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ABSTRACT

The northwestern Greenland margin contains several underex-
plored sedimentary basins formed by Cretaceous rifting and
Cenozoic postrift sedimentation. The basins are thought to con-
tain significant hydrocarbon reserves, although no exploration
wells have been drilled to date. This paper reports the discovery
of a gas-charged submarine landslide mass transport deposit
(MTD) covering 420 km? (162 mi?) above the Melville Bay ridge
(MBR) rift structure. The sedimentary succession that deformed
into the MTD was likely deposited within a shallow-marine spit
complex developed along the ridge axis extension during the Eo-
cene. The MTD displays landslide characteristics with distinct blocks
up to 1 km (3281 ft) wide and 80 m (262 ft) thick that geomet-
rically fit together like a jigsaw puzzle. Clear direct hydrocarbon
indicators and velocity estimations suggest the mass transport blocks
are composed of highly porous, gas-charged sands intercalated with
shale layers and overlain by postslide pelagic mudstones. The re-
construction of all 499 MTD blocks suggests emplacement by bi-
directional sliding, triggered by rejuvenation and a southward tilt of
the MBR. Sliding most likely occurred slowly along a low-angle
decollement surface, with the blocks remaining intact despite not
being confined within a typical slide mass. Instead, coherency was
likely aided by lithological layering and diagenesis. Gravitational
shedding of the steep block margins has created interblock sand
accumulations, which may enhance connectivity.

This study provides an important analog for significant reservoir
occurrence in large MTD blocks and provides constraints on the basin
development and petroleum prospectivity of northeast Baffin Bay.
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INTRODUCTION

Sediments deposited by gravitational and mass-wasting pro-
cesses are commonplace in deep-water settings (Prior et al.,
1984; Hampton et al., 1996; Butler and Turner, 2010). These
processes can create seismic-scale deposits consisting of
chaotic facies that can commonly host rotated and translated
slide blocks within the matrix of the flow. These blocks
commonly consist of meter- to kilometer-scale packages of
undeformed strata that have remained coherent and intact
throughout the sliding process (Huvenne et al., 2002;
Weimer and Shipp, 2004; Jackson, 2011; Alves, 2015). In the
rock record, these deposits are referred to as mass transport
complexes or mass transport deposits (MTDs) (Weimer and
Shipp, 2004).

On the northwestern Greenland shelf, a well-preserved
MTD covering 420 km? (162 mi?) above the Melville Bay
ridge (MBR) rift structure has been interpreted using three-
dimensional (3-D) seismic data. The main objectives of this paper
are to document the occurrence, architecture, and lithology of
enigmatic, jigsawlike blocks within this potentially gas-charged
MTD, while also unraveling the complex depositional and de-
formational history that led to its emplacement. The paper con-
cludes by assessing reservoir connectivity and the potential for
exploration and development.

The discovery of this MTD reservoir was achieved because of
renewed exploration interest in the Arctic caused in part by in-
creasing oil prices from 2002 to 2008 and a prediction that the
Arctic contains some 30% and 13% of the world’s undiscovered
gas and oil, respectively (Gautier et al., 2009). A significant
proportion of this interest was focused offshore West Greenland
because of its favorable fiscal terms and unexplored, thick sedi-
mentary rift sequences (Henriksen et al., 2009). This interest
prompted hydrocarbon exploration license rounds from 2007
to 2008 and 2010, when five licenses were awarded in north-
east Baffin Bay alone (Figure 1). This led to the acquisition of
extensive two-dimensional (2-D) seismic data sets that cover
much of the wider Baffin Bay area, offshore northwestern
Greenland.

Pitu, one of the five awarded blocks within Melville Bay,
contains a 3-D seismic survey covering an area of 1672 km? (646
mi?) over part of the MBR and the western flank of the Melville
Bay graben (MBG) (Figure 1). The nearest well calibration is
more than 300 km (>186.5 mi) to the south and is used to
provide a chronostratigraphic framework for the shallow
stratigraphy where key horizons can be tied southward above
large areas of volcanic deposits to Ocean Drilling Program
(ODP) site 645 (Figure 1) (Knutz et al., 2015; Gregersen
et al., 2016). Approximate constraints on the likely ages of
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Figure 1. Study area and data location. (A) Bathymetry of the Melville Bay area from Jakobsson et al., (2012) annotated with
exploration license blocks, major faults, sedimentary basins, and structural ridges. Two-dimensional (2-D) and three-di-
mensional (3-D) seismic reflection data coverage is also shown within the map and on the adjacent enlargement. The 2-D line
C represents the location of Figure 3. (B) A cartoon map of the Arctic region surrounding Greenland, showing the location of
map A and Ocean Drilling Program (ODP) site 645. BBRE11 = Baffin Bay 2-D regional seismic survey; KYB = Kap York Basin;
MBG = Melville Bay graben; MBR = Melville Bay ridge; NKB = North Kivioq Basin; SKB = South Kivioq Basin; UK = United

Kingdom.

older stratigraphy are inferred from their strati-
graphic relationship to tied mega-unit boundaries,
an understanding of the regional geology (Gregersen
et al, 2013) and data from seabed sampling
(Gregersen et al., 2016) (which was not available
for use in this study).

GEOLOGICAL AND TECTONIC SETTING

The initial onset of rifting between Greenland
and Canada began in the Late Jurassic, evidenced
by volcanism and intruded dykes to the south of
the Pitu (Umpleby, 1979; Larsen et al., 2009).

This was triggered by northward propagation of
North Atlantic spreading into the Arctic basins,
leading to the creation of oceanic crust in central
Baffin Bay during the Paleocene and Eocene
(Oakey and Chalmers, 2012; Gregersen et al.,
2013). Rifting was focused during the Creta-
ceous and created a series of northwest-southeast—
trending sedimentary basins, separated by elongate
structural ridgelike highs (Whittaker et al., 1997)
(Figures 1, 2).

These basins and extensive ridges dominated the
topography of the Melville Bay area throughout the
Paleogene and into the Neogene. The largest of these
basins is the 35-90-km (22-56-mi)-wide MBG that
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Figure 2. Tectono-stratigraphic development of the Melville Bay region (MBR). (A) Stratigraphic age and the associated rift stages for
the interpreted mega-units (Mu) G-A within the Pitu license block. The chart also shows predicted periods of erosion, rifting, and tectonic
events associated with basin formation and adjustments as well as the timing of reservoir deposition (dep.) (compiled from Whittaker
et al., 1997; Japsen et al., 2006; Oakey and Chalmers, 2012; Gregersen et al., 2013; and Knutz et al., 2015). (B) A reconstruction of Melville
Bay during the time of reservoir deposition showing the embayment of the Melville Bay graben (MBG) via the MBR emergent island as
well as sediment transport and deposition and the location of sea-floor spreading. Oceanic crust and spreading locations have been
modified from Welford et al. (2018). Alb. = Albian; Apt. = Aptian; Barr. = Barremian; Berr. = Berriasian; Camp. = Campanian; Ceno. =
Cenomanian; Conia. = Coniacian; Haut. = Hauterivian; Holo. = Holocene; Maast. = Maastrichtian; Mio. = Miocene; Oligo. = Oligocene;
Paleo. = Paleocene; Pleist. = Pleistocene; Plio. = Pliocene; Quat. = Quaternary; Sant. = Santonian; Turon. = Turonian; Valan. = Valanginian.

is bounded to the east by the Melville Bay Fault
(which shows a maximum heave of >30 km [>18.6
mi]) and is separated from the Kap York Basin to the
north and the Kivioq Basin to the west by the MBR
(Whittaker et al.,, 1997) (Figure 1). The MBR de-
veloped as an elongated synrift tilted fault block that
has subsequently experienced postrift reactivation
(Gregersen et al., 2013) (Figure 1). This ridge likely
existed as a small emergent island extending from
the Greenland mainland to the north during much of
the Paleogene and Neogene (Figure 2). This would
have partially separated the deeper waters of the
MBG from the rest of Baffin Bay to the west, creating
an embayment (Gregersen et al., 2013, 2016).

The restricted basin was infilled by Cretaceous—
Paleogene sedimentary successions that contain
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mainly marine mudstones with interfingering
coarse sands sourced from both the Greenland
craton to the east and the uplifted MBR to the west
(Gregersen et al., 2013). These successions can
reach thicknesses up to approximately 13 km
(~8 mi) and include likely source-rock deposition
during the Late Cretaceous (Cenomanian—Turonian)
(Whittaker et al., 1997; Bojesen-Koefoed et al.,
1999; Planke et al., 2009; Gregersen et al., 2013)
(Figure 2). Accommodation upon the MBR was
preserved during periods of uplift quiescence, al-
lowing sediments to accumulate and create a thick
(<80 m [<262 ft]) package of prograding sands,
which constitute the potential reservoir studied
here (Oakey and Chalmers, 2012; Gregersen et al.,
2013, 2016).

