Downloaded 08/12/21 to 68.97.118.233. Redistribution subject to SEG license or copyright; see Terms of Use at http:/library.seg.org/page/policies/terms

DOI:10.1190/INT-2020-0037.1

Funny-looking things: Interesting features seen on seismic data

Seismic geomorphology anomalies within a Pliocene deepwater channel
complex in the Taranaki Basin, offshore New Zealand

Julian Chenin', Clayton Silver', and Heather Bedle'

Abstract

The Taranaki Basin, located offshore New Zealand, is a
Cretaceous rift basin that has well defined yet complex
Miocene deepwater sedimentary systems. We analyze a
pronounced anomalous seismic response in a Late Mio-
cene to Early Pliocene deepwater channel within the
2005 Hector 3D survey located in the southern Taranaki
Basin. Several seismic attributes were calculated to inter-
pret the extent of these anomalous features. Analogues
within both the Iron River reservoir in Albania, Canada
and the East Breaks Basin Four, offshore Gulf of Mexico
suggest that these anomalous seismic features are most
likely channel-body basal scours. Another interpretation
suggests that these scours were formed and later
filled by mass transport deposits (MTDs) with sediment
ponding as suggested from some studies within the
Molasse Basin in southern Germany. Alternatively, these
scours could also be interpreted as pockmarks resulting
from channel abandonment and fluid escape due to com-
paction. Others describe this process within submarine
canyon systems, offshore Equatorial Guinea. However,
there is compelling evidence to suggest that these features
are most likely channel-body basal scours rather than
being related to MTDs or pockmarks. Within all of the in-
terpretations, there is evidence of differential compaction,
which is further supported by the reflectors displaying a
slight doming immediately above where the scours are lo-
cated.

Geologic summary

The Taranaki Basin is a long-lived basin located
offshore New Zealand, formed initially by Cretaceous
rifting, and it contains world-class Middle Miocene
progradational clinoforms and deepwater sedimentary
systems. Basin subsidence took place through the Oligo-
cene and Early Miocene as a result of the Pacific Plate
subducting below the Australian Plate (Kroeger et al.,
2019). Uplift associated with plate subduction and the
formation of current tectonic plate boundaries led to a
shelf-to-slope progradation of the continental shelf dur-
ing the Middle Miocene (King and Thrasher, 1996; Vonk
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and Kamp, 2008; Bull et al., 2019; Strogen et al., 2019).
The progradation was modified by fourth-order relative
sea-level fluctuations, which resulted in these processes
that led to the formation of a deepwater channel
complex. These deposits belong to the older Moki
(16.7-15.1 Ma), Waiauan (or Sw-sands) (13-11 Ma),
Mount Messenger (10.4-8.2 Ma) Formations and the
younger Urenui (10.4-8.2 Ma), the Mount Messenger For-
mation being the interval of interest in this study (Han-
sen and Kamp, 2002; Rotzien et al., 2014). The Mount
Messenger and Urenui Formations were deposited over
a period of 2.2 Ma from 10.4 to 8.2 Ma and are best
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developed onshore, in the northeastern region of the
Taranaki Basin, where it is approximately 900 m thick
(King and Thrasher, 1996; Rotzien et al., 2014). Outcrop
studies are mainly onshore and divide the Mount Mes-
senger Formation into two parts: The lower portion of
the formation is characterized by thick packages of fine-
to very fine-grained sandstone, with some volcaniclastic
beds, thick mudstone packages, and mass-transport de-
posits (MTDs); the upper portion of the formation con-
tains thick- to thin-bedded, sand-rich turbidites and thick
packages of muddy turbidites that are thinly bedded
(King et al., 1994; King and Thrasher, 1996; Rotzien,
2013; Rotzien et al., 2014). The Upper Mount Messenger
Formation has been interpreted as a slope fan with chan-
nel, levee, lobe, and overbank environments (King and
Thrasher, 1996; King and Browne, 2001; Rotzien et al.,
2014). The slope fans were deposited near the base of

a prograding continental shelf in bathyal water depths
with a significant amount of clastic input (Rotzien et al.,
2014). The Mount Messenger Formation is capped by a
mudstone-dominated unit in a slope environment with
incised channel complexes known as the Urenui Forma-
tion (King and Thrasher, 1996; Hansen and Kamp, 2002;
Rotzien et al., 2014).

