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ABSTRACT

The northern Gulf of Mexico federal offshore area easily qualifies
as a super basin based upon estimated petroleum endowment of
more than 100 BOE and cumulative production of 60 BOE. Like
other super basins, it has multiple petroleum systems and stacked
reservoirs. Examination of four key elements of these petroleum
systems (reservoirs, source rocks, seals, and traps) yields important
insights to the geologic processes that result in such an exceptional
habitat for conventional hydrocarbons.

The bulk of hydrocarbon resources in federal offshore waters
is in Cenozoic sandstone reservoirs such as the Paleogene Wilcox
reservoir of deep-water subsalt areas. Overall, Cenozoic sand-
stone reservoirs in both suprasalt and subsalt fields yield the highest
flow rates and cumulative production volumes. Notable is the re-
cent addition of the deep-water Jurassic Norphlet sandstone play,
the newest and second largest by ultimately technically recoverable
resources. Overall, Gulf of Mexico reservoirs are diverse, formed
in paleoenvironments ranging from aeolian to deep water.

Powering this super basin are three primary marine source
rocks centered in the Oxfordian, Tithonian, and Cenomanian–
Turonian Stages. These source rock intervals commonly act as
top seals, but other Neogene and Mesozoic shales and even car-
bonate mudstones are also important trap-sealing elements, as
proven by analytical work and downhole pressure measurements.
The extensive salt distribution and relatively late Cenozoic burial
delayed source rock maturation and migration until the culmina-
tion of trap formation in many areas.

High rates of Cenozoic deposition on a mobile salt substrate
also generated a myriad of salt tectonic structures, ranging from
simple diapiric closures and extensional fault traps to complex
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subsalt configurations such as salt-cored compressional anticlines,
salt-cutoff traps, and bucket weld traps. Exploration success in the
past 20 yr is a direct result of improved seismic imaging around
and below salt, as well as advances in drilling, completing, and
producing wells and fields.

INTRODUCTION

Overview

The concept of a “super basin” is relatively new, first coined by
Fryklund and Stark (2016), who defined it as a basin having a
prolific petroleum system (remaining recoverable reserves >5
BOE; past production >5 BOE), a well-established surface in-
frastructure, ready access to markets, multiple petroleum sys-
tems, and stacked reservoirs.

With an estimated endowment of 112.8 BOE of ultimate
technically recoverable resources (UTRR) and cumulative pro-
duction of 60 BOE (Bureau of Ocean Energy Management, 2017;
Duncan et al., 2018), the offshoreUnited States or northernGulf of
Mexico (GOM) Basin easily qualifies (Figure 1). In fact, more than
50% of the estimated UTRR in the United States as a whole are
situated in the northern GOM (US Geological Survey, 2005).

Past production exceeding five BOE is another threshold that
super basins must exceed according to the definition from Fry-
klund and Stark (2016). This often requires wells with high flow
rates, particularly in deep-water areas where costs of develop-
ment and production are extraordinarily high. For example, the
top 10 producing wells in the northern GOM by both average
production rate (Figure 2A) and cumulative production
(Figure 2B) are all located in deep-water areas and are largely
relatively young (Pliocene and Miocene) sandstones whose po-
rosity and permeability are high (>20% porosity, a darcy or more
of permeability; Hentz et al., 1997; Weimer et al., 1998). No-
table exceptions are wells at St. Malo and Chinook that are
older Paleogene-age Wilcox reservoirs (Weimer et al., 2016b)
that benefit from novel completion and stimulation techniques
such as “frac packs” (Mattos et al., 2013).

Other criteria for a super basin are the presence of a well-
established production infrastructure and ready access to markets
for commodities (Fryklund and Stark, 2016). In the northern
GOM federal waters (beyond the 5-mi [8-km] state limit), it is
estimated that more than 7000 drilling and production platforms
have been installed. More than 52,000 wells have been drilled
offshore at the time of this writing. Fields have been discovered in
both state waters and onshore in trends extending north from the
United States–Mexico border to the southern tip of Florida.
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The geologic factors that distinguish super basins
from other global basins are somewhat less quanti-
tative. Super basins are often described as including
multiple source rocks charging numerous stacked
reservoirs (Fryklund and Stark, 2016). Despite the
prolific GOM Basin hydrocarbon production and re-
maining potential reserves, few recent papers have
attempted to compile, synthesize, and illuminate
this super basin’s key success factors in a single
document.

The purpose of this paper is to describe in summary
fashion the four key elements of the GOM Basin
that have powered the enormous hydrocarbon en-
dowment that put this area in the top tier of petroleum
habitats. Examples of key reservoirs, source rocks (and
maturation windows), seal rocks, and traps are pro-
vided.We focus our discussion on regional to basin-wide
trends and do not delve into block- or prospect-specific
controls such as local burial or hydrocarbon charge
history or individual salt tectonic structures.

Several super basins have both conventional and
unconventional plays, sometimes linked to the same

petroleum system. As described later in this paper, at
least two major source rocks (Tithonian centered and
Cenomanian–Turonian) are present basin-wide, charg-
ing offshore conventional traps but also acting as con-
tinuous resources for onshore unconventional plays.
Our discussion here, however, is limited to the off-
shore conventional plays that dominate the cur-
rent UTRR. The reader is referred to several other
publications that describe unconventional plays in
the GOM Basin, including Hammes et al. (2011,
2016), Enomoto et al. (2012), Hackley (2012a, b),
and Snedden and Galloway (2019).

Geographic Location of Basin, Fields, and
Discoveries

The GOM Basin as a whole surrounds and includes a
large body of water connected to the Atlantic Ocean
via the Straits of Florida (Figure 1). In United States
waters, it extends north from the deep abyssal plains
in its center to its termination south of the largely

Figure 1. Location map of the United States (northern) Gulf of Mexico Super Basin as defined here. The dashed line separates Mesozoic
(MZ) fields and discoveries on the north from Cenozoic (CZ) fields and discoveries located basinward. Data from Bureau of Ocean Energy
Management (2017) and US Geological Survey (2005). PW = Paluxy–Washita supersequence; SH = Sligo–Hosston supersequence.
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buried Paleozoic Ouachita thrust belt and east to the
Straits of Florida connection with the Atlantic Ocean.

Hydrocarbon discoveries and continuous resource
plays in the northern GOM Basin occur in an arcuate
trend (Figure 1). With few exceptions, a dividing line
can be drawn between carbonate-dominated, largely
onshore Mesozoic fields and discoveries and that of
the siliciclastic-prone Cenozoic hydrocarbon habitat.
This dashed line coincides with the downdip limit of
Mesozoic platform margin reefs, largely pinned by a
major increase in accommodation at a deep crustal
boundary. Cenozoic systems, by contrast, backed by
large sediment influxes sourced by the United States
Cordilleran and Laramide tectonic belts, prograded
past this line in an attempt to fill this basin center.

Despite continuous exploration of this basin since
the discovery of oil at the Spindletop salt dome near
the turn of the twentieth century, there remains large
white spaces with no current hydrocarbon fields or
past discoveries. Some areas are restricted by drilling
moratoria, such as the Florida shelf and adjacent deep
water. In other areas, deep Cenozoic burial and/or
challenges to imaging below the modern salt canopy
hampered exploration until recently developed tech-
niques like wide-azimuth seismic acquisition were
employed (as discussed in later sections).

GEOLOGIC HISTORY

Mesozoic Tectono-Stratigraphic Phases

Comprehensive synthesis of the GOM Basin history,
in light of new scientific and exploration insights, is
described in detail in Snedden and Galloway (2019),
which we summarize briefly here. The tectono-
stratigraphic system encompasses six phases, three
each in the Mesozoic and Cenozoic Eras (Figure 3).
These phases reflect both the long-term tectonic
evolution of the basin and its predecessors, as well
as the shorter-term eustatic and climatic processes
influencing sedimentation. Although the Cenozoic
phases have higher frequency (four phases over 66m.y.),
one can argue for three Mesozoic tectono-stratigraphic
phases over 170 m.y. or more since the end of the
suturing of Pangea and joining of Laurentia and
Gondwana. The three phases that cover the post-
Ouachita–Marathon–Appalachian orogeny to the end
of the Cretaceous (299–66 Ma) are the postorogenic
successor basin-fill and rifting phase, the Middle

Mesozoic drift and cooling phase, and the Late Me-
sozoic local tectonic and crustal heating phase.

We regard the first phase as a predecessor to
formation of the GOM Basin, but it is worthwhile to
discuss some of the tectonic and stratigraphic elements
that persisted into the Middle Mesozoic drift and
cooling phase or even later. Galloway (2008) has ar-
gued that the GOMBasin initiated with deposition of
the Louann Salt, the first stratigraphic unit that spans
the nascent GOM. Salt deposition was probably un-
derway at 170 Ma, at the start of the drift and cooling
phase (Peel, 2019; Snedden et al., 2019). New plate
tectonic models suggest that accelerated opening
of the Gulf began as an intrusive phase of oceanic
crust generation below the accumulating mass of evap-
orites and later extrusive separation of salt bodies be-
tween the northern and southern GOM (Norton
et al., 2016).

During the initial stages of basin opening (Middle
Mesozoic and drift and cooling phase), arid climate
conditions persisted, and a broad belt of dryland de-
position, including a prominent aeolian sand sea (erg),
developed in the eastern part of the northern GOM
(Mancini et al., 1985; Snedden and Galloway, 2019).
The largest Mesozoic reservoir by UTRR in federal
waters (Figure 4), the Norphlet play fairway now
extends from onshore areas to state waters to the
Mississippi Canyon (MC) and Desoto Canyon (DC)
protraction blocks in deep water. Smaller dryland
systems including aeolian dunes are present in Cuba
(San Cayetano Formation) (Haczewski, 1976) and
in Mexico where the Bacab Sandstone produces oil
in the Ek, Balam, and other fields (Cantú-Chapa,
2009; Snedden et al., 2020). Local restrictions in deep
bottom water circulation allowed preservation of or-
ganics in both the Oxfordian and Tithonian, forming
important source rocks (Hood et al., 2002; Cun-
ningham et al., 2016).

The late Mesozoic local tectonic and crustal
heating phase followed the end of seafloor spreading in
the GOM. The basin at this point reached its present
size, and, combinedwith favorable climatic conditions,
carbonate systems transitioned from local grainstone
shoals and thrombolite buildups to platform margin
and shelf interior reefs and associated grainstone
aprons (Mancini et al., 2004). Siliciclastics from
the older source terranes like the Appalachians were
largely trapped behind the reef margins, reducing
turbidity that would have otherwise limited the

SNEDDEN ET AL. 2607



Figure 3. Major tectono-stratigraphic phases, Gulf of Mexico (GOM) Basin, and predecessors. From Snedden and Galloway (2019), courtesy
of Cambridge University Press. AC = Austin Chalk; BMT = basement; BP = Bexar–Pine Island Shale; CVB = Cotton Valley–Bossier; CVK = Cotton
Valley–Knowles; E = eastern; EFT = Eagle Ford–Tuscaloosa; EM = Eagle Mills; FL = Ferry Lake Anhydrite; GR = Glen Rose; HVB =
Haynesville–Buckner; JS = Jackson–Yazoo; LM1 = lower Miocene 1; LM2 = lower Miocene 2; LS = Louann Salt; LW = lower Wilcox;
MM = middle Miocene; MW = middle Wilcox; N. = northern; NOR = Norphlet; NT = Navarro–Taylor; OF = Frio–Vicksburg; PAB = Pleistocene-
Angulogerina B; PB1 = Miocene–Pliocene-Buliminella 1; PGa = Pliocene-Globigerina altespira; PL1 = Pliocene–Pleistocene-Lenticulina 1; PS =
Pleistocene; PTA = Pleistocene–Trimosina A; PW = Paluxy–Washita; QC = Queen City; Quat = Quaternary; RD = Rodessa; SH = Sligo–Hosston;
SMK = Smackover; SN = Smackover–Norphlet; SP = Sparta; UM = upper Miocene; UW = upper Wilcox; YC = Yegua–Cockfield.
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growth of frame-building corals, sponges, and rudistid
bivalves. This reached an acme in the middle Creta-
ceous (Albian) as reefal systems delineated the basin
margin but also surrounded isolated platforms in
Mexico. Small but still economically important car-
bonate reservoirs of the Cretaceous Andrew Forma-
tion and James Limestone (Kosters et al., 1989; Petty,
1999) are part of this phase of high carbonate pro-
ductivity. Igneous activity and uplifts locally developed
with igneous intrusive-cored bathymetric highs forming
the site of carbonate buildups (Ewing, 2009).