Enigma of Large Sandy Blocks within a Gas-Bearing Mass Transport Deposit



Major extension and sea-floor spreading ceased
during the late Eocene-Oligocene (Oakey and
Chalmers, 2012; Welford et al., 2018), with thermal
subsidence driving the drowning of the emerged
MBR and causing the transgression of clastic systems
within Melville Bay as well as a widespread transition
into a deep-marine environment (Figure 2) (Whittaker
et al., 1997; Gregersen et al., 2013). The margin
subsequently underwent several episodes of uplift
and exhumation (up to 2 km [1.2 mi] over three
time phases: 36-30 Ma, 11-10 Ma, and 7-2 Ma),
evidenced by apatite fission-track modeling, vitrinite
reflectance analysis, and seismic studies (Oakey, 2005;
Japsen et al., 2006; Knutz et al., 2015) (Figure 2). This
led to the creation of significant inversion structures
as well as the reactivation of several structural ridges
within eastern Baffin Bay, including the MBR
(Gregersen et al., 2013). The remnant rift topography
of the MBR, along with continued phases of uplift
during the late Paleogene and Neogene has caused
sediment packages to thin over the high and for the
deposition to be concentrated within the deeper
basin, leading to the wedgelike geometry of postrift
packages (Figure 3) (Whittaker et al., 1997; Japsen
et al., 2006; Gregersen et al., 2013, 2016). This ef-
fect is increased by sand input from the Greenland
craton to the east, depositing within the deeper basin
before reaching the MBR slope (Knutz et al., 2012,
2015; Gregersen et al., 2013, 2016).

The late Pliocene and Pleistocene cycles of gla-
cial advance and retreat of the Greenland Ice Sheet
have caused the adjacent northwestern Greenland
continental shelf to be extensively reworked (Aksu and
Piper, 1987). This is evidenced by several erosional
surfaces and several significant glacial sedimentary
wedges overlying much of the deeper rift sequence
within Baffin Bay (Knutz et al., 2015, 2019; Newton
et al., 2017) (Figure 3).

The differentiation between basin and ridge rift
structures and the thick sedimentary succession
within the MBG is clearly evident on seismic data
across the Pitu license block (Figure 3). The 2-D and
3-D seismic data used within this study have been
interpreted, resulting in nine seismic stratigraphic
(mega-unit) horizons that define the sedimen-
tary infill of the basin (Figures 2, 3). These regional
interpretations follow the work completed by
Gregersen et al. (2013, 2016, 2019). This work de-
fines the main rift-related sediments within the MBG

asmega-units G-D1, which are overlain by postrift
infill as well as glaciogenic sediments (mega-units
C-A). The reservoir that this study focuses on exists
within the base of mega-unit D2 (Figures 2, 3). These
sediments are underlain by early rift sediments that
thin onto the high and are overlaid by polygonally
faulted infill muds of mega-unit D1 (Figure 3).

DATA AND METHODS

The main data set used within this study consisted of
a 3-D seismic reflection survey that was acquired by
Cairn Energy, PLC, in 2011 that consists of 93 3-D
acquisition lines using a bin size of 25 x 12.5 m (82 x
41 ft) and 1-km (0.62-mi) separation between sail
lines (Figure 1). The shotpoint interval used was 25
m (82 ft) (flip-flop) with a source separation of 50 m
(164 ft), leading to a common midpoint fold of 70 m
(230 ft). The total survey area is 1672 km? (646 mi?)
with 12.6% data infill and is provided in two-way
time (TWT) down to 6.5 s. Processing steps included
signal noise attenuation and corrections and velocity
analysis using Kirchhoff prestack time migration
(PSTM). The frequency ranges between 5 and 75
Hz, with a dominant frequency within the target
interval of 28 Hz producing a dominant wave-
length of 71 m (233 ft) (using an average velocity of
2.0 km/s [6562 ft/s]) and a vertical resolution of 18 m
(59 ft). Prestack depth migration was completed using
a Kirchhoff algorithm down to 10,000 m (32,808 ft).

The survey was reprocessed in 2013, which in-
cluded a more detailed poststack depth migration
study using a Kirchhoff algorithm and attempted to
remove several unwanted features such as a residual
bubble oscillation, strong seabed multiples, and wave
diffractions caused by glacial seabed scours. A subset
high-resolution 3-D seismic survey in TWT was
also produced that covers an area of 1135.5 km?
(438 mi*) down to 5 s, with a frequency range of
5-150 Hz and a dominant frequency across the target
interval of 45 Hz producing a dominant wavelength
of 44 m (144 ft) (using an average velocity of
2.0 km/s [6562 ft/s]) and an increased vertical res-
olution of 11 m (36 ft). The spatial resolution was
also increased to 12.5 m (inline) x 6.25 m (cross-
line) (41 x 20.5 ft) (Figure 1).

The data used in this study also include four
regional 2-D seismic reflection lines (Figure 1) that
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Figure 3. Regional basin development and structure. (A) An uninterpreted regional two-dimensional (2-D) seismic reflection line (2-D
line A) showing the basin and ridge structure across the study area. (B) An interpreted regional 2-D seismic reflection line (2-D line A)
showing nine mega-unit (Mu) horizons that have been modified from Gregersen et al. (2013, 2016, 2019) as well as rift stage in-
terpretations. Also shown are interpretations of possible source-rock kitchens and updip migration pathways within the Cretaceous Mu F.
(C) A seismic reflection intersection from the high-resolution three-dimensional survey along the 2-D line trajectory (location shown in
(B)) to show the location of the main mass transport deposit (MTD) reservoir studied as well as the polarity comparison of the top
reservoir and seabed. The 2-D seismic line location is shown in Figure 1. TWT = two-way time.
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form part of the Baffin Bay 2-D regional seismic
survey data set (BBRE11), provided by TGS, that was
acquired between 2007 and 2009, covering 5226.5 km
(3248 mi) across Melville Bay. This survey was ac-
quired using a 2000 psi source with a 25-m (82-ft)
interval and 8-m (26-ft) gun depth. Data were
recorded by a single 6000-m (19,685-ft) streamer
with 480 channels spaced at 12.5-m (41-ft) intervals,
using a sample interval of 2 ms. The survey was
reprocessed in 2011, which involved bubble-pulse
attenuation, diffraction multiple attenuation, low-
frequency enhancement, and Kirchhoff PSTM.

All seismic data were provided in Society of Ex-
ploration Geophysicists normal polarity, with positive
peaks (red) representing a downward increase in
acoustic impedance and negative troughs (blue) rep-
resenting a downward decrease in acoustic impedance
(Figure 3C).

Converting the TWT thickness of blocks inter-
preted within the high-resolution seismic survey to
depth was completed using an estimated average in-
terval velocity of 1.69 km/s (5545 ft/s), which was
calculated from the velocity pushdown effect ob-
served beneath the reservoir blocks in seismic data
(see the Seismic Observations section). This method
was used instead of directly measuring the thicknesses
on the depth-converted seismic survey. This was
because of the increased vertical resolution within
the high-resolution survey allowing more accurate
imaging and interpretation of the blocks, leading
to a more accurate thickness estimate. Seismic ob-
servations and interpretations were made within
Schlumberger’s Petrel software using industry-standard
seismic interpretation techniques (Posamentier,
2004; Posamentier et al., 2007). Spectral decom-
position was completed and interpreted using Geoteric,
which allowed for noise cancellation, seismic fre-
quency selection, and color blend cube creation
(Castagna and Sun, 2006). Surface extractions
were then taken from color blend cubes for inter-
pretation (Wright et al., 2018).

The landslide reconstruction process was carried
out in ArcMap, in which the blocks were iteratively
returned to their likely source location by comparing
the following.

1. Geometrical fit: Because of block coherency, the
shape and structure of the reservoir blocks in

map view remains visible and allows for a geo-
metrical reconstruction, much like jigsaw pieces,
in which the pieces are slid back together. This
process considered mass wasting and erosion at
the block edges, giving a slightly blurry fit, and
block translation and rotation.

2. Block thickness: Blocks that were once connected
laterally adjacent to each other would likely be of
similar thickness. Thickness trends across multiple
blocks were used to constrain the reconstruction.