This paper focuses on one deepwater channel
among many others, which shows pronounced scour-
like morphologies that have not yet been documented
within the Upper Mount Messenger Formation in the
Hector 3D survey (Figure la and 1b; acquired in
2005) located in the southern Taranaki Basin. This Late
Miocene to Early Pliocene channel is located within
the lower slope to the base of the slope depositional
environment (Figure 1a and 1b) (Bull et al., 2019; Stro-
gen et al., 2019). Seismic attributes were calculated and

interpreted to map the extent of these
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scour-like features. Improving the geo-
logic understanding of the scours
and possible distribution of associated
reservoir-quality sandstones and com-
partmentalization will have important
applications for the exploration and pro-
duction of hydrocarbons (King and
Browne, 2001; Rotzien et al., 2014).
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Figure 1. Paleogeographic maps modified from Bull et al. (2019) for (a) the Mio-
cene and (b) the Pliocene of central Zealandia with available data. The Hector 3D
data set is shown in magenta, whereas the Kiwa-1 and Hector-1 wells are shown
by the green and orange stars, respectively. AC, axial channel; WCB, West Coast
Basin; and MB, Murchison Basin (modified from Bull et al., 2019).
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deep (roughly 42 m using an average in-
terval velocity of 2850 m/s). The inter-
preted base of these depressions is a
strong seismic reflector, which suggests

a high impedance contrast to the under-
lying sediments, which may reflect a
lithologic boundary (Figure 2¢ and 2d).
However, no abrupt change in lithology
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is observed within the Kiwa-1 gamma-ray log response,
which shows mainly a mixture of shale and sand. It is
also important to note that the Kiwa-1 did not penetrate
the infill of the observed isolated depressions and there-
fore may not be representative (Figure 2c¢). Additionally,
the acoustic impedance values are lower comparable to
the base of the isolated depressions (Figure 2b).

Attribute analysis
Several attributes, such as variance, gray-level cooc-
currence matrix (GLCM) average energy, curvature,
and spectral decomposition, were generated to further
explore the architecture and infill of the anomalous
depressions. Variance, curvature, and GLCM average
energy were extracted on the interpreted base of the de-
pressions shown in (Figure 3a-3e).
Variance, a geometric attribute, was gen- a)

dominant frequency response of 13 Hz. However, the in-
fills of these isolated depressions are yellow compared to
the red color of the rims and the infills of the other chan-
nels, showing a dominant frequency response of 25 Hz.
The different frequency response suggests that there is
some slightly heterogeneous infill compared to the other
channels (shown by the black arrows in Figure 3f). The
spectral decomposition was also helpful in highlighting
the boundaries of the channel and extent of the de-
pressions.

Proposed interpretation

The studied channel is very straight, which is
unusual, but it does fit within the setting of very high
sedimentation with rapid slope progradation (Baur

erated to reveal the discontinuities cre-
ated by the depressions within the
channel body. This attribute was also
helpful in identifying the edges of the
channel in which the depressions were
formed (Figure 3b). Curvature is a mea-
sure of the bends and breaks of seismic
reflectors. A positive curvature repre-
sents a positive structure (such as an an-
ticline or channel levees), whereas a
negative curvature represents a negative ©

structure (such as a syncline or channel
bodies) (Chopra and Marfurt, 2007). The
most-positive (kl) and most-negative
(k2) curvatures were calculated to better
characterize the channel’s geometry.
These two attributes were helpful for
visualizing the channel axes and levees
(shown in Figure 3c and 3d). GLCM aver-
age energy measures the change in am-
plitudes and is a statistically calculated,
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plitude change is further supported by
the extracted amplitude value on the in-
terpreted base of the scours (Figure 3a).
Spectral decomposition data were gener-
ated using the Fourier transform (Peyton
et al, 1998), using 13, 37, and 62 Hz
(based on the power spectrum in the
studied interval), and an RGB color
blend was used for visualization (shown
in Figure 3f). The tuning thickness of the
isolated depression rims is similar within

