
AUTHORS

Katrine J. Andresen � Department of Earth
Sciences, Aarhus University, Høegh-Guldbergs
Gade 2, 8000 Århus C, Denmark;
katrine.andresen@geo.au.dk

Katrine Juul Andresen has B.Sc. (2004) and M.Sc.
(2007) degrees in geology (Aarhus University)
and is currently finishing her Ph.D. studies at
Aarhus University, dealing with the 3-D seismic
expression of fluid-flow features that originated
Hydrocarbon plumbing systems
of saltminibasins offshoreAngola
revealed by three-dimensional
seismic analysis
Katrine J. Andresen, Mads Huuse, Niels H. Schødt,
Lene F. Clausen, and Lars Seidler
in hydrocarbon plumbing systems in the North
Sea and the Angola Basin, including a descrip-
tion of elongated and stacked paleopockmarks
and sand and chalk remobilization.

Mads Huuse � School of Earth, Atmospheric
and Environmental Sciences, University of
Manchester, Williamson Building, Oxford Road,
Manchester, M13 9PL, England;
mads.huuse@manchester.ac.uk

Mads Huuse is a reader in geophysics at the
University of Manchester. After a Ph.D. from
Aarhus University (1999), he undertook post-
doctoral research at Aarhus, Aberdeen, and
Cardiff, focusing on basin analysis, sediment re-
mobilization, and fluid flow, before taking up a
lectureship at the University of Aberdeen. His
interests include the seismic interpretation of
basins, their evolution, structures, depositional
elements, reservoirs, seals, and fluids.

Niels H. Schødt � Exploration Department,
Maersk Oil, Esplanaden 50, 1263 Copenhagen
K, Denmark; niels.schoedt@maerskoil.com

Niels Schødt is a team lead for Angola Regional
Studies and New Ventures at Maersk Oil in
Copenhagen. He has an M.Sc. degree in geology
(Aarhus University) and has worked in the oil
industry since 1989. He started at Schlumberger
as a wireline engineer and since 1996 has worked
in exploration projects in Maersk Oil, primarily
focusing on seismic interpretation.

Lene F. Clausen � Exploration Department,
Maersk Oil, Esplanaden 50, 1263 Copenhagen
K, Denmark; lene.clausen@maerskoil.com
ABSTRACT

Analysis of three-dimensional seismic data from the lower
Congo Basin, offshore Angola, reveals numerous fluid-flow fea-
tures in the Miocene to Holocene succession and the potential
for large, shielded traps underneath basinward overhanging
salt structures. The fluid-flow evidence includes present-day
sea floor pockmarks clustered above salt structures, Pliocene–
Pleistocene stacked paleopockmarks and Miocene pockmark
fields. Other fluid-flow features include high-amplitude cylin-
drical pipe structures 60 to 300 m (197–984 ft) wide and 25
to 300 m (82–984 ft) high within lower and middle Miocene
strata, thick (<150 m [492 ft]) high-reflectivity zones within
the Pliocene succession associated with bottom-simulating re-
flections, and subvertical low-amplitude chimneys originating
from the deeper section (>1 km[0.6mi] beneath the sea floor).
The Miocene pockmark fields occur at a specific horizon, sug-
gesting a regional fluid expulsion event at ca. 12 Ma, and the
Miocene fluid-flow regime is interpreted to be dominated by
thermogenic fluids supplied via carrier beds and leaking ver-
tically above structural highs. The Pliocene–Pleistocene fluid-
flow regime was dominated by short-distance vertical fluid mi-
gration and expulsion related to early stage diagenetic processes
involving biogenic methane and pore water. The present-day
fluid-flow regime is inferred to be dominated by thermo-
genic fluids primarily controlled by kilometer-scale salt-flank-
controlled migration.

The study emphasizes the use of seismically imaged fluid-
flow features in hydrocarbon systems analysis by documenting
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1040 Hydrocarbon Plumbing Systems Offshore
the evolution of an overburden plumbing system through time,
involving several fluid types and flow regimes, depending on
the spatiotemporal availability of thermogenic and diagenetic
fluids and the tectonostratigraphic occurrence of aquifers, traps,
and seals.
INTRODUCTION

Fluid-flow features such as pockmarks and clastic injections
have gained increasing attention during recent years, particu-
larly because of their use in hydrocarbon exploration and pro-
duction and because of the high-resolution degree of detail,
coverage, and high quality of three-dimensional (3-D) seis-
mic surveys now available (Davies et al., 2004; Berndt, 2005;
Cartwright andHuuse, 2005;Cartwright et al., 2007;Gay et al.,
2007; Løseth et al., 2009; Huuse et al., 2010). Importantly, this
has increased the success of detecting and recognizing fluid-
flow features in the first place. Fluid-flow features arise when
fluids (including diagenetic and magmatic fluids) are expelled
from depth andmigrate through the overburden to the surface
(Cartwright et al., 2007). Of particular economic interest is
the expulsion of hydrocarbons from mature source rocks and
theirmigration, storage, and remigration (leakage) through the
overburden toward the free surface (Heggland, 1997; O’Brien
et al., 2005; Cartwright et al., 2007). During migration, some
of the fluids will be trapped in reservoirs or temporary com-
partments, whereas others during their path to the surface per-
manently will imprint and mark the stratigraphic succession
(Magoon and Dow, 1994; Cartwright et al., 2007). Examples
of fluid-flow features and their seismic expression include
pockmarks; amplitude anomalies of varying expressions, in-
cluding gas and oil accumulations; bottom-simulating reflec-
tions (BSRs) and hydrocarbon-related diagenetic zones, pipes,
chimneys, and acoustic distortions (velocity effects and wipe-
out zones); and injections of mud and sand (Cowley and
O’Brien, 2000; Cartwright et al., 2007; Judd and Hovland,
2007; Andresen et al., 2008; Løseth et al., 2009; Huuse et al.
2010). The different types of fluid-flow features will ideally
imprint the sediments in different styles and careful investi-
gation and interpretation of such features may thus help dis-
tinguish betweendifferent fluid-floworigins (i.e., thermogenic,
biogenic, or nonhydrocarbon diagenetic fluids). Fluid-flow fea-
tures can be used directly in basin analysis of active hydrocarbon
systems to reveal the fluid-flow history, timing, andmigration,
with emphasis on reservoir and seal analysis.
Angola



This study describes several fluid-flow features
within the overburden succession (Miocene to
Holocene) offshore Angola (Figure 1). The differ-
ent types of fluid-flow features typically occur in
different stratigraphic intervals, and hence the study
area represents a unique possibility of deciphering
the fluid migration history by debating the origin
and interpretation of the fluid-flow features in re-
lation to a description of the hydrocarbon plumbing
system and fluid-flow regimes from theMiocene to
the present time. Some of the fluid-flow features
furthermore suggest a more regional timing of the
initial fluid migration to the sea floor at the middle
Miocene, whereas others possibly can be seen as
indicators of large shielded traps beneath salt over-
hangs, where direct seismic imaging of hydrocar-
bon presence may be difficult.
DATABASE

The study was conducted primarily by the use of
two smaller subsets of a regional 3-D seismic vol-
ume acquired offshore Angola, focusing on two ad-
jacent saltminibasins of an approximately 300 km2

