and pore thickness maps give a lot of information,
describing in the whole study area. Well L-30 has a thicker sand layer, which has
lower acoustic impedance and higher porosity; as a result of this and the high porosity

here, it has greater pore thickness than at B-41 or other areas in the survey.
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Interpretations based on this research result can give a good indication of potentially
commercial zones. According to the analysis in this research, the sand layer in
location well L-30 of the Penobscot area has lower impedance, higher porosity, and
greater pore thickness, which indicates well L-30 was the appropriate location for the
company to have drilled its first well. Well B-41 was probably drilled to test the
limits of good-quality rock, and apparently found lacking. This implies that the
reservoir-quality rock is limited to areas found to exhibit acoustic impedance values
of 7.9 — 8.2 x 10% kg/m**m/s or 7.9 — 8.4 x 10° kg/m**m/s (for example, see Figures
8.1 and 8.2). There are some similarly valued areas north of the nearby fault, but
these are very limited in extent and do not appear to be worthy of further examination

by drilling.
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8. Appendix I : Thickness Time Map

We obtained five relative thickness maps in time units for five different impedance
ranges. The lower limit of the impedance intervals of all five maps is the lowest
impedance value for the target layer, but the upper limit numbers are different for

each map.
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Figure 8.1. The thickness map (TWT unit) of impedance between 7.9x10° kg/m>**m/s
to 8.2x10° kg/m**m/s. These two well locations are shown as red points.
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Figure 8.2. The thickness map (TWT unit) of impedance between 7.9x10° kg/m>**m/s
to 8.4x10° kg/m**m/s. These two well locations are shown as red points.
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Figure 8.3. The thickness map (TWT unit) of impedance between 7.9x10° kg/m**m/s
to 8.6x10° kg/m**m/s. These two well locations are shown as red points.
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Figure 8.4. The thickness map (TWT unit) of impedance between 7.9x10° kg/m**m/s
to 8.8x10° kg/m**m/s. These two well locations are shown as red points.
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Figure 8.5. The thickness map (TWT unit) of impedance between 7.9x10° kg/m>**m/s
to 9.0x10° kg/m>*m/s. These two well locations are shown as red points.
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