the channel-like incisions, sharing a  and mud.
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Figure 2. (a) Amplitude extracted onto the interpreted base of the channel-
body basal scours highlighting the numerous incised channels (the yellow ar-
rows) within the shown portion of the interval in the southwestern portion of
the Hector 3D survey and (b) A magnification of the red box shown in panel
(a) to further highlight the anomalous amplitude pattern. Arbitrary lines were
taken (c) along the dip and (d) along the strike of the basal scours. The inter-
preted base of the basal scours is shown by the black horizon in panels (c and d).
The black arrows in (c and d) indicate areas of differential compaction. The
Kiwa-1 well was tied to the seismic data set, and it revealed that the basal scours
are present within the Upper Mount Messenger Formation. The gamma-ray log
displayed on the section shows that the interval is composed of a mixture of sand
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et al.,, 2011; Bull et al., 2019). The undulations at the
base of the channel are interpreted as channel scours
in the study interval and increase in size basinward (Fig-
ure 2a-2d). This increase in size may suggest that the
undulations become more erosive downslope as they
gain momentum. These scours formed in a deepwater
setting most likely resulting from turbulent flows that
eroded the base of the channel (Salter, 1993; Gibling,
2006; Snedden, 2013). Scours are formed by the process
of turbulent erosion and are part of the erosional proc-
esses that form incised river valleys and deepwater can-
yons (Snedden, 2013). In addition, scours can form within
the channel body or at the mouth of the channel (Gibling,
2006; Snedden, 2013). Scours vary significantly within

a) b)

deepwater settings and can appear as isolated or amalga-
mated erosional features with complex infill (Snedden,
2013). Lithology does not appear to have significant con-
trol on the location and size of these scours because there
are no changes in acoustic impedance within the under-
lying sediment that has been eroded away (Figure 2c and
2d). There also appears to be some evidence for differen-
tial compaction where the scours are located. This is fur-
ther supported by the reflectors displaying a slight
doming immediately above where the scours are present
(shown by the black arrows in Figure 2¢ and 2d). Addi-
tionally, the 25 Hz frequency observation suggests a more
heterogeneous infill compared to the lower frequency in-
fill within the other channels (shown by the black arrows

in Figure 3f). These observations of differ-

ential compaction, high acoustic imped-
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Alternative interpretations

One alternative interpretation is that
the scour-like features are actually a re-
sult of the topography created by an
underlying MTD, where sediment pond-
ing occurred postdeposition (shown by
the yellow polygons in Figure 4a—4c). In

this alternative interpretation, horizon A
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highlights the detachment surface upon
\/(, which the sediment flowed, located
roughly 50-100 ms below the inter-
preted base of the scour-like features
! (Figure 4c). Within this section, the
Y SR MTD is characterized by chaotic reflec-
tors. This interpretation suggests that
this is not a channel but rather a scar left
behind from an underlying MTD. The re-
sulting topography created by these
MTDs from their margins and corru-
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Figure 3. (a) Amplitude, (b) variance, (c) most-positive curvature (kl),
(d) most-negative curvature (k2), and (¢) GLCM average energy extracted onto
the interpreted base of the channel-body basal scours, which is shown in Fig-
ure 2a-2d. (f) Spectral decomposition was taken at a time slice of —1628 ms
and was generated by blending isofrequency volumes of 13, 37, and 62 Hz.
The red arrows point basinward, whereas the green star shows the location

of the Kiwa-1 well.
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gated upper surfaces can capture turbi-
ditic sediment through a process called
ponding (Kremer et al., 2018). A study
by Beaubouef and Abreu (2006) noted
that the channel scours present within
the East Breaks Basin Four were also
filled as a result of ponding. Examples
of sediment ponding within MTD sys-
tems have been well studied in Oligocene
to lower Miocene strata deposited along
the slope, within the Molasse Basin,
southern Germany (Figure 4a and 4b).
Therefore, the depositional setting is sim-
ilar to the Mount Messenger Formation,
where MTDs have also been observed
(King and Thrasher, 1996; Rotzien,
2013; Rotzien et al., 2014). Extensional
and compressional faulting of the MTDs
can create additional accommodation in
which other gravity flows can preferen-
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tially pond and deposit (Kremer et al.,
2018). This ponding effect is shown on
a larger scale in Figure 4a and 4b. This
sediment ponding concept is further in-
terpreted on a dip section along the stud-
ied channel feature from the Hector 3D
data set (Figure 4c).