(∼116 mi2) area (Figure 2), which exhibit many
similarities with other minibasins in the area. Three
seismic volumes were available for the study: a near
stack volume, a far stack volume, and a coherency
volume. The primary volume for reference is the
near stack volume, where acoustic impedance in-
creases (“hard” reflections) are indicated by nega-
tive amplitudes illustrated as white, red, or orange
troughs, depending on the color bar used in the
specific seismic data displays used in this article.
Bin spacing is 12.5m (41 ft) in both directions. The
focus of this study has been the overburden suc-
cession (Miocene–Holocene) in the two salt mini-
basins above the prospective Oligocene turbiditic
interval and data down to approximately 4 s two-
way traveltime (TWT)were analyzed in detail. The
typical resolution in the seismic data set is about 5 to
10 m (16–33 ft) vertical (l/4) and 10 to 20 m (33–
66 ft) horizontal (l/2) when assuming an average
seismic interval velocity of 1680 m/s (5512 ft/s) for
the entireMiocene to Holocene overburden (Bolli
et al., 1978). Well data were not available for the
fluid-flow features reported herein and thus not
used directly in this study but stratigraphic picks in
nearby exploration boreholes, and far-field ocean-
drilling program (ODP) boreholes formed the
basis for age calibrations of key horizonswithin the
seismic-stratigraphic framework (Figure 3).
METHODOLOGY

The workflow for the detection and analysis of the
shallow seismic fluid-flow features used in this study
(Figure 4) involved a systematic examination of the
seismic data for any anomalies (amplitude or mor-
phological), primarily by analysis of the vertical
seismic sections, time slices, TWT thickness maps
and amplitude, TWT structure and coherencymaps
of horizons, intervals, and isoproportional slices,
subdividing each seismic stratigraphic unit into sev-
eral subunits. Long- and short-window volume
attribute extractions (typically root mean square
[RMS] amplitude and coherency) were critical for
Figure 1. Map of the lower Congo Basin with the Congo (Zaire)
submarine canyon system and the location of the study area
offshore Angola. Seabed contours show the gradual westward-
dipping topography. Modified from Gay et al. (2006a).
Andresen et al. 1041



the detection of the fluid-flow features, and surface
attribute extractions of both picked horizons and
derivative isoproportional horizons added strati-
graphic detail in an efficient manner. Isopropor-
tional horizon calculations were based on smoothed
1042 Hydrocarbon Plumbing Systems Offshore Angola
and filtered bounding key horizons (Figure 5), thus
maximizing the stratigraphic information gained
simply by filtering out small-scale variations only
present on the individual surface, attributable to
local offsets, depositional or erosional features, or
Figure 2. Relative position of
the two three-dimensional seismic
subsets used in this study,
showing seabed coherency (A)
and seabed azimuth dip (B). The
main structural elements such as
salt structures, rafts, and faults
have been indicated. Seabed
pockmarks mostly concentrated
at salt structures, and the char-
acteristic seabed furrows can be
seen. Also indicated are the
extent of the middle Miocene
pockmark fields (Figure 8) and
the stacked paleopockmarks
(Figure 9).



errors unique to the bounding surface. An adequate
number of isoproportional horizons were calcu-
lated to slice up the seismic data volume in pro-
portional relevant intervals varying with the in-
tensity of fluid-flow features. The intervals were
chosen such that the maximum spacing between
isoproportional horizons did not exceed approxi-
mately 100 ms TWT in successions with a small
number of fluid-flow features and approximately
50 ms TWT in successions with abundant fluid-
flow features (Figure 5).

Each horizon attribute map was carefully ex-
amined for potential fluid-flow anomalies, which
are most conspicuous when expressed as ampli-
tude or coherency anomalies, and further manual
and automated picking of selected anomalies was
conducted. The anomalies were then further cross-
referenced against their seismic expression in ver-
tical and horizontal seismic sections to classify the
anomalies into different types and discriminate real
fluid-flow anomalies from overburden effects dis-
torting the underlying seismic image.

Well-log data were only used indirectly to as-
sign ages and sedimentation rates as none of the
available wells intersect any of the fluid-flow fea-
tures detected in this study. Compared with the
Figure 3. Seismic-stratigraphic framework of the lower Congo Basin and the study area. Compiled and modified from Haq et al.
(1987), Burwood et al. (1990), Seranne (1999), Valle et al. (2001), Zachos et al. (2001), Broucke et al. (2004), Anka et al. (2009). BSR =
bottom-simulating reflection; HRZ = high-reflectivity zone.
Andresen et al. 1043



vast coverage and use of the 3-D seismic data in the
detection of fluid-flow features, the chance of a
direct borehole hit through a fluid-flow feature is
very small, particularly because any detected fluid-
flow features are commonly avoided in well plan-
ning stages.However, if loggedor cored directly, for
example, in site survey or integrated ocean-drilling
program (IODP) investigations, the true nature of
the fluid-flow feature and the fluids responsible for
generating the feature couldbe revealed.Thiswould
substantially add to the understanding of the fluid-
flow features, which are typically only detected re-
motely using seismic data (Cartwright et al., 2007;
Gay et al., 2007).

Because of the higher resolution, the near stack
seismic volume has been the primary tool for de-
tecting the fluid-flow features. The far stack vol-
1044 Hydrocarbon Plumbing Systems Offshore Angola
ume was, however, useful for the evaluation of the
fluid content in the amplitude anomalies because
anomalies also appearing in the far stack volume
tend to be stronger because of the higher elastic
impedance contrast of gas- and oil-filled shallow
sands predicted by standard amplitude versus off-
set (AVO) analysis (Ostrander, 1984; Rutherford
and Williams, 1989; Bacon et al., 2003). A careful
comparison of the imprint of a fluid-flow feature
on both near and far stack seismic volumes is thus a
useful fluid discriminator in the interpretation of
shallow fluid-flow features, although subject to
the usual problems of estimating fluid saturations
because of the nonlinear velocity change with
low-saturation increases in the gas content of un-
consolidated porous media. Other remote-sensing
geophysical techniques such as gravity data and
Figure 4. Workflow for the detection and
classification of the fluid-flow features in
the study area. RMS = root mean square.



Figure 5. Geoseismic sections perpendicular to the minibasin axes from the northern (A) and southern (B) salt minibasins, illustrating
the main arrangement of Miocene to recent strata along with the key horizons and isoproportional horizons used in the study. The slope
direction is to the southwest. See Figure 2 for the approximate position of geoseismic sections. TWT = two-way traveltime.
Andresen et al. 1045



controlled source electromagnetic data (Hesthammer
et al., 2010) may possibly be used to shed further
light on the fluid content of the anomalies de-
tected in this and other studies of shallow fluid-
flow features.
GEOLOGIC SETTING

The study area is located offshore Angola in the
lower Congo Basin at 1 to 1.5 km (3300–5000 ft)
water depth (Figures 1, 5). The lower Congo Basin
along with several other major subbasins in the
passive continental margin of west Africa was gen-
erated during the Early Cretaceous as a response to
the opening of the South Atlantic Ocean (Brice
et al., 1982; Marton et al., 2000). Themain source
rock for the lower Congo Basin is constituted by
the bituminous shales of the Lower Cretaceous
Bucomazi Formation deposited during the rift phase
(Burwood, 1999; Cole et al., 2000), which expelled
oil and gas from the early Miocene onward (Cole
et al. 2000) (Figure 3). After the rift phase, a thick
(>1 km [>3300 ft]) evaporite accumulation, the
Loeme Formation, was deposited (Figure 3) (Brice
et al., 1982; Uchupi, 1992), which facilitated later
gravitational sliding of the postrift sequence, by
acting as a decollement layer, resulting in the for-
mation of numerous salt structures and salt mini-
basins (Duval et al., 1992; Lundin, 1992; Liro and
Coen, 1995; Valle et al., 2001; Fort et al., 2004).
The postrift sequence is thus divided into an up-
per slope extensional domain characterized by gra-
bens and rafts and a downslope compressive do-
main characterized by salt diapirs, canopies, and
walls (Lundin, 1992; Marton et al., 2000; Rouby
et al., 2002). The study area is located at the tran-
sition between the two domains, thus contain-
ing grabens, rafts, salt diapirs, including some dia-
pirs with overhangs, and intervening minibasins
(Figures 2, 5).

