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Use of novel high-resolution 3D marine seismic technology to evaluate
Quaternary fluvial valley development and geologic controls
on shallow gas distribution, inner shelf, Gulf of Mexico

Timothy A. Meckel' and Francis J. Mulcahy?

Abstract

The first deployment of the P-Cable™ high-resolution 3D (HR3D) seismic acquisition system in the Gulf of
Mexico has provided unprecedented resolution of depositional, architectural, and structural features related to
relative sea-level change recorded in the Quaternary stratigraphy. These details are typically beyond conven-
tional 3D seismic resolution and/or excluded from commercial surveys, which are generally optimized for
deeper targets. Such HR3D data are valuable for detailed studies of reservoir analogs, sediment delivery sys-
tems, fluid-migration systems, and geotechnical hazard assessment (i.e., drilling and infrastructure). The HR3D
survey (31.5 km?) collected on the inner shelf (<15 m water depth) offshore San Luis Pass, Texas, imaged the
upper 500 m of stratigraphy using peak frequency of 150 Hz and 6.25 m? bin size. These data provided an excep-
tionally well-imaged example of shallow subsurface depositional system and stratigraphic architecture develop-
ment during a lowstand period. The system evolved from a meandering channel with isolated point-bar deposits
to a transgressive estuary characterized by dendritic erosional features that were eventually flooded. In addi-
tion, HR3D data have identified a previously unidentified seismically discontinuous zone interpreted to be a gas
chimney system emanating from a tested (drilled) nonproductive, three-way structure in the lower Miocene
(1.5 km depth). Within the shallowest intervals (<100 m) and at the top of the chimney zone, seismic attribute
analysis revealed several high-amplitude anomalies up to 0.5 km?. The anomalies were interpreted as reaccu-
mulated thermogenic gas, and their distribution conforms to the stratigraphy and structure of the Quaternary
interval, in that they occupy local fault-bounded footwall highs within remnant coarser-grained interfluvial
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zones, which are overlain by finer grained, transgressive deposits.

Introduction

The evolution of seismic technology has often fo-
cused on higher resolution and deeper observation. A
more recent trend focuses on improved 3D imagery
of the relatively shallow subsurface interval, called
high-resolution 3D (HR3D) or ultrahigh resolution 3D
(UHR3D). With penetration of 10 s to perhaps 1000 m,
these data bridge a critical imaging gap between ultra-
shallow systems (e.g., 3D Chirp; Gutowski et al., 2008)
and conventional 3D systems. The HR3D systems are
defined depending mostly on the source frequency con-
tent recorded, bin size, and receiver sampling rate, all of
which affect vertical and horizontal resolution. The rel-
atively high frequency content reduces the depth of in-
vestigation to perhaps 2 s two-way traveltime (TWT),
depending on source characteristics.

Development of shallow HR3D technology has been
primarily driven by an evolving need to understand the

shallow interval for geotechnical purposes (Marsset
et al., 1998; Brookshire et al., 2015). A prominent early
application related to mapping of offshore faults for
evaluating seismic hazard near the Diablo Canyon Nu-
clear Power Plant in California (Ebuna et al., 2013).
However, these types of systems are also being de-
ployed for a variety of other applications, especially
the investigation of natural geologic fluid flow systems
and gas hydrates (Petersen et al., 2010). In some basins,
such as the northern North Sea and the Barents Sea,
economic reservoirs have recently been discovered
at surprisingly shallow depths (e.g., the North Sea Peon
Field; 15-30 billion standard cubic meters gas at 640 m
subseafloor), and they are actively explored using
HR3D systems. Shallow stratigraphic mapping can also
identify sediment delivery systems on continental
shelves and connect them to deep water settings (Pir-
mez et al., 2012). The use of UHR3D volumes of recent
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(Holocene) depositional environments for use as reser-
voir analogs (similar to prior 2D studies; Posamentier
and Kolla, 2003) is not widely published. Finally,
HR3D systems have now been deployed (this study)
in the context of subsurface geologic CO, storage as-
sessment, focusing on potential fluid-migration path-
ways in the overburden above potential injection
reservoirs.

The data and interpretations presented here focus on
stratigraphic mapping (Quaternary evolution during a
relative sea-level low- to highstand transition) and
the associated extremely shallow (<100 m) gas anoma-
lies (Mulcahy, 2015). Both of these topics are relevant
for hydrocarbon prospect risking and drilling hazard as-
sessment, although there is no active exploration in the
study area at this time. The survey was collected in part
to test a new technology (first P-Cable™ deployments
in Gulf of Mexico [GoM]) and to study the near-offshore
geology of the Texas Continental Shelf, in this case spe-
cifically for permanent storage of carbon dioxide (car-
bon capture and storage; Wallace et al., 2013). The
objectives were to image the overburden above poten-
tial CO4 storage reservoirs to determine seal continuity
and the long-term fate of migrating fluids as related to
deep-seated faults. These faults intersect the seafloor
and the associated stratigraphy but are poorly imaged
in conventional 3D data and are too deep for Chirp.
However, the presentation here focuses on the tech-
nique, data quality, and ability to integrate shallow
stratigraphic and fluid interpretations based on the
HR3D data sets. As such, it serves as an example of sim-
ilar application as may relate to the wide-ranging topics
described above. Because these types of data sets are
rare to date, the seismic interpretation community
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Figure 1. Regional satellite image with the 2013 HR3D survey shown in orange
<10 miles offshore southern Galveston Island. Brazos River and Colorado River
hydrologic zones are mapped in blue on the inset image. Images modified from

Google Earth and Texas Water Development Board.
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should benefit from the presentation of a well-studied
example using this technology.