An abrupt termination of reefal carbonate de-
position at the end of the Albian has been attributed
to several causes, including increased water turbidity
with the Tuscaloosa sandstone influx (Snedden et al.,
2016), uplift in the Mississippi Embayment (Cox and
Van Arsdale, 2002), and the cumulative effects of a
series of oceanic anoxic events (OAEs) (Phelps et al.,
2015). The OAE2 is associated with development of
the Cenomanian–Turonian source rock (Eagle Ford
equivalent), although regional conditions such as strong
outflow bottom water flow caused a temporal offset
from the global event (Lowery et al., 2017). Fol-
lowing the major sand volume influx that built a
large Cenomanian–Turonian (Tuscaloosa) submarine fan
present in deep water, global sea-level rise flooded the
basin. As a result, deep shelf and basinal carbonates
including chalks dominated the latest Mesozoic.

The end of the late Mesozoic local tectonic and
cooling phase, and the Mesozoic as a whole, was
ushered in by the Chicxulub impact event at 66 Ma,
which greatly altered the paleobathymetry and land
surface of the GOM (Denne et al., 2013; Sanford
et al., 2016; Lowery, et al. 2018). It also, to some
degree, set up the basin configuration that the
Cenozoic tectono-stratigraphic phases modified
by sediment input from the newly emerged Lar-
amide highlands and rejuvenated Appalachians moun-
tains (Boettcher and Milliken, 1994; Galloway et al.,
2011; Blum and Pecha, 2014; Snedden et al., 2018).

Cenozoic Tectono-Stratigraphic Phases

Much like the Mesozoic fill, the Cenozoic fill of the
GOM can be subdivided into three tectono-stratigraphic
phases. Unlike Mesozoic phases, they do not reflect
processes of basin opening and evolution; rather, they
record a combination of influences driven by conver-
gence along thewesternNorth American platemargin,

by intraplate tectonism, by evolving patterns of con-
tinental climate and consequent drainage basin evo-
lution and runoff, and finally by global climate
change and resultant glacio-eustasy. Snedden and
Galloway (2019) refer to these as the Paleogene
Laramide phase, the middle Cenozoic geothermal
phase, and the Neogene tectono-climatic phase.

Paleogene Laramide Phase
The structural architecture of the northern GOM at
the start of the Cenozoic reflected the far field but
still prominent effects of the Chicxulub impact event
(Denne et al., 2013). It also inherited the shallow
shelf, relict carbonate platform margins, and deep
basin configuration of the preceding Cretaceous Period.
Laramide deformation in the western United States
progressed from north to south, generating a volumi-
nous increase in siliciclastics that quickly filled in Rocky
Mountain Basin accommodation. Large trunk rivers
flowed toward the northern GOM Basin during a
relatively humid climatic phase with vast swamps and
wet coastal plains developed in the Paleocene and Eo-
cene (DeCells, 2004; Snedden and Galloway, 2019)

The northern Gulf Paleogene record includes
three expanded depositional supersequences: (1)
lower Wilcox, (2) middle Wilcox, and (3) upper
Wilcox (Galloway et al., 2011). These three major
siliciclastic successions include reservoirs formed
in the full paleoenvironmental spectrum from bed-
load–dominated fluvial to abyssal plain fans. Submarine
fan run-out lengths in the 1000-km range scaled to the
length of the large extrabasinal rivers extending back to
the northern Rockies (Snedden et al., 2018). Explo-
ration followed theWilcox reservoirs from shallow
fields onshore to deep-water fields below the salt can-
opy, transitioning reservoir styles from fluvial to delta or
shore zone to slope and submarine fan and commodity
type (water, coal, gas, and oil) along theway to the deep
basin. The bulk of sedimentation was in the western
half of the northernGOM, linked to several continental
scale rivers draining the emerging Rockies. Deposited
onto salt on its downdip extent, the immense sediment
load drove salt evacuation and the seaward and upward
migration of the allochthonous salt canopy.

Massive extensional systems generated landward
are partially compensated by folding and contraction
downdip, with localized shortening and folding of
salt. Burial ofMesozoic source rocks initiated hydrocarbon
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maturation andmigration except below the paleo-canopy
where heat flow was much reduced.

Middle Cenozoic Geothermal Phase
The middle Cenozoic geothermal phase is a 23-m.y.
record of tectonic reorganization of western North
America, as new crustal uplifts and volcanic centers
generated new source terranes. Sediment load in the
main trunk streams was impacted by volcanic erup-
tions, particularly in the southwestern sectors where
the paleo Rio Grande and other rivers were choked
with volcanic ash. The major depositional influx dur-
ing deposition of the Oligocene Frio supersequence
filled accommodation space onshore in the Frio–
Vicksburg fault zone, which in combination with
more arid climates in the Rockies, constrained sedi-
ment bypass to the deep basin. Eastern parts of the
basin continued to be relatively sediment starved, a
pattern initiated in the Paleogene. Elsewhere, crustal
tilting and elevation of the basin fringe amplified
normal basinward displacement of both the sedi-
ment prism andmobilized salt (Galloway et al., 2011;
Snedden and Galloway, 2019).

Late Neogene Tectono-Climatic Phase
The final 15 m.y. of depositional history in the northern
GOM records a relative decline in siliciclastic sediment

supply from inland source terranes, but it is still notable
in size and extent. Rejuvenation of older Appalachian
Mountains (caused by deep crustal processes) led to a
shift of sedimentation to the eastern areas, culminating
in two basin-scale submarine fans as found in the MC,
Walker Ridge, and Lund protraction blocks (Galloway,
2008). These form amalgamated reservoir sequences
above the salt canopy in load-induced minibasins.

By the Pliocene, competing rivers from theWestern
Interior and Appalachians first progressively coalesced
into three paleo-rivers and then finally into one major
river, the forerunner of themodernMississippi system.
Pleistocene glaciation fed immense volumes of sedi-
ment to this river, culminating in the Mississippi Fan,
which today covers nearly half of the northern GOM
Basin (Galloway et al., 2011). Salt-defined minibasins
in the western and central deep-water areas continued
to fill throughout the Pliocene–Pleistocene and spilled
sands basinward and further south past the Sigsbee
margin where the allochthonous salt canopy meets the
modern seabed (Snedden and Galloway, 2019).

The net result of 66 m.y. of siliciclastic deposi-
tion is a super basin whose floor is almost completely
covered by long and broad submarine fans of various ages
(Figure 5). This in turn reflects the dominance of large
river systems fed by an evolving tectonic landscape,
favorable climatic conditions, and time-averaged close

Figure 4. Major northern Gulf of Mexico reservoirs by number of pools (black columns) and total ultimate technically recoverable
reserves (UTRR) (gray columns). The 2014 resources from Bureau of Ocean Energy Management (2017). From Snedden and Galloway
(2019), courtesy of Cambridge University Press. BP = Bexar–Pine Island supersequence; PW = Paluxy–Washita supersequence.
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proximity of delta point sources to the slope and basin
(Sweet andBlum, 2016; Snedden et al., 2018).Wholesale
shelf edge bypass, with focused sand transport onto
and across the abyssal plain, was a major feature of
both greenhouse (Paleocene–early Eocene) and icehouse
(Miocene–Pleistocene) worlds (Sweet and Blum, 2011).
These basin-scale submarine fans deposited thick
successions of stacked reservoirs that when filled
by migration of hydrocarbons into salt tectonic traps
sealed by deep-water mudstones, they support field
sizes ranging up to giant class (Weimer et al., 2017c).

RESERVOIRS

As mentioned previously, the presence of stacked
reservoirs is one characteristic of super basins.

Conventional reservoirs provide both the storage capacity
(often expressed as porous rock volume) and necessary
flow capacity (indicated by in situ permeability). Ade-
quate net porous and permeable rock is a prerequisite
for commercial development of discoveries. In the GOM,
both sandstone and carbonate reservoirswere deposited
in a variety of sedimentary settings from nonmarine
to deep marine (Ewing and Galloway, 2019).

Virtually every stratigraphic interval above the
Louann Salt contains reservoirs that in some part of
the greater GOM Basin harbor hydrocarbons, either
conventional sandstone or carbonate types or unconven-
tional source rock reservoirs (Snedden and Galloway,
2019). Commercial development of the unconven-
tional resources is limited to onshore areas where
the cost of production infrastructure is far lower

Figure 5. Compiled distribution of (1) collapsed continental margins, (2) submarine channel complexes, and (3) abyssal plain fan systems. The
features are collected within boundaries of the Cenozoic deep-water Gulf of Mexico, including the inherited Cretaceous depositional shelf edge,
Florida scarp, Campeche scarp, and Laramide foreland. Large submarine fans are concentrated in the northern Gulf of Mexico. Small-to-medium
fans and stacked submarine channel complexes occupy the southwest Gulf. From Snedden and Galloway (2019), courtesy of Cambridge
University Press. ? = extent of Chicontepec canyon fan is hypothetical; LM1 = lower Miocene 1; LM2 = lower Miocene 2; LW = lower Wilcox;
MM = middle Miocene; MW = middle Wilcox; OF = Frio–Vicksburg; PL = Pliocene–Pleistocene-Lenticulina 1; PS = Pleistocene; QC = Queen
City; UM = upper Miocene; UW = upper Wilcox; YC = Yegua–Cockfield.
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than in the offshore transition zone, shelf, or deep
water.

In United States federal offshore waters, how-
ever, the vast majority of fields and discoveries are
developed in Cenozoic sandstone reservoirs (Figure 4).
These reservoirs produce at the highest average rates
and historically have the largest cumulative production
(Figure 2A, B). This is because of the high porosity and
permeability of these relatively young, uncompacted,
and diagenetically unaltered quartzose sandstones
(Hentz et al., 1997; Marchand et al., 2015).

Of the Cenozoic intervals, all reservoirs are
sandstones ranging in age from Paleocene to Pleisto-
cene. The Paleogene (Eocene and Paleocene) Wilcox
now hosts the largest UTRR (Bureau of Ocean
Energy Management, 2017; Figure 4). The Wilcox
deep-water play was ushered in by the drilling of
the BAHA II well and subsequent oil discoveries
(Zarra, 2007). Success of post-2000 subsalt ex-
ploration is evident in the large number of fields and
discoveries (26 total). Younger-age reservoirs within
the Pliocene and Pleistocene were drilled earlier in
the shallower postsalt section, making effective use
of seismic facies and amplitudes and regional
mapping (Prather et al., 1998). In the eastern GOM,
middle and upper Miocene sandstones are the pri-
mary reservoirs in giant and supergiant fields like
Thunderhorse (Henry et al., 2017; Weimer et al.,
2017b, c)

Emerging plays in the inboard subsalt areas of
Green Canyon (GC) and Garden Banks (GB) pro-
traction blocks include the middle and lower Miocene
reservoirs are found in Tahiti, Holstein Deep, and Vito
fields and discoveries (Thacher et al., 2013; Figure 4).
The recent Paleogene discovery at Anchor also is lo-
cated in this same general area (Zarra et al., 2019).
Earlier exploration in outboard areas, where the salt
canopy is less complex, discovered oil in middle
Miocene reservoirs such as in the Atlantis field of the
GC protraction block (Mander et al., 2012).