An Oligocene unconformity separates the
postrift Cenozoic sediments into two major units
(Figure 3) (Seranne et al., 1992; Seranne, 1999). A
stable climate with low-amplitude high-frequency
sea level changes (greenhouse period) character-
ized the late Early Cretaceous to early Oligocene
1046 Hydrocarbon Plumbing Systems Offshore Angola
interval and resulted in the development of an ag-
gradational carbonate-siliciclastic ramp architecture
(Seranne, 1999) (Figure 3). Source rock potential
from the postrift period is generally found within
the Upper Cretaceous Iabe Formation and the Pa-
leogene Landana Formation (Burwood, 1999; Cole
et al., 2000), which have been mature for oil and
gas generation since about the mid-Miocene (Cole
et al., 2000) (Figure 3). The hydrocarbon genera-
tion potential would thus suggest a great potential
for focused fluid-flow conduits within the area (cf.
Gay et al., 2006a; Cartwright et al., 2007).

The early Oligocene to Holocene interval (ice-
house period) is characterized by an overall regres-
sion superimposed by high-amplitude and high-
frequency sea level fluctuations (Figure 3) (Bartek
et al., 1991; Seranne, 1999) and climate altering be-
tween dry and wet. During this interval, a large ter-
rigenous wedge prograded into the basin, accom-
panied by deep incision and erosion of the Congo
(Zaire) submarine canyon (Seranne, 1999). Oligo-
cene and Miocene turbidite fan systems were de-
posited in the lower Congo Basin (Droz et al.,
1996; Sikkema and Wojcik, 2000; Broucke et al.,
2004) and now host a large proportion of the sig-
nificant oil and gas discoveries found in the area
during the last decade (Burwood, 1999; Cole et al.,
2000; Gay et al., 2006b; Liu et al., 2008). The
marked increase of the clastic input to the con-
tinental slope has variously been linked to Miocene
uplift of the African continent (Brice et al., 1982;
Lavier et al., 2001) and climatic change (Bartek
et al., 1991), which, along with the distribution of
salt structures, controlled the position of the turbi-
ditic submarine flows (Sikkema and Wojcik, 2000;
Broucke et al., 2004). From the early Pliocene to
the present day, the coarse fraction of the sedi-
mentationwas captured by theCongoCanyon, and
the lower Congo Basin thus only received sparse
amounts of fine-grained sediments along with pe-
lagic production, resulting in mostly hemipelagic
and pelagic sedimentation (Jansen et al., 1984;
Pufahl et al., 1998; Uenzelmann-Neben, 1998).
The Pliocene toHolocenesuccession, alongwith the
predominant mudstone intervals of the Oligocene–
Miocene succession, is therefore commonly con-
sidered to be a seal to theOligocene andMiocene



turbiditic intervals (Burwood et al., 1990;Gay et al.,
2007; Liu et al., 2008). In the lower Congo Basin,
the Pliocene–Pleistocene succession is furthermore
affected by polygonal faulting,which has previously
been linked with the formation of seabed pock-
marks and characteristic seabed furrows that are
Figure 6. (A) The system of three upper Miocene terminal fans and associated feeder channels. The fans are deposited in the minibasin
low between two salt structures, while the channels are incised at paleohigh areas. (B) The smallest and upper terminal fan is associated
with a bright spot and a polarity reversal. Also seen are several high-amplitude pipes in the middle Miocene section below the terminal
fans. RMS = root mean square.
Andresen et al. 1047
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ubiquitous in the deep-water offshoreAngola (Gay
et al., 2004). However, in some cases, the polyg-
onal faults appear to postdate the earliest phase of
fluid expulsion and pockmark formation (Andresen
and Huuse, 2011).
KEY SEISMIC OBSERVATIONS

The overburden of the study area is composed of a
1- to 2-km (0.62–1.25-mi)-thick Miocene to Holo-
cene succession above the prospective Oligocene
Figure 7. (A) Seismic section with (top) and without (bottom) vertical exaggeration of approximately six times showing some typical
high-amplitude pipes in the middle Miocene succession. Blue colors indicate positive amplitudes and soft reflection events. (B) Amplitude
rendering highlights one pipe, illustrating the cylindrical appearance (here with vertical exaggeration) common to most of the pipes.
(C) Root-mean-square amplitude extraction of the interval indicated by double arrows in (A) illustrating how the pipes show up as
circular highlights. The highest concentrations of pipes are related to syndepositional highs, whereas the linearity in the east can be
correlated to faults. (D) The two-way traveltime (TWT) thickness map of the lower Miocene with the high-amplitude pipes super-
imposed. There is a strong correlation between syndepositional highs and the concentrations of pipes. Furthermore, linear arrangements
of the pipes in the western part of the area suggest a correlation to underlying Oligocene channels. (E) Seismic section showing how
a major fault delimits an area of high pipe density in the updip direction. The section also illustrates how the density of the pipes
varies stratigraphically with the highest density in the middle Miocene succession. HRZ = high-reflectivity zone.
Figure 8. (A) Seismic
section showing the upper
middle Miocene pock-
mark field (ca. 12 Ma).
The pockmarks are typi-
cally underlain by high-
amplitude pipes. The two-
way traveltime (TWT)
thickness map of the mid-
dle Miocene succession
in the southern (B) and
northern (C) minibasins il-
lustrates how the pockmark
fields are generally found
above syndepositional
highs.
And
resen et al. 1049



turbiditic interval (Figure 5). A variety of fluid-flow
features have been observed above the Oligocene,
including pipelike, commonly cylindrical and iso-
lated high-amplitude reflections; bright spots and
polarity reversals; BSRs; and pockmarks (Figures 6–
12). In this article, the key observations relevant
for the fluid plumbing system in the study area will
be addressed.
Fluid-Flow Features in the Miocene Succession

TheMiocene succession comprises asmuch as 1.5 km
(∼5000 ft) of lower, middle, and upper Miocene
sediments (Figure 5). Within this succession, fluid-
flow features commonly affect the stratal reflections,
and seismic data reveal several kinds of fluid-flow-
related anomalies. Generally, most of the fluid-flow
anomalies are observed in the thicker lower and
middle Miocene successions, which are mainly
composed of fine-grained mudstones occasionally
interrupted by turbiditic intervals (Seranne et al.,
1992; Anderson et al., 2000; Cole et al., 2000). In
contrast, the thin upper Miocene succession is
dominated by incised channels at paleohigh areas
and large coarser grained terminal fan systems de-
posited in the bathymetrically deeper regions (salt
1050 Hydrocarbon Plumbing Systems Offshore Angola
minibasins) between salt structures against which
the fans pinch out (Figure 6A). Direct hydrocarbon
indicators such as bright spots and in some cases
polarity reversals (depending on the lithology and
porosity of the sediments above and below the
fluid-gas contact; Bacon et al., 2003) are sporadically
seen within the terminal fan and channel deposits,
indicating that hydrocarbons (probably gas) are
presently stored in these systems (Figure 6B). Apart
from closures within the upper Miocene minibasin
fans, channels, and associated deposits, fluid-flow
anomalies are generally only sparsely observed in
the upper Miocene succession.
High-Amplitude Pipes