3. Internal reflections: Matching internal reflections
from seismic profiles showed continuous deposi-
tional style and constituents across originally
adjacent blocks.

4. Dip and azimuth of decollement surface: Because
the uplift of the MBR is the most likely trigger of
slide movement, the decollement surface structure
was used as a guide to the possible flow paths and
the direction of sliding along which the blocks can
be repositioned in their original location.

The process only considered reservoir blocks that
were thicker than 30 ms (~25 m [~82 ft]) in thick-
ness. This allowed for a clear definition between
reservoir blocks and interblock areas and defined a
total of 499 individual blocks for use in the recon-
struction. The assumption was made that the large
main reservoir block existing on the MBR platform
remains in its original location of deposition, allowing
for the remaining blocks to be reconstructed back
to this center. The preslide location for each of
the reservoir blocks was decided using the four
guiding characteristics of either the blocks them-
selves or the underlying decollement surface out-
lined above. If the four considerations matched, then
the blocks were moved into laterally adjacent posi-
tions. Each block was restored separately, according
to the guiding characteristics, but the final fit of
each block depended on the fit of previously re-
constructed blocks.

The most likely direction of block sliding (flow
line) was determined by comparing the pre- and
postslide location and orientation of individual
blocks. Additionally, this process considered the
pathway for all surrounding blocks, as deforma-
tional trends likely occurred across multiple block
sections, with the crossing of individual slide paths
being unlikely. This allowed an iterative assessment
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of block flow lines working outward from the main
reservoir block, creating trends that agreed across
multiple blocks as well as connecting individual pre-
and postslide block locations. Direct evidence of
flow direction, such as erosional structures on the
decollement surface, is not observed. This is pos-
sibly either because of a lack of beneath-block ero-
sion occurring during sliding or existing features
not being imaged within the seismic data. This may
be because of limited vertical seismic resolution
or beneath-block velocity pushdown significantly
affecting the imaging and structure of the decolle-
ment surface.

SEISMIC OBSERVATIONS

A package of bright amplitudes and potential direct
hydrocarbon indicators (DHIs) that exist on the crest
and eastern flank of the MBR have been investigated
using the Pitu high-resolution 3-D seismic survey.
This package exists at the base of mega-unit D2,
which consists of Paleogene sediments (Gregersen
et al., 2013), with the top D1 horizon having been
interpreted as middle Miocene via a long-distance tie
to ODP site 645 (Knutz et al., 2012, 2015) (Figure
3). The package is likely Eocene in age because of
the correlation of the base package horizon (top
mega-unit E) into Eocene volcanics to the south
of Melville Bay (Gregersen et al., 2013).

Mass Transport Deposit Characteristics

Seismic interpretation of the uppermost soft reflec-
tion revealed that this was associated with an ex-
tensive deposit that covers an area of 420 km? (162
mi?) (Figure 4). The strong negative amplitudes are
observed across much of the crest and eastern flank
of the MBR, with the highest negative amplitudes
existing on the platformlike section of the MBR in
the north. The response is observed to extend south-
east along the strike of the MBR but becomes less
continuous to the south and east (Figure 5). Bright
amplitudes are, however, observed to the south of 3-D
seismic coverage on 2-D regional line B (Figure 1) on
the boundary of the Pitu and Tooq license blocks. This
may suggest the package extends beyond the southern
limit of the 3-D survey.

The discontinuous soft response indicates that
the package of reflections has broken up into several
angular blocks that become smaller and further
spaced apart to the south and east (Figure 4B) before
becoming no longer observed further downslope
(having likely disintegrated) (Figure 5). The angular
blocks range in sizes up to 1 km (3281 ft) wide and
80 m (262 ft) thick (maximum TWT of 95 ms at
1.69 km/s [1.05 mi/s]), with block thickness in-
creasing toward the northwest (Figure 5). The entire
deposit sits on a single decollement surface (Figure 4)
that is consistent with the elongated dome structure
created by the uplifted MBR. The deposit is observed
to still be intact (with a continuous soft reflection)
across much of the platformlike section of this
decollement above the MBR to the north (Figures
4A, 5). However, away from the central axis of
the MBR where the decollement dip increases, the
blocks show evidence of movement, with dominant
sliding directions to the south in the dip direction
along strike of the MBR and also to the east toward
the deeper graben (Figure 5).

On the western flank of the MBR, some exten-
sive elongate ridgelike blocks have dislodged from
the headscarp but have not disintegrated into smaller
isolated blocks such as observed on the eastern
flank (Figure 5). The high-amplitude response is
not observed further down the steeply dipping
western slope or on regional 2-D seismic lines that
extend beyond the 3-D seismic survey limits to
the west.

Direct Hydrocarbon Indicators

The seismic expression of the blocks shows clear
DHIs with bright soft and hard events at the top
and base of the package, respectively, with inter-
nal architectures that range from multiple continu-
ous layers of varying acoustic impedance to more
homogenous blocks with dim discontinuous inter-
nal reflections (Figure 4). The deposit appears to
have slid along a single decollement surface that
displays as a positive amplitude response with re-
flection amplitudes increasing beneath the blocks. The
approximately plane-parallel decollement surface also
shows variable TWT between areas beneath and ad-
jacent to the blocks. This is most likely caused by
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Figure 4. Reservoir description. (A) Seismic section showing the seismic response from the reservoir on top of the Melville Bay ridge
(MBR) platform. (B) Seismic section showing the seismic response of distributed reservoir blocks along the eastern ridge slope de-
collement surface. Line locations are shown in Figure 5. TWT = two-way time.

velocity pushdown because of anomalous fluids
such as gas or oil within the package (Figure 4).
The velocity pushdown effect observed beneath
the blocks has been used to estimate the primary
wave velocity within the package in an attempt to
understand its potential lithology and fluid content
and to specifically test whether the DHIs observed
could be caused by porous, gas-bearing sands. This
estimation uses the difference in TWT depth of the
decollement surface in areas beneath and adjacent to
the blocks (in areas in which the DHI response is
not observed) (Figure 6). In reality, the decollement
surface is continuous in depth between the two areas,
but slower velocities within the package are causing
the apparent shift and are likely created by either a
different lithology or pore fluid compared to the sur-
rounding overburden (Figure 6B, C). The extent of
the velocity reduction will provide evidence to what
lithology and pore fluid the package may consist of.
A typical reservoir block was selected for this
calculation and is shown in Figure 6. The TWT value

from the top of the package to the decollement
surface adjacent to the block (without the push-
down) (TWT,sn) is used to calculate the block
height (H) (equation 1). This assumes an average
velocity for the overburden sediments (V,,,erpurden) Of
2.0 km/s (6562 ft/s). This gives a block height of
70 m (230 ft). The average velocity for within the
block was then calculated using this block height
along with the TWT value for the block and the
pushdown (TWTy,,), measured from the top re-
flection to the decollement surface beneath the block
(equation 2). This gives an estimated average velocity
through the block (Vyjpe) of 1.69 km/s (5545 ft/s),
with this value being used for block thickness con-
versions from the TWT to depth. Additionally, if the
overburden velocity is assumed at 2.2 km/s (7218
ft/s) instead, the block velocity is then estimated
at 1.85 km/s (6070 ft/s).

H= %Xvoverburden 70m=§ x 2.0 (1)
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Figure 5. Reservoir distribution and character. (A) Spectral decomposition red, green, and blue (RGB) extraction on the top reservoir
surface across the Pitu high-resolution seismic survey. The RGB blend is composed of 20-Hz (red), 30-Hz (green), and 50-Hz (blue)
frequency band volumes, created and visualized within Geoteric. (B) A thickness map between the top reservoir and decollement surfaces
(filtered to only show thicknesses >30 ms). Two areas of thicker reservoir are highlighted. The locations of Figures 4A, B; 6; 7A, D, E; and
9A, B are shown.
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Figure 6. Block erosion and interblock sediment deposition. (A) Uninterpreted seismic section showing four separated reservoir blocks
along a single decollement surface. Location of seismic image used within Figure 18 is shown. (B) Interpreted seismic section highlighting
reservoir blocks, gravitational shedding, and interblock sediment deposition. The location of the seismic line is shown in Figure 5. TWT = two-
way time; V,,o,,m, = average velocity adjacent to the block (without pushdown); Vi, = average velocity within the block (with pushdown).