The few Mesozoic exceptions to the Cenozoic
dominance of northern GOM offshore production
include the Middle Jurassic (Oxfordian) Norphlet
Formation, the Cretaceous (Aptian) James Lime-
stone, and Cretaceous (Albian) Andrew Formation
(Figure 4). The Norphlet Formation is the largest
and newest Mesozoic reservoir and is already one
of the largest overall. It differs from most northern
GOM Cenozoic producing reservoirs in several ways.

First, the sandstones are thought to have formed in a
dryland depositional system, which differs from all
other reservoirs in present-day deep-water settings
of the northern GOM (Figure 6). Many cores from
deep-water Norphlet wells show repetitive successions
of quartz-rich sandstones with high-angle cross-beds
typical of large aeolian dunes (Godo, 2019; Figure 7A).
Cross-beds are consistently unimodal with interpreted
paleowinds converging around the western end of the
Middle Ground arch where the Norphlet thicknesses
can exceed 1000 ft (305 m) (Hunt et al., 2017). Our
reconstructions depict a long phase of arid climate
and strong winds sweeping loose terrigenous sediment
off of large exposed continental land masses of the
North American and African plates, which were in
close proximity prior to the initiation of sea-floor
spreading in the Late Jurassic (Snedden and Gallo-
way, 2019). Sandstones accumulated in salt-defined
depocenters that varied from aeolian dune to ephem-
eral stream fluvial deposits (Godo, 2019; Figure 6).
The best sandstones are in the aeolian dune deposits
because of mitigation of burial diagenesis by the
presence of grain-rimming chlorite that resisted
quartz cementation in these deeply buried reser-
voirs (Godo, 2017).

Second, many of the Norphlet oil discoveries
reflect raft tectonics, as blocks of Smackover and
Norphlet glided down a paleoslope to the west and
south from the Middle Ground arch (Pilcher et al.,
2014). Thus, reconstructions of this important de-
positional system require both restoration back to
a pre–sea-floor spreading state as well as correc-
tions for raft translation and rotation (Snedden and
Galloway, 2019).

Shell’s initial discovery was made at the Shiloh
prospect (DC 269-1; see location 7 in the Appendix)
in 2003, but a 10-yr campaign of acreage bidding
and leasing, exploration drilling, and appraisal even-
tually led to the first Norphlet deep-water develop-
ment at Appomattox (MC 392 and adjacent blocks;
Godo, 2017) that started production in May 2019.
Subsequent deep-water Norphlet discoveries at
Rydberg (2014), Fort Sumter (2016), and Ballymore
(2017) confirm the importance of this play (loca-
tions 9, 31, and 27 in Figure 6, respectively, and
location information in the Appendix).

The remainder of the Mesozoic UTRR is found
in relatively small fields and discoveries in carbonate
reservoirs of the shallow eastern GOM shelf. The
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Andrew and James are carbonate reservoirs, extensions
of onshore Mesozoic production to shallow offshore
areas (Petty, 1999)

Earlier exploration phases onshore and in shallow
waters did cover the full spectrum of siliciclastic reser-
voir types from fluvial to shore zone, deltaic, and shelf
(see summary in Snedden and Galloway, 2019). Since
the 1980s, interest shifted to present-day deepwater and
below the extensive salt canopy (Figure 5). Cenozoic
reservoirs with significant remaining undiscovered re-
sources can be found in the Paleogene and Neogene
section with reservoir paleoenvironments ranging from
upper slope confined channels to lower slope aprons to
abyssal plain submarine fans (Figure 7B–D).

In the Cenozoic are a wide variety of reservoir
depositional styles (Figure 7). Important examples
include deposits of high-density turbidities, with char-
acteristic trough cross-bedding (tractional trough) in-
dicating tractional flows in the Wilcox play of the

Alaminos Canyon, Keathley Canyon, and southern
Walker Ridge protraction blocks (Figure 7B). This
bedding type and massive Bouma Ta beds form some
of the best reservoirs with high porosity (15%–23%),
permeability (10–100 md), and low silt (<20%–30%)
and clay (<5%) content (Marchand et al., 2015).

Miocene reservoirs show a range of reservoir types
from confined channel fills of the paleo upper slope to
distributive lower slope systems and abyssal plain fans
(Snedden and Galloway, 2019). At the Thunderhorse
field in the MC protraction block, thick amalgamated
submarine fan deposits are dominated bymassiveBouma
beds with local scouring and avulsions as indicated by
mud clast–rich zones (Figure 7C). Directional informa-
tion from image logs shows broadly unimodal flows
entering the salt-defined Boarshead basin (Henry
et al., 2017).

Pliocene–Pleistocene deep-water sandstones de-
posited in minibasins adjacent to salt diapirs and/or

Figure 6. Schematic present-day (unrestored) location of Norphlet dryland systems in the deepwater play area of the eastern Gulf of
Mexico. Sandstones accumulated in salt-defined depocenters that vary from confirmed aeolian dune (yellow-colored polygons) to
ephemeral stream fluvial deposits (burnt orange colored polygons) and bypass zones (tan-colored fill). Untested depocenters are shown
as hachured polygons. White areas between depocenters include salt walls and zones of salt inflation caused by sediment loading at the
time of deposition. Approximate well locations are shown. Modified from Godo (2019) and reproduced with permission from the Gulf
Coast Association of Geological Societies. AL = Alabama; MISS. = Mississippi.
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above the allochthonous salt canopy represented the
first phase of northern GOM deep-water exploration.
Reservoir styles ranged from highly confined channels
with massive Ta beds and scours (Figure 7D; Diana
field in Sullivan et al., 2004), Ta-dominated channel
terminus submarine fans (e.g., Mars Field in Meckel
et al., 2002), and channel–levee systems (e.g., Genesis
field in Sweet and Sumpter, 2007).

Reservoir Summary

As mentioned earlier, one criterion for a super basin is
the presence of multiple, often stacked or amalgam-
ated reservoirs that facilitate discovery and develop-
ment and ensure alternative reservoirs in the case of
stratigraphic pinch-outs, fault-outs, and erosion. The
fields and discoveries of the greater GOM offer a wide
diversity of reservoir types ranging from dryland aeo-
lian dune sandstones of the Norphlet to deep-water
sediment gravity flow deposits (Figure 7). For further
details on the stratigraphic occurrence, areal distri-
bution, and characteristics of these reservoirs, the
reader is directed to Snedden and Galloway (2019).

SOURCE ROCKS

Most super basins are the habitat for two or more
rich source rock intervals (Sternbach, 2020). Powering
the northern GOM Super Basin are three primary
marine source rocks centered in the Oxfordian, Ti-
thonian, and Cenomanian–Turonian Stages. Minor
deltaic to marine sources have been noted within the
Paleocene–Eocene Epochs (Wenger et al., 1994; Hood
et al., 2002; Ferworn et al., 2003), as well as other lean
marine sources in other intervals, including the Aptian
and Albian (Comet, 1992; Figure 8).

The regional extent of petroleum systems charged
by these three primary source rocks and Cenozoic
terrestrial-dominated shales is displayed in Figure 9.
Through geochemical studies of petroleum recovered
from reservoirs, surface seeps, and the source rocks
themselves, the three primary intervals are proven to
have generated large volumes of hydrocarbons both
nshore and offshore as conventional and uncon-
ventional resources. The Upper Jurassic and mid-
Cretaceous sources are synchronous with those in
other circum-Atlantic, Arctic, and Tethyan Super
Basins because of similar tectonic, eustatic, and

climatic drivers following post-Pangaea breakup.
Common associations are with restricted rift basins
and global OAEs that enhanced and preserved or-
ganic matter (Figure 8). In the northern GOM, these
primary sources are widespread (Figure 9) but occur
in temporally discrete intervals. We summarize
Mesozoic source rocks in ascending age order below.

Oxfordian-Centered Source Rocks

Exploration in the onshore salt basins pointed to the
Oxfordian Smackover Formation as a source for
carbonate-sourced oils in northern GOM (Oehler,
1984; Sassen et al., 1987; Sassen, 1988, 1990; Clay-
pool and Mancini, 1989; Wenger et al., 1994).
This source interval was deposited as the GOM
transitioned from shallow Louann Salt pan to in-
creasingly deeper-marine conditions. Discoveries in
the northern GOM shelf and Norphlet deep-water
play of the eastern GOM have also been linked to the
Oxfordian source, stratigraphically positioned in the
middle Smackover member (Godo, 2019). The dis-
tinctive geochemical signature of oils from this source
identifies a separate GOM petroleum system (Wenger
et al., 1994; Hood et al., 2002; Ferworn et al., 2003).

The quality and stratigraphic variability of the
Oxfordian source in the deep-water GOM, the habi-
tat for discovered mean UTRR more than 5 BOE
(Bureau of Ocean Energy Management, 2017; Figure
4), is illuminated by detailed geochemical analyses
undertaken within the Petersburg well (DC 529-1;
location 10 in Figure 9 and the Appendix). The
Smackover here has three members or lithologic units,
namely, an upper limestone, middle marl, and lower
limestone that correspond approximately to three
Smackover Formationmembers of onshore Alabama
(Mancini et al., 1992; Godo, 2019). The middle-
laminated marl and the upper section of the lower
limestone have the highest overall total organic car-
bon (TOC) content, distributed across a series of
thin beds with documented maximums approaching
3%, uncorrected for thermalmaturity (Figure 10; Godo,
2019). Gross thickness of this middle Smackover source
interval in deep-water wells is in the 800–1000-ft
(244–305-m) range. Kerogen is predominately oil-
prone marine, type II to IIS, as determined from hy-
drogen index (HI) values of 300–500 mg HC/g TOC
in richer, less mature samples, pseudo-Van Krevelen
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diagrams, and hydrocarbon potential versus TOCplots
(Smith, 2018).Well rotary cores in the lower part of the
lower limestone member display algal laminites to
microbialite growth structures with a lower overall
average TOC compared to the middle marl (Godo,
2019). Thermal maturity indicators such as the
temperature at which the maximum rate of hydro-
carbon generation occurs in a kerogen sample during

pyrolysis analysis (Tmax) and vitrinite reflectance show
the Smackover source rocks are in the oil window over
much of the deep-water play area leading to gen-
eration of light oil (Smith, 2018; Godo, 2019). In
shallower waters where deep crustal derived heat flow
is considerably higher, reservoired oils have cracked to
dry gas with associated H2S and CO2 (Mankiewicz
et al., 2009).

Figure 8. Stratigraphic occurrence of important Mesozoic source rocks of the northern Gulf of Mexico (GOM). Corresponding oceanic
anoxic events (OAE) and other paleo-oceanographic events shown to the right of the stratigraphic column. Major sandstone intervals are
shown in yellow color along with Gulf of Mexico Basin Depositional Synthesis project chronostratigraphic units shown in green text. AC =
Austin Chalk; BMT = basement; BP = Bexar–Pine Island Shale; CVB = Cotton Valley–Bossier; CVK = Cotton Valley–Knowles; DW = deep water;
EFT = Eagle Ford–Tuscaloosa; EM = Eagle Mills; FL = Ferry Lake Anhydrite; GR = Glen Rose; HVB = Haynesville–Buckner; KPG = Cretaceous
Paleogene; K/Pg = Cretaceous Paleogene boundary unit; LA = Louisiana; Lms-Sh = limestone and shale; LS = Louann Salt; Ls. = Limestone;
MS-AL = Mississippi-Alabama; NOR = Norphlet; NT = Navarro–Taylor; PW = Paluxy–Washita; RD = Rodessa; SH = Sligo–Hosston; Sh = shale;
SMK = Smackover; SN = Smackover–Norphlet; SP = Sparta; Ss. = sandstone; UW - LW = upper Wilcox–lower Wilcox.
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Upper Oxfordian Smackover source rocks have
been linked to seeps and shows over a large area of
the basin (Hood et al., 2002; Pepper, 2016) and to
the giant oil field on production at Appomattox and
numerous other discoveries being considered for de-
velopment in the MC and DC protraction blocks
(Smith, 2018; Godo, 2019).