However, no other MTDs were iden-
tified within the Mount Messenger inter-
val of the Hector 3D survey. Yet, several
studies note that MTDs are present
within the Upper Mount Messenger For-
mation (King and Thrasher, 1996; Rot-
zien, 2013; Rotzien et al., 2014). In
addition, laterally continuous reflectors
are observed above horizon A where the
MTD was interpreted when viewing an
arbitrary line perpendicular to the dip
of the anomalous feature (Figure 2c
and 2d and shown by the yellow arrows
in Figure 4c). These straight horizons
between the interpreted MTD and iso-
lated depressions suggest that there is
no relict topography. Furthermore, no
progressive deformation is observed
downslope. These observations contra-
dict the interpretation of chaotic reflec-
tors, making the MTD interpretation less
likely.

Another interpretation builds upon the
model proposed by Jobe et al. (2011)
where these scours are interpreted as
pockmarks resulting from channel aban-
donment and fluid escape due to compac-
tion (Figure 5). Jobe et al. (2011) describe
how circular pockmarks form as a result

Interpreted  Uninterpreted

b) 7 Molasse basin, Gernfany

—_————— -
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Figure 4. Long-runout MTDs from the Molasse Basin in southern Germany
shown in two different vertical amplitude sections (a and b) from Kremer et al.
(2018). Other sediment gravity flows are ponding and filling the accommodation
space created by the MTD postfailure (modified from Kremer et al., 2018). This is
juxtaposed next to (c) the same arbitrary line along dip from Figure 2¢ and further
highlights the possible alternative interpretation. The black horizon highlights the
interpreted base of the scours, whereas horizon A highlights the interpreted de-
tachment surface of the MTD. The yellow polygons in (c) highlight the sediment
ponding and filling the rugose topography of the MTD, whereas the yellow arrows

of canyon abandonment offshore Equato-
rial Guinea (Figure 5). Erosional, sand-
rich, submarine canyon systems dominated the
continental margin of Equatorial Guinea during the late
Cretaceous and were abandoned during the Paleogene,
to be reactivated during the Miocene as a result of tec-
tonic uplift (Jobe et al., 2011). As the canyon is aban-
doned, erosive fluid escape triggered by sediment
compaction creates depressions and adjacent cross
ridges form due to sediment deposition, thereby creating
intracanyon irregularities (stage 1in Figure 5) (Jobe et al.,
2011). Over time, an alternation of ridges and pockmark
depressions occurs within the canyon (stage 2 in Fig-
ure 5), until the ridges fill the former canyon morphology
and discrete pockmarks are present (stage 3 in Figure 5)
(Jobe et al., 2011). There are several channel complexes
present within the Upper Mount Messenger Formation
with evidence of channel abandonment (Figure 6a—6d).
Flattening the sections relative to horizon B (shown in
Figure 2c and 2d) showed how the older channel, con-
taining the studied scours (channel 1), was abandoned
in favor of a younger channel 2 due to upslope flow
capture (shown by the green arrow in Figure 6a—6d).

point to the laterally continuous reflectors observed above horizon A.