Geologic setting

The study area is on the inner shelf of the GoM just
offshore San Luis Pass (SLP), Texas, at the western
edge of the Galveston Bay and barrier island complex
(Figure 1). The HR3D seismic survey location is slightly
east of the Brazos River delta at Freeport, Texas, in
water depths of 10-15 m. Based on the proximity of
our study area to the modern Brazos River system, shal-
low stratigraphy in the study area is primarily associ-
ated with the paleo Brazos River system (Berryhill,
1986; Paine, 1991; Anderson et al., 1996; Abdullah et al.,
2004). The Brazos River is a significant fluvial system
that extends across Texas and spans multiple climate
zones (Russell, 1945; Figure 1, inset). The Brazos River
reaches the GoM at Freeport, Texas, with current typ-
ical discharge of approximately 10,000 cfs (approxi-
mately 280 m/s) with flood stage up to an order of
magnitude greater. Similar contributions from multiple
coastal rivers (e.g., Colorado, Brazos, Trinity) have re-
sulted in the development throughout the Tertiary of an
extensive, low-gradient, clastic-dominated shelf along
the East Texas coast (Simms et al., 2007).

Quaternary geology

Simms et al. (2007) combine oxygen isotope data
with radiometric sea-level datums (U/Th dates of cor-
als) to create an accurate sea-level history for the
GoM, ranging back 140 ka. The 140 ka period began
with a relative glacial maximum, and a lowstand of
120 m below modern sea level (mbmsl; Lambeck and
Chappell, 2001). This lowstand led to valley incision be-
cause the Brazos and Colorado River
systems prograded out onto the exposed
GoM shelf. From 135 to 120 ka, there
was a rapid rise in sea level to approx-
imately modern-day levels. Following
this, there was a slow, oxygen isotope
stage (OIS) 5 sea-level fall from 120 to
70 ka, resulting in delta lobe deposits
across the GoM shelf. OIS 4 marks a rel-
ative minima of 80 mbmsl that lasted
from 70 to 60 ka. The sea level continued
to fall until approximately 20 ka, result-
ing in more delta lobe deposition on the
shelf. At 20 ka, a second lowstand of
120 mbmsl occurred, producing the as-
sociated Brazos and Colorado incised
valleys. The subsequent rapid rise in
sea level led to present-day conditions
(Simms et al., 2007).

Abdullah et al. (2004) specifically
study the Late Quaternary Brazos delta
system using high-resolution 2D seismic
lines and sediment core and chronostra-
tigraphic data. They map two uncon-
formities, the deeper of which they
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interpret as an incised valley associated with the OIS 6
lowstand (approximately 140 ka) and the shallower of
which they relate to OIS 2 and the most recent lowstand
(approximately 20 ka). Abdullah et al. (2004) are also
able to map the location of the falling stage Brazos delta
lobes that were deposited in the time between these
periods of lowstand.

HR3D methods

Specific configurations of HR3D seismic technology
have been developed over the past decade and are now
becoming commercially available. The data were ac-
quired using the P-Cable HR3D technology licensed
and manufactured by Geometrics, Inc. This seismic
system was developed by P-Cable 3D Seismic AS in
Norway (S. Planke and F.N. Eriksen), with early
deployments in cooperation with the National Oceanog-
raphy Center (Southampton, UK), the University of
Tromso, and GEOMAR (Petersen et al., 2010). One of
the novel aspects of the newly developed HR3D sys-
tems is the ability to tow relatively short streamers
(25-200 m) at close interstreamer spacing (6.25-
12.5 m) without generating significant noise due to
cross-cable strumming in the water. In particular, it
is the very small bin sizes (e.g., <6.25 m?), rather than
the high-frequency content, that distinguish these

Table 1. HR3D seismic acquisition parameters.

Water depth 10-15 m

Streamers 12 X 25 m of solid core GeoEels
Channels 8 per streamer (96 total)
Streamer separation (inline) 125 m

Source 90 cubic inch GI air gun
Shot spacing 125 m

Bin size 6.25x6.25 m

Dominant frequency 150 Hz (560-250 typical range)

type of data from a high-frequency data set with more
conventional binning (e.g., 12.5-25 m?). An early
commercial version of the P-Cable system was de-
ployed and operated by researchers of the Bureau of
Economic Geology at the University of Texas at
Austin, with logistical assistance from TDI-Brooks
International and NCS Subsea (see the “Acknowledg-
ments” section). The R/V Brooks McCall, operated pri-
marily as a shallow sediment coring vessel supporting
industry activities in the GoM, was mobilized in
Freeport, Texas, to accommodate fit-to-purpose acous-
tic-source air compression, winch needs, and source-
receiver geometry control (positioning) for this survey.
The acquisition geometry is defined by a “cross-
cable” oriented perpendicular to the inline (transit)
direction that connects twelve 25 m long streamers
(Figure 2). A catenary shape for the cross cable is
achieved using paravanes (diverters) at the ends of
the cross cable. This acquisition geometry results in
short-offset and low-fold data, one of the distinctions
of this type of data. Source-receiver offsets are on
the order of 100 m, and most common midpoint
(CMP) gathers are populated by only 4-6 traces per
bin (fold). Deployment and recovery operations were
typically 2-3 h, and experience from three separate sur-
veys (2012-2014) indicates acquisition -efficiencies
of approximately 60-100 line-km/day (4-7 km?/day).
Commercial production can surely improve on these
operational metrics, but it is unlikely to be by more than
a small factor. The 2013 SLP survey area is 31.5 km?
(Figure 1). System specifications are listed in Table 1,
and use solid-core GeoEel™ streamer technology.
Seismic resolution is defined by the ability of a data
set to image features in the subsurface vertically and
spatially. Vertically, seismic resolution is a function
of source frequency content recorded by the receivers,
with high-frequency returning energy providing higher
resolution. The drawback of high-frequency data is the
decrease in vertical penetration of the source energy,
and therefore there is a decrease in the maximum im-
ageable depth. For the survey described here, a single