Tithonian-Centered Source Rocks

Tithonian-centered source rocks, referring to zones
of organic enrichment within the Cotton Valley–
Bossier (CVB) and Haynesville–Buckner (HVB) su-
persequences (Figure 11), were recognized early on
from seep and reservoired oil analyses in the northern
GOM (Figure 9; Comet et al., 1993; Wenger et al.,
1994; Cole et al., 1999, 2001; Hood et al., 2002;
Ferworn et al., 2003). Biomarker and other geo-
chemical analyses used in these studies demonstrated
that the Tithonian-centered petroleum system was
generated from clearly different, variably more marly
or more siliciclastic-rich source rocks and thus separate
from the Oxfordian. Tithonian-centered calcareous to
marly source rocks have also been found to have

charged fields in the Mexican GOM from the Golden
Lane to the Campeche (Gonzáles-Garcia and Holguı́n-
Quiñones, 1992; Yurewicz et al., 1997; Guzman-Vega,
2000; Santamaria Orozco, 2000; Guzmán-Vega et al.,
2001; Guzman-Vega and Mello, 2001; Magoon et al.,
2001; Holguı́n-Quiñones et al., 2005; de Lourdes Clara
Valdés et al., 2009) and the Varadero heavy oil field in
Cuba (Schenk, 2008).

Despite the voluminous geochemical evidence of
a Tithonian-centered source in deep offshore areas,
there was remarkably little published calibration until
quite recently. With the growing body of well-log data
in the Mesozoic (Weimer et al., 2016a, 2017b),
acquired through drilling of the deep-water Wilcox
and Norphlet plays, Cunningham et al. (2016) em-
ployed D log R, a petrophysical approach using logs
calibrated against TOC measurements from sidewall
cores and cuttings, to evaluate variation in organic
enrichment in Tithonian shales in deep-water areas of
the northern GOM. These variations were compared to
oil family and source lithofacies interpretations based
on reservoired oil and seafloor seeps using an in-
dustry proprietary database (GeoMark Research
Ltd., 2016, J. Zumberge, personal communication).
A key calibration well is the Norton prospect (GB

Figure 9. Location of important northern Gulf of Mexico oil families and source rock ages. The primary source rock on the slope is considered to
be of Upper (U.) Jurassic (centered on the Tithonian) age and marly carbonate. Mixed families are shown in hachures. Modified from Ferworn
et al. (2003), Cunningham et al. (2016), and Weimer et al. (2017a), which is reproduced with permission of AAPG Bulletin. L. = Lower.
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Figure 10. Example of Oxfordian source interval characteristics in the Petersburg well (Desoto Canyon [DC] 529-1, see the Appendix),
northern Gulf of Mexico. Modified from Godo (2019) and reproduced with permission from the Gulf Coast Association of Geological
Societies. % Ro = % vitrinite reflectance; calc = calcareous; fluor = fluorescence; gnsh-bl = greenish-brown; GR_CAL = caliper; Litho =
lithology; Max = maximum; PyDoI = pyritic–dolomitic zone; shsh-yel = slight sheen of yellow; stmg = streaming; Tmax = the
temperature at which the maximum rate of hydrocarbon generation occurs in a kerogen sample during pyrolysis analysis; yel =
yellow; yelsh-wh = yellowish-white.
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754-1; Figure 11, location 18 in Figure 9 and the Ap-
pendix). Although Norton and the correlative well
Wrigley (Ewing Bank [EW] 922-1; location 17 in
Figure 9 and the Appendix) are salt raft or carapace
penetrations (for definitions, see glossary in Snedden
and Galloway, 2019), biostratigraphy suggests strati-
graphic condensation did not occur until later in the salt
structure’s history and the Upper Jurassic is relatively
complete. The Wrigley interval was overturned by
salt later in its history (Cunningham et al., 2016).
Both wells show the log-derived TOC profile in-
creasing upward from the top HVB surface to the
CVB midpoint with values exceeding 10% TOC
(log and sample derived) and then declining through
the upper CVB and through the overlying Cotton

Valley–Knowles interval (Figure 11). They also show
net interval thicknesses >300 ft (>91 m) with organic
enrichment of more than 5% TOC (log derived), indi-
cating excellent source quality and strong oxygen defi-
ciency in theCVBdepositional environment.Otherwells
extend the observation of organic enrichment more than
5%TOC (log and sample derived) in theCVB across the
central GOM to the east (Figures 9, 11).

Given the similar log patterns and levels of or-
ganic enrichment at Norton, Wrigley, and other
wells (Cunningham et al., 2016), anoxia is sug-
gested to have existed broadly during Tithonian
source deposition as the developing GOM ocean
basin deepened and became more restricted during
drift and thermal cooling. The deep basin remained

Figure 11. Example of Tithonian-centered source rock intervals in two key wells in the northern Gulf of Mexico. Estimated total organic
carbon content from D log R calculations. An inverted (salt-overturned) Jurassic–Cretaceous carapace section is shown in the Ewing Bank
protraction block (EW) 922-1 well (see the Appendix) in reverse depth order for comparison purposes. Modified from Cunningham et al.
(2016). AC = Austin Chalk; BP = Bexar–Pine Island Shale; CVB = Cotton Valley–Bossier; CVK = Cotton Valley–Knowles; EFT = Eagle
Ford–Tuscaloosa; GB = Garden Banks protraction block; GR = gamma ray; HVB = Haynesville–Buckner; MD = Midway; NT =
Navarro–Taylor; PW = Paluxy–Washita; SH = Sligo–Hosston; SN = Smackover–Norphlet; TOCc = total organic carbon calculated; TOCm
wt. % = total organic carbon weight % from core plugs (red filled circles).
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starved and density stratified through the Tithonian and
into the Berriasian (Cunningham et al., 2016). Fur-
thermore, organic extracts fromUpper Jurassic samples
of the Norton show high levels of the biomarker bis-
norhopane (Jarvie et al., 2004), which is enriched in
source rocks deposited under anoxic conditions (Peters
et al., 2007). The organic facies of the Tithonian source
is type II to IIS marine oil prone, with HI values in
richer, less mature samples ranging from 500 to 650mg
HC/g TOC (Jarvie et al., 2004; Peters et al., 2007).
Tithonian organic enrichment in the Campeche Sound
in Mexico can range even higher above 20% TOC and
700 mg HC/g TOC with the type IIs kerogen rich in
sulfur (Santamaria Orozco, 2000). Sulfur content of
Tithonian-sourced oils in northern GOM varies spa-
tially, ranging from <0.5% in more clay-rich lithofacies
to almost 4% in more carbonate-rich lithofacies, and
generally decreases to thewest because of the increasing
influence of the deep-water Cotton Valley clastic apron
(Cunningham et al., 2016). The gross thickness of
the Tithonian source averages 700 ft (213 m) in both
the northern and southern GOM. Thermal maturity
of the Tithonian source grades progressively from dry
gas along the outer shelf and upper slope to wet gas
and condensate in the midslope to oil over the broad
expanse of the lower slope in the northern GOM
(Weimer et al., 2016a).

The Tithonian-centered source rocks also ex-
tend to onshore areas where the Bossier Shale and
Haynesville Shale (or marl) are important unconven-
tional (source rock) plays (Cicero et al., 2010;
Hammes et al., 2011). In offshore areas, Tithonian-
centered sources are particularly important in the
northern United States GOM and over the giant field
province of the Akal–La Reforma trend in Mexico
(Guzman-Vega and Mello, 1999; de Lourdes Clara
Valdés et al., 2009). Based on the spatial agreement
with the Tithonian-centered oil family composed of
reservoired oils and seeps, a large part of the 22 BOE
UTRRs estimated for the Wilcox subsalt play in the
deep-water GOM (Figures 4, 9) is thought to be
derived from the Tithonian-centered source rock.

Cenomanian–Turonian-Centered Source
Rocks

Cenomanian–Turonian Eagle Ford–Tuscaloosa (EFT)
supersequence mudstones and other Cretaceous

shales are well-documented hydrocarbon source
rocks for onshore unconventional plays (Hentz and
Ruppel, 2011; Hull et al., 2012; Hammes et al., 2016;
Zumberge et al., 2016) and for the charge of con-
ventional plays in the offshore (Hood et al., 2002;
Ferworn et al., 2003). Many of the zones of enriched
and preserved organic matter in this time span are
linked to oceanographic conditions associated with
major carbon isotope–constrained OAEs (Figure
8). The OAEs are geologically brief (<1 m.y.) epi-
sodes of oxygen-depleted conditions in the global
ocean that resulted from profound perturbations in
the carbon cycle. They were originally defined as
intervals of globally synchronous black shale deposi-
tion (Schlanger and Jenykns, 1976), but subsequent
work has shown that individual black shales are often
diachronous (e.g., Tsikos et al., 2004a, b; Lowery
et al., 2017), and OAEs are best defined by their
positive carbon isotope excursion (Jenkyns, 2010).
The OAEs are driven by a net increase in nutrients
in the global ocean and reduced circulation, although
the speculation on the causes ranges from conti-
nental weathering, volcanism, global warming trends,
to globally high sea-level conditions. Early work sug-
gested that source rocks deposited globally during
Cretaceous OAEs and in Jurassic anoxic basins could
be responsible for up to 50% of the global hydro-
carbon endowment (Klemme and Ulmishek, 1991).

In the offshore northern GOM Basin, source en-
richment in the Cretaceous is most clearly associated
with OAE2 at the Cenomanian–Turonian boundary
(Lowery et al., 2017; Figure 8), although pulses of
organic enrichment also occur during Aptian–Albian
OAEs. The GOM stratigraphic record does not align
particularly well with the documented global sea-level
highstand and organic enrichment of OAE2 at the
Cenomanian–Turonian boundary. The highest organic
content within the onshore unconventional Eagle Ford
and Tuscaloosa marine shale plays occurs somewhat
earlier and later than the OAE2 isotopic excursion,
respectively (Phelps et al., 2015; Lowery et al., 2017).
It is believed that the timing of anoxia, productivity,
and organic enrichment varies locally because of in-
teraction of the basin with circulation outflow events
from the adjacent Western Interior seaway and sea-
level rise and intensification of the oxygen minimum
zone (Lowery et al., 2017).

Organic enrichment within the offshore
Cenomanian–Turonian section can be quite high, with
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documented TOC values ranging more than 7% at
Norton (GB 754-1; Figure 12) and more than 4% at
Cheyenne (Lloyd 399-1; location 23 in Figure 9 and
the Appendix). Type II marine kerogen is indicated
by HI values ranging from 400 to almost 600 mg
HC/g TOC at both wells. The thickness of the
richest interval in the EFT, presumably spanning the
Cenomanian–Turonian boundary, is approximately
100 ft (~31 m). However, dilution of the source by
voluminous siliciclastic influx by the Tuscaloosa
deep-water system (Snedden et al., 2016; Lowery
et al., 2017) can reduce TOC in the submarine fan
axes in the central GOM. The Cenomanian–Turonian
source is thought to be most important in charging or
contributing to charge in the Wilcox reservoirs of the
northern Alaminos Canyon, EW, GB, and GC pro-
traction blocks, and shelfal areas, where oil quality
may be improved by mixing with higher-sulfur
Tithonian-sourced oils (Figure 9; Eikrem et al.,
2010).