& o0~ —
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Active canyon Stage 1 Stage 2 Stage 3
Cross canyon Canyon begins Pockmarks are
ridges beginto  to thin while aligned

formina ridges and
recently pockmarks form

abandoned
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Figure 5. The stages of canyon abandonment from Jobe et al.
(2011). The ridges are formed with stage 1 due to fluid escape
and eventually form the linear pockmarks observed in stage 3
(modified from Jobe et al., 2011).
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Additionally, some of the individual stages for channel
abandonment and pockmark formation were discernible
within the section from Figure 6a—6d. On the deeper time
slices (Figure 6a and 6c¢), the original channel prior to
scouring is shown where some small ridges and pock-
marks are beginning to form within the channel body.
This is closer to stages 1 and 2 described by Jobe et al.
(2011). However, larger pockmarks begin to form in the
original channel (channel 1) in the shallower time slices
(Figure 6b and 6d). At this point, channel 1 is completely
abandoned and is more similar to stage 3 described by
Jobe et al. (2011). The dimension of the pockmarks ob-
served in their study is approximately 400 m in diameter
while being 50 ms (38 m) deep on average (Jobe et al.,

a)
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pos ey
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2011). These dimensions are somewhat similar to the
scour dimensions observed within the Hector 3D survey
(shown in Table 1). Additionally, the scours described by
Jobe et al. (2011) were formed in a similar depositional
environment to the scours that were formed in the Hector
3D survey.

The alternative pockmark interpretation implies that
these possible channel scours could be ambiguous. In
this interpretation, the pockmarks resulted from chan-
nel abandonment and fluid escape due to differential
compaction. However, if these scour-like features are
in fact pockmarks, they would need to be related to
some deeper structure, which is not evident in the study
interval. These pockmarks would need sources for pres-
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Figure 6. (a and b) Amplitude and (c and d) variance time slices flattened onto horizon B from Figure 2c and 2d highlighting
channel abandonment within the Upper Mount Messenger Formation. At 24 ms below horizon B, we see the original channel before
the scouring formed. However, as we go up “section (b and d), we see that the channel is abandoned in favor of the younger
channel 2. The original outline of channel 1 is overlain on the shallower sections of (b and d). As a result, pockmarks have formed
in the abandoned channel 1 coupled with possible fluid escape. The green arrows point to where the channel abandonment occurs.
The blue arrows indicate the pockmarks resulting from Jobe et al.’s (2011) process of channel abandonment and fluid escape. The

green star marks the location of the Kiwa-1 well.
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surized fluids and other indicators that fluids moved
through the sediment. This has not been observed within
our study interval. Furthermore, although gas-escape
structures are commonly observed in the Taranaki Ba-
sin, none are observable within the study interval of
the Hector 3D survey (Ilg et al., 2012). These consider-
ations further hinder the interpretation because there
would need to be pressurized fluids to create the pock-
marks (Jobe et al., 2011). Finally, the studied channel is a
well-defined structure (Figures 3a-3f and 6a—6d) sharing
many similarities with other channels within the study
area in terms of dimensions and sinuosity (Figure 6d).
It would be highly unlikely for pockmarks to exist in only
one channel and not in the nearby channels.

Although several alternative interpretations exist for
the undulating morphology at the base of a channel-like
body within the Hector 3D survey, there is compelling evi-
dence to suggest that these features are most likely chan-
nel-body basal scours rather than a small-scale MTD or
pockmarks. The scour interpretation is further supported
by characteristic elements from possible analogues within
the Iron River Valley in Alberta, Canada and within the
East Breaks Basin Four, offshore the Gulf of Mexico.

Possible analogues

Channel-body basal scours are observed in other flu-
vial and deepwater systems. In fluvial systems, the ver-
tical dimensions of scours are significant in relation to
the bank full depth (Keller and Melhorn, 1978; Snedden,
2013). Several studies also observed a scaling relation-
ship between the channel width and the scour-to-scour
spacing (Keller and Melhorn, 1978; Thompson, 2002,
Snedden, 2013). In deepwater systems, many of the
same type of scours seen in fluvial systems are also
present (Snedden, 2013). These scours vary from iso-
lated to amalgamated erosional features, with complex
sedimentary infills (MacDonald et al., 2011; Snedden,
2013). MacDonald et al. (2011) identify four distinct,
deepwater scour morphologies: spoon-shaped, heel-
shaped, crescent-shaped, and oval-shaped. These deep-
water scours ranged from 40 to 3170 m wide and 8 to
48 m deep (MacDonald et al., 2011). The sizes of the
scours are primarily controlled by their location, the
flow regime, and gradient changes (Carvajal et al.,
2017). Salter (1993) notes that channel-base scours
are common near the outer bends of rivers. Carvajal
et al. (2017) observe larger scours within the overbank

area with high gradients and high flow regimes (Carva-
jal et al., 2017).