25-m, 8-channel - Paravane
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Figure 2. Left: Acquisition geometry and layback diagram (courtesy of NCS Subsea). Right: Interpreted aerial photo of the R/V
Brooks McCall during acquisition in the GoM. Photo credit Eddie Tausch.
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90 cubic inch generator-injector (GI) air gun source was
used (peak frequency of 150 Hz), providing a high-
quality image to depths of >500 ms TWT (approxi-
mately 380 m using a velocity of 1515 m/s). The zone

of interest for this project is the shallowest 200 ms (ap-
proximately 150 m) corresponding to the past approx-
imately 150 ky of sea-level change and associated
erosion and deposition on the Texas shelf. Using a
simple equation for vertical resolution
(Ashcroft, 2011),

Conventional 3D

HR3D : P-Cable

5
L S S

== 1500 ms ~ 2250 m depth

()
Vertical resolution = 1 Y]
where f =150 Hz (frequency) and
v = 1520 m/s (velocity), we can calcu-
late a vertical resolution of approxi-
mately 2.5 m for the 2013 HR3D data
set. Older conventional commercial
seismic surveys in the study area have
apeak frequency of only 25 Hz, resulting
in a vertical resolution of 15.2 m with the
same sediment velocity (Figure 3).

For migrated data, the spatial resolu-

Figure 3. Comparison of conventional and HR3D vertical seismic resolution at
an SLP site for a similar line. The inset plots show the frequency spectrum for the
two data sets (taken from the central area of each image) and emphasize the
high-frequency content of the HR3D data that provide for enhanced resolution.
The high-frequency content of HR3D data may allow for vertical resolution <3 m,
up to six times resolution improvement compared with conventional 3D in this
case. Yellow arrows in HR3D data identify small-offset faults not visible in con-

ventional data.
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Figure 4. Example of an arbitrary inline (197; above) with
interpretation (below). Interpreted surfaces UC1 and UC2 la-
beled. See the text for a description and interpretation.
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tion is predominantly controlled by the
acquisition geometry. The shot interval
and receiver spacing affect resolution
in the inline direction, whereas streamer
separation affects resolution in the cross-
line direction. The bin size for this survey
was 6.25 m2. Conventional 3D surveys
typically have a bin size of 12 — 25 m?,
or approximately 4-16 times larger.

Seismic mapping and interpretation

Seismic interpretation was performed using Hallibur-
ton’s Decision Space Desktop and Schlumberger’s Pet-
rel. Seismic amplitude mapping was carried out by
identifying key reflection characteristics such as trun-
cation, onlap, and seismic facies (Catuneanu et al.,
2009). Superposition and crosscutting relationships
were used to interpret the relative timing of cutting
and filling. The unconformities are identified as seismic
events in which underlying strata have been truncated
by overlying dipping reflections, often immediately
overlain by chaotic/transparent facies.

Emphasis was put on mapping of the locally named
UC1 and UC2 unconformities within the shallowest
150 ms (Figure 4). The shallowest erosional surface
(UC1) is located at approximately 40 ms TWT (approx-
imately 11 m below the seafloor, 1515 m/s), has a maxi-
mum relief of approximately 50 ms, and is associated
primarily with a negative amplitude response. The
deeper surface (UC2) is also primarily a negative ampli-
tude located at approximately 90 ms TWT (approxi-
mately 50 m below the seafloor), with maximum
relief of approximately 70 ms. These negative-ampli-
tude responses have been modeled (Mulcahy, 2015)
and may reflect an approximately 100 m/s decrease
in seismic velocity to generate the negative response.
The approximate depths for the UC1 and UC2 leave lit-
tle doubt that the surfaces are correlative to those
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mapped by Abdullah et al. (2004). The deeper UC2
unconformity is interpreted to be associated with
the OIS 6 lowstand that occurred at approximately
140 ka, and the shallower UC1 unconformity is associ-
ated with OIS 2 and the most recent lowstand that oc-
curred at approximately 20 ka. Figure 5 shows inlines
228 and 325 across the southwest-northeast extent of
the 2013 survey (see Figure 1 for survey orientation
and footprint), highlighting the mapped positions of
UC1 and UC2.