Other Lower Cretaceous source rocks are known
in the onshore and offshore northern GOM and are
typically associated with other marly to shaley OAE
intervals. They occur within the Albian Mesilla Valley
Shale and Boracho Formations on the Comanche shelf in
Texas in association with OAE 1d and c, respectively
(Scott et al., 2020; Figure 8), the Albian Glen Rose and
Sunniland Formations in Texas and Florida, respectively,
in association with OAE 1b (Palacas et al., 1984; Sun
and Forkner, 2019), the Aptian–Albian Bexar Shale
and Pine Island Shale Members of the Pearsall For-
mation in South Texas in associationwithOAE1b and
a (Hackley et al., 2009; Hull, 2011; Hackley, 2012b;
Hull et al., 2012), and within several Albian-Berriasian
intervals observed in Deep Sea Drilling Project bore-
holes in the Straits of Florida (Katz, 1984; Cole et al.,
1999). However, although these occurrences may be
rich, they are believed to be more geographically re-
stricted (Enomoto et al., 2012; Hackley, 2012b;
Swanson et al., 2013a; Merrill, 2016).

Critical Moment of Source Rock
Maturation and Migration

Source richness, distribution, and maturity are just
some of the necessary components of an economi-
cally valuable petroleum system. An equally relevant
process in all super basins is how the critical moment

of generation and migration of hydrocarbons relates to
the earlier phases of reservoir–seal pair deposition and
trap development (Sternbach, 2020). The role of the
allochthonous salt canopy in delaying source rock
maturation in the deep-water GOM is an under-
appreciated yet critical factor in allowing this basin
to be the habitat of such a large hydrocarbon en-
dowment (Ewing, 2016; Figure 13). Oil and gas
maturation windows are relatively shallow in on-
shore basins where continental crust heat flow is
high and widely separated diapirs only locally influ-
ence maturation processes. Thus, at present, most of
the lower Mesozoic source rocks are generating gas in
areas like East Texas. This pattern continues to the
shallow-water offshore areas where both heat flow
decreases marginally but the absence of salt caused
by loading and evacuation is still a concern. However,
in the area of the allochthonous salt canopy, the nearly
continuous salt body transfers heat away from the
subsalt areas, effectively deepening the oil and gas
windows (Figure 13). This process is accompanied
here by reduced heat flow on transitional and oceanic
crust, cooler seabed temperatures, and later burial by
Cenozoic strata (Husson et al., 2008). The net result is
a delay in maturation and primary migration so that
Mesozoic source rocks remained viable hydrocarbon
generators longer than without a salt canopy (Ewing
and Galloway, 2019). Salt tectonics in the deep-water
areas continued to nearly present day (Hudec et al.,
2013) enhancing cross-stratal vertical migration
(Hood et al., 2002) and later trap development and
filling, which has significantly increased the overall
number of economically attractive hydrocarbon
accumulations.

Seal Rocks

Effective seal rocks are also a critical component of
petroleum-rich super basins. Seal rocks, which in the
GOM Basin vary from shales to carbonate mudstones
to evaporites, trap and retain large columns of oil and
gas. Competent seals limit significant loss of hydro-
carbons caused by capillary leakage, maintaining
large hydrocarbon columns over geologic time frames,
as evidenced in many large accumulations in the
northern GOM migrating from source rocks as old
as the Oxfordian (Jurassic) as described in the pre-
ceding section.
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For the purpose of this discussion, we focus on
the geologic factors inherent to the GOM that limit
capillary leakage through the top seal. We specifi-
cally exclude fault-dependent traps in which sealing
along faults results from development of fault gouge,
continuous shale smears, and zones of cataclasis (de-
formation bands), which are controlled by local de-
formation and other prospect-specific factors.

Mechanical failure of seal rocks is known to oc-
cur in situations in which fluid pressures within the
reservoir exceed a critical threshold (fracture or
lithostatic gradient), causing a major loss of mobile
hydrocarbons and leaving a smaller amount of live
(moveable) oil or just residual oil. Although this does
occur in the GOM Basin, it is not a pervasive risk el-
ement, as evidenced by the large GOMhydrocarbon
endowment. In addition, in exploration of northern
GOM minibasins above salt, where steep dips and
rapid burial occur, subsurface pressures can exceed
the minimum principal stress and leakage occurs to
the surface until pressures fall below the threshold
preserving commercial hydrocarbon columns in the
case of Popeye and Genesis fields in GC (Seldon and
Flemings, 2005).

Despite the abundant discovered resources in the
basin, relatively few published studies have specifically
analyzed the capillary seal rocks that trap hydrocar-
bons here. Seal rock integrity can be evaluated in

several ways. First, experimental work on cuttings and
core samples is conducted to establish the distribution
of pore-throat sizes, often with a nonwetting fluid
such as mercury. Second, preproduction pressure
data (e.g., modular formation dynamics tester�
[MDT; Schlumberger] or reservoir characteriza-
tion instrument� [RCI; Baker Hughes]) from the
field or discovery provide an indication of the seal
competency because offsets in fluid pressure mark an
effective barrier to fluid pressure communication over
geologic timescales. We discuss the evidence from
both approaches in the GOM below.

Experimental Analyses on Northern Gulf
of Mexico Basin Seals

Capillary or membrane seals trap hydrocarbons in
structural closures or along bounding faults (Downey,
1984). Column height is controlled by the pore system
of the sealing lithology because the largest pore throat
serves as the weak point allowing leakage until buoy-
ancy forces equalize the opposing capillary forces
(Jennings, 1987). Other influencing factors are the
interfacial tension between various fluids, oil, water,
gas, and CO2 (Schowalter, 1979). Pore systems
in shales and carbonate mudstones are measured
using mercury (Hg) injection at high pressure
(MICP), yielding important parameters such as the

Figure 13. Generalized petroleum system framework of the northern Gulf of Mexico margin. The section generally extends from the East
Texas basin southward across the coastal plain, continental shelf, slope, and onto the abyssal plain. From Ewing (2016) with permission from
the Bureau of Economic Geology. JK = Jurassic–Cretaceous; K = Cretaceous; ss = sandstone; v.e. = vertical exaggeration.
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approximate entry pressure and pore-size distribu-
tion, with corrections for closure and conversion to
hydrocarbon–water systems and adjustments for
hydrocarbon composition, temperature, and pres-
sure (Wardlaw and Taylor, 1976).

Using a combination of MICP, compositional, and
petrophysical analyses over several GOM Miocene
deep-water shales, Dawson and Almon (2005) identified
six end-member seal types (Table 1). The six identified
type shales (mudstones and claystones) range from seal
type 5 silty laminated shale (including microporous
quartz) with the lowest entry pressure (MICP at 10%
Hg saturation) to seal type 1 carbonaceous shales with
low silt content and highest entry pressures.

Dawson and Almon (2005) also estimated ex-
pected hydrocarbon column heights for the Miocene
deep-water seals using parameters conditions known
to exist at the depth from which each sample was
collected, including subsurface temperatures, water and
hydrocarbon density, and grain size (Table 1). Corre-
sponding median (50% probability, P50) column
heights ranged from 1265 ft (386m) for seal type 1 to
160 ft (18 m) for seal type 5. All samples were

derived fromdepths greater than 10,000 ft (>3049m).
Compaction was thus well advanced, and differences
are thought to be caused by changes in mudstone
composition, silt content, and fabric (Dawson and
Almon, 2005)

Dawson and Almon (2005) also related seal
characteristics to the sequence stratigraphic position of
the shale, with the best sealing mudstones, particularly
those with high organic content, developed in the
upper parts of transgressive systems tracts. High-
stand systems tract shales were among the poorest
seal rocks, especially where higher silt contacts in-
duced compactional shielding of pores during burial,
yielding lower entry pressures and estimated smaller
column heights (Table 1). Hentz and Hongliu (2003)
also observed that third-order transgressive shales were
among the most important hydrocarbon seals in the
middle to lower Miocene of shallow waters in offshore
Louisiana.

As mentioned in the previous section on
source rocks, organic-rich mudstones occur in sev-
eral Mesozoic transgressive intervals, including the
Oxfordian (middle Smackover marl), Tithonian

Table 1. Gulf of Mexico Miocene Deep-Water Shale Seal Types and Predicted Oil Columns

Shale
(Seal)
Types Lithology

Clay,
%

Carbonate,
%

Quartz,
%

Total
Silt,
%

Gamma
Ray
(°API)

Perm,
md

Porosity,
%

Bulk
Density,
g/cc

Capillary
Pressure (at 10%
Saturation, psi)

P50 Oil
Column,

ft

1 Slightly silty and
pyritic, fissile,
carbonaceous shale

76 3 12 21 88 0.0006 14.2 2.285 8394 1265

2 Moderately silty,
pyritic, and
fossiliferous shale

69 5 17 26 127 0.0004 10.3 2.462 7448 1110

3 Moderately silty,
fossiliferous,
mottled shale

61 4 29 35 122 0.0012 11.9 2.359 4511 855

4 Very silty, pervasively
bioturbated shale
with mottles

57 4 31 39 88 0.0017 12.4 2.259 3177 375

5 Very silty,
carbonaceous shale
with microporous
siltstone laminae

49 3 37 48 90 0.0058 14.2 2.306 1360 160

6 Slightly silty, pyritic,
and fossiliferous,
calcareous claystone

64 15 17 21 53 0.0008 13.9 2.283 7653 880

From Dawson and Almon (2005) with permission from the Gulf Coast Association of Geological Societies. Abbreviations: P50 = 50% probability; Perm = permeability.
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(Haynesville–Bossier shales), Cenomanian–Turonian
(Eagle Ford), and other zones. Preservation of organics
deposited in these transgressive anoxic events is fa-
vored under low-oxygen conditions. This in turn re-
duces disruption of laminated fabrics by burrowing
organisms and thus increases seal capacity (Dawson
and Almon, 2005).

Mudstones with enhanced organic content are im-
portant in the Cenozoic section, although global anoxic
events were not as frequent. Some organic enrichment
occurs around the Paleocene–Eocene thermal maxi-
mum, as noted in locally restricted basins, because
of salinity stratification or paleo-bathymetrical enclo-
sures (Blanke et al., 2009; Cunningham et al., in
press).

Mesozoic top seals include carbonate mudstones
such as in the case of the Jurassic Norphlet deep-
water play. Because the basal Smackover Formation
is situated stratigraphically between the middle Smack-
over marl source and Norphlet sandstones, downward
charging migration routes are required and demon-
strated for this area (Godo, 2017). Other documented
Mesozoic seals occur in the Tuscaloosa Formation,
where middle marine shale units above the thick
basal sandstone reservoir provide sufficient sealing
capacity to hold hydrocarbons or act as barriers pre-
venting vertical migration from CO2 storage sites (Lu
et al., 2011). The MICP measurements of the
middle Tuscaloosa mudstone at the Cranfield site
indicate that large columns of CO2 could be retained
below the shale during injection, a testament to the
good seal integrity.

One caveat about using MICP data as a measure
of seal rock capacity is the necessary requirement
that a sufficiently large database ofMICP be obtained
to fully characterize the seals because a small sample
set may miss the weakest mudrock that allows ver-
tical leakage. Dawson and Almon (2005) based their
classifications upon a large database, although the spe-
cific samples or size of the data set were not reported. A
second approach, described below, uses the measured
downhole fluid pressures to assess the seal capacity,
independent of experimental analyses upon the
bounding shale beds.

Column heights in subsurface traps have been
directly related to the seal capacity of shales through
testing and development of empirical relationships
such as done by Sneider et al. (1997). However, col-
umn height can be controlled by a variety of other

independent factors, including ineffective source rocks,
fault juxtaposition leakage, overly long charge residence
time, or unmapped spillpoints (Aplin and Larter,
2005). The important role of overpressured seal
rocks (relative to underlying reservoirs) is also noted in
some cases. The timing of overpressuring, however,
controls its effect on both reservoirs and seals, and that
factor tends to be block or prospect specific.