One example of fluvial scours is located in Alberta,
Canada, where the Cretaceous Iron River fluvial reser-
voir exhibits similar scouring features to those ob-
served in the study interval (Figure 7a). The scours
present within the Iron River Valley are shown on depth
maps of selected channels where the basinward direc-
tion is northward and colder colors highlight deeper
areas (Snedden, 2013). These scours are approximately

" ¢h3300

ch4100

Figure 7. (a) Scours were similarly identified from Snedden
(2013) within the Iron River valley and (b) within the East
Breaks Basin Four. The scours shown in (a and b) were taken
on a depth map of selected valleys and channels where the
colder colors highlight deeper areas (modified from Snedden,
2013).

Table 1. Channel sinuosity and average geometries of the discussed channel scours and pockmarks.

Avg. Avg. Avg. Channel
Study width (m) length (m) thickness (m) Area (km?) sinuosity
Hector 3D 500 650 42 0.325 1.00-1.10
Jobe et al., 2011 400 400 38 0.160 1.07-1.14
Snedden (2013) Iron River Valley 200 300 15 0.060 1.02-1.09
Snedden (2013) East Breaks Basin Four 220 500 15 0.110 1.10-1.17
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200 m wide, 300 m long, and they are roughly 15 m deep.
Although these scours are smaller in comparison to the
scour dimensions observed in the Hector 3D survey,
both scours appear to have the same geometries (asym-
metrical and bowl-shaped depressions) (shown in Ta-
ble 1). An example of deepwater scouring has been
observed in the East Breaks Basin Four, offshore Gulf
of Mexico shown in Figure 7b (Snedden, 2013). The
East Breaks Basin Four is a late Pleistocene, deepwater
fan belonging to the Brazos-Trinity slope system, which
contains several channel-bodies and lobes located
within the intraslope (Beaubouef and Abreu, 2006;
Snedden, 2013). The East Breaks Basin Four scours
are approximately 15 m deep while being roughly 220 m
wide and 500 m long (Snedden, 2013). These scour di-
mensions are also smaller when compared to the di-
mensions observed in the Hector 3D data set (shown
in Table 1), yet both scours exhibit similar shapes.

Although fluvial and deepwater scours share similar
dimensions and geometries, the channel elements and
scours of the East Breaks Basin serve as a better ana-
logue for our study because they are situated within a
deepwater system (Hansen and Kamp, 2002; Rotzien
et al., 2014; Bull et al., 2019; Strogen et al., 2019). The
Hector 3D scours may be larger than both analogues
due to differences in location along the channel, gra-
dient, and flow regime (Carvajal et al., 2017). Addition-
ally, the dimensions of our interpreted scours also fit
within the range of deepwater scours described by
MacDonald et al. (2011).

Conclusion

This study documents an undulating bottom profile
of a deepwater channel-like body, outlining isolated de-
pressions in the Hector 3D survey, Taranaki Basin (New
Zealand), and it considered several possible interpreta-
tions (turbiditic scours, ponding on MTD relict bathym-
etry, and pockmark origin). Based on the lack of relict
topography supported by the straight horizons found
between the scours and previously interpreted MTD
as well as the lack of no clear, deep fluid source for
the pockmarks, the isolated depressions likely reflect
erosive scours resulting from turbiditic flows. There
is compelling evidence to suggest that these features
are most likely channel-body basal scours rather than
being related to MTDs or pockmarks. Furthermore,
the geometry of these scours is similar to the dimen-
sions of the presented analogues as well as the findings
from MacDonald et al. (2011) (shown in Table 1). The
differences in scour geometries could be due to
differences in their location, gradient, and flow regime
(Carvajal et al., 2017). The authors encourage readers to
contribute their interpretations and to hopefully stimu-
late an open discussion among other scientists.
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