Hx2 70 x 2
V,,,ockzmixlolw km/s = O;

2)

This estimation, however, only considers the block to
consist of 100% sand, at which point it is far more
likely to contain several muddy layers, as evidenced
by internal seismic reflections (Figures 4, 6). Con-
sidering the amount of internal layers within the
typical block, it is estimated that mud could com-
prise up to one-third of the total block thickness
(Figure 6). Therefore, the mud must be considered
in the velocity estimation because these low porosity
layers will retain the overburden velocity (2.0 km/s

[6562 ft/s]) and not create the velocity pushdown
observed. The slower velocities causing the pushdown
effect will likely be confined to the higher-porosity
sand layers within the block.

EH X 2
Sand velocity (Viu,4) = 3 1
™ 1slow_ §1 norm
46.6 x 2
1.56 km/s=m (3)

The estimation of V,,; (equation 3) only considers
the two-thirds of the block height that is sand and
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removes the TWT of the mud layer (0.33 TWT,,,,,,)
from TWTy,,. This gives an estimated velocity for
the sand layers within the package of 1.56 km/s
(5118 ft/s), which is significantly lower than that
of typical sandstones with 30%—40% porosity at this
depth (commonly 2-2.5 km/s [6562-8202 ft/s])
(Rider and Kennedy, 2011). This velocity reduction
is, therefore, most likely caused by the pore fluid
within the sands and suggests that the package
consists of gas-charged highly porous sands.

A spectral decomposition color blend of 10
(red), 20 (green), and 50 Hz (blue) (equivalent to a
tuning thicknesses of 42, 21, and 8.5 m [138, 69, and
28 ft] at 1.69 km/s [5545 ft/s]) was created using the
high-resolution 3-D seismic survey. An extraction
along the top reservoir horizon clearly depicts a
dominant bright white frequency response over
much of the reservoir area (Figure 5). This represents
high saturations from all three blended frequencies
and is a response typical for a relatively shallow (550
ms [550 m {1804 ft}] using an average velocity of 2.0
km/s [6562 ft/s]) below the seabed) gas sand reser-
voir (Wright et al., 2018). Other areas of the reservoir
and surrounding decollement surface show dom-
inance toward the low-frequency (red) response.
The image also highlights the breakup of the deposit
into a large number of separated blocks, with the
thickest and most laterally extensive reservoir sec-
tions existing on the MBR platform in the north and
the increased breakup and movement of smaller
blocks mainly to the south and east (Figure 5A). The
reservoir is shown to thicken in two areas within
the deposit, with reservoir thickness up to 80 m (262 ft)
(Figure 5B).

Spectral decomposition also highlights the same
bright, multiple-frequency response seen for the
reservoir blocks within certain interblock areas
surrounding the large separated blocks south of the
main reservoir section (Figure 5A). This signature was
also noted in the seismic extraction on the top res-
ervoir surface and in the seismic cross section where
interblock areas show similar soft and hard kicks to
that of the main reservoir blocks (Figure 6). The
seismic sections show that the separated reservoir
blocks narrow upward as well as the hummocky and
erosive nature of the top reservoir reflections. The
cross section shows that the high-amplitude response
from the interblock area is absent in places. This can
also be observed in Figure 5A in which dark areas

between the interblock bright responses represent
areas of absence. This absence of response is more
prevalent deeper into the graben on the eastern flank
and between the smaller blocks within the far south-
eastern section.

Deformation

The spectral decomposition image (Figure 5) also
highlights a series of east-west elongate and/or ob-
long features on the top reservoir surface that vary in
frequency response and terminate at a similar depth
on the slope (~—1600 ms) (Figure 7A) at their western
edge. To the east of this termination, no bright-
amplitude reservoir blocks are observed. Seis-
mic amplitude extractions across these features
display a dim, negative amplitude response (Figure
7A). The onset of these features updip commonly
occurs at the location of ridge-parallel extensional
faults, with the feature existing on the downthrown,
slightly steeper part of the slope (Figure 7). Similarly,
the features commonly terminate downslope at
fault locations. Within each of the features exists
numerous linear, low-amplitude zones that are
perpendicular to their east-west orientation (Figure
7B). These zones represent the location of small
extensional faults (Figure 7B, C). In the east, and
downslope of the termination of these features,
several deep, valleylike erosional depressions that
trend basinward are observed on the decollement
surface. High positive (hard kick) seismic ampli-
tude responses are observed to be confined within
these depressions that extend downslope and likely
beyond the eastern edge of the seismic survey
(Figure 7E).

All of the reservoir features observed sit on a
single decollement surface (Figure 4). To ascertain
controls on the slide block distribution, the present-
day dip of the decollement has been estimated
(Figure 8). Because subsequent deformation has
augmented the paleotopography, the present-day
angles are likely much greater than the original de-
collement dip at the time of slide emplacement. The
dip of the decollement increases away from the
MBR axis with a flatter, platformlike area on top of
the ridge and along strike (Figure 8). The majority
of the reservoir blocks exist within the green low dip
areas (0°-2°), with blocks becoming increasingly
broken up into areas of increasing dip (1°-4°) and
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Figure 7. Seismic character transition and zones of deformation style including decollement surface slumping and canyonization. (A) A
two-dimensional (2-D) aerial view of a top reservoir seismic extraction surface showing the location of low-amplitude anomalous zones
and their relationship to the interpreted fault network. (B) A close-up 2-D aerial view of the top reservoir (decollement because reservoir is
not present) extraction surface showing interpreted extensional faults within a low-amplitude feature. (C) A seismic section through the
feature shown in (B), showing the location of small extensional faults that allow deformation of the decollement surface. (D) A seismic
section showing four zones of deformation style across the reservoir and decollement surface area. The insert shows the four zones in
schematic style. (E) A top reservoir two-way time (TWT)-structural surface showing slope canyonization on the eastern flank of the
Melville Bay ridge. Topographically controlled shed reservoir sediment is depicted deposited within the canyons as a filtered root-mean-

square (RMS) amplitude surface. The locations as seen in (A) and (E) are shown in Figure 5.
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Figure 8. The dip of the decollement surface and its control on block sliding and deformation styles. (A) An uninterpreted dip map of
the modern-day reservoir decollement surface (shown in Figure 4) that shows dip increasing away from the relatively flat central axis of
the Melville Bay ridge. Four dip transects are shown extending from a central hinge point location on top of the ridge with average dip
measurements of 1.6° (D-A), 0.41° (D-B), 3.3° (D-C), and 2.6° (D-D). (B) An interpreted dip map of the modern-day reservoir decollement
surface, overlaid by the modern-day distribution of reservoir blocks. The increase in dip downslope (eastward) is shown to coincide with a
transition of deformational styles, with areas separated by zones of increased dip created by faults. These zones are numbered on the map
and defined as (1) stable platform crest, (2) mega-block sliding, (3) slide scars and disaggregation, and (4) canyonization. The control of
the dip on sliding is shown by coherent sliding vectors for visible reservoir blocks (blue arrows) remaining within areas of low dip, whereas
areas of steeper dip highlight where the reservoir blocks are not visible with the sand likely having disaggregated and shed downslope

(shown by sediment shedding vectors [red arrows]).

completely absent in areas of high dip (>4°) shown in
Figure 8. The variations in reservoir signature across
areas of increasing dip are commonly separated by
linear areas of high dip (>4°) that represent fault lo-
cations (Figures 7D, 8). Blocks are commonly ob-
served adjacent to these features updip but are not
observed in the downdip section (Figures 7D, 8).
The dip of the decollement also highlights a
hinge point on top of the ridge where spreading
occurred radially from this high point. This coincides
with the onset of block separation and sliding to the

1024

south away from the main reservoir block in the north.
The higher-average slope angles shown by transects
D-A (1.6°), D-C (3.3%), and D-D (2.6°) (Figure 8A),
highlight areas in which the slope angle dramatically
increases away from the ridge hinge point, coinciding
with shorter sliding vectors and a lack of observed
reservoir blocks. Transect D-B, along strike of the
MBR, shows the most gradual dip, with an average
dip angle of 0.4°. In this direction, the majority of
reservoir blocks are still observed intact, having slid
further distances downslope (Figure 8).
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Figure 9. Reservoir block control on the development of a diagenetic polygonal fault network. (A) Interpreted seismic section showing
separated reservoir blocks flanked by normal faults that coincide with the nucleation point of polygonal faults within the overlying mega-
unit (Mu) D1. The location is shown in Figure 5. (B) Variance time slice at —1210 ms two-way time (TWT) showing the network of
polygonal faults that have formed within Mu D1. The location is shown in Figure 5B. (C) Schematic diagram depicting the influence of
reservoir block location on the development of polygonal faults and larger offset normal faults.