Subsurface Fluid Pressures as Indicators
of Seal Rock Quality

The GOM mudstones with significant lateral or ver-
tical seal capacity are commonly recognized as offsets
in downhole pressuremeasurements (Downey, 1984).
The magnitude of offsets may appear to be relatively
small when pressure information from downhole
measurements is simply plotted versus depth. Smaller
offsets can be discerned using the excess pressure
technique of Brown (2003). With this technique
(described below), subtle yet important pressure
changes can be illuminated, especially when re-
cent vintage MDT or RCI data are available. Such
an approach is most appropriate when recent vintage
MDT or RCI data have accuracy and precision in the
0.01–0.002-psi (0.07–0.01-kPa) range versus older
strain gauge data with accuracy of 1.01% (Chen,
2014).

Publicly available downhole pressure data, mainly
from modular downhole tools such as the MDT and
RCI for deep-water wells, can be obtained from the
Bureau of Ocean Energy Management or Bureau of
Safety and Environmental Enforcement to illuminate
the quality of important seal rocks in Mesozoic and
Cenozoic fields and discoveries. All data are first
evaluated to eliminate low-quality pressure mea-
surements caused by tool failure or low-permeability
rock for which test time length is not sufficiently long
enough to achieve equilibrium.

Excess pressure is calculated for reservoirs by
selecting nominal fluid gradients that are based on
compositional data (if available) or modified iteratively
until a vertical line in the same fluid phase is achieved
(assuming limited gravity segregation). The method-
ology is described in detail by Brown (2003).

We consider the seal rocks from two of the most
important reservoirs in the basin, the Paleogene Wil-
cox and Jurassic Norphlet. These represent the largest

SNEDDEN ET AL. 2625



and newest deep-water resources by UTRR, respec-
tively (Figure 4).

Jurassic (Oxfordian) Seal Rocks
As mentioned, the Norphlet Formation is the newest
and second most important reservoir (by UTRR) in
the deep-water GOM (Figure 4). Whereas hydro-
carbon production from the Norphlet dates back at
least 30 yr, the deep-water play opened in 2011 with
the drilling of the Shiloh prospect in the DC pro-
traction block (Godo, 2017; location 7 in Figure 9
and the Appendix). Subsequent drilling of a variety
of trap types ultimately led to discovery of the giant
Appomattox field in 2010 that began production in
2019. The main top seal to the Norphlet is a car-
bonate limestone, the basal member of the Smack-
over Formation (Godo, 2019). Analysis of publicly
available downhole pressure data allows one to es-
timate its ultimate seal capacity; it is also an oppor-
tunity to consider other factors that control the size
of hydrocarbon accumulations in this complex play.
We consider below the basal Smackover seal in the
largest Norphlet deep-water discovery to date, the
Appomattox.

The Appomattox discovery well (MC 392-1
sidetrack 0 bypass 0; Figure 14, location 25 in
Figure 9 and the Appendix) encountered a large
oil column with penetrated oil down to the base of
Norphlet reservoir (Godo, 2019). Several side-
tracks from the vertical well were drilled and
sidetrack 2 bypass 1 (ST2BP1) penetrated the
oil–water contact (OWC) at 26,265 ft true vertical
depth (8007 m) or 26,190 ft true vertical depth
subsea (TVDss) (7985 m). Trap crest is estimated
to be approximately 24,300 ft (~7409 m), indicating
an oil column of 1890 ft (576 m) (Godo, 2019).
The shallowest pressure point with good mobility
on the well MDT is approximately 24,730 TVDss
(~7540 m).

Interpretation of releasedMDT pressure data from
subsequent Appomattox drill wells suggests the pres-
ence of at least three separate preproduction (geologic
timescale) reservoir compartments: (1) Appomattox
South, (2) Appomattox Northeast, and (3) Appo-
mattox Northwest (Figure 14). The largest compart-
ment with the tallest oil column is Appomattox South,
delineated by the Appomattox discovery and two
sidetracks. The Appomattox MC 391-1 well, when

excess pressure is calculated by removing the oil gra-
dient, plots on the same vertical line, indicating that it
is part of the same oil compartment (Figure 15).

Appomattox Northeast (MC 348 and MC 392)
is a reservoir compartment with a smaller oil column
and lower pressure oil (Figure 15). It likely has the
same water pressure gradient as Appomattox South
because mapping suggests that the aquifer extends
around the mapped fault tip-out point to the south
(Godo, 2019; Figure 14). Appomattox Northwest is
interpreted to have a much smaller column than the
other compartments, although this was unproven at
the end of appraisal drilling. Preproduction well data
(MC 391-1 sidetrack1) clearly indicate that it has a
different water pressure than Appomattox South.
Compartment boundaries are formed by faults and/
or zones of cataclasis (deformation bands) and aeolian
reservoir limits (Godo, 2019).

To evaluate the highest penetrated seal capacity
for this Norphlet deep-water play, we calculated the
oil entry pressure (OEP) for the Appomattox South
compartment, the largest yet discovered in the
Norphlet deep-water play area. The OEP is de-
termined from the excess pressure plot by mea-
suring the difference between the water pressure
and oil pressure at the top of the oil column. The
OEP is thus a measure of buoyancy forces that are
presently being exerted against the basal Smackover
member top seal that traps the penetrated oil column.
This is a method of assessing the seal quality inde-
pendent of the sampling bias issue associated with
MICP as described in the preceding section.

The OEP for the Appomattox South compart-
ment was calculated using the Appomattox South oil
gradient and the Appomattox Northeast water gradi-
ent. For operational reasons, no MDT pressure mea-
surements were taken in the highly deviated MC
392-1 ST2BP1 well that penetrated the OWC in
Appomattox South. Using the aforementioned
structural crest at 24,300 ft (7409 m), the estimated
OEP is approximately 235 psi. Using the highest
point of good pressure readings, a minimum value is
180 psi.

These OEP estimates are much larger than that
of the adjacent Rydberg well, which we calculated as
87 psi, but this is a minimum value since the trap is
known to be underfilled because of a limited source
rock fetch area (Godo, 2019). The OEP at Appo-
mattox South is at least 2 to 2.7 times larger,
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suggesting that this is more representative of the
ultimate top seal capacity in this high-pressure, high-
temperature play.

This confirms the exceptional seal strength of top
seal to the Norphlet deep-water play, one of the most
important additions to the United States reserves in
the last 10 yr. The presence of an overlying organically
enriched, laminated carbonate mudstone of the basal
Smackover member, analogous to the Dawson and
Almon (2005) seal type 1, is consistent with this.

Another likely enhancing factor is the pressure
inversion observed at Appomattox. During drilling at
Appomattox and other Norphlet wells, mud weights
are usually reduced by at least 1 ppg (from ~14.5 to
13.5 ppg) when entering the Norphlet reservoir (T.
Godo, 2020, personal communication) to avoid an
abnormally high flow of drilling fluid into the po-
rous formation. This roughly equates to a change in

subsurface pressures from 18,850 to 17,550 psi
(1.3E5 to 1.2E5 kPa) for a near-balanced well.
That pressure inversion probably complements
seal rock strength and capacity to trap large oil
columns, such as observed in the southern com-
partment at Appomattox.

Paleogene Wilcox Seals, Cascade Field (Walker
Ridge)
The Cascade field, discovered in 2002 by Petrobras,
is a four-way closure formed by a contractional fold
in the Keathley Canyon–Walker Ridge fold belt
(Weimer et al., 2016b). Production began in 2012
and marked the first approved United States GOM
usage of a floating production system (Haddad et al.,
2012). Reservoirs are present in the Paleogene Wilcox
Group, in a water depth of 8200 ft (2500m). Reservoir
porosity is approximately 20% and permeability ranges

Figure 14. Structure contour map on top of Norphlet Sandstone, Appomattox field area. Contour interval (CI) equals 500 ft (152 m).
Modified from Godo (2019) and reproduced with permission from the Gulf Coast Association of Geological Societies. BP = bypass; D/T =
downthrown; MC = Mississippi Canyon protraction block; OWC = oil–water contact; St = sidetrack; TD = total depth; U/T = upthrown.
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from 5 to 50 md with subsea depths of 25,000 ft
(7622 m) (Mattos et al., 2013).

The top–sealing lithology is a combination of
shale and carbonate mudstone (Figure 16, arrow 1).
The Eocene Queen City Formation equivalent and
carbonate mudstones of the overlying Sparta
Sand equivalent section represent basin-wide con-
densed intervals (Galloway et al., 2011). This
90–100-ft (27–31-m) section traps a gross oil col-
umn of nearly 2000 ft (610 m). The presence of a
lithology able to hold such a large oil column is in-
contestable evidence of excellent sealing capacity, even
without MICP testing or calculation of the OEP.

With subsurface pressures of nearly 20,000 psi
(1.37 · 105 kPa), important offsets indicating high-
quality internal seals and barriers may also be over-
looked on normal pressure versus depth (P-D) plots.
Use of the excess pressure method (Brown, 2003)

and an oil gradient of 0.357 psi/ft (8.08 kPa/m) re-
veals three prominent pressure offsets across logged
shale zones within the Wilcox gross reservoir section
in the Cascade WR 250-CA004 well (Figure 16,
arrows 2, 3, and 4, well location 33 in Figure 9 and
the Appendix). The top of the Wilcox 2 zone is a
field-wide shale barrier that is quite subtle on P-D
plots but with an offset of 100 psi is better illumi-
nated on the excess pressure plot. This shale is in-
terpreted as a third-order shutdown of Wilcox sand
into the Cascade field area (Syrio et al., 2013).

The two lower offsets (labeled 3 and 4 in Figure 16)
have larger individual excess pressure differentials
exceeding 250 psi (1724 kPa) but are located below
the Cascade field oil transition zone. The low overall
permeability and common interbedding of shales
and silt-rich non–hydrocarbon-bearing sandstones
make establishing a single water gradient quite difficult

Figure 15. Excess pressure versus depth plot, Appomattox (Appo) South compartment. Water pressures from Mississippi Canyon (MC)
348-3 well (see the Appendix) used for water gradient. Pressure data from Bureau of Ocean Energy Management. OEP = oil entry
pressure; ST1 = sidetrack 1; TVDSS = true vertical depth subsea.
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Figure 16. Cascade Walker Ridge (WR) 250 CA004 well. (A) Modular formation dynamics tester pressure versus depth plot. (B) Excess
pressure versus depth plot. Oil gradient used is 0.357 psi/ft. (C) Well logs with annotated tops and location of perforations. Pressure data
and logs from Bureau of Ocean Energy Management. Field tops from Syrio et al. (2013). Well location in the Appendix. GR_EDTC = edited
curve; QC shale = Queen City Shale; sc = supercharging; TD = total depth; TOC = top of column; TVDss = true vertical depth subsea.

SNEDDEN ET AL. 2629



(Haddad et al., 2012). Nonetheless, these zones are
able to withhold substantial subsurface pressures,
in the 20,000-psi (1.37 · 105-KPa) range. Laterally
extensive shales, regional intraformational seals with
significant pressure offsets such as these are noted in
manyWilcox wells in the outboard trend of fields such
as Great White, Chinook, and St. Malo (Zarra, 2007;
Zarra et al., 2019).

Summary of Seal Rock Evaluation, Northern Gulf of
Mexico
The examples of Cenozoic and Mesozoic seal rocks
cited above are broadly representative of the northern
GOM. Without effective seal rocks, the large closures
in both the suprasalt and subsalt realm of the deep-
water GOM would not have retained the immense
volume of discovered hydrocarbons. In many cases,
the same age seal rocks also extend to onshore areas as
well (Condon et al., 2006; Dyman and Condon, 2006;
Pitman et al., 2007). Coastal plain and delta plain or
floodplain mudstones also are important seal rocks in
onshore regions (Hackley, 2012b; Swanson et al.,
2013b; Merrill, 2016), although traps are sometimes
smaller given more limited mudstone continuity in
nonmarine paleo-environments (Snedden, 2013,
2014). However, it is clear that seal rock capacity,
here as offshore, is not simply a function of shale
thickness because top seal lithology can vary
from silty mudstones to claystones to carbonate-rich
shales.

