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ABSTRACT

During a geohazards evaluation of an area in deep-water Green Can-

yon, using standard exploration three-dimensional (3-D) seismic

data, different features of significance to drilling operations and the

planning of seabed installations were observed. These features were

indications of seabed slope instability, shallow gas accumulations in

a channel deposit, gas chimneys, faults, and a seabed mound above a

gas chimney. Edge-detection maps were used to highlight slope-

failure scars, faults, the channel, and the seabed mound. Average

absolute-amplitude maps were used to highlight slope-failure scars,

faults, and possible shallow gas accumulations. Possible gas chimneys

were mapped to identify fluid-migration pathways. The mapping

of chimneys was done by the use of a recently developed method

for detection of gas chimneys in 3-D seismic data. The method was

developed to facilitate and increase the consistency in the mapping,

as well as make gas chimneys visible in the map view. The results of

the geohazards assessment were identification of a seabed slope-

failure risk and a risk of overpressured gas in channel deposits.

INTRODUCTION

This study is part of a geohazards assessment for an exploration

well. The planned well location is in 2000 m (6600 ft) of water off

the continental shelf in Green Canyon (Figure 1). The geohazards

assessment is based on exploration three-dimensional (3-D) seis-

mic data. This kind of assessment is done on a routine basis to avoid

drilling problems, such as a gas blowout or subsidence of sediments

in the well, causing loss of equipment and, in the worst case, loss of

the drilling rig and human lives. In this paper, the results of the

3-D seismic interpretation will be presented, as well as a method for
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detection of gas chimneys in 3-D seismic data. Despite

the fact that exploration 3-D data have a much lower

vertical resolution than standard site survey (high-

resolution) data, there is the advantage of having a

much denser seismic line spacing, which enables the

mapping of geological features that are not easily

identified in two-dimensional data.

Within the area of investigation, uplift and faulting

are believed to be caused by a salt dome. Three gener-

ations of slope failures are interpreted from the seismic

data. The causes for the slope instabilities are believed

to be a combination of the salt movement and high

sedimentation rate. In the literature, different causes

for slope instabilities have been proposed, such as uplift

and faulting associated with salt intrusion (e.g., Cashman

and Popenoe, 1985) or fluid escape and gas-hydrate

dissociation (e.g., Quemeneur et al., 1995; Bryn et al.,

1998; McNeill et al., 1998; Twichell and Cooper, 2000;

Hovland et al., 2001).

High-amplitude anomalies are present at the base

of a channel feature, indicating gas-charged deposits.

Other high-amplitude anomalies, which may repre-

sent gas accumulations, are present in the study area,

but were not regarded as hazards for drilling because

either they were below the depth planned for drilling

without a blowout preventer or they were defined as

prospective targets. The upper sediments, normally

from seabed down to between a few hundred meters

and 1400 m (4600 ft), are drilled without a blowout

preventer. This is because the blowout preventer is

designed to fit on the second well casing, which is set

at a depth in the interval mentioned.

The detected gas chimneys are located at faults

near the top of the underlying dome structure. This is

regarded as an indication that these faults are leaking.

On top of a chimney reaching the seabed, a mound is

present. The mound may be a mud volcano or a car-

bonate buildup, both of which can be associated with

Figure 1. Location map.
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the escape of gas. No seabed samples were taken at

this stage of the investigation of the area to support

the interpretation.

METHODS

Exploration 3-D seismic data, covering an area of 5 �
10 km (3 � 6 mi), were used for the mapping of geo-

hazards. The data were acquired and processed using

standard exploration 3-D seismic parameters. The in-

line spacing is 20 m (66 ft), the crossline spacing is 25 m

(82 ft), and the sample rate is 4 ms. Three horizons, the

seabed and two subsurface horizons, were mapped using

a standard seismic interpretation software. To highlight

features of interest, edge-detection and average absolute-

amplitude maps were produced. Edge detection is a

calculation of differences in dip across a horizon and

highlights discontinuities on the horizon. The edge de-

tection was applied on mapped time horizons to high-

light steep dips, indicating escarpments and faults. The

edge-detection values were displayed on top of the

actual time horizon. Average absolute amplitude was

calculated over time intervals parallel with and cen-

tered at the mapped subsurface horizons. The resulting

amplitude values were displayed on top of the time

horizons. The time window used was 40 ms two-way

traveltime (TWT). The amplitude maps were used to

identify amplitude anomalies representative of shallow

gas accumulations, as well as identify faults and slope-

failure scars. Faults and slope-failure scars stand out as

low-amplitude features in the amplitude maps.