Themost dominant amplitude anomaly in the lower
and middle Miocene successions is a feature that
may occur as a single anomaly or more commonly
contribute to a cylindrical pipelike arrangement of
stacked segments of high-amplitude reflections of
varying vertical (30–350 ms TWT, ∼25–300 m
[82–985 ft]) and lateral extent (60–300 m [196–
985 ft]; Figures 6B; 7A, B). Both positive and neg-
ative amplitudes are elevated within the pipes,
and the upward termination of the pipes likewise
Figure 9. (A) Cross sectional expression of the stacked paleopockmarks from the northern minibasin showing five stacked paleo-
pockmarks within the Pliocene–Pleistocene succession with varying vertical extents. (B) Plan view expression of the stacked paleo-
pockmarks illustrated by a coherency display from the southern salt minibasin. The stacked paleopockmarks occur within polygonal
fault cells.



differs between peaks and troughs. In some sub-
areas, a tendency toward a peak (positive ampli-
tude) reflection at the top is indicative of a soft
reflection from the pipe and a decrease in acoustic
impedance. The vertical extent of the pipes varies
with the number of amplitude-elevated peaks and
Figure 10. (A) Seismic section above the distal part of the upper Miocene terminal fan system in the northern salt minibasin showing
two high-reflectivity zones (HRZs). The HRZs might be related to fluids leaking out of the fans or from the anticline. The HRZs terminate
abruptly at discrete polygonal fault planes. Note that chimneys bypass the gas-hydrate stability zone both at the salt structure and above
the HRZ overlying a deeper Miocene structure. (B) Root-mean-square (RMS) amplitude extraction of the Pliocene–Pleistocene succession
clearly showing the distribution and extent of the HRZs in the northern salt minibasin. Also shown are the extent of the stacked paleo-
pockmarks, the middle Miocene pockmark field, and the upper Miocene terminal fan systems.
Andresen et al. 1051



Figure 11. (A) Seabed pockmarks above a salt structure. Below the pockmarks is a shallow bottom-simulating reflector (BSR) (100 m
[330 ft] subseabed) and a wide zone of acoustic distortion. (B) Seabed dip map across a large overhanging salt structure showing the
pockmark clusters at the updip side of the salt. (C) Seabed pockmarks associated with deeply rooted seismic chimneys emanating from a
Miocene structural high. The lower parts of the chimneys are represented by acoustic distortion. A BSR is located 230 ms two-way
traveltime (TWT) below the seabed and underlain by a 175-ms thick high-reflectivity zone (HRZ). The chimneys bypass the HRZ and the
gas-hydrate stability zone. (D) Seismic section illustrating the consistent updip occurrence of seabed pockmarks with respect to downdip
overhanging salt structures, whereas pockmarks are absent from the downdip parts, possibly implying that hydrocarbons may be
trapped below salt overhangs at the present day. Black arrows indicate likely fluid migration pathways.
1052 Hydrocarbon Plumbing Systems Offshore Angola



troughs. The shortest amplitude anomalies thus
only consist of one high-amplitude peak and one
trough (∼30 ms TWT or 25 m [82 ft]) and may
thus be more aptly described as patches because
they are more laterally than vertically extensive,
even with the vertical exaggeration commonly
applied to seismic data (typically 5–6 times) (see
Figure 7A, E). The tallest pipes consist of 25 peaks
and troughs comprised within an interval of ap-
proximately 350 ms TWT (∼300m [∼985 ft]) and
hence display a larger vertical than lateral extent,
thereby giving the cylindrical pipe geometry, even
without vertical exaggeration (Figure 7A, E). Most
of the pipes are cylindrical in geometry and hence
appear as circular highlights in strata-parallel am-
plitude displays or time slices (Figure 7C). Paleo-
pockmarks are sometimes observed at the upward
termination of the pipes (Figures 7A; 8A) but typ-
ically the pipes terminate blindly without a paleo-
surface manifestation. Stratigraphically, the pipes
generally occur throughout the whole Miocene
succession, with the highest density in themiddle
Miocene strata, less pronounced density in the lower
Miocene strata, and very sparse occurrences in the
upper Miocene strata (Figure 7E). The pipe density
furthermore increases in areas underlain by syn-
depositional structural highs (Figure 7D), and oc-
casionally linearly arranged clusters are seen directly
above deeper Oligocene channels (Figure 7D).
Fault trends within the Miocene succession are oc-
casionally highlighted by fault flags, and faults are
furthermore seen to separate areas of high and low
pipe density (Figure 7C, E).
Organized and Dispersed Paleopockmarks

Another key observation from the Miocene suc-
cession is the occurrence of two middle Miocene
pockmark fields (Figure 8). The pockmark fields
are found in the two separate salt minibasins, 10 to
Figure 12. Chair display from the northern minibasin viewing toward the west (downdip). The three-dimensional constellation of
vertical and lateral migration of deeply sourced fluids from reservoir to the surface is illustrated. Migration pathways change strati-
graphically, varying through faults, Miocene carriers, salt flanks, and chimneys. HRZ = high-reflectivity zone.
Andresen et al. 1053



15 km (∼6–9 mi) apart (Figure 2) at one specific
horizon dated as ca. 12 Ma (Maersk Oil, 2007, in-
ternal data). The pockmark fields have moderate
extents in bothminibasins (40–50 km2 [15–19mi2])
(with a pockmark density of approximately 3/km2

(∼9/mi2), and both fields are located above the
crests of central syndepositional highs (Figure 8B, C)
corresponding to the central parts of the present-
day depocenters. The pockmarks in the fields are
recognized as subtle circular depressions associated
with erosion in the underlying reflection, which
appears thinner below the pockmarks (Figure 8A).
The fill of the pockmarks appears to be mainly
draping. Most of the pockmarks within each pock-
mark field are associated with the upward termi-
nation of a high-amplitude pipe.

A few discrete paleopockmarks occur dispersed
within the Miocene succession bracketing-focused
fluid flow to the seabed at the time of the affected
horizons. These pockmarks are commonly related
to underlying Miocene turbidite channels or lo-
cated at the upward termination of high-amplitude
pipes.

Fluid-Flow Features in the
Pliocene–Pleistocene Succession

Stacked Paleopockmarks
The most dominant fluid-flow structure within the
polygonally faulted Pliocene–Pleistocene sediments
is the abundant occurrence of vertically stacked
paleopockmarks located in the central parts of
the Pliocene–Pleistocene minibasin depocenters
(Figures 2, 9). The stacked paleopockmarks or
“bulls-eye” pockmarks as they have been informally
named were thoroughly described and analyzed
in a previous article (Andresen and Huuse, 2011)
and are therefore only briefly described here. The
stacked paleopockmarks consist of 1 to 8 distinct
pockmarks arranged subvertically above each other
with intervening intervals of drape and onlap fill
(Figure 9A). The stacks typically measure 50 to
600ms TWT in height (∼40–450m [130–1475 ft])
and are 70 to 500 m (230–1640 ft) wide. Inter-
estingly, the stacked paleopockmarks occur at the
center of the polygonal fault cells (Figure 9B) and
not above fault intersections, which is in contrast
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to pockmark and fault occurrences previously re-
ported from studies to the north of this study area
(Gay et al., 2004, 2006a). Two major pockmark
formation levels are foundwithinmiddle and upper
Pliocene strata, followed by minor concentrations
of pockmarks in the lower Pleistocene successions.
The best estimate for the pockmark recurrence in-
terval within the stacks is 0.09 to 0.22 m.y. The
formation levels have tentatively been suggested to
correlate with sea level falls, thus providing a pos-
sible trigger for pockmark formation by lowering
the confining pressure in the shallow subsurface
(Andresen and Huuse, 2011).