Seal rock failure caused by mechanical breakage
of top seals does occur in the northern GOM Basin.
These cases are found mainly in offshore areas where
elevated crestal pore pressures in reservoirs and
seal rocks on the steep flanks of relatively young
(Cenozoic) salt-related structures converge on the
least principal stress, causing leakage to the surface.
However, examples from the supersalt minibasin
fields like Mars, Auger, Genesis, and Popeye show
that even in these cases, commercial volumes of hy-
drocarbons can be retained (Seldon and Flemings,
2005).

TRAPS

As discussed in preceding sections, the northern GOM
Super Basin has exceptional reservoirs, source rocks,
seals, and other supporting elements such as favorable

charge histories and salt canopy cooling processes that
maintain the Mesozoic source rock viability at depth
and out to abyssal plain waters. But without the
presence of a diverse set of trap types, it is unlikely
that the basin petroleum endowment would have
passed the super basin threshold of 5 BOE. Salt
tectonics and salt-generated or associated traps make a
large part of the trap types. In addition, the long history
of exploration would not be possible without such a
broad and deep portfolio of trap styles that technology
(seismic imaging, drilling, production) has progres-
sively unveiled or made economically feasible.

Analysis of offshore and especially deep-water
plays has stressed the important relationship of res-
ervoirs and traps to the extensive salt canopy and
compressional fold belts (Figure 17; Weimer et al.,
1998, 2016b, 2017a, c; Duncan et al., 2018). Deep-
water fields of the northern GOM are located in one
of four provinces. (1) Basin province fields lie within
salt- or weld-bounded basins formed on the salt
canopy. (2) Subsalt province fields lie below the
salt canopy or its weld. The subsalt position cre-
ates technological challenges both to seismic im-
aging and drilling. (3) Fold-belt province fields lie
along the Mississippi Fan, Keathley–Walker, and
Perdido fold belts. (4) Abyssal plain fields lie be-
neath relatively flat basin floor basinward of the
salt and fold belts Weimer et al. (2016b).

Recent drilling into abyssal plain, fold-belt, and
subsalt provinces introduced an array of trap config-
urations rarely penetrated in prior exploration phases
(Figure 18). Salt canopies commonly are a major
factor, providing both seals and structural discontinu-
ities. Seismic imaging improvements allowed defini-
tion of salt-cored folds at the autochthonous salt level
(e.g., St. Malo; Figure 18A), autochthonous salt-
inverted basins (turtle structures; Figure 18C), and
allochthonous salt-cutoff traps and attics (Figure
18E, F). Even subtle traps such as the low-relief
closure at the Tiber discovery (Figure 18D) and
fault-dependent traps at Hadrian (Figure 18B) are
now routinely identified on three-dimensional (3-D)
seismic data. More unusual trap styles continue to
be delineated and considered for drilling, such as
encapsulated minibasins (Figure 18G) and Mesozoic
expulsion rollovers such as in the protraction block
(e.g., Harding et al., 2016).

Welds may also create traps by juxtaposing dif-
ferent stratigraphic sections and seal where residual
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or shale gouge is present. Large bucket weld traps
(Figure 18H) are common in the central GOM
(Figure 17; Pilcher et al., 2011). Megaflaps, steeply
dipping stratal packages along sides of diapirs or welds,
and other high-relief structures develop from complex
salt migration processes (Rowan et al., 2016). Several
of these three-way truncation traps hold large columns
of oil and gas (e.g., Mount et al., 2019; Wilkins et al.,
2019).

Seismic Imaging of the Atlantis Trap: A
Success Story

The discoveries and fields mentioned above (e.g.,
Mars, St. Malo, Appomattox, Cascade) are just a few
of the success stories that northern GOM exploration
has accumulated since offshore exploration as a whole
began in the 1960s and major subsalt deep-water dril-
ling initiated in the early 2000s (Zarra, 2007). Doc-
umenting the vast number of successful ventures is
beyond the broad scope of this paper. But it is worth-
while considering the impact of advances in seismic
imaging and illumination that were a direct result of

seismic companies meeting an industry challenge to
explore deep below the allochthonous salt canopy.

A case in point is the Atlantis field in the GC
protraction block (GC 743; Figure 19, location 19 in
Figure 9 and Appendix). Atlantis field is located at the
boundary of the fold-belt and abyssal plain provinces
(Figure 17). The trap is a relatively simple, deep salt-
cored compressional anticline below the allochtho-
nous salt canopy (Mander et al., 2012). Reservoirs are
laterally continuous middle Miocene submarine fan
deposits with high porosity (26%–32%) and perme-
ability (500–1500 md). The reservoirs exhibit very
high net-to-gross ratio and have little clay or cement
(Mander et al., 2012).

However, the high quartz content and complex
multiphase tectonic history have resulted in localized
development of deformation bands and subseismic
faults that have induced considerable reservoir com-
partmentalization (Mander et al., 2012). Deformation
bands are known as potential compartment-bounding
features in several GOM fields where high net-to-
gross sandstone reservoirs are present, including
Appomattox (Godo, 2019) and Heidelberg (Mount
et al., 2019; Wilkins et al., 2019).

Figure 17. Regional map of the northern Gulf of Mexico shelf and continental slope showing the four major tectonically defined
exploration provinces. From Weimer et al. (2016b) and reproduced with permission from the Gulf Coast Association of Geological
Societies. Colors indicate age of stratigraphic fill in the Basins province: dark blue = Miocene; medium blue = Pliocene; light blue =
Pleistocene. AC = Alaminos Canyon; AT = Atwater Valley; DC = Desoto Canyon; EB = East Breaks; EW = Ewing Bank; FP = Florida Plain;
GB = Garden Banks; GC = Green Canyon; HE = Henderson; KC = Keathley Canyon; LL = Lloyd; LS = Lund South; LU = Lund; MC =
Mississippi Canyon; SE AT = Sigsbee Escarpment Amery Terrace; WR = Walker Ridge.
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Atlantis field is located partially below the al-
lochthonous salt canopy; thus, imaging at deep levels
is complicated by the variable salt thickness and sig-
nificant water depth gradient at the Sigsbee escarpment
(Mander et al., 2012). Exploration and development
phase 1 3-D seismic data (Figure 20A)were replaced by
an isotropic velocity rebuild and reimaging in 2008
(Figure 20B). This improved visualization of the struc-
ture and reservoir horizons. Subsequent wide-azimuth,
tilted transverse isotropy, and reverse time-migration
imaging were completed in 2010 (Figure 20C), which
helped reduce reservoir uncertainty for the phase 2
development (Mander et al., 2012). A similar ap-
proach, with similar results, was used at the Mad
Dog field area (Smith, 2013). Today, wide-azimuth
and full-azimuth data are the dominant seismic ac-
quisition technique in the northern and southern
GOM Basin. New approaches such as on-bottom
node data collection and full-waveform inversion
are becomingmore commonplace (Fiduk and Lyons,
2019). These and other acquisition, processing, and
reimaging improvements have greatly reduced un-
certainty in both exploration, development, and
production phases (Leyendecker, 2014; Snedden
and Galloway, 2019).

Finally, proximity of the northern GOMBasin to
Houston, well known as the global center for off-
shore facilities design, drilling, and petroleum geo-
science technology, should be noted. The numerous
commercial research laboratories here have hosted
development of a wide range of technologies from 3-D
and four-dimensional seismic data, sequence stratigra-
phy, subsea completions, tension-leg platforms, frac-pack
completions, and many other innovative approaches
to exploration, development, and production.

SUMMARY: INSIGHTS FROM THE
NORTHERN GULF OF MEXICO SUPER BASIN
FOR OTHER BASINS

It is useful to consider the broad insights that might
be garnered from a super basin like the northern GOM.
Some lessons are unique to the northern GOM Basin
and some are relevant basin-wide, whereas other in-
sights may have global applicability. These pertain to
reservoirs, source rocks, seal rocks, charge history, and
trap development, which are all the elements thatmake

Figure 18. Salt-associated structural trap types of the northern
Gulf of Mexico. (A) Buried salt body creating overlying dome. (B)
Salt canopy concealing underlying four-way closure with or
without faulting. (C) Turtle structures created by salt evacuation
around a former withdrawal syncline. Overlying canopy may or
may not be present. Subsalt traps include simple and faulted
structural closure, turtle structures, and a variety of salt seal
configurations. (D) Salt canopy concealing underlying simple
four-way closure. (E, F) Salt canopy forming a seal in one or more
directions to create trap. (G) Complex salt deformation history
resulting in an earlier-formed minibasin fill becoming encapsu-
lated within the salt body and its related welds. (H) Welds on
flanks of a primary basin creating updip seal. (E, H) Circles in-
dicate potential traps. From Snedden and Galloway (2019). (C, H)
Adapted from Pilcher et al. (2011). C = basal weld; E-P = Eocene–
Paleocene; F = salt feeder; K = Cretaceous; KT = Cretaceous
turtle; MI = Lower Miocene; Mm = Middle Miocene; Mu = Upper
Miocene; MT = Miocene turtle; O = Oligocene; P = salt pedestal;
Plio-Miocene = Pliocene–Miocene; S = suture.
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up an efficient, formidable world-class petroleum
system.

To generate sufficient gross sandstone rock vol-
ume and a regional stacking of porous zones that
constitute the hallmark of a super basin, a well-defined
pathway from source terranes to depositional sink
must be evident or at least inferred from tectonic
reconstructions. In the case of the northern GOM
Basin, prominent mountain belts were formed, ex-
posed, and eroded over multiple structural events and
paleoclimatic phases since the basin formed (Galloway
et al., 2011; Snedden et al., 2018). The Cordille-
ran and Laramide orogens were the largest volu-
metric contributors for the Cenozoic, but the
extant Appalachian tectonic highlands in the Me-
sozoic and associated rejuvenated plateaus in the
Miocene were also significant catchments during
the Miocene (Boettcher and Milliken, 1994). These
high rates of Cenozoic deposition on a mobile salt
substrate also were a key factor in generating a diverse

portfolio of salt tectonic structures and trap types.
Relatively late Cenozoic burial, in comparison to
other global basins, also improved charge–trap timing
relationships.

Carbonate reservoirs, which are so important in
the Mesozoic section of the onshore northern GOM
and southern GOM,mainly require stable platforms;
warm, equitable climates; and low-turbidity water to
develop grainstone banks, thrombolytic buildups, plat-
form margin reefs, and associated grainstone aprons. In
addition, favorable postdepositional and burial diage-
netic processes allow development of economic levels
of porosity and permeability. Evidence from extensive
drilling shows that all these depositional processes
worked in the northern GOM.

Seal rocks also were formed during many of these
depositional events and stratigraphic sequences. Given
the large hydrocarbon endowment, seal rock quality
is obviously sufficient in many intervals to resist
both capillary and mechanical leakage over long

Figure 19. Structural cross section of the Atlantis field, which lies partially below the allochthonous salt canopy. Middle (M.) Miocene
(Mio) reservoirs are lobe deposits of a submarine fan system fronting the slope apron of the Tennessee delta system. Transparent gray
area shows the low seismic illumination area below salt that obscures interpretation. From Mander et al. (2012). M55 = Miocene Zone 55;
OWC = oil-water contact; Plio = Pliocene; ST1 = sidetrack 1; U. = Upper.
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geologic durations. Seal rocks are both stratigraphically
and geographically widespread, a distribution re-
flecting allogenic processes (e.g., relative sea-level
changes resulting in development of regional or global
transgressions) and autogenic processes (e.g., sub-
marine channel avulsion, fan abandonment, etc.).