Structural modification of the shallow interval of in-
terest shows only subtle deformation because deposi-
tion was relatively recent. However, the mapping of
subtle fault expression at shallow depths is a strength
of HR3D methods (Crutchley et al., 2011; Brookshire
et al., 2015). Structural features within our interval of
interest include several steeply dipping normal faults
and a shallow salt dome on the eastern side of the sec-
tion. Four major normal faults are identified in the
western portion of the study area focused on here, la-
beled N1 to N4 (left to right, Figure 5, top). Fault N1
trends northwest—southeast, is downthrown to the

northeast, and has a maximum throw of approximately
6 m at the UC2 horizon. Fault N2 trends north—south, is
downthrown to the east and has a maximum throw of
approximately 4.5 m at UC2. Fault N3 trends north-
west—southeast, is downthrown to the east, and has a
maximum throw of approximately 4 m at UC2. Fault
N3 trends north-south, is downthrown to the west,
and has a maximum throw of approximately 3 m at
UC2. Using an overlapping conventional 3D seismic sur-
vey that images below the P-Cable data, these faults are
seen to originate at much deeper levels (up to 2.5 ms
TWT) and are associated with a deep salt diapir feature
and nonproductive antiformal, fault-bound reservoirs.
However, these faults are unmappable with such preci-
sion in the conventional data for depths less than
500 ms, and in some cases they are unobserved alto-
gether. The highly discontinuous and noisy section at
the left-central side of the survey (Figure 5) and high-
lighted with red dashed lines is interpreted as a gas
chimney system (discussed in a separate section).
Gridded maps of both shallow unconformities are
shown corendered with the coherency attribute to

Figure 5. (a) Interpreted inlines 325 and 228 with fault and horizon interpretations. The vertical scale is 300 ms. The horizontal
scale is 11 km. For the seismic amplitude scale, see Figure 4. (b) Surface maps for UC1 and UC2 corendered with semblance
attribute to emphasize morphology definition.
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highlight channel edges (Figure 5, bottom). The main
channel of UC1 is oriented predominantly east-west,
with several smaller and “straight” channels feeding
into it. However, UC2 is characterized by a large
north-south-flowing meandering channel (approxi-
mately 200 m max width) that connects with a smaller
(approximately 100 m max width), west—east-meander-
ing channel that is slightly off of the HR3D survey foot-
print, but it has been confirmed with an unpublished 2D
high-resolution seismic line collected by the Institute
for Geophysics at the University of Texas at Austin
(S. Gulick, personal communication, 2015). Both chan-
nels have complex dendritic channel systems feeding
into them, the most significant of which extends across
the right side of the map to the northeast. The morphol-
ogy and interpretation of UC2 and the interval directly
above and below are discussed next.

Valley evolution

A horizon stratal slicing methodology was used for
exploring valley evolution of the UC2 interval. The
method involves slicing parallel to a single reference
horizon with defined time shifts, and it assumes paral-
lel seismic events (Zeng, 2007). This is an acceptable
assumption for our interval because the structural de-
formation is limited and most reflections are parallel
or only slightly subparallel. The reference horizon
used is labeled CC2 in Figure 5 (the subhorizontal
dashed green line slightly above UC2). This horizon
was mapped by taking the correlative conformity of
UC2 and connecting it across incisions, essentially cre-
ating an uppermost continuous “ceiling” for the chan-
nel forms. This process is equivalent to flattening the
data volume on the CC2 horizon and looking at time
slices within the flattened volume through the UC2
interval.

Figure 6 summarizes the valley evolution with two
horizon maps and their interpretations. A meandering
channel system is interpreted, with clearly identifiable
point bars, channel scours, and lateral accretions,
which expand into a wider, overlying estuarine system
characterized by complex dendritic drainage features
highlighted in the interpretations at the bottom of Fig-
ure 6. Interpretations of lithology and relative grain size
are based on the seismic amplitude character in con-
Jjunction with the seismic horizon morphologies. For ex-
ample, point bars and scours (channel lag deposits)
within a meandering system can be interpreted as
coarser gained deposits because of the way in which
they form (Anderson and Anderson, 2010). Bernard
et al. (1962) record silt, sand, and gravel sized grains
at Brazos River point bar deposits on the late
Quaternary Texas coastal plain. Point bars form as
coarser-grained sediment is deposited in a zone of spa-
tial deceleration along the inside of a channel bend.
Channel lag deposits form after a channel segment
has been scoured (typically at a meander bend), and
coarse-grained sediment moves into and becomes
trapped in the topographic lows associated with the
deep scours (Anderson and Anderson, 2010). The seis-
mically transparent character of the valley fill and the
positive amplitude response at its top can be inter-
preted as any environment with a lack of impedance
contrasts, but we prefer an interpretation of predomi-
nantly fine-grained, muddy fill. This transparent seismic
character can be characteristic of transgressive open
marine deposits (Reijenstein et al., 2011). This interpre-
tation is also consistent with the context of the deposi-
tional analogs and seismic anomaly distribution (gas)
presented below. A positive amplitude response is
indicative of a positive change in impedance, and it
would imply a higher velocity interval. This positive am-

Bar
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Fracegreszive myd

Coars Interfluyis

Figure 6. Relative acoustic impedance horizon slices at —16 ms and —4 ms below CC2 (see the top of Figure 5 for the surface
location) representing the two major stages of valley evolution related to relative sea-level fluctuations (see the text for explan-
ation). Interpretations are shown below each horizon slice, highlighting the transition from fluvial to estuarine environments.
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plitude response can be characteristic of low-porosity
mud-prone sediments (Maynard et al., 2010). The de-
posits of the previous sequence, capped by the negative
amplitude response of the UC2 correlative conformity,
are interpreted to be coarse grained based on the
continuous and strong negative amplitude response
(Suarez et al., 2008).