High-Reflectivity Zones and Low-Amplitude
Seismic Chimneys
Another conspicuous feature within the seismic
images of the Pliocene–Pleistocene sediments is
thick (up to 165 ms TWT,∼140 m [460 ft]) zones
of enhanced reflectivity within the polygonally
faulted succession (Figures 10A; 11C) (Cunningham
and Lindholm, 2000; Gay et al., 2006a; Andresen
and Huuse, 2011). In the minibasins, the high-
reflectivity zones (HRZs) are commonly associated
with a BSR located approximately 280 ms TWT
(∼235m [∼770 ft]) below the seabed (Figure 10A),
and hence the HRZs have been interpreted as rep-
resenting intervals of free gas below the gas-hydrate
stability zone (GHSZ) (Cunningham and Lindholm,
2000; Gay et al., 2006a). Above the salt structures,
the BSR is typically located shallower, approxi-
mately 120 ms TWT (∼100 m [∼330 ft]) below
the seabed (Figure 11A). The HRZs are clearly
delineated using RMS amplitude displays of the
Pliocene–Pleistocene succession (Figure 10B). They
typically occur in salt minibasins in close proximity
to salt structures or above Miocene structural highs
(Figures 10A; 11C). In the northern study area,
the HRZs occur obliquely above the distal part
(downdip pinch-out) of the pronounced upper
Miocene terminal fan system (Figure 10A, B). The
HRZs are associated with low-amplitude deeply
rooted (<3 s TWT ∼1 km [∼0.6 mi] [below sea
floor]) seismic chimneys that commonly cut through
the HRZs and terminate in seabed pockmarks, sug-
gesting a bypass of the HRZs and overlying GHSZ
from the deeper sections (Figures 10B; 11C). The



chimneys are most typically found above Miocene
structural highs, and the lower parts of the chim-
neys are commonly characterized by thick and
wide zones of acoustic distortion (as much as 2 km
[1.25 mi] wide and 450 m [1475 ft] tall), resem-
bling gas clouds or wide wipeout zones (Figure 11C)
(cf. Cowley and O’Brien, 2000; Løseth et al.,
2009). The chimneys also appear as isolated vertical-
amplitude anomalies and may represent real struc-
tures as opposed to near-surface attenuation phe-
nomena resulting from acoustic dimming below
high-amplitude anomalies associated with the sea-
bed pockmarks. The nature of these “real” chim-
neys is still enigmatic as no well-documented out-
crop examples or core calibrations are known (cf.
Cartwright et al., 2007).

Present-Day Fluid-Flow Features:
Seabed Pockmarks

The Pliocene and lower Pleistocene sediments are
overlain by a thin succession (∼100 m [∼330 ft])
of upper Pleistocene to Holocene strata. Present-
day (or very recent) fluid-flow features in the
seismic data are represented by seabed pockmarks
that are abundant on the gently southwestward-
dipping seabed in the study area (Figures 2; 11B)
and are widespread in the lower Congo Basin (Gay
et al., 2007; Pilcher and Argent, 2007). The pock-
marks are typically circular and range in size from70
to 770 m (230–2525 ft) in diameter and a depth of
10 to 40 ms TWT (∼8–30 m [∼26–98 ft]). Gen-
erally, the distribution of the seabed pockmarks
seems to be controlled by the distribution of salt
structures. Typically, the pockmarks occur in clus-
ters above the salt and are commonly related with a
BSR, demonstrating their association with methane
and possibly higher hydrocarbons (Figure 11A, B).
The pockmarks are preferentially located on the
updip side of salt diapirs, whereas they are absent
on the downdip side of particularly the largest
salt structures that are commonly overhanging in a
downdip direction (Figures 2; 11B, D). A more
random distribution is observed for seabed pock-
marks occurring at the inner parts of rafts and
above shallow structural highs (i.e., not within the
minibasins or above salt structures). Above struc-
tural highs, the pockmarks can commonly be asso-
ciated with low-amplitude deeply rooted chimneys
and the HRZs (Figure 11C). Linear arrangements
of seabed pockmarks are found above faults, and
in the southern salt minibasin, a large linear trend
of seabed pockmarks parallels the depocenter axis
(Figure 2). These pockmarks constitute the up-
ward termination of Pliocene–Pleistocene paleo-
pockmark stacks and are not linked with a deeper
plumbing system (Andresen and Huuse, 2011).

No positive forms such as submarine mud vol-
canoes and other mound-shaped structures and po-
tential associated feeder conduits have been ob-
served at or below (buried) the sea floor.

DISCUSSION

Interpretation of the Fluid-Flow Features

The preceding section outlined the observations
pertaining to several types of fluid-flow features
and amplitude anomalies detected in the study area.
Some of the features are only represented in one of
the salt minibasins but most of the features are
found in both areas. Generally, for all the types of
features described in this study, a fluid-flow origin
is anticipated based on the fact that fluidsmigrating
through or being stored within a sedimentary suc-
cession and their associated diagenetic features
are the most common cause for seismic amplitude
anomalies associated with stratally discordant seis-
mic features (Cowley andO’Brien, 2000; Cartwright
et al., 2007; Løseth et al., 2009). Lithologic varia-
tions including rock type, permeability, porosity,
pore pressure and pore-fluid content, opal A to
opal CT transformations, and igneous (and clastic)
intrusions along with technical aspects such as seis-
mic velocity, tuning effects, source-receiver offset
(amplitude variation offset), and other features rep-
resent some of the mechanisms that may also cause
amplitude anomalies in the sediments and the seis-
mic data (Hilterman, 2001; Cartwright et al., 2007;
Davies and Cartwright, 2007).

The various expressions of pockmarks that are
interpreted to be caused by expulsion of fluids to the
paleo-sea floor (Judd and Hovland, 2007) clearly
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indicate that fluid intermittently vented to the sea
floor within the study area from at least the middle
Miocene (ca. 12 Ma, timing of the pockmark fields)
to the present day. This time span correlates to a
period where the source rocks in the area, particu-
larly the Iabe Formation, have been modeled to be
mature for oil and gas expulsion (Cole et al., 2000;
Maersk Oil, 2007, internal data).

Because of the inconsistent amplitude signa-
ture at the top of the high-amplitude pipes, the
origin of these anomalies is somewhat enigmatic
because they are characterized by both soft and
hard reflections at their tops. A soft reflection from
the pipe tops (positive-amplitude reflection [blue],
Figure 7A) could originate from a pipe associated
with small accumulations of shallow gas. Many of
the pipes appear as stronger anomalies on RMS
amplitude extractions from the far stack seismic
volume, indicating that there may be fluids within
the pipes (Ostrander, 1984; Bacon et al., 2003). A
hard origin of the pipe top reflections (negative
reflection [red], e.g., Figure 6B) could result from
a cementation of the pipe or from concretions
within the pipe, both generated in relation to dia-
genetic transformations of the pipe sediments
formed during the passage of fluids and associated
microbial activity (Jørgensen and Boetius, 2007).
Carbonate concretions related to submarine vent-
ing sites have been reported from pockmark in-
teriors by several studies (cf. Judd and Hovland,
2007) and have also been suggested to formwithin
pipes underlying the pockmarks (Hovland et al.,
2005). The two types of pipes observed in this
study appear to occur equally in the study area, but
the finer distribution of hard and soft pipes may
be influenced by the nature of the fluid supply,
occurrence relative to the GHSZ, lithology, and
porosity-permeability of the host sediment. Re-
gardless of their individual controls, based on their
spatiotemporal occurrence and relation to underly-
ing focus points, such as structural highs, Miocene
fan pinch-outs and Oligocene turbidite channels
(Figures 6B; 7), both types of columnar high-
amplitude reflections (hard or soft pipes) are con-
sidered to be related to focused cross-stratal fluid
migration. Elsewhere in the lower Congo Basin,
turbidite channels have also been correlated with
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fluid-flow features such as pipes and seabed pock-
marks (Gay et al., 2006b). Given the extensive ver-
tical and stratigraphic interval in which the pipes
are found, it appears likely that the pipes may rep-
resent fluid migration conduits formed as discrete
events probably facilitated by hydrofracturing of
the sediments because of overpressure buildup from
below. A more gradual generation of individual
pipes would imply a seeping nature of the fluids
responsible for the generation of the pipes, and this
Darcy-flow type of fluidmigration is probably only
significant in permeable (coarse-grained) sediments
and relatively insignificant in mudstones. The high-
amplitude patches have a more strata-parallel ge-
ometry and may be more likely to be generated
because of lithologic and/or porosity variations in
the sediment instead of because of varying fluid
contents.