Controls on Fault Development

Reservoir blocks are flanked at their edges by normal
faults that extend subvertically through the over-
burden and into the base of mega-unit D1 (Figure 9A).
Mega-unit D1 is characterized by numerous small
horst and graben packages of discontinuous horizons
that are offset and separated by thin, linear, sub-
vertical low-amplitude zones (Figures 3, 9A). Co-
herency and variance attribute time slices from
within mega-unit D1 (Figure 9B) show how these
zones commonly connect to create networks, a typ-
ical characteristic of polygonal faults (Cartwright
et al., 2003). These faults are mostly layer bound
within the deep-water muds of mega-unit D1 but
show occasional fault extensions into mega-unit C
and can reach close to the seabed. Many of these
polygonal faults are shown to nucleate at the vertical
extent of the block, bounding normal faults with the
orientation of extension commonly following the di-
rectional trend set out by the underlying faults and

block-edge orientations (Figure 9A, C). Additionally, a
small number of the block-edge normal faults seem to
extend directly through mega-units D1 and C and are
likely tectonic faults rather than polygonal. These
faults show larger degrees of offset with a continuous
orientation of extension that is still determined by
the location of the block edge.

LANDSLIDE RECONSTRUCTION

The reconstruction of the 499 landslide blocks to
their preslide configuration was facilitated by the high
quality of imaging in the high-resolution 3-D survey
used and the unique dispersal pattern and angular
edges of the reservoir slide blocks. The reconstruction
aids the understanding of the triggers and mechanisms
of sliding as well as the uplift history of the MBR.
The comparison maps (Figure 10) show the re-
constructed location of the blocks that remain within
the study area, along with large sections of exposed
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Figure 10. Landslide reconstruction. (A) A two-way time-structure map of the decollement surface overlaid by black polygons
representing the modern-day location of individual reservoir blocks that are in excess of 30 ms (~25-m [~82-ft]) thickness. The locations
for Figures 12; 13A-C; and 14A are shown. (B) A two-way time-structure map of the decollement surface (legend within (A)) overlaid by
polygons representing the reconstructed location of individual reservoir blocks in their presecondary sliding location. Each polygon is
colored by the total distance traveled according to reconstruction. The locations for Figures 12; 13A-C; and 14B are shown. MTD = mass

transport deposit.

decollement, which likely represent areas in which
once-deposited reservoir has now been shed from the
high. This implies the significant transport of sandy
sediments into the deeper parts of the basin in which
data quality, acoustic characteristics, and data availability

do not allow mapping of the equivalent deposit.
Thickness trends and internal reflections across
multiple blocks, along with interconnecting block
shapes, indicate that the reservoir was deposited along
the MBR and adjacent to the large undeformed section
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Figure 11. Ahistogram showing the distribution of block sliding distances calculated during the landslide reconstruction process. Max =

maximum.

of the reservoir in the north (see the Data and Methods
section). The blocks show a general trend of having
been deposited close to the central axis of the north-
west-southeast-trending MBR. The reconstructed
reservoir map in Figure 10B is color coded by distance
traveled caused by sliding. This highlights an increased
distance of sliding in the southern section of the res-
ervoir, along the strike of the MBR in the least dipping
direction of the decollement surface (Figures 8, 10).
The maximum distance of block sliding was
shown to be 11,825 m (38,795 ft) with an average
slide distance of 3500 m (11,483 ft) (Figure 11). The
dominance of the 0-500-m (0-1640-ft) travel dis-
tance (78 blocks) is caused by small blocks that
closely surround the large central reservoir block and
are still within the flatter, platformlike area of the
MBR. This causes the average travel distance to be
reduced. Additional observations include two data
spikes that are observed at 2000-2500-m (6562-
8202-f) and 6500-7000-m (21,325-22,965-f¢)
ranges. All of the blocks that traveled a distance
over 10,000 m (>32,808 ft) are observed within the

southernmost section of the reservoir, which may be

because of a gentler slope gradient in this direction
(axis of MBR) (causing the blocks not to disaggregate)
(Figure 8) but could also, to some extent, be biased by
the distribution of the available data set. It is possible
that blocks exist outside of the data set, but is more
likely that any blocks transported beyond the survey
edge will have disintegrated because of an increased
slope gradient (Figure 8) away from the MBR central
axis and been redeposited as gravity flows in the
deeper basin, as seen on the eastern flank (Figure 7).

Further analysis of the reconstruction over an area
on the eastern flank depicts the flow directions for
each of the reconstructed blocks (Figure 12). This
process highlights two trends of motion. First, the areas
of the reservoir directly above the MBR trend toward
the southeast along strike of the dipping ridge. The
blocks then move in a secondary trend as they reach
the eastern edge of a narrowing MBR and slide east-
ward and down into the deeper MBG. It is unknown
whether sliding in the two directions was separated
by a period of no movement or a smooth continuation.

Within the southern section of the main reser-
voir block, two large areas do not show frequency or
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Figure 12. A two-way time (TWT)-structure map of the de-
collement surface overlaid by polygons representing the modern-
day location (black) and reconstructed location (white) of the
reservoir blocks. Certain polygon pairs have been colored for
comparison. Flow lines are shown between block polygon pair
locations that represent the direction of movement and highlight
a bidirectional trend during sliding. The map location and de-
collement surface legend are shown in Figure 10.

DHI responses and most likely do not contain res-
ervoir (Figures 5, 10, 13). This is also suggested by an
opposite amplitude response (hard event) across
these sections compared to that of the reservoir blocks
and by the absence of the velocity pushdown effect
likely created by gas in the reservoir. The two
sections are underlain by localized high areas that
suggest increased elevation and perhaps nondepo-
sition on the decollement surface during original
reservoir deposition. The location of these high areas
coincides with the crests of tilted fault blocks that
exist beneath the MBR and consist of prerift stra-
tigraphy (mega-unit H) (Figure 3) (Gregersen
etal., 2013). The surrounding internal reflections
within the reservoir are shown to thin and onlap
onto the flanks of the localized highs (Figure 13).

Comparison of the two adjacent nonreservoir
areas shows a differing relationship with the elongated

reservoir block to the west (Figure 13). Within the
southern section, the block looks to have slid away
from the flank of the high, whereas the northern
section of the elongated block is still directly adjacent
to the high. This suggests that the whole block has
not simply slid westward but has rotated clockwise
by approximately 23°. Blocks are also shown to only
exist above areas where the decollement is relatively
flat, with no further blocks observed on the steeply
dipping western flank of the MBR beyond the elon-
gated reservoir blocks (Figure 13).

Internal Stratigraphy of Landslide Blocks

Completing the geometric landslide reconstruction
process allows the presliding seismic characteristics
of the reservoir to be assessed. This assessment re-
moves the interblock areas along a seismic cross section
(extracted along an MTD slide vector), juxtaposing
the sections of the blocks, which were once laterally
adjacent (Figure 14). This provides a view of the
original depositional structure of the reservoir pre-
sliding, highlighting continuing internal stratification.
The process can also help to highlight stratigraphic
features that occur across multiple blocks, which may
not be readily visible because of their present separa-
tion. The example highlights a central package within
the reservoir response that are of lower amplitude to
the under- and overlying sections. This package only
exists within the two thicker reservoir areas shown in
Figure 5B. Within this reconstructed package, several
steeply dipping, oblique-sigmoidal reflections are
observed that resemble clinoform features dipping
toward the southeast (Figure 14).

DISCUSSION

The MTDs have a significant impact on the hydro-
carbon industry by commonly serving as hydrocarbon
seals (Alves et al., 2014; Sun et al., 2017) and by
forming major reservoirs for several fields in the
North Sea and Gulf of Mexico alone (Meckel, 2010).
With less than 10% of MTDs worldwide being sandy,
it is often difficult to differentiate between sand-
prone and shale-prone MTDs in seismic data, and
it is often only after drilling a target that a sand-prone
MTD interpretation can be made (Meckel, 2010).
Here, seismic observations have identified the
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Figure 13. Areas of reservoir nondeposition. (A) A comparison of modern-day (black) and reconstructed (colored) reservoir block
locations, shown on top of a two-way time (TWT)-structure map of the decollement surface. Areas of reservoir nondeposition are
highlighted in blue. The map location and decollement surface legend are shown in Figure 10. (B) A seismic section showing the lo-
cation of an uplifted platform on the decollement surface on which reservoir deposition did not occur. The schematic insert depicts
the thinning of the reservoir against this uplifted high. The line location is shown in Figure 10. (C) A seismic section showing nondeposition
and subsequent sliding of a reservoir block to suggest block rotation. The line location is shown in Figure 10. MBR = Melville Bay ridge;

MTD = mass transport deposit.

presence of a sandy MTD consisting of gas-charged,
highly porous blocks on the crest and eastern flank of
the MBR (Figures 3, 4) that are of landslide origin having
experienced postdepositional breakup and sliding. The
package is clearly defined by high amplitudes and
exists at the base of mega-unit D2 above a single
decollement surface (the top reflection of mega-unit
E [E1]) (Figure 3). Clear DHIs, frequency analysis
via spectral decomposition, and estimations for
velocity within the package all suggest a reservoir
composed of highly porous sand that is likely gas
charged, suggesting a working petroleum system
within this area (Figures 4, 5).