Figure 7 schematically summarizes a vertical 2D sec-
tion sequence stratigraphic interpretation. The UC2 sur-
face is associated with the OIS 6 lowstand (Abdullah
et al., 2004). Eustatic sea level is estimated to have
fallen more than 100 m during this time, exposing much
of the GoM shelf (Simms et al., 2007). With the shelf ex-
posed, river systems such as the Brazos prograded out
onto the shelf, incising into shelfal deposits and forming
incised valleys (Posamentier, 2001; Abdullah et al.,
2004). Sediments deposited during this period of low-
stand compose the lowstand systems tract (LST), and
are commonly fluvial sands and coarse gravel (Allen
and Posamentier, 1993; Catuneanu et al., 2009). In
the case of the UC2 valley fill, LST deposits are minimal,
such as in several channel scour deposits and some
point bars. The minimal LST deposits can likely be ex-
plained by the upstream position of the UC2 system on
the shelf because fluvial aggradation is generally much
slower than in downstream sections (Allen and Posa-
mentier, 1993). The rapid fall and rise of sea level during
this period may not have allowed for significant fluvial
aggradation (Simms et al., 2007). Transgressive systems
tract (TST) and highstand systems tract (HST) deposits
cannot be adequately distinguished using the SLP HR3D
data set alone. Features that could aid in distinguishing
the HST and TST such as estuarine point bars, tidal
channels, tidal bars, and so on (Reijenstein et al.,
2011) cannot be observed within the UC2 valley fill.
As aresult, the TST and HST are combined into a single
unit for this interpretation. It is possible, with rapid
transgression, that any estuarine processes were simply
overwhelmed by the flooding of the system. The seismic
facies that is observed within much of
the UC2 valley fill is seismically trans-

2004; Blum and Aslan, 2006; Simms et al., 2007). With
these sequence stratigraphic predictions in mind, seis-
mic facies analysis is used to corroborate the interpre-
tations.

Seismic facies

Lithology and depositional environment interpreta-
tions made in the previous section rely on map-view am-
plitude contrasts that indicate changes in impedance.
These interpretations can be corroborated by looking
across the system in section view, in which several dis-
tinct seismic facies can be established. Seismic facies
analysis interprets environmental setting and lithofa-
cies based on the seismic reflection configuration (es-
pecially time-slice analysis), amplitude, continuity,
frequency, and interval velocity (Mitchum et al.,
1977). Four separate seismic facies were identified
within the UC2 interval of interest and were character-
ized based on the reflection polarity, continuity,
strength, and geometry. They include (1) coherent, sub-
horizontal, and strong amplitude response (negative at
top) truncated by UC2 (coarse-grained interfluvial de-
posits of the previous sequence), (2) horizontal strong
negative amplitude within the deepest sections of
a meandering channel (coarse-grained channel scour
deposits), (3) dipping/sigmoidal negative amplitude re-
flections on the inside of a meandering channel bend
(coarse-grained fluvial point bar deposits), and (4) rela-
tive acoustic transparent intervals, often with positive
response at the top, within a valley incision (transgres-
sive estuarine/marine fine-grained mud fill). Several of
these facies and their interpretations are illustrated in
Figure 8. The channel system appears to be mostly
mud filled with only several localized coarse-grained
point bar and scour deposits.

Depositional analogs
Without the availability of shallow well log or core
information at the SLP site, it is important to pursue

parent, likely indicative of muddy, open
marine sediments, characteristic of the
HST (Maynard et al., 2010; Reijenstein
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the maximum flooding surface is diffi-
cult above the UC2 surface because
there is a loss in data coherency moving
vertically into the shallowest sections
(<80 ms TWT). Above the HST deposits,
Abdullah et al. (2004) describe deltaic
deposits consistent with a falling stage
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systems tract (FST). Identifying these
sequence stratigraphic surfaces and in-
tervals allows for the prediction of fa-
cies types and comparisons to other
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studies looking at contemporaneous in-
tervals throughout the Gulf Coast region
(Bernard et al., 1970; Abdullah et al.,

Figure 7. Conceptual model for the interpreted lithology and stratigraphic sur-
faces for the UC2 interval (labeled). Inset in lower right: schematic relative sea-
level curve with timing of UC2 and UC1 sequence boundaries indicated.
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other data sources to validate the seismic data interpre-
tation presented here. This section will focus on out-
crop analogs — taking what is well understood
from similar, well-studied depositional systems and ap-
plying that information to the interpretations.

Understanding the scale and depositional/erosional
processes of the UC2 system is the first step in identi-
fying appropriate analogs. The UC2 system can be clas-
sified as a meandering channel type based on its plan-
view morphology, with a maximum channel width of
approximately 200 m, maximum channel depth of ap-
proximately 15-20 m, and a sinuosity (length of the
channel for one wavelength/meander wavelength) of
2.85 (Ethridge and Schumm, 2007). Point bars with
thicknesses up to approximately 12 m are observed,
and maximum valley fill thickness is approximately
30 m.

Major lowstand fluvial systems with similar di-
mensions are exposed within the Upper Cretaceous
Dunvegan Formation in Alberta, Canada (Plint and
Wadsworth, 2003). The two largest channels observed
within the Dunvegan have dimensions of 170 X 16 m
(width x depth) and 150 X 28 m (Bhattacharya and
MacEachern, 2009). Point bars within the sinuous chan-
nels of the Dunvegan measured up to 15 m and were

typically >10 m. Figure 9 compares an aerial photo-
graph of interpreted valley fill deposits from the Dunve-
gan Formation to a seismic section from the SLP HR3D
with no vertical exaggeration through a meander bend.
Not only does this image exemplify the ability of HR3D
to identify such depositional structures at the outcrop
scale as exemplified by the Dunvegan example, but it
also highlights the similarities between the two systems.
Both systems show horizontal basal deposits and later-
ally accreting features that are interpreted as point bars.
In the case of the Dunvegan example, the basal deposits
are coarse-grained, structureless sand, whereas the
point bars are composed of sands and fine silts. This
analog supports the interpretation of the UC2 scour de-
posits likely as more coarse grained and the point bar
deposits as slightly finer grained.