Because gas chimneys represent upward migration

of gas, they can be used as indicators of gas charge of

shallow reservoirs. If a gas chimney is identified close to

a high-amplitude anomaly, it indicates a risk of a gas

accumulation in a reservoir represented by the ampli-

tude anomaly. Gas chimneys generally appear as diffuse

columnar features in seismic data, taking various shapes,

which can be very difficult to map manually. To facili-

tate and increase the consistency of the mapping of gas

chimneys, a method has recently been developed for

the detection of such features in 3-D seismic data (Heg-

gland et al., 2000; Meldahl et al., 2001).

The first step in the chimney detection method is

to make use of seismic attributes that enhance chim-

neys. The attributes that make the best contrast be-

tween chimneys and the surroundings are trace-to-trace

similarity, amplitude (or energy), and time dip variance

of seismic reflectors. A neural network (e.g., Steeghs,

1997; de Groot, 1999a, b) is trained by the use of these

attributes at sample locations representing chimneys.

The sample locations are chosen by the interpreter

based on experience from interpreting chimneys. The

neural network is also trained at nonchimney locations

to recognize attribute values that are not representative

of a chimney. A weighting function is applied to the

seismic attributes. During training, the weighting func-

tion is adjusted to optimize the detection. Because chim-

neys appear as columnar disturbances in the seismic

data, the detection process takes advantage of the ver-

tical extents of chimneys using three vertically extended

detection windows. In this way, features with similar

seismic characteristics to chimneys but with minor

vertical extents will be discriminated. The neural net-

work performs this process at every sample location in

the seismic volume. During the detection process, the

network makes a classification of all data points into

chimneys and nonchimneys. If the attribute values in

all three windows are representative of being a chim-

ney, a maximum value is assigned to the center sample

in the middle window. The maximum value means a

high probability that a chimney was detected. Like-

wise, a minimum value, meaning low probability, is

assigned to the center sample if all three windows show

attribute values that are not representative of a chim-

ney. Because there also may be different attribute val-

ues in the three windows, the values in the output cube

will not be limited to minimum and maximum num-

bers, but will have values ranging between minimum

and maximum. The output data volumes are named

chimney cubes.

RESULTS AND DISCUSSION

The potential geohazards identified in the 3-D data

were a risk of seabed slope failure and possible gas-

charged channel deposits. Mapping of gas chimneys

and faults identify vertical fluid-migration pathways.

One of the gas chimneys reaches the seabed and has a

mound located on top of it. The mound is believed to

be a small mud volcano or a carbonate buildup, both

of which are commonly associated with gas escape to

the seabed. Figure 2 shows a seismic section through

the seabed mound. Based on the detection of gas chim-

neys, the mound was found to be located on top of a gas

chimney. Mud volcanoes are commonly associated with

gas escape and can release large amounts of mud and

gas during eruptions (e.g., Guliev, 2003). Alternatively,
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representing a significantly slower process, carbonates

can form mounds at gas-seepage locations (e.g., Hov-

land et al., 1994).

The seabed and two subseabed horizons, A and B,

indicated in Figure 2, were mapped. A slope-failure

scar, which has been interpreted at the seabed, and a

channel exhibiting high amplitudes over a large part

of its base, can be seen in Figure 2. The amplitude

anomalies indicated in Figure 2 represent hydrocarbon

drilling prospects.

Risk of Seabed Slope Failure

Features believed to be slope-failure scars were re-

vealed during mapping of the seabed and the two

subseabed horizons A and B. As indicated on the edge-

detection map of the seabed in Figure 3b, a possible

slope-failure scar is visible in the east middle part of the

area. This is the same slope-failure scar that is indicated

in the seismic section in Figure 2. The edge-detection

map also shows a possible slope failure in the area to the

west, as indicated in Figure 3b.