Reservoir Deposition and Deformation

The basin and ridge topography, created by Creta-
ceous rifting, existed throughout the Paleogene and
into the Neogene in the Melville Bay area (Whittaker
et al., 1997; Gregersen et al., 2013). The MBR was
likely a small, elongated emergent island extending
from the northwestern Greenland mainland south-
ward, creating a deep-water embayment above the
MBG (Figures 2, 15). This is evidenced by onlap
terminations of thick synrift deposits on the flank of
the high as well as the increasing ridge height to the
north (Figure 15). During periods of ridge uplift, no
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Figure 14. Reconstructed internal stratigraphy of mass transport deposit blocks. (A) A seismic section showing reservoir blocks that
have been separated through sliding. The areas of the section selected for the reconstruction are shown. The location of the seismic line is
shown in Figure 10A. (B) A reconstructed seismic section that shows the laterally consistent reservoir in its predeformation state. An
internal section of the reservoir is highlighted and shown to contain clinoforms. These clinoform features are shown in the adjacent

schematic diagram. The location of the seismic line is shown in Figure 10B. TWT = two-way time.

deposition occurred on the high and any sediment
input would have bypassed into the deeper graben
via gravity-driven processes (Gregersen et al., 2013)
(Figure 16).

A period of net subsidence of the MBR allowed
for the deposition of reservoir sands upon the ridge
(Gregersen et al., 2016) (Figure 16). This likely oc-
curred during the Eocene based on correlation of
the base sand reflection (mega-unit E) on regional 2-D
seismic data, with Eocene volcanics further south
(Gregersen et al., 2013). The reservoir surrounds areas

of nondeposition that exist above elevated areas on
the ridge crest created by deep-seated tilted fault blocks
(Figures 13, 15). This suggests sand deposition in a
very shallow-marine environment, where restriction
of deposition on these slightly more elevated areas
is likely a result of being above the wave base.
Additional accommodation, possibly caused by
localized faulting of the ridge, allowed the deposition
of a localized thicker package within the reservoir
that is observed during seismic reconstruction
(Figure 14). This package is notably restricted to two
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seismic survey are shown. The enlarged insert map shows an interpretation of the gross depositional environments during
reservoir deposition upon the ridge. The lettered labels are as follows: A, coast parallel sediment input; B, shallow-marine spit
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Melville Bay ridge; SKB = South Kivioq Basin.

areas on the ridge top platform (thicker areas of
reservoir in Figure 5B) and is seen to contain possi-
ble southeastwardly prograding clinoform foresets.
These observations, along with the southeast sediment
transport direction along the MBR axis extension,
suggest the development of a spitlike complex that is
restricted to the shallow waters on the ridge top
(Figure 15). Sediment transport may have been
driven by near-surface ocean currents in the wider
Baffin Bay, moving sediment southeastward along the
paleo-coastline before eventual progradation along the
submerged MBR southerly nose. The thickness and
preservation of the sands upon the ridge suggest

a high-sediment supply (Swift, 1968) and would
have likely led to the bypass and transport of excess
sand into deeper waters via gravity-driven processes
(Figure 15) (Raynal et al., 2009).

Candidate deposits that may contain these sed-
iments have been observed by Knutz et al. (2012)
and Gregersen et al. (2013) as submarine fans at
the base of mega-unit D2 with sand transport down-
slope being the likely cause of canyon development
at this horizon on the eastern flank of the MBR
(Figure 7E). However, deep-marine clastics in the
graben were still dominantly sourced from the Green-
land mainland to the east, creating large packages of
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onlapping sediments that are observed at the basin
center (Gregersen et al., 2016). The focal point for
sediment input may have been a relay ramp be-
tween fault sections of the MBG boundary fault
(Figure 15).

Major extension ended in Baffin Bay during the
late Eocene-Oligocene (Oakey and Chalmers, 2012),
and Melville Bay experienced thermal subsidence and
deepening waters leading to the preservation of
the reservoir sands. Relative sea-level rise forced a
southeast-northwest transgression of the spit com-
plex system (Figures 15, 16), leading to increased
reservoir thicknesses to the northwest before a tran-
sition of the environment to deep-marine mud de-
position (Figures 3, 4, 5B).

Soon after reservoir deposition and before the
overlying muds were in place, the reservoir sands
underwent significant deformation, leading to the
mass redistribution of sediment from the ridge top to
its upper flanks, resulting in the modern-day reser-
voir structure, characterized by a large number of
intact, separated MTD blocks along with a larger
stable reservoir section to the north (Figures 4, 16).
The breakup and sliding of reservoir blocks was likely
triggered by a southward tilt of the MBR, evidenced
by the reconstructed flow directions (Figure 12).
This tilt was either caused by renewed heterogeneous
uplift along strike of the MBR (with a relative in-
creased degree of uplift to the north) or increased
subsidence to the south (Figure 16). This is also
supported by the increased quantity and travel dis-
tance (some >10 km [>6.2 mi]) of blocks southward
(Figure 10). However, the southern slope repre-
sents the least dipping direction because it is along
the southerly nose of the MBR (Figure 8). Therefore,
the increased number of intact blocks may be be-
cause of preservation bias, with blocks down the
steeper eastern and western ridge flanks having
disintegrated.

The east-west-trending, low-amplitude features
observed on the eastern flank of the MBR (Figures 5,
7) are likely to represent decollement surface de-
formation and extensional slumping, controlled by
the location of faults (Figure 7). Low-amplitude
zones within these features represent small exten-
sional faults that facilitate deformation of the de-
collement surface (Figure 7B, C). The deformational
features seem to mimic the shape of the sliding res-
ervoir blocks seen along strike and were possibly

caused by beneath-block deformation of decollement
muds during sliding. It is possible that these features
represent resting places for the blocks, thus creating
an imprint or slide scar on the decollement surface
before sliding further down the steepening slope and
disaggregating (since the blocks themselves are not
observed). This disaggregation caused much of the
sliding reservoir sand to be redeposited by graben
floor gravity flows (Knutz et al., 2012; Gregersen
et al., 2013) or to be trapped in topographically
controlled depocenters on the ridge slopes in fea-
tures such as half grabens and canyons (Figures 7D,
E; 16). The large volume of sediment shed from the
high will have aided the development of the deep linear
canyons that are observed trending into the MBG to
the east (Figure 7E). Within these canyons, high
positive seismic amplitudes (Figure 7E) likely repre-
sent redistributed reservoir sands.

The deformational features observed all sug-
gest that reservoir deformation and preservation are
controlled by the slope angle of the decollement
(Figure 8). This angle is likely controlled by the uplift
and resultant structure of the MBR along with the
location of faults. Based on this, the system can be
subdivided into four zones of deformation style that
define the distribution and character of the reservoir

sands (Figures 7D, 8).

1. Stable platform crest: postdepositional defor-
mation and sliding not observed, likely bald high
areas with reservoir onlap.

2. Mega-block sliding: shallow slope-induced breakup
into blocks and sliding along a muddy decollement
layer.

3. Slide scars and disaggregation: sliding reservoir
blocks caused deformation of the underlying de-
collement muds before the disaggregation of sand
blocks because of slope steepening (possibly con-
trolled by fault locations).

4. Canyonization: erosional canyonization of the
decollement surface caused by the continued
downslope shedding of sediment; disaggregated
sands deposit within canyon features.