Comparing the high-amplitude pipes (bright)
with the seismic chimneys (dim) that are also thought
to be generated because of fluid flow (Gay et al.,
2006a;Cartwright et al., 2007; Løseth et al., 2009), it
is interesting to consider why fluid flow in some
cases leaves a bright signature, whereas in others, a
dim signature results. From first principles, some
general remarks can be made that may help eluci-
date the bright versus dim character of fluid-flow
conduits.When considering the conduits, one may
subdivide them into intra-GHSZ and sub-GHSZ
conduits; the importance being that below the
GHSZ, any gas within the host sediments and the
conduits would be free or dissolved, whereas inside
the GHSZ, any gas would be frozen in clathrate
hydrates, unless part of a rapidly migrating free-
gas phase inside a focused fluid conduit, bypassing
the GHSZ (Hustoft et al. 2009). When evaluating
the effects of gas on the acoustic expression of the
shallow subsurface, consider that only 5 to 10% gas
saturation will give rise to a velocity decrease of
some 30% for unconsolidated sediments, whereas
further gas saturation increases have negligible ef-
fects on interval velocities and associated seismic
responses (Hilterman 2001). Pipes reported else-
where (Cartwright et al., 2007;Hustoft et al., 2009;
Løseth et al., 2009) have commonly been associ-
ated with cemented intervals and enhanced gas hy-
drate concentrations, both associatedwith acoustic



impedance increases, which in addition to the ef-
fects of free gaswould lead tomore extreme acoustic
impedance contrasts within the pipes and their vi-
cinity. Although gas hydratewould not be expected
beneath theGHSZ, any fluid-flow-related cemented
zones could extend deep into the subsurface. Sub-
vertical zones of dimming referred to as chimneys
may be caused by the effects of near-surface atten-
uation effects, for example, because of thick free-
gas intervals near the surface and/or because of
extensive zones of free gas or zones of hydraulic
fracturing that may or may not be associated with
gas (Cartwright et al. 2007; Løseth et al., 2009).
Although the formerwould give rise to an apparent
chimney with limited potential to distinguish any
vertically distributed gas or conduits, the latter
options would reflect the occurrence of conduits.
Hence, in the caseswherewe do not observe strong
reflections above dim chimneys, we infer that they
most likely represent zones of near-vertical frac-
turing, possibly associated with gas migration or
diffuse zones of enhanced gas concentrations in the
pore space.

Timing and Major Controls on Formation of
Fluid-Flow Features

Timing of the Fluid-Flow Features
Given the different expressions of the fluid-flow
features in the study area, the fluid availabilitymost
likely changed through time. The availability of
fluids naturally determines whether fluid-flow fea-
tures will form in the first place and includes pa-
rameters such as fluid sources and fluid migration
timing. Several different fluid sources may be pre-
sent within the studied plumbing system and in-
clude thermogenic fluids (oil and gas), biogenic
fluids (methane), and formation fluids (pore wa-
ter). The fluid sources for each period (Miocene,
Pliocene–Pleistocene, and present day) are discussed
further in the next section, whereas fluid migra-
tion timing will be addressed here.

The most precise and strongest timing indi-
cators of the fluid-flow features observed in this
study are the pockmarks, which bracket the time
of fluid flow to the horizon (paleo-sea floor) at
which they occur (Judd andHovland, 2007).Hence,
the contemporaneous occurrence of pockmark
fields in the middle Miocene of two separate salt
minibasins indicates that a large volume of over-
pressured fluids was being expelled during that
time (ca. 12 Ma) in both basins. Likewise, the
present-day pockmarks indicate that fluids are es-
caping to the sea floor at the present time, whereas
the Pliocene–Pleistocene stacked paleopockmarks
evidence fluid escape from within the minibasins
during that period.

The timing of formation of the high-amplitude
pipes, which stratigraphically occur in both deeper
and shallower successions than the pockmark fields,
is more difficult to establish precisely. A simple re-
lation of relative timing of the pipes might suggest
that stratigraphically shallower pipes were formed
after the deeper pipes. However, as no crosscutting
relations have been observed, it is difficult to verify
whether they are upward-younging synchronous
pipes without including other evidences. Because
most of the pockmarks in the two pockmark fields
commonly form the upward termination of high-
amplitude pipes (Figure 8A), these pipes and the
pockmarks possibly formed during the same pro-
cess and hence have equal timing (ca. 12Ma). The
present-day amplitude anomalies in the high-
amplitude pipes is either as previously mentioned
a diagenetic feature resulting from a remnant (or
more recently) fluid flow or may result from fluids
stored within the pipes at the present day. There-
fore, the timing of pipeswithout pockmarks at their
upward termination is poorly constrained, andmany
of the pipes hosted within lower and middle Mio-
cene strata could thus bemuch younger than12Ma,
although the absence of a crater might also be ex-
plained by a less vigorous venting process and/or
postevacuation erosion of the sea floor, although
we have not seen evidence for the latter.

Structural Controls
The present-day distribution of seabed pockmarks
is strongly influenced by the salt structures, in-
dicating that salt flanks may act as fluid focus areas
today, and that salt structures impose a major
structural control on the distribution of fluid-flow
features in the study area. Likewise, the concen-
tration of high-amplitude pipes above Oligocene
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and Miocene syndepositional structural highs sug-
gest that structural controls in general have had a
major influence on the fluid-flow features ob-
served. Major faults in the deeper Miocene strata
also impose a structural control, where faults op-
erate as compartment separators (sealing) of areas
with varying intensities of pipe activity (Figure 7E).
In the shallow section (upperMiocene toHolocene)
the structural elements in the form of polygonal
faults do not seem to influence the vertical fluid
flow, as exemplified by the stacked paleopock-
marks in the Pliocene–Pleistocene succession, which
occur at the center of polygonal fault cells and not
at fault intersections. This may be caused either by
a lack of sealing or conducting properties of the
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polygonal faults or simply because the faults formed
after the pockmarks as interpreted by Andresen and
Huuse (2011). However the polygonal faults do
appear to seal laterally in some situations, whereas
the HRZs in the minibasins are seen to termi-
nate abruptly at discrete polygonal fault planes
(Figure 10A).

Depositional Controls
Fluid flow in the study area may also be influenced
by depositional controls such as lithologic variations,
where in particular, the sand/shale ratio of the sed-
iments may provide an important control on fluid
flow. For instance, the upper Miocene terminal fans
represent a strong lithologic and hydraulic anomaly
Figure 13. Illustration of the
progressive development of the
fluid-flow regime through time
in the study area. Black arrows
indicate focused fluid migration
pathways. The timing of salt
migration and structural forma-
tion of the Miocene highs are
not constrained by this study.
The Miocene fluid flow (A) was
dominated by stratal migration
and vertical leakage of thermo-
genic fluids sourced from the
mature Iabe Formation since ca.
12 Ma, resulting in the formation
of the high-amplitude pipes.
Fluid flow was centered above
underlying structural highs and
Oligocene channels. During
the late Miocene (B), terminal
fan systems were deposited in
the minibasin low areas between
salt structures.