A Holocene example of an incised valley that has
been subsequently filled during transgression is the
modern Gironde Estuary in southern France (Allen
and Posamentier, 1993; Reijenstein et al., 2011). Similar
to the Brazos River system, the Gironde Estuary re-
sulted from the drowning of a fluvial system that formed
during Holocene sea-level fall, and it has been well stud-
ied with abundant core and borehole data. The valley
fill is composed of three separate depositional sequen-
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- Dipping reflections on inside of
channel bend - Interpreted as coarser-
grained point bar deposits

- Negative amplitude near base of
channel form - Top of coarse-grained
scour deposits

- Transparent channel fill & uniform Scour
muddy fill

Bar comp

ransgressive mud

- Channel scour in a meander bend

- Negative amplitude response at top
of scour = top of coarse-grained scour
deposits

Transgressive mud

- “Y"” shaped tributary incision as it
connects to the main meandering
channel

- Thin point bar deposits indicated by
parallel dipping reflections

- Complex and mostly transparent
valley fill interpreted as fine grained
muds

Transgressive mud

Figure 8. Channel characteristics and seismic facies for three different channel sections (a—c). The facies interpretations to the
right are based on the seismic amplitude characteristics.
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ces: one that accumulated during the last eustatic low-
stand, one during the Holocene sea-level rise, and one
during the present-day highstand. The thin lowstand de-
posits consist of fluvial sand and coarse sand directly in
the channel thalweg. Transgressive and highstand de-
posits consist of tidal-estuarine sands and muds. The
valley fill character of the Gironde Estuary is very sim-
ilar to that observed at UC2 through seismic facies
analysis — a thin, sandy interval present at only some
locations within the channel thalweg, localized point
bars, and a mostly fine grained transgressive fill.

Although the Dunvegan example represents a series
of vertically stacked channels and mostly fluvial valley
fill, indicative of a long-lived system, the UC2 and the
Gironde valley fills show only a single channel-thick de-
posit (Allen and Posamentier, 1993). This single deposit
could indicate a relatively short-lived fluvial system that
functioned as a sediment bypass channel. In addition,
the predominant transgressive mud fill indicates a rapid
transgression in the UC2 case and at Gironde, in which
the increase in accommodation overwhelmed the sup-
ply of fluvial sediment (Allen and Posamentier, 1993).
Such an interpretation for UC2 is consistent with the
glacial-eustatic sea-level curve (Simms et al., 2007),
with a sea-level rise of 120 m over just 20,000 years.
The rapid rise in sea level also adds to the preservation
potential of the system (less time for erosional proc-
esses to occur) and most likely why so much of the
UC2 system is preserved in the subsurface.

Seismic anomalies

Analysis of the shallowest intervals
within active petroleum basins has be-
come of increased interest over the
past decade. Such interest largely stems
from a pursuit to better understand
hydrocarbon-migration processes and
slope depositional models (Prather et al.,
2012) and the increased availability of
high-resolution seismic data (Foschi
et al., 2014). A major interest in identify-
ing shallow fluid anomalies, free gas
and methane hydrates, is to reduce
risks during hydrocarbon development
operations (drilling and infrastructure

Coarser-grained, structureless sand
at base of valley

also of interest in seismic processing and imaging because
they can cause significant disruptions in data quality at
the depth of the accumulation and generate a wipeout
zone beneath it (Toth et al., 2014). Shallow gas migration
through “pipes” or gas chimneys is also of increased inter-
est because advancements in seismic acquisition and im-
aging technology have allowed for better observation and
analysis of these features (Cartwright et al., 2007; Loseth
et al, 2011).

Within seismic data, evidence for hydrocarbon accu-
mulations is inferred based on the strongly negative am-
plitudes (bright spots). Fluid migration is interpreted
based on the acoustic masking and discontinuous
“pipes” within the seismic data (Andreassen and Ode-
gaard, 2007). Loseth et al. (2009) summarize seismic
amplitude characteristics of shallow accumulations
and lay out a workflow for interpreting shallow ampli-
tude anomalies related to hydrocarbon leakage. The
workflow involves observation, description, and map-
ping of the anomalies before interpretation and identi-
fication of a leakage zone. This is the approach that is
taken in the SLP HR3D study.

Within the shallowest approximately 250 ms of the
SLP HR3D data set, multiple amplitude anomalies are
present within a variety of stratigraphic settings. The
anomalies are of high negative amplitude and reversed
phase from the seafloor reflection. In several instances,
phase shifts are observed along a continuous reflection,
pushdown effects below the anomalies, and highly
discontinuous, low-signal-to-noise areas directly below

@. R‘

Sand and coarse silt,
*  laterally accreted point bars

development). Identifying shallow gas
(seismically and through gas analyses
of cores) can be used as an exploration
tool for indicating the presence of deeper
hydrocarbon prospects (Heggland, 1998),
and we use anomaly identification at
SLP to assist with understanding fluid sys-
tems in the context of future CO; seques-
tration projects. From a geotechnical
perspective, shallow gas accumulations
can reduce the shear strength in unlithi-
fied sediment and pose a significant drill-
ing hazard (Andreassen and Odegaard,
2007). Shallow gas accumulations are

Figure 9. (a) Aerial photograph of an incised valley fill and lateral accretions,
Dunvegan Formation, Alberta, Canada (from Plint and Wadsworth, 2003). (b) In-
line 243 from SLP HR3D (minimized vertical exaggeration) highlighting inter-
preted valley fill and lateral accretions similar to the Canadian example.
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the anomalies. Based on these observations, these high-
amplitude anomalies are interpreted as “bright spots”
indicative of free phase gas (likely methane) accumula-
tions. Given the association with a vertical seismic
anomaly that can be linked to a deeper antiform using
convention 3D seismic data, the gas in interpreted to be
of thermogenic origin (deep hydrocarbon source;
see below).