These four deformational styles transition across
areas of different dip angles seen across the modern-day
decollement surface. However, it is the paleodip of the
decollement surface during the period of deformation
(Eocene) that would have had the controlling effect
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Table 1. Summary Table of the Location, Lithology, Maximum Block Width, Maximum Block Height, and Run-Out Distance for This

Study and Several Analogous Mass Transport Deposits

Max. Block Max. Block  Run-Out Distance of
No. Location Lithology Width, m (ft)  Height, m (ft)  Blocks, km (mi) Reference
1 Melville Bay, Northwest Sand + mud 1000 (3280) 80 (262) 12 (7.5) This study
Greenland
2 Hikurangi Margin, New Mud 18,000 (59,040) 1200 (3936) 40 (24.9) Collot et al. (2001)
Zealand
3 San Carlos, Mexico Sand 100 (328) 30 (98) ~<1 (~<0.6) Morris and Busby-Spera (1988)
Southeast Crete Carbonate 100 (328) 64.5 (212) ~2.5 (~1.6) Alves (2015) through
Alves and Lourenco (2010)
5  Southwest Labrador Sand + mud 6000 (19,680) 300 (984) ~50 (~31.2) Deptuck et al. (2007)
Sea
6  Central North Sea Carbonate 1000 (3280) 170 (558) 200 (124.6) Soutter et al. (2018)
7  Espirito Santo Basin, Sand 2400 (7872) 250 (820) 10 (6.2) Omosanya and Alves (2013)
Brazil through Gamboa et al. (2011)
8  Taranaki Basin, New  Sand + mud 1000 (3280) 200 (656) 15 (9.3) Rusconi et al. (2018)
Zealand
9  Niger Delta, Nigeria Sand + mud 250 (820) 10 (33) 12 (7.5) Nissen et al. (1999)
10  Offshore Morocco Sand + mud 4000 (13,120) 150 (492) ~>50 (~>31.2)  Lee et al. (2004)
11 Santos Basin, Brazil Mud 5000 (16,400) 350 (1148) 95 (59.2) Jackson (2011)
12 Faeroe-Shetland Sand + mud 70 (230) 18 (59) 25 (15.6) Kuijpers et al. (2001)
Channel
13 Gela Basin, Italy Sand + mud 800 (2624) 10 (33) 9.1 (5.7) Minisini et al. (2007)

The reference for each example is shown in the table.
Abbreviation: Max. = maximum.

on the modern-day reservoir distribution. It is difficult
to estimate paleodip in an area dominated by deep-
water hemipelagic sedimentation, a clastic supply
dominantly from the east (Gregersen et al., 2013),
and significant sediment erosion caused by recent
glaciations (Figures 2, 3). Still, paleodip was likely
similar or less than that observed today because up-
lift of the MBR is expected to have continued into
the Neogene, increasing the slope angle postsliding
(Oakey, 2005; Japsen et al., 2006; Knutz et al., 2015).
Additionally, the main sliding vector toward the
southeast aligning with the direction of lowest av-
erage dip at 0.41° suggests that breakup and slid-
ing of the reservoir commenced at a very low dip
angle (<0.5°).

After the deformation of the reservoir sands and
the full transition to a deep-marine setting during the
late Eocene, a thick sequence of mud deposition oc-
curred over both the basin and ridge. Mud deposition
infilled between the separated reservoir blocks (evi-
denced by low-amplitude, flat-reflection geometries
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between blocks), suggesting deposition postreservoir
deformation. These muds make up the lower sec-
tion of the thick, polygonally faulted mega-unit D1
(Figures 3, 9).

The observed coincidence between faults ex-
tending subvertically from the block edge and the
lower tips of polygonal faults (Figure 9) suggests that
the reservoir blocks were a major factor in the de-
velopment of the polygonal fault network above the
MTD deposit. This occurred because of differences
in compaction behavior between the sand blocks and
infilled interblock muddy areas, which created a se-
ries of normal faults at the block edge (Figure 9). The
compactional differences between mud and sandy
block areas likely created subtle stress perturbations,
which controlled the nucleation of polygonal faults
into the overburden. This process potentially cre-
ated a vertical fluid pathway constrained at the block
edge from the reservoir to shallower stratigraphy,
potentially representing a significant exploration risk,
although polygonal fault planes are only thought to
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conduct fluids when actively forming, and polygonal
faulted claystones are extremely effective seals in
much of the North Sea Basin (Cartwright et al., 2007;
Goulty, 2012).

Mechanisms of Sliding

The deposition of MTDs commonly results in a
deformed mass of partly disaggregated sediment,
which may lack coherent primary depositional
structures, and is typically characterized by chaotic
internal seismic reflections (Shipp et al., 2011).
These gravitational deposits, however, are capable
of transporting large clasts or blocks within the
flow, which often maintain their primary structure
and internal stratification (Alves, 2015; Jackson,
2011).

The phenomenon of relatively undeformed sili-
ciclastic “mega-blocks” within a submarine slide de-
posit has been observed in different parts of the
world (Table 1); examples include the northern
Hikurangi Margin, New Zealand, where internally
bedded slide blocks have been transported for greater
than 40 km (>24.9 mi) (Collot et al., 2001); the
Hopedale-Makkovik failure complex, southwest

Labrador Sea, which contains angular blocks up to 6
km (3.7 mi) across with well-preserved internal
stratification (Deptuck et al., 2007); and the inter-
nally undeformed slide blocks of the lower con-
glomerate sandstone that reach thicknesses of 30 m
(98 ft) and widths up to 100 m (328 ft), found within
basal canyon fill of the Upper Cretaceous Rosario
Formation, Mexico (Morris and Busby-Spera, 1988).

The enigma of the MTD studied here is the
apparent lack of transporting flow, with blocks
sliding downslope as independent rafts of sediment,
not confined or hosted within a more typical debris
flow as seen in the majority of other block-containing
MTDs (Table 1) (Deptuck et al., 2007; Jackson, 2011,
Alves, 2015). This is evidenced by areas between blocks
being infilled by hemipelagic sedimentation postsliding
(Figure 4). Despite this, the blocks have still managed to
maintain their gross depositional structure throughout
the processes of breakup and sliding up to and greater
than distances of 10 km (>6.2 mi). This is evidenced
by the large, angular, sandy reservoir blocks along
with the apparently unaffected internal stratification
of the blocks postsliding at least on a seismic scale
(Figures 4, 5). This suggests that slide momentum
and block cohesion during sliding can occur inde-
pendently and without containment in a typical
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cohesive debris flow. Although the more typical
confining flow is not observed, the similarities in
block size, distribution, and run-out length to other
MTD analogs (Figure 17; Table 1) supports the
conclusion that similar gravitational processes, in-
cluding the downslope coherent sliding of reservoir
facies, led to the modern-day structure and distri-
bution of the MTD studied here.

The similarity of this MTD to other analogs is
highlighted by its maximum block size (maximum
block width vs. maximum block height) plotting
within a data trend that strongly suggests that in-
creased block width commonly coincides with in-
creased block height within MTDs (Figure 17). The
blocks from this MTD plot within the center of the
distribution; therefore, it could be argued that blocks
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observed here represent a somewhat average exam-
ple with regard to block size in MTDs.

Without the surrounding coherency and sliding
lubrication provided by confinement within a larger
debris flow, coherency of the blocks within this MTD
was likely maintained and impacted by differing fac-
tors. First, the decollement surface itself would have
provided a lubricated and smooth surface for the
blocks to slide along (most likely a muddy horizon).
This surface represents an unconformity above the
underlying mega-units E and F (Figure 3), which are
interpreted to be dominated by fine-grained claystones
(Figure 18) (Gregersen et al., 2013). This weak,
high-water-content lithology may have led to the
development of a thin, subseismic veneer of mud slurry
or a low-viscosity water layer (Prior et al., 1984) upon
the decollement surface. In that scenario, a basal lu-
bricating layer will reduce basal drag during sliding,
increasing both block coherency and run-out distance
while maintaining momentum. The underlying lu-
bricating layer may also have caused blocks to hy-
droplane and decouple from the underlying surface
during sliding; however, the probable slow speed of
sliding makes hydroplaning less likely (Mohrig et al.,
1998; Harbitz et al., 2003).

Slow, creeplike sliding would have reduced the
attrition of the layered sediments, leading to a main-
tained primary depositional structure (Masson et al.,

1996). The rate of sliding is most likely controlled by
the decollement angle (Kehle, 1970) (Figure 8). This
may be the reason why no reservoir blocks are ob-
served beyond the platform edge in areas where the
decollement slope dip angle increases significantly
(>4°) (Figure 8). Increasing slope angle away from the
ridge axis, or at fault locations, would promote faster
sliding, disaggregation, and shedding of sediments
into the deeper basin (Figures 7, 8, 16). Along the
ridge axis, however, the slide-triggering tilt of the
MBR caused either by differential uplift or subsi-
dence along strike (northwest-southeast) (Gregersen
et al., 2013), would have likely only created a de-
collement surface tilt of less than 0.5° (Figures 8, 18).
This low angle is commonly thought to be enough to
facilitate sliding of marine sediments (Harbitz et al.,
2003; Kvalstad et al., 2005) but remains low enough
to maintain a slow sliding speed. Furthermore, the
large scale of the blocks may provide protection to
internal strata from disaggregation at the block edges
(Morris and Busby-Spera, 1988; Alves, 2015). This
protection may have occurred as larger slide blocks
broke away from the main platform section and
slid as one before subsequently breaking up into
smaller blocks, as seen in Collot et al. (2001)
(Figure 11).