Figure 13. Continued. The
Pliocene–Pleistocene fluid flow
(C) was dominated by repeated
biogenic gas and pore-water
expulsion during early burial,
resulting in the formation of
stacked paleopockmarks in ba-
sin central areas. The terminal
fan systems facilitated lateral
migration of basin central deeper
thermogenic fluids to salt flanks
and basin margin areas. The
present-day fluid regime (D) is
dominated by thermogenic fluid
escape along salt flank margins,
causing seabed pockmarks on
the updip side of the salt struc-
tures, whereas stratal migration
results in a strong lateral transfer
of pressure and fluids. In con-
trast, thermogenic fluids may be
trapped downdip beneath salt
overhangs. A secondary fluid
migration system appears above
Miocene structural highs, where
seismic chimneys lead directly
to seabed pockmarks, bypassing
the free-gas and gas-hydrate
stability zones. BSR = bottom-
simulating reflector; HC = hydro-
carbon; HRZ = high-reflectivity
zone.
of sand-rich intervals in the otherwise mudstone-
dominated sediments, and this may have influenced
the fluidmigration pattern in the area. The repeated
pockmark formation in the Pliocene–Pleistocene
succession (the stacked paleopockmarks) is con-
fined to the basin central areas, and pockmark for-
mation may have been mostly controlled by the
composition of the depocenter sediments (Andresen
andHuuse, 2011). Like some of the high-amplitude
pipes isolated, discrete pockmarks in the middle
and lower Miocene successions are also commonly
found above turbiditic channels, indicating that
fluids were temporarily stored within or at least
leaking from such probably sand-rich channels.

In summary, the observed fluid-flow features in
the study area tend to be controlled by (1) avail-
ability of fluids including fluid source and fluid
migration timing, (2) structural controls primarily
constituted by the salt structures and underlying
structural highs, and (3) depositional controls, for
instance imposed by turbidite channels and the
upperMiocene terminal fan systems andminibasin
dewatering and degassing of biogenic methane.
Characterization of the Fluid-Flow Regime
through Time

The diversity of fluid-flow features observed in this
study probably results from a diversity of flows
originated in varying fluid sources. Because the
different types of fluid-flow features seem to apply
mostly to certain stratigraphic intervals, that is, the
high-amplitude pipes are confined to the Miocene
strata, the stacked paleopockmarks to the Pliocene–
Pleistocene strata, this may indicate that the study
area underwent a progression of fluid-flow regimes
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through time. During this development, the relative
importance of the three major controls, fluid avail-
ability, and structural and depositional control,
varied to produce different settings for the fluid-flow
migration and resulted in the complex composition
of fluid-flow features we observe today. The devel-
opment of the plumbing system from the Miocene
to the present day is summarized in Figures 12 and
13. The study area is one of active fluid migration
since the middle Miocene, and no sign exists that
the activity is abating, thus indicating that fluids
are still being supplied from at least some of the
regional source rocks.

Miocene Fluid-Flow Regime
The Miocene fluid-flow regime (Figures 12, 13A)
represented by the high-amplitude pipes and the
distinct pockmark fields has the character of an ex-
tensive and consistent migration of fluids through
the sediments. The fluid-flow anomalies occur
widespread both laterally and stratigraphically in
the Miocene succession but tend to be focused
above deeper syndepositional highs, Oligocene
channels, and deep-rooted faults (Figure 7C, D).
Such areas may be characterized as primary regions
of fluid escape during prolonged periods within
the Miocene. The concentration of anomalies
above the syndepositional highs in the area sug-
gests that the Miocene fluid flow probably was
dominated by migration down flank from the highs
(stratally from basins to highs via aquifers) and that
fluid migration from the highs was mainly vertical.
The subtle correlation with underlying Oligocene
channels might suggest that fluids were tempo-
rarily focused in the channels, leading to a higher
concentration of fluid-flow features above as seen
elsewhere in the region (Gay et al., 2007; Pilcher
and Argent, 2007). As indicated by the pockmark
fields, the migration of fluids from reservoir to
surface happened from at least themiddleMiocene
(ca. 12 Ma). Furthermore, the timing of the pock-
mark fields implies that fluid expulsion happened
synchronously in the two adjacent salt minibasins.
The above considerations could be met by a ther-
mogenic fluid source stratigraphically common for
the two salt minibasins. Themain source rock in the
study area is the mature Upper Cretaceous Iabe
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Formation, which has been deposited in most of
the area covered by this study (Maersk Oil, 2007,
internal data). The source rock began expulsion of
oil and gas during the mid-Miocene (ca. 15 Ma)
and hence could constitute a potential fluid source
(Cole et al., 2000). Thermogenic fluid migration
from deeper Upper Cretaceous source kitchens
would also naturally be funneled into Oligocene
andMiocene syndepositional highs on their way to
the surface, resulting in an increased density of fluid-
flow features in these areas. The synchronous timing
of the pockmark fields indicates that the two mini-
basins went through similar thermal burials and
source rock maturations. Thus, other nearby mini-
basins might also be expected to have followed the
same development, and similar fluid-flow features
and pockmark fields should thus be expected else-
where in this region.

During the latest part of theMiocene (Figures 12;
13B), the terminal fan systems (Figure 6) were
deposited in the northern minibasin, imposing a
drastic change in lithology and hydraulic hetero-
geneity. The coarser grained terminal fans may have
acted as aquifers and lateral carrier beds, whereby
basin central fluids (migrated vertically through the
lower and middle Miocene strata) may have been
directed to minibasin margins and/or salt flanks,
where they would be conducted farther to the sur-
face (Figure 12). In addition, the HRZs observed
in the Pliocene–Pleistocene succession also tend to
be located above the distal parts of the terminal
fans (Figure 10A, B), whichmay indicate that fluids
are presently seeping out of the fans and into the
Pliocene–Pleistocene free-gas zone.

TheMiocene fluid-flow regime is interpreted to
be dominated by thermogenic fluids sourced pri-
marily by the Iabe Formation. The pockmark fields
that were generated ca. 12 Ma probably represent
some of the oldest fluid-flow features in the study
area, although some of the high-amplitude pipes
below the fields may have been generated pre-
viously. Underlying structural highs controlled the
mainly verticalmigration pathways (kilometer scale)
and the distribution of fluid-flow features in the
lower and middle Miocene strata. During the end
of theMiocene, depositional controlsmayhavebeen
more apparent than structural controls, adding a



lateral (stratal) component to the fluid migration
system, leading the fluids to theminibasinmargins.

Pliocene–Pleistocene Fluid-Flow Regime
The Pliocene–Pleistocene fluid-flow features, the
stacked paleopockmarks, are mainly found within
the central parts of the Pliocene–Pleistocene depo-
centers. Andresen and Huuse (2011) argued that
the stacked paleopockmarks weremost likely formed
by combined biogenic gas and pore-water expul-
sion from the Pliocene–Pleistocene minibasin sed-
iments, and therefore under the influence of a
strong depositional (sedimentologic) and early dia-
genetic control. The combined water and meth-
ane expulsion was produced because of a combi-
nation of early stage compaction of the fine-grained
clay-rich sediments, leading to excessive volume
loss and pore-water expulsion and an enhanced
biogenic methane production during the middle
and late Pliocene, as a result of increased deposi-
tion of organic matter caused by increased organic
matter productivity induced by the Benguela up-
welling current from the latest Miocene onward
(Emery and Uchupi, 1984; Berger et al., 2002).