The amplitude anomalies identified within the SLP
HR3D data set exhibit strong negative amplitude re-
sponses, indicative of a large decrease in sediment
velocity. Such large negative-amplitude responses are
consistent with the hypothesis that these anomalies
are the result of gas accumulations; however, on its
own, it is not a confirmation of the hypothesis. Figure 10
shows the seismic expression of several of these ampli-
tude anomalies in a 2D section. Figure 10a presents a
single, strong negative-amplitude anomaly at approxi-
mately 92 ms, and the response is coherent laterally
until it is truncated on either edge by the UC2 un-
conformity. Figure 10b highlights multiple amplitude
anomalies ranging from approximately 90 to 150 ms.
Multiple positive to negative phase shifts are observed
in this example, with stacking of anomalies and a highly
discontinuous zone below the 142 ms anomaly that
could be indicative of fluid migration. Finally, in Fig-

ure 10c, a laterally extensive anomaly is observed that
is truncated by erosional features belonging to the UC2
unconformity. Within the UC2 interval, these anomalies
appear confined by the UC2 unconformity; that is, the
anomalies exist in areas that have not been eroded. For
the deeper, 142 ms anomaly (Figure 10b), however, the
amplitudes are less confined, as indicated by the verti-
cal stacking and larger lateral extent.

Observations from these examples include strong
negative amplitudes, phase shifts, stacked anomalies,
frequency reduction, and pushdown below some of
the anomalies; all of these features can be indicative
of gas accumulation (Andreassen and Odegaard,
2007; Loseth et al., 2009; Foschi et al., 2014). Further-
more, the discontinuous zone noted in Figure 10b is
characterized by chaotic reflections and could be
indicative of past fluid migration (Cartwright et al.,
2007; Loseth et al., 2011).

Although identifiable in a 2D section, the amplitude
anomalies are most apparent in horizontal time slices
(Figure 11). Seismic amplitude, root mean square
(rms) amplitude, and sweetness were all valuable in
determining the extent and characteristics of the
shallow anomalies (Chopra and Marfurt, 2007). The
rms amplitude is defined as the square root of the
average over a defined vertical time window (9 ms

in this case) of the squared values
of the waveform, and it can be used

—

a1
plitude
(92 ms)
i =
]
5%

-~ | Strong negative

to identify channels (Janocko et al.,
2013). Sweetness is derived by combin-
ing instantaneous frequency and reflec-
tion strength (Hart, 2008). In Figure 11,
we note the ability of rms and sweet-
ness attributes to significantly increase
the ability to visualize the amplitude
anomalies and their extent. Better visu-
alization is the result of the rms and
sweetness algorithms providing abso-

am

lute value amplitude information and
calculating over a vertical window,
rather than for a specific TWT. Also,
the rms amplitude will provide a better
sense of the total lateral extent of each
anomaly, whereas an individual time
slice might only show a portion of its
extent.

These seismic attributes aforemen-

Figure 10. (a-c) Various examples of maps and 2D sections highlighting the

seismic expression of amplitude anomalies.

SC44 Interpretation / February 2016

Gaps in anomaly |7
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tioned can also be used to extract 3D
shapes (often referred to as “geobodies”
in seismic interpretation) of the anoma-
lies to better understand their distribu-
tion and characteristics. A geobody is
an interpreted 3D shape enveloping
similar seismic amplitudes (or other
attributes). For the HR3D data, ex-
tracted geobodies represent a contigu-
ous similar rms amplitude response in
3D. Geologically, they are interpreted
to represent similar rock properties
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(e.g., facies, gas charge, and salt). Geobodies were ex-
tracted by selecting a subvolume within the seismic vol-
ume that included all of the amplitude anomalies
(excluding the water-bottom reflection, which is a
quite-large amplitude itself) and then isolating voxels
(3D data points) that have rms values above a specified
threshold (Figure 12 outlines the extraction process).
The rms amplitude threshold value used was 4 because
this value generated coherent geobodies for all depth
intervals of interest. As can be seen in the histogram,
rms values greater than 4 are at the very high end of
the distribution (uppermost 0.3% of values). Geobodies
are colored by elevation (Figure 12), and they range in
TWT (depth) from 170 ms (approximately 110 m) to
40 ms (approximately 11.5 m). The geologic signifi-
cance of these geobody representations of the seismic
anomalies is interpreted below.