Source rock occurrence, which includes organic
production, preservation, maturation, migration, and
appropriate timing relative to trap development, is
optimized in the basin for a variety of reasons. Global
OAEs were a facilitating factor, but basin-specific
processes related to structural and paleogeo-
graphic restriction, salinity stratification, and reduced
oxygen levels enhanced source rock quality so that at
least two world-class source horizons (Cenomanian–
Turonian and Tithonian centered) are present, with
significant additions from the Jurassic Oxfordian,
Paleogene, and other intervals. Multiple working
source rocks ensure that failure cases of underfilled
or wet traps caused by source inefficiency are rela-
tively rare here.

The role of salt, particularly the allochthonous salt
canopy, in enlarging the basin hydrocarbon endowment

cannot be overestimated. The emergence of the prolific
subsalt play in the deep-water northern GOM reflects
reduced heat flow, delayed maturation, and relatively
recent migration from deeply buried Mesozoic source
rocks into traps formed by salt tectonics.

Salt tectonics occurred over a long time frame,
from early basin formation to near present day.
This provides a wide diversity of trap types, but
also an extended exploration history as plays
matured from the hunt for simple diapiric traps, to the
search for deep salt-cored compressional folds, bucket
welds, and other complex tectonic configurations.

Paralleling and clearly driving this expanding
portfolio of salt tectonic traps in the northern GOM
is the increased sophistication of seismic acquisi-
tion, processing, and interpretation. Other basins
with prominent salt bodies (e.g., Brazil, Caspian
Basin, etc.) have undoubtedly benefited from major
technical advances initiated to support industry
activity in the GOM. This also applies to im-
provements in deep, high-pressure, high-temperature
drilling, logging, and production in ultra–deep-water
regimes.

Figure 20. Example of imaging improvement with wide-azimuth (WAZ) seismic data below the salt canopy in the northern Gulf of
Mexico, Atlantis field area. (A) Narrow azimuth towed streamer (NATS) (2003). (B) On-bottom node (OBN) WAZ, isotropic SM (2008). (C)
OBN WAZ and NATS merge, tilted transverse isotropy reverse time migration (2010). From Mander et al. (2012). SM = seismic modeling;
VE = vertical exaggeration.
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The northern GOM Super Basin should be con-
sidered as a natural laboratory for illustrating the
remarkable individual elements of a petroleum system
but also the favorable confluence of these elements to
yield one of the largest hydrocarbon endowments in
the world. The macroeconomics of the basin, as
they relate to market access, lease, and royalty

terms, and so forth, obviously are a factor in its
success. But these would not be relevant unless the
underlying oil and gas commodity prize is avail-
able and in sufficient quantity to ensure that ex-
ploration, development, and production efforts can
weather the ups and downs of past, current, and future
supply–demand cycles.

APPENDIX

Table 2. Key Well Identification and Location Information

Number
Figure Number

or Text Longitude, ° Latitude, ° Operator Lease/Block/Prospect API Number

1 9 -94.502843 30.412557 Black Stone Minerals A-318-1 421993311900
2 Text -94.51757 26.408956 Shell AC 557-1 BAHA II 608054001302
3 9 -89.623772 27.768949 Chevron AT 182-1 Sturgis 608184004201
4 9 -88.569107 27.63986 Burlington Resources AT 336-1 Showboat 608184001200
5 9 -88.373108 27.556494 Eni AT 428-2 Tembo 608184007201
6 6 -87.832326 28.802492 Murphy DC 178-1 Titan 608234002700
7 6 -87.685255 28.714777 Shell DC 269-1 Shiloh 608234000600
8 6 -87.817913 28.488355 Shell DC 486-1 Fredericksburg 608234001500
9 6 -87.961916 28.460289 Shell DC 525-1 Rydberg 608174128000
10 6, 10 -87.898985 28.444485 Shell DC 529-1 Petersburg 608234002100
11 6 -87.598474 28.461494 Anadarko DC 535-1 Raptor 608234002001
12 6 -86.869774 28.273252 BHP DC 726-2 Sake II 608234002400
13 6 -87.507759 28.221337 Marathon DC 757-1 Madagascar 608234002500
14 9 -87.776193 28.054909 Kerr-McGee DC 927-1 608234000500
15 7A -87.843536 28.585154 Shell DC 398-1 Gettysburg 608234002800
16 7D -94.875582 27.034761 Exxon EB 946-1 Diana-3 608044016300
17 11 -89.945892 28.070778 Amerada-Hess EW 922-1 Wrigley 608105008700
18 11, 12 -93.641561 27.216432 Amerada-Hess GB 754-1 Norton 608074065300
19 19 -90.029239 27.227952 BP GC 743-1 Atlantis 608114027700
20 19 -90.032866 27.249338 BP GC 743-5 Atlantis ST1 608114034900
21 12 -93.269044 26.878318 BP KC 102-1 Tiber 608084001500
22 Text -92.911791 26.299191 Unocal KC 681-1 Sardinia 608084000500
23 6 -87.765137 27.544156 Shell LL 399-1 Cheyenne 608244000303
24 Text -89.94912 21.450546 IODP M0077 borehole NA
25 6, 17 -87.996745 28.605245 Shell MC 392-1 Appomattox 608174117203
26 6, 12 -87.996764 28.610131 Shell MC 392-1 Appomattox ST-2 608174117202
27 6 -88.247965 28.367001 Chevron MC 607-1 Ballymore 608174135800
28 Text -87.973659 28.919307 PXP MC 84-1 King 608174043170
29 14, 15 -87.982175 28.634414 Shell MC 348-3 Appomattox Northwest 608174119300
30 14, 15 -88.026333 28.617993 Shell MC 391-1 Appomattox Southwest 608174120500
31 6 -88.088649 28.422162 Shell MC 566-1 Fort Sumter 608174131801
32 12 -90.533168 31.1507 Sun Oil W. P. Spinks-1 231132002000
33 16 -90.490171 26.733803 Murphy WR 250-CA004 Cascade 608124004701

Abbreviations: AC = Austin Chalk; AT = Atwater Valley; DC = Desoto Canyon; GB = Garden Banks; GC = Green Canyon; EB = East Breaks; EW = Ewing Bank;
IODP = International Ocean Drilling Project; KC = Keathley Canyon; LL = Lloyd; MC = Mississippi Canyon; NA = not available; WR = Walker Ridge.
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westernGulf ofMexico Basin: Tectonics, sedimentary basins,
and petroleum systems: AAPG Memoir 75, p. 127–142.

Guzman-Vega, M. A., and M. R. Mello, 1999, Origin of oil in
the Sureste Basin, Mexico: AAPG Bulletin, v. 83, no. 7,
p. 1068–1095.

Hackley, P. C., 2012a, Geologic assessment of undiscovered
conventional oil and gas resources—Middle Eocene Clai-
borne Group, United States part of the Gulf of Mexico
Basin: Reston, Virginia, US Geological Survey Open-File
Report 2012-1144, 87 p., doi:10.3133/ofr20121144.

Hackley, P. C., 2012b, Geological and geochemical charac-
terization of the Lower Cretaceous Pearsall Formation,
Maverick Basin, south Texas: A future shale gas resource?:
AAPG Bulletin, v. 96, no. 8, p. 1449–1482, doi:10.1306
/11221111071.

Hackley, P.C., K.O.Dennen, R.M.Gesserman, and J. L. Ridgley,
2009, Preliminary vitrinite and bitumen reflectance,
total organic carbon, and pyrolysis data for samples from
Upper and Lower Cretaceous strata,Maverick Basin, south
Texas: Reston, Virginia, US Geological Survey Open-File
Report 2009-1220, 3 p., accessed October 5, 2020, https://
pubs.usgs.gov/of/2009/1220/.

Haczewski, G., 1976, Sedimentological reconnaissance of the
San Cayetano Formation: An accumulative continental
margin in the Jurassic of western Cuba: Acta Geologica
Polonica, v. 26, no. 2, p. 331–353.

Haddad, Z., M. B. Smith, and F. Dias De Moraes, 2012,
Designing multistage frac packs on the Lower Tertiary
Formation–Cascade and Chinook Project: SPE Drilling
and Completion, v. 27, no. 1, SPE-140498-PA, 15 p.

SNEDDEN ET AL. 2637

http://dx.doi.org/10.4043/20879-MS
http://dx.doi.org/10.1016/B978-0-444-63895-3.00016-4
https://ihsmarkit.com/solutions/permian-basin.html
https://ihsmarkit.com/solutions/permian-basin.html
http://dx.doi.org/10.1130/GES00647.1
http://dx.doi.org/10.1306/13572000M1133680
http://dx.doi.org/10.3133/ofr20121144
http://dx.doi.org/10.1306/11221111071
http://dx.doi.org/10.1306/11221111071
https://pubs.usgs.gov/of/2009/1220/
https://pubs.usgs.gov/of/2009/1220/


Hammes,U., R. Eastwood,G.McDaid, E.Vankov, S.A.Gherabit,
K. Smye, J. Shultz, E. Potter, S. Ikonnikova, and S. Tinker,
2016, Regional assessment of the Eagle Ford Group of South
Texas, USA: Insights from lithology, pore volume, water
saturation, organic richness, and productivity correlations:
Interpretation, v. 4, no. 1, p. SC125–SC150, doi:10.1190
/INT-2015-0099.1.

Hammes, U., H. S. Hamlin, and T. E. Ewing, 2011, Geologic
analysis of the Upper Jurassic Haynesville Shale in east
Texas and west Louisiana: AAPG Bulletin, v. 95, no. 10,
p. 1643–1666, doi:10.1306/02141110128.

Harding, A., L. Walker, S. Ehlinger, and T. Chapman, 2016,
The siliciclastic Upper Cretaceous play of eastern Mis-
sissippi Canyon, in C. M. Lowery, J. W. Snedden, and
N. C. Rosen, eds., Mesozoic of theGulf Rim and beyond:
New progress in science and exploration of the Gulf of
Mexico: 35th Annual Gulf Coast Section of the SEPM
Foundation Perkins-Rosen Research Conference, Hous-
ton, Texas, December 7–9, 2016, p. 215-231.

Henry, L. C., J. A. Wadsworth, and B. Hansen, 2017, Visu-
alizing a sub-salt field with image logs: Image facies, mass
transport complexes, and reservoir implications fromThunder
Horse, Mississippi Canyon, Gulf of Mexico: AAPG Search
and Discovery article 10938, accessed April 7, 2020, http://
www.searchanddiscovery.com/documents/2017/10938henry
/ndx_henry.pdf.

Hentz, T. F., and S. C. Ruppel, 2011, Regional stratigraphic
and rock characteristics of Eagle Ford Shale in its play
area: Maverick Basin to East Texas Basin: Gulf Coast
Association of Geological Societies Transactions, v. 60,
p. 325–337.

Hentz, T. F., S. Seni, E. G. Wermund, B. Harder, B. Jones,
T. Tremblay, and D. Salazar, 1997, Atlas of Northern
Gulf ofMexico gas and oil reservoirs: Volume 2. Pliocene
and Pleistocene reservoirs: Austin, Texas The University
of Texas at Austin Bureau of Economic Geology, 78 p.

Hentz, T. F., and H. Zeng, 2003, High-frequency Miocene
sequence stratigraphy, offshore Louisiana: Cycle frame-
work and influence on production distribution in a ma-
ture shelf province: AAPG Bulletin, v. 87, no. 2,
p. 197–230, doi:10.1306/09240201054.

Holguı́n-Quiñones, N., J. M. Brooks, J. R. Román-Ramos,
B. B. Bernard, J. Lara-Rodr ı́guez, J. E., Zumberge,
L. Medrano-Morales et al., 2005, Estudio regional de
manifestaciones superficiales de aceite y gas en el Sur del
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