An edge-detection map of horizon A (Figure 4)

shows two possible slope-failure scars and faults. An

average absolute-amplitude map, using a 40-ms window

centered at horizon A, shows that the possible slope-

failure scars and faults are visible as low-amplitude

(i.e., dark) areas (Figure 5).

Figure 6 shows an edge-detection map of horizon

B, where another slope-failure scar, faults, and a chan-

nel are visible. An average absolute-amplitude map

(Figure 7), using a 40-ms window centered at horizon

B, shows the slope-failure scar and faults as low-amplitude

areas and the channel base as a high-amplitude (light)

feature. The relative positions of the scars on surfaces

A and B (Figure 8) suggest that the failures are prog-

ressing upslope, and that another seabed slope failure

may occur closer to the center of the dome structure.

As mentioned above, the seabed edge-detection map

in Figure 3 shows a possible slope failure in the area to

Figure 2. A 3-D seismic section from
deep-water Green Canyon displaying
the different features of interest in the
geohazards evaluation. At the upper
right, a seabed slope-failure scar can
be seen. High-amplitude anomalies
representing drilling prospects are indi-
cated by arrows. Weak chimneys (see
Figure 10) indicate migration of gas from
the deep to the shallow prospect, as well
as to the seabed, where a mound is present.
A channel exhibits relatively high ampli-
tudes at its base. This is more evident
from the amplitude map in Figure 7. A
salt dome can be seen in the lower sec-
tion. Horizons A and B are indicated by
arrows. Dark is positive amplitude, and light
is negative.
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the west. However, the seismic section in Figure 8,

which goes across this feature, does not show a large scar

at the seabed, like the section in Figure 2 does, in which

case no mass seems to have moved down the slope yet.

Because the two features look very similar on the seabed

edge map, it is believed that there is a slope failure in its

early phase in the area to the west. The position of the

possible slope-failure feature is indicated in Figure 8,

which shows that it is located closer to the center of the

structure than the two previous slope failures at hori-

zons A and B. This supports the hypothesis that a slope

failure has already been initiated. Consequently, the

area downdip of the slope-failure feature is regarded as

not suited for drilling and seabed installations. Similar

interpretations from off mid-Norway have been made

by Bryn et al. (1998) and McNeill et al. (1998).

Gas-Charged Channel Deposits

The channel that was indicated in Figure 2 at horizon B,

is evident from the edge-detection and amplitude maps

in Figures 6 and 7. As mentioned in the introduction,

the channel exhibits high amplitudes over large parts

of its base. The high amplitudes may be caused by gas-

charged deposits in the channel. Faults, visible as low

amplitudes, are present across the channel.

A seismic section along the channel (Figure 9)

shows that the faults have segmented the channel base

into isolated compartments. If the faults and overlying

sediments are impermeable, there is a potential for a

pressure buildup in gas in the channel deposits. The

gas-chimney detection shows no chimneys present at

these faults, which could indicate gas leakage through

the faults and an according pressure release. Drilling

through the channel segments is therefore associated

with a risk of encountering overpressured gas.

Detection of Gas Chimneys

As part of this investigation, gas chimneys were de-

tected to evaluate vertical gas migration and charging

Figure 3. Edge-detection map of the seabed from 3-D seismic data, showing a slope-failure scar and an area with a risk of having a
slope failure: (a) perspective view and (b) map view. A mound visible on the seabed is located above a chimney. Maximum dip is
displayed in black and minimum dip in white.
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Figure 4. Edge-detection map of horizon A, exhibiting slope-failure scars and faults: (a) perspective view and (b) map view.
Maximum dip is displayed in black and minimum dip in white.

Figure 5. Average absolute amplitude over a 40-ms window centered at horizon A. Low-amplitude areas are dark, whereas high
amplitudes are light. Slope-failure scars and faults are visible as low-amplitude areas (dark): (a) perspective view and (b) map view.
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Figure 6. Edge-detection map of horizon B, showing a slope-failure scar, faults, and a channel: (a) perspective view and (b) map
view. Maximum dip is displayed in black and minimum dip in white.