Block coherency may have also been promoted
by the internal stratification of the reservoir, evidenced
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by bright seismic reflections within the reservoir
package (Figures 4, 18). This heterogeneity suggests
that the reservoir contains muddy layers that will
have experienced a degree of compaction and dew-
atering because of the thickness of the reservoir
(Figure 18). This compaction would have increased
the shear strength of these mud layers, which in turn
would increase the stability of the reservoir block.
Additionally, these mud layers, along with mud en-
trained into the reservoir sands, would have caused the
sediment to become more cohesive and may also
have helped block stability during sliding (Figure
18) (Le Hir et al., 2011). Furthermore, the envi-
ronment transition into a deep-marine setting during
the time of sliding may have caused slight burial of
the reservoir by a hemipelagic mud drape. The cov-
ering of sand beds with thin layers of muddy sedi-
ment has been proven to enhance the coherency of
the beds. This is because of silt grains plugging the
pore space of sand beds and reducing the inflow in
the bed, leading to a reduction in erosion and in-
creased bed stability (Bartzke et al., 2013). How-
ever, any burial would have been minimal because
of the short time between deposition and sliding,
evidenced by the lack of slide-related deformation of
the overburden.

Finally, early-onset carbonate cementation may
have occurred within the reservoir because of the
potential deposition of shelly carbonate material
within the reservoir sands (Figure 18). Grain ce-
mentation would likely reduce the porosity of the
sands but increase the shear strength of the sediment
package, causing it to become more stable and resist
collapse during sliding (Dyke and Dobereiner, 1991).
Any cementation would however be slight because
the fluid effect is strong, implying low acoustic
rigidity.

Implications for Reservoir Connectivity

Postdepositional breakup and sliding has caused
much of the reservoir to exist as distributed MTD

blocks. The potential disconnection between these
blocks may have a major impact on hydrocarbon
extraction efforts, causing much of the reservoir to
be uneconomic. However, the distribution of DHIs
across all observed MTD blocks and within the in-
terblock areas (Figures 4, 5, 6) suggest that gas has
reached all parts of the reservoir. Because gas charging
is thought to have occurred after the deformation
and burial of the reservoir (to allow the seal to be in
place), this may suggest that the isolated reservoir
blocks are connected to allow migration.
However, source rocks within the Melville Bay
area are likely to exist within Upper Cretaceous
(Cenomanian and Turonian) stratigraphy (mega-
unit F) (Whittaker et al., 1997; Planke et al., 2009;
Gregersen et al., 2013), the sediments that directly
underlie the majority of the reservoir, updip from
potential deeper-source kitchens in the MBG and
South Kivioq Basin to the west and east, respectively
(Figure 3). This connection between source rocks and
the overlying reservoir would allow for updip mi-
gration into the MBR and subsequent upward mi-
gration and charging of all overlying reservoir sands.
Therefore, a connection between distributed MTD
blocks is likely not required to create the distribution
of gas observed. It is more likely that any connectivity
between MTD blocks is restricted to areas contain-
ing interblock sediments that have been mapped
(Figures 5, 6). This sediment shows similar frequency
and DHI responses on seismic data to the thicker
reservoir blocks and likely represents gas-charged
sands (Figures 5, 6). It was most likely deposited
because of syn- and postslide block exposure at the
seabed before seal coverage and gas charging. The
edges of the reservoir sections would have resembled
up to 80-m (262-ft)-tall cliffs with vast, deep areas
between the blocks. This varied seabed topography,
along with poorly consolidated sediment, would have
promoted cliff edge erosion and gravitational collapse
that was likely aided by current flow. This block-edge
erosion is evidenced by the seismic geometry of the
reservoir blocks (Figure 6) and is also depicted in

Figure 20. Interpreted zones suitable for exploration targeting because of potential cross-block communication provided by interblock
sediment. The insert map shows a seismic amplitude extraction on the top reservoir surface that depicts the similar seismic amplitude of
both the reservoir blocks and the interblock sediment that may create these cross-block connections. The map also indicates areas of
interblock sediment nondeposition or erosion. The table inset within the figure shows the area (square kilometers), average thickness
(milliseconds), and average seismic amplitude for each of the six highlighted reservoir zones.
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schematic form in Figure 19, showing the erosional
collapse of sediment from the cliff edge caused by
exposure. However, because of the angular nature of
reservoir blocks (Figure 10), erosion over much of the
reservoir is likely to be minimal or below seismic reso-
lution, with more significant erosion confined to blocks
within areas defined by reservoir zones in Figure 20.

Within these zones, eroded block sediment was
deposited adjacent to the block edge, upon the
exposed decollement surface (Figures 6, 19), most
likely during and after sliding, allowing for deposition
to be relatively widespread around the block edges.
This led to the creation of a sandy connection be-
tween separated reservoir blocks, which may provide
widespread reservoir communication.

However, this sandy connection and potential
reservoir communication may only exist within the
identified reservoir zones (Figure 20) because charged
interblock sediment is not observed in other areas
(Figures 5, 6, 19, 20). This absence may be caused by
sediment shedding occurring only in certain areas or
caused by postdepositional erosion of the interblock
sediment. Also, because of the slow rate of sliding as
well as the transition of the system into a deeper-
marine environment, fine-grained hemipelagic sedi-
ment may have become entrained into the interblock
sands. This would reduce reservoir quality and po-
tentially restrict both hydrocarbon charge and the
fluid amplitude response. Overall, the sporadic
absence of the reservoir-connecting sediment sug-
gests that significant areas of the reservoir will re-
main disconnected.

Nevertheless, large areas of the reservoir do con-
tain interblock sediment and are potentially in
pressure communication. These areas have been
divided into separate zones that are most suitable
for exploration targeting (Figure 20). The six most
connected zones cover an area of 160.3 km? (62 mi?)
with an average thickness of 33.5 ms (28 m [92 ft]).
The remaining unknowns regarding interblock infill
creating block connection increase exploration risk
significantly. However, a large part of the selected
reservoir zone area exists within zone 1, which is the
main reservoir block in its original depositional lo-
cation. This block covers an area of 100.2 km? (39
mi?) with an average thickness of 47 ms (40 m [131
ft]) and may provide fewer production issues than
the other selected surrounding zones.

CONCLUSION

Seismic investigations show an MTD prospect that
displays acoustic and velocity characteristics consis-
tent with thick gas-charged sands intercalated with
mudstone layers. Reservoir structure shows landslide
characteristics with much of the reservoir consisting
of intact MTD blocks, which have slid downslope as
independent rafts of sediment, not confined or hosted
within a more typical debris flow. Sliding is in-
terpreted to have occurred slowly and soon after
deposition, with sediment coherency during slid-
ing likely being aided by lithological and diagenetic
characteristics as well as lubrication along a mud
slurry or water layer upon the decollement surface.
The reconstruction of 499 reservoir blocks provided
evidence for basin development and postrift tectonic
adjustments. The process identified a bidirectional slid-
ing motion that suggests rejuvenation and a southward
tilt of the MBR, which was likely the trigger of res-
ervoir breakup and sliding. The process also provided
evidence for the source of reservoir sands from the
northwest, which were likely deposited within a
shallow-marine transgressional spit complex at the
southern end of an elongated emergent island created
by the uplifted MBR during the Eocene.

The mechanisms of sliding along a low-angled
decollement, along with the maintained sediment
coherency during deformation, provide a high-quality
analog of postdepositional breakup and sliding of
reservoir facies. Furthermore, clear DHIs and velocity
pushdown effects serve to calibrate MTD lithology
and fluid content and are evidence of a working pe-
troleum system. Overall, the reservoir has significant
exploration potential focused around the large 100.2
km? (39 mi?) main reservoir block (zone 1). How-
ever, any exploration considerations of the wider
reservoir area must consider substantial development
challenges linked to the separation and isolation of
reservoir sections, as well as the additional uncer-
tainty of interblock sediment connectivity.
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