Anomaly interpretation within stratigraphic
context

The rms amplitude anomalies (geobodies) exist
within several different stratigraphic settings. They
range in maximum horizontal length from 1000 to less
than 30 m. Because all of the anomalies are less than
half a seismic cycle thick vertically, it is impossible
to establish their exact thicknesses in meters. However,
their maximum thickness is likely less than 3 m because
a separate basal response is generally not observed,
consistent with the known frequency and velocity con-
straints (vertical resolution; see the “HR3D methods”
section). The largest and deepest (900 m across)
anomaly sits within what is interpreted to be a set of
sandy beach ridges, based on the plan-view morphologi-
cal interpretation (Figure 11 at 144 ms; top). A very
small (<30 m width) meandering channel appears as

Seismic Amplitude

standed |1 -"'.. 4 d  Wedge shape,
lines i - consistent with
P beach ridge

] '_ High amplitudes
| truncated by

RMS Amplitude

Small,
meandering

Sweetness

Coherent
anomalous
zone

Coherent b
; anomalous [ e
_zone "

High amplitudes
truncated by

Figure 11. Amplitude anomalies imaged at various TWT (144, 122, and 91 ms, top to bottom) with rms and sweetness attributes

for comparison to the right. See the text for attribute definitions.
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a seismically bright spot at approximately 122 ms and
connects to another, slightly shallower anomaly. Gas
likely migrated through this porous channel to fill an
updip reservoir, although a full analysis of fluid-migra-
tion pathways remains to be performed. The next large
set of anomalies sits directly within the UC2 interval;
they range in maximum length from 400 to 1000 m.
However, these anomalies do not exist within the
“sandy” channel features interpreted in the thalweg
(scours, point bars, etc.), but rather within the inter-
fluvial zones beyond the channel margins. Although un-
expected based on the classic fluvial reservoir models,
this fits with our stratigraphic interpretation of the in-
terval — a predominantly mud-filled incised valley,
with coarse-grained interfluvial deposits from a pre-
vious sequence existing laterally. The interfluvial de-
posits function as a reservoir that has been eroded
by valley incision to produce several discrete remnant
topographic highs. The fine-grained transgressive flu-
vial valley fill acts as a sealing interval above the inter-
fluvial reservoir.

Many of these interpretations are enhanced by over-
lying the amplitude geobodies on a variance attribute
time slice (Figure 13a). Note that most of the anomalies
are located directly above or adjacent to the vertical gas
chimney zone (dashed outline). The anomaly locations
directly support the hypothesis that the seismically dis-
continuous zone is a deep thermogenic gas chimney
that has sourced these shallow gas accumulations.
Thermogenic gas migration to a shallow depth is sup-
ported by gas analyses of recent shallow sediment
cores at the site that have carbon isotope composition
(6'3C of CH, > —50) consistent with thermogenic gas,
but with some biodegradation. In addition, cases are ob-
served in which anomalies align along steeply dipping
normal faults that appear to provide a fault seal and
footwall structure to several of the accumulations.
When the UC2 structure map is overlain (Figure 13b),
the shallow accumulations are restricted to remnant
topographic highs that have been established due to
erosion (note how the accumulation conforms around

the tributary valleys) and normal faulting (accumula-
tions are on the footwall of normal faults).

The presence of a gas chimney and shallow gas ac-
cumulations has implications for the permanent storage
of carbon dioxide, which has been considered for the
area (Wallace et al., 2013). One of the applications of
HR3D is to investigate the overburden above potential
CO, storage sites to characterize potential fluid-migra-
tion pathways. Given the obviously established fluid-mi-
gration pathway from depth identified in the SLP HR3D

T
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[ Variance slice 181 ms ] o
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Geobody ¢
elevation lllu)x.' o

h)

Anomalies sit at remnant
topographic highs

Figure 13. Map view of rms amplitude geobodies. (a) Geo-
bodies colored by elevation (ms) overlain on a horizontal vari-
ance time slice at 181 ms. (b) Geobodies overlain on a UC2
time structure map (colored with scale shown, different than
anomalies). Note the location of anomalies along faults and
within the remnant topographic highs of the pre-UC2 strati-
graphic interval.
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Figure 12. Extraction process to isolate anomalous amplitude events. Histogram (center) shows rms amplitude distribution and
cutoff (4, representing uppermost 0.3% of values) for similar rms amplitude (geobody) extraction. Geobodies in the right image are
colored according to elevation (TWT) between 170 (blue) and 80 ms (red).
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survey, the site has been removed from a list of poten-
tial candidate sites.

Conclusions

The first deployment of the P-Cable HR3D seismic
acquisition system in the GoM images the upper
500 ms in unprecedented resolution, allowing for de-
tailed visualization and interpretation of Quaternary
stratigraphy associated with relative sea level change.
The mapped UC1 and UC2 unconformities are inter-
preted to be incised valley associated with the OIS 2
and OIS 6 lowstands, respectively. Sediment fill within
the UC2 valley is interpreted to consist of predomi-
nantly TST/HST finer-grained deposits, with several
more coarse-grained point bar and channel scour de-
posits associated with the LST. Amplitude anomalies
exist within the shallowest 200 ms of the data volume
and are interpreted as thermogenic free gas accumula-
tions that have migrated from depth. Free gas charges
extremely shallow lithologies such as interfluves asso-
ciated with the UC1 and UC2 incised valleys, a small
fluvial channel, and two stranded shorelines (beach
ridges). Structural, stratigraphic, and combination traps
are observed, although none are economic. However, a
more detailed understanding of shallow stratigraphy
and structure and fluid systems is important for under-
standing basin fluid systems and geotechnical drilling
hazards. The identification of gas-migration features
is considered important for characterizing permanent
subsurface storage settings for CO, storage. In the case
of this example, the deeper stratigraphy below the gas
chimney and shallow reaccumulations was removed
from further consideration for CO, injection.
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