Thus, the minibasin-centered Pliocene–Pleisto-
cene fluid-flow regime (Figure 13C) is interpreted
to be dominated by short-distance vertical migra-
tion and expulsion of biogenic methane and pore
water and to be highly influenced by depositional
controls, that is, the Pliocene–Pleistocene minibasin
sedimentation (Andresen and Huuse, 2011). Ther-
mogenic fluid migration most likely also occurred
during the Pliocene–Pleistocene but was probably
concentrated at minibasin margins instead of the
basin centers because of the growing salt structures
that caused the Miocene strata to deform updip
against the salt flanks that in turn affected the fluid
migration from the deeper sections. In some areas,
lateral carrier beds such as the upper Miocene ter-
minal fans in the northern minibasin enhanced the
margin-directed flow of deeper thermogenic fluids
during the Pliocene–Pleistocene (Figures 12; 13C).

Present-Day Fluid-Flow Regime
The present-day fluid flow (Figure 13D), exem-
plified by the seabed pockmarks (Figures 2, 11), is
concentrated at salt structures and basin margins
and lacks any basin central anomalies and is thus
directly opposite the Pliocene–Pleistocene fluid-
flow regime. This implies a shift in fluid source,
and the concentration of pockmarks above the salt
structures indicates that the present-day source
might be related to a combination of stratal and
focused fluid migration along the salt flanks. As
inferred previously, deep thermogenic fluid mi-
gration is likely to have been directed to the mini-
basin margins during the late Miocene and Pliocene,
and hence the present-day fluid regime is also
likely dominated by thermogenic fluids. The sea-
bed pockmarks consistently occur at the updip side
of the larger salt structures, whereas they are ab-
sent from the downdip sides that are commonly
overhanging (Figure 11D). This might indicate that
deep thermogenic fluids that migrated to the salt
flanks at the landward side of the minibasins may
now be trapped below the salt overhangs. As an
example, the salt-diapir overhang seen in Figure 11D
is about 4 km (2.5 mi) wide in the downdip direc-
tion and about 10 km (∼6.2 mi) wide at its widest,
with a roughly triangular plan form (Figure 11B).
The resulting area of overhang is thus about 4 ×
10 km by 0.5 = 20 km2 (7.5 mi2). Given an updip
salt seal, such a trap could hold large column heights
of perhaps hundreds of meters. The seismic sec-
tions do suggest that the lower Miocene and Oli-
gocene is dipping up toward the salt overhang, thus
potentially forming a perfect trap (Figure 11D).
Assuming a (conservative) 100-m (330-ft) column
and 25% porosity, fluid volumes in this trap could
be on the order of 0.5 km3 (∼300 × 106 barrels),
although of course, such estimates are hugely un-
certain and difficult to verify using surface geo-
physical methods in the absence of a wellbore.

Other seabed pockmarks occur above Miocene
structural highs, where HRZs and chimneys also
appear. These pockmarks are located away from the
salt structures but within the basin margin areas.
The relation between the chimneys and the seabed
pockmarks suggests that the HRZs and the GHSZs
are currently bypassed by deep fluids migrated
through the Miocene structural highs, leading di-
rectly to the seabed and the pockmarks. Such a sys-
tem represents an alternative route for the present-
day fluid flow that bypasses the salt flank migration
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system. Besides being correlated to Miocene highs,
the HRZs occasionally occur obliquely above the
downdip pinch-out of deeper carrier beds, such as
the upper Miocene terminal fans in the northern
minibasin. This might indicate that fluids are pres-
ently leaking out of the terminal fans and that the
present day gas-hydrate and the free gas (HRZs)
below the BSRs are related to the thermogenic
migration system and thus are caused by thermo-
genic gas residing in the shallow sediments.

To summarize, the present-day fluid-flow re-
gime is thought to be dominated by thermogenic
hydrocarbons and mostly structurally controlled
by salt flank–relatedmigration on a kilometer scale.
Importantly, our observations suggest that salt over-
hangs may act as large and efficient fluid traps, al-
though this concept still needs to be verified in this
area. Sand-rich intervals in the Miocene enhance
the salt flank migration route by facilitating lateral
migration from the basin central areas. The salt
flank migration system is intersected at Miocene
structural highs where fluid-flow conduits (seismic
chimneys) lead directly to seabed pockmarks and
hence bypass the HRZ and the GHSZ, possibly
allowing the sampling of deep thermogenic fluids
at the sea floor.
CONCLUSIONS

Careful analysis of 3-D seismic data has revealed
the occurrence of several different types of fluid-
flow features in the overburden succession (Mio-
cene to Holocene) offshore Angola. The main
types of fluid-flow features include different pock-
mark types, high-amplitude pipes, HRZs, and low-
amplitude vertically extensive seismic chimneys.
The high-amplitude pipes generally occur in the
lower and middle Miocene successions and rep-
resent shallow gas accumulations and/or diagenetic
features associated with fluid flow through the sed-
iments. The different pockmark types include dis-
crete paleopockmarks, paleopockmark fields, stacked
paleopockmarks, and seabed pockmarks. The dis-
crete paleopockmarks are commonly seen as the
upward termination of the high-amplitude pipes
1062 Hydrocarbon Plumbing Systems Offshore Angola
or in relation with Miocene turbidite channels.
The two large pockmark fields are observed at an
uppermiddleMiocene horizon dated as ca. 12Ma,
evidencing a multibasin fluid expulsion event at
this time, which may apply equally to other salt
minibasins in the lower Congo Basin. The stacked
paleopockmarks occur within Pliocene–Pleistocene
sediments and are related to minibasin degassing
and dewatering before polygonal faulting. The sea-
bed pockmarks are associated mainly to salt struc-
tures and secondarily to Miocene structural highs,
where focusing of fluids fromparticularly the deeper
section is facilitated. The lack of seabed pockmarks
above the downdip overhanging parts of salt struc-
tures may indicate a potential occurrence of large
shielded traps below the overhangs.

The spatiotemporal occurrence and detailed
characteristics of fluid-flow features in the seismic
data reveal that the hydrocarbon plumbing system
commenced at ca. 12 Ma, roughly coinciding with
predictions of source rock expulsion timing from
petroleum systems modeling. The area experienced
fluid-flow activity intermittently to the present day.
During this time interval, the system went through
three stages of fluid-flow regime as follows:

• The Miocene fluid-flow regime was character-
ized by thermogenic fluid flow concentrated
above syndepositional structural highs and Oli-
gocene channels.

• The Pliocene–Pleistocene fluid flow was mainly
controlled by depositional factors and was dom-
inated by biogenic methane and pore-water ex-
pulsion during early stage burial and diagenesis
of the depocenter sediments.

• The present-day fluid regime is mostly influ-
enced by structural controls imposed by the salt
structures and interpreted to be dominated by
thermogenic fluids. The primary fluid migra-
tion system is concentrated along the salt flanks
and minibasin margins, whereas a secondary sys-
tem is generated above Miocene structural highs
where seismic chimneys lead directly to seabed
pockmarks. UpperMiocene carrier beds enhance
the basin margin fluid direction by allowing lat-
eral (stratal)migration of fluids frombasin central
areas to the margins and the salt flanks.



The main controls on fluid-flow activity in the
study area are mature source rock availability; dis-
tribution and evolution of salt structures, aquifers
and seals; and associated migration and trapping
configurations, biogenic methane generation, and
dewatering of minibasin sediments.
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