Figure 7. Average absolute amplitude over a 40-ms window centered at horizon B. Low-amplitude areas are dark, whereas high
amplitudes are light. A slope-failure scar and faults are visible as low-amplitude areas (dark). A channel is visible as a high-amplitude
feature (light): (a) perspective view and (b) map view.
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Figure 8. A 3-D seismic section showing the relative positions of slope-failure scars at horizons A and B and the location at the
seabed where a slope-failure risk may be present (see also Figure 3). Dark is positive amplitudes, and light is negative.

Figure 9. A 3-D seismic section
along the channel in Figure 8.
The channel has been segmented
by faults. The slope-failure scar
at the seabed is the same as
can be seen in Figure 2. Dark
is positive amplitudes, and light
is negative.
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of shallow reservoirs (Heggland 1997, 1998). Figure 10

shows a seismic section across the dome with and with-

out detected chimneys displayed on it.

Because of the separation of the data in a chimney

cube into high and low values, the detected chimneys

can easily be visualized by making the surrounding vol-

ume (represented by the low values) transparent. In

Figure 11, the chimney cube is presented in this way

(Heggland et al., 2000). The chimneys (yellow) have

been displayed together with the three mapped horizons,

the seabed (brown), horizon A (green), and horizon B

(blue). High amplitudes (red) from the standard 3-D

data have been displayed in the same manner as the

chimney cube. The high amplitudes outline two pos-

sibly hydrocarbon-charged reservoirs. The salt dome

(white bluish) has been detected using a modified ver-

sion of the chimney detection method and has been

visualized in the same way as the chimneys.

The chimneys indicate upward migration of gas

from the deep to the shallow prospect. Figure 12a and

b show detected chimneys displayed together with the

average absolute-amplitude maps centered at horizons

A and B, where it can be seen that the chimneys line

up with faults. Shallow faults across the highest part of

the structure have gas chimneys associated with them,

which could mean that gas migrates to the seabed. If

gas is present in the shallow reservoir, overpressure is

not expected because the gas is believed to be flowing

through. The presence of gas chimneys at a fault is

believed to be caused by present or previous leakage

through the fault. The gas chimneys can be generated

by gas coming out of solution from water moving up

the fault, in which case the open fault can also be or

have been a migration pathway for free gas as well as

oil.

CONCLUSIONS

The principal geohazards identified in this study were

found to be a risk of slope failure and risk of over-

pressured gas accumulations in a channel deposit. Edge-

detection maps were found to be useful for the study of

the shape of the horizons to identify mounds, depres-

sions, faults, and channels. Average absolute-amplitude

maps were used for the mapping of high-amplitude

Figure 10. Part of the 3-D seismic section in Figure 9, (a) without detected gas chimneys displayed and (b) with detected gas
chimneys displayed.
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anomalies to predict shallow gas accumulations. Aver-

age absolute-amplitude maps were also well suited for

the mapping of faults and slope-failure scars, visible as

low-amplitude features.

Application of a method designed for detection of

chimneys in 3-D seismic data has made it possible to

map chimneys that otherwise would have been very

difficult to identify. The benefits of mapping gas chim-

neys are as follows: they can indicate fluid-migration

pathways and show where gas accumulations are likely

to be present, as they can indicate charging of reservoirs

from a deeper level. Gas chimneys lining up with faults

above a possible reservoir indicated leakage and a

probable pressure release. Absence of chimneys along

faults across a possible gas-charged channel sand may

indicate risk of overpressure.

Figure 11. Three-dimensional
visualization showing mapped
seabed (brown), horizon A
(green) and horizon B (blue).
High amplitudes in red outline
a shallow and a deep prospect.
A salt diapir at the base has
been detected and displayed in
white-bluish color. Detected gas
chimneys are displayed in yel-
low and indicate migration of
gas from the deep prospect to
the shallow prospect and fur-
ther to the seabed.
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